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The response of superconducting Nb films with a diluted triangular and square array of holes to a perpendicular

magnetic field are investigated. Due to small edge-to-edge separation of the holes, the patterned films are similar to

multi-connected superconducting islands. Two regions in the magnetoresistance R(H) curves can be identified according

to the field intervals of the resistance minima. Moreover, in between these two regions, variation of the minima spacing

was observed. Our results provide strong evidence of the coexistence of interstitial vortices in the islands and fluxoids

in the holes.
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1. Introduction

Superconducting films with artificial pinning ar-
rays of well-defined size, shape, and composition have
attracted much attention in the past decade. A se-
ries of novel phenomena have been explored, including

2 and recti-

commensurate effects,[!] reconfiguration,
fication effects.l3] At the commensurate fields, vortices
form ordered configurations which have the same sym-
metry as the underlying pinning arrays thus reduce
the vortex mobility and lead to increased critical cur-
rent and decreased resistance.l*) Besides, if the num-
ber of vortices trapped in the pinning sites reaches its
maximum value, the extra vortices could sit at the
interstitial regions between the pinning sites. If one
ignores the intrinsic pinning of the film, the locations
of these interstitial vortices can be determined by min-
imizing the interaction potential between the intersti-
tial vortices and the trapped ones. With direct imag-
ing experiments such as electron-beam microscopy,!®!

scanning Hall probe microscopy,!®:7!

and scanning
tunneling microscopy,® the coexistence of vortices
trapped in pinning sites and interstitial Abrikosov vor-
tices has been confirmed.

However, most of these experiments were car-
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ried out at temperatures far below T., where the
temperature-dependent coherence length &(7) =
£(0)/4/1 —T/T, is small. At temperatures near T,
transport measurements/29~11] have also shown that
interstitial vortices can be stabilized but those works
only focused on vortex arrangements with small vortex
densities. The vortex configuration can be very com-

plicated with high flux density.[3:1%

Recently, it has
been shown by numerical simulations that a multi-
quanta interstitial vortex (giant vortex) state is fa-
vored under certain pattern geometry.'3:'4 However,
without direct imaging experiments, it is very difficult
to determine the exact locations of the interstitial vor-
tices.

In this work, we study the interstitial vortices up
to high vortex density near T, using diluted triangular
and square arrays of holes. Honeycomb and Kagomé
arrays can be obtained from a triangular lattice with
1/3 and 1/4 of the sites removed, respectively.[' In
a similar way, a diluted square (DS) lattice is con-
structed by removing 1/4 of the sites from the origi-
nal square lattice. Thus all the patterned films have
large interstitial regions which allows us to investigate
the behavior of the interstitial vortex. Different from
previous studies, 191517 the edge-to-edge separations
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between the holes in this work are comparable to the
coherence length at the measurement temperatures. A
series of local minima are observed in the magnetore-
sistance R(H) curves. Surprisingly, the values of the
field intervals between two consecutive minima vary
with respect to the applied magnetic field, which is
attributed to the presence of interstitial vortices. The
possibility of giant interstitial vortex states in these
systems is also discussed.

2. Experiment

The superconducting Nb films with a thick-
ness of 60 nm are deposited by magnetron sput-
tering on the SiOy substrate. The micro-bridges
for transport measurements were fabricated by ul-
traviolet photolithography and reactive ion etch-
ing. Then the desired arrays covering the whole
bridge area of 60 wm x 60 um were obtained by
electron-beam lithography (EBL) on a polymethyl
metacrylate (PMMA) resist layer. Finally, the pat-

terns were transferred to the films by magnetically

Fig. 1. (colour online) Atomic force micrograph (AFM) of
superconducting Nb film with honeycomb (a) and Kagomé
(b) array of holes. The spacing of the holes is 400 nm and
the diameter is about 340 nm in (a) and 360 nm in (b).

enhanced reactive ion etching. Figure 1 shows the
atomic force micrographs of the honeycomb and the
Kagomé sample on 60-nm Nb films with lattice con-
stant a = 400 nm. The patterns look like thin wire
connected superconducting disks.

The transport measurements were performed in a
commercial Physical Properties Measurement System
(PPMS) manufactured by Quantum Design. The sys-
tem has a temperature stability of 2 mK during the
measurements. The magnetic field was applied per-
pendicular to the film. The basic information of the
samples is listed in Table 1. A reference film with-
out any pattern has a higher T, of 7.65 K. The co-
herence length at zero temperature is £(0) = 9.4 nm
according to T.(H) phase boundary measurement of
the reference sample.['® Using the dirty limit expres-
sions £(0) = 0.855v&! and A(0) = 0.64)\/&o/1,
where & = 41 nm is the BCS coherence length!!?!
and \; = 35 nm is the London penetration depth,2%
we determined the mean free path [ = 2.95 nm and
zero temperature penetration depth A(0) = 83.5 nm.

