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An artificial “multigranular” YBCO thin film has been prepared by patterning a network of gridlines,
emulating the current-restricting behavior of grain boundaries. This model system allowed us to investigate the
magnetic effects of granularity and current percolation problem, having control on the geometry, number of
grains, and ratio of inter-to-intragrain critical-current density reduction, Jc

GB/Jc
G. The dc magnetization cycle at

5 K showed a peak shift to a positive applied magnetic field value, typically ascribed to granularity. ac
measurements performed up to very high driving ac magnetic fields show that ac losses are dominated by
dissipation over the whole grain boundary network, whereas the contribution of individual grains cannot be
resolved. A high-resolution ��5 �m� Hall-probe imaging system has been used to visualize the evolution of
the magnetization distribution with a cycled applied magnetic field �at 4.2 and 77 K�, and deduce maps of the
intragranular and intergranular currents by solving the inverse problem. Quantitative information about the Jc

GB

and Jc
G magnetic field dependence and the spatial distribution of Jc

G are presented and discussed.

DOI: 10.1103/PhysRevB.76.094508 PACS number�s�: 74.25.Ha, 74.25.Sv, 74.78.Bz

I. INTRODUCTION

The implementation of high-Tc superconductors �HTSs�
in large-scale applications requires achieving high critical-
current density values. Inherent granularity is one of the
main factors limiting the flow of large supercurrents through
these materials, and consequently, different texturing pro-
cesses have been developed in order to obtain bulks and
tapes with large parallel grains, strong junctions, and planar
supercurrents.

In the context of HTS tapes, second generation,
YBa2Cu3O7 �YBCO� coated conductors with a high biaxial
texture can be nowadays achieved by means of the ion beam
assisted deposition �IBAD�1,2 or rolling assisted biaxially
textured substrate �RABiTS�3,4 techniques, although an in-
plane granular microstructure induced by the substrate is still
present.5 Since the critical-current density decreases strongly
with the grain misalignment angle,6 Jc

GB���, transport current
flows over these conductors in a percolative way through the
network of low-angle grain boundaries �GBs�. This behavior
has been clearly identified by magneto-optical �MO�
imaging5 and transport7 measurements. Current percolation
has been treated by several authors before.5,6,8,9 Several two-
dimensional �2D� models have been developed to predict the
complex current circulating patterns across polycrystalline
samples.10–13 The flux penetration through samples patterned
into different granular configurations has been studied by
MO, showing the effect of this granularity onto the magne-
tization loops.14,15 Transport16–18 and inductive19–21 method-
ologies have been applied to determine the grain Jc

G and in-
tergrain Jc

GB; understanding the interaction between these
two is one of the most interesting topics at present.22–24

In this paper, we investigate experimentally the current
percolation problem in an artificially “granular” YBCO film

prepared by photolithography, which can become a very use-
ful model system. A patterned network of gridlines imitates
the current flow restricting behavior of GBs. The inter-to-
intragrain critical-current density ratio Jc

GB/Jc
G at each GB

can be varied by tuning the spacing between the gridline
holes. The magnetic effects associated with the granular ge-
ometry can be thus discriminated and studied in a controlled
way, because the shape, size, number of grains, and Jc

GB/Jc
G

ratio can be tuned ad hoc. Thus, this approach paves the way
for a systematic investigation of the basic physical effects
associated with the disordered granular geometry of coated
conductors.

We have analyzed the effects of granularity on the mag-
netic behavior of a “multigranular” YBCO thin film combin-
ing three complementary magnetometry techniques. First, dc
magnetic measurements have been carried out to study dis-
tinctive features on the magnetic hysteretic cycles associated
with granularity, on the basis of previous works on coated
conductors, which demonstrated that granularity manifests in
anomalous M�H� cycles.21 Second, ac susceptibility has been
applied to investigate the grain and GB contributions to the
ac losses. This technique has shown to be useful for the study
of polycrystalline samples25 and coated conductors26 where
the dissipation due to different GB networks could even be
identified.27

The above techniques allow only inferring the granular
effects on the macroscopic magnetic behavior. In order to
investigate the local superconducting properties, a magnetic
flux imaging technique, such as Hall-probe microscopy28–31

or MO imaging32,33 is required. The latter offers an un-
matched spatial resolution �1 �m�; however, samples can be
explored only in a small magnetic field range ��0.2 T� due
to the saturation of the ferromagnetic garnet. In contrast,
Hall-probe imaging under magnetic fields up to 1 T has
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proved to be a powerful tool for the investigation of the local
magnetization and the local vs long-range critical currents,
for instance, in the study of granular34–36 and porous37,38 su-
perconductors.

