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The role of magnetic microstructures and correlated defects on magnetic field and supercurrent distributions
in cuprate/manganite bilayers was studied using the magneto-optical imaging technique. For this purpose,
bilayer structures were deposited on twinned LaAlO3 substrates. Experimental results indicate that different
magnetic patterns could be induced in the ferromagnetic La1−xSrxMnO3 film deposited on twinned substrate.
Depending on the induced magnetic microstructure of the ferromagnetic layer, the vortex pinning due to the
twin-boundary network in the YBa2Cu3O7−� layer becomes strongly modulated. In particular, the force acting
on vortices due to the interaction with macroscopic magnetic domains, having out-of-plane tilted magnetiza-
tion, was locally measured. The measurements at low temperature show that the magnetic interaction slightly
contributes to the total pinning force density over the domains. It turns out that the alternating out-of-plane
magnetization induces spontaneous counterflowing supercurrent loops in the superconducting layer. Finally,
reference measurements made on a bilayer with nonferromagnetic manganite �Nd0.5Sr0.5MnO3� show that twin
boundaries without localized magnetic moments produce homogeneous and strong vortex pinning in the
twinned bilayers.
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INTRODUCTION

Superconducting/ferromagnetic �SC/FM� heterostructures
have attracted much attention for experimental and theoreti-
cal studies due to the novel physical phenomena caused by
the interplay between two competing order parameters.1

Much interest is devoted to study the magnetic interaction
between the layers. Bulaevskii et al.2 suggested that the pres-
ence of out-of-plane magnetic moments, with alternating
magnetic domains in the FM layer, could enhance the pin-
ning of the superconducting vortices in the SC layer. Experi-
mental results show an increased pinning in SC/FM
bilayers,3–5 although details of the magnetic domain structure
of the FM layer were not investigated. Therefore, it is rea-
sonable to expect that various domain topologies and corre-
lated defects6 cause complex electromagnetic interactions
between the magnetic microstructure and vortices.

High-resolution magneto-optical �MO� technique was
successfully used to probe the phase transition of the mag-
netic pattern in a La0.67Ca0.33MnO3 thin film deposited on
SrTiO3 substrate.7 The measurements have shown that a sub-
strate martensitic transition induces localized out-of-plane
magnetic moments in the manganite layer. Our previous
studies by means of the MO imaging technique on
YBa2Cu3O7−� /La1−xSrxMnO3 �YBCO/LSMO�8 bilayers
grown on twinned LaAlO3 substrate �LAO� indicate the ap-
pearance of spontaneous vortices and antivortices in the SC
layer, induced by out-of-plane magnetic moments which are
localized at twin boundaries �TB’s� in the FM layer. This
experiment was performed for two doping levels of the
LSMO system �x=0.33 and 0.115�.9

In this paper, we further investigate the local interaction
between different magnetic microstructures and vortices in

epitaxial YBCO /RE1−xSrxMnO3 bilayers, grown on twinned
LAO substrates. The magnetic field distribution of each layer
was visualized by high-resolution MO imaging in order to
understand how the vortex-pinning potential of TB’s is modi-
fied by the localized magnetic moments and what is the in-
fluence of the magnetic domains on vortex pinning �far from
TB’s�. Therefore, the local measurement of the critical cur-
rent for vortices diffusing over single magnetic domains in
YBCO/LSMO bilayers gives us the local contribution of the
magnetic interaction between vortices and monodomains
with out-of-plane tilted magnetization. Moreover, we ob-
served that the alternating magnetic pattern in the LSMO
layer spontaneously induces macroscopic counterflowing su-
percurrent loops in the YBCO film.

Finally, for a direct comparison of the vortex pinning in
twinned heterostructures with and without the FM ground
state, we present the MO imaging of YBCO /Nd1−xSrxMnO3
�NSMO� bilayer, because the ground state of NSMO, with
x=0.5 doping level, is antiferromagnetic with Néel tempera-
ture of about 140 K �due to real space ordering of Mn3+ and
Mn4+ ions in different sublattices�.10 This sample is also de-
posited on twinned LAO substrate in order to demonstrate
that without ferromagnetism in the manganite layer, the TB’s
are not able to generate any spontaneous flux structure, but
only produce homogeneous strong pinning of vortices in the
SC layer.

EXPERIMENTAL DETAILS

All the bilayers were grown in situ on LAO single-crystal
substrates by multitarget high-pressure dc sputtering from
the stoichiometric targets.11 The LAO substrate naturally dis-

PHYSICAL REVIEW B 76, 214501 �2007�

1098-0121/2007/76�21�/214501�5� ©2007 The American Physical Society214501-1

http://dx.doi.org/10.1103/PhysRevB.76.214501


plays a large number of coherent TB’s,12 organized either in
parallel families or in a zigzag structure. Most of the TB’s in
the substrate propagate up to the top layer of the heterostruc-
ture.

