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Controlled trapping and guided motion of vortices via special arrangements of microholes, so-called anti-
dots, in YBgCu;O; films and devices is demonstrated. Resistive Hall-type measurements prove the presence
of guided flux motion along rows of antidots. In contrast to conventional vortex motion due to vortex unpin-
ning at currents exceeding the critical current, this motion is present down to zero current and low tempera-
tures. It is characterized by a linear voltage—current dependence, i.e., Ohmic behavior. The latter is indicative
for a novel mechanism of vortex propagation that is probably based upon flux nucleation within antidots due
to the redistribution of screening currents and flux quantization. Together with trapping of vortices by isolated
antidots this mechanism can be used for new devices concepts. As an example a vortex ratchet formed by a
special arrangement of antidots is demonstrated.
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[. INTRODUCTION In this paper both aspects will be combined, i.e., it is
shown, that mesoscopic structures in extended superconduct-
Due to perspectives of application of nanostructures iring areas can be utilized for the control of the vortex pen-
micro- and nanoelectronics as well as to new insight in funetration and motion. It is demonstrated, that adequate ar-
damental problems arising at boundaries or in low-fangements of mesoscopic holemtidots lead to (i) flux
dimensional systems, experimental and theoretical studies §i2PPing and/ofii) guided motion of vortices. Both effects—
nano- and mesoscopic systems represent one of the challerf@PPing and guided motion—can be of advantage for the
ing present goals of research. In this context the understan@Ptimization of existing superconducting devices as well as
ing of vortex matter in mesoscopic patterned superconducfOr the conception of new devices, e.g., a vortex ratchets
ing thin films has to be considered. Recent progress iffffect is demonstrated in this work. S
fabrication of thin film nanostructures made it possible to = ©One of the most effective ways to create artificial pinning
fabricate complex superconducting samples with lateral exSIt€S |n15fr112|3n films is provided by the preparation of
tensions as small as 50 nm or large regular arrays consistirfftidots->~ "~ These defects can be placed arbitrarily in su-

of practically identical nanostructures. Thus, analysis of th?®rconducting thin film devices and, in contrast to other pin-
nucleation, penetration and dynamics of vortices in nanoling defects, that have to be of the size of the superconduct-

structured superconductors has gained a lot of intér@st. iNg coherence length, holes ‘7"’&“ sizes much larger than
It already led to new insight into these processes, which arwill trap flux very effectively:”** It has been demonstrated

also relevant for the understanding of the behavior of an;ﬁhat antidots of sizes down to 250 nm in diameter can be
“extended” superconducting devices. patterned into YBCO thin films and thin film devices without

Furthermore, flux penetration has to be expected in modieterioration of the superconducting and device properties,

anl7-19 o0
superconducting electronic devices designed for real applica{-eSpeCt'VeM Moreover, commensurability effects dem-

tions. These devices usually contain superconducting arefstrate the attractive interaction between vortices and anti-
with lateral extension of typicallyv~100xm up to even dots, and reduction of the low frequency noise of SQUIDs in

some mm. As a result, extremely small field values for tun-2@mbient magnetic fields is achieved by a few, “strategically
neling penetratiorB;=B.,-d/w and collective penetration we!l positioned” antidots in the super_conductmg device,
Bp=B,,- (2d/w)*’2 are expected®'* hereB,, andd repre- which trap only those vortices, that attribute strongly to the
(o4 Ll C . .
sent the lower critical field and thickness of the film, respec_!ow-frequenpy noise. However, a'th,o!Jgh vortex trapping by
tively. Inserting typical parameters for high- material isolated antidots has been shown, it is not clear whether and
YBa,Cu;0, (YBCO) [e.g.,d=200 nm, By (77 K)~8 mT] how flux can move between antidots. Moreover, the question
g » P . . epe e

the situatiorB1< Bo,< Bp is encountered for most devices. ¢Mains, wr;ethg(rj flux can be guided by artificial defects,
Thus, single vortices tunnel into typical superconducting de€-9- rows of antidots.

