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Directional vortex motion guided by artificially induced mesoscopic potentials
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Rectangular pinning arrays of Ni dots define a potential landscape for vortex motion in Nb films. Magne-
totransport experiments in which two in-plane orthogonal electrical currents are injected simultaneously allow
one to select the direction and magnitude of the Lorentz force on the vortex lattice, thus providing the angular
dependence of the vortex motion. The background dissipation depends on the angle at low magnetic fields,
which is progressively smeared out with increasing field. The periodic potential locks in the vortex motion
along channeling directions. Because of this, the vortex-lattice direction of motion is ufy w8ty from the
applied Lorentz force direction.
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Recently, ebeam writing based nanolithographyas Two arrays with rectangular symmetry but different peri-
been used to prepare submicrometric structures with geonedsaxb were used; sample A with a 48G625-nnt unit cell
etries defined at will. In particular, the fabrication of super-and sample B with a 400500-nn? unit cell. On both
conducting thin films with periodic arrays of magnetic or samples, the dots are 40 nm higNi thicknes$ and their
nonmagnetic dots? lines? or holes® with sizes comparable diameter iSZJ=250 nm. The Nb film on top of dot arrays is
to the characteristic lengths that govern superconductivitt00 nm thick.

(the coherence lengthand the penetration depk), opened 'For magnetotransport measurements, a cross-shaped
the door to studies of static and dynamic properties of vorteridge, designed for these rotating Lorentz force experi-
matter. One of the most remarkable phenomena observeé§€nts, was optically lithographed and ion-etched. A sketch
in samples with periodic arrays of defects is the com-Of the bridge, as well as notation and definition of angles and

mensurability effect in magnetoresistance and criticalg'recnonsts sho:;vg n F|gs..(a) and 1b). The wo t'nj.e.Ctedth
current?~* which show that the vortex-lattice is strongly ¢ currentsJy andJy, Cross in a square area containing the

pinned at applied fields for which geometric matching existsdaOt arrays. Taking into account Lorentz force expression,

—Tvw — — 15 - H
between the vortex-lattice and the underlying periodichL=J%N¢o (Wheregy=2.07x10" " Wb andn is a unitary

structure. vector parallel to the applied magnetic figld, andJ, yield
Vortex-lattice dynamics as a function of Lorentz force di- two components of the Lorentz force on the vortex lattice,

rection in this kind of sample has been investigated recently
both theoreticall}*'® and experimentalfy only for two @
privileged directions. In Nb thin films with rectangular arrays

of magnetic dot$’/ the vortex motion is easier when the
Lorentz force is applied parallel to the short rather than the
long side of the rectangular array. This effect was related to
channeled potential barriers for vortex motion in the shortest
interdot distance direction. 1

In the present work, we have studied vortex-lattice dy-
namics as a function of the Lorentz force direction with re-
spect to the array axes, in samples with rectangular arra)(b) .F
symmetries. For this purpose, we have developed experi
ments in which the direction of the Lorentz force is rotated @
any angle at will. We have found that the vortex lattice is
guided by channeled potentials along the short side of the
array even though Lorentz force is applied up to 85° away
from the short side of the rectangular array.

Arrays of submicrometric Ni dots on @i00) substrates
were fabricated usinge-beam lithography techniques.  FiG. 1. (a) Micrograph of the measurement bridge. The area in
Briefly, the pattern is defined bgrbeam writing on the resist \which currents cross is 4040 wm?2. The shaded area represents
covering the substrate, followed by developing, and Ni sputthe 90x 90.m? array of dots(b) Definition of angled, and current
ter deposition. After lift-off only the Ni nanostructures re- and voltage directions with respect to array axXes\Voltage drops
main on top of the substrate, which is then covered by a/,=V;-V, and V,=V,~V; as a function of¢ above T,(T
sputtered Nb thin film. Further details on this procedure can=9.5K), with J2+ Jyz: 10 kA cm 2. (d) SEM image of the array
be found elsewherk. of sample A @=400nm,b=625nm).
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FIG. 2. (a) Ry(H) vs applied field of sample A for different
angles and 32+ J2=75 kA cm" 2 at T=0.98T, . Vertical dashed FIG. 3. (@) Ry(H) and(b) R,(H) of sample A afr=0.99T, for
lines point out matching fields with periodH,,,=84 Oe, and Jx=25 kA cm 2 and different], : (solid squaresJ,=0 (6=0),
dash-dotted lines those withHy;q,=130 Oe. (b) R(H) vs ap-  (circles J,= _122-5 kA cm'? (¢=30), (solid up triangles J,
plied field of sample B for different angle® and \/szJrJ;Z :4:23-3 kA cm'“ (#=60), and (down triangles),=68.8 kA
=125 kA cni? at T=0.99T,. Vertical dashed lines point out €M~ (6=75). (c) R(H) and (d) R,(H) of sample B atT
matching fields with periodAH,,,=104 Oe, dash-dotted lines =0-99T¢, for J,=12.5 kA cm ? and dlffzerentJy: (solid squares
those with AHpn=122 Oe, and dotted lines mark fractional Jy=0 (6=0), (circles J,=7.25 kA cm'* (6=30), (solid up tri-

