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A comprehensive analysis of the processes limiting the magnetic and temperature dependences of the critical
currents of YBa2Cu3O7−x coated conductors is presented. We conclude that an unexpected heterogeneous
vortex matter associated with two interacting vortex species characterizes the flux dynamics in the H-T space:
The Abrikosov-Josephson vortices �AJVs� nucleated on the grain boundaries and the Abrikosov vortices �AVs�
localized in the grains. A crossover field separating a plastic motion of strongly interacting AVs- and AJVs
from an individual pinning regime of AJVs has been identified.
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Coated conductors have emerged as a groundbreaking so-
lution to fabricate long and flexible superconducting
YBa2Cu3O7−x �YBCO� tapes. This is being achieved using
complex processing techniques allowing the texture of a
buffered metallic substrate to be replicated in the supercon-
ducting layer. The coated conductor can be visualized as a
network of low-angle grain boundaries �GBs� separating su-
perconducting grains.1 As a result, superconducting matter in
coated superconductors cannot be taken as a homogeneous
system. It should be treated as a heterogeneous distribution
of two vortex species: one consisting of Abrikosov-
Josephson vortices �AJVs� pinned on the percolating grain
boundaries2 and the other of Abrikosov vortices �AVs�, lo-
calized in the grains. Whereas different AV motion regimes
have been identified in YBCO single crystals and thin
films,3–8 the physical mechanisms associated with the motion
of AJVs on GBs have been only recently elucidated.9,10

However, their possible contribution to the vortex dynamics
in coated superconductors is not yet understood. In this brief
report, we show that the field dependence of the critical cur-
rent of YBCO coated superconductors is determined by the
heterogeneous characteristics of the system, including the in-
teraction between the two vortex species. Several YBCO
coated conductors with different textures and thickness
grown by pulsed laser deposition �PLD� on ion beam assisted
deposition �IBAD� and rolling assisted biaxial textured
�RABITS� substrates have been analyzed. For comparison
purposes a 0.25 �m YBCO thin film grown by PLD on a
strontium titanate oxide single crystal with a �-scan full
width at half maximum of 0.5° is also presented, film-a. The
inset of Fig. 1 shows a saturated magnetic hysteresis loop
measured for film-a at 5 K. Due to the field dependence of
the critical current density Jc, the hysteresis loop presents a
peak at �0Ha=0, as expected for a superconductor thin
film.11 Then, the Jc�H� dependence can be determined from
one of the two saturated branches of the loop by using Eq.
�1�:12

Jc�H� =
4M�H�

w�1 − �w/3l��
�w � 1� �1�

where M�H� is the saturated value of the magnetization at
the applied magnetic field H and w and l are the lateral

dimensions of the sample. Figure 1 shows the typical Jc�H�
dependence for a thin film at different temperatures. Notice
that Jc exhibits a plateau at low magnetic fields at all tem-
peratures. Above a certain crossover field �0Hcross

SC , a gradual
transition to a power-law behavior, i.e., Jc�H��H−�, is de-
tected. The field �0Hcross

SC has been defined at the point where
the power-law fit crosses the low-field plateau. This cross-
over field has been previously observed in thin films, single
crystals, and irradiated single crystals,4,5,7,8 and it is associ-
ated with different temperature-dependent interactions be-
tween the vortex lattice and pinning defects.

The simplest critical current regime is detected for
�0Ha��0Hcross

SC , where the field independence corresponds
to a single-vortex pinning regime,13 since the pinning energy
is much larger than the vortex-vortex interaction. Thus, by
equating the Lorentz and the pinning forces, JcB�nfp,
where fp is the individual pinning force per unit length, and
n is the density of the pinned vortices, Jc� fp /�0 is indepen-

FIG. 1. Magnetic field dependence Jc determined for film-a at
different temperatures. Data are fitted with the power-law behavior
Jc�H��H−� at high fields with �=0.5, 0.52, 0,58, 0.62, 0.82, 0.88,
and 0.88 at 5, 25, 40, 50, 60, 70, and 77 K, respectively. The arrow
shows the crossover field �0Hcross

SC , determined at 5 K. Shown in the
inset is a saturated magnetic hysteresis loop measured for the same
film at 5 K.
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dent of B, in agreement with the experimental results. The
field �0Hcross

SC , marks a crossover from an individual vortex
pinning regime, to a collective pinning regime where vortex-
vortex interaction cannot be disregarded. The power-law co-
efficient � obtained for the thin film analyzed increases with
temperature, from ��0.5 at 5 K to ��1 at 77 K. Different
values of � going from 0.5 to 1 have been reported for
YBCO thin films grown on single crystals,4–6,8 though
��1 is expected for a pure collective pinning regime of
linear defects while ��0.5 for the plastic pinning regime.13

At high fields, when the magnetic field approaches the irre-
versibility field, Jc decreases faster with increasing magnetic
field and departs from the power law6 �see Fig. 1�.

