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Magnetic flux patterns in superconductors deposited on a lattice of magnetic dots:
A magneto-optical imaging study
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We investigate the flux penetration in Pb films, of different shapes, deposited on top of a periodic array of
Co/Pt dots with perpendicular anisotropy by means of magnetization and magneto-optical measurements. A
clear dependence of the critical current density on the magnetic state of the dots and their polarity with respect
to the direction of the applied magnetic field is observed by both techniques. The magnetic state of the dots
changes the flux penetration from smooth to channelling. Additionally, in the fully magnetized state, an
anisotropic current distribution is observed in circular-shaped samples. The flux penetration is dominated by
avalanches only for configurations which correspond to a high critical current, irrespective of its origin, be it
low temperature, magnetization state of the dots, or angle between the lattice of dots and the edge of the

sample.
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I. INTRODUCTION

In type-II superconductors submitted to an external mag-
netic field, flux penetrates in the form of vortices. Typically,
their motion is prevented by pinning centers. Since vortices
enter the sample through its borders, increasing the applied
field results in a smooth distribution of vortices with a higher
density at the boundary of the sample that progressively de-
creases towards its center. The resulting self-organized meta-
stable state, known as the critical state,! accounts for the
irreversible magnetic response of type-II superconductors. In
plain superconducting films the pinning, hence the maximum
critical current j., is dominated by the strength of the intrin-
sic, randomly distributed defects. A more effective pinning
(higher j.) can be achieved by reducing the randomness in
the spatial distribution of the pinning centers, as shown by
studies carried out on superconducting films decorated with
arrays of grooves,” antidots (holes that fully thread the su-
perconducting material),? blind holes (holes that partially
thread the superconducting material),* or on superconductors
evaporated on top of nonmagnetic dots.>” In such systems,
the areas of reduced thickness act as effective pinning cen-
ters due to two pinning mechanisms: a reduction of the con-
densation energy due to the normal vortex core and electro-
magnetic pinning.® Furthermore, the response of the
superconductor in all the abovementioned structures is sym-
metric (irrespective of the polarity of the applied magnetic
field).

A different situation emerges when a superconductor is in
close vicinity to a magnetic dot lattice which induces vortex-
antivortex (V-AV) pairs in the superconducting layer. In the
demagnetized state this dot structure mainly modulates the
thickness of the superconducting layer and its effect is
equivalent to that of blind holes or nonmagnetic dots (as
discussed above). The periodicity of the magnetic dots array
provides enhanced pinning properties, in particular, for an
external field equivalent to a small integer number of vorti-
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ces per dot. If the dots are magnetized, however, the stray
field is strong enough to thread the superconducting layer,
generating vortices at the position of the dots and antivorti-
ces at interstitial positions. It follows naturally that for an
infinite sample the number of vortices must be the same as
the number of antivortices. At first sight the system can be
considered still under zero average field and therefore no
major differences on the magnetic response are expected.
However, this approach is valid only if vortices and antivor-
tices are fully equivalent, a condition that is realized with an
array of in-plane magnetized micromagnets. In contrast to
that, when using out-of-plane magnetized dots (the case we
focus on this work) this symmetry is broken since vortices
are constrained to intradot positions whereas antivortices sit
in the interdot regions.

In this work we demonstrate that, as a result of the differ-
ence between vortices and antivortices induced by an under-
lying array of out-of-plane magnetized Co/Pt dots in Pb
films, the flux penetration is different for opposite field po-
larities. This result is confirmed by direct visualization of the
flux penetration using magneto-optical imaging and can be
qualitatively described within a critical state model involving
two families of vortices. Additionally, we find that the mor-
phology of the flux patterns is significantly influenced by the
magnetization of the dots.

This paper is organized as follows. In Sec. II we describe
the sample preparation and characteristics as well as the ex-
perimental techniques. Section III is dedicated to the magne-
tization measurements and Sec. IV provides a detailed de-
scription of the magneto-optical imaging experiments.
Section V summarizes the results of our study.