Table 1. Basic information of the samples. Dy, is the hole
diameter, 7. and AT are the superconducting transition

temperature and the transition width, Ry is the normal
state resistance at 8 K.

Dy, /nm T./K AT /K RN/Q

Honeycomb 340+ 5 7.53 0.18 28.36
Kagomé 360+5 7.48 0.40 53.30
DS 360 £ 5 7.38 0.40 38.98

3. Results and discussion

Shown in Fig. 2 are the typical R(H) curves mea-
sured with increasing field near 7, for the diluted tri-
angular samples. The current was applied along the
X axis (see Fig. 1). A set of matching minima are
clearly presented, eight for honeycomb and fourteen
for Kagomé. The first matching fields derived from the
lattice constant are H; = ®y/(3/4)v/3a® = 99.6 Oe
(1 Oe = 79.5775 A/m) and H; = ®,/(2/3)V3a® =
112.1 Oe for honeycomb and Kagomé sample, respec-
tively (Here &y = h/2e is the flux quantum). For
detailed analysis, the field interval normalized by the
first matching field H; versus the corresponding index
number are shown in the insets.

First, let us concentrate on the results of the
honeycomb lattice. The reduced temperature is ¢t =
T/T. = 0.984. The interval between two consecutive
minima is 96.3 Oe for the first three matchings which
is in agreement with the theoretical value. When the
field is larger than the 3rd matching field, the field
spacing has a larger value of about 1.5 H;, which is
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very close to the matching field of the triangular lat-
tice with the same lattice constant. We define the 4th
matching field as Hi, to denote this transition. Most
surprisingly, this kind of larger interval is observed
twice and followed by another interval of 1.16 H; as
After that,
the field spacing of the minima equals 1.5 H; again,

can be seen from the inset of Fig. 2(a).

two clearly presented and a much weaker one near the
normal phase.
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Fig. 2. Magnetoresistance of 60-nm Nb film with diluted
triangular arrays: (a) honeycomb at ¢t = 0.984, I = 10 pA,
(b) Kagomé at t = 0.982, I = 10 pA. The resistance is nor-
malized by the normal state resistance at 8 K. The insets
show the field interval normalized by the field value of the
first resistance minimum versus the index of minima.

Figure 2(b) shows the results on the Kagomé sam-
ple at t = 0.982. More minima are presented due
to a larger hole diameter. Similar variations of the
field interval are better identified. The field intervals
of the first three sharp matching minima are about
108.3 Oe, again in good agreement with the predicted
value. When the field is larger than the third match-
ing, the spacing of two consecutive minima is about
1.33 H;, which equals the field spacing of a triangular
lattice with a lattice constant of 400 nm. Two excep-
tions are identified at the 5th and 9th minima, where
the corresponding intervals are 1.06 H; and 1.1 H;.
For fields larger than the 9th matching, the intervals
are all about 1.33 H; as can be seen from the inset.

Large defects with small spacing can trap vortices
efficiently.(222] Moreover, in our samples with hole
arrays, supercurrents are induced around the holes
to satisfy the fluxoid quantization condition when
subjected to an external field. We have recently
found that in the low field region, the honeycomb
and Kagomé array of holes just behave like triangular
and T3 wire networks, respectively.[?3l When the field
is small, the disk-shaped interstitial regions are in a
superconducting state. No interstitial vortex is pre-
sented as illustrated in Fig. 4(a) and Fig. 4(c). Con-
sequently, the spacial variation of the order parameter
is small in a given disk and the center of the disk can
be regarded as a node in a wire network. With this
simplification, all the fine structures in the low field re-
gion are well described by the Alexander equations. 24

As the field increases and reaches Hy,, Abrikosov
vortices are generated in the disks to minimize the
Gibbs free energy. In the honeycomb and Kagomé
arrays, the interstitial regions have a disk-like shape
and the confinement of the periphery is significant. 2%
These interstitial vortices are effectively pinned by the
repulsive interactions from the fluxoids in the holes,
which create a caging potential.'3] The presence of
interstitial vortices results in a reconfiguration of the
flux lattice from a fluxoids lattice to a composite lat-
tice, which can be identified by the change of minima

2,26] The ordered vortex

spacing in the R(H) curve.l
arrangements just after the transition are illustrated
in Fig. 4(b) and Fig. 4(d). The overall flux lattice is
the interstitial vortex plus fluxoids around the holes.

