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Vortex lattice channeling effects in Nb films induced by anisotropic arrays
of mesoscopic pinning centers
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Rectangular arrays of Ni dots with small interdot separation have been fabricated in superconducting Nb
films. The geometry of these rectangular arrays defines deep pinning potential channels. Two effects have been
observed(i) When the vortices move perpendicular to the chantigls along the long side of the rectangular
array) an enhancement of the background pinning is observed, as predicted by theoretical models. This en-
hancement occurs for all magnetic fieldis) A new anisotropic matching effect, which has not been theoreti-
cally predicted, has been measured. The position of the matching fields depends on the direction of the vortex
flow. When the vortices move parallel to the potential chanfieds, along the short side of the rectangular
array) the vortex lattice matches the rectangular array, but when they move along the long side of the rectan-
gular array only a triangular lattice is observed.
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Transport and magnetic properties of type Il superconpinning centers, and their effect on the vortex lattice is ana-
ductors are strongly affected by the presence of defects thatzed as a function of pinning strength and geometrical di-
act as pinning centers for the vortex latticEhe interaction mensions in comparison to the vortex lattice spacing. How-
between defects and the vortex lattice can induce a variety a@ver, in real samples an intermediate situation between point
changes in the temperature-field phase diagram, with thand extended defects is frequently the case. Then, geometri-
presence of different phasé&he control over defect size, cal factors, such as defect size or interdot distdfié&have
strength, and distribution permits optimization of the criticalto be also considered to understand the observed pinning
current, one of the basic parameters for applicatiofrs. behavior. In this work, this intermediate situation has been
most cases, defects induced during sample growth or creatédodeled by the fabrication of rectangular arrays of Ni dots
by metallurgical processes are randomly distributed. One ofvith small interdot separation. In addition, anisotropic pin-
the first approaches towards the fabrication of samples withing effects are studied by changing the direction of forced
tailored pinning  potentials were  superconductingmotion of the vortices relative to the underlying dot array.
multilayers; in which the nonsuperconducting layers act as Arrays of submicrometric 40 nm thick Ni dots have been
an ordered array of parallel planar defects. In recent yeargrepared on Si substrates ybeam lithography combined
the development of several nanolithography technitfieas  with a lift-off technique as reported elsewhétéwo rectan-
allowed the fabrication of samples with artificial nanostruc-gular arrays of Ni dots have been used in this work with unit
tured pinning potentials. It has been found that differentcell dimensionswx|=0.35x0.5 um? (sample 1 and w
kinds of artificial arrays of periodic pinning centers in a su-xX1=0.4x0.95 um? (sample 2. Dot diameters ared
perconductor can produce interesting commensurability ef=0.23 and 0.35um and interdot distance along is s,,
fects with the vortex latticé-*® When the artificial array ge- =0.12 um and 0.05um for samples 1 and 2, respectively.
ometry is different from the triangular configuration of the These geometrical characteristics are chosen so that close to
Abrikosov vortex lattice, controlled deformations are in-the critical temperatureT(.), the dot separation along the
duced in the vortex lattice, depending on its elastic propertieshort side of the array cell becomes comparable to the super-
and on the pinning center strength. For example, rectangulamonducting coherence length. Once the array of dots is fab-
arrays of Ni dots have been used to distort the vortex latticeicated, a 100 nm thick Nb film is deposited on top and a
into a rectangular configuration in a limited field rart§é’  bridge for transport measurements is defined by standard op-

Ordered arrays of defects are usually theoretically studietical lithography and ion beam etching. The pattern consists
as composed of either simple pdfhor extended planir of a 40 wm wide Nb cross centered on the Ni dot array so

0163-1829/2002/68.0)/1045115)/$20.00 65104511-1 ©2002 The American Physical Society



