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Abstract. Vortex lattice dynamics has been studied in thin Nb superconducting films sputtered
on top of a dense triangular array of V dots with and without an intermediate SiO, insulating
layer. While the insulating layer modifies only slightly the Nb film corrugation, it reduces
superconducting commensurability effects (CE) substantially. This implies that
superconducting commensurability is dominated by proximity effects. Moreover, the He, (T)
phase diagram of the sample without an insulating layer shows a parabolic temperature
dependence near T¢ and critical temperature oscillations with the periodicity of the matching
field. Therefore, strong proximity effects locally suppress superconductivity leading to a
superconducting mesh. When the proximity effect is decreased by an insulating layer, Heo(T)
follows the expected linear T dependence.

1. Introduction
In recent years, the fabrication of high quality superconducting (SC) heterostructures confined to the
nm scale, gave rise to the discovery of novel phenomena. The systems under study comprise mainly
SC thin films with a regular array of holes [1], blind holes [2], magnetic dots [3],[4] and insulating
dots [5]. In type Il superconductors with an array of pinning centers, commensurability effects (CE)
take place for an integer or fractional number of flux lines per unit cell [6]. This is known as a
"collective" effect as is strongly dependent on mutual repulsion between vortices. Vortex pinning in a
thin film containing a non-ferromagnetic array of dots has been explained as a sum of different
contributions, depending on the temperature and the geometry involved: 1) the depression of the
superconducting order parameter in the surrounding of the dots [7], 2) intrinsic pinning due to the
random film defects [8], 3) periodic thin film corrugation and film inhomogeneity [9] and 4) filling
effects due to the quantized nature of the vortices [10]. The latter, known as the Little & Parks effect
[11] has been widely studied in multiple connected superconducting strips and in thin films with a
regular array of pinning centers [12],[13].

We explore pinning mechanisms and CE using ac-susceptibility, in thin SC Niobium (Nb) films,
sputtered on top of a dense triangular array of Vanadium (V) dots with and without a SiO, insulating
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layer used to separate the V dots from the Nb film. We show that the insulating barrier modifies
weakly the film corrugation and inhibits the depression of superconductivity by proximity effects.
Although the superconducting-matching effects persist, the He(T) phase diagram is strongly
modified. The paper is organized as follows. In Section 2 we describe the experimental details. Results
and discussions are presented in Section 3. Conclusions are drawn in Section 4.

2. Experimental

A dense submicrometric triangular array of V dots, diameter d = (70+5) nm and thickness h = (50+2)
nm with lattice parameter D = (110£10) nm, was deposited on a Si substrate as described elsewhere
[14]. On top of the V dots, a Nb film of thickness t = (100+5) nm was sputtered (sample 10KC) and
for the sample 10Si/V, an additional SiO, film of thickness & = (10+2) nm was evaporated before the
Nb deposition. The bulk critical temperature of V, T¢"(bulk) = 5.4 K [15], is lower than the bulk
critical temperature of Nb, T "(bulk) = 9 K [16]. It is well known that critical temperature may be
modified for films or heterostructures [17]. In these experiments, V dots remain normal in both
samples in the field and temperature ranges studied, as we found no evidence of its SC transition [18].

3. Results and discussion
Figure 1 (a) shows the zero field temperature dependence of AC susceptibility, y’, for sample 10KC
(full) and 10Si/V (open symbols). An AC magnetic field hac = 0.25 Oe has been applied
perpendicular to the samples. The zero field critical temperatures (T¢), are Tc'*““ = (6.60+0.02) K and
T = (7.17+0.02) K for sample 10KC and sample 10Si/V, respectively.
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Figure 1: (a) x'(T/T¢) (hac = 0.25 Oe, H =0) for sample 10K C (full) and 10Si/V (open symbols). (b-c)
SEM images and intensity profiles of the surface of sample 10KC (b) and 10Si/V (c).
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Note the similarity between both transitions vs t = T/Tc. In these heterostructures, periodic surface
corrugation and thickness variation of the Nb thin film around the V dots can produce CE [19]. In
addition, normal V dots can depress the superconducting order parameter of the Nb thin film by
proximity effects, leading to vortex pinning. Since the surface Nb corrugation and the V dots lattice
have the same periodicity (in fact, one produces the other), both mechanisms may lead to the same
matching fields. Consequently, it is not straightforward to assess independently the strength of each
pinning mechanism.

To determine the influence of the proximity effect of V dots on the Nb thin film we measured the
corrugation in samples 10KC and 10Si/V by Scanning Electron Microscopy (SEM) as shown in figure
1 (b) and (c) respectively. By comparing intensity profiles from SEM images at the same
magnification, we found that the 10 nm Si layer in 10Si/V reduces the surface corrugation only by
~10% compared to the surface corrugation in sample 10KC. The unexpected corrugation similarities
in both samples implies that differences in pinning are not related to corrugation effects.
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Figure 2 (a) shows AC susceptibility measurements vs DC magnetic field, applied perpendicular to
the surface of both samples in zero field cooling experiments.
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Figure 2: (a) Shielding capability vs DC magnetic field of the sample 10KC (full) and 10Si/V (open
symbols). (b) Axrer = (x(H)-%(0))/(x(H;)-x(0)) extracted from data in (a). Vertical dashed lines indicate
the first and second matching fields.

