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Periodic vortex pinning with magnetic and nonmagnetic dots: The influence of size
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Periodic pinning arrays can give rise to commensurability effects for the vortex pinning in superconductors.
We studied the influence of size and separation of the individual pinning centers made out of magnetic and
nonmagnetic dots. While there is some dependence on the dot size, the periodic pinning changes its character
drastically, as soon as the separation between dots becomes comparable to the coherence length of the super-
conductor. This can be understood by a crossover from a weak pinning regime to a superconducting wire
network regime with decreasing dot separation. In addition, the comparison between the periodic pinning of
magnetic dot arrays and nonmagnetic dot arrays shows that the former generally show more pronounced
periodic pinning. This indicates conclusively a magnetic contribution to the pinning mechanism.

[. INTRODUCTION these results are compared to samples with nonmagnetic
dots.
Vortices in type-1l superconductors exhibit a wide variety
of interesting physics. The interaction of the vortices with
each other and with pinning centers in the superconductor Il. EXPERIMENT
gives rise to a rich variety of static and dynamic phdsés. o i
The use of artificial pinning centers allows for a detailed 1he fabrication of small magnetic structuréslots™) us-

study of these various phases. In particular, the use of requidf9 &beam lithography has been described in detail in Ref.

arrays of pinning centers such as thickness modulafions2°- Briefly, e-beam lithography is used to define the desired

holes®® or magnetic dofs® gives rise to hew commensura- structure into an electron sensitive resBMMA) which is

bility effects, which gives additional insight into the elastic c0ated on top of a S{100 substrate. During the-beam

and pinning properties of vorticé8. lithography the size of the dots is controlled by varying the
New lithographic techniques allow the fabrication of arti- €/€ctron beam dosage between 0.4 and 6 nC/cm. Following

ficial pinning arrays, where the size of each pinning centef® €-beam lithography the material of choice for the dots
and their separations are comparable to the superconductirﬁ@! for magnetic dots, Ag for_ nonmagnetic dpts deposited

coherence lengtti and magnetic penetration deptth® This using dc magnetron sputtering. A final lift-off step removes
generated renewed experimefti-3and theoreticaf 18 the unwanted material together with the remaining PMMA.

interest into periodic vortex pinning. Studying the periodic For the samples discussed in this paper, the dots are 34-41
nto pert P g. Studying P nm thick, have a diameter between 100 and 530 nm, and
vortex pinning in superconductors with arrays of holes

. . . cover an area of 5050 um?. One series of Ni dots is
showed that sufficiently large holes can stabilize muIUquant@hown in Fig. 1

vortices***and that the optimal size for a hole as a pinning 14 getermine the role of dot size for the periodic pinning
center can be considerably larger than the coherence lengifl tried to eliminate any possible extrinsic influences.
¢# 1t also has been suggested theoretically that the optimafherefore we prepared several series of samples where the
size of a pinning center is related ¥oinstead of¢.?*? deposition of the dot materi@Ni or Ag) and the supercon-
Here we investigate the effect of magnetic dot size on thejucting Nb, as well as any other processing steps were done
periodic pinning, in contrast to earlier experiments whichsimultaneously. Thuéhopefully) the only varying parameter
used holes(“antidots”) in the superconductor as pinning for each sample in each series is the dot diameter.
centers19-21 Compared with the antidots, the role of the  After the dots are fabricated, they are covered with a su-
pinning center size may be more complex for the magnetiperconducting Nb film deposited in a molecular beam epi-
dots, since there are various possible mechanisms by whidhxy (MBE) system. Next, a standard four-point measure-
they can give rise to vortex pinnifg>2*To clarify this fur-  ment bridge is defined photolithographically in the Nb film
ther, we also compare the results with magnetic and nonmaguch that the Nb transport properties are measured where it
netic dots. covers the dots or is in direct contact with the substrate. The
The paper is organized as follows: In Sec. Il we describdransport measurements are performed in a He flow cryostat
the sample preparation and measurements. Following thisyith a 9-T magnet. Since most measurements were done
the results for samples with different sized magnetic dots argery close to the superconducting critical temperaftige
presented and discussed in Sec. lll. Subsequently in Sec. Ithe temperature was stabilized withih2 mK during the

0163-1829/2000/610)/69588)/$15.00 PRB 61 6958 ©2000 The American Physical Society



