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Effect of submicron holes on the vortex dynamics of a superconducting microbridge
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We measured and compared the electric field vs current density characteristics in the vortex state of two
amorphous N§,Ge, 3 microbridges, with and without a line of submicron holes patterned along the sample
axis. The power dissipation in the perforated sample exhibits a crossover, being reduced at temperatures well
below the superconducting transition temperafly@nd unexpectedly enhanced closeltoAt low tempera-
tures the holes are efficient artificial pinning centers and reduce the average vortex velocity. We argue that the
dissipation enhancement closeTgis a consequence of a combination of the weakened pinning by the holes
and an inhomogeneous driving-current distribution in their vicinity, which results in an increased average
vortex velocity as well as in a channeling of the vortex motion through the holes.
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I. INTRODUCTION perimentally. These go beyond the cited matching phenom-

The rapid development of nanostructuring methods in th&n@ and are important for understanding the function of holes
last decade has enabled highly precise fabrication of artificidf? @1 arbitrary arrangement, which may have implications for
pinning centerSAPC’s) for vortices in superconductors. It POSSible design of future devices based on manipulation of
has already been proved that pointlike inclusions in a Supe@rtmually_plnned vortices. In this report we present .SUCh an
conducting film, such as perforating hofe, structural investigation facilitated by arranging the holes in a line cen-

defects® and magnetic dotscan pin vortices. A regular two- r€d along the main axis of a superconducting microbridge
dimensional array of APC's stabilizes the vortex lattice [!OWer inset to Fig. &a)], which eliminates the matching phe-

against external driving forces, and results also in commenjiomena but still provides a sufficient signal arising from the

surability effects which scale with a matching magnetic ﬁeldpresence of the holes. In addition, we have minimized the

. . influence of the intrinsic pinning by using the amorphous
Bu=do/S, whereSis the area of the array unit cell ar} NDG P ;
the magnetic flux quantumAt a magnetic field3 > By, vor- superconductor NGe, 5, which is known for its very low

: I ; " o background pinning®1* Another property of this material is
tices fill in the interstitial positions as well, where they are g relatively large and small superconducting condensation

subject to intrinsic pinning originating from the structural gpergyU.. This results in weak vortex-vortex correlations,
defects. In a certa|B_range abovd,, they may even forma ipe strength of which decreases with decreasipgnd 2,
commensurate multiple-flux-quanta lattice, as revealed fromnd thus permits using simplified, essentially single-vortex
magnetization measurementa.less symmetrical APC land- models in analyzing the vortex-motion phenomena.
scape, such as a rectangular atray a set of parallel con- The vortex motion was detected by recording the electric
tinuous lines of a magnetic materfailntroduces anisotropies field vs current density characteristig&l) at constantB, T),
to the vortex transport. So far the effects of APC's have beein three different temperature regimes, over a wide range of
found to be important at temperaturésather close tdr,, applied currents anB up to the upper critical magnetic field
typically at reduced temperaturésT/T.>0.9, whereas at Bg,. Close toT; we observed a clear increase of the power
lower temperatures the intrinsic pinning dominated. More-dissipation by the holes over the whole rangeBo&nd J.
over, APC’s invariably decreased the dissipation, apart fronThis result can be explained plausibly by taking into account
in a recent report. a local enhancement of the vortex driving force due to a

The simplest APC is a small perforating hole in a super-spatial modulation of the driving-current density around the
conductor, having magnetic permeability larger than its diaholes. To our knowledge such current-modulation effects
magnetic surroundings. The most efficient pinning is ob-have so far been disregarded in the interpretation of previous
tained if the hole diameter is comparable to the magneticexperiments carried out on perforated superconductors. Well
field penetration depth rather than the coherence length  below T, the holes pin the vortices and reduce the dissipa-
as one may expect at first sight. This was predicted by virtugion, which shows that their usefulness as APC’s may extend
of the Ginzburg-LandagyGL) theory for a single hofeand  to low temperatures if the intrinsic pinning is weak. Our
observed experimentally for two-dimensional arrays ofresults imply that the interplay of hole pinning and inhomo-
holes? The relevance ok for the artificial pinning potential geneous current drive determines whether the holes enhance
is a consequence of the comparatively small supercurrertr reduce the dissipation in the vortex transport.
kinetic energy required for preserving the flux-quantization
condition around a hole not smaller than Il. EXPERIMENT AND RESULTS

