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Superconducting transition and vortex pinning in Nb films patterned with nanoscale hole arrays

U. Welp, Z. L. Xiao, J. S. Jiang, V. K. Vlasko-Vlasov, S. D. Bader, and G. W. Crabtree
Materials Science Division, Argonne National Laboratory, Argonne, lllinois 60439

J. Liang, H. Chik, and J. M. Xu
Division of Engineering and Department of Physics, Brown University, Providence, Rhode Island 02912
(Received 28 June 2002; published 27 December 2002

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 presenc®el? The unique feature of these samples is that the zero-
of periodic arrays of pinning sites has attracted much recertemperature coherence lengi®) and penetration dep#i(0)
attention because of technological as well as scientific interare of the same order as the pattern period, ensuring that
est. Tailored pinning arrays that optimize pinning forces ateven at low temperatures the potential energy of the vortices
the theoretical pair-breaking limit in specified field rangesis dominantly periodic. The superconducting—normal-phase
can be designed. In addition, the interplay between the perfoundary is characterized by pronounced Little-Parks oscil-
odic attractive pinning forces and the elastic repulsivelations in the field dependence f, a feature not seen in
vortex-vortex interactions generate a variety of novel statid\b, Pb, or high¥. samples with larger hole spacing prepared
and dynamic vortex phases. In these systems pronouncéihographically.
commensurability effects?including large enhancements of ~ The AAO membranes were generated by anodizing high-
the critical current and dips in the magnetoresistance and iRurity Al foils in an acid solution using a two-step procéss.
the flux creep rate, have been observed at fields correspond@he Nb films of 100-nm thickness were directly deposited
ing to integer multiples or to simple fractions of the match-onto the AAO membranes using magnetron sputtering and
ing field H,. At H, the number of vortices equals the num- were capped with a 10-nm Ag layer. Simultaneously with the
ber of pinning sites. Nb/AAO samples continuous reference samples were grown

Numerical simulatioriSpredict the stable vortex configu- On sapphire substrates.
rations and possible mechanisms of depinning. These con- Figure 1 shows a scanning electron microscé¥EM)
figurations have largely been confirmed in direct vortex-image of a cleaved edge of the Nb/AAO sample seen under
imaging experiment$® Generally, lithographic techniques 45°. The walls between the pores in the AAO are visible near
have been employed to create periodic pinning arrays ofhe bottom of the image, revealing a lattice constant of the
various geometries in the form of arrays of microhdles,
magnetic dot$,and irradiation damagtInterestingly, com-
mon to all the previous reports on such samples is that com-
mensurability effects are observed only in a very narrow
temperature range below the superconducting transition tem-
perature,T., where pinning forces and critical currents are
small even though enhanced pinning is present in the pat-
terned samples at low temperatures when compared to un-
patterned reference samples.

Here we show that anodized aluminum oxid&AO)
membranes constitute ideal substrates for growing laterally
patterned superconducting films. Large-afsaveral crf)

Nb films containing triangular lattices of 45-nm diameter
holes with a 100-nm period have been prepared. These
samples, having the smallest feature size in extended patterns
yet reported, show pronounced commensurability effects
even at liquid-He temperature in fields up to 9 kOe. Critical
current densities of f0A/cm? in fields of 4 kOe and at
reduced temperatures of 2 have been achieved. In con-
trast, matching effects in previous studies on Nb, Pb, or high- FIG. 1. SEM image of a cleaved edge of the sample viewed
T. samples have been generally limited to fields below 10Qinder an angle of 45°.
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FIG. 2. Resistive transitions of the sample measured on field T(K)
cooling in fields from 0 to 7.5 kOe every 250 Oe. The bunching of _ _
the transitions in field ranges correspondingtp, H,, andHj is FIG. 3. Superconducting phase diagram of the Nb/AAO sample
seen. (solid symbolg and of a continuous reference samfpidpen sym-

bols) as determined from the resistive transitions. The dashed line is

triangular pore array of=101 nm. The Nb film grows on a fit gf the 1D expression_dﬂcz(T) to_ th_e high-temperature data.
the top of the walls between the holes in a columnar fashior] "€ Inset shows the oscillatory variation @f(H) taken as the
as shown by the blocklike structures seen at the corner an fferenge .betweerj the measured.valu.e and th‘".ﬂ qbtamed from the
by boundaries visible in the film surface. The average hol e:jra;pohc fit H‘ebﬁm (tjhree matching ffldf‘. are |_nd|catted. Ihe dot-
diameter in the resulting Nb film i§=45 nm. The holes are ed ines are fits based on a superconducting wire nEtwork.
perfectly ordered in domains of sevepain size. ) ) ) o

