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Anisotropic vortex pinning in superconductors with a square array of rectangular submicron holes
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We investigate vortex pinning in thin superconducting films with a square array of rectangular submicron
holes(“antidots”). Two types of antidots are considered: antidots fully perforating the superconducting film
and “blind antidots,” holes that perforate the film only up to a certain depth. In both systems, we observe a
distinct anisotropy in the pinning properties, reflected in the critical cutrgntepending on the direction of
the applied electrical current: parallel to the long side of the antidots or perpendicular to it. Although the
mechanism responsible for the effect is very different in the two systems, they both show a higher critical
current and a sharpéfV transition when the current is applied along the long side of the rectangular antidots.
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[. INTRODUCTION array of blind rectangular antidots have, to our knowledge,
not been performed so far.

Type-Il superconductorSC’s) with nanoengineered arti-
ficial pinning arrays are good candidates to study the funda-
mentals of vortex pinning, since, within the limits of the
lithographic process used for their fabrication, the pinning
centers can be shaped and positioned in the SC at will. Often
used systems in that respect are, for example, periodic arrays 1. Experimental details

of submicron holeg“antidots”) (Refs. 1-5% or magnetic —
dots, placed underneath or on top of the SC il We patterned_a SC Pb film in &% _mmz cross-shaped

In SC's with a periodic pinning arrayPPA), so-called geometry[s_ee Fig. 1a)] to _allow electrlcall transport mea-
matching effectsoccur at specific magnetic fields generating tsurlemetntsfu:htwo perpendpu{ar (;u;\;/entadwectm_)gs. 'It'he cen-
a number of vortices which “matches” the number of avail- & Part Of th€ CToss Consists ot two mn-vy| € strips
able pinning sites. At these integef, and fractionalH containing _the square array of re(_:tangular antlde_;dﬁa dark
matching fields, the vortices form regular geometrical pat_gra_y area in F'g' ®)]. I_n bqth strips, the long side of the
terns, commensurate with the pinning array. This strong| ntidots points in they d|rect|on: This pattern was prepared

X electron-beam lithography in a polymethyl metacrylate/

reduces the vortex mobility and consequently increases th . ; ;
critical currentl,. These commensurability effects have Methyl metacrylatgPMMA/MMA ) resist bilayer covering

been recently intensively studied for square or triangular ar-

rays of antidoté ™ or magnetic dot§-® J9um
In case of a square PPA, the equivalence between the two (a) (O

important in-plane directionsl0] and[01] (x andy axes, is I

conserved if square or cylindrical antiddisr out-of-plane 4 04um

magnetic dotsare used. However, as shown by recent nu- s 4

merical simulations, anisotropic pinning properties can be

introduced in an otherwise isotropic superconducting film by (c)

using, for example, actangular arrayof isotropic pinning o M

sites In the present work we study, by means of experi- 05umngd @

ments and numerical simulations, the anisotropy in the pin- ..
) 0 . ' ‘
e

II. SQUARE ARRAY OF RECTANGULAR ANTIDOTS

A. Electrical transport measurements

A
§,

ning properties of a SC film caused bysguare arrayof

rectangular antidotsand “blind antidots” 4
This paper is organized as follows. First, we consider rect-

angular antidots that perforate the superconductor com-

pletely. For this system, we present experimental results and 0

use numerical simulations to gain more insight into the

mechanisms responsible for the observed anisotropy in the FiG. 1. Layout of the Pb film with a square array of rectangular

vortex mobility and dynamics. In a second part, we investi-antidots. (a) Cross-shaped geometry of the sample to allow for

gate rectangular antidots that do not perforate the supercofransport measurements in theandy directions. (b) Schematic

ducting film completely (blind antidotg. Here, we will  representation of a unit cell (151.5 um?) of the antidot array(c)

present only numerical simulations. Experiments on a squaratomic force micrograph of a 86 wm? area of the antidot lattice.

