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Anisotropic vortex channeling in YBa,Cus;0+_s thin films with ordered antidot arrays

A. Crisan!? A. Pross! D. Cole!l S. J. Bending,R. Wordenwebet,P. Lahl® and E. H. Brandt
1Department of Physics, University of Bath, Claverton Down, Bath BA2 7AY, United Kingdom
National Institute for Materials Physics, P.O. Box MG-7, Bucharest, 077125, Romania
SInstitute of Thin Films and Interfaces (ISG2), CNI, Forschungszentrum Jiillich D-52425 Jilich, Germany
4Max-Plank-Institut fiir Metallforshung, D-70506 Stuttgart, Germany
(Received 21 November 2003; revised manuscript received 23 September 2004; published 14 April 2005

Scanning Hall probe microscopy has been used to make a microscopic study of flux structures and dynamics
in yttrium barium copper oxide thin-film disks containing a regular (@-period square array of
2.5-um-sized holegantidots. Images obtained after field cooling the sample to 77 K in very low fields reveal
that the holes can trap two flux quanta at this temperature. Scans obtained after zero-field (Zdaling
77 K and a subsequent applied field cycle clearly display preferential flux channeling along chains of antidots
in the direction of maximum induction gradient. Remarkably, upon reversal of field sweep direction, we
observe flux “streaming” out of the holes towards the sample edges with almost uniform density flux “stripes”
bridging the holes in the exit direction. We estimate that the antidots can preferentially trap about 15 flux
quanta in these ZFC experiments. Classical electrodynamics simulations of our samples appear to be in good
qualitative agreement with our results, indicating that many of the observed phenomena may be geometrical
effects that depend primarily on the shape and topology of the sample, and potential applications are discussed.

DOI: 10.1103/PhysRevB.71.144504 PACS nunt®er74.25.Qt, 74.25.Ha, 74.78.Bz, 74.78.Na

I. INTRODUCTION Most experimental studies of vortex ratchets have been

Recently vortex ratchets, which exploit asymmetric vor- based on systems of nanoscale pinning sites that are typically

tex dynamics to achieve rectification and lensing effects®Nly capable of pinning~1 superconducting vortex. Re-

have been attracting considerable attentidin.has been Cc€ntly, however, an unexpected fourfold symmetry of flux
shown both theoretically and experimentally that, in a superPenetration was observed in magneto-optical measurements

conductor with an asymmetric periodic potential achieved by?" @ circular YBCO thin-film disk containing a square array

having asymmetric channel walls, a graduated random pir2f Very large(~2-um-diam antidots. This observation was

ning density, or periodic arrays of asymmetric pinning de-duantitatively explained using a simple vortex channeling
fects, an applied transverse ac electric current can lead to rgodel wherr1e thle angle .between tpeh norm'al tol th'e Samﬁle
net dc longitudinal transport of vorticst has recently been €d9€ and the closest unit vector of the antidot lattice is the

demonstrated that rectification of ac currents can take mac@ostdinr]]portant paltrameté‘?.r;l_' he high-resolu_tiorll Studies re- ‘
in thin films containing asymmetric chains of large micron- Ported here complement this magneto-optical imaging wor

sized antidoté, which is the motivation for the study re- With @ view to understanding the vortex dynamics in very

ported here. The experimental realization of efficient vortexsimilar samples at the microscopic level. While our measure-

ratchets would enable a number of novel applications, inMents confirm the picture of Ref. 10, we also demonstrate

cluding the removal of unwanted trapped flux in supercon{hat the presence of antidots in these films can induce an
ducting quantum interference devicéSQUIDS,* vortex intrinsic asymmetry in the dynamics of flux penetration and

