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We present a study combining magnetization measurements and direct magneto-optical flux imaging on Nb
films, which contain periodic arrays of nanoholes and have been grown on anodized aluminum oxide(AAO)
substrates. The magnetization measurements reveal pronounced matching effects in the critical current over the
entire temperature range from 4.2 K toTc. The flux images do not reveal signatures of a domain(terraced)
state. Instead, the flux profiles obtained from the images are consistent with the development of a conventional
critical state with enhanced vortex pinning. Even though the critical current density in the patterned samples is
largely enhanced as compared to the unpatterned reference samples, the self-fields corresponding to the critical
state are substantially smaller than the first matching field,H1. For this reason, a domain state does not appear,
and strong pinning arises in a state that is almost commensurate.
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The properties of superconducting vortices in the pres-
ence of periodic arrays of pinning centers derive from the
interplay between the repulsive elastic vortex-vortex interac-
tion and the attractive vortex-pin interaction. In numerous
experimental1–3 as well as theoretical4 studies the commen-
surability effects and the various static and dynamic states
arising in such a system have been investigated. In particular,
direct vortex imaging5,6 of carefully prepared field-cooled
vortex states has generally confirmed the equilibrium vortex
configurations: stable configurations arise in applied fields
that correspond to integer multiples or simple fractions of the
matching fieldH1. At H1 the number of vortices is equal to
the number of pinning sites. However, the vortex behavior
under conditions of flux gradient driven dynamics, which is
usually encountered in measurements of critical currents and
pinning forces, is less well established. The frequent obser-
vation of pronounced enhancements of the critical currents,
which implies enhanced flux gradients, at multiples of the
matching fields is in apparent contradiction to the existence
of commensurate states in which the flux density would be
uniform. It has been proposed7,8 that a domain(terrace) state
can accommodate macroscopic flux gradients that are asso-
ciated with flux pinning. Within a domain the flux density is
uniform and corresponds to a stable vortex configuration,
and the flow of superconducting critical currents is essen-
tially confined to the domain boundaries. This model was
used to explain the nonmonotonic field dependence of the
magnetization of a Pb film containing a lithographically pat-
terned 1.5-µm-square array of 0.5-µm holes2 and of a Nb film
patterned by a 1.2-µm-square array of 120-nm diameter Ni
dots.3

Here, we present a study combining magnetization mea-
surements and direct magneto-optical flux imaging on perfo-
rated Nb films that have been grown on anodized aluminum
oxide (AAO) templates. The films contain a hexagonal pore
array with an average pore diameter of 35 nm and a period of
128 nm, corresponding to a matching field of 1459 Oe. Mag-
netization measurements reveal pronounced matching effects
in the critical current over the entire temperature range from
4.2 K to Tc<7.5 K, which is in contrast to most lithographi-

cally prepared periodic pinning arrays in which matching can
be seen only in the close vicinity ofTc. At the lowest tem-
peratures the magnetization displays a nonmonotonic field
dependence. The flux images reveal that this nonmonotonic
variation is caused by flux avalanches. The flux images do
not reveal signatures of a domain(terraced) state at any field.
Instead, the flux profiles obtained from the images are con-
sistent with the development of a conventional critical state.
Even though the critical current density in the patterned
samples is largely enhanced as compared to the unpatterned
reference samples, the self-fields corresponding to the critical
state are substantially smaller thanH1. For this reason, a
domain state does not appear, and strong pinning arises in a
state that is almost commensurate.

Anodized aluminum oxide membranes are ideal substrates
for fabricating large-area perforated superconducting films
with sub-100-nm feature sizes.9,10 Here we employ a two-
step anodization process11 of high-quality Al foils at 50 V in
0.3M oxalic acid to prepare a regular array. The array has
perfect hexagonal order with a period ofa=128 nm extend-
ing over grains of several microns in size.9–12This grain size
is significantly larger than the superconducting penetration
depth,l<70 nm(see below). Therefore, the vortex behavior
is dominated by the hexagonal periodic pinning array, even
though vortices in thin films have long-range interactions13.
The array period of 128 nm yields a first matching field of
H1=f0/ f0.5Î3a2g=1459 Oe, well in the range of our
magneto-optical flux imaging technique. The membrane was
covered with a 100-nm film of Nb deposited by magnetron
sputtering, followed by a 10-nm-thick Ag capping layer. The
average hole diameter in the resulting Nb/AAO film is about
35 nm. Simultaneously with the Nb/AAO samples, continu-
ous reference samples were grown on Si substrates. The criti-
cal temperatures of the Nb/AAO films and of the reference
films were 7.5 and 7.7 K, respectively. The vortex pinning
properties were studied using a SQUID magnetometer, and
the distribution of vortices, that is, the normal component of
the magnetic induction at the sample surface, was imaged
using a magneto-optical technique that utilizes a Bi-doped
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garnet layer as optical magnetic field sensor.14 The garnet
layer, with a mirror on one side, is placed directly on the
sample, with the mirror side adjacent to the sample. Mag-
netic stray fields emanating from the sample induce Faraday
rotation in the garnet, which is visualized in a polarized light
microscope.

