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We experimentally study superconducting YBa2Cu3O7 thin films with artificial vortex pinning arrays
created via masked ion irradiation. In particular, we compare a series of arrays (2D periodic non-Bravais
lattices) in which the density of pinning sites is nonuniform within the unit cell. The series consists of
variants of a canonical array, which is gradually deformed by varying the separation between pinning
centers within the unit cell. Interestingly, the array deformation produces a very striking evolution of
magnetoresistance flux-matching effects, which strongly depend on temperature. The key to this unusual
behavior is the nanoscale spatial modulation of the superconducting critical temperature produced via
masked ion irradiation. The hereby-demonstrated tunability of the flux-matching effects brings possibilities
to the field of vortex manipulation in high-temperature superconductors.
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I. INTRODUCTION

Nanopatterning of superconductors is a thoroughly
investigated approach to create vortex pinning arrays and
to finely tailor the energy landscape for magnetic flux
quanta. On the one hand, this provides a versatile model
to study the physics of a manifold of interacting elastic
elements on an arbitrary energy landscape. In the case of
high-temperature superconductors, that playground is fur-
ther enriched by the presence of sizable thermal activation
[1]. Nanopatterned superconductors indeed allow a variety
of fundamental studies on generic physical problems,
e.g., commensurability [2–8], rectification [9,10], jamming
[11,12], or avalanches [13,14], which concern not only
vortices but a variety of systems [15–21]. In addition, the
increased ability to manipulate vortices via artificial pin-
ning paves the way towards technological applications,
such as superconducting diodes [9,10], signal processors
[22], logic devices [23,24], etc. These applications rely on
the ability to design the geometry of the artificial pinning
potential. In this context, the possibility to reversibly
reconfigure the pinning landscape via external parameters
is especially interesting [25]. Here we realize a system in
which the effective pinning array geometry can be tuned by
using the temperature as a knob.
Most of the large body of research on the area of artificial

ordered pinning focuses on regular, periodic arrays of
vortex pinning centers [3,5–7]. In the presence of these
arrays, a sudden drop of the mixed-state magnetoresistance
is observed at a magnetic field—the matching field—for

which the vortex density equals the density of the pinning
sites. However, field-matching effects and enhanced vortex
pinning are observed also with quasiperiodic [26,27] and
partially disordered pinning arrays [28–30]. In the present
paper, we study an intermediate situation. We initially
consider a periodic non-Bravais pinning array, which has
fourfold symmetry and in which the pinning-site distribu-
tion is nonuniform within the array unit cell [Fig. 1(a)].
Then we study variations of the same array in which the
fourfold symmetry is suppressed [Figs. 1(b)–1(d)] by
varying the distance between some of the pinning sites
inside the array unit cell. As we show below by comparing
a series of arrays, the step-by-step deformation of the initial
array yields a striking evolution in the measured matching
fields. This is because the closest pinning sites tend to
behave as a single (composite) site as their separation is
gradually shortened. Interestingly, this tendency can be
broken upon lowering the temperature, which yields to a
temperature tunability of the pinning array geometry.
This unique possibility opens horizons within the field
of fluxtronics [9,10,22–24], in which controlled vortex
motion using artificial energy landscapes is used to create
functionalities. For instance, vortex diodes [10] and super-
conducting signal rectifiers [22] are realized by using
asymmetric pinning arrays. The approach developed here
provides a means to control the asymmetry (and thus the
signal rectification), using the temperature as a handle.

II. EXPERIMENT

The 50-nm-thick YBa2Cu3O7-δ (YBCO) films are grown
by pulsed laser deposition on top of SrTiO3 (001) sub-
strates. The 40-μm-wide bridges are photolithographed and*javier.villegas@thalesgroup.com
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dry etched for electrical transport measurements, with
voltage probes 200 μm apart. Gold contact pads are created
by sputtering deposition. Subsequently, non-Bravais peri-
odic pinning arrays are patterned in the YBCO by using a
masked ion irradiation technique. Details can be found
elsewhere [31]. In summary, the YBCO surface is covered
with a thick layer of PMMA resist. By using electron-beam
lithography, an array of nanometric holes is defined on the
resist. The nanoperforated PMMA is then used as a mask
through which the sample is irradiated by using 110-keV
oxygen ions (fluence of 5 × 1013 ions=cm2). This creates
point defects in the YBCO areas exposed by the mask’s
holes. These defects depress superconductivity locally, so
that the irradiated YBCO areas under the holes in the mask
behave as strong pinning sites [31].
Figure 1 shows scanning electron microscopy images