PERIODIC VORTEX PINNING WITH MAGNETIC AND . .. 6959

(the actual dots are shown in Fig. &nd having a thickness

of 34 nm. Clearly magnetoresistance minima are observed
for all samples at equidistant magnetic field intervals. These
minima in the magnetoresistance have been previously ex-
plained by a geometric matching between the vortex lattice
and the magnetic dot array, which gives rise to a periodic
pinning potentiaf The position of these peaks can be easily

determined from the geometry of the pinning array and is

given in the case of a square array’ 8%

P

ara

(€Y

where H, is the so-called nth matching field, ®,
=20.7 Gum? is the flux quantum(the magnetic flux in
each vortex and a is the lattice parameter of the square
pinning array. Thus aH, there are exactlyh vortices per
pinning center. For all four samples, the Ni dots were ar-
FIG. 1. Scanning electron micrograph of Ni dots with different ranged on a square lattice with a lattice constant of 400 nm,
diameterg(a) 110, (b) 180, (c) 270, and(d) 340 nm. The scale for  thys the matching peaks occur for all samples at the same
all the pictures is the same and is given at the bottom of eachagnetic fields. Furthermore the position of the matching
picture. peaks in Fig. 2 are in good agreement with the theoretically
) o o expected positions calculated from Ed).
measurements to avoid any significant contribution of ther- Figure 2 shows that the periodic pinning becomes much
mal noise.l (V) curves were measured using a dc setup foimore pronounced for larger magnetic dots. The number and
determining the critical current density. Due to the smallgepth of matching peaks increases with increasing dot diam-
dimensions of the measurement bridge of<&® um? we  eter. This observation is generally true independent of mea-
used a voltage criterion of 2@V/cm (corresponding to  syrement temperature or current density. However, for better
0.1 uV in the sample, with a signal to noise of )1 de-  comparison, the measurements shown in Fig. 2 were taken
termine critical currents. with the temperature adjusted for each sample such that the
critical current density at zero magnetic-field was 30-80
kA/cm?. The current for the measurement was then chosen to
be twice the critical current density at zero magnetic field.
This gives rise to the most pronounced pinning peaks in all

In Fig. 2 we show the magnetoresistangefor four ~ Samples. . . _
samples consisting of 56-nm thick Nb films covering differ-  The changes of the magnetoresistance as a function of Ni

ent sized Ni dOtS, ranging in diameter from 110 to 340 nmdot diameter are gl’adua|. HOWeVer, the magnetic-ﬁeld de-
pendence of the critical current densjty(see Fig. 3 shows

that the behavior of the sample with the larget0 nm Ni

I1l. MAGNETIC DOTS
A. Results
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dots is qualitatively different than that with smaller dots.
Periodic critical current density matching peaks are only ob-
served for the largest Ni dots, while the matching peaks are
absent for any of the smaller ones.

This pronounced difference between the sample with
340-nm diameter Ni dots and the samples with smaller Ni
dot diameters is also reflected in the current-volta§é)
characteristics. This is shown in Fig. 4 for the samples with
340-nm Ni dots(a) and 270-nm Ni dotgb). Obviously the
matching effects persist over the whole current-density range
for the sample with 340 nm Ni do{see Fig. 4a)]. On the
other hand, for the sample with 270-nm Ni dots there are no
matching effects at low current densities and the matching
effects occur only at higher current densitiesee Figure
4(b)]. This is clearly indicated by the crossover of tH#&/)
curves at a matching fielgsolid symbol$ with the j(V)
curves just below the respective matching fiéen sym-
bols). Notice that this crossover occurs always at those cur-
rent densities, at which thgV) curves show a very distinc-
tive “kink” (i.e., a change in slope The j(V) curves
obtained for the samples with 110- and 180-nm Ni dots are
qualitatively similar to the ones shown in Fig(bd for the
sample with 270-nm Ni dots.
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FIG. 3. j¢(H) for samples with different Ni dot diametdr The order n

curves are shifted by factors of 10 from each other. ) o )
FIG. 5. Ap/p as a function of matching field for samples with