The inset of Fig. 2 shows a saturated magnetic hysteresis
loop measured for a 1-�m-thick YBCO film PLD grown on
a CeO2/ IBAD-YSZ�Yttria-stabilized zirconia� /Ni-Cr stain-
less steel substrate with 	�=5.7°,14 IBAD-a. Notice that in
this case the magnetization peak occurs at a positive mag-
netic field value of the reverse branch of the magnetization
loop instead of at zero applied field. This phenomenon has
been previously ascribed to granularity effects in which case
the local magnetic field at the grain boundaries is given by
�0Hloc

GB=�0�Ha−Hreturn�,15 where Hreturn is the field trapped
inside the grains returning through the grain boundaries. This
leads to a hysteretic behavior of the grain boundary critical
current density Jc

GB�Ha�, when we apply Eq. �1� to the as-
cending and descending branches of the hysteresis curves.16

This irreversibility will disappear when Jc
GB is plotted as a

function of the local magnetic field, Jc
GB�Hloc

GB�. We assumed
�0Hreturn=�0Hpeak, independent of the applied magnetic
field, since at large fields, where the field dependence starts
to be important, the contribution of the return field is
negligible.17 We have also made sure, before determining
Jc

GB, that the total magnetic moment measured in the hyster-
esis loops corresponded only to the magnetic moment asso-

ciated with Jc
GB. The magnetic moment associated with the

grain current loops can be neglected due to the small grain
size compared with the sample size.15 We have determined
the average magnetic grain radius a and the grain critical
current density Jc

G for IBAD-a by using the methodology
reported in Ref. 15. A temperature-independent value of a
�1 �m has been found, which is clearly much lower than
the sample dimension 5
5 mm2. The ratio Jc

G /Jc
GB obtained

at 77 K is Jc
G /Jc

GB�2.5. These values give then a ratio
mG/mGB�10−3.

Figure 2 shows the Jc
GB�H� dependence obtained for

IBAD-a at different temperatures. At a first glance the simi-
larity between the data from Figs. 1 and 2 is obvious. A
plateau in Fig. 2 similar to that observed for nongranular thin
films is detected at low fields. At higher fields there is a
crossover field above which a field dependence of the form
Jc

GB�H��H−� is also observed. However, an important differ-
ence should be noted denoting different physics phenomena.
In the coated conductor, the power-law field dependence is
described by a temperature-independent, single value
��0.5±0.05.

Figure 3 shows the Jc
GB�H� dependence at 50 K for

IBAD-a, another IBAD film grown on the same substrate
with thickness t=1.6 �m and 	�=12.7°, IBAD-b, and two
RABITS coated conductors, RABITS-a and RABITS-b,
grown by PLD on a YSZ/CeO2/Ni-Mn substrate18 with
t=0.8 and 0.25 �m, respectively, and 	��6°. Additionally
we have also included a 0.23 �m YBCO thin film deposited
on a CeO2 buffered IBAD-YSZ layer grown on a polycrys-
talline YSZ substrate with a 	�=7.8°, IBAD-c. Jc

GB shown
for RABITS-b has been obtained by transport measurements.

FIG. 2. Jc
GB as a function of the local field determined for the

sample IBAD-a at different temperatures. Data are fitted with the
power-law behavior Jc

GB �H��H−� at high fields with �=0.49, 0.51,
0,51, 0.52, 0.52, 0.53, and 0.53 at 5, 25. 40, 50, 60, 70, and 77 K,
respectively. The arrow shows the crossover field �0Hcross

CC , deter-
mined at 5 K. Shown in the inset is a saturated magnetic hysteresis
loop measured for IBAD-a at 5 K.