0 Hm
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the SiO, substrate. A Ge(20 A)/Pb(1500 A)/Ge(300 A) '
film was then electron-beam evaporated onto this mask while L0
keeping the substrate at 77 K. After a liftoff process in warm [
acetone, the structure was covered with a thick insulating
Ge(1000 A) layer for protection against oxidation.

Figure Ic) shows an atomic force microscogpAFM) ]
topograph of a &6 um? area of the square antidot lattice —
with a period of 1.5um. We see that the antidots have a
rectangular shape (061.1 um?) with rounded corners. As
shown in the schematic representation of a unit cell of the
array in Fig. 1b), the superconducting paths between the
antidots are 0.4«m and 0.9um wide, for thex andy direc-
tions, respectively. The rms roughness value of the Ge/Pb/Ge
film, in between the antidots, is less than 15 A on @m?
area.

The transport measurements were performed ifiHe
cryostat equipped with a 9 T superconducting magnet. The
magnetic field was applied perpendicular to the film surface.
Four-point resistivity measurements were carried out using
an ac bridge at a frequency of 19 Hz and a current oft20
We obtained the superconducting critical temperaturg (
=7.26 K) using a resistance criterion of 10% of the normal-
state resistancR,. The ratio of theR,, values for thex and
y direction is

T/T,=0.995

RY/RY=1.06 0/0.46 0=2.3,

which is in excellent agreement with the value 2.25 that can
be expected from geometrical considerations. To determine
the superconducting coherence lengit®), we measured
the linearT,(H) phase boundary of a coevaporated reference FIG. 2. Normalized critical currents, andl ., as a function of
film without any in-plane nanostructuring. From tfig(H) normalized magnetic fieléH/H, for the sample shown in Fig. 1
slope antf measured with a current in the(open symbolsandy directions
(solid symbols, respectively. Thé (H) data are presented for two
temperatures(a) T/T.=0.995 andb) T/T.=0.992.

.Y

D, 02 T
oHeo= ( - )

2mE(T2  2mE(0)2\ " Te

2. Results

) . . o In Fig. 2, we show the critical current versus field curves
we find £(0)=51 nm. Using the dirty limit (<£o) expres- | () normalized to the value at zero fieltlo=1.(H

sion g(O)=%865\/§0I and_ the BCS cohe_rence length for Pb, =0), at two temperaturesT/T.=0.995 in(a) and 0.992 in
£,=83 nm,;” we determined the elastic mean free path (b)]. We have used a voltage criterion 0OF,;

=42 nm. We can derive the penetration dept{0)  —100R, xV/Q, in order to be able to make a comparison
=34 nm by means of the dirty limit expression(0)  petween the two current directions with different normal-
go-i%L V§k9/|,_US|”97\L:37 k?m ?13 the London pengdtratpn state resistanceR and R). The critical current density at
epth-~Taking into account that the presence of antidots in ¢4 field measured along the direction is 1%,=4.4
superconducting film has the tendency to increase the Pe 107 A/m2 at T/T.=0.995 and|*
.=0.

=9.7x10" A/m? at
. . . CO
etration depth in the following way, T/T,=0.992. For a current along thedirection, these val-

ues arel’,=1.3x10® A/m? at T/T,=0.995 andl¥,=2.0

A (0) x 10 A/m? at T/T,=0.992. The field axis is given in units
A(0)= ———==>53 nm, (2) of the first matching fielH,, the field at which the density
1-22 of ¢g vortices equals the density of antidotgigH,
S =d,/d?>=9.2 Oe, withd=1.5 um the period of the antidot
lattice and¢y=h/2e the superconducting flux quantum.
whereS, is the area occupied by the antidots &ds the Due to the presence of the antidot lattice, bothliyéH)

total area of the film, we obtain a Ginzburg-Land&BL)  and I.(H) data show pronounced maxima at the integer
parametek = A (0)/£(0)~1>1/\2. We therefore conclude matching fieldsH; andH, up to the same critical current