vices that are exposed to an_earth fi8lgh - It_|s kno_wn, Il RESULTS AND DISCUSSION

that the presence and the motion of these vortices will lead to

a degradation of the properties of acti¥&® and passivé The guidance of vortices via rows of antidots is measured
devices. resistively via 4-probe Hall-type experiments. The YBCO

0163-1829/2004/698)/1845046)/$22.50 69 184504-1 ©2004 The American Physical Society



R. WORDENWEBER, P. DYMASHEVSKI, AND V. R. MISKO PHYSICAL REVIEW B9, 184504 (2004

0
o ' . =) (b)

FIG. 1. SEM image of a typical arrangement of an antidot lat- E _,3
tice. The inset shows the Hall contacts for a sample with rows of "";eﬁﬁ'éié' soian
antidots arranged with an angje= —35° with respect to the Lor- T -5t
entz force. \E

z
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thin films (thickness of 100—-150 nnare deposited on CeO 10" )
buffered sapphire via magnetron high-pressure sputtering M - '
technology. For protection and improvement of the lithogra-
phy, the YBCO films are covered with a 50 nm thick Au
layer. The antidots lattices are patterned via optical lithogra-
phy and the ion beam etching. Details of the preparation are
given in Refs. 17-19. Figure 1 shows a typical arrangement
of an antidots latticlattice periodicities: 1QemXx 20 um,
antidot radius: Jum) in a Au-shunted YBCO film and, in the
inset, of the Hall contacts. The angheis defined by the
directions of Lorentz forc&, with respect to the orientation .
of the rows of antidots. Lot B=530mT |
A typical set of IV characteristics of the Hall-type mea- 82 86 88 %0
surements are shown in Fig. 2. At temperaftlire T, Ohmic T [K]
behaw_or IS observed_(_)ver the c_omplete_ current range. A FIG. 2. (a) Hall voltage as a function of the applied current for
small (in th|§ case posnw)e!—!all resistance is measured that different temperatures, self-field ang=—35°, (b) the resulting
can b,e ascribed to the posmve. Hall effect for YBCO or sllghttemperature dependence of the Hall resistance of the sample at
misalignments of the contact# should be noted that the ;oo current for different magnetic fields, ata sketch of the two
samples are shunted with a 50 nm thin Au layer for protecyifferent components of the Hall resistarf@momalous Hall effect

tion). A more complicated behavior is obse.rved for tempera{aH) and guided motio(GM)] for the data obtained at 530 mT.
turesT<T.. In spite of the superconducting state, OhmicThe YBCO film thickness of this sample is 200 nm.

behavior is present up to a characteristic current, at which a
nonlinear behavior sets . Simultaneous flux-flow mea- leads to a negative Hall coefficieRf,c= (dV/dl)- (d/B) in
surements in standard four-probe measurements demonstraTS. B represents the applied magnetic fieddis the thick-
that these characteristic current values coincide with the omess of the superconducting film. However, below the irre-
set of flux flow in the superconductor at the critical currentversibility line [at about 87.2 K for the case illustrated in Fig.
I.. Sincel, increases with decreasing temperature, the non2(c)] the anomalous Hall coefficient rapidly approaches zero.
linearity is only displayed in Fig.(@) for temperatures close Thus, the second reduction of the measured Hall resis-
to T,. tance[below about 86.5 K for the case illustrated in Fig.
In the first part, we will focus our discussion on the un-2(c)] cannot be explained in terms of the anomalous Hall
usual linear behavior observed for small applied currentgffect. Moreover, reference measurements on samples with-
[l|<I.. This current regime is characterized by a finite out antidots as well as temperature-dependent measurements
Ohmic Hall resistanc&®,=dVy,,/dl. Figures 2b) and Zc)  of the Hall resistance for different angles (see Fig. 3
show the temperature dependenceRgf. Below T. a sharp  clearly indicate, that at low temperatur&€s<83 K the Hall
minimum is present, followed by an increaseRyf. Further  resistance is determined by the direction of vortex motion
reduction of the temperature leads to a second pronounceglided by the rows of antidots. Figure 3 displays negative,
reduction of the Hall resistance, which levels off below 85 K. zero and positive Hall resistances measured at low tempera-
The first part of this curve resembles the anomalous Haltures for y<0, y=0 and y>0, respectively. The sketch in
effect that is usually observed in high-material(HTS),??>  Fig. 3(c) illustrates the angular dependenceRpf given in a
which is indicated by the dashed line in FigcR That is, in  simplified 1-channel model, in which the flux is expected to
the reversible regime for temperatures closd@ o flux flow  drift predominantly along the row of antidots. The compo-

dVy,/dl M)
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angley [deg] temperaturel =10 K, heated up t@>T_; and cooled down again.