II. SAMPLE DETAILS AND EXPERIMENTAL TECHNIQUE

The samples are 50-nm-thick Pb films evaporated by mo-
lecular beam epitaxy on top of a square array of Co/Pt dots
with out-of-plane magnetization.”!° The Pb is separated from
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the magnetic dots by a 5 nm thick Ge buffer layer to prevent
proximity effects. The dots consist of 2.5nm Pt + a
multilayer [0.4 nm Co+1.0 nm Pt];,. Two sets of samples
with different dot diameter (1.0 and 1.52 um) but with the
same periodicity of the square lattice of 2 wm were prepared.
Magnetization measurements at 7=5 K show that in both
cases the dots are fully saturated at an applied field of H,
=400 mT and have a coercive field H ,,=55 mT. Transport
measurements indicate a superconducting transition tempera-
ture of 7,.=7.2 K.

We label the samples according to their different sizes and
geometries. Sample S, is a 0.4 X 3 mm? rectangle with 1 um
diameter dots, sample S, is a square of 0.6 X 0.6 mm? with
dots of 1.52 um, sample S, is a square of 0.6 0.6 mm?,
rotated by 45° with respect to the underlying magnetic lattice
with dots of 1.52 um, and sample S. is a circle of diameter
0.4 mm with dots of 1.52 um.

Magnetization measurements were carried out in a com-
mercial superconducting quantum interference device
(SQUID) magnetometer MPMS-XL from Quantum Design
with the applied field perpendicular to the sample plane. The
magnetic flux distribution at the surface of the sample was
mapped using the Faraday effect in a yttrium-iron garnet
(YIG) film!! with a saturation field of 50 mT. The film was
placed in close contact with the surface of the sample and the
local magnetic field component, perpendicular to the plane of
the sample, was determined by an improved polarization mi-
croscope setup: our magneto-optical image lock-in analyzer
(MO-ILIA).'?"'* The sample was placed inside a commercial
Oxford Instruments vector magnet, the applied field was al-
ways perpendicular to the sample plane.

Prior to each experiment the dots were demagnetized,
above T., by applying an oscillating magnetic field of de-
creasing amplitude, the value of the field at each semiperiod
N being given by Hggv:(—l)NHsaLfN, with f=0.9. After this
demagnetization, intermediate and full magnetization states
of the dots were induced by applying magnetic fields in the
range [—Hg, Hg . In all experiments the initial state was
prepared by cooling the samples in zero applied field. Sub-
sequently, to prevent a change in the magnetization state of
the Co/Pt dots, magnetic fields much smaller that the coer-
cive field H,,, were applied.

III. MAGNETIZATION MEASUREMENTS

It was recently demonstrated'>!® that an underlying array
of magnetic dots with perpendicular magnetization can sta-
bilize in a nearby superconducting film a number n of
vortex-antivortex pairs determined by the geometrical details
of the hybrid sample and the strength of the stray field ema-
nating from the dots. Such vortex-antivortex configurations
have been visualized'® by Hall probe microscopy. Adjusting
the magnetic state of the dots allows one to change n from
+ ey tO =1, 10 steps of on=1 in a fully reversible fashion.
Recent studies showed that for the dots of 1 um diameter
+N1,c=3, whereas for 1.52 um diameter +n,,,=7."> When
the dots are in the demagnetized state or in the as-grown
state, a balanced distribution of positive and negative do-
mains within each dot coexists giving rise to little stray field.
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FIG. 1. (Color online) (a) Magnetization loops at T=5 K of a
superconducting Pb film covering an array of magnetic dots when
the dots are demagnetized (open symbols) and fully magnetized in a
positive field (full symbols). The magnetization response for the
case M <0 is symmetric with the case M > 0. The continuous line
shows the hysteresis loop for a coevaporated plain Pb film. Inset (b)
schematically shows the distribution of vortices (V) and antivortices
(AV) after a zero field cooling. Insets (c) and (d) show the effect of
removing antivortices as the external field H is progressively
increased.

