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Arrays of submicrometric Ni lines have been fabricated in superconducting Nb films by electron
beam lithography. In the mixed state, these arrays induce strong anisotropy in the dissipation
behavior. The dissipation is reduced several orders of magnitude, in the whole applied magnetic
field range, when the vortex motion is perpendicular to the Ni lines~applied current parallel to them!
in comparison with dissipation of vortices moving parallel to the lines. In addition, for the samples
studied in this work, a change in the slope of ther(B) curves is observed when the vortices move
perpendicular to the lines and the vortex lattice parameter matches the width of the Ni lines.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1512947#
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The control and reduction of the dissipation produced
vortex motion in superconductors is one of the main iss
for the potential applications of these materials in the pr
ence of magnetic fields. The introduction of artificial pinnin
centers in the superconductor is a very useful method
modify, in a controlled way, the vortex lattice motion, an
therefore, to reduce the dissipation.1–4 The recent develop
ment of lithography technologies has provided the meth
for the preparation of such controlled structures not o
with size comparable to important pinning length scales,
regular arrays too.5,6 These pinning centers lock the vorte
lattice3 and, as a consequence, can reduce the dissipa
Although these structures are of technological interest
themselves, for instance antidot arrays have been alread
plied to the reduction of flux noise in superconducting qu
tum interference devices of high temperatu
superconductors,7 they are also used as a powerful tool to g
a further understanding of the fundamental properties of v
tex lattice dynamics.8

Arrays of magnetic dots seem to be one of the b
choices as pinning centers for the vortex lattice.9 They can
provide a reduction in the vortex motion dissipation and
increase in the critical current density when the vortex latt
matches the geometrical parameters of the array.3 These ar-
rays have been used to analyze basic properties of the m
state too; for example elastic properties.10

In this work, we have studied how a very anisotrop
array of extended pinning centers~Ni lines! modifies the dis-
sipation in superconducting Nb films. The field dependenc

a!Electronic mail: jlvicent@fis.ucm.es
2850003-6951/2002/81(15)/2851/3/$19.00
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of resistivity and critical current have been measured in
mixed state for different temperatures, array periods, cur
densities, and the most crucial, relative orientations betw
driving current and Ni lines. Combination of these expe
ments has been used to get a further insight in the anisotr
behavior of vortex lattice dissipation induced by the prese
of a channeled pinning potential.

Magnetic Ni lines of widthd5200 nm and thicknesst
540 nm, with line periods ofL50.5mm ~sample I! and 0.8
mm ~sample II! were prepared on oxidized Si~100! sub-
strates using electron beam lithography. The pattern was
fined on a poly~methylmethacrylate! resist layer; then mag
netic ~Ni! layer was sputtered on top. A lift-off proces
follows and, after this, a 100-nm-thick Nb film was spu
tered. Finally, standard optical lithography and ion be
etching defined a bridge for transport measurements.
pattern is a 40mm wide Nb crosscentered on the Ni lin
array, so that, the current can flow along two orthogo
paths aligned along the two principal directions of the Ni li
array. Magnetotransport measurements were performed
helium cryostat with a 9 T superconducting magnet, with
magnetic field always applied perpendicular to the substr
Then, depending on the selected current path, the Lor
force, FL5J3B, can point along two perpendicular direc
tions relative to the array of Ni lines. Two geometries ha
been used in this work: geometry A:J parallel to Ni lines and
therefore, vortex velocity perpendicular to them; and geo
etry B: J perpendicular to magnetic lines and vortex veloc
parallel to Ni lines.

Figure 1 shows the results obtained fromr(B) measure-
ments performed on sample I (L50.5mm). Current was ap-
plied parallel@Fig. 1~a!# and perpendicular@Fig. 1~b!# to Ni
1 © 2002 American Institute of Physics
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lines. Temperature was set to 8.2 K, corresponding to a
duced temperature of 0.94Tc . When driving current is ap-
plied parallel to Ni lines@Fig. 1~a!, vortex motion perpen-
dicular to the lines# two clear changes in ther(B) slope are
observed. On the other hand, monotonic behavior was
tained when current was applied perpendicular to Ni lin
@Fig. 1~b!, vortex motion parallel to the lines#. Magnetic
fields, at which these slope changes occur, areB1 , andB2

>2B1 , beingB1>0.7 kG corresponding to a density of vo
tices nv5B/F0>33109 cm22. Considering a triangula
vortex lattice, this density would induce a distance betwe
adjacent vortices of 190 nm, very close to the Ni line wid
~200 nm!. This fact suggests that the observed enhanced
tex pinning is produced at the edges of magnetic lines du
the enhancement of proximity effect in the Nb film on top
line edges. Matching effects in ther(B) curve for magnetic
fields corresponding to Ni line periods are not observed
particular for this sample I, the matching field for the peri
L5500 nm would beDB>0.095 kG, but at this field the
measurements have not revealed any signature. These re
can be understood in terms of the correlation length of vor
lattice, that is the characteristic distance where the tran
tional order in the moving vortex lattice is actually kept.11,12

