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Abstract
Magnetic imaging of superconductors typically requires a soft-magnetic material placed on top of
the superconductor to probe local magnetic fields. For reasonable results the influence of the magnet
onto the superconductor has to be small. Thin YBCO films with soft-magnetic coatings are
investigated using SQUID magnetometry. Detailed measurements of the magnetic moment as a
function of temperature, magnetic field and time have been performed for different heterostructures.
It is found that the modification of the superconducting transport in these heterostructures strongly
depends on the magnetic and structural properties of the soft-magnetic material. This effect is
especially pronounced for an inhomogeneous coating consisting of ferromagnetic nanoparticles.

Keywords: magnetic imaging, superconductor-ferromagnet heterostructures, critical current
density, pinning in superconductors
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Introduction

Owing to its unique properties YBa2Cu3O7−x (YBCO) is one
of the most promising superconductors for large-scale appli-
cations such as superconducting power cables, motors, magn-
etic energy-storage devices, fault current limiters and
transformers [1, 2]. The development of superconducting
applications is closely related to a successful characterization of
the electric transport in the material. A promising character-
ization method is the spatially resolved analysis by magnetic
imaging such as magneto-optical imaging [3–6] or x-ray
microscopy [7, 8]. Magnetic scanning transmission x-ray
microscopy utilizes dichroic absorption and thus, unlike other

methods, does not have to distinguish between either resolu-
tion, small magnetic fields, surface roughness, polarity sensi-
tivity or tip coercivity. An important point here is that magnetic
field distributions can be visualized with high spatial resolution
at low temperatures [8]. For this purpose a ferromagnetic
material has to be brought in close contact with the super-
conductor. This typically leads to a variety of coupling phe-
nomena such as proximity [9–12] and inverse proximity effects
[13, 14], spin–orbit coupling [15, 16] or dipolar cou-
pling [17, 18].

For a feasible sensor layer one of the most important
requirements is that it has to probe local magnetic fields of the
superconductor without changing its properties. Thus, to
avoid proximity effects [19] a thin insulating layer is intro-
duced at the SC/FM interface [20], whereby the SC/FM
interaction is governed by dipolar coupling [17, 18]. As of
today, numerous ferromagnetic materials have been used as
sensor layers for magnetic imaging, such as thin films of
amorphous Co40Fe40B20 [21–23] Fe20Ni80 (permalloy, Py)
[8, 17] or epitaxial La2/3Ca1/3MnO3 (LCMO) [24].

Superconductor Science and Technology

Supercond. Sci. Technol. 33 (2020) 015002 (7pp) https://doi.org/10.1088/1361-6668/ab5984

5 Author to whom any correspondence should be addressed.

Original content from this work may be used under the terms
of the Creative Commons Attribution 3.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

0953-2048/20/015002+07$33.00 © 2019 IOP Publishing Ltd Printed in the UK1

https://orcid.org/0000-0001-7357-4249
https://orcid.org/0000-0001-7357-4249
https://orcid.org/0000-0002-4047-4302
https://orcid.org/0000-0002-4047-4302
mailto:ionescu@is.mpg.de 
https://doi.org/10.1088/1361-6668/ab5984
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6668/ab5984&domain=pdf&date_stamp=2019-12-06
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6668/ab5984&domain=pdf&date_stamp=2019-12-06
http://creativecommons.org/licenses/by/3.0


In a typical imaging experiment the superconducting
material is cooled in the absence of a magnetic field. After-
wards an external magnetic field is applied that leads to the
penetration of magnetic flux into the superconductor. The
penetration is governed by pinning of magnetic vortices. The
efficiency of pinning is proportional to the magnitude of the
critical current density. Since the London penetration depth λ

in YBCO is much larger than the coherence length ξ, vortex
core pinning is usually the dominant mechanism at low
temperatures [25]. Several methods to create natural and
artificial pinning centers have been developed such as the
creation of oxygen vacancies [26], microstructural variations
[27, 28] or the addition of secondary phases [29, 30]. A main
prerequisite of a sensor layer is that it does not provide
additional pinning caused by its magnetic structure.

In this work, we investigate bilayers consisting of a
YBCO thin film and a (soft-) ferromagnetic layer. We explore
how the interaction between the superconductor and the fer-
romagnet leads to a change in superconducting transport.
Only if these changes are reasonably small is the material an
efficient sensor layer. Further insight is gained from the
temperature dependence of the critical current density and
relaxation measurements.

Sample preparation

We used pulsed-laser deposition to epitaxially grow 200 nm
thick films of optimally doped YBCO on single-crystalline
SrTiO3 (001) substrates with a lateral size of 5×5 mm2.