The pinning behavior of a rectangular Nb/AAO film with
sidesL1=3.5 mm andL2=2.6 mm is summarized in Fig. 1.
Panel(a) shows magnetization curvesmsHd for the field per-
pendicular to the sample surface taken on sweeping the field
up and down after zero field cooling, and panel(b) the cor-
responding magnetization hysteresis curves,DmsHd. The
matching field effects appear as steps in the magnetization
that become more pronounced at lower temperatures similar
to previous observations on a sample with a shorter hole
period,9 but in contrast to the behavior of arrays with micron
periods where matching effects disappear just a few tenths of
a K belowTc.

1–3 Also included in Fig. 1(b) are the magne-
tization hysteresis data of a continuous reference sample of
the same size as the Nb/AAO sample. Large enhancements
of vortex pinning are observed in the Nb/AAO film, which at
high fields and temperatures can reach two orders of magni-
tude as compared to the reference sample. At low tempera-
tures and fields the critical state breaks down through vortex
avalanches as evidenced by the nonmonotonic magnetization

curve and discussed in more detail below. Since the
magnetization hysteresis between the matching fields is
fairly field independent, the critical current density,Jc,
can be estimated using the critical state relation for a rectan-
gular sample,Dm=JcVL2f1−L2/3L1g /2c. Here, V is the
sample volume andL1.L2. At 6.0 K and at the first match-
ing field this yieldsJc<1.93106 A/cm2 as compared to
2.03104 A/cm2 for the reference sample.

Measurements of the upper critical field on these
samples10 indicate a zero-temperature Ginzburg-Landau
coherence length and a magnetic penetration depth of
zs0d<10 nm and ls0d<70 nm, respectively. Theoretical
estimates15 show that for the parameters of our samples mul-
tiple vortex occupation of a hole does not occur, and that,
therefore, the steps atH2 andH3 correspond to the nucleation
of interstitial vortices. The configuration of the coexisting
interstitial and hole-trapped vortices is determined by vortex
interaction effects. Since in our high-density hole arrays
ls0d /a.0.5, vortex-vortex interactions are strong over the
entire temperature range. Thus the interstitial vortices feel a
significant cage potential16 created by the hole-trapped vor-
tices, which explains the strong matching effects even at low
temperatures.

The vortex distributions as function of temperature and
applied field were imaged on an approximately strip-shaped
piece of Nb/AAO with width,0.8 mm. At low temperatures
and sufficiently low fields the critical currents are so high
that the critical state becomes unstable towards breakdown
through magnetic flux avalanches.17 They are directly seen in
a sequence of magneto-optical flux images shown in Fig. 2.
In these images a high vortex density, i.e., a high value of the
magnetic induction at the sample surface, is represented by
bright contrast. Instead of a smooth, gradual penetration of
vortices into the sample, vortices rush into the sample in
form of thermomagnetic avalanches that resemble lightning.
They occur in a random fashion and, in contrast to the analy-
sis given in previous reports,2,3 account for the nonmono-
tonic low-field magnetization of our samples shown in Fig.
1. The images also show that in high fields[Fig. 2(c)] the
avalanches give way to smooth flux penetration, consistent
with the smooth high-field magnetization curves and the de-
crease of the critical current density below the threshold
value for avalanche formation.17 We note though that the
H-T range for the occurrence of avalanches as seen in the
flux images is larger than that in the magnetization measure-
ments. This arises from the more effective cooling of the

FIG. 1. (a) Field dependence of the magnetic moment of the
patterned sample in increasing and decreasing field applied perpen-
dicular to the film at various temperatures.H1, H2, andH3 indicate
the location of the first three matching fields.(b) Magnetization
hysteresis calculated from the data in the top panel on a logarithmic
scale. Included are data for the unpatterned reference sample at 5 K
(open triangles) and at 6 K(open diamonds).

FIG. 2. Magneto-optical images at 5 K for various increasing
perpendicular fields showing the evolution of flux avalanches.
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sample in magnetization measurements, where the sample is
immersed in exchange gas, as compared to optical imaging,
where the sample is cooled through thermal conduction via a
cold stage.

Figure 3 shows magneto-optical images at 6.0 K on in-
creasing field. The bright contrast along the edges and the
dark contrast along the middle are typically observed in a
fully penetrated striplike superconducting sample.14 The ir-
regularities in the flux distribution near the left edge and
near the middle of the frame are caused by defects in the
sample. Figure 4 shows field profiles taken along the vertical
lines in Fig. 3 after subtracting the applied field values.
Also included is a fit to the 1434-Oe data according to the
model of a superconducting strip in the critical state. In
this model in the top half of the strip a constant critical
current density,jc, flows left to right (for an applied field
pointing out of the page) and in the bottom half right to left.
The distribution of the normal component of the magnetic
induction,Bz, generated by these currents is given by Biot-
Savart’s law:

Bzsy,z0d =
jct

c
ln

sz0
2 + sy − w/2d2dsz0

2 + sy + w/2d2d
sz0

2 + y2d2 .

