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Abstract. We have investigated the vortex dynamics for the ‘ratchet’ operation in a
niobium superconductor via a direct imaging of Lorentz microscopy. We directly observe
one-directional selective motion of field-gradient-driven vortices along fabricated channels.
This results from the rectification of vortices in a spatially asymmetric potential under the
oscillating magnetic field in a temporally symmetric manner. Based on the observation
of the individual motion of vortices, we clarify the elementary process involved in this
rectification.
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1. Introduction
The ratchet effect is one of the most attractive mechanisms to control the motion
of particles [1–3], which has been proposed as a possible mechanism of biological
molecular motor [4]. The idea that even random forces, such as thermal fluctuation
generate a net motion in one direction, has inspired a novel generation of devices
in a wide range of fields [5–8]. Concerning the application of the ratchet to vortex
matter in superconductors [9], the ability to control the vortex motion is one of the
most important technologies in related devices [10]. For many device applications,
like SQUIDs, trapped vortices cause an unfavorable noise for the operation. It is
of great advantage to selectively remove undesirable vortices by using the ratchet
effect.
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There are two requirements for the ratchet-based devices to do useful work. One
is a temporally symmetric and periodic driving force, or fluctuating force, such
that its time-averaged magnitude equals zero, hF it = 0. The other requirement
is a spatially asymmetric and periodic potential. With the potential turning on
and off repeatedly in a temporally symmetric manner, particles are rectified in a
selective direction. Such a system is called ‘flashing ratchet system’. In this system,
without the asymmetry of the spatial potential, such a rectified motion does not
occur. Similar rectification can be made in an easier way in combination with
a built-in potential in the system and an external symmetric AC driving force.
This system is called ‘rocking ratchet system’, because rocking the potential with
the time-averaged zero driving force can induce a rectified motion owing to the
asymmetry of the potential. This rocking ratchet is rather preferable for some
solid-state applications.
Theoretical studies have proposed several different ways to rectify the motion of
vortices in a superconductor [10–14]. In most cases, some artificial and additional
fabrication of the asymmetric potential in the sample is necessary. However, only
few experimental studies have been reported so far [15–17]. It is partly because
the appropriate fabrication of the asymmetric potential may be difficult, which
is crucial to achieve a function of rectification. Recently, remarkable reversible
rocking ratchet operation was presented by Villegas et al [17] in a hybrid magneticsuperconducting system. However, individual motion of vortices in such devices
is still unclear. A microscopic understanding of elementary process of the vortex
motion in the ratchet operation requires the use of direct imaging techniques. Such
an understanding is of great interest for further applications of the ratchet system.
Our aim of this study is to investigate the individual motion of vortices in the
rocking ratchet system in a superconductor microscopically using a direct imaging
technique of Lorentz microscopy [18]. The advantage of our method is that we are
able to find ways to improve the performance of the device based on the knowledge obtained by the direct observation of individual vortices moving inside the
fabricated potential. Rectified motion of vortices was observed in the asymmetric
potential under an oscillating magnetic field in a temporally symmetric manner.
From these direct observations, elementary processes of the rectification are clarified, which address a new category of rectified motion of vortices.
2. Experimental
Samples were chemically etched niobium (Nb) thin films. Chemical etching produced an internal hole in the center of the sample. The hole was connected to the
outside of the sample by cutting the sample. A focused gallium ion beam (FIB)
was irradiated around etched holes to fabricate the asymmetric potential [19]. Figures 1a and 1b show the irradiation patterns investigated in this study. These
patterns can be regarded as a sequence of unirradiated wedged cages. It can work
as a microscopic ‘funneled’ channel for vortex motion [11]. Channels with the opposite direction were also fabricated side-by-side in order to emphasize unidirectional
motions. The matching field of a vortex triangular array, with a period of 0.6 µm,
was 67 Oe.
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Figure 1. (a, b) Schematic diagram of the FIB-irradiated sample, including
the characteristic lengths of the pattern. The dashed square in (b) indicates
the field of view in figure 3. For clarity, each V-shaped cage in a downward
channel in (b) was numbered (#1 to #7). (c, d) Corresponding calculated
equipotential contours in arbitrary units produced by vortices pinned at the
periodic array of red dots shown in figures 1a and 1b, respectively.

To estimate the function of these patterns, the potential distribution due to
vortex–vortex repulsive interaction was calculated in a situation where each dot
in figures 1a and 1b was occupied by one vortex [20], as shown in figures 1c and
1d, respectively. For the vortex–vortex interaction, a modified Bessel function
was assumed [20]. Lower potential energies distribute in a spatially asymmetric
manner along a vertical direction in the unirradiated area, as shown in figures 1c
and 1d. In other words, when unpinned vortices intrude into this area, they feel the
asymmetric potential. More interestingly, a two-dimensional V-shaped pattern is
formed in figure 1d, which is in contrast with a round pattern formed in figure 1c.
