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Abstract
Flux penetration into small superconductor/ferromagnet elements is investigated by magneto-
optical imaging and magnetic scanning transmission x-ray microscopy at low temperatures. It is
found that penetration of magnetic flux into a thin bilayer of YBCO and Py strongly depends on
the direction of a perpendicular magnetic field. The soft-magnetic layer acts as an amplifier for
magnetic in-plane components that are generated by electric currents in the superconductor.
These in-plane components point in opposite direction above the ferromagnet and below the
superconductor. As a consequence a strong inclination of the local magnetic field occurs that
significantly slows down or speeds up the flux penetration into such elements. From detailed
magnetic scanning x-ray microscopy results it is found that the effect dramatically increases if
the elements get smaller. In 20×20 μm2 superconducting squares we observe magnetic flux
penetration that differs by more than a factor of four when reversing the external magnetic field.

Keywords: flux penetration, superconducting thin films, magnetic x-ray microscopy,
superconductor/ferromagnet structures

(Some figures may appear in colour only in the online journal)

Superconducting materials in external magnetic fields exhibit
a diamagnetic response. This is originated by electric super-
currents that are induced and magnetically screen the volume
of the superconductor. In type-II-superconductors this
screening is provided by critical currents flowing in vortex
penetrated parts of the material when the lower critical field is
exceeded. The magnitude of the critical current and, thus, the
required volume for current flow is determined by pinning of
vortices [1, 2]. Experimentally, magnetic flux penetration into
type-II-superconductors and the correlated flux pinning is
often investigated by dichroic microscopy both in the optical
frequency range [3] and in the soft x-ray regime using
transmission microscopy [4], total electron yield [5–7] or
photo electron emission microscopy [8]. In case of thin

superconducting films the quantitative analysis of such mea-
surements with the goal to extract the local critical current
density can be performed with high accuracy [3], in part-
icular, when considering the coupling of the stray field of the
superconductor and the used ferromagnetic detector [9].

In this work we consider flux penetration into thin
bilayers of superconductors and soft ferromagnets. In the
present study we investigate thin film elements consisting
of optimally doped high-temperature superconducting
YBa2Cu3O7−δ (YBCO) and permalloy (Ni0.8Fe0.2, Py).
Systematic measurements have been performed on structures
of constant thickness and different lateral sizes. Macroscopic
elements are investigated by magneto-optical imaging, small
squares with a dimension of 20×20 μm [2] are analyzed by
means of magnetic scanning transmission x-ray microscopy
(MSTXM). Advantages and disadvantages in comparison to
established methods are discussed in [4].

It is observed that flux penetration into these structures
differs from regular behavior. Flux penetration is not symmetric
with respect to the orientation of the externally applied
perpendicular field. The effect is rather small for elements in the
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millimeter range and gets tremendously large when the aspect
ratio between lateral size and thickness of the element is
reduced. Thinking about the numerous applications of micron-
sized superconducting thin films, e.g. SQUIDS [10] or micro-
wave resonators [11, 12], the introduction of an additional soft-
magnetic layer substantially modifies the flux distribution in the
superconductor [13] leading to a different response depending
on the direction of the external magnetic field. Furthermore, this
effect has relevant consequences for a quantitative description
of the evolving critical state in an external magnetic field.

Bilayers consisting of a ∼430 nm thick YBCO film and a
50 nm thick soft-ferromagnetic Py layer are prepared in a two-
step process. Optimally doped YBCO films are grown on a
5×5 mm2 single-crystalline (100)-oriented SrTiO3 (STO)
substrate by pulsed laser deposition from a mixed target of
95 mol% YBCO and 5 mol% BYNTO, as described by
Opherden et al [14] and Sieger et al [15]. Subsequent
annealing in oxygen leads to strong pinning YBCO:BYNTO
thin films with a typical transition temperature of Tc=90 K
and an extremely high critical current density [14–17]. This
provides excellent conditions for successful dichroic imaging.
In order to exploit the x-ray magnetic circular dichroism
(XMCD) effect for nanoscopic x-ray imaging a ferromagnetic
layer is sputtered directly on top of the superconductor. We
use Py due to its small and temperature independent coercive
field [4, 18, 19] to detect the local magnetic stray field of the
supercurrents. A protection layer consisting of 10 nm MgO is
placed in between superconductor and sensor layer to reduce
the impact of pair-breaking effects [20].

For large thin film elements with lateral sizes of 100 μm
and above the analysis is performed using the magneto-optical
imaging technique. In particular, we use ferromagnetic iron
garnet films as field-sensing layers that allow the mapping of
the local magnetic field density distribution with a spatial
resolution of about 5 μm [21]. A detailed description on the
method is found in the review article of Jooss [3]. However, in
this work we focus only on the determination of the flux
density distribution at the surface of the superconductor.

