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Abstract

We study vortex lattice dynamics in a heterostructure that combines two type Il superconductors:
a Niobium (ND) film and a dense triangular array of submicrometric Vanadium (V) pillars.
Magnetic ac susceptibility measurements reveal a sudden increase in ac penetration related to an
increase in vortex mobility above a magnetic field, H™ (T, that decreases linearly with
temperature. Additionally, temperature independent matching effects that occur when the
number of vortices in the sample is an integer of the number of V pillars, strongly reduce vortex
mobility, and were observed for the first and second matching fields, H, and H,. The angular
dependence of H,, H, and H* (T) shows that matching is determined by the normal applied field
component while H* (T) is independent of the applied field orientation. This important result
identifies H* (T') with the critical field boundary for the normal to superconducting transition of
V pillars. Below H™ (T) superconducting V pillars repel vortices, and the array becomes an
‘antipinning’ landscape that is more effective in reducing vortex mobility than the ‘pinning’
landscape of the normal V sites above H* (T). Matching effects are observed both below and
above H™ (T) implying the presence of ordered vortex configurations for ‘antipinning’ or

‘pinning’ arrays.
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1. Introduction

The effect of artificial pinning centers on the behavior of the
vortex lattice (VL) in superconducting systems has been an
issue of intense research over the past decades. Engineering
samples with controlled pinning arrays in the nm length scale
has assisted an active feedback between detailed calculations
and experiments to examine the response of the VL moving in
specific pinning landscapes. For applications, the strong
attention to these systems is mainly to control crucial
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parameters such as critical current, creep or magnetization, all
strongly influenced by pinning forces.

In the presence of periodic arrays of pinning centers
vortex dynamics show interesting commensurate or matching
effects when the number of vortices is an integer or a fraction
of the number of pinning sites, leading to a strong enhance-
ment of the critical current and a strong decrease in vortex
mobility and ac penetration. Attention has been mainly
focused on regular arrays of holes (antidots) [1], blind holes
[2] and magnetic [3] or non-magnetic normal dots [4].

Recently however, the stable vortex structures in thin
superconducting films containing superconducting pillars, has
been studied [5] and the transport in superconducting films
with modulated thickness [6] was examined. It has been
shown that superconducting pillars repel vortices [7], making
the array an ‘antipinning’ periodic landscape that may be

© 2014 I0P Publishing Ltd  Printed in the UK


mailto:vbekeris@df.uba.ar

Supercond. Sci. Technol. 00 (2014) 000000

S J Carreira et al

viewed as the inverse type of defects to a lattice of antidots or
of normal pinning dots.

In this paper we examine the VL dynamics in a Niobium
(ND) film containing a dense submicrometric triangular array
of Vanadium (V) pillars, with a bulk superconducting critical
temperature, T, and upper critical field, HY, (0), respectively
lower than bulk T’ and HYY of Nb. The VL behavior was
studied using ac susceptibility measurements, y =y’ + jx”,
as a function of temperature and magnetic field.

In addition to temperature independent matching effects,
we find that at a temperature dependent magnetic field,

H™(T), an abrupt change in the dynamics of the VL occurs
and mobility suddenly increases with field. Through angular

dependent measurements we identify H* (T') with the critical
field or H—T phase boundary for the normal to super-
conducting transition of V pillars. In this scenario, super-
conducting V pillars, known to repel vortices [7], form an

antipinning landscape [5] below H™ (T), and above this field
become normal attractive pinning centers, inducing a local
depression of the superconducting parameter in the Nb film
by proximity effects. We find that for the geometry of our
samples, antipinning is more efficient than pinning in redu-
cing VL mobility and matching effects occur in both cases.
The paper is organized as follows. In section 2 we describe
experimental details, and results and discussions are presented
in section 3. Conclusions are drawn in section 4.

