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The use of artificial defects is known to enhance the superconducting critical parameters of thin films. In the
case of conventional superconductors, regular arrays of submicron holes �antidots� substantially increase the
critical temperature Tc�H� and critical current Ic�H� for all fields. Using electrical transport measurements, we
study the effect of placing an additional small antidot in the unit cell of the array. This composite antidot lattice
consists of two interpenetrating antidot square arrays with a different antidot size and the same lattice period.
The smaller antidots are located at the centers of the cells of the large antidots array. We show that the
composite antidot lattice can trap a higher number of flux quanta per unit cell inside the antidots compared to
a reference antidot film without the additional small antidots. As a consequence, the field range in which an
enhanced critical current is observed is considerably expanded. Finally, the possible stable vortex lattice
patterns at several matching fields are determined by molecular-dynamics simulations.
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I. INTRODUCTION

During the past decade, compelling evidence has shown
that the introduction of an array of microholes �antidots�
in a superconducting film has a profound influence on both
the critical current1,2 Ic�H� and the critical temperature3,4

Tc�H�. Typically, at temperatures used for transport measure-
ments, the antidots are able to trap only one flux quantum �0
before saturation sets in. In this case, after the first matching
field H1, interstitial vortices appear in the sample, creating a
“composite vortex lattice,” where part of the vortices is
strongly pinned at the antidots and the rest occupies intersti-
tial positions in between the antidots.5 Due to their higher
mobility, the presence of interstitial vortices lowers the
critical current Ic�H� significantly and broadens the R�T�
transition.

In this work, we study a composite antidot array,
consisting of two interpenetrating square lattices with the
same period d=1.5 �m but different antidot size �a1
=0.55 �m and a2=0.25 �m�. The two sublattices are shifted
with respect to each other by half a unit cell along x and y
directions, so that the small antidot is placed in the center
of the unit cell of the lattice of large antidots �see Fig. 1�.
This arrangement of antidots corresponds to the vortex
lattice configuration at the second matching field in a sample
with a single square array of antidots with ns=1. The purpose
of this experiment is to enlarge the field range where an
enhanced critical current Ic�H� is observed by having
efficient pinning sites exactly at the locations where the
interstitial vortices would appear if the smaller antidots were
not present.

II. EXPERIMENTAL DETAILS

The used sample is a 50-nm-thick Pb film with a compos-
ite antidot lattice. The results obtained with this sample are
directly contrasted with those measured on a reference

antidot sample without the small holes, i.e., a1=0.5 �m and
a2=0 �m. In both cases, the bridge made for transport mea-
surements �see Fig. 1�a�� has a width of 300 �m and a volt-
age contact separation of 2 mm. The unit cell of the compos-
ite antidot array is shown schematically in Fig. 1�b�. The
procedures followed to grow the samples are described in
Ref. 6. The transport measurements were carried out in a
commercial PPMS-Quantum Design device with a tempera-
ture stability better than 0.5 mK. All measurements were

FIG. 1. �Color online� Layout of the Pb film with a composite
array of square antidots of two different sizes. �a� Geometry of the
sample showing the patterned area in dark gray. �b� Schematic pre-
sentation of a unit cell of the antidot array. �c� Atomic force micro-
graph of a 5�5 �m2 area of the composite antidot array. The lat-
tice period d is 1.5 �m; the antidot sizes are a1=0.55 �m and
a2=0.25 �m.
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performed with the field H applied perpendicular to the sur-
face of the film.

From a resistivity of ��7.5 K�=5.33 �� cm, we estimate
an elastic mean free path of �=9 nm, and therefore a
superconducting coherence length ��0�=25 nm in the
dirty limit. These values are smaller than those obtained for
the reference antidot sample ��=27 nm and ��0��40 nm�.
Since in a film without antidots coevaporated with the
sample containing the composite antidot we obtained
�=27 nm, this difference seems to be caused by the more
complex lift-off procedure due to the presence of the small
holes.

Knowing the mean free path � and using the London
penetration depth for the bulk7 Pb, we obtain ��0�=71 nm.
Due to the perforation, the effective penetration depth in-
creases, and therefore � should be modified according to8

��0�=��0� /�1−2�Sa /St�=86 nm, where Sa and St are the
area of the holes and the total area per unit cell, respectively.
As a result, the Ginzburg-Landau parameter 	 amounts to
	=��0� /��0�=3.4
1/�2, and therefore this sample is a
type-II superconductor.9

The sample has been characterized by means of
atomic force microscopy. An atomic force microscopy topo-
graph of a 5�5 �m2 area of the film containing a
composite antidot lattice is shown in Fig. 1�c�. The root-
mean-square roughness on a 1 �m2 area of the sample in
between the antidots is �rms=3 nm. This value is about
two times larger than for the plane film and the reference
sample with antidots. This difference reinforces the idea
that the film with the composite antidot lattice has suffered
a small degradation due to a more complicated lift-off
procedure.