Matching effects are only efficiently produced if correlatio
length of vortex lattice is larger than the distance betwe
pinning centers. In our case, distance between line edge
smaller than line period, this could explain why matchi
effects take place when vortex distance matches line wi
instead of array period that is probably larger than corre
tion length. Finally, it is worth to note that these pinnin
effects when the vortex lattice matches the line width ha
also been observed in experiments performed in NbN/Nb3Ge
bilayers with weak-pinning channels.13 In this case the
matching effects are observed when the vortex motion

FIG. 1. Field dependence of normalized resistivity atT50.94Tc . 2~a! and
2~b! correspond to geometry A~vortex motion perpendicular to the Ni lines!
and geometry B~vortex motion parallel to the Ni lines! respectively. In Fig.
2~a! applied currents wereJ522, 12, 8.7, 5, and 2.53104 A/cm2 for ~1!,
~2!, ~3!, ~4!, and~5! curves, respectively. In Fig. 2~b! applied currents were
J550, 25, 12, 8, and 23103 A/cm2 for ~1!, ~2!, ~3!, ~4!, and ~5! curves,
respectively.
Downloaded 12 Mar 2012 to 161.111.180.103. Redistribution subject to AIP
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along these very weak pinning channels. In our case
matching effects are observed for currents applied paralle
the channels and vortex motion perpendicular to them.

Figure 2 shows ther(B) curves obtained in geometry A
~vortex moving perpendicular to magnetic lines! for sample I
@Fig. 2~a!# and sample II@Fig. 2~b!#, both films with lines of
200 nm width and with separation between lines of 300
~sample I! and 600 nm~sample II!. Temperature wasT
50.94Tc and applied current was 105 A/cm2. The anomalies
in ther(B) curves are observed at similar magnetic fields
the same range for both samples. In particular, for sample
they are atDB>0.8 kG, that corresponds to an intervorte
distance of 175 nm~triangular vortex lattice!, close to the
line width, and for sample IDB>0.7 kG ~intervortex dis-
tance of 190 nm!. This fact supports the role played by th
linewidth. To clarify even more this point, a third samp
~sample III! was grown with separation between lines of 5
nm, but with line width four times larger~800 nm! than in
the case of samples I and II. Therefore, if the separatio
the crucial length, a slope change should appear at lo
magnetic fields (DB>0.1 kG) than those observed in Fig
2~a! and 2~b!. Nevertheless, the experimental data obtain
on sample III@Fig. 2~c!# show monotonic magnetic field de
pendence.

From Figs. 2~a! and 2~b! it is clear that changes observe
in ther(B) slope are more intense when the line period,L, is
reduced. As a matter of fact, two slope changes~at fixed field
intervals ofDB'0.7 kG) are observed in sample I, where
only one is observed in sample II. As the array period
reduced, the ratio@Ni lines#/@Nb# is increased and, as a con
sequence, the artificially induced pinning is enhanced w
respect to Nb intrinsic pinning.

By inspection of Fig. 1 (T50.94 Tc), it can be noted
that, in a wide field range, the overall resistivity values at

FIG. 2. Field dependence of normalized resistivity atT50.94Tc obtained
for sample I, 2~a!, and sample II, 2~b!. Figure 2~c! shows the field depen-
dence of normalized resistivity atT50.94Tc and T50.97Tc obtained for
sample III ~line period of 1.4mm with 800 nm Ni linewidth!. Applied
current was 13105 A/cm2 parallel to Ni lines. Arrows indicate the matchin
field values.
 license or copyright; see http://apl.aip.org/about/rights_and_permissions
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same magnetic field and for the same applied current
several orders of magnitude lower in geometry A@Fig. 1~a!#
than in geometry B@Fig. 1~b!#. This enhancement in th
pinning effect has been also observed in experiments
formed on rectangular arrays of Ni dots.14 Furthermore, pre-
vious theoretical simulations on rectangular arrays of po
pinning centers predicted this anisotropic dissipation.15 In
Ref. 15, authors found that the main effect of changing
current direction relative to the rectangular array of defect
a clear anisotropy in the background pinning that is low
when the vortex lattice moves along the long dimension
the rectangular array than when it moves parallel to
shortest dimension of the array. In our case, the presenc
magnetic lines in the Nb film defines a channeled pinn
potential and, therefore, produces a very high anisotro
dissipation. In geometry B, the vortex lattice will flow alon
these easy paths~Ni lines! without any variation of the pin-
ning potential in the direction of motion. On the other han
in geometry A, vortex lattice crosses the channels in the p
ning potential, leading to a slow down vortex lattice moti
and reducing the induced dissipation. This effect will occ
for any magnetic field, and it is further enhanced when
field values are such that the vortex lattice parame
matches the linewidth, as observed in Fig. 2.