of the masks used for the present experiments. The hole
diameter is approximately 70 nm. The canonical array is
shown in Fig. 1(a), while the three others [Figs. 1(b)–1(d)]
are variants of it. All of them are periodic non-Bravais
arrays, in which the unit cell—depicted by a white dashed
square—contains four pinning sites (less than 5% of the
array unit cells present missing pinning sites due to errors
during electron-beam lithography). The number of vortices
per array unit cell is given by n ¼ B=Bϕ, where Bϕ ¼ ϕ0=S
ranges between 0.0104 and 0.0234 T for the studied

samples (see Table I). ϕ0 is the flux quantum and S the
array unit cell area. Thus, at n ¼ 4 there is one vortex per
pinning site. The canonical array [Fig. 1(a)] is characterized
by the fact that each hole has three first neighbors at the
same distance. This geometry has been used earlier to
realize vortex ice [8,32,33] also with interesting temper-
ature effects. In the derived arrays [Figs. 1(b)–1(d)],
the distance between the pair of holes marked as Li,
i ¼ f1; 2; 3g, is gradually reduced relative to the other
distances in the array.
We perform simulations of the Oþ irradiation damage to

calculate the YBCO local critical temperature underneath
and between the mask holes. As we describe in detail
elsewhere [34,35], this is done by a combination of
Monte Carlo simulations of the irradiation-induced disor-
der and the application of the Abrikosov-Gorkov depairing
law to calculate the TC depression. An important result of
these simulations is that the local critical temperature in
between the mask holes strongly depends on the interhole
distance. This is because the ion-induced damage increases
in the region between mask holes as their separation is
shortened. This is illustrated in Fig. 2 with various
examples. This figure shows simulations of the local TC
profile along the diameter of two neighboring mask holes,
for several interhole distances ranging from 140 to 60 nm.
The reduced tC ¼ TC=T

virgin
C is displayed, with Tvirgin

C the
critical temperature prior to irradiation. The tC between
holes is lower the shorter the interhole distance is. As
discussed below, this has a strong influence on the
commensurability between the vortex lattice and the pin-
ning array. This is because the interhole distance is not
constant in the studied arrays.

III. RESULTS

Subsequent to ion irradiation, transport measurements
are performed in a liquid He flow cryostat equipped with
a 0.5-T electromagnet and a rotatable sample holder (0.5°
precision). The sample is aligned so that the magnetic field
is parallel to the YBCO c axis (i.e., perpendicular to the
sample’s surface).
Figure 3 shows the normalized resistance R=RN

as a function of temperature in a zero magnetic field,
with RN the normal-state resistance at the onset of the

FIG. 1. Scanning electron microscopy images of the masks
employed for Oþ irradiation with different hole arrays.
(a) Canonical array with fourfold symmetry and for which every
hole’s first neighbors are at the same distance, as indicated by the
white arrows. (b)–(d) Variations of the canonical array, in which
the distance marked as Li, i ¼ f1; 2; 3g, is gradually reduced
relative to the other distances. The array unit cell is indicated with
a white dashed square in each case.

TABLE I Characteristic parameters Bϕ, transition-onset tem-
perature TC;onset, zero-resistance temperature TC0 and normal
state resistivity ρN for samples A−D, corresponding to the arrays
shown in Figs. 1(a)–1(d), respectively.

Sample Bϕ (T) TC;onset (K) TC0 (K) ρN (10−6 Ωm)

A 0.0234 86 67 3.6
B 0.0104 87.5 79 2.3
C 0.0233 86 68.5 3.1
D 0.0180 86 75.5 2.9
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superconducting transition. The curves A-D correspond to
the arrays in Figs. 1(a)–1(d), respectively. The resistance
R ¼ V=I is obtained from the measured voltage V upon
injection of a 5 × 105 A=m2 dc current density. The zero-
resistance critical temperature TC0 is defined as the temper-
ature at which the measured voltage drops below the
experimental noise in the setup (approximately 10−7 V).
The characteristic parameters for the different samples are
summarized in Table I.
We investigate flux pinning via magnetotransport mea-