We studied YBCO/NSMO bilayers �the SC top layer is
50 nm thick, whereas the manganite layer is 100 nm thick�,
with the NSMO system at x=0.5 doping level13 and YBCO/
LSMO bilayers with x=0.115 �TCurie�180 K, 100 nm thick
FM layer, 50 nm thick SC top layer, with critical temperature
Tc around 89 K�. X-ray data14 show that the LSMO layer is
relaxed and the measurement of the bulk magnetization15

demonstrates that the FM layer has the easy axis of magne-
tization in-plane aligned �see Fig. 1�a��, whereas a net out-
of-plane component is generated only by the SC layer, as
shown in Fig. 1�b�.

High-resolution MO imaging of the magnetic distribution
in opaque materials is obtained using the MO-active
indicators.16,17 As indicators, we have used Bi-doped iron
garnet films with in-plane magnetization,18 grown by liquid-
phase epitaxy on optical substrates and covered with thin
silver mirrors.19 The local magnetization of the indicator is
rotated out of the plane, depending on the local magnetic
field induced by the measured sample. The local magnetiza-
tion rotation is directly imaged as light intensity modulation
by the Faraday effect and by the light polarization analysis.
In the MO measurements here presented, the bright contrast,
with respect to the average gray level, corresponds to the
local magnetic moment directed toward the reader and the
dark contrast represents an out-of-plane component of oppo-
site direction. To achieve the quantitative MO imaging of the
magnetic field distribution and its model-independent decon-
volution into the supercurrent distribution,20 the sample
should be in film form and its surface should be smaller than
the optical frame size, due to the requirements of the nonlin-
ear calibration procedure.21 For this reason, the YBCO film
of the bilayer with the insulating LSMO was patterned by
UV photolithography and by chemical wet etching in a
HCl /H2O�0.3% � solution. In order to evaluate the supercur-
rent distribution in the SC layer, the manganite layer was
magnetically polarized above the SC Tc by an in-plane mag-
netic field and then the zero-field background pattern was
subtracted from each MO frame, measured with a nonzero
out-of-plane applied field. Using such a procedure, we ob-

tained the image of the local magnetic field generated only
by the supercurrent density that is established in the SC layer
as a consequence of the applied magnetic field, i.e., critical
currents in the vortex penetrated regions and Meissner cur-
rents in the flux-free part.

RESULTS AND DISCUSSION

Different magnetic patterns occurring in the insulating
LSMO layer on twinned LAO substrate are presented in Fig.
2. The YBCO layer was etched in a 200 �m diameter disk:
its edge is visible on the right of Figs. 2�a� and 2�b�. The
pattern of Fig. 2�c� corresponds to the area of the FM layer
just under the other pictures.

These patterns were induced by applying an in-plane
magnetic field of 100 mT, parallel �in Fig. 2�a�� and antipar-
allel �in Fig. 2�b�� with respect to the direction indicated by
the black arrow in Fig. 2�c�. In the last pattern, a magnetic
field gradient �generated with the help of permanent mag-
nets� was applied in order to depin the domain walls �DW’s�
from TB’s, because the local coercitivity is greatly enhanced
at correlated defects.22 The magnetization of the domains is
slightly tilted out of plane �much less than the saturation
magnetization�, in Figs. 2�a� and 2�b�, and these two patterns
show opposite out-of-plane magnetic moments in the same
areas �schemes of magnetization are reproduced below each
measurement�. On the contrary, the magnetization of the do-
mains is completely in-plane aligned in Fig. 2�c� and single
DW’s �charged walls�6 are visible in between the TB’s. In
any case, the LSMO layer has a net magnetization only in-
plane aligned as shown in the measurement of the total mag-
netic moment presented in Fig. 1 and the small out-of-plane
component when present has alternating sign in adjacent do-
mains.

Since the magnetic field in the nonsuperconducting core
of the vortex is of the order of the lower critical field, Bc1
�for YBCO around 15 mT�, and the intrinsic coercitivity was
less than this value,23 it would be reasonable that the vortices
exert a dragging force onto single DW’s. In this respect, the
TB network turns out to be useful for pinning the multido-
main pattern induced with an external magnetic field. There-
fore, the pattern with alternating out-of-plane domains and
pinned DW’s, e.g., like the one shown in Fig. 2�b�, is appro-

FIG. 1. Bulk magnetization of the bilayer measured in a superconducting quantum interference device magnetometer. �a� Above the
YBCO Tc, the magnetic signal is coming only from the LSMO layer and it is clearly demonstrated that the easy axis is in-plane aligned. �b�
A net out-of-plane magnetization component develops, at low temperature, due to the vortices nucleated in the SC layer.
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priate for studying the intrinsic magnetic interaction between
vortices and magnetic domains, far from strong pinning sites.