2. Experimental

A dense submicrometric triangular array of V pillars, diameter
d = (70 = 5) nm and thickness 4 = (40 + 2) nm with lattice
parameter D = (100 + 10) nm, was deposited on a Si sub-
strate as described elsewhere [8]. On top of the V dots, a Nb
film of thickness ¢t = (100 + 5) nm was sputtered. The bulk

critical temperature of V, T, = 5.4 K [9], is lower than the

bulk critical temperature of Nb, ng” = 9 K [10], although it is
well known that critical temperature may be strongly mod-
ified for films or heterostructures [11], particularly in this case
where the absence of an insulating layer between the Nb film
and the V pillars gives rise to strong proximity effects.

The sample is (2 X 3.5) mm’. Figure 1 shows two scan-
ning electron microscopy images of the sample, magnified
50000 in panel (a) and 400 000 times in panel (b), where the
triangular array of V pillars is observed. The images were
taken rotating the sample 30° from the beam direction to
observe the pillars more clearly.

It is well known that for a triangular array of strong
pinning potentials with lattice parameter D, the calculated first
and second matching fields are

HE =2¢,//3D* = (2390 + 480) Oe,
Hy = 4¢,/\/3D" = (4780 + 960) Oe, with the flux quantum
¢, =2.07 107" Genr’.

and

Figure 1. SEM image of the sample showing the Nb film containing
the triangular array of V pillars. (a) x50 000 and (b) x40 0000. The
sample was rotated 30° form the beam direction to observe the V
pillars.

Ac susceptibility, y (H,T) =x"(H, T) + jy" (H, T), is
a complex magnitude and is a property of the sample, not
only of the material, because it is related to the induced
currents, j(f), that define the time dependent magnetization

M@ = -

2cv
boundary conditions intervene. If a dc magnetic field,
superposed to an ac magnetic field, H, = H + h cos (wt), is
applied to a superconductor, due to the induced shielding
currents, M(¢) is periodic in 2z/w. The first Fourier compo-
nents of M(#) are ' and x”. The ac susceptibility real com-
ponent y’ is in phase with magnetization and therefore it is in
direct relation to the penetration of ac field in the sample. The
out of phase component y” is related to the dissipation due to
the electric field induced by changes in the magnetic flux in
the sample. Measurements were performed in a commercial
QD MPMS XL 7T magnetometer. An applied ac magnetic
field, h,,, modulates the dc field, H, that creates vortices inside
the sample and y (H, T) is measured using an array of

f r X j (t) dv where v is the sample volume and

secondary coils. In the non-linear regime, vortices perform
excursions outside the effective pinning wells, y (H, T) is
h,. dependent and ac losses are not negligible. A small ac
penetration depth or high screening (y'(H, T) = —1), is
related to a VL with low mobility. Oppositely, a large ac
penetration depth (' (H, T) = 0) results for a weakly pinned,
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Figure 2. Screening y’ (T') (full symbols, left axis) and losses, y” (T')
(open symbols, right axis) at zero dc field for i, = 0.1 Oe and
f=1kHz.

highly mobile VL. Losses on the other hand, tend to zero for
highly screened ac fields that produce no changes in the
magnetic flux in the sample and also for high ac penetration
where currents and electric fields are out of phase. Therefore
" shows a peak as a function of dc field or temperature. For
H and T below the peak, an increase in y” implies an increase
in VL mobility or a decrease in effective pinning.

The applied ac amplitude was i, = 1 Oe and the fre-
quency f=1 kHz, except to determine the critical onset
temperature and transition width, where the applied ac field
was reduced to h,, = 0.1 Oe. Ac and dc magnetic fields were
applied perpendicular to the samples, except for the angle
dependent measurements that will be described below.

3. Results and discussion

Figure 2 shows the zero field temperature dependence of ac
susceptibility, y’ (T') (full symbols, left axis) and y” (T') (open
symbols, right axis), for h,, = 0.1 Oe. The sample critical
temperature  determined  with  this  technique is
Ty = (749 £ 0.02) K with a 10—90% transition width
AT, =0.2K.