In this work, we have used a high-resolution, low-
temperature, Hall-probe imaging system to actually visualize
the granular magnetic distribution at different applied mag-
netic fields up to 0.8 T of our multigranular sample. By us-
ing a computational inverse problem solver �“CARAGOL”39�,
current maps showing the intragranular current loops and
percolative current circulation have been determined. Quan-
titative information about Jc

G and Jc
GB, and their magnetic

field and temperature dependences are presented and dis-
cussed.

II. EXPERIMENT

An artificial multigranular sample was prepared as fol-
lows. An epitaxial YBCO thin film of thickness t=300 nm
was deposited on a 4.5�4.5 mm2 LAO single-crystal sub-
strate by standard pulsed laser deposition. The system used a
KrF-excimer laser with an energy density of 2 J /cm2, run-
ning at 10 Hz, with a deposition rate of 0.07 nm/pulse. The
deposition was carried out in an oxygen atmosphere of
0.23 mbar with the substrate at 775 °C, and was followed by
an oxygenation process at 1 bar while cooling down the
sample from 550 °C to room temperature.

Subsequently, a squared network of artificial GBs, defin-
ing 21�21 grains of 200�200 �m2 size, was patterned by
standard 10 �m optical photolithography �Fig. 1�. Each GB
consisted of an array of 30 �m size holes, 10 �m apart from
each other, so that the critical-current density reduction at
each GB was set to be Jc

GB/Jc
G=0.25. According to the Jc

GB���
angle dependence found from bicrystal studies,40,41,8 this re-
duction would be equivalent to that produced by a real GB
with a misorientation of ��10°. We would like to note that
in real granular systems, grain dimensions are considerably
smaller than in our artificial granular system ��2 �m for
IBAD and �30 �m for RABiTS coated conductors�, and
GBs contain nonsuperconducting dislocation cores several
nanometers apart, instead of micrometers. However, this has

no influence for studying the current percolation problem
and magnetic effects purely associated with the granular ge-
ometry, while our model system allows a much more accu-
rate control of the GB network configuration. On the other
hand, our system will not be able to replicate other effects
related to the GB electronic structure or pinning of GB vor-
tices, which should be further investigated with other kinds
of experiments.

The dc magnetometry measurements were carried out in a
Quantum Design superconducting quantum interference de-
vice �SQUID� equipped with a 7 T superconducting coil. ac
susceptibility curves in temperature sweep �50–92 K� were
measured with a Quantum Design physical property mea-
surement system, at driving ac amplitudes between �0Hac
=0.01 and 1.5 mT applied perpendicular to the substrate, at
frequency f =1111 Hz, and zero dc magnetic field. In addi-
tion, ac measurements at very high driving magnetic fields
�up to �0Hac=40 mT� at 77 K, at frequencies between 90
and 2500 Hz, were performed with a homemade
susceptometer.42

The magnetic Hall-probe scanning measurements were
performed in a system described in Ref. 43. The sensor is a
homemade 5 �m bar patterned on GaAs/AlGaAs hetero-
structure, which is scanned above the sample surface by two
stepping motors. The advantage of this system is to combine
a high spatial resolution ��5 �m�, good magnetic field reso-
lution �1�10−7 T/Hz1/2�, and large scanning area �7
�25 mm2�, with the possibility of working in a flow cryostat
at temperatures between 4.2 and 300 K, under magnetic
fields up to ±0.8 T, in this case applied perpendicular to the
sample surface. The distance between the sensor and the
sample surface can be adjusted by means of a piezoelectric
element in steps of ±5 �m. The usual “zoom-in” procedure
consisted of progressively approaching the sensor to the
sample surface during a scan, until contact was achieved, and
then raising the sensor a distance h above the sample. Be-
cause it was virtually impossible to adjust the sample surface
exactly parallel to the scanning plane, measurements were
usually done at rather “safe” flying distances h
�10–50 �m to avoid probe damaging. The precise value of
h could then be calibrated a posteriori with the help of the
inversion program, as described in Sec. IV B.