VELEZ, JAQUE, MARfIN, MONTERO, SCHULLER, AND VICENT PHYSICAL REVIEW B65 104511

(a) Geometry A (b)  Geometry B ' ! '
S, 10° 3 .
O @ z
FLT Lw i}w JT w : & T
H : l : B_ 10! =
Ot Qv O ;
— - F
— L L
J 100 e
FIG. 1. Sketch of the current and Lorentz forceF =JXB F
geometry relative to the unit cell Kw) of the Ni dot array in(a) !k
the measurement configuration A afig) in the measurement con- \cf E
figuration B. Q r
102 E
that the current can flow along two orthogonal paths aligned C N
along the two principal directions of the rectangular array. 13—t bt b
Magnetotransport measurements have been performed on a 0.3 0.0 0.5
helium cryostat with a 9 T superconducting magnet, with the B (kGauss)

magnetic fieldB always applied perpendicular to the sample
plane. Then, depending on the selected current path, the Lor- FIG. 3. Field dependence of the resistivityormalized by the
entz forceF, =JXB can point along two perpendicular di- N0rmal state valup,) atT=0.99Tc andJ=3.7x 10° Alem?, for a
rections relative to the array of Ni dots. Two measuremenf'P film on a (0.35¢0.5) um® array of Ni dots(sample }: (a)

geometries have been used in this work, as sketched in Figeomery A.(b) geometry B.

1. Geometry AJ parallel tol, the long side of the array cell,

and, therefore, Lorentz forde_and vortex velocity, along =5.8x 1P cm 2, whered, is the quantum of flux. This is

w, the short side of the array cell. GeometryBanng W, essentially the same as the density of pinning centers
andF_ andv, alongl. Up to now onlg results in geometry A _ U(wx1)=1/(0.35 umx0.5 um)=5.7x10° cm 2, in-
had been reported in the literatufé’ dicating that the minima in the dissipation correspond to

Figure 2 .ShOW.S the field depend.ence .Of the resistivity aFnatching between a rectangular vortex lattice and the rect-
0.997T: obtained in these two configurations for sample 1angu|ar array of dot¥

[Fig. 2@), geometry A and Fig. ®), geometry B. In the first In the second casd;| alongl, the resistivity increases

casef, a!ongyv, periodic minima appear N thevsBcurve ._monotonously with field without any characteristic structure
at equal field intervals, that can be assoma;ed with matCh'npelated to matching effects present in fhes B curve. How-
effects between the vqrtex I_attlce and the Ni dot_a?‘?atys & ever, it is worth noting that, in a wide field range around the
matter of fact, the field interval between minimaB,  fq matching field, the overall resistivity values at the same
magnetic field are much lower in geometry B than in geom-
etry A (see for example the magnetic field corresponding to
the conditionp=0.1p,, for each of these curvesThat is, in
geometry B the effect of the periodic array is more notice-
able in the behavior of thg(B) curve for fields away from
the matching condition, i.e., in the background pinning pro-
vided by the artificial pinning potential when the vortex lat-
tice is not commensurate with the array of dots. Therefore,
the comparison between both measurement geometries
shows that the vortex lattice is more strongly pinned at all
fields when it flows alond, the long side of the array cell,
than when it flows alongv.

When the transport current is reduced by an order of mag-
nitude, at the same temperatysee Fig. 3 matching effects
become more important in both measurement configurations:
oo the depth of the periodic pinning minima in geometry A in-
P A S S T creases, and smaller minima become also observed in geom-

0.0 0.5 etry B. This enhancement of the interaction between the vor-
B (kGauss) tex lattice and the ordered array for intermediate currents is
in agreement with previous results on the current dependence

FIG. 2. Field dependence of the resistivityormalized by the  in samples with triangular and square arrays of dbfs;
normal state valup,) atT=0.99T; andJ=3.1x10* A/cm?, fora  however, the detailed analysis of the field positions of the
Nb film on a (0.350.5) um? array of Ni dots(sample 1: (a) minima shows an unexpected behavior: the field spacing be-
geometry A,(b) geometry B. tween minima is found to depend on the current direction,

=120 G corresponds to a density of vorticeas=B/®d
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FIG. 4. Field dependence of the resistivityormalized by the i BGBBBB. éékv ¥

normal state valugp,) at T=0.99T: for a Nb film on a (0.4
X 0.95) um? array of Ni dots(sample 2 in configuration B:
squares)=10° A/cm?, circlesJ=6.25x10* A/cm?, up triangles
J=3.5x10" A/cm? and down triangleg=2.5x10° A/cm?. Inset
shows thep vs B curve in configuration A fod=10* Alcm?.