Figure 1(a) shows the magnetization loops M(H) of the hy-
brid sample S,, dots of 1 um, at 7=5 K, when the dots are
demagnetized (open symbols), fully magnetized (full sym-
bols), and for a reference superconducting film without mag-
netic dots (full line). In general terms, the shape of magnetic
hysteresis loops in superconducting materials can be ex-
plained by the critical state model where the depinning cur-
rent of the superconductor Jc(H) is proportional to the width
of the loop. A more rigorous analysis shows that the applied
field H is not the appropriate parameter to describe the field
evolution of the magnetization m, but rather the local field B
felt by the superconductor. It has been previously
reported!”-!® that it is indeed this discrepancy between B and
H which accounts for the anomalous position of the low field
peak, such as also observed in our Fig. 1(a). In general the
total field experienced by the superconductor has a compo-
nent generated by the screening currents that at remanence is
commonly positive therefore giving rise to a maximum mag-
netization at slightly negative fields in the upper branch of
the loop. However, in granular systems a different situation
arises. Here it is the intergrain current which determines the
self-field effects. In turn, the strength of these currents is
intimately related with the actual field at the grain walls.
Assuming that each grain can be modeled by a superconduct-
ing disk, it has been shown!” that at remanence the internal
field B at the grain walls is negative and therefore a compen-
sating positive field is needed to optimize the intergrain cur-
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rent. Figure 1(a) shows that this effect is negligible in our Pb
plain film but in the patterned film the peak is clearly shifted
to the right in the upper branch. This indicates that there is
little granularity in the original Pb films but as soon as the
film is modulated by the presence of the dots a natural grain
size determined by the separation between neighboring dots
appears and consequently the peak in m shifts towards posi-
tive fields. Interestingly a different behavior is observed
when the dots are fully magnetized. First, the relative shift of
the peaks on the upper and lower branches of the loop is
substantially decreased, and secondly their average field po-
sition is no longer at H=0 but rather the whole loop is
shifted towards positive fields, a feature that resembles the
exchange-bias  effect observed in antiferromagnet-
ferromagnet bilayer systems. Notice that the effect we ob-
serve is nonsymmetric (i.e., occurs for both branches of the
loop) and cannot be attributed to granularity. The observed
magnetic bias of the superconducting loop arises from the
lack of symmetry under field polarity switch of the applied
field (of course, provided that the coercive field H,,.
=400 mT of the magnetic multilayers is not exceeded;
clearly, for the range of fields used in our experiments, in
Fig. 1 the applied magnetic field is smaller than 10 mT, this
is satisfied).!” Indeed, although V-AV are bounded pairs, vor-
tices are strongly pinned on top of the Co/Pt dots whereas
antivortices occupy interstitial positions in between the dots
and, provided that the stray magnetic fields emanating from
the dots overlap, have a higher mobility.?? In the particular
case shown in Fig. 1(a), M >0, at zero applied field, each
unit cell contains three antivortices and the critical current is
expected to be smaller than when no antivortices are present.
In order to increase the critical current it is necessary to
remove the antivortices from the interstitial positions. This
can be done by introducing vortices with a positive external
field which in turn annihilate the interstitial antivortices.
Hence the shift of the whole M >0 curve to positive fields
compared to the M =0 curve. The relative shift of the peaks
in the hysteresis loops observed upon the change in the mag-
netization state of the Co/Pt dots lattice can be explained as
follows: in a good approximation we can assume that each
cross-shaped interdots region acts as an individual grain con-
nected to their four neighbors through the legs of the cross
[see sketch in Fig. 1(a)]. When the dots are in the demagne-
tized state the complete interdots area is available for circu-
lating the screening current and a maximum negative field is
obtained at the cross’ legs. Thus, a higher positive field is
needed to compensate the field at that points. In contrast to
that, when the dots are fully magnetized the effective area
where intragrain currents can circulate shrinks and the effec-
tive field on the cross’ legs decreases, therefore a smaller
relative shift is obtained.