One of the main results of our paper is shown in figure 3,
where we plot in panel (a) y”(H) for zero field cooled
samples at different temperatures,
3.0, 39, 47, 52, 5.3, 55, 56, 57, 59 and 6.0K.
Temperature control was in the mK throughout the mea-
surements. Vertical lines indicate the experimental first and
second matching fields, H, = (2020 +50) Oe and
H, = (4050 = 50) Oe in good agreement with calculated
values, for one and two flux quanta per array cell respectively.
Calculated vortex ground states obtained from simulated
annealing for a triangular pinning array for the first matching
fields are shown for example in figure 2 of [12]. Matching
effects, where pinning becomes more effective, are clearly

observed at the higher temperatures (T > 5.6 K). For inter-
mediate temperatures, 5.2 K < T < 5.6 K the first matching
is blurred, but the second matching field is clearly observed.
At low temperature, for 3.9 K and 4.7 K, weak commensurate
effects for H, and H,, respectively are observed (see
figures 3(c) and 4(a)). The periodicity in the pinning land-
scape is known to be smeared at low temperatures because
intrinsic random pinning increases as the temperature is
reduced. The response is reversible in field at constant tem-
perature, an indication that intrinsic pinning is not strongly
competing with artificial pinning in our temperature window,
and is not generating different metastable vortex configura-
tions [13].

A salient feature is observed in figure 3: y” (H) increases
with magnetic field at a temperature dependent rate, but above

a cross over field, H* (T), that depends on temperature and is
indicated by short vertical arrows in the three panels, the rate
is suddenly modified and the ac penetration depth grows
faster with magnetic field, i.e. the rate increases. This is an
indication of an abrupt variation in the pinning mechanism
that is more effective below H* (T) than above it. For clarity,
in panel (b) we plotted the data after subtracting a linear fit to
the first five data points, Ay” versus magnetic field, for
T =53,5.5, 5.6, 5.7 and 5.9 K. For these temperatures the
cross over field, H* (T), lies below the first matching field, H,
. In panel (c) we plot " (H) for T = 3.0, 3.9, 4.7 and 5.2 K.
At the lowest temperatures, matching effects are strongly
blurred due to the increase in intrinsic random pinning.
However a clear change in the behavior of the VL regime
occurs above H,, and the vertical arrow indicates the cross

over field, H*(T) for T = 47K. For T = 52K H*(T) is
probably close to H,, as we will see below when plotting

H*(T) as a function of temperature. For T = 3.9K we
observe a change in VL mobility for H, and we believe that
H™ (T) is well above the second matching field (see figure 5).
In contrast to H* matching fields H, and H, are tem-
perature independent. Temperature dependent matching in a
flux-line lattice interacting with a triangular array of pinning
centers without long-range order has been addressed [14, 15].
The authors find that, for disordered arrays, matching fields
shift towards lower values for lower temperatures, and trace
back this weak variation with T to a temperature dependent
averaging over differently ordered domains. The strong
decrease in H* with increasing T in our samples is an evi-
dence that H™* is not related to commensurability effects.
We now discuss the origin of H* (T). The sample is a
combination of two bulk type II superconducting materials,
the Nb film and the array of mesoscopic V pillars. In a sim-
plified scenario, H* could either be the lower critical field,
H.,, of Nb or of V, or the upper critical field H., of V.
However, the mesoscopic character of the V dots in contact
with the Nb superconducting film is not straightforward to
analyze. It is well known that critical fields H,, and H,., for
isolated mesoscopic disks strongly differ from the bulk cri-
tical fields showing pseudoperiodicity and depending on the
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Figure 3. (a) ac losses as a function of dc field for zero field cooled samples at different temperatures,
3.0, 39, 47, 5.2, 53, 55, 5.6, 5.7, 59 and 6.0 K, for h,, = 1 Oe. Arrows indicate the field H* (T) where the behavior of the VL shows

a change. Matching at H, = (2020 + 50) Oe and H,

= (4050 + 50) Oe are shown in vertical lines. (b) Ay” obtained after subtracting a linear

fit to the first data points in (a) (see text) Vertical arrows indicate H* (T). (c) Details are shown for T = 3.0, 3.9, 4.7 and 5.2 K. Arrows

indicate H* (T).

detailed form or geometry and on the boundary condi-
tions [16].