surements at temperatures close to TC0. Figure 4 shows
the normalized resistance R=RN plotted as a function of
the applied magnetic field. The latter is expressed as the
number of vortices per unit cell n. The curves A−D
correspond to the arrays in Figs. 1(a)–1(d), respectively.
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FIG. 2. Simulations of the local superconducting critical
temperature tC modulation for four different interhole distances
after the masked Oþ irradiation process. The interhole tC
becomes lower as the holes are placed closer from 140 to 60 nm.
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FIG. 3. Normalized resistance R=RN as a function of temper-
ature in a zero magnetic field for the arrays in Figs. 1(a)–1(d),
noted A−D, respectively. RN is the normal state resistance taken
at the onset of the superconducting transition. The injected
current density is 5 × 105 Am−2 in every case.
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FIG. 4. Normalized resistance R=RN as a function of the
applied magnetic field in units of vortices per unit cell n for
the four samples in Figs. 1(a)–1(d), noted A−D, respectively. For
each curve, the reduced temperature T=TC0 and the injected
current density J (in Am−2) are given. The two vertical dashed
lines highlight the matching effects for n ¼ 3 and n ¼ 4. Arrows
indicate the main minima, while asterisks mark shallower
minima.
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All of the curves are completely symmetric. Multiple
magnetoresistance dips are observed, which correspond
to different commensurability states of the vortex lattice to
the pinning array. We observe a striking evolution of the
matching effects from array to array. For the canonical

array in Fig. 1(a), the corresponding curve (A in Fig. 4)
shows main minima at jnj ¼ 4 and jnj ¼ 8 (marked with
arrows), plus shallower minima (or inflection points) at
jnj ¼ 1, 2, 3, and barely visible features at jnj ¼ 5, 6, 7
(marked with asterisks). For the array D [Fig. 1(d)], the
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corresponding curve shows main minima for jnj ¼ 3 and
jnj ¼ 6 (marked with arrows), plus shallower minima
(asterisks) at jnj ¼ 1, 2, jnj ¼ 4, 5, and then jnj ¼ 7, 8.
One can therefore describe curve A as composed of a large
amplitude modulation with a long period (n ¼ 4) plus a
weaker modulation with a shorter period n ¼ 1. Curve D
shows instead a long-period modulation with n ¼ 3 plus
a shorter-period (n ¼ 1) modulation. The intermediate
curves corresponding to arrays B [shown Fig. 1(b)] and
C [shown Fig. 1(c)] can be viewed as a gradual evolution
between the two limiting cases (A and D). This becomes
evident, for instance, if we focus on the relative intensity of
the jnj ¼ 3 and jnj ¼ 4minima (marked with dashed lines).
For the canonical array A, jnj ¼ 4 are the deepest while
the minima at jnj ¼ 3 are barely visible. In curve B (blue
curve), jnj ¼ 4 are still the deepest of the series, but those at
jnj ¼ 3 become more pronounced than in A. This tendency
is exacerbated for sample C (red curve), in which the
minima at jnj ¼ 3 and jnj ¼ 4 are of identical intensity.
Finally, for sampleD (green curve), the minima for jnj ¼ 3
become the deepest at the expense of those at jnj ¼ 4.
Additionally, we can see that the high-order main minima
go from jnj ¼ 8 for samples A and B to jnj ¼ 7 for C and
jnj ¼ 6 for D.
Figure 5 shows magnetotransport experiments at differ-

ent temperatures. Upon a temperature decrease, we observe
a general smoothing of the curves. In all cases, the
shallowest (short-period) oscillations in between the main
minima gradually fade away. At the lowest T, only the main
minima (corresponding to the long-period modulation)
remain. Interestingly, the way in which this happens is
different for the different samples. In Figs. 5(a) and 5(b),
the minima at jnj ¼ 4 (and their first harmonic jnj ¼ 8)
remain the most intense at low T. In Fig. 5(d), those at
jnj ¼ 3 (and their first harmonic jnj ¼ 6) prevail at low T.
At variance, a striking behavior is observed in Fig. 5(c):
The relative intensity of the minima at jnj ¼ 3 and jnj ¼ 4,
initially identical, is unbalanced in favor of jnj ¼ 4, which
become the most intense at low T. Notwithstanding, the
higher-order minima do not correspond to the first har-
monic jnj ¼ 8, but to jnj ¼ 7, at any temperature.

