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Hybrid systems of thin films of oxide ferromagnets and hightemperature superconductors have been investigated by scanning Hall probe
microscopy (SHPM) to analyze the local magnetic flux density distribution at
low temperatures. In addition to the intrinsic properties of the films themselves,
such structures exhibit novel phenomena due to complex interactions arising
at the interface between them. The latter can be divided into processes
originating from either electronic or magnetic coupling, respectively. As a
direct consequence, the distribution of vortices in the superconductor is strongly
influenced by the magnetic background arising from the ferromagnet. The local
magnetic information obtained from SHPM images provides clear evidence for
the presence of a magnetic dipolar interaction between the magnetic domains of
the ferromagnetic component and the vortex ensemble in the superconductor.
Abstract.

Superconductivity and ferromagnetism are generally incompatible phenomena and their
combination in hybrid structures leads to substantial competition between the two ordering
phenomena at interfaces between them [1]. In the case of hybrids of high-temperature
superconducting YBa2 Cu3 O7−δ (YBCO) and ferromagnetic La2/3 Ca1/3 MnO3 (LCMO), this
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generally leads to the suppression of both transition temperatures [2, 3]. Several processes
have been discussed to explain this observation, including oxygen diffusion [4] and charge
transfer [5] due to a discontinuity in the chemical potential, a redistribution of the orbital
occupancy [6], diffusion of spin-polarized quasiparticles [3, 7], and finally dipolar magnetic
coupling via stray fields. Whereas the first three effects are limited to distances of a few
nanometres around the interface, spin polarized quasiparticles and stray fields can have an
influence on length scales of 100 nm and larger [8]. For appropriately designed geometries
hybrid structures can be fabricated which benefit from the strong coupling between its
components. For example, one can realize YBCO/LCMO hybrid structures that exhibit
substantial magnetic pinning of flux lines in the superconductor, leading to asymmetric magnetic
hysteresis loops [9, 10]. This magnetic flux line pinning is highly attractive for applications
because it presents the possibility to control superconducting critical currents via external
parameters. In contrast to heterostructures consisting of simple metals, magnetic pinning in
oxide systems can be pronounced in the whole superconducting temperature range, not only
close to the transition temperature [11]. This is directly related to the high-quality interfaces of
these epitaxial multilayers [12]. It has been shown that magnetic pinning can also be present if
both materials are electronically decoupled leading to the conclusion that the effect occurs due
to magnetic interactions between ferromagnet and superconductor [10].
In this paper, we show for the first time spatially-resolved measurements of the local
interaction between magnetic domain patterns in a ferromagnetic LCMO layer and flux line
distributions in an adjacent YBCO layer. It is found that the stray magnetic fields due to the
ferromagnet induce spontaneous vortices in the superconducting film. As a consequence a fluxfree Meissner state is not observed after zero-field cooling. If an external magnetic field is now
applied to this state, there are strong interactions between this spontaneous magnetic ‘template’
and additional flux lines penetrating into the superconductor. This is the first direct evidence for
magnetic coupling between the magnetic domain pattern formed in the ferromagnetic LCMO
and the flux lines penetrating the superconducting YBCO. At the same time the distribution of
flux lines in the superconducting film is found to be highly inhomogeneous. This non-uniform
vortex distribution leads, in turn, to modifications in the distribution of supercurrent density
which will be discussed in more detail elsewhere [13].
Bilayers of LCMO and optimally doped YBCO have been prepared by pulsed laser
deposition on single-crystal SrTiO3 (STO) substrates. This allows the production of high-quality
bilayers with atomically flat interfaces [12]. The individual thicknesses of the components
typically lie in the range of 50–150 nm and, in the sample studied here, the superconducting
layer was grown on top. This has important consequences. Firstly, the superconducting layer is
much thinner than the c-axis penetration depth λc > 1000 nm allowing magnetic fields parallel
to the film to readily penetrate the superconductor. Secondly, the preferred magnetization
direction of the ferromagnetic LCMO films (grown on STO under tensile strain) is oriented
in the plane of the film [14]. As a consequence Néel-type walls are formed between magnetic
domains with an out-of-plane magnetization component.
The magnetic structures in these hybrids have been analyzed by scanning Hall probe
microscopy (SHPM). Our microscope consists of a micron-sized Hall cross fabricated from
a GaAs/AlGaAs semiconductor heterostructure containing a two-dimensional electron gas with
high carrier mobility at low temperatures. This Hall cross is scanned over the sample at a
fixed height of a few hundred nanometres and the Hall voltage recorded at each pixel of the
image formed [15]. In the images presented here five consecutive images of the local magnetic
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Figure 1. Sketch of the sample (left) and maps of the magnetic induction above