The external magnetic field H was applied perpendicular
to the sample surface, therefore strong demagnetizing effects
are relevant, particularly if the sample is in Meissner state. In
this case, the internal field H,, = H/(1 — N), with a demag-
netizing factor for our geometry, N = 1. Therefore, we may
discard that H* (T) coincides with the lower critical field
H_, (T) of the Nb film containing V dots, since in the per-
pendicular configuration the measured H* would correspond
to extremely high values for H, (7). In addition to this
argument is the fact that losses should be zero in Meissner
state, while finite losses are observed below H™ (T) as shown
in figure 3. In the case of V pillars, we are lead to discard
H., (T) of V pillars as the origin of H*(T), as we would
expect to observe a second feature at higher field or tem-
perature at the superconducting to normal boundary of pillars,
that is absent. This leads us to propose that H™ (T) is the line
boundary in the H — T phase diagram where V pillars become
normal. An additional test is available: demagnetizing effects
become negligible near the nucleation field where magneti-
zation tends to zero, therefore no dependence of H™ with the
applied field orientation should be observed.

We  therefore repeated the y (H) measurements for

magnetic fields applied at different angles 6 from the normal

to the sample surface, as schematically shown in the inset of
figure 4. In figure 4(a) we plot A y” (H) for T = 4.7 K for the
field oriented normal to the sample, & = 0°, (open symbols)
and for 6 = (34 + 5)° (full symbols) after subtracting from
x" (H, 0) a linear fit to the data below H * for clarity, as was
done in figure 3(b). Data for 8 = 0° was displaced arbitrarily
upwards and lines are plotted as a guide to the eye. In panel
(b) we plot Ay"(H) for T=57K, 6=0° and

= (40 + 5) °, again after subtracting from y” (H, 6) a linear
fit to the data below H*, for clarity. Comparing at each
temperature the results for the applied field normal to the
sample and for the applied field oriented away from the
sample normal we observe a shift in the applied matching
field to higher fields with angle, H” = H’/cos (6) = 2412 Oe
and 26100e for € = 34° and 6 = 40° respectively, and
H; = Hzo/cos (8) (not shown) indicating that the perpendi-
cular component of the magnetic field is relevant to create a
number of vortices that matches the number of artificial sites
[17]. H*(T) does not change with the orientation of the
applied field, providing evidence that it is consistent to
identify H™ with the upper critical field of V pillars.

In figure 5 we plot H*(T) that shows a linear depen-
dence with temperature, the line is a guide to the eye. How-
ever, experimental [18] and theoretical [16] results predict
oscillations in the upper critical field of isolated simply
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Figure 4. Ay” (H) after subtracting from y” (H) a linear fit for data

below H* for two field orientations as schematized in inset: normal
to the sample 6 = 0°(open symbols) and oriented from the sample
normal (full symbols), for (a) T = 4.7 K and 6 = (34 £+ 5)° and (b)
T =5.7K and 6 = (40 + 5)°. Matching fields are shifted (see text)

but H* is angle independent. Data for @ = 0° in panel (a) was shifted
upwards for clarity. Lines are a guide to the eye (see text).

connected mesoscopic superconducting disks that we do not
observe. As the sample has an array of V pillars with (narrow)
distribution of sizes, this oscillatory effect may be blurred.
In our scenario, V pillars contained in the super-
conducting Nb film, (i.e. below the upper critical field of the
film, H,,, as shown the inset of figure 5) become normal for