In fact, if one looks in more detail, the situation between
vortices and antivortices in our system can be explained us-
ing a simple extension of the critical state model including
two distinct families of vortices. This is schematically repre-
sented in Fig. 1(b) for H=0. On the one hand, there are
vortices sitting on top of the dots which are nearly immobile
(indicated by V). On the other hand, an equal number of
interstitial antivortices (AV) give rise to an average field B
=0. As the field is increased [see panel (c) and (d) in Fig. 1]
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since the dots cannot trap extra vortices, incoming vortices
occupy interstitial positions and annihilate antivortices. Es-
sentially this is entirely similar to removing antivortices
through the sample’s border. The optimum critical current is
achieved when, in average, the number of interstitial antivor-
tices is minimum. In a thin film geometry with perpendicular
field we can assume a macroscopically nearly flat distribu-
tion of vortices and therefore this maximum critical current
should be close to, in our case, the perfect compensation
field H=3H,, where H,=d,/a? is the first matching field,
namely the externally applied magnetic field which generates
one vortex per unit cell of the square array of magnetic dots
with lattice parameter a and ¢, the flux quantum. For our
system H;=0.51 mT and a shift of the whole hysteresis
curve over H=3H,;=1.53 mT is expected. This is in agree-
ment with our observation of an average shift between the
peaks of the hysteresis curves for the demagnetized and fully
magnetized dots of H~1.6 mT, as shown in Fig. 1. (The
magnetization response for the case M <0 is symmetric with
the case M >0.)

In the present model, since the vortices on the dots are
unable to move (i.e., are infinitely pinned) they are irrelevant
for the irreversible magnetic response of the superconductor,
in other words only the interstitial anivortices can build up a
field gradient. From this point of view, panel (b) in Fig. 1 is
somewhat similar to a field-cooling configuration with an
internal field of B=-3H,.

IV. MAGNETO-OPTICAL RESULTS

The properties of the samples were explored magneto-
optically for several magnetic states of the Co/Pt dots as
well as different polarities of the applied magnetic field.

A. Tunability of the critical current j,

In contrast to superconductors with artificial pinning sites
introduced by irradiation or with nanoengineered antidots,
where the pinning properties of the samples can not be modi-
fied once created, in superconductors decorated with mag-
netic dots the critical current j,. can be continuously tuned by
changing the magnetization of the magnetic template.>2!-2*
Most of these previous investigations have been performed
at temperatures close to 7. where the magnetic pinning
dominates over the pinning produced by random defects, but
little is known about the efficiency of the magnetic pinning
at lower temperatures, deep into the superconducting state.

In order to fill this gap, we studied the flux penetration in
a rectangular sample S, over a broad temperature range. Two
different magnetic states of the dots and two orientations of
the external field (parallel and antiparallel relative to the
magnetic moment of the dots) were analyzed. Figure 2 sum-
marizes the experimental results obtained at 7=2 K for the
demagnetized and fully magnetized states. The most obvious
feature of this figure is the pronounced difference of the flux
penetration for different magnetic states of the dots. The
largest flux penetration occurs when the magnetic moment
M of the dots and the applied magnetic field H are antipar-
allel [Figs. 2(c) and 2(f)], whereas the lowest penetration
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FIG. 2. (Color online) Magneto-optical images of the sample S,,
at T=2 K, for three different magnetization states of the Co/Pt dots:
demagnetized, panels (b) and (e); fully magnetized in a negative
field, images (c) and (f); fully magnetized in a positive magnetic
field, panels (a) and (d). Images (a), (b), and (c) show the sample in
an applied external magnetic field of 2 mT whereas in images (d),
(), and (f) the external field is 5 mT. Images (g), (h), (i), and (j),
(k), (1) correspond to applied magnetic fields of 2 and 5.7 mT, re-
spectively, and have been taken during three different experiments
carried out under the same experimental conditions to show the
degree of reproducibility of the avalanches. White corresponds to a
high local magnetic field H, and black to H = 0. The orientation of
the Co/Pt lattice, which is underneath the whole film, with respect
to the superconducting strip is shown schematically (not to scale) in
panel (g) by the white full dots. The scale bar corresponds to
200 wm.