that the patterned film with the array of rectangular antidotssalue The differences between the two current directions
is a type-Il superconductor. appear in the field ranges between the integer matching
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FIG. 3. Normalizedv(l) curves at selected magnetic field val-
ues at the same temperatu@ .= 0.995) as the measurements in H/H
Fig. 2(@). The solid lines are the data fofy, the open symbols for \Y
I | x. The horizontal dotted line indicates the voltage criterium
used to define the critical current. Rdr=0 andH=H,, the curves
for the two current directions overlap almost completely.

1.004 p

fields. For those field intervals, the critical curren{(H) O

(solid symbols in Fig. Ris considerably enhanced compared

to I.(H) (open symbols This increase of ., is accompa- <3
nied by the complete suppression of the rational matching— ©->°
peaks atH, (p andq integers. For I,(H), on the other

hand, the rational matching peaksti;,,H/3,H2/5 [panel

(@], and also at 3/H; [panel(b)] are clearly revealed. 0.25

To investigate the origin of this qualitative difference in
the behavior of the critical currents along the two directions,
we have a closer look at the(1,) (open symbolsandV(l,) 0.00
(solid lineg curves for some selected field valuesTdT, 0.0 0.5 1.0 L5
=0.995(Fig. 3). To make a comparison possible, the voltage H/H,
axis is rescaled tdR,l;y, and the current axis tb,;. The
dotted horizontal line indicates the voltage criterium that was T 'C- 4. Contour plots@ V(l,,H) and (b) V(l,,H) at T/T,
used to define the critical current shown in Fig. 2. f?/'/%gf' -';Eiger\?glufigilifItr;w(glcgilt)efratnhseitigr?mgthhzgg a"?&fgﬁm

At H=0 andH=Hj, the V(l) transitions are very sharp of magn;nceoiic field can easily be seen from this plot
and independent of the current direction. TWél,) and '

V(ly) curves in Fig. 3 are therefore almost indistinguishable.

At H=H,, the appearance of a low-voltage tail in ti¢l) equally sharp for both current directions. In between the in-
curve can be observed due to a small deviation from the firdieger matching fields, a substantial broadening of\(ik,)
matching field. Thes&(l) curves have a shape that is typi- transition takes placéFig. 4(@)]. At the rational matching
cal for a regular pinning arrdy'®as was, e.g., also observed fields Hy3, Hyp, and Hyj3, the transitions regain part of
in SC films with a periodically modulated thickne's. their sharpness. Fafly [Fig. 4b)], all V(l,) curves, both at

For H=0.4 H,, the current at which the film completely and in between the integer matching fields, have a sharp
reaches the normal state is the same for the two current diransition.
rections, but a large tail in thé(l,) curve(open symbolsis Summarizing the experimental observations, we have
present, indicating the dissipative motion of vortices in afound a strong anisotropy in the critical currdnR{H) and
direction perpendicular to the current. Consequently, theheV(l) characteristics of a film with a square array of rect-
V(ly) ftransition is very broad (transition width Al angular antidots. At the integer matching fields, both the
=0.81¢o) compared to a much smaller broadening Vgt ) critical currentl .(H,) and theV(l,H,) curve do not depend
(A1=0.21). This behavior is typical for every magnetic on the direction of the applied curreniix or I|ly. However,
field in between the matching fields. in between the integer matching fields, we find bragdl,)

The field dependence of the transition widih can be transitions, a lowl.,, and rational matching features in
more adequately shown by presenting thél,,H) and 1.(H). Forl|ly, on the other hand, we see shafd ) tran-
V(l,,H) curves in a contour pldtFigs. 4a) and 4b)]. We  sitions at every magnetic field, averall highI.,, and no
see that, aH=0 and atH=H,, the V(I) transitions are sign of rational matching features Ig(H).
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3. Discussion (integer or rationa| the vortex lattice contains defects due to

