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Thin films of the high-temperature superconductor YBa2Cu3O7−d sYBCOd show an increase of the critical
current density if grown on nanostructured SrTiO3 sSTOd substrate. The temperature dependence of the critical
current density of such a film was measured and compared tojcsTd grown on regularf100g STO. The magneto-
optical imaging technique was used to measure the flux-density distribution in the film and by applying an
inversion scheme of the law of Biot and Savart the current density distribution in the film was calculated with
a spatial resolution of 5mm. By comparing the results with theoretical models for the temperature dependence
of jc in conventional HTSC thin films, a possible explanation for the increase of the critical current density due
to the nanostructuring is presented. In addition, a complete scenario is obtained of the pinning mechanisms in
YBCO thin films epitaxially grown on STO for the investigated temperature range ofT=8–70 K from the
results.
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The effective pinning mechanisms of flux lines in epitaxi-
ally grown thin films of the high-temperature superconductor
sHTSCd YBa2Cu3O7−d sYBCOd have been subject to much
questioning. A promising approach to gain more information
on the subject has been the investigation of the temperature
dependence of the critical current density.1–3 This has been
done so far only on artificially disordered films with strongly
reduced critical current density.4,5 Here a approach is pre-
sented by investigating the critical current density in YBCO
thin films which show an increase ofjc in parts of the film
due to nanostructuring of the surface of the substrate. It
could be shown that a proper modification of the substrate
surface can lead to a significant increase of the critical cur-
rent density in the YBCO film.6,7 It will be shown that the
investigation of the temperature dependence is a valuable
method to identify the dominant mechanisms leading to the
increased critical current density. Moreover a two-step
power-law behavior forjc can be observed which enables us
to answer the question of the acting pinning mechanisms in
epitaxially grown YBCO thin films in general.

The investigation of the temperature dependence of the
critical current density is carried out on optimally doped thin
films of the high-temperature superconductor YBCO. As
substrate material, strontium titanatesSTOd with a polished
surface oriented alongf100g direction is used. The irradiation
with gallium ions under certain conditions allows creating
well ordered structures on the substrate surface.8,9 For the
samples presented here, a focussed ion beamsFIBd facility
has been used for irradiation. The FIB provides gallium ions
with an energy of 30 keV, a beam current of 1000 pA and a
beam diameter of nominally 80 nm. It must be mentioned
that for the actual irradiation process, the sample was coated
with a 20 nm YBCO film to reduce surface charging effects,
however this YBCO coating was removed by chemical etch-

ing directly after the irradiation. By irradiating a regular
point grid with a point distance of 230 nm in both lateral
directions and using a dwell time of 90ms per irradiated dot
a well ordered structure is created on the surface of the sub-
strate. Figure 1 shows an atomic force microscopy image of
the patterned substrate after removing the YBCO layer. The
image has been taken using aJPK InstrumentsNanoWizard
AFM in contact mode and shows an area of 232 mm2 with
an overall height of 11 nm. A linelike pattern with an ap-
proximate distance of 200 nm and a height of 3 nm is found.
Since it is favorable to directly compare between YBCO
grown on structured and on unstructured STO, only a part of
the substrate has been treated in the above described manner,
so the structured part on the surface has a size of 234
3202 mm2. After nanostructuring the substrate, the actual
film was grown by pulsed laser deposition.10 The film has a
thickness ofd=150 nm and is optimally doped having a
critical temperature ofTc=90±1 K. As final preparation
step, a chemical etching process is performed to create
square shaped films with lateral dimensions of 131 mm2.
Care has been taken so that the structured area lies well
inside the resulting square shaped film.