III. dc-ac MAGNETOMETRY RESULTS

A. dc magnetometry results

Figure 2 shows for comparison the SQUID-measured
M�H� saturated cycles at 5 K, before �bold circles� and after
�open circles� the patterning process defining the granular
structure. The effects of granularity result in an anomalous
cycle, with a magnetization peak on the reverse curve at a
positive value of the applied magnetic field ��0Hpeak

sat

�25 mT� for the granular sample, as compared with the
standard cycle �peak at Hpeak

sat =0� found for the nongranular
sample. This peak-shift effect, earlier observed in coated
conductors,44 has been found to be a typical signature of
granularity, which can be explained by means of the effect of
the return magnetic field from the grains into the GBs.21 The

FIG. 1. �Color online� Micrograph of the artificial 21�21 mul-
tigranular sample. The grain size is 200�200 �m2. The small holes
defining the GBs are 30 �m size, spaced by 10 �m �Jc

GB/Jc
G

=0.25�.
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local magnetic field at each GB is the vectorial sum of the
applied magnetic field H and the return magnetic field Hreturn
coming from the trapped magnetic field at each grain:

HGB = H − Hreturn. �1�

Hence, the magnetization peak appears when HGB=0, i.e.,
when H�Hreturn.

We would like to mention that a peak-shift effect has been
also reported in �nongranular� YBCO thin films when a sig-
nificant amount of porosity was present.45 In that case, pores
act in a similar way as the artificial holes in our sample,
restricting the flow of percolative currents through the
sample.

Figure 2 �open symbols� shows magnetic hysteresis loops
measured up to different values of the maximum applied
magnetic field �0Hm for the patterned sample. The inset rep-
resents the evolution of the remanent magnetization normal-
ized to its saturation value Mrem/Mrem

sat for increasing values
of �0Hm. As discussed in Ref. 21 the maximum applied field
�0Hm correlates directly with the grain magnetic field pen-
etration, and thus the maximum applied magnetic field that
saturates the remanent magnetic moment corresponds to the
full penetration magnetic field of the grains, Hm�Mrem

sat �
=2HG

* , in our case �80 mT.
The intergranular Jc

GB�5 K� has been determined from the
irreversible magnetization of the patterned cycle. The size of
the grains was designed such that the magnetic moment as-
sociated to the grain current loops was negligible compared
to the magnetic moment of the large percolative current,
mG�mGB. Hence, the saturated value of the magnetization at
the peak Mpeak

sat corresponds to the magnetic moment of cur-
rents flowing across the GBs, and serves to determine the
Jc

GB at Hloc=0 under the critical-state, thin film disk approxi-
mation as

Jc
GB =

�3Mpeak
sat �patt

R
, �2�

where R�2.8 mm is the sample radius, yielding Jc
GB=2.9

�1010 A/m2. The magnetic field dependence of the inter-
grain critical-current density was determined from the re-
verse saturated magnetization branch as Jc

GB�H�=3M�H� /R.
Similarly, the intragranular Jc

G has been obtained from the
magnetization cycle before patterning as

Jc
G =

3Mnon-patt

R
, �3�

yielding Jc
G�5 K�=1.1�1011 A/m2 in self-field. In summary,

the SQUID-determined inter-to-intragrain critical-current
density ratio in the granular sample at 5 K is Jc

GB/Jc
G=0.25,

in good agreement with the ratio a priori expected from the
dimensions defined by photolithography.