When the lateral sizes of the bilayer elements get smaller
than 100 μm the magneto-optical method does not provide
satisfactory data. This gap can excellently be filled using
MSTXM [4]. The x-ray method with its structural and
magnetic spatial resolution of below 30 nm [22] and 100 nm
[4], respectively, is most qualified to investigate the temper-
ature and magnetic field dependence of flux penetration at low
temperatures [23]. The MSTXM measurements are performed
in the x-ray microscope MAXYMUS located at Bessy II in
Berlin. The setup includes a liquid helium cryostat with a
base-temperature of T=20 K and a magnet system to apply
fields up to μ0H=40 mT. For transmission measurements
the access to a thin perovskite layer is necessary due to large
absorption coefficients in the soft x-rays regime. Since
YBCO:BYNTO thin film can only be grown on single-crys-
talline substrates, the substrate thickness is reduced after the
growth process by focused ion-beam milling [24] to below
600 nm. A sketch of the sample is depicted in figure 1.

The so prepared samples are investigated by MSTXM at
low temperatures as follows: first, the Py layer is characterized

at T=100 K to access magnetic properties slightly above the
superconducting transition. Therefore, we measured the magn-
etic response of the ferromagnetic layer with MSTXM for
varying in-plane fields Bext,x which were applied in in x-direc-
tion. The averaged signal for a single SC/FM square as func-
tion of Bext,x is displayed in figure 2, together with exemplary
images at Bext,x=−1 mT; −0.5 mT; 0 mT; 0.5 mT; 1 mT.

There is a smooth change in the magnetization from the
initial magnetization (blue) towards the reversed magnetization
(red) with a coercive field of less than 0.5 mT. This value is in
good agreement with both SQUID magnetometry measure-
ments [4] and literature values [18, 19]. As visualized by the
non-uniform color distribution in the image taken at 0 mT, the
sample exhibits a multi-domain state in zero field. There are
blue artifacts in the images for positive fields that correspond to
surface structures of the superconductor [23]. The structures are
seen in detail in the scanning electron micrograph on the bot-
tom right. Since these artifacts only occur in vicinity of B=0
mT, these effects were omitted in this work; however, detailed
knowledge of these effects is highly desired.

In the following we assume that the ferromagnet solely
interacts with the superconductor via magnetic dipolar cou-
pling [25–27]. The complex interaction in SC/FM com-
pounds is discussed in more details by Stahl et al [28, 29].

The properties of the YBCO/Py bilayer are now
addressed at a temperature of T= 26 K after zero-field cool-
ing. The superconducting element is prepared into the critical
state by applying an out-of-plane field of Bext,⊥=40 mT. As
imaged by MSTXM in figure 3, supercurrents flow through-
out the whole film leading to a roof-top geometry with d-lines
[30] along the diagonals.

The superconducting sample appears in a multicolored
state. There are triangular shaped areas on the left and on the
right that exhibit blue and red color, respectively. Top and
bottom areas appear yellow. This can be understood when
regarding the supercurrent flow and the related magnetic field
distribution in a square-shaped film. The current stream lines
are concentric squares. Therefore, the corresponding in-plane

Figure 1. Cross-section sketch of the YBCO/Py heterostructure. The
YBCO film is patterned to 20×20 μm2 squares, subsequent a
50 nm Py sensor layer is sputtered directly on top before the
substrate is locally thinned by focus ion-beam irradiation to enable
transmission of x-ray radiation. To obtain the in-plane component of
the measuring signal an incident angle of 30° is used.
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field components (measured signal) point to the edges of the
film forming four triangular-shaped domains [3, 30–32].

The MSTXM method is only sensitive to magnetic fields
with a finite component along the incident vector of the x-ray
beam. The used color code shows the x-component (oriented
horizontally in the image) of the magnetic signal, which solely
has finite values in the left and right triangular domains. The
image in figure 3 reveals that the superconducting properties of
the investigated element are homogeneous because the x-ray
image shows the expected four-fold symmetry.

In a next step, the response of the SC/FM element to an
externally applied field Bext,⊥ is investigated to analyze the
evolution of magnetic flux fronts. For that purpose, the fer-
romagnetic layer is set into the remanent state at T=95 K
(normalized XMCD=1, red color) before cooling the ele-
ment down to T=39 K in zero-field. Subsequently, a finite
Bext,⊥ is applied to force magnetic flux to penetrate from the
edges into the sample.

As it is depicted in the top row of figure 4, flux starts to
penetrate from the edges of the square (blue area) into the
virgin (flux free) superconductor, reaching complete pene-
tration at Bext,⊥=40 mT. Here, the type-II- superconductor
is completely in the mixed-state with supercurrents circulating
clockwise.