matching fields 0.5\ H,,,,=52 Oe and 1.5\H,,,,= 156 Oe. angles J,=125kAcm?(6=45), (up triangles J,
=21.6 kA cm 2 (§=60), (solid diamondsJ,=34.3 kA cm 2 (6

=70), and (left triangles J,=142.2 kA cm 2 (9=85). Dashed

Fx=Jdy¢o and Fy=Jy¢o. Thus, the resultant Lorentz |ine points out first matching fields.
force, of magnitude F = \/FX2+ Fy2 and direction 6
=arctan(J,/Jy), is selected at will, and it can be rotated in at which an integer number of vortices exists per unit cell of
plane in the whole angular range 0-90being parallel to the the array, givingAH,y,= ¢o/ab=82.9 Oe, wherea=625
short lattice parametex when #=0° and to the long on& nm andb=400 nm are dots array cell dimensions. The high-
for §=90°. Voltage drops oV,=V,—V; andV,=V,;—V, field period corresponds tAH;4n= dola®=129 Oe. The
were simultaneously measured using two nanovoltmeterdransition between these two different regimes has been ex-
Experiments were carried out in a liquid He cryostat, pro-plained in terms of the reconfiguration in the vortex lattice
vided with a superconducting magnet. In all measurementsfom a rectangular to a square geométnFor sample B
the magnetic field was always applied perpendicular tda=500 nm andb=400 nm, this phenomenon is also ob-
film plane, and thus perpendicular to the applied currentserved, with a longer periodHy;,,=122 Oe than the low
Jy andJ, . field regimeAH,,,=104 Oe, in good agreement with theo-

Normal state(T=9.5 K) voltage dropsV, andV, as a retical valuesAH,,,= ¢o/ab=103 Oe andAHgn= ¢ola?
function of #=arctan(,/J,) [Fig. 1(c)] show a sinusoidal =129 Oe. In addition, fractional matching effectare ob-
behavior, proving that voltage contacts are well aligned. Suserved for sample B, at fields 0.AH,,,=52 and 1.5
perconducting critical temperaturég's were independent of AH,;, =156 Oe. None of these features depend on the di-
the measuring voltage contacts. For sample A it wagection of the Lorentz force, i.e., the position and period of
T.=8.75 K, and for sample Br.=8.63 K, close to the matching fields do not change when the Lorentz force is
T.=9.2 K for bulk Nb. rotated at different angle& However, for both samples, the

The resistance along thedirection (long sideb of rect-  background resistance in the low field regime clearly de-
angular array R,=V, /1, versus applied fieldH is shown in  pends on the Lorentz force direction, and becomes lower as
Fig. 2 for different angle® and fixed magnitude of the Lor- it is rotated towards the long side of the rectangular alray
entz forceF , for samples A and B. For both samples, (6—90). At higher fields, the resistance becomes the same
minima develop as a consequence of geometrical matchin@r all anglesf. This behavior clearly shows an anisotropic
between the vortex lattice and the underlying periodicin-plane vortex dynamics.
structuré? For sample A two different perioddH are ob- Figure 3 shows a different set 8&H) for samples A and
served: at low fields\H,,=84 Oe, while at higher fields B, with R,=V, /I, andR,=V, /I, measured simultaneously.
AHpigh=130 Oe. The low-field period corresponds to fieldsin these measurements, the current den3jtys kept con-

224504-2



DIRECTIONAL VORTEX MOTION GUIDED BY ... PHYSICAL REVIEW B68, 224504 (2003

stant, whileJ, is changed for each curve. As a result, the
Lorentz forceF, along the short side of the arrayis kept
constant, and the forde, along the long sidé is increased,
thus resulting in a total variable Lorentz forcé,
= \/sz+ Fy2 with direction 6= arctand,/J,). The behavior
of both A and B samples is essentially the sdifig. 3). For
fields up to the first matching arti< 85°, R, is independent
of F,. Moreover, in these field rang®&, falls below mea-
surable values, much lower thd ; that isVy< V,, indi-
cating that vortex lattice is essentially moving along the short
sidea of the array. It is worth noting that vortex-lattice mo-
tion is confined along the short side of the array, even
though the total Lorentz forcE, is rotated up to#=85°,
very close to the direction of the long side of the arbayror
fields higher than the first matching, a measurable resistance
Ry progressively arises. Thus, the vortex-lattice direction of
motion no longer is restricted to tlaedirection, but it rotates
as magnetic field increases, becoming parallel to the direc-
tion of the applied Lorentz forcE, .

