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The magnetic properties of heterostructures of high-temperature superconducting YBa2Cu3O7−� and highly
spin polarized, ferromagnetic La2/3Ca1/3MnO3 that are electronically decoupled by a thin SrTiO3 layer are
investigated by means of SQUID magnetometry. Below the transition temperature of the superconducting
component the detected signal is a measure for the critical current in the superconductor. The obtained mag-
netic hysteresis loops at low temperatures exhibit a substantial asymmetry with respect to H=0. This can be
understood in terms of pinning of flux lines in the superconducting film due to magnetic interaction with the
ferromagnetic manganite layer.
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Heterostructures of superconductors and ferromagnets are
of fundamental interest because at the interface between both
materials a competition between different kinds of ordering
phenomena occurs. In general, this leads to a reduction of the
transition temperatures of both components. This effect in-
creases strongly with decreasing thicknesses of the con-
stituents.1 However, if the thicknesses of the individual films
increase and the interface-near volume fraction is small the
transition temperatures are recovered. Nevertheless, there is
still an interaction between superconductor and ferromagnet.
One issue that will be addressed in more detail in this work
is the influence of a neighboring magnetic layer on the pin-
ning of the flux-line lattice of the superconductor.

The investigation of hybrid systems consisting of conven-
tional superconductors and metallic ferromagnets has shown
that it is possible to enhance the intrinsic flux line pinning in
superconductors such as lead or aluminium enormously by
the introduction of magnetic structures in vicinity of the
superconductor.2–5 More recently, also high-temperature su-
perconducting heterostructures are fabricated to explore
similar phenomena in all-oxide systems. However, the char-
acteristic length scales in high-Tc materials differ strongly
from classical superconductors leading to weak magnetic
pinning effects. The coherence length � of YBa2Cu3O7−�

�YBCO� is about two orders of magnitude smaller than the
magnetic penetration depth �. All variations of the magnetic
flux line energy are nearly smeared out over rather large
length scales. Nevertheless, it has been found that specific
high-temperature superconductor hybrid structures show ef-
fects of magnetic pinning. However, most effects are re-
stricted to temperatures close to the transition temperature Tc
where the intrinsic pinning of the superconductor is very
weak.6,7 Only in epitaxial bilayers containing YBCO and fer-
romagnetic perovskites such as SrRuO3 and LaCaMnO3 sub-
stantial magnetic pinning was found at low temperatures so
far.8,9

In this Brief Report we present magnetization measure-
ments of heterostructures consisting of thin films of YBCO
and La2/3Ca1/3MnO3 �LCMO� grown epitaxially on single-

crystalline substrates with lateral dimensions of 5�5 mm2

by pulsed laser deposition. Both films are electronically de-
coupled by a SrTiO3 spacer layer with a thickness of 5 nm.
The magnetization loops of these structures are obtained by
SQUID measurements. These samples show a strongly
asymmetric magnetic hysteresis loop in the whole tempera-
ture range below the superconducting transition. Similar
curves are obtained for structures without decoupling layer.10

The measured diamagnetic signal has its origin in the mag-
netization of the superconductor created by supercurrents
flowing in the YBCO layer. It is proportional to the pinning
force density on the flux lines in this film. An asymmetric
hysteresis loop indicates in this case a relationship between
the magnetization state of the ferromagnet and the pinning in
the superconductor in a wide temperature range.

All results are collected on samples that are produced us-
ing pulsed laser deposition. Single-crystalline �001� oriented
substrates of SrTiO3 �STO� and LaSrGaO4 �LSGO� are used
to grow thin LCMO films with a typical thickness of dFM
=50 nm. The important difference between the used sub-
strate materials is the lattice constant which leads to a growth
under tensile strain in case of the STO substrate and under
compressive strain in case of the LSGO substrate.

To rule out any electronic interaction or spatially varying
proximity effects that can lead to additional pinning effects11

a thin layer of 5 nm STO is grown directly onto the LCMO
film. The thickness of 5 nm is sufficient due to the small
surface roughness of the LCMO film which was found in
atomic force microscopy investigations to be below 1 nm.
Finally, an optimally doped YBCO layer is grown on top
with varying thicknesses dSC between 50 and 150 nm. YBCO
layers directly deposited on LCMO with thicknesses of 50
nm and more show a Tc of Tc=80 K and above.12 A sketch of
the geometry of the used samples is given in Fig. 1.

In a first experiment the temperature-dependent magneti-
zation of a sample consisting of an LCMO layer with a thick-
ness of dFM =50 nm, a 5 nm STO decoupling layer and a
YBCO layer with a thickness of dSC=100 nm is shown in
Fig. 2. The measurement has been performed after zero-field
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cooling to T=5 K in a magnetic field of Hex=10 Oe. The
orientation of the field is parallel to the film plane. The mag-
netization is measured with a SQUID magnetometer up to
T=300 K �bottom curve� and back down �top curve� to T
=5 K keeping the external field constant at Hex=10 Oe.