On three identical YBCO films, ferromagnetic layers were
deposited: 50 nm of Permalloy (Py) with magnetic in-plane

anisotropy, 35 nm of Fe/Gd multilayers consisting of 25 layers
of each Fe and Gd with individual thicknesses of 0.7 nm having
out-of-plane anisotropy and randomly ordered Ni nanoparticles
with diameters of 10–20 nm. The ferromagnetic materials have
been chosen to study the influence of different magnetic and
morphological properties of the sensor layers on the transport in
the superconductor.

Py and Gd/Fe layers were deposited using ion beam
sputtering in UHV atmosphere at room temperature. A 5 nm
STO buffer layer was introduced at the SC/FM interface for all
bilayers. Physical vapor deposition with glancing angle
deposition (GLAD) was used to coat the superconductor sur-
face with Ni nanoparticles. A glancing angle of 83° and fast
rotation of the substrate around its azimuthal axis were applied
during the Ni deposition to obtain the magnetic nanoparticles
shown in the SEM image in figure 1(d). Details of the GLAD
set up can be found in [31].

A sketch of the samples is depicted in figures 1(a)–(c).
The SEM image in figure 1(d) shows the surface of the Ni
nanoparticle distribution on top of the YBCO surface. Herein,
individual Ni particles with typical diameters of 10–20 nm
form larger agglomerates.

All samples were characterized by SQUID magnetometry
using a Quantum Design MPMS3. The external magnetic field
μ0H was applied perpendicular to the plane of the sample. The
critical temperature Tc was measured in an applied field of
1 mT, after the samples were cooled in zero field. The Tc for
the reference sample is 88 K, in case of Py and GdFe we find
Tc=88.4 K and in case of Ni Tc=92 K. The slight variations
of Tc do not affect the conclusions of this work.

Figure 1(e) shows the hysteresis curves measured with a
sweeping rate of 5 Oe s−1 at 100 K above the superconducting

Figure 1. Schematics of the SC/FM bilayers consisting of YBCO and (a) Py, (b) Gd/Fe and (c) Ni-nanoparticles. (d) SEM micrograph of the
Ni nanoparticles on top of YBCO (e) magnetic hysteresis curves of the SC/FM bilayers measured at 100 K.
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transition. The Py (blue) and the Gd/Fe (red) sample show
the expected behavior of a thin film with in-plane and out-of-
plane anisotropy, respectively. Ni nanoparticles (green)
behave like an isotropic magnet due to the approximately
round shape of the individual particles. All ferromagnetic
layers exhibit a similar coercive field of μ0Hc∼10 mT, but
different magnetic moments at saturation: 8.5× 10−4 emu for
Py; 2× 10−4 emu for Gd/Fe and 0.5× 10−4 emu for the
layer with Ni nanoparticles.

The magnetic momentm is measured below Tc to reveal the
influence of the different magnetic layers on the transport in the
superconductor. Figure 2 depicts the temperature-dependent
magnetic moment of the single YBCO layer (reference sample)
and the YBCO/FM bilayers. The magnetic moment has been
measured in the remanent state after cooling the sample through
its superconducting transition in zero field to a temperature
T=5 K and applying out-of-plane an external magnetic field
μ0Hex=0.3 T for several seconds. Subsequently, the external
field is reduced to zero and the magnetic moment is measured
while continuously heating the sample to 100 K.

It can be seen that all samples behave in a similar way: a
large magnetic moment at low temperatures monotonically
decreases while heating up towards Tc. The deposition of the
ferromagnetic layers leads to a suppression of the magnetic
moment. In case of Py (blue) this suppression is vanishingly
small even though Py has the highest magnetic moment at
saturation, it increases for Fe/Gd (red) (intermediate m at
saturation) and is considerable increased for Ni nanoparticles
(green). We find that neither the saturation magnetization nor
the coercivity are important for the dipolar coupling to the
superconductor. The morphology of the magnetic stray field
changes significantly from the homogeneous Py layer via the
Fe/Gd multilayer to the nanoparticle agglomerate. This seems
to be important for the description of the influence of the
ferromagnet to the superconductor.

In [21], the suppression of the magnetic moment is
ascribed to mechanical damage during the deposition process.
We assume that the interaction of the superconductor with the
ferromagnet is limited to magnetic coupling through intro-
duction of the 5 nm STO decoupling layer. In this case, only
the stray field configuration can have impact on the transport
in YBCO.

In figure 3(a) we plot the ratio r of the critical current
density before and after the coating of identical YBCO films
with different ferromagnetic layers. To extract the critical
current density, Jc, the Bean relation has been applied [32]
modified for a plate-like geometry [33]:

=-J m emu V lA cm 60 cm cm ,c
2 3( ) ∣ ( )∣ ( ) · ( )/

where, V the sample volume , and l the basal square side.
In the range of 5–80K the ratio r is constant for the Py

sample and close to unity (blue). The Gd/Fe sample shows
slightly smaller values of r=0.95 (red). In case of Ni nano-
particles a severe suppression of about 25% is found (green). In
this representation it is also seen that at temperatures close to Tc
(>80K) an increase of Jc is found compared to the reference
sample. This increase is smallest in case of the Py film, inter-
mediate for the Fe/Gd multilayer and largest for Ni nanoparticles.