Local interactions of vortices with holes in the presence Two 210um long, 5um wide, and 20 nm thick micro-
of a driving current have not yet been studied in detail ex-bridges between two large contact pads were sputtered onto
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sol "1k, =04 o ] and a dc current was passed in thelirection, so that the
B-08T, b=03 vortices traversed the sample in thélirection. The applied-
current sweep rate was found not to affect the measktéd
up to at least 50 nA/s, and the rate used in the presented
measurements was 10 nA/s. The applied current is for
ot 1y sampleP converted into thewveragecurrent densityly by
calculating thguniform) current densityly, for sampleN and
: ] taking the ratio of the normal-state resistances to determine
"""""" Jp=1.23)y. We use this notation, together witky, Ep for

60}
40t

20+

el
O hasserses®s®/, . : : T the electric field in sampledl and P, respectively, when
@ 0 20 40 60 80 100 120 140 referring to theE(J) of the two samples specifically. At high
J the E(J) exhibit nonlinearities due to the flux-flow insta-

16l O sampleN | bilities that are related to the nonequilibrium change; _of vor-
o sampleP tex cores! Here we concentrate on the close-to-equilibrium
8ol LI regime where these effects have not yet been developed and
¢° the vortex cores maintain their equilibrium properties.
= 60 .° i In order to investigate whether the differences in Bt8)
> 40} 6@‘ 1 of the two samples could originate from, e.g., small varia-
W . e° tions of T and/orB, at severalB,T) points we checked re-
20F / oo’ ;:3-_2?; f,==%_73' producibility of our measurements. In all cases the reproduc-
Obeeee? o , , , , ibility of the measured voltage was within 0.5%, which
(b) 0O 20 40 60 80 100 120 allowed us to identify the differences betweER(Jy) and

Ep(Jp) reliably. Moreover, the behavior presented below was
1 also found in a less detailed set of measurements on another

. pair of samples, of which one was nonperforated and one
o0 ] with a less dense line ghot equidistantholes of the same
e®00% . | diameter.

SN} gesoir In Fig. 1 we plot typicalE(J) representative of three tem-
&83509’ . perature regimes(a) T well below T, (1.1 K, t=0.4), (b)
5 intermediatet (2.0 K, t=0.7), (¢) T close toT, (25K, t
T=25K, (=091 ] =0.91). The open circles showy(Jy), solid circlesEp(Jp),

B=0.25T, b=0.38 and the lines different theoretical predictions of the Larkin-
30 40 50 Ovchinnikov (LO) flux flow (FF) theory!? as discussed be-

low. The scaled magnetic fielt=B/B., corresponds to

0.30-0.38, theB., values being(a) 3.0, (b) 2.0, and(c)
FIG. 1. EWJ) of sampleN (O) and sampleP (®) for (a) 0.65 T, with the uncertainty of around 5%_. At low [Fig. _

T=1.1K, B=0.9T, () T=2.0K, B=0.6 T, and(c) T=2.5K, 1(a)] the E(J) of both samples reveal two different dynamic