takes place when M and H are parallel [Figs. 2(a) and 2(d)].
The demagnetized state, shown in Figs. 2(b) and 2(e), lies in
between the previous two. These findings directly indicate
that in the antiparallel configuration the critical current den-
sity reaches its lowest value, whereas in the parallel configu-
ration j,. is maximum. As we anticipated in the previous sec-
tion, the observed M-dependent penetration can be attributed
to the fact that in the antiparallel configuration, the stray field
of the magnetic lattice and the applied magnetic field add-up
in the interstitial regions thus generating a higher local mag-
netic field in the sample. In contrast to that, in the parallel
case stray field and applied field counteract each other lead-
ing to an enhancement of the critical current.

We now proceed to obtain values of j. from our magneto-
optical images, which are a map of the out-of-plane compo-
nent of the field H, on the surface of the sample. It has been
shown?® that the magnetic field profiles at the surface of a
thin film in the strip geometry are accurately described by
H,(x)=H_ arctanh[ (x>=b?)1?/c|x|], for b<|x| <a, with 2a
the width of the sample, 2b the width of the vortex free
region of the sample, c=(1-5%/a*)"?, H,=j.d/m, and d the
sample thickness. The parameters a, b, and d are known
from the sample geometry and the magneto-optical images,
therefore the fit of the experimental field profiles at the sur-
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FIG. 3. (Color online) Temperature dependence of the critical
current density j. for different magnetic states of the dots: demag-
netized (O), fully magnetized parallel configuration (<), fully
magnetized antiparallel configuration ((J), partially magnetized par-
allel, M=0.25 M, (/) and partially magnetized parallel, M=0.63
M, (V). The error bars show the standard deviation as obtained
from the fitting procedure (see text). The dashed lines are guides to
the eye.

face of the sample yields directly the critical current density
Jjo The result of this procedure is shown in Fig. 3 for several
magnetic states. It is interesting to note that by changing the
magnetic state of the dots the critical current of the system
can be tuned by a factor of about 2.5 between the antiparallel
and parallel configurations with fully magnetized dots.

B. Flux front morphology

Periodic lattices of pinning centers not only influence the
pinning properties,*?® but also modify the spatial distribution
of the vortices as they penetrate into the sample, leading, for
example, to channeling?’3® or anisotropic current
distributions.3!-33 Although the effect of the periodic array of
pinning centers on the flux front morphology has been stud-
ied to some extent in superconductors patterned with anti-
dots, similar investigations in superconductors decorated
with magnetic lattices are scarce.* In all cases, particular
care must be paid to separate the influence of the orientation
of the borders of the samples on the flux penetration from the
effects associated with the periodic array of pinning sites. To
address this issue we carried out experiments on three super-
conducting samples, each of them having different shape and
orientation relative to the underlying magnetic lattice as
specified in Sec. II.

In Fig. 4 we show magneto-optical images of samples S;
and S, obtained at 7=6 and 2 K, for the fully magnetized
and demagnetized states and for two polarities of the applied
magnetic field (indicated by the arrows). A direct comparison
of the images at 7=6 K in Figs. 4(b), 4(c), 4(d,), 4(d,), and
4(ds), reveals a rich variety of flux front morphologies. In the
magnetized state, antiparallel configuration, Fig. 4(b), the
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FIG. 4. (Color online) Magneto-optical images of the square (S,) and diamond (S,;) samples at 6 and 2 K. The orientation of the Co/Pt
lattice with respect to the superconducting samples is shown schematically (not to scale) in panel (a). In all pictures, white corresponds to
a high local magnetic field H, and black to H_= 0. The images show the magnetic flux distribution at the surface of the sample for several
magnetization states of the Co/Pt dots and polarities of the applied magnetic field: fully magnetized dots in the antiparallel [panels (b), (e;),
and (e,)] and parallel [panels (d,), (d,), (d;), and (i), M;=M,] configurations, demagnetized dots [panels (c) and (f)], intermediately
magnetized dots, M;;=0.25M [panel (g)] and M;,=0.63M [panel (h)]. The values of the externally applied magnetic fields are indicated in

each panel.