. . a) 340-nm and(b) 270-nm Ni dots for different applied current
Figures 3 and 4 show that at low current densities theéIensities W 45 0 11, A 22, V 33, & 45 + 67, and

samples with the 340-nm Ni dots exhibit different behavior><89 KA/cn?)
than the samples with the smaller Ni dots. Moreover, even at '
higher current densities, where all samples show periodic o o )

matching peaks in the magnetoresistance, there is a qualitd80-nm dots show qualitatively similar behavior to the one
tive difference in the periodic pinning between these©f the sample with 270-nm Ni dots shown in Figbh _
samples. This is shown in Fig. 5, where the normalized re- By now it is clearly established that the sample with
sistivity changeAp/p at each matching field is shown for 340-nm Ni dots shows different periodic pinning than the
various current densities. For the sample with 340 nm NPNes with smaller Ni dots. However, besides the increase in
dots Ap/p decreases monotonically with increasing match-Size there is also a decrease in the separation of the dots,
ing field ordern and increasing current densifgee Fig. Since for all samples the lattice constant for the magnetic dot
5(a@)]. In contrastA p/p for the sample with 270-nm Ni dots @rray is kept constant. Thus it & priori not clear if the
shows for every matching field order a maximum as a enhancement of the periodic pinning observed for the largest
function of current density and also for most current densi/Ni dots is due to their size or their separation. In order to

ties as a function oh. Again, the samples with 110- and clarify this point, we prepared another series of 1070-A-thick
Nb films covering Ni dot arrays with a larger lattice constant,

a=600 nm. Figure 6 shows the magnetoresistance for two of
these samples; one with 530-nm Ni ddékswer curve and
the other one with 400-nm Ni dot@pper curve Clearly,
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FIG. 4. j(V) for samples with(a) 340-nm and(b) 270-nm Ni H (Oe)
dots measured with different applied magnetic fields. Data taken at
the minima of thep(H) curves in Fig. 2 are shown with solid FIG. 6. p(H) for samples with different Ni dot diametedsand
symbols, while data taken at the maxima of i) curves are a square array wita=600 nm. The curve for the 400-nm Ni dots
shown with open symbols. is shifted by a factor of 10.
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the sample with the bigger dots shows many more matchingortex. As a result, each individual loop of the superconduct-
peaks(up to 35th order with some intermediate peaks missing network(around each pinning cenjewill only contain a
ing; this is not shown in Fig. )6 More importantly for the quantized magnetic flux and the whole network shows peri-
sample with 400-nm Ni dots on a 600-nm square afsee  odic oscillations ofT.(H) [and hence op(H)], which are
Fig. 6, upper curvethe matching effects are much less pro- reminiscent of Little-Parks oscillatiorf&:2° However, for the
nounced than for the sample with 340-nm Ni dots on aarrays with smaller pinning centers the system is better de-
400-nm square arragsee Fig. 2, lowest curyeThis unam-  scribed by a weak pinning of the vortices and the observed
biguously shows that the dot separation and not the dot sizescillatory peaks in the magnetoresistance are due to a geo-
is responsible for the strong enhancement of the periodimetric matching of the vortex lattice with the regular pinning
pinning effects. array?!
More evidence that the samples with the smaller Ni dots
_ _ are indeed described better with a weak pinning picture is
B. Discussion given by thej (V) curves shown in Fig. ®). As mentioned
The motivation for measuring the matching effects as gearlier, for these samples the matching effects are absent at
function of dot size was to investigate whether there is adOW current densities but occur at current densities above a
optimal size of the dots for the vortex pinning. Generally, itWell defined kink in thej(V) curves. Such a change in the
is assumed that the optimal size of a pinning center is comi(V) curves has been explained previously by a current in-
parable to the size of the vortex core which has a diameter giuced ordering of the vortex lattic8 This is consistent with
approximately two times the coherence lengtiBy contrast, the negative curvature of thj¢V) curve just before the kink,
recent theoretical calculations suggest that the 0ptima| pinSince an increased ordering of the vortex lattice should result

ning center size is comparable to the magnetic penetratiot @ more effective pinning of the vortex lattice and hence in
depth\.2?2% Indeed, some recent experimental results sug2 reduction of the resistance. This current induced ordering

gest that the relevant length scale is larger tigafor the  Of the vortex lattice can also explain the sudden onset of the
pinning of vortices in superconductors with periodic arraysmatching effects observed at the kink in §{&/) curves and

of holes?! is consistent with earlier measurements by J. I. feetial 8
We determined for all our samples the temperature-
dependent coherence lengé{T) from the upper critical IV. NONMAGNETIC DOTS