pumps, and vortex lenses that can either disperse or concef¥il: making this an especially promising system for the fab-
trate vortices in chosen regions of a sanpées well as col- rication of ratchet devices. Many of the phenomena that we
lective vortex step motors. observe appear to be qualitatively reproduced in classical
Furthermore, the optimization of conventional active andelectrodynamics simulations of “model” samples, which sug-
passive thin-film superconducting devices requires the sugdests that they may arise from geometrical effects that de-
pression of dissipative processes due to the motion of vortipend primarily on the shape and topology of the sample, and
ces. In active devices vortex motion leads to increased lowflux quantization seems to play a secondary role.
frequency noise, reduced sensitivity, or increased bit error The most direct information regarding vortex structures
rate, while a reduction of quality factor and power handlingand dynamics is obtained through local measurements of the
capability results from their presence in passive microwavenagnetic field within or at the surface of a superconducting
components. It is well known that vortex motion can be sup-sample. In this investigation we have made extensive use of
pressed by sufficiently strong pinning centers in the superhigh-resolution scanning Hall probe microsco8HPM) to
conductor, which can be created by high-energy neutron anvestigate flux dynamicgpenetration and exit, channeling,
heavy-ion irradiatiolf, by randomly distributed self- and local magnetizatiorin two patterned YBCO thin films
assembled nanodots grown on the substrate before filita 2 mmx 2 mm square and a 2-mm-diam diglontaining a
deposition] or by the fabrication of a regular array of regular square array of micron-sized holastidoty. SHPM
(submicron artificial defects(holes or magnetic dot$ In images were acquired under various conditions, with
YBa,Cuz0,_s (YBCO) SQUIDs, a few strategically posi- samples field cooledFC) or zero-field cooledZFC) and
tioned antidots have been shown to trap vortices and, hencsubjected to different applied field histories. The results are
to reduce the noise. discussed in the context of existing theoretical models and

1098-0121/2005/414)/14450410)/$23.00 144504-1 ©2005 The American Physical Society



CRISAN et al. PHYSICAL REVIEW B 71, 144504(2005

FIG. 2. SHPM scans on the YBCO disk after field cooling to

00 - EHT=1000kv  Signal A =InLens Date :114 00 |
= SR 77K in (8 -1.6 Oe [grayscale spans(GS ~1.4 G|, (b)
FIG. 1. Scanning electron micrograph image of a typical~1-1 08(GS~1.7 G, (c) -0.6 0e(GS~1.9 G, (d) 0.4 Oe(GS
antidot. ~2.8G), () 0.7 Oe(GS~3.6 G, and(f) 0.9 Oe(GS~2.1 G.

practical applications of antidots in cryoelectronic devicesin order to perform rapid magnetic imaging without STM
described. feedback. In the measurements presented here, the scan area

is about 32umX 32 um, and divided into 12& 128 pixels.
Each pixel has been averaged 13 times and the presented
Il. EXPERIMENT images typically correspond to the average of 25-100 con-
] ] _ secutive full scans in order to suppress low-frequency 1/

In order to create a superconductor with tailored flux pin-ngise. This procedure results in a two-dimensional map of
ning properties that can be examined with SHPM, opticakne |ocal magnetic inductiorB; (i,j=1-128, as well as an
Iithog_raphy and ion beam etching were uS_Bd to pattern a”tiaverage value of induction over the entire scan area and a
dot_s in a magnetron sputtered YMO7_§ film grown eP-  grayscale(GS), SB=Max(B;)-Min(B;). All data presented
taxially on a Ce@-buffered sapphire substrate. A scanningjn s paper were captured at 77 K at about 0.5 mm from the
electron micrograpSEM) of a typical antidot is shown in edge in the case of disk-shaped sample, and about 0.3 mm

Fig. 1. Two samples have been investigated that both consi.ﬁtom the closest edge for the square sample. Under these

of a 200-nm YBCO thin film containing 2.pm-diam anti- .o mstances we observe qualitatively the same phenomena
dots on a square 1m period lattice. One sample had been;, ok the square and disk-shaped samples.
patterned into a 2 mid 2 mm squargwith the antidot lat-