the sample at temperatures above and below the superconducting transition.
The grayscale spans −2.5 to 2.5 G. After accounting for a small shift of the
measurement area as the temperature is reduced, very similar magnetic structures
are observed in both images.
induction have been averaged to improve the signal-to-noise ratio. In this way, we are able to
image the magnetic flux density distribution with a spatial resolution of better than 1 µm and a
minimum detectable field of less than 10−2 G.
Figure 1 depicts a sketch of our sample geometry alongside two Hall probe images of a
13 × 13 µm2 square-shaped section of the film measured on a sample consisting of a 50 nm
thick LCMO layer and a 100 nm thick YBCO layer. The measurements have been performed
after zero-field cooling from room temperature to T = 92 K (left image) and afterwards to
T = 78 K (right image). These temperatures are above and below the superconducting transition
temperature of the sample, Tc = 88 K. The grayscale represents the perpendicular component
of the local magnetic induction, where white (black) refers to positive (negative) values. This
square-shaped area is located near the top edge of the sample as shown.
The two images depicted in figure 1 show almost identical magnetic flux density
distributions. The only differences that can be seen arise from a slight shift in the scan region
and a lower noise level at the lower temperature which is related to the carrier mobility of
the Hall probe. No change in the observed magnetic pattern is found after crossing through
the superconducting transition of the sample. This implies that the sample does not reach a
flux-free Meissner state after passing into the superconducting state. Evidently, the adjacent
ferromagnetic layer creates spontaneous vortices in the superconducting film. Since the LCMO
layer has in-plane magnetization the magnetic stray fields will be predominantly parallel to the
films. This flux is expected to readily penetrate into the YBCO layer since the relevant c-axis
penetration depth (λc = 1000 nm) is much larger than the film thickness.
Figure 2 shows a line-scan across an SHPM image captured at T = 78 K after zero-field
cooling. It has been extracted along the solid horizontal line superimposed on the image and
characterizes neighboring areas of positive and negative flux, respectively, which are located in
the top part of the image.
Since the ferromagnetic layer has in-plane anisotropy, regions of high out-of-plane
magnetic field might be expected to relate to regions containing head-to-head domain walls. It is,
however, likely that we measure the average flux of a domain structure which is much finer than
can be resolved by our technique. The grayscale distribution in the image reveals that the local
magnetic induction is highly inhomogeneous, with pronounced regions of opposing sign, even
when mapped with a spatial resolution of about 1 µm. In practice, because of the small lateral
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Figure 2. Left: SHPM image after zero-field cooling to a temperature of T =

78 K, the scale bar indicates the local magnetic induction. A and B mark two
regions with out-of-plane oriented magnetic fields. Right: Line-scan of the
magnetic induction across regions A and B along the solid horizontal line on
the image.

dimensions of the domains, which are typically comparable to the film thickness of 50 nm, we
cannot distinguish between contributions to our images from domains and domain walls. Hence,
it is also possible that areas of strong contrast represent local regions of the LCMO film where
the magnetization direction is out-of-plane. The question whether the domain structure of a
single LCMO layer is modified due to the presence of the YBCO cap layer is a very interesting
one, but far beyond the scope of this work. Here, we focus on the complete transfer of the
magnetic structure from ferromagnet to superconductor, and its influence on the distribution of
vortices. Since the ‘magnetic’ size of a vortex in YBCO thin films can easily exceed 1 µm [16],
our Hall probe data directly access the length scales which are important for possible magnetic
dipolar interactions.
Starting from the magnetic flux density distribution depicted in figure 2, a positive external
field has been applied perpendicular to the film plane. A sequence of images of the same region
of the sample at different external magnetic fields of 0.0, 3.3, 4.4, 5.1 and 5.9 Oe is shown in
figure 3.
The sequence of images illustrated in figure 3 show that the magnetic pattern imposed by
the manganite is unchanged at low fields. As the external field is increased above 4.4 Oe flux
penetration can be recognized by the brightening of regions of the image. This corresponds
to the magnetic signal due to flux lines penetrating into the superconducting component of
the bilayer. It is not surprising that the LCMO magnetic template remains unaltered when the
YBCO film enters the superconducting state since the exchange energy in the magnetic system
is at least two orders of magnitude larger than the superconducting energy gap. However, it
is certainly remarkable that the magnetic structure of the template also survives when vortices
penetrate into the observed area.
To obtain more detailed information on the distribution of these vortices, figure 4 shows
difference images at external applied fields of 4.4, 5.1 and 11.0 Oe. Here, the image of local
magnetic induction at 3.3 Oe (reproduced on the left-hand side of figure 4) has been subtracted
from the images at higher fields.
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Figure 3. SHPM images of the area shown in figure 2 in increasing positive

external magnetic fields. The penetration of magnetic flux into the sample is
visible as brightening of the images starting from Hext = 4.4 Oe onwards. Owing
to our measurement geometry all magnetic flux lines have to penetrate from the
top edge of the image which is closest to the physical edge of the sample.
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Figure 4. Difference images generated from the data of figure 3. The image at

Hex = 3.3 Oe has been subtracted from the images at higher fields to highlight
the changes due to flux penetration into the superconductor. All images are
optimized to maximum contrast.

