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The guidance of vortices in superconducting Nb films with periodic arrangements of magnetic Ni
dots is studied via simultaneous four-probe measurements in standard and Hall configuration. Ni
dots are fabricated via e-beam lithography and lift-off technology. Arrays with periodicity down to
400 nm and dot size of 200 nm are obtained. Subsequently, the arrays are covered with a thin
superconducting Nb layer. Simultaneous Hall and standard resistive measurements of the flux
dynamic in Nb bridges with and without magnetic dots demonstrate and quantify the guidance of
flux via the magnetic dots. Guidance of vortices is only possible in a limited current regime;
guidance improves with decreasing temperature. Within the identified current regime most of the
vortices ��40% for zero field� and in the optimum case all of the vortices are guided by the
magnetic dots. © 2007 American Institute of Physics. �DOI: 10.1063/1.2781515�

I. INTRODUCTION

Vortices in type-II superconductors exhibit a large vari-
ety of interesting phenomena. The mutual interaction of vor-
tices and the vortex-pin interaction gives rise to a rich variety
of static and dynamic phases. Nowadays nanolithography
techniques allow the fabrication of arrays of pinning centers
with size, shape, and position controlled down to the submi-
crometric range. The resulting possibility to manipulate the
properties of superconducting thin films on the nanoscale by
adding nanostructures of nonsuperconducting materials has
turned out to be of interest not only for basic research of
superconductor behavior and vortex matter, but could also
lead to applications of fluxonic devices.

Previously, the impact of magnetic nanostructures upon
the properties of underlying superconducting films, espe-
cially the attractive interaction between magnetic dots and
vortices, has been demonstrated.1–3 It has been shown that
superconductivity can be induced by magnetic layers for
nonzero magnetic fields, and that vortex pinning can be
achieved by regular arrays of magnetic dots. The main goal
of this work is to study the vortex dynamics and quantify the
vortex guidance in superconducting thin films equipped with
rows of magnetic nanodots. Experimentally this is achieved
via a combination of simultaneous four-probe resistive mea-
surements of the longitudinal and transversal �Hall� voltage
in superconducting striplines with and without magnetic
dots.

II. EXPERIMENT

The fabrication of small magnetic structures �e.g., mag-
netic dots� using electron beam lithography and lift-off tech-

nique has been described in detail in Ref 4. e-beam lithog-
raphy is used to define the desired structure into an electron
sensitive resist �PMMA� which is coated on top of a Si�100�
substrate. After lithography, Ni is deposited using magnetron
sputtering. A final lift-off step removes the Nb on the
PMMA. For the samples discussed in this article, magnetic
dots have a diameter and thickness of 250 and 40 nm, re-
spectively. The size of the array is 190�180 �m. The ar-
rays have a rectangular symmetry with lattice parameters:
a�b=600�400 nm �see the inset of Fig. 1�. Once the mag-
netic nanostructures are created on top of the substrate, they
are covered with a superconducting 100 nm thick Nb film
deposited via magnetron sputtering.

For transport measurements, a stripline is defined by
standard optical lithography and ion beam etching. The pat-
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FIG. 1. �Color online� SEM image of the experimental arrangement of a Nb
stripline �100 �m wide� with an array of Ni dots �see the dark area on the
strip line and the enlarged inset� for the resistive measurement of the longi-
tudinal voltage and the two pairs of Hall contacts for simultaneous determi-
nation of the Hall signal at the dot array �at the top� and at a reference point
without magnetic dots �bottom pair of Hall contacts�. The periodicity of the
array is a=600 nm and b=400 nm; the smaller lattice parameter b forms an
angle � with the direction of the Lorentz force �see inset�.
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tern consists of a 100 �m wide bridge placed under an angle
with respect to the array of magnetic dots. The resulting
angle ��40° �see the inset of Fig. 1� is defined by the di-
rections of the Lorentz force FL �perpendicular to the direc-
tion of the applied current� with respect to the orientation of
the rows of dots �smaller lattice parameter b of the array�. In
previous works12 it has been shown that the maximum value
of the Hall signal is obtained for guided motion under an
angle of 30–40° Furthermore, two pairs of Hall contact are
added at positions including and excluding the array of mag-
netic dots, respectively.