The differences betwedn,(H) and! . (H) are due to an the incommensurability of the vortex array and the PPA. The
X <y vortex rows, parallel td=_, without such defects are called

anisotropy in the vortex mobility in the sample along the two 3
in-plane directions. Neglecting the thermal noise force, the COMmmensurate” rows. In these commensurate vortex rows,

velocity v of a vortex in a PPA is determined by the super-the€ component ofy parallel toF_ will be zero for all
position of three forces: the vortex-vortex interactibp, , vortices in the row. On the other hand, in vortex rows con-

the vortex-antidot pinning forc&p, and the Lorentz force taining defects, the vortex-vortex interaction forces will not

F_, directed perpendicular to the applied current. The criticafance! out at all Eyy=0). This Fyy component in the di-
currentl, of the system is proportional to the Lorentz force rect|on“_of the Lorentz for"céL will assist to the depinning of
F_ which is needed to induce a threshold average vortex €€ Incommensurate” rows; 1.e. depinning oceurs when
velocity and, therefore, a certain critical voltage. To reach1® Sum of this=,, component ané,_ overcomes the single-
this voltage, a noticeable fraction of the vortices must beSt€ Pinning force. The commensurate rows stay pinned up to

depinned by the joint effect of the Lorerfig and the vortex- & Nigher Lorentz forcé, '2(_) If the vortex-vortex interaction
vortex interactionF,, forces. The balance between these!S Sufficiently large, the critical current(H) will therefore
forces, and consequently, depends strongly on the applied be substan_tlally lower right before a_nd after the matching
magnetic field, since the latter determines the density of vori€/dS; leading to pronounced matching pedkseger and
tices in the sample. rationa). _ o o
When, for example, all pinning sites in a square PPA are When the current is applied in thedirection [ ly), the
occupied by a vortexfirst matching fieldH,), the vortex !e(H) curve shows pronounced maxima at the rational
lattice has such a high symmetry that all vortex-vortex inter-natching fieldsH 5, Hgjp, Hyj3, andH 3 and a much lower
actions between the vortices trapped in the pinning sites carYalue in between these rational matching fielsise Fig. 2
cel out (Fy,=0). Therefore, at this field, the Lorentz force This is a clear sign of a strong vortex-vortex interactiegy,
F, which is needed for depinning is only determined by thecomponent along the direction of the Lorentz foige, in
pinning force. This implies that the critical current at the firstthis case the direction.
matching fieldl .(H,) is a measure of thsingle-site pinning When a current is applied in thedirection F,[x), we
force of the individual antidots. Once the Lorentz force ex- see a complete disappearance of the rational matching peaks
ceeds the pinning force, all vortices leave their pinning siteand, instead, an overall high critical currepf(H) (Fig. 2).
simultaneously, resulting in a sha{1) transition*® This indicates that thE,,,, components along the direction of
Since thel .(H;) andl.(H;) values and th&/(I,,H;)  the Lorentz force(in this case thex direction are much
andV(ly,H;) curves(Figs. 2 and Bcoincide, we conclude weaker than in the cadéix. The vortex-vortex interaction is
that the pinning force exerted by a rectangular antidot on @pparently not able to provide the long-range order needed to
single pinnedp, vortex isisotropicalong the two symmetry generate the sparse geometrical patterns at the rational
axes of the rectangular antidot. This experimental observamaiching fieldsH 4. This implies that no commensurate
tion is in agreement with predictions by Buzdin and s iy the direction of, are formed, and all vortex rows
Daumené’ for an eII|pt|9 antldpt, where the pinning force is are qualitatively equalall are “incommensurate). All rows
only expected to be anisotropic when the ellipse is extreme%iII depin approximately at the same driving current. This