Here, we introduce a notation?"] (

m, n) to signify the
configurations, where m denotes the quantum number
of fluxoids in one hole and n denotes the total vorticity
of an interstitial region. We identify different vortex
configurations assuming that local dissipation minima
correspond to stable vortex configurations. In an in-
creasing field, if the minima spacing is H;, the state
would change from (m,n) to (m + 1,n). However, if
the interval is 1.5H; for the honeycomb or 1.33H; for
the Kagomé sample which equals the matching field of
a triangular lattice, the state may change from (m,n)
to (m 4+ 1,n + 1) instead. The states corresponding
to the 3rd and 4th minima in Figs. 2(a) and 2(b) are
(3,0) and (4,1) respectively. Previous experimental
works on a honeycomb array have found stable vortex
configurations with one interstitial vortex.!'%-'1l Here
we are able to investigate states with several intersti-
tial vortices. However, we must note that the vortex
configuration can be very complicated if several inter-
stitial vortices are involved and we cannot determine
vortex configurations in this simple way. Numerical
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simulations based on the Ginzburg—Landau theory can
provide useful information for determining the exact
locations of the vortices.
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Fig. 3. Normalized magnetoresistance curve of a diluted
square (DS) lattice at ¢ = 0.989 with a current of 10 pA.
The inset shows the field interval normalized by the field
value of the first resistance minimum versus the minima
index.
Up until now we have discussed the R(H) curves
of the diluted triangular lattice. In Fig. 3 we show the
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R(H) curve of the DS sample measured at ¢ = 0.987
with a current of 10 pA. The corresponding first
matching field of the DS lattice is H; = 3®q/4a> =
97 Oe. When the field is small (H < 5H;), local min-
ima are identified at integer multiples of H;. At these
fields, the quantum number of the fluxoids in each
hole has the same value. However, dips at fractional
matching fields including 2/3, 5/3, and 8/3 are very
sharp. They can be even more pronounced than the
integer ones, indicating that states with an ordered
fluxoids and supercurrents distribution are formed at
these field values. The connectivity*¥ or symmetry
of the system determines these low energy states. In a
honeycomb and Kagomé lattice, all the sites have the
same number of nearest neighbor, which is three and
four, respectively. The DS lattice, on the other hand,
has two kinds of sites as can be seen from Fig. 4(e).
Site A at the corner has four nearest neighbors and site
B at the edge has only two. The fractional matching
minima at H = (n + 2/3)H; may correspond to the
states with n + 1 fluxoids at site B and n fluxoids at
site A.

Fig. 4. Schematic sketch of the vortex lattice reconfiguration in honeycomb (a), (b), Kagomé (c), (d) and dilute

square (DS) arrays (e), (f). No interstitial vortex states (a), (c), (e). States with one interstitial vortex at the

center (b), (d), and (f). Black circles represent holes with fluxoid quanta, grey circles for interstitial vortices.

Now, let us look at the high field part of the R(H)
curve. For field values larger than the 5th matching,
the interval between two consecutive minima is about
130 Oe. This value is very close to the matching field
of the original square array which is 129.4 Oe. Similar
to the observations in diluted triangular arrays, the

change of the field interval is due to the nucleation

of Abrikosov vortices in the interstitial region. Thus,
the overall flux lattice reconfigures from the underly-
ing DS array to square. This kind of reconfiguration is
absent in a square lattice.[?8! The states corresponding
to the 6th minima are illustrated in Fig. 4(f). With
the field further increasing, more Abrikosov vortices

are generated in the interstitial sites. The confinement
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of the periphery and the vortex—vortex interaction de-
termine the locations of these vortices.

At the typical measurement temperature t = 0.99,
the penetration depth is about 800 nm, which is even
larger than the length scale of the interstitial region
(about 500 nm). So the vortex generated field must
overlap heavily and spacial variation of the magnetic
field is negligible. The coherence length is 94 nm,
which means that the vortices can still have individ-
ual cores if only a few interstitial vortices are involved.
As the field increases, even the vortex cores overlap,
resulting in the formation of multi-vortex states. We
suggest that a giant vortex can form at the center
of the interstitial region with a sufficiently high field,
in agreement with simulations.['314 Although a giant
vortex is unfavored in plain film, they can be stablized
in mesoscopic disks. %2939 About ten minima are ob-
served in the high field region in Fig. 2(b). With such
a high flux density, the presence of the giant intersti-
tial vortex is possible.

4. Conclusions

In conclusion, magnetotransport properties of Nb
films with diluted triangular and square arrays have
been studied. Two regimes of the vortex lattices char-
acterized by different intervals between two consecu-
tive resistance minima are observed. The transition
of the two regimes is due to the presence of single
quantum interstitial vortices. Our findings show that
these arrays can trap interstitial Abrikosov vortices
effectively. Several vortices can nucleate at one inter-
stitial site, making these systems suitable for studying
the caging effect and giant interstitial vortex states.

Note added: during the preparation of this paper,
the authors noticed the recent work on honeycomb
arrays,! in which the configurations of interstitial
vortices and the caging effect are studied.
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