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Abstract The pinning of superconducting vortices in type-
II superconductors has been studied for a long time due to
the wide variety of unusual flux flow phenomena and more
importantly, for its relevance in applications, since vortex
pinning is one of the essential parameters controlling the en-
hancement of critical currents. A case of particular interest is
the use of artificial magnetic pinning centers, since they can
be fabricated to match well the characteristic length scales
relevant for superconductivity and their magnetization offers
another degree of freedom to influence the pinning proper-
ties. This article reviews our work on the role of the size and
separation of the magnetic dots. Furthermore, we also show
that the magnetic configuration can influence significantly
the pinning strength, through the magnetic stray fields pen-
etrating the superconductor, which can be drastically differ-
ent.
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1 Introduction

Type 1I superconductors develop for intermediate magnetic
fields superconducting vortices, which have been the focus
of arich field of research in both conventional and high tem-
perature superconductivity. A central topic of these investi-
gations has been the role of pinning, since this can deter-
mine a wide variety of static and dynamic phases and is
also crucial for applications, which typically require vor-
tex motion to be suppressed. One very fruitful approach to-
wards investigating pinning phenomena is through the use
of artificially fabricated periodic pinning arrays, which give
rise to coherent pinning phenomena with well-ordered su-
perconducting vortex lattices. In particular the use of mag-
netic nanostructures for such pinning arrays has been widely
adopted [1], since they allow preparation of structures at
length scales relevant to the superconducting vortex physics,
such as the coherence length & and magnetic penetration
length A. Moreover, they offer additional flexibility in ma-
nipulating the vortex pinning through varying magnetization
states [2-8]. For example, well-controlled magnetic particle
arrays have been used for studying geometrical distortions
of the vortex lattices through the use of rectangular arrays
[9] and the rectification of vortex motion through asymmet-
rically shaped pinning centers [10-12].

This article focuses on two issues related to periodic su-
perconducting vortex pinning with magnetic dot arrays; the
role of size and magnetic configuration of the magnetic dots.
From investigations of superconductors with periodic ar-
rays of holes it is already known that the size of the pin-
ning site can influence the behavior considerably. It was
shown that for sufficiently large pinning sites multi-quanta
vortices can be stabilized [13—15] and that the optimal size
for the pinning center can be larger than the superconduct-
ing coherence length &, which determines the vortex core
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size [16]. However, with magnetic dots the situation may
be more complex, since changing the magnetic dot size may
also alter significantly the magnetization structure and hence
the interplay between the magnetic dots and the supercon-
ductors. One particular interesting example are sufficiently
large circular dots with small magnetic anisotropy, where
the magnetization can form at low fields so-called magnetic
vortex structures, since the magnetization curls up along the
edges in order to avoid stray magnetic fields [17-20]. How-
ever, in the center of the magnetic vortex the magnetization
points perpendicular to the magnetic dot in order to avoid a
singularity. This magnetic vortex core has a diameter given
by the magnetic exchange length, and therefore is typically a
few nm in diameter [20-22]. As is shown further below, the
presence or absence of such a magnetic vortex state changes
the superconducting pinning properties of the magnetic dot
array [8, 23].

2 Experimental

The arrays of magnetic dots were prepared with electron
beam lithography and lift-off [24] on top of Si(100) sub-
strates. An example of a magnetic dot structure indicating
the exquisite control over size and placement of the dots is
shown in Fig. 1. For the samples discussed in Sect. 3.1 mag-
netron sputter Ni magnetic dots with thicknesses ranging
from 34-41 nm, diameters between 100 to 530 nm, and peri-
odicities of either 400 or 600 nm were used. For the samples
in Sect. 3.2 permalloy (NiggFe20) magnetic dots were de-
posited using electron beam evaporation with a thickness of
25 nm, 600-nm diameter, and 1-um periodicity. After prepa-
ration, the magnetic dots were covered by continuous Nb
films deposited either via molecular beam epitaxy (Sect. 3.1,
thickness 56 nm) or sputter deposition (Sect. 3.2, thickness
100 nm). Subsequently, a four-point measurement bridge
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Fig. 1 Scanning electron micrograph of small magnetic Ni dot struc-
ture prepared with electron beam lithography and lift-off. Adapted
from Ref. [36]
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was defined in the Nb films with photolithography and re-
active ion etching. The dc magnetoresistance was measured
in a helium bath cryostat with variable angle 6 of the field
and the surface normal. Additionally for the magnetic dots
used in Sect. 3.2 we measured the magnetic hysteresis loops
for large arrays of uncovered magnetic dots using a super-
conducting quantum interference device (SQUID).