tice vectors parallel to the edgeand a second into a 2
-mm-diam disk. In both case€g.=88 K. Ill. RESULTS
A state-of-the-art scanning Hall probe microscope has .
been used in this study. The Hall sensor was patterned in a A. Field-cooled SHPM scans
GaAs/AlGaAs heterostructure two-dimensional electron gas Figure 2 illustrates typical images of flux structures in the
and consists of a 0.gm resolution Hall probe and an inte- disk-shaped sample after field cooling from 90 to 77 K in a
grated scanning tunneling microscof®TM) tip formed by  range of very small fields(a) —=1.6 Oe, (b) —1.1 Oe, (¢
coating the corner of an etched mesa with a thin layer 0f0.6 Oe,(d) 0.4 Oeg,(e) 0.7 Oe, andf) 0.9 Oe. The quality
gold. This probe was bonded onto the end of the piezoelewf these(and subsequentmages is not optimal due to the
tric scanner tube of a commercial low-temperature scanningurface roughness of the patterned fil(ase Fig. ], which
tunneling microscopgSTM). The YBCO film was stuck prevents us from getting close to the YBCO surface where
onto a separate sample puck, which was tilted 1°-2° wittpeak vortex fields are much higher. Surface roughness also
respect to the Hall probe to ensure that the STMdipuated gives rise to image artifacts due to electrostatic coupling
at the corner of the chip, about 13n away from the Hall (“gating”) between the Hall probe and the sample at topo-
probe was always the closest point to it, and brought intographic peakse.qg., the intense quadrupolelike feature at the
tunnelling contact with a “stick-slip” inertial approach right-hand edge of all images in Fig).Since the sample is
mechanism. Our SHPM is described in more detailroughest in the vicinity of the antidots, this does, however,
elsewheré! The microscope was placed in a cryostat con-make their locations readily identifiabJe.g., the square ar-
taining a 65—300 K variable-temperature insert and an extetray of bright circles in Fig. @)] and allows the induction
nal copper coil capable of generating magnetic fieldlsup  profiles to be correlated with their positions. This electro-
to ~32 Oe perpendicular to the sample. The experimentstatic contrast at the antidots tends to dominate over the mag-
were performed in a “flying” mode whereby the STM tip is netic contrast due to flux residing theia low fields, mak-
used to find and map the surface after which the sample igg it difficult to directly estimate the number of trapped
retracted a fixed distan¢e=0.5 um) out of tunneling contact vortices. Fortunately this number can be inferred indirectly
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FIG. 3. Number of interstitial vortices vs applied cooling field
for images on the YBCO disk at 77 K. The lines are a guide to the
eye.

by counting the number ointerstitial Abrikosov vortices,
which can be clearly observed as dark dots for negative fields
[Figs. 2a)—2(c)] or white dots for positive fieldfFigs. de)

and Zf)]. The apparent vortex diametgiull width at half
maximum(FWHM) ~3.5 um] is controlled by the size and
lift-off of the Hall sensor under these circumstances, and is _ _ _ _
significantly larger than twice the expected penetration depth FIG. 5. Line scansvertically offset for clarity across chains of
at this temperature. In Fig(@ (H=0.4 O8, we observe no antidots gt various applied fields for a YBCO disk after field cooling
interstitial vortices and conclude that all flux is trapped!© /7 K in 24 Oe.(@ Along the lattice vector towards the closest
within the antidots. The effective saturation trapping numbe’2"t " tk"f.’ edg)e of the samplé) Perpendicular to linéa) [see
(ng) for an antidot can be estimated by counting the numbef" WS 1N F1G- 4l

N;, of interstitial vortices in images at various fieldsg. 3).
Extrapolating these data té,=0 we see that no interstitial
vortices form in the range -0.4 GeH =<0.4 Oe, when all

the flux is trapped in the holes. Using the definition of mag—:)aln a blaci:< ﬁontras(B,oca,;_O) 'H the '”_‘a%e_ ati=0 ae
netic inductionB=n.y/D?, whereD=10 um is the antidot Pecause all the remanefwhite) flux is sited interstitially.

lattice periodicity, we infer a saturation trapping number of W& note that the flux leaving the holes appears to be chan-
ne~2 at 77 K. neled t.owards. thg film gdge along one Qf the unit vectors .of

Figure 4 illustrates the situation in the disk-shaped sampl&he antidot lattice in which the magnetic induction gradient is
at 77 K as the applied field is gradually reduced to zero fronfn@ximum. To confirm this interpretation, Fig. 5 shows a se-
the field-cooled value of 24 Oe. Figuréattis an image im- quence of line scangvertically offset for clarity along the
mediately after field cooling and the very weak contrastdirections indicated in Fig. (8) either towards the nearest
shows that the mean flux line density in the antidots ancédge of the sampléFig. 5a)] or perpendicular to ifFig.
interstitial film is almost the same at these fields. As the5(b)]. As expected, the maximum induction gradient builds
applied field is reduced from 24 Oe the imadgast shown along the direction towards the nearest edge of the sample
remain the same as Fig(a} until H=<20 Oe. A further de- once the applied field is reduced below 20 Oe. Perpendicular
crease in field to 20 OfFig. 4(b)], 16 Oe[Fig. 4c)], and  to this we see that, while the degree of channeling is quite
0 Oe [Fig. 4(d)] leads to a progressive increase in imageinhomogeneous for adjacent antidot chains, very little overall
contrast. By analyzing a sequence of many magnetic indudnduction gradient forms as the field is removed. This ap-
tion images as the field is gradually removed, we concludgyears to be a microscopic confirmation of the phenomenon
that this arises due to flux in the antidots readily flowing outieading to the fourfold symmetry recently reported during
of the sample while the interstitial flux remains largely flux penetration in similar samples in Ref. 10. This indicates
a strong interaction between supercurrents circulating the
holes and those due to bulk induction gradients, similar to
that revealed in magneto-optical images of flux penetration
in a YBCO film with several largef40-um) circular holes'?
While we believe that the vortices flow out of the sample
upon field removal, we cannot rule out the possibility that

