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Dense arrays of ordered ferromagnetic nanowires have been used to create periodic magnetic
pinning centers in thin superconducting NbN films. The nanowires were electrodeposited in a highly
ordered porous alumina membrane and the thin NbN film was deposited on top of the
perpendicularly oriented magnetic nanowires. Matching effects have been observed up to 2.5 T
(11th matching field) and are maintained at low temperature. An appreciable enhancement of the
superconducting properties is observed. At low fields, a hysteretic behavior in the magnetoresistance
is found, directly related to the magnetization processes of arrays of interacting single domain
ferromagnetic nanowires. © 2009 American Institute of Physics. [doi:10.1063/1.3276557]

One of the most important issues for applications of
type-1I superconductors is the achievement of very high criti-
cal currents. This involves a strong pinning of the vortices.
For this purpose, defects in the superconductor can act as
pinning centers. Using lithographic techniques, the effect of
periodic lattice of artificial pinning centers (holes," blind
holes,” etc.) on the superconducting properties of thin films
has been studied extensively. These periodic pinning centers
lattices induce a global increase in the critical current of the
films through the so-called matching effect. Such enhance-
ment of the critical current results from the commensurabil-
ity of the vortex lattice with the pinning lattice and it leads to
enhanced superconductivity at specific values of the mag-
netic field. More recently, there has been a lot of interest in
the use of ferromagnetic materials as pinning centers.”™ In-
deed, the magnetic field produced by the individual ferro-
magnets attracts the vortices, thus enhancing the critical cur-
rent. In addition, the magnetic pinning force can be tuned
simply by varying the magnetic moment” and may also lead
to a magnetic field-induced superconductivity5 at high mag-
netization values.

However, up to now the observation of these effects
were restricted to relatively low magnetic fields (due to rela-
tively large pinning lattice parameters), to temperatures very
close to the superconducting transition and to low T super-
conductors. This is because lithographic techniques are not
able to produce, in a time and cost efficient manner, large
area pinning lattices with a small period. Alternative methods
to the lithographic patterning using templates of self-
assembled nanostructures and of nanoporous materials are
promising approaches for applications. Nanoporous alumina
templates were used to produce an antidots lattice in a thin
superconducting film.° Very recently, the barrier layer of a
highly ordered alumina template was used as a template to
create dense arrays of pinning centers in thin superconduct-
ing films.” In this letter, we report on the fabrication and
properties of superconducting thin films nearby large-area of
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dense arrays of ferromagnetic nanowires aligned perpendicu-
lar to the film. A highly ordered nanoporous alumina mem-
brane is used to grow electrochemically an array of long
ferromagnetic nanowires (Ni or Co) arranged parallel to each
other and with small wire interdistance. Then, a supercon-
ducting thin film is sputtered on the top face of the filled
template, thus nearby the nanowire array, to induce a strong
periodic pinning potential. Numerous matching effects are
found as well as a strong enhancement of the critical current
at high magnetic fields. In addition a hysteretic behavior in
the magnetoresistance is found at low fields, directly related
to the magnetization processes of the interacting single do-
main ferromagnetic nanowires.

The nanoporous alumina templates are made using a
conventional two step anodization process. Details about this
fabrication process can be found elsewhere.® In this study,
we used long-range ordered 50 um thick membranes with a
pitch (d) of 100 nm. The diameter (¢) of the pores was
adjusted to 60 and 75 nm, respectively, by chemical etching.
Then, a metallic cathode was evaporated on one side of the
porous membrane followed by a conventional pulsed elec-
trodeposition in order to grow the nanowires.’ Subsequently,
a mechanical polishing using 20 nm silica particles was per-
formed to remove the cathode and to get the extremities of
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FIG. 1. (a) Schematic representation showing the deposition of a 10 nm
thick Al,O5 insulating layer and of a 25 nm thick NbN film on the extremi-
ties of an array of Ni nanowires embedded in a nanoporous alumina tem-
plate. (b) SEM image of the surface of the filled template after the polishing
step. The inset shows the AFM picture of the surface after the evaporation of
the insulating layer.