pinning potential

i.e., in configuration AAB, is 120 G and, in configuration
B, ABg is 185 G. The first spacing B, is the same found in
the data of Fig. 2 for higher currents and corresponds to ® ® ® ®
matching between a rectangular vortex lattice and the rect-
angular array of dots. On the other handBg corresponds to @ @ @ @
a triangular vortex lattice of parametag=0.36 xm which ® ® ® ®
matches to the short side of the dot array cell (
=0.35 um). (b)
Similar results have also been obtained in sample 2 with a
more anisotropic Ni dot array of parametersvXl) FIG. 5. (8) SEM image of the rectangular array of Ni dots used
=0.4 umXx0.95 um and smaller interdot distancs, in sample 1(b) Sketch of the contour plot of the pinning potential
=0.05 um. In this case, see Fig. 4, periodic pinning is only created by a rectangular array of defects in the small interdot dis-
observed in configuration A withB,=51 Oe in good tance limit, with overlapping pinning potentials that result in a
agreement with the theoretical prediction for matching withchanneled landscape.
the rectangular arrapB=®d,/lw=54 Oe. On the other
hand, no matching effects are found for any current range iwvidual pinning centers. However, it has to be noted that the
configuration B, but background pinning is stronger at lowshape of the Ni dots in the samples used in this weee
fields than in configuration A. Fig. 5a)] is circular, without any observable elongation
This enhancement in background pinning is also observedlong any particular direction. Therefore, the results obtained
in theoretical simulations of rectangular arrays of point pin-in sample 1 cannot be attributed to an anisotropy in the Ni
ning centers by Reichhardit al>® These authors find that, dot shape. Rather, in order to get further insight into these
for fields close to the first matching field, the main effect of anisotropic matching effects, two factors have to be consid-
changing the current direction relative to the rectangular arered: first, the depression in the order parameter related with
ray of defects occurs for fields out of matching conditions,the overall array geometry and, second, the fact that the
with a clear anisotropy in background pinning, that is highermovement of the vortex lattice in the presence of disorder
when J flows alongw. This effect yields a much smaller (thermal or structuralusually takes place with a higher de-
relative intensity of the periodic pinning peaks in configura-gree of order along the direction perpendicular to the vortex
tion B and, therefore, they should be harder to resolve than imotion than in the longitudinal oré:°In general, there are
geometry A(under similar measurement conditipns two limiting situations depending on the interdot distance.
On the other hand, the geometry dependence of th&he simplest case, usually considered in theoretical simula-
matching conditions found in sample 1 for low currents hadtions, corresponds to small defects located at large enough
not been predicted in these theoretical simulations with pointlistance so that the pinning potential wells of the individual
arrays of defect$’ where the position of the matching peaks dots can be considered as independent and almost pointlike.
in the critical depinning force were found to be independentThe second situation corresponds to larger dots, where the
of the direction of flow of the vortex lattice. This anisotropic interdot distances becomes comparable with the supercon-
behavior is a clear indication of an anisotropy in the periodicducting coherence length, in this case there can be an overlap
pinning potential seen by the vortex lattice. A possible originin the order parameter depression caused by eadséetthe
could be related with an anisotropy in the shape of the indisketch in Fig. 8)]. Then, the pinning landscape for a rect-
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angular array of defects has a clear anisotropic characténdependent on the direction of vortex motion, since this is
made up of deep channels located at a distdnaeith a  an equilibrium effect derived from the energy balahte.
small periodic modulation of period inside each channel. ThereforeABg (large interdot should be the same asB,