B=0.25 T. The solid and dashed lines are plots of pGexpected ~ '€gimes: thermally activated magnetoresistanck-a0, fol-
at low and hight, respectively. Lower inset t¢a): A sketch of lowed at largeld by anE«(J-J;) behavior that implies FF
sampleP (not to scal@and the designation of the directiofsee the ~ against a background pinning potential with a depinning
text). Upper inset tqa) and insets tgb), (c): The initial parts of the  thresholdJ..*° The solid line is a plot of the latter depen-
E(J) in an expanded scale for a better view. dence, with the slopdE/dJ=p,b/0.9 equal to the low-LO
FF resistivity p; (p, is the normal-state resistivityand J;

the same Si/Si@substrate as described in Ref. 10. One ofchosen to obtain a fit t&y(Jy). The LO theory describes this
the samplegsampleP) was perforated with a line of equi- part ofE(J) reasonably well until the out-of-equilibrium non-
distant holes along the central axis of the microbridges- linearities inE(J) start to take place at large' As can be
ignated ax direction) as sketched in the lower inset to Fig. seen, the power dissipation in samlas lower for ~10%
1(a). The holes had a diameter of 800 rislightly smaller  throughout the whole current-density range, suggesting an
than A(0)] and their center-to-center distance was 8. efficient pinning by the holes even far beldy. In Fig. 1(b)
Both samples had the sarifig=2.75 K and the same overall we show theE(J) at T=2.0 K (t=0.7), just at the boundary
normal-state and superconducting properties. Throughout thef the low+t and hight regimes, displaying a weaker reduc-
paper we use the nonperforated sanskempleN) as a ref-  tion of Ep below Ey. Close toT, [Fig. 1(c)] the theoretical
erence for identifying the effects of holes. Its transport prop-high+t LO p; (see Ref. 11 for detaijsshown by the dashed
erties were analyzed in detail in Ref. 11, and its GL paramiine, describe€y(Jy) excellently starting fromJ=0 and up
eters £0)=6.8 nm and A(0)=1.15um are taken as to the appearance of the nonlinearities mentioned before.
representative of both samples. However, over the entire current-density range the dissipa-

The measurements were carried out in’lde system tion in sampleP is larger than in sampll, unexpectedly and
equipped with a commercial calibrated superconductingn contrast to the result at lower temperatures. The reason for
magnet and homemade rf filtering of measurement leads. his peculiar behavior cannot be found in the pinning prop-
magnetic field was applied perpendicularly to the film planeerties of holes.

(© J (MA/m?)
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11F ' ' ' ' ] The procedure just outlined in principle requires a knowl-
/o O\O\ edge of the details of,, and F,—which depend on the su-
o © perconducting properties, as well as the inhomogeneous pro-
1.0 0% oo . file of J. However, for qualitative reasoning one can take into
— /o/ ¢ account the known characteristics of the vortex state in a
e >/K o« particular(B,T) point to simplify the right-hand side of Eq.
0.9r / / 7 (1) by keeping the most relevant terms only.
/' —O0—T=25K,t=0.91 In the spirit of such an approach we first discuss the role
d —%—T=2.0K,t=0.70 of F. When confining a pinned vortex each hole acts as a
08F ./ —®—T=1.1K,1=0.40 source of repulsion to other vortices, wil) pointing radi-
L . . - - ally from the center of the hole. The repulsive force between
0.0 0.2 04 0.6 0.8

two vortices separated by< \ is proportional tox™? In(\/r)

b and therefore weakens as— . Furthermore, the probabil-

FIG. 2. The ratiop=Pp/Py, of the power dissipated in samples ity of a vortex being pinned by a hole becomes progressively
P andN, integrated up to the appearance of the flux flow instabili-smaller as\ grows much larger than the hole diaméter.
ties, vsb=B/B,. Sufficiently belowT, the holes reduce the dissi- Hence it is reasonable to assume thatlecreases monotoni-
pation (p<1) whereas close t@, the situation is opposite. cally with increasing\ and eventually becomes irrelevant in
the limit of diverging\ at T— T.. This leads to a plausible