It is naturally expected that when vortices wander into the V-shaped ‘pocket’ area,
they are kept in this pocket. Thus, the performance of the rectification will be
largely enhanced. Actually, the rectification of vortices was easily found in the
pattern of figure 1b as mentioned below, while it was hardly observed in the pattern
of figure 1a. Therefore, two-dimensional highly asymmetric (V-shaped) distribution
of the potential energy is essential to the rectified motion of vortices in the ratchet
Pramana – J. Phys., Vol. 66, No. 1, January 2006
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Figure 2. (a) A temporal cycle of the applied magnetic field H(t). The net
time-averaged driving force was approximately zero in a magnetic field cycle.
The solid circles labelled by letters (a) to (g) indicate the corresponding fields
for the snapshots shown in figure 3. (b) TEM image of a Nb film showing
part of the sample, irradiated pattern, and the flow direction of vortices with
the increasing magnetic field (schematic arrows). The dashed square in (b)
indicates the field of view in figure 3 (see also figure 1b).

system. In the following discussion, we focus on the vortex dynamics in the pattern
of figure 1b.
Driving force was exerted by changing the magnetic field H(t), as shown in
figure 2a; oscillating the magnetic field with a fixed amplitude, ∆H, and a constant
changing rate, dH/dt, of typically 0.2 Oe/s in a temporally symmetric manner.
The motion of vortices was monitored in video media (30 frames/s) by Lorentz
microscopy using one million-Volt field emission electron microscope [21]. When
the magnetic field increased, field-gradient-driven vortices entered from an edge of
the etched holes in a Nb film and flowed toward a thicker part of the sample, as
schematically shown in figure 2b. For observation, several irradiated areas with
almost uniform thickness of ∼ 100 nm, near the hole, were chosen. Around these
regions, the dominant flow direction of vortices was parallel to the channels in the
irradiated pattern.
3. Results and discussion
Sequence of snapshots of a Lorentz image of vortices taken at 6.9 K are shown in
figures 3a–g. In order to clarify microscopic ‘funneled’ channels, vortices pinned at
an irradiated array of defects and unpinned vortices are marked with red and blue
circles in each snapshot, respectively. From these figures, three different regions
can be recognized. One is a pin-free region in the upper-right corner of the field of
view. The second region is a channel formed by a series of wedged cages which is
directed downwards. The left-most channel is directed upwards. As an initial state
for the ratchet operation, each irradiated defect has to be filled with one vortex
so that the irradiated pattern works as the spatially asymmetric potential. Thus,
the initial state was prepared with a field-cooling process; the temperature was
decreased to below the superconducting transition temperature, Tc (9.2 K), with a
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Figure 3. Sequence of snapshots of a Lorentz image of vortices in motion in
a cycle of changing magnetic field at 6.9 K, each of which was extracted from
video frames. For clarification, pinned and unpinned vortices are represented
by red and blue circles in (a)–(g), respectively. With increasing magnetic
field, vortices flowed upwards. (a–c): Increasing the field for 15, 25, and 30
Oe. (d–f): Decreasing the field at 30, 20, and 15 Oe. (g) Fixing the field at
15 Oe for 50 s. The corresponding diagram of applying the magnetic field is
shown in figure 2a. (h) Schematic diagram of the configuration. Each cage
in the downward channel is numbered (#3 to #5), as shown in figure 1b.
Arrows indicate the flow of vortices, the direction toward the thicker part of
the sample and the edge, respectively.
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magnetic field of 100 Oe, which is above the first matching field (67 Oe). Then the
magnetic field was decreased down to 15 Oe, where vortices pinned at a periodic
array of defects remained fixed. From the state at 15 Oe in figure 3a, the magnetic
field was changed in a temporally symmetric manner, as shown in figure 2a.
Figures 3b and 3c were snapshots of a Lorentz image of vortices in motion with
increasing magnetic field for 25 and 30 Oe, respectively. Figures 3d and 3f were also
taken with decreasing field for 30, 20, and 15 Oe, respectively. Outside the irradiated area, the number of unpinned vortices increased or decreased with increasing
or decreasing magnetic field, which resulted from the fact that vortices were pushed
inward (outward) from (to) the edge of the sample smoothly with increasing (decreasing) magnetic field, as schematically shown in figure 2b. Therefore, no net
motion of vortices occurred outside the irradiated area during a cycle of changing
the magnetic field, as was naturally expected for the pin-free region. Several unpinned vortices were found outside the irradiated area in figure 3a, while none of
them was found in figure 3g. Although this different configuration of vortices seems
inconsistent with our expectation, we convincingly observed that vortices did not
show any net motion in a wider unirradiated area (not shown here).