When the bilayer is cooled below Tc in nominal zero-field
�zero-field cooling �ZFC��, the out-of-plane magnetic mo-
ments �distributed in the LSMO layer as depicted in Fig.
2�b�� are trapped inside the YBCO film and the spontane-
ously induced vortex distribution is quite uniform over the
single domain area.9

When a uniform external magnetic field is applied perpen-
dicular to the sample, new vortices start to nucleate at the SC
edges. With increasing external field, vortices diffuse toward
the central area of the sample. In the critical state profile
�magnetic field map in the inset of Fig. 3�a��, modulations of
the magnetic flux density are visible,9 because vortices gen-
erated by the applied external field repulse the spontaneous
vortices of the same polarity while attract and annihilate the
spontaneous antivortices in adjacent domains with antiparal-
lel magnetization.

Apart from the modulations induced by the roughness of
the sample edge, the vortex density gradient crossing adja-
cent alternating domains does correspond to smooth changes
of the local critical current. Indeed, the quantitative evalua-
tion of the supercurrent density distribution �shown in Fig.
3�a�� demonstrates slight modulations of the pinning force
density in the critical state.

In order to make the quantitative estimation of the local
pinning variation, we traced linear profiles of magnetic field

and supercurrent, Figs. 3�b� and 3�c�, along the dotted seg-
ments indicated in Fig. 3�a�. Minor modulations with high
spatial frequency of the supercurrent in the domain bulk are
due to pinning potential variations caused by isolated inclu-
sions �as identified by the peaks of the magnetic field pro-
file�. TB’s are marked by vertical dotted lines. It is remark-
able that vortex pinning at TB’s is not systematically
maximum, presumably because the magnetization gradient at
TB’s �in the FM layer� induces vortex sliding.

The difference in the critical current in the bulk of adja-
cent domains �whose magnetization direction with respect to
the applied field is labeled, in the profiles of Figs. 3�b� and
3�c�, as POS for domains with an out-of-plane component
parallel to the applied field and as NEG for the opposite
direction of the out-of-plane component only�, is of the order
of 10% of the average critical current value �around 2.5
�1011 A m−2�, with a slight increase of the supercurrent sta-
tistically corresponding to the domains whose magnetization
is antiparallel with respect to the applied field �see the histo-
gram in Fig. 3�d��.24

Taking into account that the intervortex interaction should
be negligible for the value of the uniform applied field �cor-
responding to an induction field of 4.5 mT�,25 it results that
the monodomain with an out-of-plane tilted magnetization
�corresponding to a local induction of the order of 1 mT
perpendicular to the film plane� contributes to the vortex-
pinning force density less than 10% with respect to the pin-
ning exerted by crystal defects �such as dislocations�, in the
YBCO layer.

It is worthy to note that the current theory of the magnetic
pinning2 takes into account a magnetic pattern with an aver-
age domain size smaller than the intervortex distance; there-
fore, the strong pinning results from the matching of the
characteristic lengths between the flux line lattice and the
domain structure.

We also observed that in the central part of the sample,
inside the area not reached by the vortices generated by the
external applied field, the screening current loop is split into
different domains. These current loops directly reflect the
alternating out-of-plane domain pattern: adjacent domains
with opposite magnetization trigger counterflowing loops
�see the line profile in Fig. 3�e��. Such supercurrent loop
pattern is similar to the topological instability model pre-
dicted by Erdin et al.,26 according to which the splitting of
supercurrent loops and of magnetic domains should naturally
occur for both layers, but here the alternating magnetic pat-
tern is present above the YBCO Tc and therefore it induces
an inhomogeneous local field during cooling that forces
counterflowing screening loops in the SC layer.

In order to verify that the observed magnetic field and
supercurrent modulations at TB’s are only due to the out-of-
plane tilted magnetic moments in the FM layer, we present
the MO imaging of a bilayer with nonferromagnetic manga-
nite. The TB network due to the LAO substrate is visible in
Fig. 4�a�. The magnetic field distribution after nominal ZFC
of a 5�10 mm2 YBCO/NSMO bilayer is presented in Fig.
4�b�. In this bilayer, no FM component was detected below
100 K and the system presumably goes to an antiferromag-
netic ground state at low temperatures.10 The slight dark con-
trast in the magnetic field map in Fig. 4�b� demonstrates that

