APPLIED PHYSICS LETTERS 91, 062505 共2007兲

Transverse rectification in superconducting thin films with arrays
of asymmetric defects
E. M. Gonzalez and N. O. Nunez
Facultad Ciencias Físicas, Departamento Física Materiales, Universidad Complutense,
28040 Madrid, Spain

J. V. Anguita
Instituto Microelectrónica, CSIC, Tres Cantos, 28760 Madrid, Spain

J. L. Vicenta兲
Facultad Ciencias Físicas, Departamento Física Materiales, Universidad Complutense,
28040 Madrid, Spain

共Received 5 May 2007; accepted 7 July 2007; published online 7 August 2007兲
Superconducting Nb films have been grown on top of arrays of Cu nanotriangles. These asymmetric
pinning centers strongly modify the vortex lattice dynamics. Two rectification effects have been
observed: 共i兲 longitudinal ratchet effect when the input currents are injected perpendicular to the
triangle reflection symmetry axis and 共ii兲 transverse rectification effect when the input currents are
injected parallel to the triangle reflection symmetry axis and the output voltage drop occurs
perpendicular to the triangle reflection symmetry axis. Increasing the applied magnetic field, the
former shows a change of the output voltage polarity, the transverse output voltage does not show
any polarity reversal. © 2007 American Institute of Physics. 关DOI: 10.1063/1.2767199兴
Arrays of nanodefects embedded in superconducting thin
films are a powerful tool to control the vortex lattice motion.
Superconducting films fabricated on arrays of periodic and
symmetric pinning potentials show, for instance, vortex lattice channeling effects1 that allows us to guide the vortex
lattice motion. Superconducting films with arrays of periodic
and asymmetric pinning centers show vortex motion rectification effects.2 This rectification is based on the ratchet effect, that, is the net motion of particles induced by asymmetric potentials, without the need of being driven by nonzero
average forces or temperature gradients.3 This vortex ratchet
effect could be used for improving the performance of existing superconducting devices, for instance, diminishing the
noise in superconducting quantum interference devices coming from trapped magnetic flux as has been proposed by Lee
et al.4 Furthermore, the vortex ratchet effect shows very interesting properties; for example, the output signal polarity
could be tuned with external parameters 共for instance, applied magnetic fields兲.2,5 Moreover, this vortex ratchet is an
adiabatic ratchet; i.e., the effect shows a nonfrequency dependence that allows us to study and mimic the vortex
ratchet effect by I共V兲 curves.6,7
The possible transverse rectification of particles has been
theoretically studied by several authors.8,9 The transverse
ratchet effect for vortices moving in arrays of triangular pinning sites was specifically studied by Reichhardt-Olson and
Reichhardt.10 The transverse effect could be used for fabricating devices whose aim should be particle separation
共DNA sorting, ion channeling, and so on兲. In this letter, we
will deal with transverse and ratchet rectifier devices based
on Nb films grown on top of an array of Cu nanotriangles.
We will experimentally show that the same device could exhibit longitudinal ratchet rectification and transverse ratchet
rectification. In the longitudinal ratchet configuration the
a兲
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driving current is applied perpendicular to the triangle reflection symmetry axis 共tip to base axis兲 and the output voltage
signal is recorded on the same direction. The Lorentz force
induces vortex motion parallel to the triangle reflection symmetry axis, but the output 共dissipation兲 voltage arises, following the Josephson expression,11 in the direction perpendicular to the triangle reflection symmetry axis, i.e., the
voltage drops in the direction of the injected current, and
therefore, perpendicular to the vortex lattice motion direction. On the other hand, in the case of transverse rectification, the input current is applied parallel to the triangle reflection symmetry axis, and the output voltage is measured
perpendicular to the input current direction, i.e., perpendicular to the triangle reflection symmetry axis. In the following,
we are only taking into account the applied current and the
voltage drop directions, but we have to keep in mind that the
voltage drop in one direction probes the vortex motion along
the perpendicular direction. Figure 1 shows ratchet 关Fig.
1共b兲兴 and transverse rectification 关Fig. 1共c兲兴 layouts in our
experimental configuration. In the following, we are going to
use the ratchet effect for the longitudinal rectification and the
transverse effect for the transverse rectification.
Electron beam lithography, magnetron sputtering, and
etching techniques were used to fabricate Nb films on top of
arrays with periodic pinning centers 共Cu nanotriangles兲. The
system is grown on Si 共100兲 substrates. The triangle sides are
around 600 nm and the periodicity around 750 nm; the Cu
triangle and Nb film thicknesses are 40 nm 共Cu兲 and 100 nm
共Nb兲 in all the samples. These triangle dimensions and array
periodicity are similar to samples reported by Villegas et al.2
共Nb films on top of Ni arrays兲. Figure 1共a兲 shows a picture of
the cross-shaped bridge 共40 m wide兲, which was ion etched
on the Nb films; this bridge allows us to inject the current
either parallel 共Ix兲 or perpendicular 共Iy兲 to the triangle base.
Magnetic field was applied perpendicular to the films. Magnetoresistance was measured with a commercial cryostat.
These ratchet effects are pure adiabatic, as was commented
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FIG. 1. 共a兲 Micrograph of the cross-shaped bridge used for the measurements. The darker central area is the array of triangles. 共b兲 Longitudinal
ratchet measurement layout. Injected current direction: Ix; output voltage: V1
and V4 or V2 and V3. 共c兲 Transverse ratchet measurement layout. Injected
current direction: Iy; output voltage: V1 and V4 or V2 and V3.