The resistive transitions in fields between 0 and 7.5 kO&0N forHca, Heo(T) = ¢o/[27£(T) ). This value is signifi-
measured in field cooling are shown in Fig. T, of the ~ cantly smaller than the BCS coherence length of i,
Nb/AAO sample is 6.85 K, whereas for the reference sample= 38 nm; " indicating that our films are in the dirty limit with
it is 7.5 K. This reduction ifT; can be caused in part by the & €lectron mean free path of1.38(0)?/&~5nm. The
proximity with the Ag cap layer and by contamination and/or Ginzburg-Landau parameter=\/¢, can be estimated using
interdiffusion at the AAO-Nb interface. A remarkable feature the dirty-limit expressions for the penetration depth and the
in Fig. 2 is the bunching of the transitions at field valuescoherence length to=0.72\ /I~7; \ =39 nm is the Lon-
labeledH, to Hs. Choosing the resistive midpoints as crite- don penetration depth of NB.Ratios of (0)/a~0.1 and
rion for T.(H) vields the superconducting phase diagram ag\(0)/a~0.7 are achieved that are substantially larger than in
shown in Fig. 3. Since with increasing field the transitionPrevious reports®on perforated Nb, Pb, or high; samples.
shifts in an essentially parallel fashion the features of the The oscillatory behavior of the phase boundary is seen in
phase diagram described below are independent of the residetail when plotting the differencé T, between the mea-
tive criterion. The upper critical fielcH,, is characterized suredT.(H) and the parabolic fit as shown in the inset of
by a strongly nonlinear temperature dependence figan  Fig. 3. Cusps inAT, occurring periodically at multiples of
which an oscillatory variation is superimposed. ArdhK a  the field H;=2.3 kOe are observed. This field value is in
crossover into a linear temperature dependence is observe(gry good agreement with the matching field of the triangu-
For comparison, the conventional linear temperature deperiar unit cell of our patterng, /[ 0.5/3a]=2255 Oe.
dence ofH., measured on the reference film is included in  The observed oscillations are a direct consequence of
Fig. 3. The nonlinear temperature variation l8f, of the  fluxoid quantization in a multiply connected superconductor
perforated film is well described by a parabolic dependenc@nd have been studied in superconducting wire netwbrks,
as shown by the dashed line in Fig. 3. Josephson junction arraysand perforated Al filmé? Their

Similar results have been observed on superconductingpicroscopic origin is identical to those seen in the Little-
wire networkg_g and can be understood in terms of a One-ParkS OSCi”ationjé of individual SUperCOﬂdUCting |00pS: the
dimensional(1D) nature of superconductivity that occurs at kinetic energy associated with the supercurrents flowing
high temperatures when the coherence length becomes larg&iound the holes in order to maintain fluxoid quantization
then the widthw of the Nb sections between the holes; herecauses a periodic suppressionTef. T,(H) for a variety of
w~55 nm. Then the upper critical field is given by the thin- Network topologies has been calculated using linearized
film expressior® H.,(T)= 12, /[27WE(T)] with &(T) G|nzbu3rg—Landau theor’;?, which in a phenomenological
—&£0)(1-T/T.) Y2 the Ginzburg-Landau coherence model® can be approximated as a sequence of parabolas:
length. A fit (dashed line in Fig. Byields £(0)~10 nm. The AT.=—TJ[&(0)/aly[i—(p/dpo—n—1/2)?].  Here, ¢
same value is obtained from extrapolating the lindas(T) =1v3a®H is the flux per unit cell, anch=0,1,2,... is the
dependence observed belé K and using the bulk expres- number of flux quanta per cell.
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In contrast to the behavior of networks, though, perforated g 104
superconducting samples offer the possibility of interstitial
vortices residing in the superconducting segments betweel
the holes. However, since in the field range where the oscil-
lations occur, that is, below 8 kOe, the coherence length a
the onset of superconductivity(T.,), is larger than the
width of the Nb segments, which is supported by the 1D
variation of H;, vortices not nucleating in these sections. =
Then the supercurrents are governed by the net flux per uni§
cell, and the above relation is applicable. As the temperatureg
decreases, the coherence length becomes shorter than t ‘
width of the Nb sections and interstitial vortices may appear. -5 10|
The low-temperature vortex configuration will be determined
by the interplay of the energies of interstitial vortices and
multiquanta vortices located in the hol®¢see below.

A fit of the oscillatory T, variation to the above expres-
sion for the states with=0,1,2, is shown in the inset of Fig.

3 as dotted lines. The data are well described, and a value c
15 nm for the coherence length is obtained, which is in rea-
sonable agreement with the above determination based o
the H., line. Deviations from the fit occur notably near the
bottom of then=0 parabola. These are indicative of addi-
tional cusps in theAT.(H) dependence occurring at frac-
tional filling factors °'31%that are not accounted for in
above model. The amplitude of tfg oscillations of about
50 mK is close to the expected value a%[£(0)/a]?
~10 °T,.