The critical current density is measured by means of the
magneto-optical Faraday effect.11 The experimental setup
consists of a ferrimagnetic lutetium-doped iron garnet film,
which is placed on the superconducting film as the field sens-
ing element. Such iron garnet films allow measuring the
magnetic-flux density distribution with a resolution of better
than 10mT while providing a spatial resolution of better than
1 mm.12 The magnetic-flux density distribution of the whole
superconductor may be imaged in one measurement using a
charge-coupled device camera and a polarization micro-
scope. From the resulting gray-scale images of the magnetic-
flux density distribution in the superconductor, the current
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density distribution can be calculated by an inversion scheme
of the law of Biot and Savart.13 Assuming a two-dimensional
current-density distributionjWs jx, j y,0d in the film, the law of
Biot and Savart can be inverted unambiguously. To consider
the influence of an in-plane component of the external mag-
netic field caused by the supercurrent itself, an iteration
method, according to Lavianoet al., has been applied to the
calculations.14 Finally, the current density distribution in the
YBCO film can be obtained with high accuracy and a spatial
resolution of about 6mm.

The samples are zero-field cooled toT=7 K, then an ex-
ternal field of Bext=240 mT is applied fort=5 s to create
vortices throughout the whole sample. The actual measure-
ment is carried out by acquiring images of the flux-density
distribution in steps of 1 K in the range fromT=8–70 K.
The sample is in the vortex state and there is no external field
applied during the measurement. To avoid problems resulting
from relaxation processes of the vortices, for each tempera-
ture a constant delay time is chosen before acquiring the
image.15 The obtained flux density distributions are then con-
verted into current densities by the above-mentioned numeri-

cal inversion scheme. Figure 2 shows the resulting gray-scale
image of the critical current density distribution at a tempera-
ture of T=8 K as obtained by the described method. In Fig.
2 the area of the sample where the nanostructuring took place
can easily be identified. At the temperature ofT=8 K, jc is
increased by 5.631010 A/m2 or 22% in the structured part.

The result of the temperature dependence of the critical
current density in the film grown on unpatterned STO as well
as in the film grown on the structured part is shown in Fig. 3.
It must be mentioned that each data point represents the av-
erage of a whole set of pixels of the image. Over the whole
range of the measured temperature,jc is increased on the
structured part of the substrate. For temperatures below 37 K
the offset between the two curves is nearly constant, whereas
for higher temperatures, the slope of the structured part is
larger leading to a decrease of the offset. In this representa-
tion it is difficult to obtain detailed information out of the
graph. To get a deeper insight, a different form of presenting
the data must be used.

According to the Ginzburg–Landau theory, the two char-
acteristic lengthsl andj show a temperature dependence of
the forml ,j~ s1−T/Tcd−1/2 for T close toTc. This suggests
an ansatz of the form

jc ~ j0s1 − T/Tcds, s1d

where j0 ands are free parameters, to be generally checked
with the measured data. To do so, the data is plotted in a

FIG. 1. Atomic force microscopy image of the surface of the
STO substrate after structuring with the FIB using the values given
in the text and removing the coating YBCO layer by chemical etch-
ing. The image shows an area of 232 mm2 and has a total height of
11 nm. The graph below shows the profile indicated in the image by
a white line. The white dots refer to remnants of the YBCO layer.

FIG. 2. Gray-scale image of the critical current density distribu-
tion in the square-shaped YBCO film. The superconductor is in the
critical state with no external field being applied at a temperature of
T=8 K. The superconductor shows an enhanced current density on
the structured part of the substrate. The black line indicates the
position of the current density profile given in the graph below the
image.
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double-logarithmic manner withjc over the reduced tempera-
ture t=s1−T/Tcd.

Figures 4 and 5 show the results and also the correspond-
ing fits of Eq. s1d to the data using the introduced double-
logarithmic scale. The fitting was done using a least-mean-
square algorithm. A two-step power-law behavior is found
for both samples, YBCO on unstructured STO and YBCO on
the structured substrate. The change in the exponent occurs
very abruptly in a small temperature range aroundT<37 K
and the two-step nature of the temperature dependence is
fulfilled within linewidth. Moreover, in this form of presen-
tation one can easily identify differences in the power-law
behavior of jc in the YBCO film on the untreated substrate
and on nanostructured STO in the low temperature regime.
In case of the first onesFig. 4d, the critical current density
decreases in the range fromT=8–37 K, following a qua-
dratic power-law behavior with an exponent ofs

=2.00±0.05 and a factorj0 of j0=s30.9±0.3d31010 A/m2.
While for temperatures aboveT=37 K, the slope changes
and j c now shows a nearly linear decrease with temperature
having an exponent ofs=1.10±0.01 andj0=s19.4±0.1d
31010 A/m2. The YBCO film on the structured part of the
STO substratesFig. 5d behaves differently. For temperatures
belowT=37 K, it exhibits an exponent ofs=1.71±0.05 with
a j0 of j0=s36.0±0.4d31010 A/m2 while for higher tem-
peratures the same linear power-law dependence like in the
YBCO on untreated STO is found withs=1.14±0.01. How-
ever, as expected from Fig. 3j0 is significantly larger than
for the modified YBCO beingj0=s27.1±0.3d31010 A/m2.