field defined at 90% of the normal-state resistance. All
samples with Ni, Ag, or without dots show exactly the same A. Results
temperature dependence of the coherence length with an ex- For all the samples discussed in this paper and in our
trapolated zero-temperature value $£9.5£0.1 nm. As-  earlier work§%?®the Nb film was always deposited on top
suming that the coherence length reduction with respect tof the magnetic dots. Consequently the Nb film has a peri-
bulk Nb (£=38 nm (Ref. 27 is due to impurities in the thin  odic corrugation due to the dots. Naturally the question
films, we can deduce a zero-temperature magnetic penetrarises, whether pinning of the vortices is due(itoa mag-
tion depth for our samples of=156+2 nm?* At a typical  netic interaction of the vortices with the dots, @n due to
measurement temperature DfT.=0.98, the values for the the structural corrugation of the Nb film. To discriminate
coherence length and the magnetic penetration deptl¥ are between the two, a series of samples was prepared with non-
=58 nm and\=560 nm, respectively. Thus for all our magnetic Ag dots. The samples consisted of 580-A-thick Nb
samples, the dot diameter exceeds the coherence léngthfiims covering 34-nm-thick Ag dots ranging in diameter
and as a result one would not expect any change in the péom 100 to 300 nm; thus these samples can be easily com-
riodic pinning, if the optimal size of the pinning center pared to the first series of samples with Ni dots discussed in
would be given byé. Therefore our results are consistent Sec. 11l since both the Nb film and the dot thicknesses are
with the view that the magnetic penetration deptimay be  practically identical.
the more important length scale for the vortex pinning. Figure 7 shows the magnetoresistance for the samples
On the other hand, an important result from the experiwith different Ag dot diameters. For all samples there are
ments presented here is that the nature of the periodic pirslear first-order matching peaks. As in the samples with Ni
ning changes drastically as soon as the separation betwednts (see Fig. 2, the samples with bigger dots show match-
the dots becomes very small. For the sample with 340-nm Ning peaks up to higher orders, but generally for all samples
dots on a 400-nm square array the edge-to-edge distance heith Ag dots there are less peaks, than for comparable
tween the dots is 60 nm, which is comparable to the cohersamples with Ni dots. Notice also that the first-order match-
ence length £~58 nm in the Nb films at the measurement ing peaks are much more pronounced than the peaks at
temperature. This crossover in the pinning behavior when thigher orders.
separation of individual pinning centers becomes comparable The j(V) curves for all samples with Ag dots are quali-
to the coherence length, has also been observed earlier by Yatively similar and as an example we show the ones for the
V. Moshchalkovet al. for superconductors with arrays of sample with 300-nm Ag dots in Fig. 8. As can be seen only
holes?! Their explanation for this crossover was that if the for the first matching field there is a crossover for §if¥)
separation between the pinning centers becomes comparalderves and also an enhancement of the critical current den-
to the coherence length then the sample starts behaving efity, while the periodic pinning effects at the second match-
fectively like a superconducting wire network. In this case,ing field do not show up in these data. Thus the matching
the lateral dimensions of the superconducting material in beeffects are most pronounced at the first matching field. No-
tween the pinning center are too small to accommodate #ce also that for the magnetic fields above the first matching
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FIG. 9. Ap/p as a function of matching field for the sample with
300-nm Ag dots for different applied current densitilé 22,0 32,
andA 43 kA/cn?).

Ni dots, which show clear matching effects for all current
densities at all matching fielfsee Fig. 4a)], and they are
also different from thej(V) curves for the samples with
smaller Ni dots, which show no matching effects at low cur-
rents and two regions with different curvaturgsee Fig.
4(b)].

The difference between the first and the higher-order
matching fields can additionally clearly be observed in the
normalized change of the resistivityp/p at each matching
field. This is shown in Fig. 9 for the sample with 300-nm Ag
dots as a function of various current densities. Similar to the

j (V) curves have two regions with different slopes. Interest-yata shown before, the first-order matching peak is much

ingly the j(V) curves for the samples with Ag dots are dif-

more pronounced than the peaks for the higher orders. Figure

ferent from thej (V) curves for the samples with the 340-nm g gpows again that the periodic pinning is different from the
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samples with Ni dots. For the higher-order matching fields
(n>1) Aplp is approximately constant for the samples with
Ag dots, while it decreases monotonically for the sample
with 340-nm Ni dots[see Fig. 5a)] and it goes through a
maximum for the samples with smaller Ni ddisee Fig.
5(b)].