FIG. 4. SHPM scans on the YBCO disk after field cooling to antivortices are channeling in the opposite direction, and the
77 K in 24 Oe(a) (GS~0.8 G and subsequently reducing the field process is one of systematic vortex-antivortex annihilation.
to (b) 20 0e(GS~1.6G, (c) 16 Oe(GS~2.2 G, and (d) The latter would be the expected mechanism of magnetiza-
0 0e(GS~25G. tion reversal in homogeneous thin filrs.

pinned and immobile. In this way the emptying antidots ob-
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FIG. 7. Fit of phenomenological mod&ee texk to flux profile

measured along the line indicated in Figc)6 The inset shows a

FIG. 6. SHPM scans on the YBCO square after ZFC to 77 KI|ne scan across one of the black Abrikosov vortices shown in Fig.
followed by an applied field sweep between 0 and +32 @gH 2(b).

=1 0e(GS~1.4G, (b) 40e(GS~44G0G, (c) 320e(GS

~4.76G), (d) 28 0e(GS~2.90), (6 24 0e(GS~4.6 G), (f) o , ,

12 0e(GS~4.70), (g 00e(GS~490), (h) -160e(GS @ characteristic penetration depihy;, the field measured at a
~5.00), (i) -32 0e(GS~5.0 G), (j) -28 0e(GS~2.8 G), (k) height, z;,, and a radial distance,, from the center of an
-24 0e(GS~4.6 G), and(l) 0 Oe(GS~5.0 G. Lines(i) and(ii)  antidot in the YBCO film is given by

in (d) indicate the directions of the line scans shown in Fig. 8.