The introduction of the decoupling layer weakens the
influence of the ferromagnet on the superconducting state at
the interface. The origin of the increase of Jc at high tem-
peratures is magnetic pinning of the superconducting vortices
by the inhomogeneous magnetization of the ferromagnet
[34, 35]. Thus, the effect increases from Py via Fe/Gd to Ni
nanoparticles.

The increase of m close to Tc can nicely be seen when
performing a m(H) measurement. The result for the Ni
nanoparticle decoration is depicted in figure 3(b) where the
hysteresis loops have been measured at T=85 K. Similar
results have been found for CoFeB [20, 21]. Pinning is
affected much stronger in the presence of the inhomogeneous
arrangement of Ni nanoparticles compared to the anisotropic
but homogeneous Py and Fe/Gd films.

The temperature dependence of the critical current den-
sity can give detailed insight into the pinning mechanisms
[27, 28, 36]. The critical current density Jc can be described
by a power law

= -J T J T T0 1 , 1c c c
s( ) ( )( ) ( )/

where the exponent s contains information about the pinning
mechanism in the superconductor. This scaling behavior can be
applied for pinning when there is no applied field and where
collective processes can be neglected [37, 38]. Note, that the
‘zero field condition’ can not be fully fulfilled in macroscopic
films. The self-field of the supercurrents leads to vortex inter-
actions and to a smearing out of the power-law behavior [38].
For many superconductors Jc(T) can be fitted over the whole
temperature range with a fixed exponent s=1.5 [39].

In case of YBCO thin films normally two separated
temperature regimes with different exponents arise. At around
T∼40 K a crossover of the exponent sis found, indicating a
modification of the fundamental pinning mechanism [38].

Figure 2. Temperature-dependent magnetic moment m(T) in the
remanent state of reference sample (black), Py (blue), Fe/Gd (red)
and Ni (green).
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Above 40 K, s is about unity, which can be explained by
thermally activated depinning of flux lines. Below 40 K, the
dominant mechanism is vortex core pinning, the corresp-
onding exponent s is 1.5 [38]. For YBCO thin films with a
grain boundary free current, the value 1.5 was found
experimentally [40] and theoretically [37, 38, 40].

The change of s, which can be observed in figure 4
emphasizes the existence of two temperature regimes with
different vortex-depinning mechanisms. The values of s are
represented in table 1 and the errors are below 0.05. For
temperatures above T=50 K where s∼1.1 for almost all
samples, the continuous ferromagnetic layers produce no
change in Jc(T) and the thermally activated depinning is the
dominant pinning mechanism. The isotropic properties of Ni
nanoparticles have a significant impact on the pinning prop-
erties, as is indicated by a higher s. Below 35 K we identified
exponents higher than s∼1.5 [40]. For the reference sample,
we find s=1.68. This is a clear footprint for additional
inhomogeneities which are known to increase s [38]. The
exponents found for the Py and Gd/Fe samples are similar to
the one for the reference sample, meaning that the influence
of these ferromagnetic layers is not important on the Jc. In
contrast, the largest exponent s obtained for Ni indicates that
the stronger decay of the currents with temperature is due to a
magnetically induced inhomogeneity [41]. It is shown that the
morphology of the ferromagnetic layers (homogeneous film
for Py, multilayered structure for Gd/Fe and nanoparticles for
Ni) and the orientation of the easy axis have an important
contribution to the behavior of the superconductor.

Since thermally activated depinning plays an important
role in vortex movement, we analyze the corresponding pin-
ning energies by a relaxation experiment: the sample is zero
field cooled to different temperatures, a magnetic field of
0.2 T is applied and the decay of the magnetic moment in time
m(t) is recorded for a time window tw of 45 min. In the range
where ln(|m|) versus ln(t) is linear, i.e. not too close to the
irreversibility line and for a moderate relaxation time window
tw, we can extract the normalized vortex-creep activation
energy

=- D DU T t mln ln 2* ( ) (∣ ∣) ( )/

averaged over tw [42]. U* increases with temperature in the
collective (elastic) vortex-creep regime (ordered vortex phase)

Figure 3. (a) Ratio r of the critical current densities Jc(YBCO/FM) and Jc(YBCO) as a function of temperature T. The ratio is close to unity
independent of temperature for the Gd/Fe (red) and Py (blue) samples and it takes smaller values for the Ni (green) in the 5–80 K range.
(b) Hysteresis loops of the reference sample and the Ni sample measured at 85 K.