B. ac susceptibility results

Figure 3�a� shows the real and imaginary components of
the ac susceptibility, �� and ��, measured as function of the
temperature, for different values of the ac magnetic field and
f =1111 Hz. A single �� peak can be distinguished, which as
we will show next, is due to GB dissipation, while the grain
contribution cannot be resolved here. The expected values of
the maximum ac imaginary component, �peak� , for cylinders
of different aspect ratio 2R / t were calculated in Ref. 27,
using an energy minimization model.46 According to that, the
observed single peak, �peak�GB=1752, corresponds to dissipation
in a region of radius R�2.6 mm comparable to the sample
size, and thus it is due to ac losses in the GB network. The
estimated grain contribution, assuming the squared patterned
grains to be cylinders of equivalent radius a�112 �m, is
�peak�G =76, which is negligibly small compared to the GB
peak. Thus, in these range of temperatures and magnetic
fields, the dynamic flux penetration into the granular sample
occurs through the GB network, and qualitatively, the sample
presents a critical-state-like behavior associated with the
whole sample area.

Figure 3�b� shows the �� and �� curves measured as a
function of the ac driving magnetic field �0Ha at 77 K. Here,
also, a single, broad �� peak can be distinguished, up to the
very high magnetic field measured �40 mT�, arising mainly
from ac losses at the artificial GB network. Dissipation pro-
duced by individual grains cannot be resolved due to their
small size, though presumably their contribution causes the
asymmetric widening of the �peak�GB peak at high magnetic
fields.

From the �� curves, we have determined the temperature
dependence of the inter- and intragrain critical-current den-
sities by means of the equation47

Jc
GB�Tpeak

GB � =
2Hac

1.94t
, �4�

valid for cylinders of aspect radius 2R / t�100. This con-
dition holds in our case, 2R / t�16900. It can be observed
�Fig. 4� that the Jc

GB values obtained from ac susceptibility

FIG. 2. SQUID determined magnetization cycles normalized by
the peak magnetization value M /Mpeak

sat vs applied magnetic field at
5 K, before �bold� and after �open� patterning the granular structure.
Cycles measured for different values of the maximum applied mag-
netic field �0Hm: ��� 60 mT, ��� 80 mT, ��� 110 mT, and ���
140 mT. The inset shows the saturation of the remanent magnetiza-
tion for �0Hm�80 mT.
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measurements correspond well to those calculated from dc
magnetometry.

IV. HALL-PROBE MAGNETIC IMAGING

A. Simulated magnetization distribution

The remanent magnetization of our multigranular sample
was simulated within the Bean model in 2D with the self-
developed program “TRAZACORRIENTES®.”48 Basically, the
program simulates the pattern of induced supercurrents ap-
pearing in a m�m meshed superconducting sample contain-
ing nonsuperconducting areas, in this case the holes defining
the artificial GBs. A zero-field-cooled �ZFC� process is simu-
lated, after which an applied magnetic field is gradually in-
creased in steps of NHmin until reaching saturation at Hmax
=NmaxHmin. For simplicity, we set the local critical-current
density Jc=Jc

G�1 by definition. Because Jc is field indepen-
dent in our approximation, the simulated current distribution
in the remanence is a mirror pattern to that in the fully pen-
etrated state. Assigning a color scale to the formed N-current

loops, a picture of the distributed magnetization is obtained.
As shown in Fig. 5, the simulated remanent pattern of our

21�21 granular sample consists of a global critical-state
pyramid, caused by the circulation of the percolating inter-
grain current over the whole sample, on top of which, an
array of small pyramids, due to the formation of closed cur-
rent loops inside the grains can be identified.

B. Magnetic Hall-probe imaging results

Local magnetization measurements performed by Hall-
probe imaging are presented next; since Jc increases with
decreasing T, scans were made at 4.2 K in order to enhance
flux contrast and be able to distinguish more clearly the
granular structure.

The Bz map in the remanence after a field-cooled �FC�
process looked similar to the critical-state pattern �Fig. 5�
predicted by the simulation. Figure 6�a� shows a 600
�600 �m2 area of the remanent map, measured close to the
sample border with a resolution of 10 �m. The trapped field
at the 200�200 �m2 grains and the GB network can be
clearly distinguished. The high spatial resolution of this im-
aging system allowed even resolving the fine magnetic struc-

FIG. 3. �Color online� �a� Temperature dependence of the real �� and imaginary �� components of the ac susceptibility �SI units� for
�0Hac=0.01, 0.05, 0.1, 0.5, 1.0, and 1.5 mT at f =1111 Hz; �b� ac magnetic field dependence of the real �� and imaginary �� components
of the ac susceptibility for f =90, 270, 810, and 2430 Hz at 77 K.