We compare curves at the same reduced temperature and zero field shielding capability, for the
sample 10KC (full) and 10Si/V (open symbols). Vertical lines indicate the experimental first and
second matching fields H; = (1975+£50) Oe and H, = (3950+50) Oe, in agreement with calculated
values for a unit cell with lattice parameter d = 110 nm [6].

In figure 2 (b) we plotted Ayrer = (' (H)-x(0))/(%x’(H1)-x’(0)) vs H, which shows clearly the
reduction of vortex mobility at the first matching field. The weak temperature dependence of matching
intensity in 10Si/V leads us to attribute the slightly reduced vortex mobility at matching fields to the
periodic surface corrugation. This implies that the SiO, layer isolates the SC Nb film from the normal
V dots, impeding the proximity effects and the depression of the SC order parameter thus reducing
matching effects. In contrast, CE are clearly enhanced and temperature dependent for the sample
10KC. Since both samples have almost the same corrugation, this implies that proximity effects
between the normal V dots and Nb film in the sample 10KC, depress the SC parameter in the film
around localized regions close to each V dot. The existence of proximity effects implies that the
interfaces between the V dots and the Nb film are clean. In addition, at fields other than the matching
fields screening appears to be more effective in 10KC than in 10Si/V. This is expected considering
that not only surface corrugation but also pinning close to the V dots play an important role in sample
10KC. At the same reduced temperature, vortex dynamics are reduced and matching effects are clearly
enhanced for sample 10KC in contrast to sample 10Si/V. CE at low temperatures (below 0.5T) are
smeared due to the enhancement of intrinsic random pinning as temperature is reduced.

When the temperature is raised close to Tc, the coherence length & changes substantially, which has
important implication for the behavior of these films. In figure 3 (a) we plot the phase diagram Hc,(T)
for sample 10KC in full symbols, extracted from field cooling temperature dependent susceptibility
measurements at different DC fields. Critical field shows strong non linear temperature dependence
near Tc, on which an oscillatory variation with periodicity of the matching field is superimposed. The
parabolic dependence of Hey(T) for SC strips of width w is well known and follows the expression:

Y
H (T ): \/E¢O — \/E¢O 1_TC(H) i

2Nl 27wE(T)  22wé(0) T,
where ¢o=2x107 Gem? is the flux quantum [20].
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The horizontal dashed lines indicate the first and second matching fields. As was previously
discussed [21],[4], fluxoid quantization in SC wire networks gives rise to this oscillatory behavior and
has been extensively studied in SC networks [12],[22], Josephson junction arrays [23], and perforated
Al films [24]. These phenomena have been observed not only in SC films with an array of holes but
also in films with a regular array of insulating Si dots [25], and even with magnetic dots [4],[26]. This
can be understood in terms of the one-dimensional superconductivity at temperatures close to the
critical temperature, when the coherence length becomes of the order or larger than the width w of the
SC strips which surround the pinning centers.

In contrast, for sample 10Si/V the upper critical field, plotted in open squares in figure 3 (a), shows
a linear temperature dependence and no T¢ oscillations, characteristic of a continuous film with a
coherence length smaller than any in-plane dimensions of the film. In this case, (0) was calculated
using the bulk expression Hey = ¢¢/27E%(T) [20]. From the linear fit shown in dashed line in figure 3
(a), we obtain &(0) = (7+1) nm.
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Figure 3: (a) Hep vs Te(H)/ T of the sample 10KC (full) and 10Si/V (open symbols). Solid and dash-
dot lines are the quadratic and linear fittings for samples 10KC and 10Si/V respectively. Horizontal
dashed lines indicate H, and H,. (b) AT¢/Tc = (Tc-Tc(H))/Te vs DC field for the sample 10KC and
quadratic fittings of the first two oscillations after parabolic background was subtracted.

A phenomenological model [24] used to describe the SC phase diagram of wire networks
determines the oscillations with a sequence of parabolas:

E (] e

Here, n is the number of quantum flux per unit cell, ¢ = A, H is the flux per unit cell and ATc is the
difference between the zero field critical temperature T and the critical temperature in an applied field
Tc(H). In terms of the lattice parameter d, the area of the unit cell for a triangular array is A, =
(\3/2)d% In figure 3 (b) we plot AT¢/T¢ = (Te-Te(H))/Tc vs DC field, after subtracting the parabolic
background from the data in figure 3 (a). The first and second oscillations correspond to one and two
flux quanta per unit cell (n = 0 and n = 1, respectively) and from (2) we estimated the G-L coherence
length £(0) = (19+£2) nm, which is significantly larger than the coherence length of the sample 10Si/V.
The lattice parameter d = (150£40) nm, is in agreement with the expected value d = 110 nm. A
parabolic fit of the data shown in figure 3 (a) to (1) together with the coherence length determined
above, helps estimate the width of the SC strips, w = (46+4) nm. This width is smaller than the lattice
parameter d. This is consistent with our geometry landscape, in which the SC strips enclose regions
over the normal V dots where the Nb thin film is in the normal state.
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4. Conclusions

We explored the pinning mechanisms and CE using ac-susceptibility measurements, in thin Nb films
containing a dense triangular array of V dots. We compared samples with similar corrugation, with
and without an intermediate insulating SiO, layer. Stronger matching effects occur for the sample
where proximity effects induce pinning (i.e. without the SiO, layer). Moreover, the phase diagram
Heo(T) is strongly modified. Therefore, we conclude that the local depression of superconductivity in
the NDb thin film by proximity effects with the V dots, is responsible for the observed Tc oscillations.
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