Finally, using the same voltage criterion that Hoffma
et al.,16 field dependence of critical current (Jc) has been
measured on sample I~see Fig. 3! with driving current ap-
plied parallel to Ni lines~geometry A!. We have found an
increase of the critical current value and a smoother fi
dependence ofJc than in the case of Nb films with array o
Ni dots16 and Nb films. As was commented before, when
vortex lattice is moving perpendicular to Ni lines there is

FIG. 3. Critical current vs magnetic field for sample I~period 0.5mm and
linewidth 200 nm!, and for 100-nm-thick Nb film without array of Ni lines
at 0.99 and 0.94Tc .
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enhancement in pinning force. This enhancement is produ
in a wide field range~does not depend on the distance b
tween vortices!, in such a way that the array of Ni lines cou
be a good tool to reduce the sharp decrease ofJc with ap-
plied magnetic fields.

In summary, anisotropic pinning effects have been st
ied in Nb films with regular arrays of Ni lines. Matchin
effects in magnetoresistence have been observed when
tex lattice matches the Ni linewidth and they are only d
tected when the vortices move perpendicular to the Ni lin
Furthermore, a very significant decrease in dissipation,
to enhancement in pinning force, is observed for the wh
range of applied magnetic fields for current applied para
to the Ni lines. In fact, for this current configuration, the N
films with the line arrays show a smoother magnetic fie
dependence of the critical current than observed on Nb fi
and patterned Nb films with similar dimensions of squa
arrays of Ni dots.

The authors want to thank Spanish CICYT MAT200
04543 and ESF Vortex program. D.J. and E.M.G. thank M
isterio de Ciencia y Tecnologı´a ~Spain! for Ramón y Cajal
Contracts.

1A. T. Fiory, A. F. Hebard, and S. Somekh, Appl. Phys. Lett.32, 73 ~1978!.
2M. Baert, V. V. Metlushko, R. Jonckheere, V. V. Moshchalkov, and
Bruynseraede, Phys. Rev. Lett.74, 3269~1995!.

3J. I. Martin, M. Velez, J. Nogues, and I. K. Schuller, Phys. Rev. Lett.79,
1929 ~1997!.

4D. J. Morgan and J. B. Ketterson, Phys. Rev. Lett.80, 3614~1998!.
5J. F. Smyth, S. Schultz, D. R. Fredkin, D. P. Kern, S. A. Rishton,
Schmid, M. Cali, and T. R. Koehler, J. Appl. Phys.69, 5262~1991!.

6J. I. Martı́n, Y. Jaccard, A. Hoffmann, J. Nogues, J. M. George, J.
Vicent, and I. K. Schuller, J. Appl. Phys.84, 411 ~1998!.

7P. Selders and R. Wo¨rdenweber, Appl. Phys. Lett.76, 3277~2000!.
8M. Velez, D. Jaque, J. I. Martı´n, F. Guinea, and J. L. Vicent, Phys. Rev.
65, 094509~2002!; C. Reichhardt, G. T. Zimanyi, R. T. Scalettar, A. Hof
mann, and I. K. Schuller,ibid. 64, 052503~2001!.

9Y. Jaccard, J. I. Martı´n, M. C. Cyrille, M. Velez, J. L. Vicent, and I. K.
Schuller, Phys. Rev. B58, 8232~1998!.

10J. I. Martı́n, M. Velez, A. Hoffmann, I. K. Schuller, and J. L. Vicent, Phy
Rev. Lett.83, 1022~1999!.

11T. Giamarchi and P. Le Doussal, Phys. Rev. Lett.76, 3408~1996!; P. Le
Doussal and T. Giamarchi, Phys. Rev. B57, 11356~1998!.

12U. Yaron, P. L. Gammel, D. A. Huse, R. N. Kleiman, C. S. Oglesby,
Bucher, B. Batlogg, D. J. Bishop, K. Mortensen, K. Calusen, C. A. Bo
and F. de las Cruz, Phys. Rev. Lett.73, 2748~1994!; M. Marchevsky, J.
Aarts, and P. H. Kes, Phys. Rev. B60, 14601~1999!.

13A. Pruymboom, P. H. Kes, E. van der Drift, and S. Radelaar, Phys. R
Lett. 60, 1430~1988!.

14M. Velez, D. Jaque, J. I. Martı´n, M. I. Montero, I. K. Schuller, and J. L.
Vicent, Phys. Rev. B65, 104511~2002!.

15C. Reichardt, G. T. Zimanyi, and N. Gronbech-Jensen, Phys. Rev. B61,
014501~2001!.

16A. Hoffmann, P. Prieto, and I. K. Schuller, Phys. Rev. B61, 6958~2000!.
 license or copyright; see http://apl.aip.org/about/rights_and_permissions