Figure 4. Temperature dependence of the critical current density for
the YBCO single layer and the three bilayers with Gd/Fe, Py or Ni.
Continuous lines represent the power law Jc=(1−T/Tc)

s
fit to

obtain s.

Table 1. The exponent s for all samples in the low and high
temperature range, errors are below 0.05.

Sample/s s(20–35 K) s(50–80 K)

YBCO 1.68 1.14
YBCO/GdFe 1.64 1.12
YBCO/Py 1.73 1.16
YBCO/Ni 1.85 1.08
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[43] and decreases for plastic (dislocation mediated) creep
(disordered vortex phase) [44].

Figure 5(a) illustrates several magnetic relaxation curves
(in a log–log plot) measured for the Ni decorated YBCO film
at different temperatures. All resulting curves exhibit a typical
linear behavior (figure 5(a)), therefore U* can be extracted
using equation (2) [34]. Compared to the reference sample,
the Py and Gd/Fe samples behave nearly identical, as seen in
figure 5(b). In contrast, the addition of Ni nanoparticles leads
to a decrease of the maximum value of U* of about 25%,
again showing that Ni has the largest influence on the
superconducting transport properties. In case of Py and Fe/
Gd the influence on the magnetic relaxation is small. Py
exhibits a slightly larger effect than Fe/Gd showing that
relaxation experiments illuminate different properties of the
superconducting transport.

For all samples U* increases with temperature in the
interval 5–50 K indicating an ordered vortex phase, at higher
temperatures U* decreases, due to plastic creep. At the
crossover temperature, U* can be identified with the char-
acteristic pinning energy Uc. The U

*(T) dependence has been
intensively studied for YBCO films with different pinning
centers [45]. It has been observed that the crossover collective
creep—plastic creep always appears in DC magnetization
relaxation measurements in samples with random pinning.
The crossover can be understood in terms of an energy bal-
ance relation, where the thermal energy can be neglected for
strongly pinned samples and T significantly below Tc. At low
T, the relaxation is smaller leading to a J closer to Jc, the
effective pinning is weak and the intervortex interactions play
an important role, giving rise to collective pinning. At high T
the energy balance changes, because J relaxes faster and U
increases. In these conditions, in the vortex system appear
dislocations due to vortex pinning and the creep becomes
plastic. Roughly, this dynamic crossover appears when the
effective depth of the pinning potential well equals the vortex
deformation energy [25].

The SC/FM interaction was intensively studied as for
example in [21] where a suppression of the magnetic moment
was also observed. In that work, the main factor that lead to
suppression was the deposition process, which affected the
superconductor at the surface and many coupling phenomena
were present. At high temperatures, magnetic pinning comes
into play, and the Jc is increased compared to the pristine
YBCO film. For our study, the introduction of the STO
decoupling restricts the SC/FM to magnetic coupling through
the stray fields arising from the ferromagnet. The homo-
geneous in-plane easy axis film of Py provides almost no
stray fields, except at the edges, the multilayered structure for
Gd/Fe (out of plane easy axis) determines more intense stray
fields and the Ni nanoparticles (isotropic) have the highest
stray fields which penetrate into the superconductor. The
magnitude of the stray field is proportional with the sup-
pression of Jc. Over 80 K magnetic pinning becomes efficient.

Conclusion

In summary, we investigated the influence of various (soft)-
ferromagnetic coatings on the current transport in high
temperature superconducting YBCO thin films. Ferromagnets
showing a negligible influence on the critical current density
of the superconductor can be used as efficient sensor materials
for magnetic imaging at low temperatures. We analyze het-
erostructures of YBCO thin films and ferromagnetic coatings
of either Py layers, Gd/Fe multilayers or Ni nanoparticles.
We find that the influence on the superconducting properties
increases from in-plane to perpendicular easy axis of the
ferromagnet. In addition, an inhomogeneous microstructure
leads to the largest effects. This means that the homogeneity
and anisotropy of the magnetic structure are decisive for the
superconducting transport. Both the coercivity and the
saturation magnetization of the ferromagnet do not play
substantial roles. Finally, we have identified a thin Py layer as

Figure 5. (a) Magnetic relaxation curves |m| versus t at several temperatures for YBCO/Ni sample (in μ0 H=0.2 T), from which the
normalized vortex-creep activation energy U* was extracted. The continuous lines represent a linear fit. b) The resulting U* increases with
increasing temperature in the low-T range, exhibiting a maximum at ∼50 K, where U*=Uc (the characteristic pinning energy).
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an ideal candidate for magnetic imaging in particular in the
x-ray regime.

The authors are grateful to G Cristiani and B. Ludescher
(MPI Stuttgart) for their contributions to the sample
fabrication.
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