FIG. 4. Temperature dependence of the intergranular �bold� and
intragranular �open� critical-current densities determined from
SQUID dc magnetometry �squares�, T sweep ac susceptibility
�circles�, and Ha sweep ac susceptibility at 77 K �star�. The Jc

G�T�
dependence �dashed line� is estimated as Jc

G�T� / f , where the GB
transparency f =0.25 is settled by the photolithography dimensions
and is therefore temperature independent.

FIG. 5. �Color online� Magnetization in the remanence simu-
lated by the program TRAZACORRIENTES® for the 21�21 granular
sample with a critical-current density reduction at each GB of 0.25.
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ture formed at the artificial “GBs” �Fig. 6�b��. The magnetic
distribution exhibits depression in size and periodicity coin-
ciding with that of the patterned hole arrays defining the
GBs.

In order to study further the dynamics of the granular
magnetization, we measured the Bz maps at different applied
magnetic fields up to 0.8 T along a hysteretic cycle, after a
ZFC process. So as to have reasonable scanning times, just 1

4
of the sample with a resolution of 25 �m was measured.
Then, a reasonable picture of the magnetization over the
whole sample could be obtained by using the fourfold sym-
metry of the sample. Figure 7 shows as an example the
scanned Bz map at a magnetic field �0H=43.5 mT on the
initial magnetization curve. The granular magnetic structure
and preferential flux penetration through the square network
of artificial GBs can be clearly observed. Note that, due to a
small inclination of the sample surface with respect to the
scanning plane, the flux pattern is sharper at the right side
than at the bottom side of the sample.

Figure 7�a� depicts a cross section of the overall, back-
ground “magnetization,” measured by tracing a Bz profile on
top of a “GB,” whose slope is directly proportional to Jc

GB.
On the other hand, Bz profiles crossing either a line �Fig.
7�b�� or column �Fig. 7�c�� of grains show the periodic
200 �m size magnetization peaks, with a slope given by Jc

G.
Finally, note that macroscopic information can be also

extracted from the Hall-probe in-field measurements. By in-
tegrating the local magnitude Bz�x ,y ,�0H�-�0H over the

whole scanned area S, we determined the hysteresis cycle,
directly proportional to M�H�:37

1

S
	

S

�Bz − �0H� = �Bz − �0H��H� � M�H� . �5�

Figure 8 shows that the so obtained magnetization cycle
�Bz-�0H��H� exhibits a maximum peak on the return branch

FIG. 6. �Color online� �a� Bz map in the remanence after a fc
process of a region close to the sample border �indicated by the
dotted line�, measured with a resolution of 10 �m; �b� detail of the
magnetic structure at one of the artificially patterned “GBs,” mea-
sured with resolution 2.5 �m. Cross sections along the GB �top
figure� and transversal to the GB �right figure� are shown.

FIG. 7. �Color online� Bz Hall-probe image of approximately 1
4

of the sample surface, at an applied magnetic field �0H=43.5 mT
on the initial magnetization curve, at 4.2 K �ZFC�. Also shown, Bz

profile along �a� a line of grains, �b� an artificial GB, and �c� a
column of grains close to the sample border.

FIG. 8. Integrated “magnetization” �Bz-�0H� vs applied mag-
netic field �0H cycle determined from Hall-probe magnetometry at
4.2 K.
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of the hysteresis cycle at a positive value, in agreement with
the SQUID measurements shown in Sec. III A.

C. Local critical-current density determination

One of the most important aspects of granularity that
could be tackled by Hall-probe imaging was the local study
of the inter- and intragrain critical-current densities. The dis-
tribution of critical-current densities was determined from
the Hall-probe magnetization maps by solving back the Biot-
Savart law using the Fourier transform based inversion
solver program �CARAGOL39�.

For computing the current distribution, we used magneti-
zation maps Bz�x ,y ,�0H�-�0H, obtained by scanning 1

4 of
the sample and then forming a magnetic image of the whole
sample by symmetry. Figure 9�a� shows, for instance, the so
reconstructed magnetization map at an applied magnetic field
of �0H=25 mT. We had to use magnetic images of the com-
plete sample and not just scans of a sample fraction, because
the presence of discontinuities in the Bz field map at the
image borders would result in erroneously computed values
of Jc.