The situation was rather different inside the fabricated asymmetric channels.
When the magnetic field increased, a steady increase of the number was observed
through the bottom cage toward the upper cages in the upward channel (leftmost
part in figures 3a–d). However, vortices behaved in a different way in the downward
channel. First, vortices flowed backward through cage #7 up to cage #5, since the
difference of the vortex density inside and outside the channel was so large that the
number of vortices could not remain unchanged throughout the channel. Indeed,
the number of vortices increased in cage #5, as shown in figures 3c and 3d. With
further increasing field, vortices outside the irradiated area reached the top side
of the downward channel, and some vortices penetrated into the channel, through
cage #1 toward cage #2. However, it is noteworthy that the number of vortices in
cages #3 and #4 remained almost the same.
On the other hand, when the magnetic field decreased in the downward channel,
unpinned vortices went down through the channel, and most of them were intermittently expelled from the bottom cage #7, toward the outside of the irradiated
region. This downward expulsion of vortices in the downward channel continued
until a quasi-equilibrium configuration of vortices appeared in the channel, as shown
in figure 3g. Since vortices did not enter cages #3 and #4 from the bottom with
increasing magnetic field, the net number of vortices transported downward was
not zero in a cycle of changing the magnetic field. Therefore, a rectified motion of
vortices was realized in the spatially asymmetric potential.
In the upward channel, some vortices trapped in the top and the neighboring
cages escaped upward toward the outside (i.e., were rectified upward) when the
field started to increase. When decreasing the field, although most vortices began
to go down through the lower cages toward the outside, some vortices were trapped
in the V-shaped pockets in the upward channel, as shown in figure 3g. They were
going to be rectified in the upward direction after several cycles of changing the
magnetic field.
The rectified motion of vortices in the downward channel was investigated by
changing ∆H from 5 Oe to 25 Oe with a lower magnetic field fixed to 15 Oe. Figure 4
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Figure 4. Dependence of the net number of rectified vortices through cage
#3 to cage #4 on the amplitude, ∆H, in one single cycle of changing the
magnetic field at 6.9 K. ∆H was changed from 5 Oe to 25 Oe with a lower
magnetic field fixed to 15 Oe. The dotted line is a guide to the eye.

shows the net number of rectified vortices transported downward through cage #3
to #4 as a function of ∆H in a single cycle of changing the magnetic field. The net
number increased monotonically with increasing amplitude. Our data was obtained
under the changing magnetic field at extremely low frequencies (below 0.01 Hz).
In this case, vortices rearranged their configuration intermittently throughout the
field cycle until a quasi-equilibrium configuration of vortices appeared at constant
magnetic fields. When decreasing the field, vortices did not enter the downward
channel from the top side of the channel. Therefore, the net number of rectified
vortices was determined mainly by the difference in the configuration of vortices
between two quasi-equilibrium states. In this sense, its monotonic increase with
increasing ∆H observed in figure 3 was naturally understood.
A large difference in the frequencies used in performing the experiments resulted
in a different picture of the elementary process involved in the rectification. Our
data was obtained at extremely low frequencies, which was in contrast with those
obtained by Villegas et al [17] taken under the AC driving current at high frequencies between 500 Hz and 10 kHz. As frequency became higher, the distance
over which vortices moved in one cycle became shorter. Indeed, particles rather
moved from one pinning trap to just a neighboring one in one cycle at high frequencies [11,13,22]. However, in our experimental observation at much lower frequencies, once vortices began to escape from one cage in the channel, most of them
traveled through the channel to the outside without getting trapped in another
cage. In this sense, our observed behavior of vortices was rather similar to that
in the low-frequency limit in ref. [11,23]. Our study provides direct insight into
a different, new category of elementary process of rectification of vortices in the
ratchet system.
Our system in figure 2 is an open system where the total number of vortices
is variable because it is altered by changing the magnetic field. To simplify the
phenomena observed in the rectification process, it is desirable to make a closed
system where the number of vortices is preserved. In addition, the rectification
of vortices in the closed system will give a direct demonstration of a controlled
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way of two-dimensional transportation of vortices using the ratchet operation [11].
Such an experiment was performed in a closed circuit of the channel surrounded by
irradiated dots [24].
4. Conclusions
Vortex dynamics in the superconducting ratchet system was investigated in a Nb
superconductor by the direct imaging technique of Lorentz microscopy. We directly
observed one-directional selective motion of field-gradient-driven vortices along fabricated channels, which resulted from the rectification of vortices in a spatially
asymmetric potential under the oscillating magnetic field in a temporally symmetric manner. Based on the experimental observation, elementary process of the
rectified motion of vortices was addressed. Our observation provided an experimental insight of a different, new category of rectified motion in the vortex ratchet
system.
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