As mentioned above, the periodic pinning with the Ag
dots seems to be less pronounced than for the samples with
Ni dots. To show this more quantitatively we plot in Fig. 10
the highest orden,,,, of matching peak observed in the
p(H) measurements vs the dot diameter for the(blid
symbolg and Ag dots(open symbolg respectively. For all
sampleq,, .« is always larger for the Ni dots than for the Ag
dots. This shows conclusively that the magnetic dots pin the
vortices in the Nb more effectively than the nonmagnetic
dots.

B. Discussion

The observed matching effects for samples with Ag dots
suggest that the corrugation of the Nb film may not be neg-
ligible and can give rise to vortex pinning. A similar result
was also obtained by M. Van Bael, who showed similar
matching effects for Pb films deposited on top of either non-

FIG. 8. j(V) for the sample with 300-nm Ag dots measured Magnetic metallic or semiconducting ddtsThe corrugation

with different applied magnetic fields. Data taken at the minima ofMay lead to a pinning of the vortices due to an effectively

the p(H) curves in Fig. 7 are shown with solid symbols, while data reduced thickness of the superconducting thin film around
taken at the maxima of the(H) curves are shown with open sym- the perimeter of the dot. This reduced thickness can pin a
bols. vortex since the loss in condensation energy due to the nor-
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10 - - - magnetic fields. Other possible pinning mechanisms due to
: [ the magnetism of the dots are either a gain in magnetic en-

sl - i ergy by aligning the vortices with the magnetic dots, or a

. local suppression of superconductivity due to a proximity

effect between the superconducting thin film and the ferro-

or 1 magnetic dot.
5 o In Fig. 10 we showed that the highest ordey,., of
= a4l n - matching fields varies with dot diameter for samples with Ni
o and Ag dots. Sinc@,,, is equivalent to the number of vor-
Sl o | tices per pinning center it is interesting to compare this num-

ber to the so-called saturation numbgrgiven by

l l l d
0 100 200 300 400

dot diameter (nm) Ns=4e(m) @)

FIG. 10. Highest orden,,,, of observed matching peaks in This saturation number gives the maximum number of vor-
p(H) as a function of dot diameter for samples with &g and Ni  tices that fit into an insulating inclusion with a diameter
(M) dots. The saturation numbag [given by Eq.(2)] is indicated  and is determined from solving the London equations for a
for £=58 nm (corresponding td/T.=0.98, solid ling and¢=33  superconductor with a single cylindrical hdfelt should be
nm (corresponding td’/T.=0.94, dashed line noted, however, that the validity of this expression may not

necessarily be easily extended to a situation with periodic
mal conducting vortex core is minimized, if the vortex is arrays of pinning centers, since the interaction between
positioned at the constriction of the superconducting film.neighboring pinned vortices may become importaritlev-
Furthermore, it is well known that in superconducting thin ertheless, we show in Fig. 10 the saturation nunteas a
films the critical temperature can decrease with decreasinfyinction of dot diameter fof= 33 nm andé =58 nm(dashed
thickness and the Nb film used in this paper have thicknesseand solid lines, respectivelyThese are the upper and lower
where this effect becomes importaAt>* Thus the corruga- limits for the coherence length for the various measurement
tion of the Nb film may also locally suppress superconduciemperatures at which the data for Fig. 10 was taken. For
tivity along the perimeter of the dot. The above discussedoth the Ni dot and Ag dot samplesg,,, always exceedss.
pinning mechanism would suggest that any pinning due td'his suggests, that at the higher-order matching field there
the corrugation will be diminished for thicker superconduct-are always vortices, which are not pinned at the dots, but at
ing films, when the ratio of the film thickness to dot thick- interstitial positions. Such vortex arrangements with intersti-
ness increases. Indeed measurements on similar samples wiils have been observed experimentalignd subsequently
Ag dots and a larger Nb film thickne$$000 A) showed no reproduced in numerical simulatioff.
periodic pinning effects, even though for samples with the The presence of interstitial vortices should give rise to a
same Nb thickness and magnetic dots the periodic pinningistinctively different pinning properties at the first and
effects still persisted® higher-order matching field. Experimentally, a clear dif-