Evidently large variations of the local flux density occur in the difference images depicted
in figure 4, suggesting that the spatial distribution of penetrated vortices is also highly
inhomogeneous (the local variations are larger than 1 G). In addition, the spatial size of the
regions of high flux density is much coarser than that of the magnetic domain structures in the
underlying ferromagnetic film.
For a full understanding of the images it is important to know the probable direction of
motion of penetrating vortices. The field of view is located near the top edge of the sample
resulting in a predominant flux penetration from the top (closest to the edge of the sample)
downwards [17]. Hence, if we assume that the direction of flux motion is from top to bottom,
we can now interpret the difference images of figure 4.
The most dominant feature of the first difference image at 4.4 Oe is a white, circular shaped
area in the right part of the image. The image has been captured at the very initial stages of flux
penetration. It can be seen that the first magnetic flux lines (the amount of flux corresponds
to 2–380 , where 80 denotes the magnetic flux quantum) have penetrated from the top exactly
across the black area, which has been indicated with the label B. This indicates that this path
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has to be a very easy one for the flux line motion. If we now further increase the external
field to 5.1 Oe, we find the situation depicted in the next difference image. A large number of
vortices (∼20–30) have penetrated into the imaged region, i.e. the macroscopic magnetic flux
front has passed through it. Even now, the flux density remains highly inhomogeneous with large
variations over a length scale of a couple of micrometres. Most of the image has now become
white due to the increase in local flux density arising from the penetrated vortices. Just below
the spot marked A, where the local magnetic induction was positive and oriented out-of-plane at
the beginning of the experiment, a black shadow region is found. This ‘shadow’ region grows in
size at higher external fields, for example the one depicted at Hex = 11.0 Oe. This suggests that
the path across the region of out-of-plane magnetic induction, which has the same orientation
as the penetrating vortices, acts as an obstacle for vortex motion. The area behind the region
marked A cannot be reached by vortices entering from the top of the field of view.
Our results can be described by a dipolar interaction between vortices and objects with
out-of-plane magnetization (e.g. head-to-head domain walls or regions of local out-of-plane
magnetization). If we have an antiparallel orientation of the fluxes in the local ferromagnetic
area and the vortex, an attractive magnetic force is present which is able to describe the
experimental finding that the first vortices that reach the investigated region penetrate across
the region marked B. After this initial penetration of vortices the flux front arrives and flux lines
penetrate all over the scan area except for ferromagnetic regions whose stray fields are parallel
to those of the penetrating vortices (e.g. region A). Parallel orientation of the local ferromagnetic
and vortex fluxes results in a repulsive dipolar interaction which prevents the magnetic flux lines
from passing through region A. This directly leads to the black, shadow-like area which can be
seen below region A in the two right hand images of figure 4. It is perhaps possible that the easy
passage of the flux lines across area B could be related to the presence of a macroscopic defect in
the superconductor which suppresses superconductivity locally and enhances flux penetration.
However, the inhibition of flux line movement across the region A must be related to vortex
repulsion due to interaction with spontaneous flux arising from and pinned by the magnetic
structure of the ferromagnet. It is important to note, that all these processes take place in a
strong pinning background provided by the defect structure of the YBCO film. This does not
allow the observation of individual vortex pinning at magnetic sites, only the diversion of vortex
motion due to anti-pinning sites can be seen.
These results clearly prove that there is a strong local magnetic interaction between the
ferromagnetic domain pattern and the superconducting flux line ensemble in oxide ferromagnetsuperconductor hybrids. The fact that this interaction only weakly influences the critical current
density of the YBCO film is due to the inhomogeneous distribution of spontaneous flux from
magnetic domains that can act as barriers for vortex movement. As long as these regions do not
form a continuous network throughout the film the flux lines always can find a percolation path
which avoids them. The preparation of magnetic structures to optimize critical currents in these
hybrid systems is a challenge for the future.
In conclusion, we have directly imaged the distribution of vortices penetrating into
an oxide superconductor–ferromagnet hybrid structure. Our SHPM results clearly reveal a
magnetic dipolar interaction between the magnetic domain pattern in the ferromagnet and
penetrating superconducting vortices. This leads to an inhomogeneous distribution of vortices
in the superconducting component of the hybrid structure. It is also clear why these magnetic
interactions only have a very slight influence on the critical current density. The magnetic
vortices in the superconductor are able to percolate around areas of parallel magnetic flux,
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and hence always find an easy path to penetrate into the superconductor. Future work will focus
on texturing the domain structure in the LCMO layer to eliminate these percolation paths. This
would effectively inhibit flux line movement and increase flux line pinning and critical currents
in such hybrid structures.
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