flux front exhibits clear channeling of vortices along the
magnetic lattice vectors both for samples S, and S,;. By con-
trast, in the parallel configuration, Figs. 4(d,), 4(d,), 4(d;),
clear channels only appear in the square sample S;.

We now discuss a tentative explanation for the depen-
dence of the channeling on the magnetization state of the
dots. In the magnetized state the magnetic field emanating
from the Co/Pt dots generates an equal amount of vortices at
the position of the dots and antivortices (AV) at interstitial
positions. These antivortices must remain in close vicinity to
the magnetic dots® and shield the magnetic field due to the
dots. If a negative external magnetic field is applied (the
antiparallel case), the entering antivotices experience the re-
pelling forces of the AV already present in the system and, as
a result, move along the center of interstitial channels paral-
lel to the magnetic dot lattice vectors. Additionally, due to
the repulsive interactions between AV and the incoming an-
tivortices, some AV are pushed into adjacent channels. This
leads to a blocking of the adjacent channel. Hence, due to
any (thermal) fluctuation, flux penetration will take place
along some interstitial channels, while other channels are
blocked. This leads to the channeling observed in, e.g., Fig.
4(b). If, on the other hand, a positive external field is applied
(the parallel case), the entering vortices annihilate with the
antivortices nearby the dots. In this case the vortices simply
flow around the dots and a smoother penetration takes place.

Lets now discuss the different flux front morphology in
the square S, and diamond S, shown in Fig. 4. Since the
Lorentz force is perpendicular to the sample’s borders, for

the square sample the vortices move along the lattice vectors
(easy direction). For the diamond sample S, due to the 45°
rotation of the magnetic dot lattice with respect to the edge
of the sample, the vortex motion is impeded. This results in a
slower advancement of the flux quanta!*® and a higher j..

Furthermore, by looking comparatively at the images
shown in Figs. 4(b), 4(c), and 4(d,), one can also observe,
that for the same applied magnetic field, the distance pen-
etrated by the magnetic flux is larger for the magnetized
sample in the antiparallel configuration [Fig. 4(b)] than for
the parallel configuration [Fig. 4(d,)]. This indicates that in
the latter configuration, the critical current is higher, in
agreement with our previous observations in the rectangular
sample S,. As shown by Figs. 4(e,), 4(f), and 4(i), this be-
havior persists also at low temperatures.

In contrast to the high-temperature behavior, at 7=2 K no
well defined channels can be seen in the antiparallel configu-
ration [Fig. 4(e;)], but instead the flux penetrates in a some-
what more compact front. This difference is due to a stronger
intrinsic (random) pinning at low temperature, thus reducing
the relative importance of the dots on the pinning properties.
Furthermore, in the demagnetized state [Fig. 4(f)] and in the
intermediate [Fig. 4(g) and 4(h)] and full magnetization
states [Fig. 4(i)], the flux fronts are distorted by avalanches
resulting from thermomagnetic instabilities.3”-3® Note that the
avalanches are more prominent in the higher j, cases (higher
magnetization, sample S,).