FIG. 2. Magnetic field distributions of a YBCO/LSMO bilayer
in different magnetization states, induced by applying in-plane mag-
netic fields of opposite directions and a magnetic field gradient in
order to depin single DW’s. Directions of the applied field and field
gradient are shown in �c�. Below each measurement, a scheme of
the magnetization vectors is presented. �a� This magnetization state
displays domains with out-of-plane tilted magnetization �T
=3.9 K�. �b� Magnetic field distribution of the same region shown
in �a� but in a complementary magnetization state, i.e., the local
out-of-plane component of the magnetization is tilted in the oppo-
site direction with respect to �a�. The triangular big domains on the
left and on the right are due to the indicator film and must be
disregarded. �c� Single DW’s are induced in between TB’s by the
application of a strong in-plane field gradient �larger than 1 T /m�.
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a coherent Meissner state establishes in order to screen the
small residual field applied after the magnetic shield was
removed and the electromagnet was inserted over the cry-
ostat �its residual field is less than 0.2 mT�. No localized
magnetic flux, trapped in the YBCO film, was observed.
When a uniform external field is applied �perpendicular to
the bilayer�, vortices start to enter the sample from the edges
and they become pinned by the crystal defects, forming a
critical gradient, as presented in Fig. 4�c�. This critical state
profile is modulated by the sample edge roughness and by
the discontinuities in the pinning potential distribution �e.g.,
scratches�. As expected, the TB network in the YBCO/
NSMO bilayer displays strong and homogeneous pinning27

over the whole sample.

CONCLUSIONS

We have studied the interaction of superconducting vorti-
ces with magnetic domains and DW’s in twinned SC/FM
perovskite bilayers. By means of magnetic field imaging, we
demonstrated that TB’s tailor the magnetization state of the
manganite and that the interaction between TB’s and vortices
is locally modulated, depending on the induced magnetic mi-
crostructure in the FM layer. These magnetic patterns are
always frozen in the SC layer when cooling below the SC Tc.

Measurements were focused on the magnetic pattern with
alternating out-of-plane domains �several microns wide�,
separated by TB’s. In this case, either enhancement or de-
pression of the local supercurrent was observed in the critical
state part and these modulations are of the order of 10% of
the average critical current. Furthermore, a strong modula-
tion of the supercurrent is spontaneously established in the
central part of the sample due to the occurrence of macro-
scopic counterflowing screening current loops.

Moreover, experimental results obtained on a bilayer with
nonferromagnetic NSMO manganite demonstrate that, on the
contrary, the TB’s alone are not able to induce any sponta-
neous flux structure in the SC layer and they produce homo-
geneous pinning in the heterostructure without localized fer-
romagnetic moments.

It results that the strong and inhomogeneous enhancement
of the DW coercitivity due to correlated defects is a domi-
nant parameter for the equilibrium magnetic pattern of these
hybrid heterostructures. The localized out-of-plane magnetic
moments in the FM layer cause spontaneous flux nucleation
and pinning modulations in the SC layer; therefore, the in-
teraction of the magnetic microstructure with correlated de-
fects in magnetic perovskite compounds deserves special at-

FIG. 3. �Color online� �a� Supercurrent density modulus distribution at T=4.2 K and �0Happ=4.5 mT, after ZFC. The disk shaped YBCO
film shows edge roughness. In the inset, the corresponding distribution of the magnetic field is presented. �b�, �c�, and �e� are supercurrent
density �squares� and magnetic field �circles� line profiles traced along the corresponding dotted segments in the supercurrent density map in
�a�. Dotted vertical lines in �b� and �c� mark the TB position and the downward triangle indicates the sample edge. The labels POS and NEG
indicate that the out-of-plane magnetization component of the domain is directed parallel or antiparallel to the applied field, respectively. �d�
Distributions of the current density values corresponding to POS and NEG domains �60 areas�. The mean current density over the POS
domains is 2.403�1011 A m−2, whereas over NEG domains, it is 2.577�1011 A m−2. For �e�, data points are taken from the radial
component �magnitude and sign� of the supercurrent distribution, along the corresponding dotted line traced in �a�.

FIG. 4. �a� Optical picture of the YBCO/NSMO bilayer surface
obtained with linearly polarized light. Both parallel and zigzag
families of coherent TB’s are clearly visible. �b� MO imaging of the
magnetic field distribution in the YBCO/NSMO bilayer �same re-
gion as shown in �a��, after ZFC, at T=4.2 K. The dark contrast
area represents the region screened by the Meissner currents due to
the environment field. �c� MO image of the magnetic field distribu-
tion in YBCO/NSMO bilayer, after ZFC, and the application of a
set of increasing out-of-plane magnetic fields �T=4.2 K, �0Happ

=4.6 mT�.
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tention both for fundamental and for applicative studies.
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