The magnetic field range over whid®,# Ep is wide at assumption that close . even a very weald may result in
all three characteristic temperatures. This is demonstrated #id> Fn- ) )
Fig. 2, where we plot the ratip=Pp/ Py, of the power den- Of the termsF, the dominant ones are most likely those
sity dissipated in sample® andN vs b=B/B,,. The integra- which account for the vortex interaction with the background
tion Py p=/Ey pddyp is for each curve performed over the pinning, and for the stiffness of the vortex lattice expressed
maximum region where the dissipation is not affected by théhrough the shear-stress modulug;CThe former contibu-
FF instabilities. We checked whethgdepends on the upper tion vanishes at the irreversibility fielg, irrespective of its
limit of integration, and we found minor numerical differ- nature(i.e., vortex-lattice melting or depinnipgwhereas &g
ences of the order of 10-15 % of the values shown in Fig. 2drops discontinously to zero at the melting fielg. It is
with no change in the general shapeph). As can be an- known that By, in amorphous Nb—Ge films is rather
ticipated from theE(J) shown in Figs. (a) and Xb), for t low!%1134and that it may be close to the melting field cal-
=0.4 andt=0.7 we findp<1, i.e., the holes are active pin- culated theoretically> The agreement ofy and Ex(Jy) at
ning sites and decrease the dissipation. Their relative contrt=0-91[Fig. 1(c); see also Ref. Jldown to the lowesB
bution to the pinning becomes smaller taand b increase, ~under consideration implie8;(t=0.9) <B for these re-
which is expected qualitatively and discussed in the nexgults. Although theB;, cannot be interpreted Wlltgl certainty
Section. Close tdT, the dissipation in sampl@ is always @S theBp, since Gg=U((t) is close toT, small’® Fy can
larger, thusp>1 with a maximum arountb~ 0.4. This en-  easily overcome the long-range vortex-vortex interactions.
hancement implies a suppression of the artificial pinning byfogether with the smallness &%, only the termF, on the

another effect which is fully manifested closeTg right-hand side of Eq(1) remains relevant in the limit
T=T,. Thus we use thiéndependent-vortexapproximation

to discuss the dissipation enhancement by the perforation
close toT,, as follows.

The driving forceF, is not uniform around the holes be-

In order to understand the above results one has to addregg ;se the supercurrent densilyis spatially modulated. A
the equation of motion for the vortices schematic of the modulation o, and consequently dfy,
around the holes is shown in Figs(ag and 3b) by the
dashed lines. In the regions denotedHbyhe driving force is
larger than far from the holes, while in the regions denoted
whereu is the vortex velocityy the vortex-motion viscosity, by L the situation is the reverse. Assuming negligiBjeand
m the effective vortex mass per unit lendfq=poJ X 2the  F, in the vicinity of T, as discussed above, the vortices are
driving force (z is the unit vector in the direction of the accelerated parallel t6, (perpendicular tal), thus the vor-
applied magnetic field F, the repulsive force between the tex trajectories accumulate in regioHsas sketched in Fig.
mobile vortices and those pinned by the holes, Bpdepre-  3(a) by the solid lines. The second effect of the current
senting other relevant forcee.g., the interaction of mobile modulation is that in region the vortices move faster than
vortices with each other or with intrinsic pinning potential in the sample bulk and produce a larger local electric field,
The spatial dependence of tith component of the vortex while in regionsL the opposite happens. Although the holes
acceleratioru is given byu;=u- Vu;. By solving Eq.(1) one  themselves shorten the distance the fast vortices travel in
finds the vortex-velocity profilei(r). The generated electric regionsH, a sufficient imbalance in favor of the number of
field, thex component of which contributes to measutgd  these vortices, together with their large acceleration, may
is calculated afk(r)=u(r) X B(r), whereB(r) is related to  result in the total dissipation in samgdebeing larger than in
the local vortex density(r)=B(r)/ ¢. sampleN. Therefore if a highly dense two-dimensional array