The resulting arrangement allows simultaneous measure-
ments of �i� the total longitudinal voltage VL; �ii� the trans-
versal �Hall� voltage VHall,dots at the array of magnetic dots,
and �iii� the transversal �Hall� voltage VHall,ref at a reference
position without magnetic dots as function of temperature,
applied magnetic field, and applied current.

Thus, in the superconducting state a simultaneous mea-
surement of the total amount of longitudinal flux transport
�VL represents the sum of the longitudinal voltage at the ar-
eas of the sample with dots and without dots, respectively�
and the local transversal component of flux transport with
and without magnetic dots is possible via this design. In the
normal state, the normal resistance and the Hall resistance
with and without magnetic dots are recorded.

III. RESULTS AND DISCUSSION

Figure 2 displays a typical set of measurements of the
resistive transition and the corresponding behavior of the
Hall signals with and without magnetic dots. For better vis-
ibility, the inverted Hall signals −RHall are plotted. The nor-
mal state resistance of RL=46.9 � corresponds to a specific
resistance of �L=2.3�10−7 � m that is slightly larger than
the literature value of the specific resistance of Nb of 1.5
�10−7 � m �Ref. 5� and could be an indication of the im-
pact of the magnetic dots. The data obtained at the transition
to the superconducting state provide an indication of the dif-
ferent mechanisms of vortex motion in the different areas of
the sample.

First, for the longitudinal specific resistance �L an initial
abrupt drop to about 15% of the normal state resistance in-
dicates the onset of the transition at Tc,on�8.54 K. It is fol-
lowed by a broad tail that persists down to about 6.9 K,
where a second sharp drop of the resistance is measured �see
logarithmic plot of the data in the inset of Fig. 2�.

Second, for temperatures T�Tc,on a small Hall resis-
tance RH,ref�0.04 � is measured at the reference position
�without magnetic dots�. Using the standard expression
�RH= �RH�−B�−RH�B��=2B /nqd, the charge carrier density
n can be derived from the Hall signal in the normal state.
Here, q and d represent the electronic charge and the thick-
ness of the film, respectively.

Inserting the experimental value �RH,ref�0.517T�
=0.53 m � yields a density of charge carriers of n�1.21
�1029 m−3, which is in good agreement with literature
values.6,7

In contrast to the longitudinal resistance, −RH,ref shows a
pronounced maximum at Tc. This maximum, together with
the sign inversion �−RH,ref is negative for T�Tc,on�, is a clear
indication for the existence of the anomalous Hall effect
�AHE�, which is common to superconducting systems.8–10

The AHE is caused by vortex motion with a directional com-
ponent antiparallel to the current direction.11 Close to Tc and
in the superconducting regime, vortices are mobile. They are
driven by the Lorentz force �perpendicular to applied current
and magnetic field� and the Magnus force �antiparallel to the
current�. The Hall measurement records the component of
motion along the current. With decreasing temperature, vor-
tex pinning takes over and the Hall signal drops to zero at
T=8.33 K. The result is a pronounced peak in a small tem-
perature regime �8.33–8.54 K�.

Finally, the temperature dependence of the Hall signal
recorded at the magnetic dots is more complex. It seems to
resemble the combination of both previously discussed de-
pendencies. Above Tc,on a relatively large negative Hall sig-
nal is observed for the magnetic dots. This could be caused
by redistribution of the local normal current in the vicinity of
the dots. Alteration of the applied magnetic field �only ex-
ecuted at room temperature� leads to a change of the signal
�RH= �RH�−B�−RH�B�� in agreement with the measurements
of the reference, i.e., inversion of a magnetic field yields a
change of the Hall signal �RHall,dot�0.53 m � �identical to
the value obtained for the reference part, i.e., Nb without
dots�. From these data a similar density of charge carriers of
n�1.21�1029/m3 can be obtained. Thus, we conclude that
the quality of the Nb is not seriously affected by the presence
of the dots. The sight shift in Tc has to be ascribed to the
impact of the magnetic field of the dots upon the supercon-
ductor.