FIG. 3. Jc
GB as a function of the local magnetic field determined

at 50 K for the coated conductors IBAD-a ���, IBAD-b ���,
IBAD-c ���, RABiTS-a ���, and RABITS-b ���. All data has
been recorded inductively except for RABITS-b which corresponds
to a transport measurement. Solid lines correspond to power-law fits
Jc

GB �H��H−�, with �=0.5. Lower inset shows the temperature de-
pendence of the exponents � determined for the film-a ��� and for a
great variety of RABITS CCs �open symbols� and IBAD CCs
�closed symbols�. Upper inset shows the magnetic field dependence
of the transport hysteretic Jc

GB determined for IBAD-d at 25 K on
increasing ��� and decreasing ��� the magnetic field.
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The upper inset of Fig. 3 shows the field dependence of the
transport Jc

GB measured for IBAD-d with t=1.2 �m and
	�=6.5° at 25 K on increasing and decreasing the applied
field, which reproduces the hysteresis obtained from induc-
tive measurements. The results of Fig. 3 evidence that de-
spite the different texture, thickness, and architecture of the
coated conductors �different Jc

GB� the Jc
GB�H� dependence is

described by the same power law with �=0.5±0.05. The
lower inset of Fig. 3 compares the � values, obtained from
transport and magnetic measurements at different tempera-
tures, for a variety of IBAD and RABITS coated conductors
with those for the nongranular thin film-a. Contrary to the
clear temperature dependence of � for film-a for all coated
superconductors ��0.5. In coated conductors, the disloca-
tion cores at the grain boundaries act as a linear array of
columnar pinning centers. Since for a 5° boundary the dis-
tance between dislocations is D�4.6 nm and thus the asso-
ciated matching field would be B��100 T,19 we can cer-
tainly assure that for the range of grain boundaries present in
these coated conductors �5°–12°� and magnetic fields ap-
plied, the one-dimensional �1D� AJV array of vortices is ex-
pected to be in the single-vortex pinning regime. Therefore,
JcB�nfp, and since the motion of AJVs is dominated by a
line of equally spaced defects of density n=1/ �ba0�, where
a0= ��0 /B�1/2 is the vortex lattice spacing and b is the GB
width, then

Jc
GB =

fp

b��0

1
�B

�2�

in clear agreement with the experimental results. This depen-
dence has been previously observed in YBCO thin films
grown on bicrystal substrates9 and predicted for a network of
strong pinning planar defects.10 From the experimental data
we conclude that the dislocation cores at the grain bound-
aries provide the pinning potential that limits the displace-
ment of the vortices nucleated on the GB and this effects lies
at the origin of the difference with respect to thin films
grown on single-crystal substrates. On the other hand, one
would expect the limit of single vortex pinning to remain
valid down to �0Ha=0. Surprisingly, this is not the case. At
�0Ha��0Hcross

CC , a plateau with Jc
GB independent of H is

reached. By analyzing the values �0Hcross
CC obtained for sev-

eral IBAD and RABITS coated conductors and comparing
them with the crossing field �0Hcross

SC , measured for film-a,
we realize that �0Hcross

CC is surprisingly similar to �0Hcross
SC ,

and that these values do not appreciably depend on the thick-
ness of the YBCO layer or on the coated conductor architec-
ture. This result indicates a clear correlation between
�0Hcross

CC �associated with AJV motion� and �0Hcross
SC �associ-

ated with the crossover field of the grains, i.e., with the field
above which the AV-AV interaction surpasses the individual
vortex pinning interaction�. In other words, the single-AJV
behavior in the GB is sensitive to the elastic properties of the
AV. Therefore, in this heterogeneous vortex system the one-
dimensional individual pinning regime of AJVs cannot coex-
ist with the single-vortex pinning regime of AVs.

The observed plateau at �0Ha��0Hcross
CC is understood by

assuming that weakly pinned AJVs nucleated in the perco-

lating grain boundaries interact with strongly pinned AV
neighbors located in the grains, in a configuration similar to
the artificially patterned channels localized in between ion-
irradiated superconducting banks described in Ref. 20. In
this case the AJV motion requires overcoming the barrier
induced by the AJV-AV interaction. Therefore, Jc

GB is
reached when the Lorentz force equals the elastic force de-
termined by the shear modulus c66. Hence,
Jc

GB=2Ac66/WB,20 where W is the width of the channel, A is
a constant that takes into account anharmonicities in the lat-
tice potential, and c66 is the shear modulus of the lattice
given by c66=�0B /16��0�ab

2 ,20 resulting in a Jc
GB indepen-

dent of B:

