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We present evidence of magnetically controlled vortex motion in an Al film on top of a periodic
array of Permalloy square rings. The resulting magnetic template generates a strongly anisotropic
pinning potential landscape for vortices in the superconducting layer. Transport measurements show
that this anisotropy is able to confine the flux motion along the high symmetry axes of the square
lattice of dipoles. This guided vortex motion can be rerouted by 90° simply changing the dipole
orientation or even suppressed by inducing a flux-closure magnetic state with very low stray fields
in the rings. © 2008 American Institute of Physics. �DOI: 10.1063/1.2955824�

For the past years there has been a considerable effort to
conceive and realize new superconducting devices that allow
to modulate locally the magnetic field.1 These systems rely
essentially on static arrays of pinning centers which influ-
ence the vortex dynamics.2–5 The ultimate motivation behind
the manipulation of the local vortex density is to enhance the
performance of superconductor-based devices by reducing
the noise in superconducting quantum interference based
systems,6,7 gaining control on superconducting terahertz
emitters8 or even providing a way to predefine the optical
transmission through the system.9

Unfortunately, for the majority of the components used
in fluxonics devices, once they are created there is no margin
for further modifications. In some cases this lack of flexibil-
ity becomes a limiting factor in the performance of the de-
vices. For instance, a predefined ratchet system designed to
effectively remove vortices from a specific location can work
properly at low fields but ignores the inevitable reversed
ratchet at higher fields, thus making its functionality rather
impractical.5,10 A way to circumvent this shortcoming can be
worked out by introducing magnetic pinning centers which
have additional internal degrees of freedom not available in
conventional nanostructured pinning sites.

In this work we demonstrate that reversible and switch-
able guidance of the vortex motion can be achieved using a
square array of magnetic square rings lying underneath a
superconducting film. Transport measurements unambigu-
ously show that the vortex dynamics is fully dominated by
the magnetic field distribution generated by the ring struc-
tures. When the magnetic unit cell is rotated 45° off the
Lorentz force FL the average vortex velocity v follows the
direction of the principal axis of the magnetic lattice rather
than the driving force. This channeling effect can be easily
suppressed when inducing a nearly isotropic pinning land-
scape by setting the square rings in a flux-closure state with
very low stray fields.

The sample used for this investigation consists of a
50 nm thick Al film evaporated on top of a checker-board
array of Permalloy square rings with a lateral size of 1 �m,
linewidth of 150 nm, and thickness of 25 nm �Fig. 1�a��. The

magnetic template is electrically separated from the super-
conducting film by a 5 nm Si buffer layer added to reduce
proximity effects.11 The ring-shaped patterns and the trans-
port bridge were fabricated with electron-beam lithography
and lift-off technique on a silicon substrate. Standard Hall
transport geometry with alignment of transverse voltage con-
tacts better than half a micron and bridge width of 120 �m
was used �Fig. 1�c��. The superconducting critical tempera-
ture at zero field for the sample in the dipolar state �i.e.,
maximum stray field� is Tc=1.356 K.

It has been shown recently that multiply connected mag-
netic structures can be readily switched between different
magnetic states.12,13 For the particular square geometry
chosen in this work, an in-plane external field along the
diagonal of the squares can induce six different domain
distributions,14 namely, four dipolar states �onion states� ob-
tained at remanence after saturation and two flux-closure
states �vortex states� with opposite chirality when the field is
reduced from saturation to �36 mT and then set to zero.
Interestingly, when these rings are placed in close proximity
to a superconducting layer, either a strong vortex pinning or
weak pinning can be obtained by simply switching from di-
polar to flux-closure state, respectively. Although the influ-
ence of these magnetic templates on the vortex pinning is
relatively well understood,15 little is known about their influ-
ence on the vortex dynamics.

In order to address this issue we carried out transport
measurements recording simultaneously the electric field
parallel �Exx� and perpendicular �Exy� to the external current.
This allows us to estimate the direction � �see Fig. 1� of the
average vortex motion v with respect to the Lorentz force FL.
A representative set of experimental data for different mag-
netic states of the square rings is shown in Fig. 2 at T /Tc
=0.89. Figure 2�a� shows the electric field-current-density
�E-J� characteristic for the case when the squares have been
set in the onion state magnetized 45° away from the current
direction �see inset in panel �a�� and setting an out-of-plane
field H /H1=1.2, where H1=�o /d2, with �o the flux quan-
tum and d the period of the lattice. From Fig. 2�a� it can be
seen that for low enough currents �J�8 MA /cm2� the vortex
lattice remains pinned as no dissipation is detected in either
direction �Exx=Exy �0�. Surprisingly, for currents highera�Electronic mail: alejandro.silhanek@fys.kuleuven.be.
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than the critical current the direction of vortex motion does
not coincide with the Lorentz force. More specifically since
Exx�Exy vortices move at an angle �= 45° as indicated in
the inset of Fig. 2�a�. This is a clear evidence that the net
displacement of the vortices is along the high symmetry axis
of the magnetic pinning landscape indicated with a dashed
line in Fig. 1�a�. Essentially this effect is the result of an
anisotropic depinning force Fdp which reaches its maximum
Fdp

� �minimum Fdp
� � value perpendicular �parallel� to the

channel direction defined by the principal axes of the mag-
netic landscape. In Fig. 2�a�, since the applied force is in this
case 45° away from the channel direction, the critical

current Jc1 at which vortices start moving is determined
by the condition Jc1=Fdp

� sin�45�� /�o. This situation
persists up to Jc2�25 MA /cm2 where Exy and Exx gradually
separate from each other which means that now the compo-
nent of the Lorentz force perpendicular to the channels is
large enough to overcome Fdp

� , i.e., Jc2=Fdp
� cos�45�� /�o, and

vortices flow along the direction of the Lorentz force. This
allows us to estimate the ratio of depinning forces as
Fdp

� /Fdp
� =Jc2 /Jc1�3.