3 Results and Discussion
3.1 Varying Size and Separation

Figure 2 shows the magnetoresistance of a sample with
340-nm diameter Ni dots on a 400-nm square lattice mea-
sured at T/ T, = 0.93 and the field applied perpendicular to
the thin film plane (8 = 0°). There are several periodically
spaced (125 Oe) resistivity minima. With increasing field
the density of the superconducting vortices increases and at
each minimum the ratio of the vortex to pinning site density
is an integer [25]. Hence for the case of a square lattice each
mth matching field is given by [26, 27]:

Po
Hy=m > (D

a
where @ = 10.7 G/um? is the magnetic flux quantum, and
a is the lattice constant of the square lattice. The commen-
surability between the vortex lattice and the pinning ar-
rays gives rise to a geometric matching [28, 29], which is
schematically shown in Fig. 2(b) for the case where at most
one vortex is trapped per pinning site.

When the applied magnetic field is tilted away from the
surface normal, the periodicity of the matching fields AH
increases, as shown in Fig. 3(a). This increase is well de-
scribed by AH = H;/cos@ (see Fig. 3(b)), which indicates
that only the perpendicular field component is relevant for
the periodicity of the superconducting vortex lattice [25].
Another important aspect is that the data in Fig. 3(a) are
symmetric with respect to positive and negative fields with-
out any observable hysteretic behavior. This may be ex-
pected since the magnetic behavior of the dots should not
have any hysteresis in this geometry. Applying the magnetic
field mostly perpendicular to the substrate surface, which is
the magnetic hard axis direction, results in reversible hys-
teresis loops with very little, if any, hysteresis.

The periodic pinning found in the magnetoresistance (see
Fig. 2(a)) is also reflected in the magnetic field depen-
dence of the critical current [4, 30]. Using a voltage cri-
terion of 20 pV/cm we determined the magnetic field de-
pendence of the critical currents for various different sam-
ples with dot sizes ranging from 110 nm to 340 nm, each
on a regular square lattice with 400-nm periodicity. The
sample with 340-nm dots exhibits critical current maxima
with the same field periodicity as found for the minima
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Fig. 2 (a) Magnetoresistance
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in the magnetoresistance. Interestingly the period pinning
is absent for the smaller dots. This behavior is also re-
flected in the magnetoresistance of all these samples where
the periodic pinning features in the magnetoresistance are
fewer and less pronounced for the smaller dots [4]. Such
significant variation with dot size is somewhat surprising,
since all the dot diameters are larger than the supercon-
ducting coherence length, which we estimate from the up-
per critical field at the measurement temperature to be about
&~ 58 nm.

In order to investigate, whether the diameter of the dots
is the crucial parameter for the periodic pinning features,
we also prepared Ni dot arrays with a larger periodicity
of 600 nm. The magnetoresistance for samples with 400-
and 560-nm diameter are shown in Fig. 4(b). Clearly, the
magnetoresistance of the 340-nm dots with 400-nm peri-
odicity is qualitatively different from the 400-nm dots and
the periodic pinning effects are again more pronounced for
the 560-nm dots. It is important to note that while the dots
size is increased, their edge-to-edge distance decreases for

equal periodicity. In particular, for the 340-nm dots with
400-nm periodicity and for the 560-nm dots with 600-nm
periodicity, the edge-to-edge separation is 60 and 40 nm,
respectively, and therefore comparable to the superconduct-
ing coherence length. A similar crossover as a function of
dot separation has also been observed for hole arrays in su-
perconductors [16]. This suggests that as the dot separation
becomes smaller than the superconducting coherence length
the system changes from a periodic pinning regime, where
the magnetoresistance is dominated by vortex motion, to a
superconducting network behavior with each loop contain-
ing a quantized magnetic flux resulting in Little—Parks os-
cillations [31, 32]. This interpretation is also supported by
theoretical simulations, which suggest that the critical cur-
rent peaks of similar magnitude, as observed for the 340-nm
Ni dots shown in Fig. 3(a), are indicative of multivortex pin-
ning [33]. In short, the size plays little role for the periodic
pinning, but the separation between pinning dots is impor-
tant.
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Fig. 5 (a) Magnetic hysteresis
loop measured at 8.27 K with an
in-plane (0 = 90°) magnetic
field for 600-nm diameter
permalloy dots on a 1-um square
lattice. (b) Magnetoresistance
measured at the same
temperature and 6 = 86°.
Circles indicate measurements
with decreasing fields, while
crosses indicate increasing
fields. Adapted from Ref. [8]