A theoretical model for the temperature dependence of the
critical current density in regular, epitaxially grown HTSC
thin films has been suggested by Pashitskiiet al.5 The model
describes the temperature dependence ofjc in HTSCs assum-
ing low-angle grain boundariessLGBd between different
growth islands of the film.

The existence of crystallites or grains and the correspond-
ing intergranular LGB is emphasized by the fact that due to
the Stranski–Krastanov mode for the growth of YBCO thin
films on STO by pulsed laser deposition, a lot of intergranu-
lar links are created when the islands grow together.16 A
second hint is provided by the temperature dependence of the
critical current density across a single, well-defined LGB.3,17

There an exponent ofs=3.0 is found for jc across a LGB
with 3 degrees of misorientation angle ands=1.7 for the
unperturbed film.3 Note that these values have been obtained
without the mentioned iteration method.

According to the model proposed by Pashitskiiet al. sfur-
ther referred to as LGB modeld, an epitaxial film is divided
into crystalline blocks which exhibit a misorientation in the
a-b plane. The LGBs in-between can be described by peri-
odic chains of edge dislocationssEDd with a Burgers vector
perpendicular to the LGB and a distancedsQd for the EDs
determined, according to the Frank formula todsQd
= uBu /2 sinsQ /2d, by the misorientation angleQ. For each
ED of such a periodic chain, a local suppression of the su-
perconducting order parameterc occurs in an area of several

FIG. 3. Temperature dependence of the critical current densityjc
for the part of the YBCO film grown on unstructured STOs3d as
well as for the part grown on the surface patternsld. The error bars
indicate the standard deviation of the evaluated data, where not
visible the error is smaller than the representing symbol.

FIG. 4. Double-logarithmic plot of the critical current density in
the film grown on theunstructuredsubstrate overt=s1−T/Tcd. The
lines represent a power-law behaviorj ~ s1−T/Tcds for s=2.0 and
s=1.1, respectively, as obtained from fitting the data.

FIG. 5. Double-logarithmic plot of the critical current density in
the film grown on thestructuredsubstrate. The lines represent a
power-law behaviorj ~ s1−T/Tcds for s=1.7 ands=1.1, respec-
tively, as obtained from fitting the data.
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coherence lengthsjabstd width. This suppression reduces the
critical current density across the LGB even if these areas,
due to small anglesQ, do not overlap. On the other hand, the
EDs can act as effective pinning sites for Abrikosovsor
Abrikosov-liked vortices and, thus, lead to an increase ofjc.
The temperature dependence ofjc in the framework of the
LGB model has the form

jcst,Qd =
j0std

2fG1
2st,Qd + 4g1/2. s2d

HereG1 is the transparency of the LGB which depends on
the critical angleQc and t=s1−T/Tcd. When the distance
between the EDs becomes so small that the areas of a sup-
pressedc start to overlap, a conventional SNS type Joseph-
son contact is formed along the LGB. The corresponding
critical angleQc is defined by

Qc = s2g/pdsuBuÎt/jabd s3d

with g being a dimensionless coefficient andg=p /4 under
the conditiondsQd=2jsTd and assuming a cylindrical region
with a radius ofjsTd for the suppressedc. According to the
LGB model, two regimes for the temperature behavior ofjc,
far from Tc, can be found. For large misorientation angles
Q.Qc, i.e., small distancesdsQd,jsTd between the EDs,
the areas of suppressedc overlap resulting in a temperature
behavior of the formjcstd~t2.5,18 On the other hand, ifQ
,Qc, the parameterG1 in Eq. s2d is independent oft andQ
and jcsTd shows a behaviorjcstd~t3/2.5

To give an outlook, the temperature dependence ofjc will
be compared to the introduced LGB model only in the lower
temperature range, for higher temperatures the observed be-
havior must be described in a different way. For the unmodi-
fied part of the film, grown on the polishedf100g STO sur-
face, an exponent ofs=2.00±0.05 is found which is in
perfect agreement with the predictedjcsTd behavior of a film
with large misorientation anglessQ.Qcd.