We also explored the properties of -circular-shaped
samples, both patterned (S.) and plain films of the same
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FIG. 5. (Color online) Magneto-optical images of a plain and decorated (S,.) circular samples showing the magnetic field distribution at
the surface of the sample at 2 and 5 K. Images of the plain film are shown in panels (a) and (f), whereas the decorated sample S, is shown
in panels (b), (g) (fully magnetized Co/Pt dots, antiparallel configuration); (c), (h) (demagnetized dots); (d), (i), and (j) (fully magnetized
dots, parallel configuration). White corresponds to a high local magnetic field H, and black to H,=0. The values of the applied magnetic
fields are indicated in each panel. Panel (e) is a sketch of sample S,; the orientation of the underlying magnetic lattice with respect to the

sample is not drawn to scale.

thickness, see Fig. 5. In agreement with the results described
above there is a clear difference between the demagnetized
[Figs. 5(c) and 5(h)] and fully magnetized states in the par-
allel [Figs. 5(d) and 5(i)] and antiparallel configurations
[Figs. 5(b) and 5(g)]. The parallel configuration corresponds
to a state in which the critical current is highest; which at
low temperatures is reflected in the nucleation of avalanches
only for this configuration, as shown in Fig. 5(j) [note that
Fig. 5(j) is at higher fields than Figs. 5(g)-5(i)]. Furthermore,
in contrast to the plain film [Figs. 5(a) and 5(f)] the deco-
rated sample has, irrespective of the experimental configura-
tion, a higher critical current, reflected in a smaller flux pen-
etration for the same applied fields. Additionally, the flux
fronts are considerably rougher.

The effect of the lattice of dots on the anisotropy of the
critical current was also probed experimentally. Any devia-
tion of the flux front from a circular shape unambiguously
reflects the influence of the underlying magnetic lattice. To
quantify the effect of the underlying lattice on the morphol-
ogy of the flux fronts, we calculated the position of the flux
fronts R, relative to the center of the sample for S.. We con-
sider two images of the sample, obtained in experiments car-
ried out at 7= 6 K, with demagnetized dots, Fig. 6(a), and
fully magnetized dots, Fig. 6(b), which correspond to
roughly the same amount of flux penetration for both cases.
Each plot in Fig. 6(c) shows the position of the flux front
averaged using the symmetry group of the square (superim-
posing copies of the image which are rotated by multiples of
7r/2 and mirror images thereof). This smoothing procedure
has been done, for both images in Fig. 6, to emphasize the
differences between the morphology of the flux fronts in the
case of demagnetized and fully magnetized dots. In the de-
magnetized case (O) a circular flux front is observed, indi-

cating that in this state the dots do not have a considerable
influence on the flux fronts. By contrast, in the fully magne-
tized state (M) the front exhibits a four-fold symmetry which
reflects the geometry of the underlying magnetic lattice. The
flux penetrates differently along different directions in the
sample, indicated by angle 6 [Fig. 6(b)]. More explicitly, the
maximum amount of flux penetration is observed for 6
=n/2, and the minimum amount along directions defined
by 6=(2n+1)m/4, where n is an integer. Since there are no
current sinks or sources in the sample, the current flowing in
the sample is the same everywhere. Hence, the observed dif-
ference in the flux penetration reflects an anisotropic distri-
bution of the critical current density, with high j. along the
0=(2n+1)m/4 directions and small j. along the O=nm/2
directions.’! At low temperatures the anisotropy is reduced,
probably due to a stronger influence of the intrinsic pinning
(which is due to randomly distributed defects). This is also
clearly seen by comparing Fig. 5(d) with Fig. 6(b). Notice
that a change in temperature of only one degree (from 5 to
6 K) significantly enhances the anisotropy.

C. Avalanches

As already briefly mentioned in the previous subsections,
at low temperatures the smooth flux penetration is accompa-
nied by abrupt flux jumps or avalanches, as shown in Figs.
2(a), 2(d), and 2(g)-2(1); Figs. 4(f)-4(i); and Fig. 5(j). In all
the experiments presented in this work the sweep rate of the
external field was the same, namely 0.1 T/min. The flux
jumps often nucleate at roughly the same positions in the
sample, as seen most clearly in Figs. 2(g)-2(i), taken in three
different experiments carried out under identical conditions.
This indicates that the instabilities are friggered by static
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FIG. 6. (Color online) Magneto-optical images of the sample S,
for the demagnetized (a) and magnetized (b) states of the dots and
the associated positions of the magnetic flux fronts (averaged using
the symmetry of the square, see text) relative to the center of the
sample (c) for the demagnetized (O) and fully magnetized (H)
states. Both magneto-optical images were taken in experiments car-
ried out at T=6 K. White corresponds to a high local magnetic field
H, and black to H,=0.

defects. Once an avalanche has nucleated, it remains frozen
with increasing applied field until the critical slope builds up
again, generating a new avalanche on top of an existing one,
as shown in Figs. 2(j)-2(1).