Here,t andw are the thickness and width of the sample, and
z0 is the height above the sample surface at whichB is mea-
sured. From the width of the peaks at the edge and in the

center we estimatez0<20 mm. This value is largely caused
by long-wavelength undulations frequently seen on the sur-
face of AAO membranes. However, since this parameter en-
ters only logarithmically in the above expression an estimate
of jc can nevertheless be obtained. Apart from a slight dis-
tortion in the experimental profiles(see below) a fit with
jc<2.63106 A/cm2 describes the data reasonably well and
this value forjc is in reasonable agreement with that obtained
from the magnetization hysteresis data. The data in Figs. 3
and 4 give no indication for effects due to a geometrical
barrier that has been proposed to explain magnetization
data on a Nb film patterned with a Ni-dot array.3 The field
dependence ofjc can conveniently be obtained from the dif-
ference of the magnetic induction values at the edge in the
center,DBz=Bzs0d−Bzsw/2d<6s jct /cdlnsw/2Î32z0d. The re-
sults closely track the field dependence ofDm, as shown in
Fig. 5. The steplike changes occurring at the first matching
field are clearly revealed, demonstrating that signatures of
the matching effect are contained in the magneto-optical im-
ages.

Over the entire field range covered in Fig. 3 the qualita-
tive picture of the flux distribution does not change. We do
not observe signatures of a domain state in which different
parts of the sample would have different uniform flux density
corresponding to different, stable filling factors.7,8 Nonuni-
form vortex rearrangements are visible as bright streaks in
Figs. 3(a) and 3(b), which may account for the distorted flux
profiles shown in Fig. 4. This type of pattern, which is pre-
dominantly oriented perpendicular to the sample edges,
arises frequently due to nonuniform vortex nucleation and
penetration caused by defect sites at the sample edges.14,18In
contrast, the domains due to matching effects are expected to
be on average oriented parallel to the sample edges in order
to accommodate the overall flux gradient. For instance,
calculations8 in the vicinity of the first matching field indi-
cate ribbons of constant vortex density oriented along the
sample edges that move towards the sample center on in-
creasing field. For a hexagonal hole lattice it is expected that
filling factors19 of 1, 6/7, 2/3, 1/3, 0 give rise to stable,
strongly pinned vortex configurations. We therefore
expect that under the experimental conditions of Fig. 3 do-

FIG. 3. Magneto-optical images at 6 K for various increasing
fields. The bright and dark contrasts at the edges and along the
middle of the sample are characteristic features of the fully pen-
etrated critical state. The arrows indicate the flow of the critical
currents, and the vertical lines indicate the location of the flux pro-
files shown in Fig. 4.

FIG. 4. Flux profiles across the images in Fig. 3 and a fit ac-
cording to the critical state model.

FIG. 5. Comparison of the field dependence of the magnetiza-
tion hysteresis,Dm, and of the differenceDBz of the magnetic in-
duction at the edge and the middle of the sample at 6.0 K.
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mains with these filling factors coexist. The difference in
vortex density between any of these domains would induce
steps in the magnetic induction that is larger than about
1/7 H1<200 G. Even though the thin-film samples studied
here have strongly enhanced pinning, the total variation in
the magnetic induction at the sample surface does not exceed
about 70 G(see Fig. 5, neglecting effects at the very edge
and at the center line), corresponding to roughlyH1/20.
Therefore, the self-fields of the critical currents are too
small to induce a domain state. At the same time, deviations
from the ideal commensurate conditions are small. From
the data in Fig. 4 one can estimate that the strongest devia-
tions from perfect matching, near the edges and at the center
line, would correspond to 1 interstitial and 2 vacancies in
every 100 unit cells, respectively. A strongly pinned state
can arise due to the over all high stability of the vortex con-
figurations caused by the strong vortex correlations in the
vicinity of H1 as evidenced by the data in Fig. 5. These
results therefore suggest that the observation of the domain
state necessitates the fabrication of three-dimensional, i.e.,
thick along the field direction, samples containing nanoscale
periodic arrays of linear pinning sites, the sample geometry
considered theoretically in Refs. 7 and 8. Large self-fields

expected for these samples(for the present sample param-
eters well above 10 kG) can induce the domain state, and
the currents circulating at the domain boundaries can sustain
a uniform, perfectly matchedBz (vortex density) inside
the domains, in analogy to the uniform field in a long
solenoid.

In summary, nanoscale patterned Nb films deposited on
AAO substrates display strong enhancements of the critical
current density and pronounced matching effects over the
entire temperature from 4.2 K toTc. Magneto-optical flux
imaging reveals magnetothermal flux avalanches at low tem-
peratures and fields. No signatures of a domain(terraced)
state could be detected in the images. Instead, the observed
vortex distributions are consistent with a conventional criti-
cal state. We attribute this to the observation that the self-
fields of the critical currents are too small to induce a domain
state.
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