The phenomenology described above constitutes the cen-
tral result of this paper. The anisotropic pinning potential due

AF_ (Nm™107)

AF cos(8) (Nm™107)

to the rectangular array of magnetic ddtscreates a
hard-axis, along the long side for the vortex-lattice mo-

FIG. 4. (a) AF (v) for sample B around first matching, for
different directions of the Lorentz forcésee the legend (b)

tion. The important point is that this effect is strong enoughAF | (v) for sample A around first matching, for different directions

to lock vortex motion along the short sideof the rectangle.
\ortex-lattice motion is guided along this direction for

of the Lorentz force(see the legend (c) AF (v)Xcos@) for
sample B around first matchin¢see the legend (d) AF, (v)

fields up to the first matching field, disappearing progres-<cos() for sample A around first matchirigee the legendHori-
S|ve|y for more intense f|e|dS, as the number of Weaklyzontal arrows |r(C) and(d) pOInt out the vortex VeIOC|ty threshold
pinned interstitial vorticésincreases the guided vortices ef- for guided vortex motion.

fect is reduced.

To gain further insight into this anisotropic vortex-lattice
dynamics,| —V curves (not shown were measured at
=0.99T for several #=arctan{,/J,) at different applied
fields. The vortex-lattice velocities along thghard andy
(easy axes are calculated from the voltage dréfgsandV,,
usingv;=V,/(dB), whered is the distance between contacts

andB the applied field. Here we used that the vortex-lattice

velocity v = \/vxz+uy2 gives the electric fielE=BXuv. To-
gether with the Lorentz force expressidn,= \/FX2+ F2, we
can deriveF | —v curves froml —V characteristics. This is

interesting, sinc€ a comparison of the Lorentz force neces-

sary to drive the vortex-lattice with a velocity at an out-

of-matching field E_,,) with that at a matching field
(FL matching» gives the effective force at matching £, ) as

a function of velocity:

FL matching(v)_ FLoul(v)=AF(v).

This analysis for the first matching field is shown in Fig.
4, for samples A =45 Oe,Hnatcning=84 O8 and B
(Hout=70 O€,Hnatching=104). Figures @) and 4b) show
that, for angles up t@=60°, the maxima of the effective

shift towards lower velocities. On the other handr, (6)
increases monotonically for all. Figures 4c) and 4d) show
AF | (6) X cos(). AF (0)Xcos@)~AF (6=0) up to a given
velocity, which depends on the sample anisotropy and Lor-
entz force direction ). This clarifies the behavior observed
in Figs. 4a) and 4b). Up to a given vortex-lattice velocity,
dependent on the Lorentz force direction, only fgcom-
ponent(along easy axig) plays a role in vortex dynamics.
In agreement with the picture described above, the vortex
motion is restricted to this direction for fields up to first
matching field. The component of the Lorentz force along
the hard axisb, F,, has no effect until a threshold for
vortex-lattice velocity is reached. For both samples, this
threshold is lower as the direction of the Lorentz force is
closer to the hard axisee the arrows in Figs(& and 4d)].
The more anisotropic the rectangular arfagmple A, the
higher the threshold velocity for each Lorentz force
direction.

In conclusion, the measurement of the vortex-lattice ve-
locity v versus the applied Lorentz forég shows that, up
to a given vortex-lattice velocity threshold, the vortex motion
in rectangular pinning arrays is strongly guided by the mi-
crostructure along the short side of the array. The physical

force are for velocities around 200 m/s in both samples, welbrigin of this guided vortex motion is the channeling poten-
in the range earlier reportéd and, most importantly, do not tial landscape created by the rectangular symmetry. This re-
depend on the direction of the Lorentz force. However, as thaeults in the vortex-lattice velocity and Lorentz force not be-

Lorentz force direction approaches the hard-ax{$0< 6
—90, perpendicular to the channel directiothe maxima

ing parallel for fields up to the first matching minimum: the
effect is strong enough to keep the vortex-lattice motion up
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