FIG. 3. (a) Temperature dependence of the Hall resistance for'I'he measurement is executed with current amplitudes clearly

different orientationsy=20°, 0 and —35° and magnetic fields smaller thanl . for T<80 K. The panelb) represents a schematic

(self-field and 530 mJ, (b) angular dependence B, measured on sketch of the flux density distribution of the stripline after the field
circular shaped 90 nn'w thick sample at 30 K, 143 mT with a currentChange at low temperature. Longitudinal and transversal directions

amplitude of 10 mA, andinsed schematic illustration of the angu- denote the directions along and across the stripline, respectively.

lar dependence Ry, A second interesting feature of the Hall resistance due to

fthe L f hich | . guided vortex motion is revealed by field sweep measure-
nlent 0 t; € o:%nttz orce(,. whic pdorgpe S ;(o;tlcgs It:O rnovements.. AIth(_Ju_grRH strongly dgpends on the magnetic field
along the antidot Trows{i.e., guided MOUon 1S Fguid _ (see Fig. 3 it is the frozen-in field that matters. A change of
= Fy cosy, whereF, is the modulus of the Lorentz force: . 1o qnetic field at low temperaturs: T;, does not affect
FL:|F'-|.' In its turn, it is the component dfq,q parallel to the Hall resistance at all. This is demonstrated in field-sweep
the applied current, experiments shown in Fig 4. During warming Uy follows
o o i exactly the data of the cooling down curve in Figa$ Only

Fouia= FguiaSINy=Fcosysiny, (1) after transition to the normal state the Hall voltage is modi-
fied, which is visible in the second cooling down. This ob-
'servation confirms the presence of two independent flux-flow
mechanisms, which had already been indicated by the linear

and nonlinear part of the Hall-typd/ curves fory+0.

which contributes to the Hall voltage and leads to Hall resis
tanceRy«F cosysiny. The experimentally determined an-
gular dependence d®y shown in Fig. 8b) roughly obeys

this simple relation obtained in this “1-channel model.” Ac
tually, it has to be considered, that vortices can move with
some probability also between antidots of neighboring rows.
These additional channels of vortex motion become impor- At small currentsl <lI. (and in the irreversible regime,

tant for anglesy close to 90°[Fig. 3(c)]. However, for these T<T;,), flux propagates along the rows of antidots. Amaz-
values ofy the contribution of the vortex motion tB,, is  ingly, this type of motion is not restricted to a threshold, i.e.,
small [see Eq.(1)]. Nevertheless, taking into account theseno finite barrier is impeding this motion. Thus, flux seems
additional channels of vortex motiof.e., vortices motion not to shuttle from antidot to antidot similarly to the “clas-

between antidots of adjacent rowgq. (1) should be substi- sical” motion of an individual vortex in a superconductor.

A. Flux motion for 1<l

tuted by a more general expression yielding This classical mechanism of vortex motion is subject to dis-
sipation and pinning due to the vortex—pin and the vortex—
Ry 2;P;(y)F_cosysiny, 2 vortex interactions and, therefore, characterized by a critical

current density and a flux-flow resistance that decreases with
where summation is performed over all the channels of vordecreasing temperature. Both characteristics are not present
tex motion, andP;(y) is the angle-dependent probability of for out case andi<I (the critical current characterizing the
the motion along théth channel. onset of classical flux motion within the superconductor it-
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self), i.e., Ohmic and, thus, no critical behavior is measured (a)
at low currents valuefsee Fig. 2a)] and the absolute value

of the Hall resistance increases with decreasing temperature

[see Fig. 8)].