d/i2 2
B. Zero-field-cooled SHPM scans BaATo,%0) = poHa - _f fR fo

d/2
Figure 6 shows typical images of the ZFC square YBCO
sample(T=77 K) at various points on a subsequent applied ><‘]° exg— (" = R)eglr(r = ro COSH)dbidrdz
field cycle (increasing to 32 Oe, decreasing to =32 Oe and [rg+r?=2rrgcosf+(zo- 272
increasing again to zeyoOnce again two intense topo- (1)
graphic image artifacts are visible at the right-hand edge of
all scans, and the grayscdl®S) quoted in the figure caption whereR is the antidot radiusd is the thickness of the film,
has been estimated after cropping these out.HAss in-  andJ; is a characteristic critical current density. The actual
creased from zero to 1 Oe, all the scans look similar to Figscanning height used in the experiments has been estimated
6(a), having a very low GS and no obvious features that carirom line scangsee inset of Fig. Jfof the black Abrikosov
be attributed to the square array of antidots. At 4[G. vortices shown in Fig. @). The full width at half maximum
6(b)] flux has begun to penetrate this area of the samplegbtained from this analysis is-3.5£0.5um, very much
residing predominantly in the holes. Again a careful analysidarger than either the expected vortex diameter or the dimen-
of sequential images appears to show that vortices are chagions of the Hall probe used. The only other source of broad-
neled into the sample along the antidots in the direction ofning is that due to the flying height of the Hall probe above
the maximum induction gradieparrow in Fig. §b)], and the  the sample, allowing us to identify, in Eq. (1). Assuming a
periodic white spots in the image now reflect the positions ohomogeneous filling of the antidots at high fields, Eq.has
the antidots. Evidently the penetration field measured in thibeen summed over an infinite antidot lattice in Fourier space,
way will depend on the location of the scan area within theand then fitted to typical ZFC flux profiles withyy andJ. as
sample. Although many more vortices enter the sample afee parameters. Figure 7 shows the line scan captured in the
the field is increased to the maximum valueti§=32 Oe  direction shown in Fig. @) along with a fit to the model for
[Fig. 6(c)], the images all look very similar, apart from a Ag;=0.65um andJ.=6x 10° A/cm?. This value for the ef-
slight increase in grayscale. This indicates that the flux lindective penetration depth is reasonable, being slightly smaller
density in the holes is higher than in the surrounding interthan the Pearl length for very thin films A=\(T)?/d
stitial film, and this difference only depends weakly on the=(0.3792/0.2=0.68um. The fitted value ofl, is a factor of
applied field(H>4 Og. Due to the very strong overlap of 2-3 larger than we would expect for this film, probably at-
the induction profiles associated with neighboring antidots, itributable to the fact that the screening currents in reality
is not possible to use the image grayscale to estimate th#ecay rather more slowly in this thin film than the assumed
amount of additional trapped flux directly. Instead a phenomexponential dependence. In practice the two fit parameters
enological three-parameter model has been used to fit there strongly correlated and good agreement can be obtained
data at high fields, allowing an estimation of the actual numwith a fairly wide range of paired values. Fortunately the flux
ber of flux quanta trapped in each antidot. Assuming that thérapped in the antidofintegrated just above the film over a
image contrast arises due to supercurrents circulating arourgircle of radiusR+\.5) is rather insensitive to the specific
the holes that decay exponentially in the radial direction withchoice, and corresponds to about 15 additional flux quanta
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82 —— empty holes, while on the first leg of the cycle the antidots
line (ii were filled with white flux and the YBCO film was largely
empty. A close inspection of the scans after the first field
reversal also reveals some flux bundles trapped by particu-
. larly strong natural pinning centers in the filigmaller white
. spots between the holesFigure 8 shows line scans across
the image atH=28 Oe after the first field sweep reversal
[Fig. 6(d)] along the direction of the arrows shown. This
makes the broken symmetry particularly evident, with very
weak induction modulation along the direction of vortex mo-
tion and deep modulation orthogonal to it.
28 : . The contrasting behaviors of the antidots and the intersti-
0 10 X (um) 20 80 tial YBCO film can be illustrated by making local magneti-
" zation (M,;=B,-H,) loops with the Hall sensor parked just
FIG. 8. Line scans alon@) the vortex channeling direction and gpgye the sample at a desired location. Figure 9 shows two
(i) perpeqdicular to i{but still along a chain of antidotsas indi- such loops captured after repeatedly cycling the applied field
cated in Fig. €d). between —32 and 32 Oe, for the disk-shaped sample at 77 K.
The solid points are taken with the Hall probe above an
trapped in each antidot, nearly an order of magnitude largeantidot and the open circles are captured at an interstitial
than the field-cooled saturation number estimated earlier. Afposition as indicated in the sketch. As expected, the remanent
ter reversal of the field sweep direction, the imagast  flux trapped in the antidots is considerably less than for the
shown initially look almost identical to Fig. &), with a  interstitial YBCO film. In addition the characteristic cusp
very small gradual decrease in average magnetic inductiofvhere vortex streaming starts to occur after the reversal of
Upon reducing the field to 28 Qgenceforth defined d4”)  field sweep direction is very clear. The image contrast of the
[Fig. 6(d)], however, the flux suddenly starts flowing out of antidots is presumably inverted where the two curves cross
the holes towards the edge along the direction of maximun@ne another and occurs close to the field we defindasn
induction gradient. Surprisingly, at this point the fourfold the basis of the evolution of successive images.
image symmetry is lost in favor of an approximate twofold In Fig. 10 we explore the influence of the maximum ap-
one, and almost unbroken flux stripes can be seen at arj@lied field (Hg) on the magnetization dynamics of the YBCO
between the holes along the channeling direction. We nameisk after ZFC to 77 K. In each case the applied field was
this phenomenoflux streamingto distinguish it from chan- increased tdd, and then gradually reduced until the onset of
neling, which largely preserves the fourfold symmetry. Asflux exit out of the film close tdH" (in the direction of the
the field is decreased further more vortices leave the sampyrows indicatefl Figures 10a)-10d), 10(e)-10h), and
and the holes increasingly become darker than the surroundQ(i)-1Q() show the situations for maximum field excursions
ing YBCO film [Figs. §e)—6(g)]. As the sense of the applied of 32, 28, and 6 Oe, respectively. In the first two rows we see
field is reversed, vortices of the opposite siptack) appear that the onset of flux channelingd”) occurs after the field
to become, in turn, channeled along the antidéigs. gh) has been reduced to 24, and 20 Oe, respectively. For these
and Gi)]. When the field sweep is reversed a second timescans(and other sets not showrwhile H* depends on the
symmetry-breaking(black flux “streaming” is again ob- maximum applied fielH,, their difference is approximately
served at the same absolute value of the f{@i. 6G)]. constant j—H"=8 Oe. We note here that,—H" =2 HE®,
Reduction of the field tdt1=0 Oe[Fig. &(1)] leads to a scan but further studies of this complex system are needed before
where the antidots appear white with respect to the interstiwe can say whether or not this is a significant observation. In
tial film. Although this image looks superficially similar to contrast, for the third row when the applied field is only
Fig. 6(c) we now have black flux trapped in the film and swept out to 6 OéHy<8 O8, we do not observe flux chan-