Fig. 6 Perpendicular magnetic (a)
stray field distribution
calculated by micromagnetic
simulation for a magnetic dot in
a saturated state (a) and with a
vortex magnetization state (b).
Adapted from Ref. [8]

3.2 Varying the Magnetization State

Sufficiently large magnetic structures can accommodate a
wide variety of magnetic states and thus naturally the ques-
tion arises, how they may influence the vortex pinning. One
particularly interesting example is the formation of magnetic
vortices, where the reversal of magnetization occurs in two
distinct steps. This is shown in Fig. 5(a) for 600-nm permal-
loy dots. As the magnetic field is reduced from saturation,
close to zero applied field there is a large change in the mag-
netization associated with the nucleation of magnetic vor-
tices at H,, which is followed by reversible magnetization
changes due to the magnetic vortex displacement, followed
by another distinct step at H, due to the annihilation of the
magnetic vortices. The hysteresis in the central part of the
loop is an artifact produced because a large ensemble of dots
with a distribution of nucleation fields is measured. Minor
loops of the same sample show no hysteresis [8] and indi-
vidual dots show well-defined critical fields with complete
reversible behavior in the vortex state [34].

Figure 5(b) shows the magnetoresistance at 7/ T, = 0.99
for 100-nm thick Nb film covering the same permalloy dot
array while applying the magnetic field at 6 = 86° with re-
spect to the surface normal. Note that for this angle the mag-
nitude of the in-plane component of the field is nearly iden-
tical (99.8 %) to the entire applied magnetic field, while the
out-of-plane component is still a sizable fraction (7.0 %).
There are still well-defined resistivity minima, consistent
with Eq. (1), if only the out-of-plane field component is
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considered. However, unlike in the cases before (Figs. 2
and 3) where the field was predominantly out-of-plane, the
magnetoresistance shows a pronounced hysteretic behavior
in the same field regions, where the magnetization reversal
also shows hysteretic behavior. Comparison with the mag-
netic measurements in Fig. 5(a) shows that the magnetiza-
tion minima are significantly lower for the field intervals,
where a magnetic vortex is formed in the magnetic dot com-
pared to the case where the magnetization is mostly satu-
rated. This clearly shows that the presence of a magnetic
vortex significantly enhances the pinning of superconduct-
ing vortices.

The reason for this enhanced pinning is that although the
overall stray field is reduced for a magnetic dot in the vortex
state, locally the stray field can be substantially enhanced by
the presence of the perpendicularly magnetized vortex core.
Conversely, the stray field of a magnetic dot in a saturated
state is mostly in-plane and does not necessarily penetrate
the superconducting film. This is shown in Fig. 6(b), which
shows the perpendicular component of the external stray
magnetic field (=10 kG) for the magnetic vortex state and
the saturated state, as determined by micromagnetic simula-
tion [8]. These simulations imply that the stray field of the
magnetic vortex core can locally be one order of magnitude
bigger than for the saturated state, and can effectively sup-
press superconductivity by exceeding the upper critical field
close to T,. A similar suppression of superconductivity has
also been observed in other systems, which combine mag-
netic vortices with superconductors [23].
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4 Conclusions

In the almost 40 years since superconducting vortex pin-
ning via magnetic structures has been first suggested [35],
this research topic has resulted in a wide variety of activ-
ities, especially during the past decade (see e.g., Ref. [1]
for a recent detailed review). Here we showed the influ-
ence of two issues; size and magnetic configuration. Reduc-
ing the separation between adjacent pinning centers can re-
sult in a crossover from a weak pinning regime dominated
by coherent vortex motion to a superconducting wire net-
work regime, where the periodic resistivity minima can ex-
tend to very high matching fields. Furthermore, introducing
locally very high magnetic fields, i.e., through the forma-
tion of magnetic vortex cores, offers novel opportunities to
control superconducting vortex pinning. Therefore it can be
expected that the research of vortex physics in ferromag-
netic/superconducting hybrid systems will maintain its vi-
tality far into the second century of superconductivity!
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