In the low current density regime, flux motion seems to be
of a different nature. Various scenarios can be envisaged that
are principally based ofa) the size restriction of the area, in
which the vortex is nucleated, or/afio) the redistribution of
the screening current of flux in the antidots at adjacent holes.

Flux motion across a superconducting microbridge of the
size of the characteristic length of the superconductor will

(b)
not lead to vortex formation. A phase slip line will develop
along the path of the flux motion leading to Josephson-type
behavior of the bridge. In this case a pinning of the traveling
flux is not possible. According to theory the characteristic
length of the superconductor for this effect should be the
coherence lengtlf. However, it has been shown that phase

slip lines are present for bridge dimensiomsup to the pen-

etration length\.?® In fact, the effective penetration length (©)

Ne(T)=N (T)coth{d/2\ (T)} in our samples(YBCO with

London penetration lengthn (4 K)=180-200 nm and

thicknessd=90-150 nm) range between 500 and 900 nm.

Furthermore, for HTS thin films it has been shown, that

phase slip can be present even in bridges with dimensions up '

tow=1-1.5ums\.%

Another interesting effect that might have relation to the
motion of vortices(e.g., driven by an applied currgnin
mesoscopic systems is known from observations of von Kar- 400 44 50 05 01 001
man vortices. After nucleation the vortex structure develops _ -
in time. Due to the motion a given space is necessary for a FIG._ 5. Density distribution of _the_ scre_enlng current fpr two-
vortex to fully develop. If this space is not provided, vortices dimensional superconductee.g., thin film with a row of antidots
will not be originated. A similar situation might apply for Placed at different distancat, (measured in units of the antidot
Abrikosov vortices in mesoscopic superconductors. Th({ad'ug. from each other obtained from simulations on the basis of

. . . . the Ginzburg—Landau equations in the highimit: (a) d,=66.7,
nucleation of flux in the superconductor and its shuttling b) d,—13.3 (a) d,—6.7. High local * densiti v dicated
. . . . .0, . gnh local current densities are inaicate
between adjacent antidots might not lead to vortex formatio ith laark gray thlze scale is given in arbitrary units
due to the restricted distance between the antidots. ' '

Additionally, the impact of the distribution of screening |n order to analyze the interplay of the screening currents of

currents in patterned superconductors has to be considerggapped flux created at neighboring antidots, the current dis-
The distribution of the screening current can be obtained bYributions have been calculated in a model of an |nf|(“te

solving the Ginzburg—Landa(GL) equations for the order pang superconductor characterized by the GL parameter
parameter) and the vector potentigh of a magnetic field —g5 which is typical value for YBCG' containing few

H=VxA,**%which can be presented in the dimensionlessylindrical-shaped antidotéholes placed at different dis-

form as follows: tancesd, from each other. The antidot spacidgis given in
T units of the antidot radius. The results of the calculations are
(—iV—A)2y— l//[(l— _) _|¢|2} =0, shown in Fig. 5 for the system of three antidots. In the case
Te of an isolated antidot and in the absence of external current,

the screening current is distributed symmetrically around the
antidot. As expected the distribution shows a maximum near
the antidot boundary and decreases with increasing radial
, ) . distance from the antidot according to=jqexp(—r/\).
with the imposed boundary condition, However, the symmetric current pattgrnu?szji%mgéiateli/ dis-
n-(—iVy—Ay)| -0 4) torted by presence of other screening currents produced by
boundary™ ~- additional antidots even if they are placed at rather long dis-
In Egs.(3)—(4), n is the unit vector normal to the boundary, tances[Fig. 5&]. Moreover, if the antidot—antidot spacing
k=N\(T)/&(T), and T, is the critical temperature. Then the decreases, the screening currents start to overlap stronger
superconducting current is obtained from the second GIFig. Sb)] and start to form eaclosed loopof the current
equation: flowing around a complete row of antiddigig. 5(c)]. The
appearance of this common screening current for the com-
j=—k2V2A. (5 plete row of antidots and the fluxoid quantization condition

i
KPAA= 5 (P V=gV ) + Ay, )
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leads to an easy transport mechanism of the flux betweer 25 Hall contact