III. RESULTS AND DISCUSSION

A. Superconducting phase boundary

We have measured the critical temperature Tc�H� as a
function of field for the sample with a composite antidot
lattice. The results obtained with a resistance criterion of
10% of the normal state resistance Rn and a measuring cur-
rent of Iac=10 �A are shown in Fig. 2, together with the
phase boundary obtained for the reference antidot film.
The solid line depicts the expected upper critical field bound-
ary of a plane film with the same coherence length as
the reference antidot sample according to Hc2=�0 /2���T�2.
The measured boundary of the reference antidot film is
close to the Hc3�T� line corresponding to the surface nucle-
ation of superconductivity around the holes, whereas
the solid line represents the bulk superconducting transition
Hc2�T�.

Due to the presence of the antidot array, matching features
appear in Tc�H� with a periodicity of H1=�0 /d2=9.2 G, cor-
responding to the lattice parameter d=1.5 �m. Local
maxima are visible in the Tc�H� of the composite array for all
integer matching fields Hn �n=1,2,…,6�, whereas no evi-
dence of rational matching features is observed. Thus,
the addition of the extra antidot in the center of the unit cell
of the array with large antidots leaves the matching period

unchanged. This is an important observation, since the
composite antidot lattice can also be regarded as a square
lattice, tilted by 45°, with a unit cell twice as small as that
of the original lattice. If this were the periodicity felt by the
vortices, the matching period would amount to 18.4 G,
which is twice as large as the observed period. In that
case, one would expect the local maxima at even matching
fields Hn �n=2,4,…� in Fig. 2 to be more pronounced
than the ones at odd matching fields Hn �n=1,3,…�. Since
this is not the case, we conclude that all these peaks corre-
spond to integer matching fields, indicating that the main
period felt by the vortices is the period of the lattice with
large antidots.

Further information can be gained from the R�T�
transition width 
Tc�H�=Tc�Rcrit=97%Rn�−Tc�Rcrit

=0.1%Rn� as a function of H, as shown in Fig. 3 �filled
symbols�. In this plot, three different regimes can be
clearly distinguished. For H�H4, the coherence length is
larger than the width of the strands, thus leading to a
parabolic background in the Tc�H� phase boundary. In
this so-called “collective” regime, we observe that the
R�T� transition width remains almost constant. For fields
higher than H4, an increase of the transition width can be
observed, superposed with matching features at H5 and H6.
We interpret the sudden increase in the transition width as a
crossover to the regime where interstitial vortices appear in
the sample.

The interstitial regime is indicated by the gray area in
Fig. 3 for the composite array. This regime ranges up
to 3.6 ��T�=d−a, i.e., up to �H8, where a change in the

Tc�H� slope can be observed. For higher fields, the single
object regime is entered, where a linear phase boundary
slightly distorted by an oscillation with period4 H*=�0 /a1

2

FIG. 2. Tc�H� phase boundary for the film patterned with
a composite antidot array, measured with an ac current of
Iac=10 �A and a resistance criterion of Rcrit=10%Rn �filled sym-
bols�. The open symbols show the phase boundary obtained for the
reference antidot sample using the same criterion. The solid line is
the calculated linear Tc�H� phase boundary for a plane film with the
same coherence length ��0�=40 nm as the antidot patterned film.
The field axis is normalized to the first matching field H1=9.2 G.
The temperature axis is normalized to Tc0, the transition tempera-
ture at H=0.
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�69 G is expected. Although the linear phase boundary
is indeed observed, single object oscillations are difficult
to resolve in the narrow field range investigated. For
comparison, in the same figure we show 
Tc�H�=Tc�Rcrit

=99%Rn�−Tc�Rcrit=0.1%Rn� for the reference antidot
sample �open symbols�. From this curve, it is easy to see
that if the smaller additional antidots are absent, the cross-
over to the interstitial regime occurs at H�1.5H1. Therefore,
the presence of the additional smaller antidots has substan-
tially delayed the appearance of interstitial vortices. From the

Tc�H� curve, we thus conclude that the total number of
trapped flux quanta per unit cell of the antidot lattice is at
least four.