Ill. DISCUSSION

mi=Fq- 7u+Fn+ > F,, (1)
n
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tively the stronger reduction of the dissipation at lower tem-
peratures(Fig. 2). The vortices trapped by the holes now
H L H L H repel the incoming vortices and change the vortex trajecto-
== = A= ries depicted in Fig. @ to those shown in Fig.(®). The
}%’:L}ZL: kk”:i: #. k;k'i‘%jl:f repulsive forceF,, is indicated by the dotted arrows. In a
-{' by g ’ N ¢ \1 simple model of pinning by the holes in dynamic conditions
> 3 e X -» a vortex remains pinned by a hole for some time until it is
E"E’i 3 replaced by an incoming vortex. At low vortex density al-

most all vortices in the vicinity of holes are either pinned by
them or scattered to pass through regiansf low current
density. Hence the holes cause a noticeable reduction of the
X dissipation. ASB increases the incoming vortices exert more
@) current force upon those pinned at the holes, reduce the pinning
|Twe|l below T, | time, and the overall suppression of the dissipation de-
creases. This qualitative picture may explain the behavior of
p(b) at low temperatures.

We note, however, that the above explanation is still based
on the single-vortex approximation, which disregards the en-
hanced stiffness of the vortex lattice far beldw The pri-
mary consequence of such a collective effect is expected to
be an increase ol by the holes. Indeed, fai>J. in Fig.

FIG. 3. A qualitative consideration of the vortex trajectories _1(3) Ep(Jp) is essentially shifted with respect E(Jy), hav-

(arrowed solid lineparound the holes a8) T close toT, and(b) T~ INg nearly the same slope, which supports this expectation.
well below T,. The modulated current is indicated by the arrowed Thus, although the single-vortex approximation of )
dashed lines, the density of which represents the magnitude of Suffices for a qualitative explanation of the low-temperature
Arrowed dotted lines inb) depict the repulsion excerted by the Pinning by the holes, a more quantitative approach should
vortices pinned by the holes upon the other vortices. The ldbels include the long-range vortex-vortex correlations as well.
and H denote regions of low and high vortex flow density,
respectively.

vortex trajectory

IV. SUMMARY AND CONCLUSIONS

of holes” is intended to be used for enhancing the pinning of . . ;

a sample there is no guarantee that this will work closg;to . In conclusion, we have patterned a line of hole_s with a
liameter close ta(0) along an amorphous NbGe, 3 micro-

in the presence of a transport current, although the magne(l]g id : £ th fth
zation loops may widen up. Moreover, the current-induced’d9e. A comparison of the measuré&dJ) curves of the

vortex-velocity enhancement strengthens with increasing Samples with and without perforation reveals an unusual
which sheds more light on the similar result of Ref. 7 whichCrossover in the power dissipation close to and well below
also occurred at a relatively large applied current. T.. Close toT, the artificial pinning is weak and an unex-
The nonmonotonicb dependence ofp>1 may be pected rise of the dissipation is observed. This is attributed to
linked to the competition between the enhanced currenthe inhomogeneous current distribution around the holes
drive around the holes and the mutual repulsion of thdeading to a significant increase of the local vortex velocity.
mobile vortices, as explained below. The excess electrids temperature is lowered the pinning by the holes becomes
field relative to that far from the holes is estimated asstronger and eventually suppresses the vortex velocity en-
AE~ ¢oAuAn, where Au and An are the effective excess hancement. In addition, our weak background pinning has
vortex velocity and density in regiors, respectively. While — permitted, to our knowledge, the first observation the pinning
Au depends onJ, 5, m, and is independent d8, An also  properties of holes as artificial pinning centers far belqw
depends on the repulsive interaction between the mobile vor-
tices, which is weak at lovb and strong at highp. At low
fractionb=B/B,, of the volume filled with the vortices they
can all easily be channeled through regidhsThus a larger We thank B. Stojetz, A. Bauer, F. Rohlfing, W. Meindl,
vortex density results in the largadn andAE. On the other and M. Furthmeier for their technical assistance. This work
hand,An is at highb limited by the reduced space available was partly funded by the Deutsche Forschungsgemeinschaft
for the channeling, which decreas&k and in turn results in  within the Graduiertenkolleg 638. We gratefully acknowl-
a nonmonotoni@(b). edge additional support by the Croatian Ministry of Science
As temperature is lowered becomes smaller and the (Project No. 11926pand the Bavarian Ministry for Science,
holes start to pin more efficientfywhich explains qualita- Research and Art.
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