adjacent antidots dt<I|.. The redistribution of the current I - ~, flux
that screens the quantized magnetic fhik, contained in 2r Lhem o TS ot
the adjacent antidot will automatically lead to induced mag- 15| ,, s ‘(—)(IFL :

netic flux ®@; at adjacent antidots. Depending on the energy_. r 860K

balance, flux quantization will either cause suppression ofE10 r o T

this extra flux or cause compensation via nucleation of an 3 |
additional flux quantum at the antidot. The geometry of the>"

experimental is best described fdy~ 10 in the simulation. 0
Thus, a relatively large common screening current of the U U \\:

rows of antidots and easy flux transfer between adjacent an N
tidots has to be expected in the experiment according to the 1o
calculations. The results of the simulations are comparable tc
predictions of so called kinematic vortices in the literature,
which are obtained by numerical simulations using two-
dimensional time-dependent Ginzburg—Landau equaffons.  FiG. 6. Demonstration of vortex ratchet effect aimset sche-
Furthermore, it can be speculated that this mechanism of fluyatic drawing of the arrangements of antidots. The main panel
transfer potentially leads to unusually high vortex mobility displays the recorded Hall voltage resulting from a sinusoidal ac
and might be of interest for a number of rf applicati@g.,  driving current(frequency: 511 Hz, amplitude: 10 m/Aat three

rf flux-flow transformey. different temperatures.

800 1000 1200 1400
time [arb. units]

B. Flux motion for 1> I1l. CONCLUSION

The_ f'”'t? critical current, defmes the_onset of depmnl_ng In conclusion, trapping and guided motion of vortices via
of vortices in the superconducting matrix. It was determined

via standard 4-probe-flux-flow measurements. The measured ecial arrangements of antidots in YBCO films and devices

critical current densities agree with literature values, e.g.Is demonstr?teqaRgs;lstlve H?II—typle measurerr}ent?gr?velthe
J(77 Ky=1—-2MAcm 2. As long as currents<I . are ap- presence of guide : U)I( motion along (;OWS ot antidots. n
plied, the vortex densityand, thus, magnetic flgxin the contrast to conventional vortex motion due to vortex unpin-

superconductor itseffnot in the antidotsis unaltered. This NiNg at currentd >1., this motion is present down to zero
situation explains the memory effect observed in field-sweegurrent even down to low temperatures:4 K. Itis charac-
experiments(see Fig. 4 Thus, the magnetic flux density terized by a linear voltage—current dependef@amic be-
frozen into the superconducting matrix determines théhaviop. This is indicative for a novel mechanism of flux
amount of flux transported along the rows of antidots viapropagation in superconducting systems that might be based
mechanism(i). The memory effect might also be interesting upon(a) restricted vortex formation in mesoscopic supercon-
for a number of applications. ductors or/andb) flux nucleation within antidots due to the
Finally, it is shown that trapping and guided motion of redistribution of screening currents. The combination of stra-
vortices via antidots might lead to new device concepts. Asegically trapping of vortices and guided vortex motion using
an example, a vortex ratchet test structure is patterned arigolated or rows of antidots, respectively, can be used for
characterized. The special arrangement of the antidots isew devices concepts. As a first example a test structure of a
sketched in the inset of Fig. 6. Rows of antidots are orientegortex ratchet formed by a special arrangement of antidots
with an angley= —45° with respect to the driving Lorentz has been shown. The experiments demonstrate the unique
force. Additionally, pairs of antidots forming a “dead end” possibilities of artificial defects in superconducting devices
with angley=0 are repeatedly attached to the rows. Apply-employed in little- or unshielded environment. The analysis
ing an ac current with amplitude<l. leads to a unsym- of the mechanism of flux motion in these mesoscopically
metrical Hall response at low temperatufese Fig. 6that  patterned superconducting systems might lead to new, inter-

can be ascribed to the guidance and trapping of this arrangesting insight into the colorful physics of vortex matter.
ment. For small relative current amplituded <1 at low

temperatures a plateau is present in the positive voltage

branch indicating the effect of the vortex trapping !n the ACKNOWLEDGMENTS
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