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Superconducting transition and vortex pinning in Nb films patterned with nanoscale hole arrays
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Nb films containing extended arrays of holes with 45-nm diameter and 100-nm spacing have been fabricated
using anodized aluminum oxide as substrate. Pronounced matching effects in the magnetization and Little-
Parks oscillations of the superconducting critical temperature have been observed in fields up to 9 kOe. Flux
pinning in the patterned samples is significantly enhanced as compared to unpatterned reference samples in
applied fields exceeding 5 kOe. Matching effects are a dominant contribution to vortex pinning at temperatures
as low as 4.2 K due to the extremely small spacing of the holes.
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The behavior of superconducting vortices in the prese
of periodic arrays of pinning sites has attracted much rec
attention because of technological as well as scientific in
est. Tailored pinning arrays that optimize pinning forces
the theoretical pair-breaking limit in specified field rang
can be designed. In addition, the interplay between the p
odic attractive pinning forces and the elastic repuls
vortex-vortex interactions generate a variety of novel sta
and dynamic vortex phases. In these systems pronou
commensurability effects,1,2 including large enhancements o
the critical current and dips in the magnetoresistance an
the flux creep rate, have been observed at fields corresp
ing to integer multiples or to simple fractions of the matc
ing field H1 . At H1 the number of vortices equals the num
ber of pinning sites.

Numerical simulations3 predict the stable vortex configu
rations and possible mechanisms of depinning. These
figurations have largely been confirmed in direct vorte
imaging experiments.4,5 Generally, lithographic technique
have been employed to create periodic pinning arrays
various geometries in the form of arrays of microhole1

magnetic dots,2 and irradiation damage.4 Interestingly, com-
mon to all the previous reports on such samples is that c
mensurability effects are observed only in a very narr
temperature range below the superconducting transition t
perature,Tc , where pinning forces and critical currents a
small even though enhanced pinning is present in the
terned samples at low temperatures when compared to
patterned reference samples.

Here we show that anodized aluminum oxide~AAO!
membranes constitute ideal substrates for growing later
patterned superconducting films. Large-area~several cm2!
Nb films containing triangular lattices of 45-nm diamet
holes with a 100-nm period have been prepared. Th
samples, having the smallest feature size in extended pat
yet reported, show pronounced commensurability effe
even at liquid-He temperature in fields up to 9 kOe. Critic
current densities of 106 A/cm2 in fields of 4 kOe and at
reduced temperatures oft5 2

3 have been achieved. In con
trast, matching effects in previous studies on Nb, Pb, or hi
Tc samples have been generally limited to fields below 1
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Oe.1,2 The unique feature of these samples is that the ze
temperature coherence lengthj~0! and penetration depthl~0!
are of the same order as the pattern period, ensuring
even at low temperatures the potential energy of the vort
is dominantly periodic. The superconducting–normal-ph
boundary is characterized by pronounced Little-Parks os
lations in the field dependence ofTc , a feature not seen in
Nb, Pb, or high-Tc samples with larger hole spacing prepar
lithographically.

The AAO membranes were generated by anodizing hi
purity Al foils in an acid solution using a two-step proces6

The Nb films of 100-nm thickness were directly deposit
onto the AAO membranes using magnetron sputtering
were capped with a 10-nm Ag layer. Simultaneously with t
Nb/AAO samples continuous reference samples were gro
on sapphire substrates.

Figure 1 shows a scanning electron microscopy~SEM!
image of a cleaved edge of the Nb/AAO sample seen un
45°. The walls between the pores in the AAO are visible n
the bottom of the image, revealing a lattice constant of

FIG. 1. SEM image of a cleaved edge of the sample view
under an angle of 45°.
©2002 The American Physical Society07-1
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triangular pore array ofa5101 nm. The Nb film grows on
the top of the walls between the holes in a columnar fash
as shown by the blocklike structures seen at the corner
by boundaries visible in the film surface. The average h
diameter in the resulting Nb film isd545 nm. The holes are
perfectly ordered in domains of severalmm size.

The resistive transitions in fields between 0 and 7.5 k
measured in field cooling are shown in Fig. 2.Tc of the
Nb/AAO sample is 6.85 K, whereas for the reference sam
it is 7.5 K. This reduction inTc can be caused in part by th
proximity with the Ag cap layer and by contamination and
interdiffusion at the AAO-Nb interface. A remarkable featu
in Fig. 2 is the bunching of the transitions at field valu
labeledH1 to H3 . Choosing the resistive midpoints as crit
rion for Tc(H) yields the superconducting phase diagram
shown in Fig. 3. Since with increasing field the transiti
shifts in an essentially parallel fashion the features of
phase diagram described below are independent of the r
tive criterion. The upper critical field,Hc2 , is characterized
by a strongly nonlinear temperature dependence nearTc on
which an oscillatory variation is superimposed. Around 6 K a
crossover into a linear temperature dependence is obse
For comparison, the conventional linear temperature dep
dence ofHc2 measured on the reference film is included
Fig. 3. The nonlinear temperature variation ofHc2 of the
perforated film is well described by a parabolic depende
as shown by the dashed line in Fig. 3.