From the comparison of the field-dependent transition
temperature in the reference part and the area of the dots, we
can estimate that the local magnetic field due to the magnetic
dots is about 6 mT.

Furthermore, at Tc,on the Hall resistance initially drops
due to the transition to the superconducting state. Then, a
peak in the Hall resistance similar to but larger and more
extended than the AHE of the reference signal occurs. This

FIG. 2. �Color online� Temperature dependence of the longitudinal specific
resistance �L �solid line� and inverted Hall signals �−RHall� with �open
squares� and without �open triangles� array of magnetic dots. It should be
noted that �−RHall,ref� is negative for T�Tc,on.
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peak is followed by a broad tail that resembles the behavior
of the longitudinal resistance RL �see the inset of Fig. 2�.

A closer look at the voltage-current characteristic �VIC�
of the Hall signal recorded at different temperatures for the
sample area with dots reveals a complex behavior. Figure 3
shows a typical set of VICs obtained for different tempera-
tures.

In contrast to the linear dependence measured for the
normal state T�Tc, a nonlinear VIC is obtained for tempera-
tures T�Tc. The nonlinear behavior can more easily be in-
terpreted if the voltage signal is reduced by a linear contri-
bution RHall,dot� ,

VHall,dots� = VHall,dots − RHall,dots� I , �1�

with a linear contribution RHall,dot� being defined by the ohmic
behavior observed for large currents �see the dashed lines in
Fig. 3�a��. The temperature dependence of this linear contri-
bution shows a similar transition that is measured for the
longitudinal resistance RL �see the inset of Fig. 3�a��. It
shows the same steepness but it is shifted to lower tempera-
tures by about 0.22 K. This shift can be explained by the
reduction of the transition due to the local magnetic field of
the magnetic dots. The nonlinear part of the VIC is shown in
detail in Fig. 3�b�. The first part of the VIC �low current
densities� resembles the critical behavior. Up to a critical
current density, Jc, no voltage is measured since the vortices
are pinned. The critical current is zero at Tc �see the VIC
curve for T=8.301 K� and increases with decreasing tem-
perature.

Since the Hall contacts only record the contribution of
vortex motion parallel and antiparallel to the direction of the
applied current, the measured voltage is a clear indication for
the manipulation of the direction of vortex motion for cur-
rents densities J�Jc.

11 Later in the article, we will show that
the direction of vortex motion most likely coincides with the
geometrical arrangement of the magnetic dots, i.e., we will
demonstrate the presence of guided motion in this part of the
phase diagram and regime of current densities.

An interesting feature is observed at larger current den-
sities. The increase of the signal is reversed at J1 �corre-
sponding to Vmax� ; see Fig. 3�b��, i.e., the Hall voltage de-
creases and drops to zero. This behavior can only be
explained by a redirection of the vortex motion. The vortices
are exposed to the Lorentz force FL= �J−Jc��B with in-
creases linear with applied current density. Up to current
densities J1, the vortices seem to be guided by the magnetic
dots that are arranged under an angle with respect to FL. This
leads to an increase of the Hall signal VHall,dots	 �J−Jc�. If
the driving force becomes too large, i.e., J�J1, the vortices
start to “ignore” the magnetic dots and flow in the direction
of the Lorentz force. As a result the Hall signal reduces to
zero. Similar effects have been observed for dimensional
crossover of flux disorder where a 3D distorted vortex lattice
reconverts to a 2D disordered vortex lattice and vice versa
depending on the applied driving force.12 Finally, for current
densities larger than J2 vortex guidance is absent and the
Hall signal EHall,dot� vanishes completely.

The degree of guidance �i.e., relative amount of vortices
that is guided by the rows of magnetic dots� of vortices by
the rows of magnetic dots is quantified by evaluating the
ratio of the two voltages VHall,dot /VL in the different current
regimes. Figure 4 shows a typical set of data obtained for
one of the samples.