FIG. 3. Ratchet and transverse effects in Nb thin film with array of Cu
triangles. The sample is the same as that in Fig. 2. 共a兲 Four vortices per array
unit cell 共applied magnetic field is 136 Oe兲. 共b兲 Eight vortices per array unit
cell 共applied magnetic field is 272 Oe兲.

suring the transverse rectification signal, i.e., the voltage due
to contact misalignments is negligible in comparison with
before. Vortices were driven by direct injected currents 共dc兲
the transverse effect due to the asymmetric potentials 共trias well as alternative injected currents 共ac兲 up to 10 kHz,
angles兲. For checking this point, we have fabricated Nb film
which is our experimental upper limit. The same behavior is
on top of an array of Cu dots, i.e., the same system but with
found in both cases 共ac and dc driving forces兲.6 The experisymmetric 共Cu dots兲 pinning potentials. The dot size and the
mental data shown in Figs. 2 and 3 are taken in the adiabatic
array periodicity are the same than the triangle size and pelimit. More experimental details could be found in
riodicity in the array of Cu nanotriangles. In the Nb film with
Refs. 2 and 6.
dot array the magnetotransport measurements were done
Figure 2 shows ratchet and transverse rectification meawithin the same cross-shaped bridge than in the triangle
surements. First of all, we have to be sure that we are measamples 关see Fig. 1共a兲兴. Since this sample 共Nb film with Cu
dots兲 does not show any ratchetlike effects, any recorded dc
voltage drop will be due to the misalignment of the contacts.
Figure 2 shows the transverselike 关experimental configuration as Fig. 1共c兲兴 measurements for the Nb film with array of
Cu nanodots. We have applied dc and also ac 共10 kHz兲 input
currents and we have measured the dc output voltages for
both cases 共ac and dc injected currents兲; the output dc voltage is negligible in comparison with the transverse rectifier
voltages which appear in Nb film with array of Cu
nanotriangles.
The interplay between interactions is crucial to figure out
the experimental results. First of all, we have to realize that
we are dealing with a collective ratchet effect and the interactions between particles 共Abrikosov lattice兲 play a crucial
role. Furthermore, vortices are moving on two different poFIG. 2. Ratchet and transverse effects in thin film of Nb with array of Cu
tentials: the weak but periodic pinning potential 共Cu tritriangles 共Tc = 8.6 K兲. Transverse effect in Nb thin film with array of Cu dots
angles兲 and the strong but random intrinsic potential 共Nb
共Tc = 8.2 K兲. In both samples the applied magnetic field is 68 Oe 共n = 2兲.
films兲. The interplay and competition between these two pinSamples Nb film and Cu triangles: period of 750 nm and triangle side of
ning potentials and the vortex-vortex interaction govern the
625
nm.
Sample
Nb
film
with
Cu
dots:
period
of
770
nm
and
Cu
dot
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the vortex lattice and the periodic structure induces dissipation minima at equal spaced values of the applied magnetic
field, H = nH1, being H1 the first matching field and n the
number of vortices per array unit cell. The suitable temperatures and driving forces for exploring ratchet and matching
effects have been discussed elsewhere.6,13 In summary, the
temperature should be very close to the superconducting
critical temperature and the driving forces 共currents兲 should
be between the two current values. Below a threshold current
value the vortex lattice velocity is too low and the intrinsic
and random potentials overcome the periodic pinning, therefore the periodic pinning effect vanishes; above a second
threshold current value 共high driving force兲 the vortex lattice
velocity is enhanced and the vortex lattice does not undergo
the periodic potentials.13 The competition between the
vortex-vortex interaction and the asymmetric potentials
could be explored by increasing the applied magnetic field,
which means more vortices per array unit cell. Figure 3
shows ratchet and transverse effects when the number of
vortices increase to 4 关Fig. 3共a兲兴 and to 8 关Fig. 3共b兲兴 vortices
per array unit cell. The ratchet effect shows a reversed signal.
This effect is related with the number of vortices placed inside and outside 共interstitial vortices兲 the Cu triangle traps.
This change of polarity has been already reported,2 and it
could be explain as a reversal in vortex lattice motion due to
a reconfiguration of the vortex lattice when the number of
vortices per unit cell is larger than the saturation number
共maximum number of vortices which can be placed inside
the Cu traps兲.2,14 Increasing the number of vortices, i.e., increasing the number of interstitial vortices 关n = 8, Fig. 3共b兲兴,
the inverse voltage of the ratchet effect is enhanced.
Concerning the transverse ratchet effect its behavior is
very different: 共i兲 the transverse ratchet effect does not show
any change of polarity, and 共ii兲 increasing the number of
vortices, i.e., increasing the number of interstitial vortices
关n = 8, Fig. 3共b兲兴, the transverse effect is vanished. The vortex
lattice dynamics simulations quoted in Ref. 10 could be a
hint to figure out the transverse effect behavior. According to
these works, taking into account that the asymmetric potentials are attractive potentials, the vortex trajectory is deflected for the triangles always in the same way, for instance,
downwards. The asymmetric potentials 共triangles兲 do not distinguish whether the vortices are coming from the left or
from the right sides when the vortex lattice is moving per-