For the inversion, the distance between the sample surface
and the Hall probe, h, needs to be accurately determined. To
do so, we computed with CARAGOL the current maps for
different distances h; using them as input, we recalculated
the Bz�h� maps by forward application of the Biot-Savart
law, and compared the latter with the original measured Bz
maps. For the actual distance h, the original and recalculated
maps differed only by 5%.

The computed critical-current density distributions
Jc�x ,y ,H� were decomposed in their Cartesian coordinates
Jx, Jy to facilitate the visualization of the current loops and
determination of Jc

GB and Jc
G. Figures 9�b� and 9�c� illustrate

the Jx�x ,y� and Jy�x ,y� maps found from the magnetization
map measured at �0H=25 mT on the return curve, at a fly-
ing distance h=30 �m �Fig. 9�a��.

If we consider the general critical-state roof shape formed
over the sample, the currents in the opposite triangular roof
sectors run parallel to the sample borders, e.g., those in the
upper and lower triangles of Fig. 9�a� flow parallel to the x
axis, and Jc�x ,y� in those areas equals the Jx component:
Jc�x ,y���Jx�x ,y� ,0�. Then, the intergranular Jc

GB is easily
determined from a profile cross sectioning the Jx map �Fig.
9�b��; when we integrate Jx between the border and the cen-
ter of the sample, the closed loop currents formed at the
grains cancel each other, and only Jc

GB remains

Jc
GB�H� =

1

L/2
	

0

L/2

Jy�x,y,H�dx . �6�

Figure 10 �open symbols� shows the obtained magnetic
field dependence of the intergranular critical-current density,
Jc

GB�H�. Note that, in accordance with the characteristic
M�H� cycle previously presented �Figs. 2 and 8�, the Jc

GB at
the positive magnetic field �0H=25 mT is larger than at
0 mT, which is explained by the effect of the return magnetic
field from the grains into the GBs, as described in Sec. III A.

Most interestingly, the intragranular Jc
G as a function of

the grain position within the sample and the applied mag-

netic field can be additionally determined with this tech-
nique. Figure 11 illustrates the intragrain critical-current den-
sity determination for six grains positioned within the
sample, as indicated in Fig. 9�c�. A small rooflike critical-
state pattern is formed at each grain, and it holds that
Jc�x ,y���Jx�x ,y� ,0���0,Jy�x ,y��. Then, Jc

G can be evalu-
ated as the maximum of the Jy-component profile crossing

FIG. 9. �a� “Reconstructed” �Bz-�0H� map at �0H=25 mT on
the return branch of the hysteresis cycle, T=4.2 K �ZFC�. Also
shown, �Bz-�0H� profile along a row of grains �top figure� and
along a column of grains �right figure�, indicated by black arrow
lines; �b� calculated Jx�x ,y� component of the critical-current den-
sity. The white arrow indicates the column of grains used for the
Jc

G�d� determination. Right figure: Jcy�y� profile across the sample
center �black arrow� from which Jc

GB is determined; �c� calculated
Jy�x ,y� critical-current density component. Top figure: Jcy�x� profile
along a line of grains.
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each grain. �The Jx-component may of course equally be
used.�

The Jc
G�H� dependence with the magnetic field can then

be determined for each particular grain, as exemplified in
Fig. 10, where the Jc

G�H� of grain �2,5� indicated in Fig. 9�b�
is shown, compared to the intergranular Jc

GB�H� curve.
Note that for each applied magnetic field H, the intra-

granular Jc
G may vary significantly from grain to grain due to

the dependence of Jc
G on the local internal magnetic, having

a spatial distribution Hi�x ,y� over the sample. In order to
estimate the importance of this effect, we have determined
Jc

G as a function of the position d of the grain with respect to
the sample border. The following consideration was utilized

here: the sample surface was slightly inclined in the �x ,y
=const� plane with respect to the scanning plane, as can be
noticed from the gradient in the field intensity out of the
sample �see Fig. 7�. In order to ensure that the Jc

G�d� depen-
dence was given by the internal magnetic field spatial distri-
bution and not by the inclination effect, Jc

G�d� was deter-
mined along grains in rows parallel to y axis �see Fig. 9�b��,
for which the sample-to-Hall-probe distance was invariant.
Figure 12 shows the decreasing Jc

G�d� relationship so ob-
tained; the curve, in fact, reflects the Jc�Hi� internal magnetic
field dependence, where Hi increases as we get deeper into
the sample.