In order to select the state of moving vortices and to
avoid zero division, only data for �VL��1 mV are shown. In
the normal state a ratio of VHall,dot /VL�0.01 is measured for
all applied magnetic fields. A relatively large Hall signal of
the dot area was already visible in Fig. 2. This signal �and,
consequently, the nonzero ratio� is too large to be explained

FIG. 3. �Color online� Set of VICs for different temperatures for the Hall
measurement on the array of magnetic dots. The dashed lines in �a� repre-
sent the linear contribution RHall,dot� that is plotted as function of temperature
in the inset together with the temperature dependence of longitudinal resis-
tance RL. In �b� the nonlinear contribution VHall,dot� is plotted for the VICs
recorded in the superconducting state. Different current densities �Jc ,J1 ,J2�
that characterize specific features of the VICs are marked for one of the
VICs.

FIG. 4. �Color online� Ratio of the Hall signal at the magnetic dots and the
longitudinal voltage as function of temperature for various applied magnetic
fields B. The inset shows the field dependence of the ratio at T=7.7 K
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by an insufficient patterning, e.g., a misalignment of the Hall
contacts. It probably has to be ascribed to the modification of
the local current distribution due to the array of magnetic
dots in this part of the sample.

In the superconducting regime 
guidance=VHall,dot /VL

characterizes the guidance of vortices. 
guidance represents the
ratio of guided and total number of moving vortices. Here,

guidance=1 means complete guidance, whereas 
guidance=0
stands for no guidance. Within a small temperature regime
below Tc, 
guidance increases from 0.01 �minimum value due
to redirection of the normal state current� to about unity, i.e.,

guidance�1. The maximum value is obtained at the maxima
of the Hall signal Emax� �see Fig. 3�. Thus, 
guidance�1 means
that nearly all vortices that move in the superconducting
sample move along the lines of magnetic dots. Thus, we
observed a complete guidance of vortices for J=J1, or vorti-
ces are only moving along the rows of magnetic dots. For
currents larger or smaller than J1 the guidance is less effec-
tive. However, even in these cases the guidance is still quite
effective. As indicated in the inset of the figure, more than
40% of the vortices is still guided by the dots for T
�7.7 K and self-field �Bapplied=0� for J�J1. With increas-
ing magnetic field, the guidance becomes slightly less effec-
tive �see the inset of Fig. 4�. This might be an indication for
the additional motion of vortices between the rows of mag-
netic dots �interstitial vortices�. These vortices are not di-
rectly affected by the rows of dots; therefore, their guidance
will be less effective.

It should be noted that, in contrast to other experiments
on patterned conventional superconductors, the effect of
guidance could be demonstrated over quite a broad tempera-
ture regime ��1 K�. At lower temperatures the driving cur-
rents become too large and heating at contacts restricts the
measurement.

IV. CONCLUSIONS

In summary, we have analyzed and quantified the effect
of guidance of vortices by magnetic dots using simultaneous
resistive measurements of the longitudinal and Hall voltage
due to vortex motion. We could demonstrate that effective
guidance of vortices is present only in a limited regime of
driving force that is characterized by a current density, Jc

�J�J2. If the vortices are exposed to a larger driving force

�fp��oJ2� they start to be redirected and move in the direc-
tion of the Lorentz force. In the optimal case �J�J1� all
vortices are guided by the magnetic dots, i.e., 
guidance�1.
For diverging current densities �J�J1� the amount of guided
vortices decreases. Nevertheless, as long as vortex motion is
detected �i.e., for �V��1 mV�, most of the vortices seem to
be guided by the dots �typically we observed 
guidance�0.4
for zero-applied field�. Moreover, the effect of guidance is
reduced with increasing magnetic fields. The latter might be
an indication for the reduced guidance of interstitial vortices
that are formed at larger applied magnetic fields.

Generally, vortex manipulation is an interesting aspect
for basic research and potential applications of superconduc-
tivity in fluxonic devices. The understanding and quantifica-
tions of guidance that is demonstrated in this work can be of
importance for these activities.
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