Figure 4 shows magnetization loops on a linear s¢alg
and the widthAm, of the loops on a logarithmic scafbot- 10
tom) of a square-shaped sample with sides2 mm. Also 0
included areAm data on a continuous reference sample of
the same shape as the perforated film. Pronounced stepwise
variations of the magnetization occur at multiples of the
matching field, extending the useful range of periodic pin-

m(emu)

FIG. 4. Field dependence of the magnetizatitop) and of the
magnetization hysteresfbottom of the Nb/AAO sample at various

. temperatures. Hysteresis data on a continous reference sample
ning to above 5 kOe. (open symbolsare included. The inset shows a schematic of the

In contrast to the behavior seen in previous _repjo?ts, sample and the most favorable locations of interstitial vortices.
matching is the dominant feature in the magnetization curves

even at the lowest temperatures. In comparison to the con-
tinuous film, flux pinning in the Nb/AAO sample is dramati-  Similarly, for an isolated hole it has been shdWinat the
cally enhanced—by more than two orders of magnitude irattractive pinning force vanishes if the number of vortices
the field range of several kOéNote thatT, of the unpat- confined to the cavity exceeds the saturation numer
terned sample is 0.7 K higher than that of the Nb/AAO =d/4£(T), which yieldsng=1 for our samples. Thus, at low
sample)l The Bean critical state model for the thin-film ge- temperature when the coherence length becomes shorter than
ometry yields(in Sl unitg a very high critical current density the width of the Nb segments single-quanta vortices coexist-
of J;.=6 Am/tL3~10° A/lcm? in an applied field of 4 kOe ing with interstitial vortices are the stable configuration. In
and at a reduced temperaturetef3. addition, the magnetization data in Fig. 4 taken mostly at
The observation of matching phenomena at fielis temperatures below the 1D-3D crossover of kthg(T) line
=n H; with n>1 can be explained in terms of caging of represent flux-gradient-driven states in which, in contrast to
interstitial vortices between the holésr in terms of multi-  field-cooled states, multiquanta vortices may never appear.
quanta vortices residing in the hof¥sThese considerations, The interstitial vortices are pinned by a confining cage
formulated in the London approximation, apply at suffi- potential exerted by vortices trapped in the holes. This po-
ciently low temperatures when the coherence length becomeasntial is determined by the ratdo(T)/a and the number of
shorter than the hole diameter and the width of the interveninterstitials per unit ceft! As \(T)/a decreases, this poten-
ing segments. For a triangular array of cylindrical cavities ittial is rapidly smoothed out, and the periodic pinning poten-
has been showf that doubly quantized vortices are stabletial for interstitial vortices disappears. In our samples
for d®>8¢a?. This condition is not fulfilled for our samples, \(T)/a~1, assuring that the periodic caging potential is a
which indicates the presence of single-quanta vortices in thdominant contribution to the pinning force over the entire
entire low-temperature range. temperature range. In arrays with periods on thm-scale
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additional pinning due to the elastic interactions between thaigh-pinning superconductdfsand has been confirmed di-
vortices trapped in the holes and the interstitial vortices igectly using magneto-optical imagifg.
still expected. However, since the anchored vortices are In conclusion, we have shown that anodized aluminum
spaced for aparg>\(T) at low temperatures, their periodic oxide membranes are ideal patterned substrates for fabricat-
arrangement does not contribute significantly to the total voring perforated superconducting films. Large-arsaveral
tex energy. _ . . ~_cm) Nb films containing triangular lattices of 45-nm diam-
As the number of interstitial vortices increases, their in-gter holes with a 100-nm period have been prepared. These
teraction energy becomes an important contribution to thgamples have the smallest feature size in extended patterns
total energy and matching effects decrease. In our sampl&gy reported, and show pronounced commensurability effects
matching effects fon>3 are strongly suppressed even at they,yn 9 4.2 K in fields up to 0.9 T. Critical current densities

lowest temperatur¢Fig. 4(b)]' T.h's IS consstent with the _of 10° A/cm? in fields of 4 kOe and at reduced temperatures
presence of two natural interstitial sites per unit cell as indi-

) A . - of t=3% have been achieved. The unique feature of these
cated in the schematic in Fig. 4_. At hlgher_flllmg_factors_, Iesssample is that the zero-temperature coherence letigth
stable and thus less strongly pinned configurations arise.

The magnetization data yield no indication of pinning ef- and penetration depth(0) are of the same order as the pe-

fects at fractional matching fields. This may arise since in th [iodic pattern ensuring that even at low temperatures the pe-

flux-gradient-driven dynamics the strong single-vortex pin-erIOdIC vortex potential is dominant.

ning at the holes precludes the formation of ordered super- This work was supported by the U.S. Department of En-
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these equilibrium states may develop. The strongly nontional Science Foundation under Contract No. NSF ECS
monotonic low-field dependence of the magnetization ob0070019 and by the Office of Naval Research under Contract
served at 4.5 K is not due to matching effects but is causetio. NO0O014 001 0260 at Brown University. The SEM work
by flux avalanches. This behavior is frequently observed irwas performed at the Electron Microscopy Center at ANL.
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