FIG. 9. Local magnetization loops measured
at a point between antidotéwhite cross in
o) O sketch), open circles, and above an antidblack
cross in sketch full circles.
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FIG. 11. Sketch of the model sample containing a square array
FIG. 10. SHPM scans on the YBCO disk ZFC to 77 K after Of holes with aspect rati®/2R=4 as for our samples. The upper
subsequent field excursions to three different maximum figgs: right-hand side quadrant was discretized into &80 point grid in
(8 H=4 0e(GS~3.3 ), (h) H=H=32 0e(GS~5.1 G), (o) H the calculation.
=H"=24 0e(GS~350), (d H=230e(GS~450; (¢) H
=4 0e(GS~1.7 G, (f) H=H,=28 Oe(GS~4.4 G, (9) H=H"  of magnitude larger than the experimentally observed values.
=20 0e(GS~26G), (h) H=190e(GS~3.7G); and (i) H |t is therefore evident that the presence of the antidot array
=00e(GS~11G, (j) H=40e(GS~2.10G, (k) H=Ho  strongly enhances flux penetration in our samples. Clearly
=6 0e(GS~24 0, (I) H=0 0e(GS~2.0 G. H s the field at  gyr data can only be fully understood in terms of a model
which vortex channeling is first observed. that includes the full topological complexity of our samples.
We are not aware of any theoretical studies that have ad-
neling out of the disk, even & =0. Clearly the self-field due dressed flux penetration in antidot arrays in the liRi \,
to the trapped flux is playing a key role in its magnetizationand would like to encourage work in this area.
dynamics. The same qualitative features are observed in For a more reasonablgualitative description of vortex
scans on the square YBCO sample, although in this case wehanneling and other features observed in our ZFC scans, we
find Hy—H"=4 Oe at 77 K. This difference probably arises consider a rectangular superconducting film with a square
due to the fact that the scans were captured at different disarray of equidistant holes, as sketched in Fig. 11. The ratio

tances from the edge of the film in the two cases. between the hole diameter and their separation along one of
the lattice vectors is the same as for our fil(@s5:10. The
IV. DISCUSSION AND MODEL OF ELUX CHANNELING two-dimensional problem of flux penetration into a thin su-

perconducting film with an arbitrary shape can be solved
In the following we discuss our results qualitatively in the numerically from first principles’ The main principle is to

light of a few well-established models, then present a simplejerive an integral equation for a quantity that is defined only
classical electrodynamics model of flux channeling that apinside the superconductor, and then integrate this equation as
pears to qualitatively reproduce many of our results. If wea function of time to obtain this quantity under different later
initially ignore the presence of the antidots we might expectconditions. Briefly, the two components of the sheet current
the penetration field at the very edge of the sample to bg(x,y)=(J,,J,) may be expressed in terms of a scalar func-
limited_by the geometrical barriéf, and given byH, tion g(x,y), which represents a local magnetizatiody
=H,;V2d/W, whered,W are the thickness and width of the =gg/4y and J,=—dg/ax. The perpendicular component of
film, respectively. Using the estimate d¢f.;~30 Oe at the field is given by
77 K, this yields a value oH,~ 0.4 Oe. It is not surprising
that this is an order of magnitude smaller than the value we
measure since our probe is situated relatively far from the
edge of the sample in both cases. This can be accounted for
if we approximate our samples as homogeneous supercon-
ducting disks, when it is known that the position from the
center,r,, of the penetrating flux front at an applied figty ~ with the integral kernelQ(x,y;x’,y’) following from the
is given by® Biot-Savart law. On a spatial grid;=(x;,y;)(i=1...N) the

integrand(1) may be expressed as a matrix multiplication,

H(r) = Ha’ff Q(F, g, ()
A

rp=a/cosh2H,/J.d), 2
where a is the disk radius, and. and d are the critical o Lo
current density and thickness of the film. Assumihg= 2 HAr) = Ha+2j Q(Fi,rg(r)), (4)