Jc
GB �

2A�0

16W��0�ab
2 . �3�

In our case we consider the channel width W to be the grain
boundary width b, i.e., the region affected by the stress field
associated with the GB dislocation cores through which the
AJVs move. Although a pure dislocation core in the YBCO
can be considered one to two times the Burgers vector
��0.4–0.8 nm�, the associated stress field has been deter-
mined to extend up to �5–6 nm.19,21 Hence, by using
b=5 nm, �ab�50 K�=220 nm, and A between 1/ �2�� and
1/30,22 we obtain values of Jc

GB between 5
1010 and
1
1010 A /m2, which are in agreement with the Jc

GB plateau
values of Fig. 3. In this picture, the AVs hold the AJVs,
retarding their motion until the Lorentz force surpasses the
shear force. Remarkably, the experimental results indicate
that a strongly interacting AV-AJV plastic system is encoun-
tered at low magnetic fields �plateau of Jc

GB�H�� while a sys-
tem governed by individual pinning motion of AJVs in a 1D
distribution of linear defects is attained at higher magnetic
fields with Jc

GB�H��H−0.5. It is important to recall that the
crossover field between these two regimes is triggered by the
appearance of the collective vortex pinning regime at the
grains. Within the collective pinning theory the decrease of
the critical current is associated with an increase of the num-
ber of vortices that respond elastically to the presence of a
force. Thus, because this volume increases with field the im-
pedance to move vortices within the GB decreases and the
individual pinning might take over as shown in experiments.
The results provide clear evidence of the heterogeneous na-
ture of superconductivity in coated superconductors.

Figure 4 compares the Jc�H� dependence of film-a and
Jc

GB�H� for IBAD-a at 60 K. Since the value of Jc for the
nongranular thin film decreases faster with increasing mag-
netic field than the value of Jc

GB for the coated conductor we
can define another crossing field �0Hjoint, which marks the
point where the two critical currents merge. In this situation
the current density necessary to move vortices located at the
grain boundaries also moves vortices located inside the
grains, i.e., Jc

GB�Jc
G. The same crossover field has been de-

termined from transport measurements performed in
bicrystals23 and in coated conductors.24

A general magnetic phase diagram for vortex motion in
coated conductors �inset of Fig. 4� has been defined by de-
termining the lines �0Hcross

CC �T� and �0Hjoint�T�. At low fields,
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below �0Hcross
CC �region I� only the motion of AJVs at the

grain boundaries has to be considered �Jc
GB�Jc

G�. In this
case, the observed plateau of Jc

GB�H� is understood assuming
that AJVs move plastically in between strongly pinned AVs
in the grains by overcoming the shear force. This indicates

that the AJV-AV interaction force is higher than the AJV
pinning force. In the region between �0Hcross

CC and �0Hjoint
�region II� motion of AJVs at the grain boundaries �Jc

GB

�Jc
G� is attained although this is now associated with an

individual pinning regime of 1D distributed linear defects,
with Jc

GB�H��H−0.5. In this case the GB AJV pinning force is
higher than the AJV-AV interaction force. At high magnetic
fields, above �0Hjoint �region III�, Jc

GB equals Jc
G and motion

of both AVs and AJVs has to be considered. In this region
vortex motion is not restricted within the GBs and thus the
exponent ��0.5 can change to another value following the
field dependence expected for the grains.

In summary, the magnetic field dependence of the critical
current density in different YBCO coated conductors has al-
lowed us to build up a general magnetic phase diagram
where three different vortex motion regimes have been iden-
tified. We have determined a crossover field that separates a
low-field region where AJV motion is dominated by their
interaction with AVs in the grains �AJV plastic pinning re-
gime� from a region governed by a single-AJV pinning re-
gime, at higher fields. At high magnetic fields, motion of
both AJVs and AVs has to be considered.
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FIG. 4. Magnetic field dependence of Jc, obtained for film-a ���
and Jc

GB for IBAD-a ��� at 60 K. Arrows indicate the values of
�0Hcross

SC , �0Hcross
CC , and �0Hjoint at this temperature. Shown in the

inset is the general magnetic phase diagram of vortex motion deter-
mined for the coated conductor IBAD-a, where three different re-
gimes are distinguished �see text for explanation of each regime�.
The experimental curves �0Hjoint�T� and �0Hcross

CC �T� are indicated
by open and closed symbols, respectively.
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