© 2009 American Institute of Physics
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FIG. 2. (a) Magnetoresistance curve at T/7,=0.75 for a 25 nm thick NbN
film on top of an array of 75 nm in diameter Ni nanowires (7,=9.45 K).
Top inset: same magnetoresistance curve at 7/7.=0.5. Bottom inset: deriva-
tive of the curve obtained at 7/7,=0.75. (b) Superconducting to normal
state transition line for a 25 nm thick NbN film deposited on top of an array
of 60 nm in diameter Co nanowires (solid line) and on a flat sapphire
substrate (dotted line).

all the nanowires at the surface of the template. Finally, a
thin insulating layer of Al,O3 (5-10 nm thick) was evapo-
rated and a 25 nm thick NbN film was reactively sputtered
on the surface [Fig. 1(a)]. Prior to deposition of the super-
conducting thin films, the surface cleanliness, and the per-
centage of pore filling were checked by scanning electron
microscopy (SEM). Figure 1(b) shows a typical SEM image
obtained after the polishing step. The percentage of pore fill-
ing is estimated to be 99%. Atomic force microscopy (AFM)
characterization of the surface was also made [inset of Fig.
1(b)] revealing that the extremities of the nanowires are ap-
proximatively 20 nm above the template surface. This effect
can be explained by the difference in the polishing rates be-
tween the alumina template and the metallic nanowires em-
bedded into it.

The samples have been investigated using magnetotrans-
port measurements. Figure 2(a) shows a magnetoresistance
curve at 7/T.=0.75 for a 25 nm thick NbN film on top of an
array of Ni nanowires (¢=75 nm; d=100 nm). In Fig.
2(a), the magnetoresistance is recorded with the applied
magnetic field sweeping from zero up to 2.5 T. At zero field,
the nanowires are in a remanent magnetic state, as obtained
starting at positive saturation of the magnetization. Numer-
ous oscillations, caused by matching effects are visible,
showing the strong influence of the pinning center array on
the vortex lattice. The oscillations are observed over the
whole magnetic field range, i.e., up to 2.5 T as depicted from
the derivate curve in the bottom inset of Fig. 2(a). The
matching magnetic fields are in good agreement with what is

expected for a triangular lattice (d=100 nm), i.e., B,=n
\23—(/;02 ~nx0.22 T. The upper magnetic field refers to the

11th matching field. It should be emphasized that matching
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effects have never been reported at such high magnetic
fields. This results from the high degree of ordering and
small interdistance of the nanowire array embedded in the
alumina membranes used in this work. In addition, at the
temperatures considered in Fig. 2(a), the small spacing be-
tween the pinning centers is of the order of the coherence
length. As a result, the thin film behaves in fact more like a
one-dimensional wire network. Such networks are known to
show numerous matching effects since no vortices can be
placed in the interstitial sites.'” Another advantage of our
system is that the matching features are maintained at low
temperature (7/T,=0.5) as shown in the top inset of Fig.
2(a). This is generally desired for practical applications in-
volving low T, superconductors cooled at liquid helium tem-
perature.

Figure 2(b) compares the superconducting phase dia-
gram for a 25 nm thick NbN film sputtered on an array of Co
nanowires (=60 nm; d=100 nm—solid line) with the
one obtained for the same NbN film deposited on a flat sap-
phire substrate (dotted line). Superconductivity takes place
below the corresponding curves. The critical magnetic field
is strongly enhanced, which means that the sample can be
used at much higher fields before vortices start to move caus-
ing dissipation.

Figure 3(a) shows the magnetoresistance curve for a 25
nm thick NbN film deposited on an array of Ni nanowires
(60 nm diameter) at T/T,=0.8. The resistance of the sample
was measured when the external field was swept from posi-
tive saturation down to negative saturation (solid) and then
the field is swept back to positive saturation (dotted). A hys-
teretic behavior is clearly observed at low field, demonstrat-
ing the strong influence of the magnetic state of the nano-
wires array on the superconducting properties of the NbN
film.