X 10° A/lcm?, the two approximate locations,, of our
scans in the two samplé8.7 and 0.5 mrhwould yield pen-
etration fields of 22 and 32 Oe, respectively, almost an ordewhile the scalar function is
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9(F) = > QLT F)(H,(F) - Hy) (5) from the induction law and other material laws. All other
' i mE ’ desired quantities then follow from the Maxwell equations in

h h trixO-L is obtained by | iina th i the continuum theory, which was recently generalized to al-
where the matrbQ™ is obtained by inverting the matri. ., o 5 arbitrary London penetration degftiThe integral
As a last step, the equation of motion fi{x, y,t) is obtained

Gurrent Stream Lines, HaIJC =0.50001 Magn.Field for Ha=0.50001

e

===
12 -1 -08 -06 04 02 0 02 04 06 08 1 12

FIG. 12. Current streamlindteft), and contours of the magnetic figldght) for our model sample. The applied magnetic field increases
and then decreases again from top to botteghJ.=0.5, 1.5, 1, and 0.5.
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positions wherel,(x,0) crosses zero and abruptly changes
sign (rapidly saturating to +/- the critical current on either
side of this point When this front between forward and
reverse bulk screening currents lies at an antidot, the circu-
lating currents(due to the trapped flux in the hgladd on
both sides of it. Hence flux trapped in the hole is driven in
both directions along the antidot chain. This will favor the
formation of linear flux structures and the circulating super-
currents will be suppressed in favor of current components
parallel to the antidot chains. Consequently these structures
should be relatively stable, even after the screening current
interface has swept further into the sample.

(ii) At a given position, after flux streaming is observed, a
further decrease in the field results in an inversion of contrast
of the peak inB,, at the antidots, exactly as we observe in
our scans after channeling.

(iii) The model predicts magnetic induction dipolelike
structures near the hole positions, due to the truncation of

057 . _ . . ' ' 6 bulk screening currents at the edges of the antidots. These
00 02 04 06 08 10 12 are related to the singularities in magnetic induction found at
X the edges of current-carrying 2D conductors, and were ob-