Figure 2. Local in-plane hysteresis of the soft magnetic Py layer at T=100 K. The magnetization signal is averaged over the 20×20 μm
square. With the YBCO in the normal conducting state solely the magnetic properties of the Py film are probed. We find a coercive field
below 0.5mT. In addition, nearly no pinning of domain walls at surface structures of the YBCO film is observed. (Bottom right) SEM
picture of the YBCO surface.

Figure 3. MSTXM image of a 20×20μm2 YBCO thin film in the
critical state (Bext,⊥=40mT) at T=26 K. The color scale refers to
the XMCD signal in %. The magnetic data exhibit the expected four-
fold symmetry indicating homogeneous current distribution
throughout the whole square.
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Since the ferromagnetic layer has been set into the
remanent state (red) this measurement is only sensitive to
regions of opposite magnetization (blue). Thus, for increasing
external fields only the left triangular domain appears. Owing
to the overall homogeneous and in-plane-isotropic properties,
this experiment is ideal to compare the propagation of the flux
front introduced by sweeping the external magnetic field.

The pictures in the bottom row of figure 4 are obtained
by magneto-optical Faraday effect microscopy with quanti-
tative analysis [3]. Depicted is the in-plane component Bx of
the superconductor stray field in a 200 × 200 μm2 square. As
expected, much higher fields are needed to force magnetic
flux into the larger element.

For estimating the position of the flux front in the square
we use the theoretical calculations by Brandt et al [33],
developed for an infinite strip. Here, the position of the flux
front P as function of the external magnetic field Bext,⊥ is
described as:

m
= -

µ
^ ^P B A A B B

B J d d

cosh 2

ln 2 A , 1
ext, ext, c

c c YBCO 0 YBCO* * *

( ) ( [ ( )])
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/

where dYBCO denotes the thickness of the YBCO film, A the
edge length of the square and μ0 the vacuum permeability.
The factor ln(2A/dYBCO) accounts for the finite thickness of

the used films, whereby flux is supposed to penetrate easier
into smaller elements.

Figure 5 depicts the measured (symbols) and calculated
(solid lines) penetration flux fronts for square shape elements
with lateral size of 5000 μm (green), 100 μm (blue) and
20 μm (black) in increasing external field Bext,⊥. For the
calculation we used a critical current density of about
4*1011 Am−2 which agrees with corresponding SQUID
results.

As predicted by the model of Brandt, we find enhanced
penetration of magnetic flux in elements with reduced lateral
size. However, the calculated positions of the flux fronts do
not coincide with the measured data. The difference (red
striped area) is rather small for elements with lateral size of
5000 μm and 100 μm, respectively, while it becomes tre-
mendously enlarged in the 20×20 μm2 square. Thus, the
genuine Brandt model does not describe the properties of the
supercurrents in this micron-sized SC/FM element.

We attribute this finding to in-plane components of the
magnetic field. These components originate from two effects:

First, the magnetic stray field of the superconducting film
is not oriented perpendicular to the film plane but shows a
complex three-dimensional geometry. The in-plane comp-
onent at the surface of the superconducting film in the critical

Figure 4. (Top row) Local XMCD pattern in a 20×20μm2 YBCO(430 nm)/Py(50 nm) bilayer after zero-field cooling to T=39 K. By
applying an external field Bext,⊥ magnetic flux is forced into the sample. The positions of the flux front and the emerging d-lines are marked
by black/green lines. (Bottom row) Magneto-optical micrographs of an equally treated square with ten times larger lateral size
(200×200μm2). Obviously, flux penetrates much easier into the smaller structure.
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state is constant and proportional to the sheet current [9]. In
contrast, the out-of-plane component increases with the lateral
size of the film [32]. Thus, largest deviations from the out-of-
plane orientation of the local magnetic field occur for small
superconducting elements with strong flux line pinning. In
this case the orientation of the magnetic field is rotated
towards the film plane [33, 34].

Second, the presence of a soft-magnetic cover layer with
high magnetic susceptibility further amplifies the in-plane
field component. This leads in particular to a modification of
the local field geometry and, thus, to a change in flux pene-
tration. Phenomenologically, this can be described by an
effective demagnetization factor. This means, flux penetration
into small SC/FM bilayers with strong flux line pinning
exhibits a more complex behavior due to local occurrence of
oblique magnetic fields [35, 36]. Origin of the additional in-
plane field of the ferromagnet are deviations of the ideal
geometry. The demagnetization factor of a thin infinite film
is zero, leading to a vanishing stray field. In our case the
roughness of the YBCO-interface as well as the step at
the edge of the square (see figure 1) create finite values of the
stray field. However, these fields will be significantly smaller
than the magnetization of Py (M∼800 G). We estimate them
to be in the order of a few millitesla.