The magnetization curves of the same sample measured
by superconducting quantum interference device magnetom-
etry (above T, at 15 K) is presented in Fig. 3(b). Low diam-
eter, high aspect ratio magnetic nanowires present a behavior
close to that of an ideal infinite cylinder that has a square
hysteresis loop and where each nanowire has only two stable
states magnetized perpendicularly to the membrane, identical
in magnitude but opposite in direction. However, due to the
spread in their structural features, the assembly of wires
obeys a coercive field distribution, which arises from inho-
mogeneities in features such as wire length, diameter disper-
sion, and specific microstructure of each wire. In addition, in
dense arrays of magnetic nanowires, dipolar interaction be-
comes important and may even weaken the perpendicularly
magnetized state.”

Schematic representation of the magnetic state of the
nanowires array is shown in Fig. 3(b). During a cycle with H
applied along the wire axis, the magnetization will reverse
from the positive to negative saturation during the descend-
ing part, and from negative to positive saturation on the as-
cending part of the cycle. The reversal of the magnetization
of the entire array from one saturated state to the other cor-
responds to the successive reversal of individual nanowires.
Sweeping back the field to zero from a positive saturation, it
is seen in Fig. 3(b) that a fraction of wires (about 19%)
already experience a reversal due to the interwire dipolar
interaction.
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Considering now the first positive matching field H; at
0.22 T, we can observe that a relatively small difference in
the overall magnetization state of the nanowire array leads to
a large change in the magnetoresistance curve of the super-
conducting thin film depending on whether the field is swept
from positive saturation or from negative saturation. As the
field is decreased to H,; from positive saturation, a pro-
nounced drop in the resistance is observed. In this case, all
the nanowires are magnetized up, which results in a strong
periodic pinning potential. In contrast, if the field is de-
creased from negative saturation to zero field and then in-
creased to the positive field value H, (dotted curve), only a
small decrease in the resistance is observed around 0.22 T.
From the hysteresis loop shown in Fig. 3(b), it appears that
about 15% of the nanowires are still magnetized down, giv-
ing rise to a strong perturbation to the periodic pinning po-
tential and leading to a weakened matching effect, as shown
in Fig. 3(a).

The same argument can be invoked to explain the ab-
sence of resistance drop in Fig. 2(a) at the first matching field
(H,;=0.22 T) for the sample with the 75 nm in diameter Ni
nanowires array, in which the dipolar coupling is even stron-
ger. In this case, the field is swept from zero field (in the
remanent state obtained from positive saturation) to 2.5 T.
Therefore, at the first matching field, about 20% of the nano-
wires are still magnetized down leading to a strongly disor-
dered pinning potential. As a whole, these results clearly
indicates that the strong pinning of the vortices is mostly
caused by the magnetic pinning potential induced by the or-
dered array of ferromagnetic nanowires rather than from the
height modulation at the surface of the filled template.

It is important to mention that this template method is
quite tunable, thus making possible to design the pinning
potential. Electrodeposition into nanoporous templates en-
ables to prepare a variety of ferromagnetic nanowires arrays,
with both their diameter and density controlled to a large
extent. In addition, the diameter of the pores can be adjusted
in a range of 40%—-80% the interpore distance. Finally, the
thickness of the superconducting film and the distance be-
tween the film and the nanowire array can also be changed
easily.

In conclusion, we used nanoporous alumina templates to
grow dense arrays of ferromagnetic nanowires serving as
magnetic pinning centers in nearby NbN thin films. Match-
ing effects have been observed up to 2.5 T which corre-
sponds to the 11th matching field. Such large matching fields
are typically one order of magnitude higher than what has
been previously reported using lithographically defined mag-
netic pinning patterns. Matching effects are maintained down
to relatively low temperature (7/7T,=0.5). An appreciable en-
hancement of vortex pinning has been observed at high
fields. The magnetic interaction between the nanowires array
and the thin superconducting film was undoubtedly recog-
nized as the major pinning mechanism. A hysteretic behavior
of the magnetoresistance was found at low field due to the
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FIG. 3. (a) Magnetoresistance curves for a 25 nm thick NbN film on 60 nm
diameter Ni nanowires array at 7/7,=0.8. The field was swept from positive
to negative saturation (solid curve) and from negative to positive saturation
(dotted curve). (b) Corresponding magnetization curve of the same sample
above T,.

magnetization reversal process of the array of interacting
single domain nanomagnets.
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