The intragrain spatial distribution and its dependence on
the magnetic field constitute important information that can-
not be extracted from the dc magnetometry, which averages
Jc

G over the sample.
Finally, a similar analysis to the one presented at 4.2 K

was carried out at 77 K, allowing us to obtain Jc
G and Jc

GB at
that temperature. The results, not shown here, were qualita-
tively the same as those at 4.2 K. However, it is worthwhile
to summarize and make some final remarks about the Jc

GB/Jc
G

results at different temperatures from the different magne-
tometries.

The Jc
GB/Jc

G ratio determined at 4.2 K, from Hall-probe
microscopy ��0.2� and dc magnetometry �0.25�, is approxi-
mately equal to the ratio obtained at 77 K by Hall-probe
measurements ��0.2�. This result shows consistency of both
determination techniques. Furthermore, Jc

GB/Jc
G was proved

to be temperature independent, in agreement with the fact
that the inter-to-intragranular current ration was defined a
priori by the photolithography. As the material has a unique
intrinsic Jc

G�T� dependence, we proved that Jc
GB is defined by

the patterning as a fraction of Jc
G, and therefore is also inde-

pendent of temperature. The situation would be different in a
genuine granular sample such as a coated conductor, where
Jc

GB depends not only on the geometrical restriction of the
GB but also on the GB electronic properties and GB vortices,
so that Jc

G and Jc
GB are ruled by different vortex pinning

mechanisms and could eventually present different tempera-
ture dependencies.

V. CONCLUSIONS

A model granular system, prepared by photolithography
patterning an YBCO thin film, has been used to study the

FIG. 10. Magnetic field dependence of Jc
GB�H� ��� and Jc

G�H�
��� at 4.2 K. The intragranular Jc

G has been determined for a par-
ticular grain �2,5� indicated in Fig. 9�b�.

FIG. 11. �Color online� Determination of the position dependent
intragranular Jc

G�x ,y� at �0H=25 mT for six grains �their position
within the sample is indicated in Fig. 9�c��. Top figure: Jx profile
across a single grain from which Jc

G is determined as the value at
the maximum. The Jc

G value at each grain is given in A/m2.

FIG. 12. Dependence of the intragranular critical-current density
with the position of the grain respect to the sample border, Jc

G�d�, as
sketched in the inset.
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magnetic effects associated with granularity and the current
percolation problem in a controlled configuration. The mac-
roscopic effects of granularity have been measured by dc
magnetometry and ac susceptibility. As a consequence of the
granular structure, the M�H� cycle at 5 K measured by dc
magnetometry exhibits a peak shift to a positive applied
magnetic field value, which is explained by the effect of the
return magnetic field from the grains into the GBs. ac sus-
ceptibility measurements performed both as function of tem-
perature and magnetic field �up to 40 mT� show that dissipa-
tion is associated with currents running over the whole
sample through the GB network, while losses due to currents
at individual grains cannot be distinguished. A homemade
Hall-probe imaging system with a high spatial resolution
��5 �m� has been used to visualize the granular distribution
of the magnetization and follow its evolution along a cycled
magnetic field up to 0.8 T, at 4.2 and 77 K. By solving the
inverse problem, we have determined local critical-current
density maps, Jc�x ,y ,H�, from which Jc

GB and Jc
G have been

deduced. The use of this local magnetometry technique has
allowed us to determine the grain-to-grain variation of Jc

G

within the sample.
We anticipate that the use of structured, artificial “GBs,”

allowing to tune in a controlled manner the grain number,
size, and rate of critical-current density reduction per GB,
opens the way for a systematic investigation of the effects of
granularity on the magnetic properties of superconductors.
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