Similar results have been observed on superconduc
wire networks7–9 and can be understood in terms of a on
dimensional~1D! nature of superconductivity that occurs
high temperatures when the coherence length becomes l
then the widthw of the Nb sections between the holes; he
w'55 nm. Then the upper critical field is given by the thi
film expression10 Hc2(T)5A12f0 /@2pwj(T)# with j(T)
5j(0)(12T/Tc)

21/2 the Ginzburg-Landau coherenc
length. A fit ~dashed line in Fig. 3! yieldsj(0)'10 nm. The
same value is obtained from extrapolating the linearHc2(T)
dependence observed below 6 K and using the bulk expres

FIG. 2. Resistive transitions of the sample measured on fi
cooling in fields from 0 to 7.5 kOe every 250 Oe. The bunching
the transitions in field ranges corresponding toH1 , H2 , andH3 is
seen.
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sion forHc2 , Hc2(T)5f0 /@2pj(T)2#. This value is signifi-
cantly smaller than the BCS coherence length of Nb,j0
538 nm,11 indicating that our films are in the dirty limit with
a electron mean free path ofl 51.38j(0)2/j0'5 nm. The
Ginzburg-Landau parameter,k5l/j, can be estimated usin
the dirty-limit expressions for the penetration depth and
coherence length tok50.72lL / l'7; lL539 nm is the Lon-
don penetration depth of Nb.11 Ratios of j(0)/a'0.1 and
l(0)/a'0.7 are achieved that are substantially larger than
previous reports1,2 on perforated Nb, Pb, or high-Tc samples.

The oscillatory behavior of the phase boundary is seen
detail when plotting the difference,DTc , between the mea
suredTc(H) and the parabolic fit as shown in the inset
Fig. 3. Cusps inDTc occurring periodically at multiples o
the field H152.3 kOe are observed. This field value is
very good agreement with the matching field of the triang
lar unit cell of our pattern,f0 /@0.5)a2#52255 Oe.

The observed oscillations are a direct consequence
fluxoid quantization in a multiply connected superconduc
and have been studied in superconducting wire networks7–9

Josephson junction arrays,12 and perforated Al films.13 Their
microscopic origin is identical to those seen in the Littl
Parks oscillations14 of individual superconducting loops: th
kinetic energy associated with the supercurrents flow
around the holes in order to maintain fluxoid quantizati
causes a periodic suppression ofTc . Tc(H) for a variety of
network topologies has been calculated using lineari
Ginzburg-Landau theory,15 which in a phenomenologica
model13 can be approximated as a sequence of parabo

DTc52Tc@j(0)/a#2@ 1
4 2(f/f02n21/2)2#. Here, f

5 1
2)a2H is the flux per unit cell, andn50,1,2,... is the

number of flux quanta per cell.

ld
f

FIG. 3. Superconducting phase diagram of the Nb/AAO sam
~solid symbols! and of a continuous reference sample~open sym-
bols! as determined from the resistive transitions. The dashed lin
a fit of the 1D expression ofHc2(T) to the high-temperature data
The inset shows the oscillatory variation ofTc(H) taken as the
difference between the measured value and that obtained from
parabolic fit. The first three matching fields are indicated. The d
ted lines are fits based on a superconducting wire network.
7-2
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In contrast to the behavior of networks, though, perfora
superconducting samples offer the possibility of intersti
vortices residing in the superconducting segments betw
the holes. However, since in the field range where the os
lations occur, that is, below 8 kOe, the coherence lengt
the onset of superconductivity,j(Tc2), is larger than the
width of the Nb segments, which is supported by the
variation of Hc2 vortices not nucleating in these section
Then the supercurrents are governed by the net flux per
cell, and the above relation is applicable. As the tempera
decreases, the coherence length becomes shorter tha
width of the Nb sections and interstitial vortices may appe
The low-temperature vortex configuration will be determin
by the interplay of the energies of interstitial vortices a
multiquanta vortices located in the holes16 ~see below!.

A fit of the oscillatoryTc variation to the above expres
sion for the states withn50,1,2, is shown in the inset of Fig
3 as dotted lines. The data are well described, and a valu
15 nm for the coherence length is obtained, which is in r
sonable agreement with the above determination base
the Hc2 line. Deviations from the fit occur notably near th
bottom of then50 parabola. These are indicative of add
tional cusps in theDTc(H) dependence occurring at frac
tional filling factors7–9,13,15 that are not accounted for i
above model. The amplitude of theTc oscillations of about
50 mK is close to the expected value ofTc@j(0)/a#2

'1022Tc .
Figure 4 shows magnetization loops on a linear scale~top!

and the width,Dm, of the loops on a logarithmic scale~bot-
tom! of a square-shaped sample with sidesL52 mm. Also
included areDm data on a continuous reference sample
the same shape as the perforated film. Pronounced step
variations of the magnetization occur at multiples of t
matching field, extending the useful range of periodic p
ning to above 5 kOe.