By keeping a constant current density and progressively
increasing the applied field it is possible to realize the same

FIG. 1. �Color online� �a� Micromag-
netic simulation of the out-of-plane
component of the stray field at rema-
nence for the sample investigated after
applying a saturation field along their
diagonal �onion state�. The thick bro-
ken line indicates the magnetic unit
cell. The orientation of the external
current �J�, field �B�, driving force
�FL�, and vortex drift �v� is clearly in-
dicated. �b� Polar plot of the pinning
force Fp for a test vortex located at a
pinning site only considering the lat-
tice symmetry �broken line�, or the lo-
cal magnetic pinning force �off-
centered circle�, and including both
the lattice and the local symmetry
�thick solid line�. The angle is defined
anticlockwise from the positive x-axis
corresponding to the situation in panel
�a�. �c� SEM image of a transport
bridge with current contacts J and lon-
gitudinal and transverse voltage con-
tacts, VL and VT, respectively showing
the measurement configuration. The
dashed box contains the magnetic
template.

FIG. 2. �Color online� Parallel �Exx�
and transverse �Exy� electric fields as a
function of current density J �upper
row� and field �lower row� at T /Tc

=0.89. The first column �panels �a�
and �b�� corresponds to the square
rings magnetized at 45°, as indicated
in the inset of panel �a�. The second
column �panels �c� and �d�� presents
the data for the square rings magne-
tized at 135°, as indicated in the inset
of panel �c�. The third column �panels
�e� and �f�� corresponds to the squares
in the flux-closure state, as indicated
in the inset of panel �e�.
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dynamic behaviors, as shown in Fig. 2�b�. For the low cur-
rent density J=0.005 MA /cm2 vortices remain pinned up to
a field H /H1�1.5 where the vortex-vortex interaction be-
comes stronger than the vortex-pinning interaction. At higher
fields clear commensurability effects can be seen for H /H1
=2 and H /H1=3. In this field region �H /H1�4� the fact that
Exx�Exy indicates that vortices are guided by the pinning
potential as described above. Eventually, for fields close to
the upper critical field �H /H1�4� the pinning potential
weakens and the guided motion is suppressed.

These findings clearly demonstrate that the vortex mo-
tion can be effectively guided along the principal axes of the
underlying pinning potential, but tell us little about the origin
of this pinning potential. In other words, it is necessary to
find out whether the guided vortex motion �GVM� results
from the magnetic field distribution or from the corrugation
of the superconducting film deposited on top of the squares.
In order to answer this question we magnetized the square
rings with an in-plane field 135° away from the current di-
rection �0°�, as shown in the inset of Fig. 2�c�. In this way
the topographic pinning remains the same whereas the mag-
netic pinning is rotated 90° with respect to the previous one.
If the magnetic field distribution is responsible for the GVM
then a channeling along the −45° direction with respect to FL
should be detected. This is in agreement with the results
shown in Figs. 2�c� and 2�d�, where Exx remains unchanged
while Exy reverses sign. The most convincing evidence, how-
ever, comes from panels �e� and �f� corresponding to the
square rings in the flux-closure state. In this case the stray
field generated by the domain walls in each square ring is
strongly reduced and just a minor influence on the vortex
dynamics is expected. This is indeed corroborated by the
lack of guided motion as is evidenced by the condition
Exx�Exy.

16

In order to understand the origin of the GVM let us first
hypothetically separate the different contributions arising
from the lattice symmetry and from the local symmetry of
the dipoles. This is schematically illustrated in Fig. 1�b�. The
lattice symmetry contribution can be obtained by assuming
that each dipole behaves as an effective isotropic pinning
center, very much like a lattice of circular holes. In this case
it has been previously shown4 that the minimum pinning
force is along the principal axes of the pinning lattice �bro-
ken line in Fig. 1�b��. On the other hand, ignoring the pres-
ence of the lattice and just considering the pinning force
acting on a test vortex located at a magnetic pinning site,
gives rise to a strongly anisotropic pinning force17 �schemati-
cally displayed as an off-centered circle in Fig. 1�b��. The
thick solid line in Fig. 1�b� shows the resulting pinning force
combining both effects: the fourfold symmetric lattice con-
tribution and the nonsymmetric local magnetic field. It is
clear from this analysis that the presence of the nonsymmet-
ric magnetic field distribution lifts the degeneracy expected
for the vortex channeling, as experimentally observed.

It should be emphasized that although the above descrip-
tion helps to identify the basic mechanisms behind the
guided motion of vortices, it is derived from the unphysical
assumption that magnetic and nonmagnetic contributions are
separable. However, since the ultimate reason for vortex
channeling lies on symmetry considerations, this effect
should be independent of the particular functional form of
the pinning force. It is worth mentioning that previous cal-
culations within the London model are not adequate to verify

the present experiments since the average distance between
vortices is comparable to the superconducting coherence
length and therefore vortex core overlap cannot be neglected.
Instead, more rigorous calculations within the Ginzburg–
Landau formalism should be used.

In summary, we have reported experimental evidence in-
dicating that the anisotropic potential landscape of a square
array of magnetic dipoles is capable of directing the vortex
motion 45° away from the driving force direction. The mul-
tiple states of the used magnetic rings allow us to switch this
direction ��45° for two different dipolar states and 0° for the
flux-closure state� resulting in a control of the transverse
voltage signal.
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