The following scenario explains the observed behavior.
Up to H1, the vortices will be attracted towards the large
antidots. Between H1 and H2, vortices begin to occupy the
small antidots. Due to their size, these small antidots trap at
most a single quantum vortex. Therefore, they will be com-
pletely saturated at H2, creating a repulsive potential at the
position of the small antidot. Figure 4 shows a schematic
evolution of the potential landscape along a diagonal of the
array �see the dashed line in the inset� that would be experi-
enced by a vortex for H=0, H1, and H2. Since the large
antidots pin one flux quantum, at H=H1 a surface barrier has
emerged at the antidot edges. For H=H2, the contribution to
the potential of the small antidot at the center of the unit cell
is strongly repulsive. When additional vortices enter the
sample, they will be pushed towards the large antidots, lead-
ing to an increase of their effective saturation number. In
other words, the additional repulsive potential at the small
antidots helps to increase the saturation number of the larger
antidots. We therefore conclude that of the four flux quanta
trapped per unit cell of the composite antidot lattice, one is
pinned by the small antidot while three are pushed into the
larger holes. This leads to a substantial broadening of the

field range where a strong Tc�H� enhancement is observed. A
similar picture was introduced by Doria and co-workers to
explain the multiple trapping of vortices at high fields, as a
result of the pressure exerted by the external vortices into the
pinning site.10

B. Critical current

So far we have explored the normal-superconducting
boundary. Let us now turn to isothermal critical current
measurements in order to study the vortex dynamics within
the superconducting state. The critical current as a function
of field Ic�H� was measured using a 100 �V voltage criterion
for several temperatures close to Tc�H�. The results, in
order of decreasing temperature, are shown in Figs. 5 and 6.
The absolute value of the critical current density at zero field
for the composite antidot array amounts to Ico= Ic�H=0�
=6.8�108 �A/m2� at T /Tc0=0.974. This value is a factor
�3 lower than the critical current density obtained for the
reference antidot lattice, in part due to the specific geometry
of the lateral nanopatterning which influences the current
distribution throughout the film, hereby also affecting the
critical current Ico. In order to compare the pinning properties
of the film with the composite antidot lattice �open symbols�
and the reference antidot lattice �solid lines� measured at the
same reduced temperature, we have normalized the critical
current by Ico. Notice that since the saturation number ns is
mainly determined by the coherence length11,12 ��T�, which
in turn depends solely on the reduced temperature t=T /Tc, it
is enough to compare the results obtained on these samples
at the same reduced temperature, without the necessity of
normalizing the field.

The Ic�H� / Ic0 curves for the film with a composite antidot
array �Figs. 5 and 6� have been measured for negative fields

FIG. 3. Filled symbols: transition width 
 Tc�H�=Tc�Rcrit

=97%Rn�−Tc�Rcrit=0.1%Rn� of the film with a composite antidot
array, measured with a current of Iac=10 �A. The gray box
marks the “interstitial” regime for the composite array. Open sym-
bols: transition width 
 Tc�H�=Tc�Rcrit=99%Rn�−Tc�Rcrit

=0.1%Rn� of the reference antidot film for
Iac=10 �A. The thin black arrows indicate the ordinate scale for
each curve. FIG. 4. Schematic representation of the potential along a diag-

onal of the composite antidot array �see inset�, experienced by a
vortex entering the sample for H=0, H1, and H2.
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�open symbols� and symmetrized for H
0 for clarity
�dashed lines�. All curves show distinct periodic matching
features, with a period H1 corresponding to the unit cell of
the lattice with the large �or the small� antidots
�d=1.5 �m�. In the upper panel of Fig. 5 �T /Tc0=0.997�, the
Ic�H� / Ic0 curve for the film with a composite antidot lattice
shows sharp maxima at H1, H2, and H3. This behavior is
expected at temperatures sufficiently close to Tc0, where it
is not possible to have interstitial vortices in the supercon-
ducting strands between the antidots. As we mentioned
above, interstitial vortices appear in the sample only
for T /Tc0�0.994. Accordingly, at a lower temperature,
T /Tc0=0.993 �Fig. 5, lower panel�, and all temperatures be-
low that �Fig. 6�, a strong enhancement of Ic�H� / Ic0 in the
film with a composite antidot lattice can be found for fields
higher than the first matching field H1, compared to the ref-
erence antidot lattice. The reason for this lies in the ability of
the composite antidot lattice to pin more flux quanta inside
the antidots compared to the reference antidot array. It should
be noted that the field range where the film has a finite criti-
cal current, i.e., where the film remains superconducting, is
considerably broader for the composite than for the reference
antidot array.

The appearance and sharpness of the matching features
in the Ic�H� / Ic0 curves are temperature-dependent. At

T /Tc0=0.993 �Fig. 5, lower panel�, every integer-matching
peak up to H6 can be clearly seen. The maxima at H1, H2,
and H3 are very pronounced. At H4 and H5, one finds cusps
rather than local maxima in Ic�H� / Ic0. The matching feature
at H6 is again peaklike. This indicates that the vortex patterns
formed at H4 and H5 are less stable than the vortex configu-
ration at H6.