H™(T) < H and behave as an array of normal pinning centers
giving rise to the commensurate effects at H, and H, clearly
shown in figure 3 at high temperature. However, matching is
also observed for V acting as antipinning superconducting
pillars as shown in panel (c) of figure 3 and in panel (a) of
figure 4, for T = 4.7 K where H, < H* (T). Note in the inset

of figure 5, that both H* (T) and H,, (T) lines are well apart,
so the change in VL mobility occurs far from the super-
conducting transition of the patterned film. The thickness of
the corrugated Nb layer deposited on the V pillar array is
probably not uniform, and this may also influence the VL
pinning. Corrugation and thickness modulation may modify
the pinning strength without modifying the matching condi-
tions and, moreover, should not show any abrupt change with
magnetic field.

The upper critical field H., (T) of the sample (inset of
figure 5 in blue circles) shows AT. oscillations related to
Little and Parks phenomena [21] at high temperature and the
nonlinear temperature dependence indicates that near 7¢, the
superconducting coherence length is larger than super-
conducting strips between V pillars [22].

4 T - T
< 4 H*(T)
31 9 / He. (T) 7
= 2| (Nb+V) film
3 2 -
S 7
* . T (K)
I 1 i
0- _
5 | 6
T(K)

Figure 5. H* versus T (black full circles). Line is a guide to the eye.
The inset shows H* (T) and the sample H, (T) in red full squares
and blue full circles respectively.

Below H™*(T) (T (H)), V pillars are superconducting.
Pillars as antipinning centers in superconducting films have
been studied [5] and have been shown to present matching
effects [17]. Using the nonlinear Ginzburg—Landau theory,
vortex configurations in a superconducting film with a square
array of pillars in the presence of a uniform applied magnetic
field was studied [5]. According to the radius, inter-pillar
distance and thicknesses of pillars, different vortex structures
were shown to be stabilized [5]. For a square array, vortices
can be caged in interstitial positions, vortex chain structures
may be formed as well as clusters of vortex molecules at the
interstitial sites, depending on the applied magnetic field.

We were able to observe matching effects in antipinning
landscapes, as mentioned above, for example at H, for
T=47 K, and at H, forT = 3.9 K (see figure 3), indicating
that probably the VL is ordered and commensurate occupying
interstitial positions, and as the number of vortices increases
with applied field, the VL becomes more mobile. Additionally
we conclude that for the particular geometry of our samples,
antipinning seems more effective than pinning.

4. Conclusions

We have examined, in ac susceptibility experiments, the vortex
dynamics in Nb films containing a dense triangular array of
submicrometric V pillars. We find matching effects for the first
and second matching fields consistent with calculated matching
fields for the triangular array of V pillars with a lattice parameter
of 100 nm and an angular dependence indicating that the applied
field normal component is relevant for matching. But the main
result is the observation of an abrupt change in vortex mobility
for a temperature dependent applied field, H™ (T'), that we find
is consistent with the H(T) superconducting to normal boundary
field of V pillars. We present a scenario where below this field,
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pillars are superconducting and must therefore repel vortices,
and interestingly, the VL responds with lower mobility than

above H™ (T). Moreover, we observe matching at the first
matching field at a low temperature where superconducting V

pillars act as repulsive centers. Above H™* (T), the V pillars
become normal conventional pinning centers. Film corrugation
may also contribute to pin the VL, but further work should be
done to discriminate its contribution. In consequence, these
samples are excellent candidates to disclose vortex dynamics as
superconducting antipinning pillars turn into normal pinning
centers. In this scenario, pinning by depression of the super-
conducting parameter, induced by proximity effects of normal V
pillars and/or corrugation is less effective than pinning by vortex
repulsion by superconducting pillars for the particular geometry
of our samples. A detailed comparison of the energies involved
in each type of mechanism, the condensation energy due to
normal pillars proximity or the energy to create long or short
vortices (vortex repulsion from pillars) and examination of
samples with different geometries, will shed further light in the
understanding of antipinning and pinning mechanisms.
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