pendicular to the reflection symmetry axis of the triangle.
Finally, increasing the number of vortices per unit cell, the
number of interstitial vortices increases and the collective
behavior of the vortex lattice overcomes the vortex-periodic
potential interaction smearing out the transverse ratchet
effect.
In summary, we have measured a transverse vortex
ratchet effect. In comparison with the usual vortex ratchet
effect, the transverse rectification does not show a output dc
reversed signal, and the rectification polarity does not
change. The transverse rectification effect is enhanced for
applied magnetic field values around the saturation number,
i.e., the maximum number of vortices, which could be placed
inside the asymmetric potential.
The authors want to thank A. Kolton, V. Marconi, F.
Nori, C. Olson-Reichhardt, C. Reichhardt, and S. Savel’ev
for calling our attention to this transverse ratchet effect. They
acknowledge funding support by Spanish Ministerio Educacion Ciencia grants NAN04-09087, FIS05-07392, MAT0523924E, CAM grant S-0505/ESP/0337, and UCMSantander.
1

M. Velez, D. Jaque, J. I. Martin, M. I. Montero, I. K. Schuller, and J. L.
Vicent, Phys. Rev. B 65, 104511 共2002兲.
2
J. E. Villegas, S. Savel’ev, F. Nori, E. M. Gonzalez, J. V. Anguita, R.
Garcia, and J. L. Vicent, Science 302, 1188 共2003兲.
3
Special Issue of Appl. Phys. A: Mater. Sci. Process. 75共2兲 共2002兲.
4
C. S. Lee, B. Janko, I. Derényi, and A. L. Barabasi, Nature 共London兲 400,
337 共1999兲.
5
C. C. de Souza Silva, J. V. de Vondel, M. Morelle, and V. V. Moshchalkov,
Nature 共London兲 440, 651 共2006兲.
6
J. E. Villegas, E. M. Gonzalez, M. P. Gonzalez, J. V. Anguita, and J. L.
Vicent, Phys. Rev. B 71, 024519 共2005兲.
7
J. van de Vondel, C. C. de Souza Silva, B. Y. Zhu, M. Morelle, and V. V.
Moshchalkov, Phys. Rev. Lett. 94, 057003 共2005兲.
8
I. Derényi and R. D. Astumian, Phys. Rev. E 58, 7781 共1998兲.
9
M. Bier, M. Kostur, I. Derényi, and R. D. Astumian, Phys. Rev. B 61,
7184 共2000兲; S. Savel’ev, V. Misko, F. Marchesoni, and F. Nori, ibid. 71,
214303 共2005兲; A. B. Kolton, ibid. 75, 020201 共2007兲; V. I. Marconi,
Phys. Rev. Lett. 94, 047006 共2007兲.
10
C. J. Olson-Reichhardt and C. Richhardt, Physica C 432, 125 共2005兲.
11
B. D. Josephson, Phys. Lett. 16, 242 共1965兲.
12
J. I. Martin, M. Velez, A. Hoffmann, I. K. Schuller, and J. L. Vicent,
Phys. Rev. Lett. 83, 1022 共1999兲.
13
M. Velez, D. Jaque, J. I. Martin, F. Guinea, and J. L. Vicent, Phys. Rev. B
65, 094509 共2002兲.
14
L. Dinis and J. M. R. Parrondo 共private communication兲.

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP: 147.96.14.15
On: Tue, 28 Apr 2015 18:11:13