In contrast to the behavior seen in previous reports1,2

matching is the dominant feature in the magnetization cur
even at the lowest temperatures. In comparison to the c
tinuous film, flux pinning in the Nb/AAO sample is dramat
cally enhanced—by more than two orders of magnitude
the field range of several kOe.~Note thatTc of the unpat-
terned sample is 0.7 K higher than that of the Nb/AA
sample.! The Bean critical state model for the thin-film g
ometry yields~in SI units! a very high critical current density
of Jc56 Dm/tL3'106 A/cm2 in an applied field of 4 kOe
and at a reduced temperature oft5 2

3 .
The observation of matching phenomena at fieldsHn

5n H1 with n.1 can be explained in terms of caging
interstitial vortices between the holes17 or in terms of multi-
quanta vortices residing in the holes.18 These considerations
formulated in the London approximation, apply at suf
ciently low temperatures when the coherence length beco
shorter than the hole diameter and the width of the interv
ing segments. For a triangular array of cylindrical cavities
has been shown18 that doubly quantized vortices are stab
for d3.8ja2. This condition is not fulfilled for our samples
which indicates the presence of single-quanta vortices in
entire low-temperature range.
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Similarly, for an isolated hole it has been shown19 that the
attractive pinning force vanishes if the number of vortic
confined to the cavity exceeds the saturation numberns
5d/4j(T), which yieldsns51 for our samples. Thus, at low
temperature when the coherence length becomes shorter
the width of the Nb segments single-quanta vortices coex
ing with interstitial vortices are the stable configuration.
addition, the magnetization data in Fig. 4 taken mostly
temperatures below the 1D-3D crossover of theHc2(T) line
represent flux-gradient-driven states in which, in contras
field-cooled states, multiquanta vortices may never appe

The interstitial vortices are pinned by a confining ca
potential exerted by vortices trapped in the holes. This
tential is determined by the ratiol(T)/a and the number of
interstitials per unit cell.17 As l(T)/a decreases, this poten
tial is rapidly smoothed out, and the periodic pinning pote
tial for interstitial vortices disappears. In our sampl
l(T)/a'1, assuring that the periodic caging potential is
dominant contribution to the pinning force over the ent
temperature range. In arrays with periods on themm-scale

FIG. 4. Field dependence of the magnetization~top! and of the
magnetization hysteresis~bottom! of the Nb/AAO sample at various
temperatures. Hysteresis data on a continous reference sa
~open symbols! are included. The inset shows a schematic of
sample and the most favorable locations of interstitial vortices.
7-3
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additional pinning due to the elastic interactions between
vortices trapped in the holes and the interstitial vortices
still expected. However, since the anchored vortices
spaced for apart,a@l(T) at low temperatures, their periodi
arrangement does not contribute significantly to the total v
tex energy.

As the number of interstitial vortices increases, their
teraction energy becomes an important contribution to
total energy and matching effects decrease. In our sam
matching effects forn.3 are strongly suppressed even at t
lowest temperature@Fig. 4~b!#. This is consistent with the
presence of two natural interstitial sites per unit cell as in
cated in the schematic in Fig. 4. At higher filling factors, le
stable and thus less strongly pinned configurations arise

The magnetization data yield no indication of pinning e
fects at fractional matching fields. This may arise since in
flux-gradient-driven dynamics the strong single-vortex p
ning at the holes precludes the formation of ordered su
lattices that would minimize the vortex-vortex interaction e
ergy, whereas in field-cooled measurements~Figs. 2 and 3!
these equilibrium states may develop. The strongly n
monotonic low-field dependence of the magnetization
served at 4.5 K is not due to matching effects but is cau
by flux avalanches. This behavior is frequently observed
,
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high-pinning superconductors20 and has been confirmed d
rectly using magneto-optical imaging.21

In conclusion, we have shown that anodized alumin
oxide membranes are ideal patterned substrates for fabr
ing perforated superconducting films. Large-area~several
cm2! Nb films containing triangular lattices of 45-nm diam
eter holes with a 100-nm period have been prepared. Th
samples have the smallest feature size in extended pat
yet reported, and show pronounced commensurability effe
down to 4.2 K in fields up to 0.9 T. Critical current densitie
of 106 A/cm2 in fields of 4 kOe and at reduced temperatur
of t5 2

3 have been achieved. The unique feature of th
sample is that the zero-temperature coherence lengthj~0!
and penetration depthl~0! are of the same order as the p
riodic pattern ensuring that even at low temperatures the
riodic vortex potential is dominant.
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