IV. DISCUSSION

Let us now explain the series of minima for the different
arrays.
For the canonical array A [Fig. 1(a)], the most intense

matching effects appear at jnj ¼ 4 and its harmonics, for
which there is an integer number of vortices per pinning
site [see the sketch in Fig. 6(a) for jnj ¼ 4]. The shallower
minima in between them correspond to “fractional match-
ing” [31,36], in which there is a noninteger number of vor-
tices per array pinning site, resulting in weaker pinning [8].
The behaviors of samples B−D can be explained by

considering the simulations of the local critical temperature
between holes shown in Fig. 2. Contrary to array A, in

arrays B−D not all of each pinning site’s neighbors are at
the same distance; this is shorter along L1, L2, and L3

(respectively, for arrays B, C, and D) than in between the
rest of the pinning sites within the unit cell. As expected
from Fig. 2, the shorter Li, the more depressed the local
critical temperature in between the pinning sites is, and
the lower it is as compared to the local TC between
other pinning sites. The extreme case is that of array D
[Fig. 1(d)], in which L3 is so small that the holes are
touching and the critical temperature between them is
completely suppressed (as in the bottom curve of
Fig. 2). This means that the irradiation process has
effectively merged those two pinning sites, creating a
single oval-shaped one. As a result, the unit cell contains
only three pinning sites (one oval shaped and two circular
ones) instead of four. Thus, as expected from the well-
known behavior of regular arrays [31,36], the main
matching fields for this sample appear at jnj ¼ 3 and their
harmonics, which correspond to an integer number of
vortices per pinning site.
Arrays B and C are at midway between the limiting

cases A and D. In B and C, the local critical temperature
between the closest pinning sites (along L1 and L2) is not
completely suppressed but somewhat reduced. Thus, the
effective height of the energy barrier between them is
strongly affected by the temperature, in particular, relative
to the barrier between other pinning sites in the unit cell.
In this sense, sample C is paradigmatic. At a high enough
temperature, the similar intensity of the minima for jnj ¼ 3
and jnj ¼ 4 shows that the vortex configuration is identi-
cally stable regardless of whether the closest pinning sites
host one or two vortices. This suggests that the energy
barrier along L2 is so small that they behave either as a
single composite pinning site or as a pair of them depend-
ing on the vortex density. However, when increasing the
number of vortices, this ambivalence is broken, and the
minima for jnj ¼ 7ð¼ 4þ 3Þ prevail over those at jnj ¼ 8

FIG. 6. (a) Schematic representations of the inferred vortex
distribution (yellow circles) from magnetoresistance experiments
for the array in Fig. 1(a). (b) Effective energy landscape for the
array in Fig. 1(c) at high temperatures. The merging of pinning
sites is represented by black ovals. The white dashed square
indicates the array unit cell in both cases. In (b), the total number
of sites in the unit cell is 3: four 1=2 pinning sites (circular sites),
plus two 1=4 from the top and lower left oval sites, and 1=2 from
the lower right oval site.
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(second harmonic of jnj ¼ 4). At the lowest temperature,
the barrier height along L2 grows enough to effectively
separate the closest sites at low vortex densities, which
makes the minima at jnj ¼ 3 disappear in favor of those at
jnj ¼ 4 [see Fig. 5(c)]. However, for higher vortex densities
the minima at jnj ¼ 7 again prevail even at a low temper-
ature. This suggests that, once the couple of pinning
sites separated by L2 are filled each with a vortex, the
energy barrier between both vanishes, so that they sub-
sequently behave as a single (oval-shaped) one, effectively
yielding three pinning sites per unit cell [see Fig. 6(b)].
Consequently, we see that, at a high enough temperature or
applied magnetic field, there is a modification of the energy
landscape due to the tendency of the closest sites to behave
as a single (oval-shaped) one.

V. CONCLUSIONS

In summary, we fabricate masked Oþ ion irradiated
YBa2Cu3O7−δ thin films with non-Bravais periodic pinning
arrays. In a series of samples, the initial fourfold symmetric
array is deformed by shortening the distance between
some of the pinning sites that form the unit cell.
Magnetotransport measurements show that the field at
which the strongest matching effect occurs evolves as a
function of the deformation of the original array. In
particular, the magnetoresistance minima for n ¼ 4 vortices
per unit cell gradually disappears as the array is deformed
in favor of stronger minima for n ¼ 3 vortices per unit cell.
Upon temperature changes, this tendency can be reversed,
and the relative intensity of the minima can be balanced,
allowing the tuning of the effective density of pinning sites
from four to three sites per unit cell with the temperature
and applied field. This is a direct result of the approach with
which the pinning landscape is fabricated, a nanoscale
spatial modulation of the critical temperature. The ability
to tune the geometry and effective number of artificial
pinning sites using the temperature as a control knob brings
possibilities in the field of vortex manipulation, which may
be useful, for instance, to create tunable fluxtronic devices.
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