The data in Fig. 2 show that the sample orders ferromag-
netically at around T=245 K and at T=87 K a transition to
superconductivity occurs. This can be seen from the diamag-
netic signal occurring below T=87 K in the zero-field cooled
measurement �bottom curve�. This demonstrates that below
T=87 K both superconducting and magnetic ordering ap-
pears in the sample.

We focus now on the critical current density of the super-
conducting film at low temperatures. For this purpose, a
magnetic hysteresis loop measured at T=5 K is depicted in
Fig. 3. The sample is cooled in zero field to T=5 K and an
external field oriented perpendicular to the film plane is
swept up to Hex=3 kOe, then to Hex=−3 kOe and back to
Hex=3 kOe again. The magnetization shows a behavior typi-
cal for a high-temperature superconductor with strong pin-
ning. Starting at Hex=0 a diamagnetic signal is found that is
saturated around 100 Oe �virgin curve�. At this field the su-
perconductor achieves the fully flux penetrated state and the
modulus of the magnetization �M� is proportional to the criti-
cal current density jc. If the critical current density was con-
stant, a square-shaped hysteresis loop would be obtained.
The decrease towards higher magnetic fields is related to
field-dependent flux-line pinning. However, the loop in Fig.
3 is only symmetric with respect to the origin and asymmet-

ric to the M =0 axis. The magnetization at a fixed external
field clearly depends on the direction of the field sweep. This
means not only the magnitude of the external field influences
the current density also the direction of field changes plays a
substantial role.

A possibility to extract this magnetic effect is summing up
the two branches of the hysteresis loop and plotting the
modulus of this sum. This process averages out the contribu-
tion of intrinsic pinning of the superconductor, only magnetic
pinning remains. In case of homogeneous superconductors
with high critical current densities and no weak links13 this
magnetic pinning has to be introduced by the ferromagnetic
film. The result is shown in Fig. 4. The value of M*= �M1
+M2� is a measure of the difference of the critical current
density which originates in different directions of field
change or different magnetization states of the ferromagnet,
respectively.

This curve shows two distinct maxima of M* located sym-
metrically to H=0. The maximum value of M* is M*

=0.017 emu which is about 10% of the magnetization. This
difference can now be identified with the pinning of flux
lines due to the vicinity of the ferromagnetic layer. Note, that
this result still contains the reversible magnetization of the
superconductor and the magnetization of ferromagnet and
substrate, respectively. The reversible magnetization of the
YBCO film has a maximum at Hc1 which is for this thin film

FIG. 1. Sketch of the geometry of the heterostructures. Left: An
epitaxial bilayer of LCMO and YBCO. Right: Heterostructures of
this work consisting of an LCMO layer, a decoupling STO layer
with a thickness of 5 nm and a YBCO layer, all grown by pulsed
laser deposition.

FIG. 2. �Color online� Temperature-dependent magnetization of
a heterostructure of 50 nm LCMO and 100 nm YBCO, field-cooled
�upper curve� and zero-field cooled �lower curve�. The in-plane
field for detection is Hext=10 Oe. The results show ferromagnetic
ordering at TCurie=245 K and a superconducting transition at Tc

=87 K.

FIG. 3. Magnetization loop of a heterostructure consisting of 50
nm LCMO and 100 nm YBCO with decoupling layer obtained at
T=5 K. The hysteresis loop shows no axial symmetry with respect
to the vertical axis.

FIG. 4. Modulus M*= �M1+M2� of the sum of the two branches
of the magnetization loop shown in Fig. 3.
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geometry of the order of 10 Oe at T=5 K, this has not to be
considered for the maxima at H=1000 Oe in Fig. 4.

To give an estimate for the contributions of ferromagnet
and substrate Fig. 5 shows a magnetization loop up to H
=60 000 Oe above the superconducting transition tempera-
ture at T=100 K.

In Fig. 5 the contributions of ferromagnet and substrate
can be identified. The magnetization of the LCMO saturates
at H�15 000 Oe, at higher fields the linear diamagnetic sig-
nal of the substrate can be seen. At a field of H=1000 Oe
�where the maxima show up in Fig. 4� the contribution of the
LCMO layer can be extracted to be MLCMO�1�10−4 emu,
the magnetization of the substrate is about MSub�2
�10−5 emu. The sum is less than 0.1% of the measured
magnetization in Fig. 3 and less than 1% of the presented
effect in Fig. 4.

It is not reasonable that the magnetizations of ferromagnet
and substrate change by orders of magnitude between T
=100 K and T=5 K, so we conclude that the observed effect
is originated by magnetic pinning of the flux lines in the
superconductor. The magnetic pinning force that acts on an
individual flux line can be extracted by applying the Bean
model on the magnetization data. This allows the determina-
tion of the critical current density in the superconducting film
by assuming a homogeneous and constant current density
throughout the whole sample. In case of the presented data of
the bilayer consisting of a 100 nm YBCO film we find a
critical current density of about jc�1.0�1011 A/m2 which
is in good accordance to magnetooptical measurements at
systems without decoupling layer.9 Additionally, the corre-
sponding magnetic pinning force on an individual flux line
can be determined to Fpin�1.5 pN. Similar values are found
for magnetic pinning forces in interacting systems of ferro-
magnets and classical superconductors.14