When the temperature is lowered down to T /Tc0=0.986
�Fig. 6, upper panel�, we find again sharp matching features
in Ic�H� / Ic0 at H1, H2, and H3, and only very weak cusps at
H4 and H5. At H6, the local maximum has developed into a
pronounced cusp, after which a substantial change in the
Ic�H� / Ic0 slope occurs. A second smaller slope change can
be found at H7. At the lowest measured temperature,
T /Tc0=0.974 �Fig. 6, lower panel�, the only matching fea-
tures left are the sharp local maxima at H1, H2, and H3, and
one pronounced cusp at H7. It appears that, at this tempera-
ture, the seventh matching field H7 plays the same role as
the sixth matching field H6 at T /Tc0=0.986. This fact
indicates that at T /Tc0=0.974, the total number of trapped
flux quanta per unit cell of the composite lattice increases
from four to five.

It is worth noticing that the normalized critical current at
the first matching field H1 reaches approximately the same
value for the film with the composite and with the reference
antidot lattice, except for the Ic�H� / Ic0 curve taken at

FIG. 5. Normalized critical current at T /Tc0=0.997 and
T /Tc0=0.993 of a film with a composite antidot array. The curves
were measured for H�0 �open symbols� and symmetrized for clar-
ity for H
0 �dashed line�. For comparison, the solid line shows the
normalized critical current Ic�H� / Ic0 obtained for the film with the
reference antidot lattice.

FIG. 6. Normalized critical current at T /Tc0=0.986 and
T /Tc0=0.974 of a film with a composite antidot array. The curves
were measured for H�0 �open symbols� and symmetrized for clar-
ity for H
0 �dashed line�. For comparison, the solid line shows the
normalized critical current Ic�H� / Ic0 obtained for the film with the
reference antidot lattice.
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T /Tc0=0.997. This fact makes the film with the reference
antidot array a good candidate to compare its pinning prop-
erties with those of the composite antidot array.

C. Stable vortex patterns

We have performed molecular-dynamics simulations to
obtain the vortex patterns at the matching fields H5, H6, and
H7. To model the composite vortex lattice, two interpenetrat-
ing arrays of Gaussian sites with a different radius and a
different pinning force were used. Figure 7 shows the vortex
configurations we suggest for H4, H5, H6, and H7. Multi-
quanta vortices are represented in this model by a multiple
occupation of a pinning site with �repulsive� single-quantum
vortices. Since in the experiment the pinning sites consist of
real holes in the film, the vortices trapped in the same pin-
ning site will be interpreted as multiquanta vortices, even
though they are depicted as separate single flux quantum
entities in the plots.

The vortex pattern at H4, which is drawn schematically
and was not calculated, depicts all antidots occupied with the
maximum number of vortices. The large antidots trap 3�0
vortices; the smaller antidots trap a �0 vortex. No interstitial
vortices are present in the sample. At H5, there is one inter-
stitial vortex present per unit cell of the array. There can be
seen a tendency of the interstitial vortices to form diagonal

lines, which make zigzag traces across the sample, indicated
by dashed lines in Fig. 7�b�. Thus the obtained pattern is
consequently not very stable.

At H6, a highly symmetric vortex pattern is formed. In
this case, two interstitial vortices are present per unit cell,
which are positioned approximately at the center of the line
connecting two neighboring large antidots. Due to its high
symmetry, the vortex pattern at H6 is very stable. This result
is consistent with the fact that the matching features at H6 in
Tc�H� or Ic�H� / Ic0 are more pronounced than at H5 �see, e.g.,
Figs. 3 and 6, upper panel�. At H7, the calculations were not
able to produce a regular vortex pattern with an occupation
of three at the large pinning sites and one at the smaller
pinning sites. This indicates that the stability of a vortex
pattern at H7 is not very high.13,14

IV. CONCLUSIONS

We have used a composite antidot lattice, consisting of
two interpenetrating antidot arrays with a different antidot
size, but with the same lattice period, as a strong periodic
pinning potential for the vortex lattice in a superconducting
film. The shift between the two lattices is such that the
smaller antidots are situated exactly at the centers of the cells
of the array of large antidots. We have shown that this pin-

FIG. 7. Suggested vortex pattern at H4, H5, H6, and H7. All patterns have been obtained by molecular-dynamics simulations
by an annealing procedure, except the one at H4. Open circles and black dots represent pinning sites and single quantum vortices,
respectively.
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ning array can stabilize the vortex lattice at several matching
fields from H1 to H7.

Measurements of the critical temperature Tc�H� and cur-
rent Ic�H� / Ic0 as a function of magnetic field have demon-
strated that the composite antidot lattice can trap a consider-
ably higher amount of flux quanta per unit cell inside the
antidots, compared to a reference antidot film without the
additional small antidots. This means that the appearance of
interstitial vortices in the composite antidot lattice is delayed
to higher magnetic fields. The presence of the smaller anti-
dots has therefore increased the effective saturation number

of the large antidots, which has led to a considerable expan-
sion of the field range in which an enhanced critical current
is observed.
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