The film grown on the nanostructured part of the substrate
yields an exponent ofs=1.71±0.05. On the first glance, this
does not fit into the theoretical framework since it’s neither
s=1.5 sfor Q,Qcd nor s=2 sfor Q.Qcd. But due to the
method of measurement the resulting value forjcsTd actually
equals the integral of an area of at least 636 mm2 sthe reso-
lution limit of the applied inversion schemed. So the value is
probably given by an average of the two extreme situations.
If both casessQ,Qc andQ.Qcd coexist in the film which
is very likely since it is not completely homogenous one
would expect to find an exponent between 1.5 and 2 depend-
ing on the distribution of the angles. This is exactly what is
found. It seems that by nanostructuring, the LGBs are opti-
mized with respect to their misorientation angles to be lower
than the critical angleQc and, thus, are about to exhibit
higher critical currents. Nevertheless the found in-between
value of s=1.71 signifies that, for this system here, not all
LGBs have been optimized to haveQ,Qc. Obviously there
remains much potential to further improve the nanostructur-
ing and by this improve more LGBs which would, according

to the theoretical predictions, result in even higher critical
current densities.

To present a better illustration of this good agreement
with the theoretical model, Fig. 6 shows the measured data
and the predicted behavior according to the LGB model for
the temperature rangeT=8–37 K in anormalized way.

The interpretation of the two-step behavior, whose exis-
tence cannot be neglected from the results presented here, is
based on the assumption, that the change in the exponent is
contributed to a change in the effective pinning mechanism.
It must be mentioned that such a behavior has been observed
before in epitaxially grown YBCO thin films.3 The scenario
proposed here assumes that at low temperaturessbelow T
<37 Kd the supercurrent is not limited due to depinning of
the vortices but due to the properties, i.e., the angleQ, of the
LGBs between the crystallite blocks in the film. In accor-
dance with the theoretical predictions the currents across the
LGB are responsible for the limitation ofjc. However, for
higher temperatures, no difference in the temperature depen-
dence between the two parts of the sample was observed. For
this regime, thermally activated depinning of the flux lines
acts as a limiting factor for the critical current density. From
theoretical models one obtains two possible scenarios. First
correlated pinningsleading tos=1d may be assumed or as a
second possible scenario,dTc pinning sgiving s=1,166d
might occur.1

In summary, detailed measurements of the temperature
dependence of the critical current density in YBCO thin films
grown on regular STOf100g surfaces and on nanostructured
STO have been presented. It was possible to obtain the local
critical current density in the film with very high precision.
By comparing both results with each other and with theoret-
ical models, the following general pinning mechanisms have
been identified: for temperatures belowT<37 K, the vorti-

FIG. 6. Temperature dependence of the critical current com-
pared with the theoretical predictions. The crosses show the mea-
suredjcsTd behavior on the structured part of the sample, the square
indicates the result for the unstructured part. The given theoretical
curves correspond to a misorientation angleQ,Qc resulting in an
exponent ofs=3/2 indicated by the solid line and to the one with
Q.Qc resulting in s=2 represented by the dashed line, respec-
tively, for the LGBs.
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ces are tightly pinned at the EDs of the LGBs between the
crystalline blocks. Since the LGBs exist for both investigated
films, the critical current density depends on the transparency
and the misorientation angle of the LGBs in this temperature
range. These results imply that for the YBCO grown on the
nanostructured substrate, the dislocation anglesQ of the
LGBs are smaller than in the film grown on unpatterned
STO. AboveT<38 K the dependence ofjc on the tempera-

ture changes, suggesting thermally activated depinning of the
vortices.
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