Although there are periodic pinning effects for the ference between the first and the higher-order matching
samples with nonmagnetic dots, the comparison of the datpeaks is observed for the samples with Ag dsese Fig. 9.
for samples with Ni and Ag dotéFig. 10 shows that the Indeed the resistivity chang&p/p is bigger for the first
periodic pinning effects are more pronounced for thematching field than for the higher-order matching field. Also
samples with magnetic dots. This, of course, opens up theotice that the critical current density drops rapidly after the
guestion about the role of the magnetism for the vortex pinfirst matching field(see Fig. 8 This is consistent with a
ning. It has been suggested early on that the stray field of theortex lattice with weaker pinned interstitial vortices. By
magnetic dots can locally suppress superconductivity andontrast the samples with Ni dots show no clear difference
thus lead to vortex pinning® However, the measurements between the first and the higher-order matching field in the
presented in this paper are independent of magnetic histomgsistivity changdsee Fig. 5.
and show no hysteresis effects. This suggests that the influ- Another possible way to distinguish between a situation
ence of the stray field is negligible. This is in contrast towith interstitial and multiquanta vortices is from théV)
results obtained by several different grodss One possi-  curves for various magnetic field&.If there are interstitial
bility to resolve this discrepancy is that the dots in this workvortices present, they should be more weakly pinned than the
are significantly smaller than the ones used in earlier studiegortices pinned at the dots. Thus with increasing current den-
and that due to their smaller volum@pproximately 100 sity first the interstitial vortices become depinned and then at
times smaller compared to Ref. 7 and five times smallehigher currents the vortices at the periodic pinning centers
compared to Ref.)&he stray field is of less importance. Also also become depinnéd?!’ This gives rise to a “kink” in the
in Ref. 13 the dots are potentially magnetized out-of-planej (V) curves, which has been experimentally observed by E.
which can give strong hysteresis effects due to a direct interRosseelet al. for superconductors with regular arrays of
action of the magnetic fields of the vortices with the dotholes®®
magnetization. This is in contrast to our experiments where The samples with Ag dots show above the first matching
the shape anisotropy of the dots suggests that the magnetiz#ld two different slopes in theij(V) curves(see Fig. 8.
tion is in the plane of the superconducting film at moderateAgain, this is consistent with having interstitial vortices at
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higher matching fields for these samples. On the other han@¢hange in behavior is governed by the edge-to-edge separa-
for the samples with Ni dots the situation is not that clear.tion of the Ni dots and therefore the size is not the determin-
The samples with smaller Ni dots hay€V) curves which ing factor. This can be explained by a crossover from a weak
show two very distinctive regimegsee Fig. 4b)]. The two  pinning regime(for large dot separatioh$o a superconduct-
regimes even have opposite curvature. However, these twiag wire network regimefor small dot separations
regimes are observed even for magnetic fields at or below the Furthermore, the comparison between the samples with
first matching field. This indicates, that in these samples thég and Ni dots show a more effective pinning for the
occurrence of two different behaviors separated by a cleasamples with magnetic dots. This shows that even though
kink in the j(V) curves is independent of the presence ofcorrugation of the Nb film may give rise to vortex pinning,
interstitial vortices. On the other hand, the samples with thehere is also a magnetic contribution of the vortex pinning
340-nm Ni dots show no crossover in thg{iv) curves[see for the Ni dots. In addition, the magnetic-field dependence of
Fig. 4@]. Thus while at higher matching fields the data for the j(V) curves and the resistivity changds/p indicates
the samples with Ag dots is consistent with interstitial vorti- interstitial vortices at higher matching fields for the samples
ces, it remains unclear what the geometry of the vortex latwith Ag dots, while the geometry of the vortex lattice at
tice is at higher matching fields for the samples with Ni dots.higher matching fields remains unclear for the samples with
Ni dots.

V. CONCLUSION

In conclusion, we have shown periodic pinning as a func-
tion of pinning center size for Nb films with magnetiNi)
dots and with nonmagnetidg) dots. The samples with Ni We would like to acknowledge many useful discussions
dots show qualitatively different periodic pinning for very with Y. Bruynseraede, J. I. Martj V. V. Moshchalkov, C.
large Ni dots compared to smaller ones. This different beReichhardt, J. Vicent, and G. Zimanyi. Also we would like to
havior is clearly shown in the magnetic-field dependence othank S. Kim for his assistance with the Nb deposition. One
the critical current density, thgV) curves, and the resistiv- of us (P. Prietg would like to thank the Guggenheim Foun-
ity changesA p/p. Comparing the results to samples with Ni dation for supporting his stay at UCSD. This work was sup-
dots on an array with a larger lattice constant shows that thiported by DOE, AFOSR, and the UC-CLC program.
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