_ o . served in the magneto-optical experiments of Ref. 12. In our
FIG. 13. Sheet current densitg) and magnetic inductiob)  ca3se one would not expect to resolve this fine structure ex-
along the liney=0, for increasing applied fields ¢1./J:=0.5, 1. perimentally due to the small actual hole size combined with
and 1.5(curves 1 to } and decreasing fields &f./J;=1, 0.5, and 0 rojatively large distance between sample and Hall probe.
\(/)vlgzl:;\/tehse%fgﬁe?cr:rmiié?i(ilr??;ef(lgeﬁi?;nf tgegf'zoi'gggi The latter point, in particular, means that rather few Fourier
streaming h components of.the stray flgld due to the antidot lattice are
' retained in the image, and fine detail around the holes tends
equation implicitly contains Maxwell’s equations, the mate-to be lost. Nevertheless the qualitative agreement between,
rial equations, the boundary conditions, and the timefor example, the line scans of Fig(éh and line 6 in Fig.
dependent applied field, which acts as the driving force. De13(b) is rather good.
tails of the method, which uses matrix inversion on a spatial (iv) In practice our model sample is only about seven
grid, can be found in Ref. 18. holes wide, while the real sample is200 holes wide. As a
For our problem, the top right-hand quadrant of our modekonsequence the model greatly exaggerates the induction
sample was discretized with a ®0 point spatial grid. The gradients at the holes, and one should not be surprised that
London penetration depth was taken to be 370 nm, and thgux penetration is dominated by the sample geometry, and
constitutive law for the nonlinear resistivity was taken to beeffects due to the antidot lattice are weak. In Fig. 14 we
p=po(J/J)"*, with the resulting creep exponent beimg compare induction contours of the penetration process in
=20. For the points on the grid inside the holes, a criticalsamples, which are identical except for the orientation of the
current density 10 times smaller than that in the film wasantidot lattice atH,/J.=1.5. The left-hand side of Fig. 14
used to describe the antidots. Numerical simulations werghows the situation discussed above where the unit vectors
performed by sweeping the applied field up to a maximum ofare parallel to the sample sides, whereas in the right-hand
Ha/J.=1.5 followed by a sweep reversal td,/J.=-0.5, side of Fig. 14 the lattice vectors have been rotated 45° away
with a constant sweep rate magnitude. Some of the resultinjom them. Careful examination of the induction profiles re-
current streamlines and magnetic field contours are shown ipeals a pronounced tendency for the contours to bow out
Fig. 12, for increasing fields dfl,/J.=0.5, 1.5, and decreas- along the lattice vectors of the 45° arrgparallel to the black
ing fields of 1 and 0.5. Line scans aloggO0 yield the sheet arrows which is not mirrored in the other array. This appears
current densityd,(x,0) and the magnetic inductioB,(x,0)  to be a manifestation of channeling when the direction of
along a line connecting the centers of holes. These are illusnaximum field gradient does not coincide with one of the
trated in Fig. 13 foH,/J.=0.5, 1, 1.5, 1, 0.5, and 0. A close lattice vectors of the antidot array. Vortex channeling can be
inspection of the simulations in Fig. 8 appear to reveal attributed to at least three factor® The mean screening
qualitative agreement with several of our experimental recurrent densities between the antidots are up 3% larger
sults: than elsewhere, and vortices will consequently penetrate
(i) Upon field sweep reversdas,, at and between the an- faster in these regiongb) The local current distribution can
tidots, flattens over substantial distan¢kegations at differ- be approximated by the superposition of the roughly uniform
ent fields indicated by arrows in Fig. )] in a very similar ~ bulk screening currents and the loop currents circulating the
way to our observations of symmetry-breaking flux stream-antidots. These currents subtract on the sample edge side of
ing out of the sample in Figs. 6 and 10. This phenomenorthe antidot and add on the sample center side. As a conse-
now has a simple physical interpretation since, for a giverquence the Lorentz force for additional penetration of flux
value of decreasing field, the flat regions correspond to thé&apped in the holes is enhancéd) The orientation of the
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Magn.Field for Ha=1.5 Magn.Field for Ha=1.5

_—11.2 ; I I . k ] | -08 -08 —014 —0t2 ll) 02 04 0.6 08
FIG. 14. Comparison of contours of magnetic induction after the applied field was increased from Egyd tol.5 for the sample
sketched in Fig. 11left-hand sidg¢ and an otherwise identical sample with the lattice vectors of the array rotated Wyigtihand sidg

array of holes imposes geometrical constraints on the direeffective applications like magnetocardiography, airborne
tion of current flow around it, leading to a tendency for in- mineral exploration, or nondestructive testing with SQUID
duction profiles to follow the antidot lattice vectors as in Fig. microscopy. ZFC scans revealed that the penetrating flux is
14. channeled along chains of antidots in the direction of maxi-
The simulations illustrated in Figs. 12—14 were performedmum magnetic induction gradient, which is a microscopic
for a finite penetration depth of 370 nm, but the results of theconfirmation of the fourfold symmetry recently reported dur-
same model withh =0 were almost identical to these. Hence, ing flux penetration in similar samples. Upon field sweep
it appears that the flux channeling and streaming phenomenaversal we observed flux lines streaming out of the holes
observed in these materials may be geometrical effects th&wards the edge along the direction of maximum induction
depend primarily on the shape and topology of the samplegradient and almost unbroken flux stripes can be seen at and
At the same time the saturation number of trapped fluxoetween the holes along the channeling direction. We esti-
guanta in the antidots in ZFC measurements is only 15. Thisnate that the antidots can preferentially trap about 15 flux
is not a very large number and we are consequently unable fuanta in these ZFC experiments. Many features of the ob-
rule out that discrete vortex phenomena may also be playingerved flux dynamics appear to be well-described qualita-
an important role. The asymmetry that we have observed itively by a classical electrodynamics model indicating that
flux entry and exit could form the basis of alternate vortexthe observed phenomena may be geometrical effects depend-
ratchet devices, and simulations of the type described heriag primarily on the shape and topology of the sample. Both
should provide a powerful tool for optimizing their proper- our experimental results and numerical simulations promise

ties. to be of considerable importance for applications of pat-
terned thin-film structures, e.g., vortex ratchet-based rectifi-
V. CONCLUSIONS ers, pumps, collective step motors, and lenses.
SHPM scans performed on our samples after field cooling ACKNOWLEDGMENTS
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