As s approaches zero, the amplitude of the modulation insidélarge interdoy, as has been observed in numerical simula-
the channels decreases, and would eventually disappear fii®ns of rectangular arrays of point defe€tshe situation is
the “multilayer limit” of extended defects located at a dis- differejnt f_or the small interdot d_istance case. The Lorentz
tance |. Actually, the artificial pinning potential in the force is directed along the long side of the array cell, so that
samples used in this work is more properly described by thé&he vortices are moving perpendicular to the channels in the
sketch in Fig. &). The superconducting coherence length at?i"Ning landscape and there are no easy paths for the vortex
0.99T. can be estimated asé=£(0)/(1-T/To)¥2 flow. Now, as has been theoretically predicted and ob-
=0.114 um, with £(0)=0.0114 um obtained from the served in decoration experimerfscorrelations along the

temperature dependence of the critical fiellg, close toT.. direption Qf motion| are hindered. at the onset OT vortex
This value of is very similar to the interdot distance along Motion while transverse order persists. Then periodic pinning
the short side of the array ces},=0.12 um for sample 1 would be observed when the vortex lattice matches the den-

and, much larger thas,=0.05 um for sample 2. There- sity of dots inside each channel in the direction perpendicular
fore, the range of the potential wells created by each doEﬁ the motion, as is the case for_sample 1 at low C“F*”“S
clearly overlaps along this direction there is matching between a triangular vortex lattice and

. the short side of the array celAlso, since the vortices have

In the following, first we are going to discuss geometry At the ch Is in the binni tential f lied
with large and small interdot separation and, then, the situa> Cross the channels in the pinning potential for any applie

tion in geometry B will be addressed. In the large interdotm"’Ignetic field, background pinning out of the matching con-

distance limit, experimental measurements in geometry /g‘iitipns is enhanced, as obseryed experimer?tallly. Finally, if
(the only reported up to now in the literatiishow the vor- s, is further reduced, the amplitude of theperiodic modu-

tex lattice is distorted into a rectangular configuration at |OWIat|on of the pinning potential inside the channels becomes

fields' so that pinning is enhanced for a vortex density too small to produpe a significant synchronized pinning ef-
=1/(I Xw), that corresponds to a matching field fect, as observed in the case OT sample 2. .
AB(large interdoty 120 G. Only for high enough fields a . In summary, anisotropic pinning effec_ts have been stu_dled
reconfiguration to a more isotropic vortex lattice is in ND films W'th. recFanguIar. arrays of Ni dots as a function
observed® On the other hand, in the small interdot distanceOf the current d_lrectlon r_elat|ve to_the array calfX !)' The
limit, it will be energetically favorable for the vortices to arrays are fabricated with small_mperdot separation so that,
order in 1D lines located at a distanc@side the channels of for temperatures close M, the pinning Iandscape adopts a
the pinning potential, on top of the rows of Ni dots. Then,channeled structure.du'e'to the overlapping qf the po'tentlal
under the action of the Lorentz force parallel to the short sidé”.ens. crebatﬁd t_)y t_he 't:'d'v'dl:ja]! dOtS'tA clea:ams?tropi/hmtthe
of the array cell, the vortex lattice will flow along these easyp'r_m'ng enavior 1S observed for vortex motion a o.ng € two
paths. It will only be pinned by the Ni dot array when the principal dwecnon; of the rectangular array cell: matchmg
vortices in each line match the smallperiodic modulation effects are more Important when the vortex I.attlce flows
of the pinning potential. This occurs again for a vortex der]_alongwthe short side of the array cell, but there is an overall

sity ny=1/(1 Xw) and, as a consequence, the matching ﬁelOenha_mcement of the pin_n_ing force at all ﬁelds_ for _vortices
AB, (small interdot will be 120 G, the same as in the pre- moving alongl. The position of the ”?atc*_“”g f'el.d is also
vious case. However, for small interdot distances, the chanf-ound.to be erendent on current direction, which can be
neled pinning landscape would not favor the reconfiguratio sspcrqted with change§ in the .ﬂOW pattern of the vortex
into an isotropic vortex lattice. attice induced by the anisotropy in the pinning potential.
On the other hand, vortex dynamics in geometry B is Work supported by Spanish CICYT under Grant No.
found to be much more sensitive to the details in the pinninglAT99-0724, the US National Science Foundation, UC-
potential. In the large interdot distance limit, the vortex lat- CULAR, the Spanish-US Commission under Grant No.
tice would be again distorted to a rectangular configuration99002, ESF Vortex Program and New del Amo Program.
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