The interaction of the flux line lattice in the YBCO film
and the magnetic domain structure in the ferromagnetic
LCMO depends, of course, strongly on the orientation of the
domains. The local magnetization of a thin LCMO layer with
a thickness of dFM =50 nm can be influenced by using sub-
strates with different lattice parameters to create various
strain fields during epitaxial growth. It has been shown that
LCMO thin films that grow under compressive strain show
an out-of-plane orientation of the magnetization whereas a
growth with no strain or under small tensile strain fields
leads to an in-plane magnetization in these films.15 The ori-

entation of the easy axis of the LCMO film should therefore
lead to different magnetic pinning properties of bilayers con-
taining these manganite films. Figure 6 shows magnetic pin-
ning M* / �M� for four different kinds of bilayers. First, the
bilayer consisting of 50 nm LCMO and 100 nm YBCO
grown on STO that already has been introduced in Figs. 3–5,
second and third, the same structure with YBCO layers with
dSC=50 nm and dSC=150 nm, respectively, and finally, a bi-
layer structure containing a 50 nm LCMO and a 50 nm
YBCO film grown under compressive strain on a LaSrGaO4
�LSGO� substrate.

The results in Fig. 6 clearly show that all structures grown
on STO substrates under tensile strain show a similar behav-
ior. For the two thinner structures we observe a nearly con-
stant contribution of the magnetic pinning in the order of
10% over the whole temperature range. The thickest bilayer
shows a temperature-independent magnetic pinning contribu-
tion of about 5% to 6% which can be understood concerning
that the magnetic structures are smeared out over the thick-
ness. A different behavior exhibits the structure grown under
compressive strain on the LSGO substrate. At low tempera-
tures we find a magnetic contribution to the flux line pinning
of more than 20%, this value decreases monotonically to
about M* / �M�=10% above T=50 K. The increase of the ef-
fect in case of a perpendicular magnetization is predicted by
theoretical considerations.16 The results presented in Fig. 6
directly show that a change of the domain pattern in the
ferromagnet directly affects the properties of the magnetic
pinning effect. This supports the model that the magnetic
stray fields of the domain pattern in the ferromagnet cause a
substantial pinning force density on the flux lines in the su-
perconductor.

The presented results concern the flux pinning in bilayers
while performing full hysteresis loops. It has been found in
magnetooptical measurements that the critical current den-
sity in bilayers without decoupling layer exhibits strong dif-
ferences between the zero-field cooled state and the field-
cooled state.8,9 This effect should also appear in the virgin
curve of the magnetic hysteresis loop. Although, one has to
be careful because the magnetization is only a measure of the
critical current density if the whole superconductor is in the

FIG. 5. Magnetization of the heterostructure at T=100 K.
FIG. 6. �Color online� Temperature dependence of the magnetic

pinning effect M* / �M� for different heterostructures. Samples
grown on STO �open symbols� show a nearly constant effect over
the whole temperature range, the heterostructure grown on LSGO
�full squares� shows a different behavior.
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critical state, i.e., magnetic flux is fully penetrated into the
sample.

Figure 7 shows the magnetization with respect to the ex-
ternal magnetic field for a bilayer with decoupling layer that
consists of a 50 nm LCMO film and a 50 nm YBCO film
grown on a STO substrate. The magnetization loop is mea-
sured at T=70 K, at this temperature the fully penetrated
state is achieved at an external field of about H=30 Oe.

In contrast to the result presented in Fig. 3 a distinct dif-
ference between the virgin curve and the complete magneti-
zation loop is found. The maximum of the magnetization in
the virgin curve is about 25% smaller. This is related to the
results that are found in the magnetooptical measurements of

bilayers without decoupling layer mentioned above. Up to
now, this behavior cannot be explained in detail, it is sug-
gested that the formation of the magnetic domains in the
LCMO layer is strongly affected by the flux line lattice in the
superconductor, especially at temperatures between T
=50 K and Tc of the YBCO film. Detailed knowledge about
this mechanism can only be found by imaging the develop-
ment of the domain structure under varying magnetic fields
in these heterostructures which is not realized so far.

In summary, we have shown that the superconducting
critical current density in bilayers consisting of high-
temperature superconducting YBCO and ferromagnetic
LCMO strongly depends on the magnetization state of the
ferromagnetic layer. The contribution of magnetic pinning to
the critical current density can achieve values of up to 30%
and is present over the whole temperature range. Inserting a
thin insulating layer in the bilayer structure leads to an elec-
tronic decoupling of both films and identifies the magnetic
stray fields of the ferromagnetic layer as origin for the ob-
served effects. It is found that a modification of the magnetic
properties of the manganite layer by substrate induced strain
fields leads to a change of the temperature dependence of the
magnetic pinning force density.
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FIG. 7. Hysteresis loop of a 50 nm LCMO/5 nm STO/50
nm YBCO heterostructure on a STO substrate, obtained at T
=70 K. In this measurement a substantial reduction of the magne-
tization in the virgin branch occurs.
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