A theory modeling all aspects of flux penetration into
SC-elements in oblique magnetic fields was introduced by
Mikitik and Brandt [37–39]. Their model proposes enhanced
flux penetration in case of an oblique magnetic field which
points along the same direction as the flux penetration
(towards the center of the element). Therefore, while
increasing the external magnetic field, flux has to penetrate

faster into the superconductor in comparison to the situation
for decreasing the field where an additional repulsion should
be present. This theory is not directly applicable to the sam-
ples investigated in this work. It describes single-layer
superconductors with a thickness larger than the London
penetration depth (∼800 nm in YBCO along c-axis). Here,
bilayers are considered including a superconducting comp-
onent with a thickness of less than the London penetration
depth. Additionally, there is a significant difference between
an external applied oblique magnetic field (see Mikitik/
Brandt) and the tilting of the local fields introduced by the
soft ferromagnet in small SC/FM bilayers. However, the
model by Mikitik and Brandt can be seen as a concept for a
qualitative explanation of the findings in our system.

To compare flux penetration for opposite directions of
field sweep we perform an additional x-ray experiment with a
different YBCO/Py bilayer. The lateral size is again
20×20 μm but the YBCO thickness is only 250 nm. The
black solid lines in figure 6 mark the position of the flux front
which form when the external field is increased (left) or
decreased (right) by a finite step of ΔB=±20 mT. The
experiment is performed after complete flux penetration, e.g.
the superconductor is in the critical state. In the genuine
Brandt [40]/Bean [41] model the two flux fronts should
exactly coincide.

The panels in figure 6 show that the direction of field
sweep significantly affects the flux penetration. Clearly, the
flux penetration is much more advanced in the picture on the
left. The difference between both images is the direction of
the supercurrents, which is clockwise (left) and counter
clockwise (right), respectively. This leads to an inversion of
the in-plane components of the magnetic field at the surface
(green arrows in figure 6). The sign change of the in-plane
component directly affects the penetration of magnetic flux.

If the flux penetration is compared to the results dis-
played in figure 5 it is found that the effect of enhancement/
reduction of the penetration length is smaller in figure 6. It is
important to emphasize that the YBCO thin film in figure 6 is
thinner in comparison to the other investigated samples with a
thickness of 430 nm. In addition, the critical current density is
only of the order of 3*1011 Am−2. This has two consequences
that reduce the observed effect of asymmetric flux penetra-
tion. First, the relevant sheet current jc

*d is about a factor of
two smaller, second, the aspect ratio of this sample is slightly
larger. Since the ratio of length and thickness is the governing
property, which leads to the results of figure 5, the anisotropy
has to be smaller in the YBCO film depicted in figure 6.

The model by Mikitik and Brandt assumes a constant
external oblique magnetic field, which leads to a point-sym-
metric flux density distribution inside the superconductor. In
our experiment the external field is applied perpendicular to
the plane of the sample. Here, the local oblique field is created
by the stray field of the supercurrents that locally tilt the total
field towards the plane of the film, leading to an axis-sym-
metric situation. This effect is amplified by the ferromagnetic
layer in the vicinity of the SC/FM interface. In addition, the

Figure 5. Penetration width P as function of external magnetic field
in a YBCO(430 nm)/Py(50 nm) bilayer with lateral size of 5000 μm
(green triangles), 100 μm (blue diamonds) and 20 μm (black circles)
measured at T=26 K. With reduced lateral size of the elements,
flux penetration is enhanced, as predicted by theory (solid lines, see
equation (1)). However, we find a difference between measured and
calculated data (red striped area), which is dramatically enlarged for
the smallest (20 μm) square.
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interface to the ferromagnet is only on one side of the
superconductor, which as well breaks the symmetry of the
system. However, our results show that the model of Mikitik
and Brandt is appropriate to qualitatively explain the asym-
metric flux penetration in small SC/FM bilayers. In both
cases flux penetration changes due to an (additional) mod-
ification of the (local) direction of magnetic fields A sign-
dependent answer of the hybrid material to an external field
sweep directly is highly desirable for application as sensor
element or for (diode like) rectification of alternating fields.

In summary, we have shown that the position of flux
fronts in small SC/FM elements is strongly governed by their
lateral size. We studied bilayers consisting of the strong-
pinning superconductor YBCO with BYNTO nano-pre-
cipitates covered with a ferromagnetic Py layer by means of
MSTXM microscopy. In micro-sized structures, a type II
superconductor in the critical state cannot be described by the
Brandt/Bean model. Additionally, flux penetration exhibits
an asymmetric behavior depending on the direction of field
sweep. We explain both phenomena by a local oblique
magnetic field, which occurs due to deviations from the out-
of-plane orientation of the local magnetic field in small
superconducting elements and the presence of a soft-magnetic
cover layer with high magnetic susceptibility, which further
amplifies the in-plane field component. The resulting in-plane
components of the magnetic field change the velocity of flux
penetration.
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