In the rectangular sample S,, Figs. 2(g)-2(1) and square
sample S,, Figs. 4(g)-4(i), these avalanches mainly proceed
along the lattice vectors of the magnetic dot array, however,
in the diamond S, in Figs. 4(f)-4(i), and circle S. in Fig. 5(j)
the influence of the underlying lattice on the morphology of
the flux jumps is much less pronounced.

In several theoretical studies,®3 invoking a thermomag-
netic origin of the instability, it was shown that higher criti-
cal currents promote the nucleation of avalanches. In agree-
ment with these predictions we observed flux jumps only for
the parallel configuration, i.e., the configuration correspond-
ing to the highest j.. They occur for fully as well as interme-
diately magnetized states, as shown in Figs. 4(g)-4(i). Each
image corresponds to a different experiment in which the
desired magnetization state of the dots was prepared by first
demagnetizing the sample and subsequent application of
magnetic fields of magnitudes o H=125 mT (M=0.25M,),
poH=215 mT (M=0.63M,), and uo,H=400 mT (M=M,) at
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T>T.,. The value of the saturation magnetization M, and the
relation M(H) were determined from the hysteresis curve of
the magnetic lattice, measured prior to the evaporation of the
superconducting Pb film. Interestingly, in the diamond-
shaped sample S, where j. is high, due to the 45° angle
between dot lattice and edge, avalanches systematically oc-
cur also in the demagnetized state [Fig. 4(f)].

Irrespective of the size of the dots underlying the Pb film,
avalanches were only observed at and below 2 K. However,
the lower threshold field for which the avalanches occur H,,
depends on the size of the magnetic dots. In sample S, (dots
of 1 um) flux jumps already appear at applied magnetic
fields of uyH,,=1.4 mT, whereas in samples S, S,, and S,
(dots of 1.52 wm) avalanches nucleate typically at fields
around 4 mT (see also below). This is because, in the fully
magnetized state, the interdot stray field is bigger for dots of
1.52 pm diameter and hence the applied magnetic fields nec-
essary to fully compensate it is bigger.

Minor differences between the applied fields at which
avalanches nucleate in the samples with dots of 1.52 um
were observed, depending upon the geometry of the super-
conductor. Thus, in the circular sample S,., avalanches start to
develop at an applied field of uyH,,=5 mT (+/—0.1 mT), in
the diamond-shaped S, at wuoH,,=4 mT (+/-0.1 mT),
whereas in the square S, at uoH,,=3.8 mT (+/-0.1 mT).
Also, H,, was larger for higher magnetization states of the
Co/Pt dots (hence the change in H,, is mainly due to the
different compensating field and not to changes in j.).

V. CONCLUSION

We have shown that in superconductors patterned with a
lattice of magnetic dots the critical current can be tuned prac-
tically at will over a broad range of temperatures by tuning
the magnetization state of the dots.

The magnetic flux penetration displays a rich morphology
characterized for S; by compact flux fronts in the parallel
magnetized state of the dots and channelling in the antipar-
allel magnetized state. Additionally, in the parallel configu-
ration the critical current is clearly anisotropic and the mor-
phology of the flux fronts reflects the geometry of the
underlying magnetic lattice.

We systematically find that avalanches are favored in
samples with higher j., consistent with models3*3° based on
a thermomagnetic instability. This holds irrespective of the
origin of high j. be it overall sample shape, low temperature
or field alignment (the parallel case).
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