elongated. ) - .
: L . explains the shary/(l,) transitions for all magnetic fields
The observed anisotropy in pinning properties can there[-see Fig. 4b)]. The intye er matching peaks are still bresent
fore not be attributed to an anisotropic single-site pinning: 9. €0 9 'ng p " p
Ic,(H), since the commensurate vortex patterns at the

force of the rectangular antidots themselves, but rather td! o . )
their arrangement in the array. In other wortt® observed !nteger _matchlng fieldsl,, can be achieved even with a sma_ll
anisotropy in the pinning properties should be aSSOciatednteract|0r_1_force present, due to a §maller vortex sgparatlon.
with an anisotropic vortex-vortex interactioindeed, since ~ Our critical current results are in agreement with what
the SC strands between the antidots, where the screenifgps found in phase boundary measurements on square SC
currents of the vortices have to flow, are much thinner benhetworks with a different wire width in the two perpendicu-
tween the adjacent antidots in tiyedirection than in thex  lar directions! In these systems[.(H) depends on the di-
direction, we expect thg component of the vortex-vortex rection of the current in a similar way as in oly(H) data.
interaction forces to be considerably larger than tkeiom-  This is not surprising since there are many similarities be-
ponent. tween SC films with an antidot lattice and SC wire networks,
To understand how the anisotropic vortex-vortex interac-especially at temperatures closelio. Using the temperature
tion can give rise to the observed anisotropy in the pinningo tune the coherence lengf(T), one can, in fact, observe
properties in between the matching fields, we examine the weakly coupled network behavip&(T)> strips between
role of the vortex-vortex interaction in the depinning processhe antidot$ in any antidot array.
of vortices in a regular pinning array. Summarizing this part of the discussion, our main experi-
We have discussed earlier that at a matching field, thenental observations can be explained (y an isotropic
vortex-vortex interaction vectors are canceled out and depirsingle-site pinning force of the rectangular antidots, com-
ning is governed by the single-site pinning force. When thebined with (ii) an anisotropic vortex-vortex interaction be-
applied field is now slightly detuned from a matching field tween the vortices trapped inside the antidots.
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B. Numerical simulations [—e—F_//x;1/ly
We have used molecular dynamics simulations to confirm —O—F /[y;1//x
that a model system with the featur@sand (ii) mentioned 041 C
above shows indeed the anisotropy in the critical current that I i
was observed in the experiments. /; A b
V 02+
1. Model I l
We consider a two-dimensional system with periodic - T
boundary conditions containing a square arfpgriodd) of 0.0 o
circular (i.e., isotropic) pinning sites, but with aanisotropic [ , Eﬁ d, H/H1,=O'58
vortex-vortex interaction. The overdamped equation of mo- 0.1 0.2 0.3 0.4 0.5 0.6
tion for a vortexi [Eq. (3)] is used to calculate the average F
vortex velocity as a function of the applied Lorentz fofge L
and to trace the vortex trajectories in the pinning array: FIG. 5. Average vortex velocity as a function of the Lorentz
force F| atH/H,=0.58. The opertsolid) symbols show the result
nVi=F () + Fp("i), () for a current along the (y) axis. Arrowsa andc (b andd) indicate

the points at which the vortex trajectories fdjy (1]|x) were calcu-

where 7 is the viscosity coefficient and taken to be unity. lated, shown in Fig. 6

The driving force acting on the vortices is the Lorentz force
F_=JX ¢pg, WhereJ is the applied current.

The anisotropicrepulsive vortex-vortex interaction force 2. Results
between two vortices with separatiop is described by the  The obtained average vortex velocity as a function of the
modified Bessel functio; (Refs. 22-25 applied Lorentz force foH/H,=0.58, i.e., a magnetic field

in between matching fields, is shown in Fig. 5. We will com-
pare these calculatéd)(F_) curves aH/H,=0.58 with the
experimental V(I) curves taken atH/H;=0.4 (Fig. 3),
which are typical for all magnetic fields in between matching
wherer;; = (r;—r)/([r;—r;[), andN denotes the number of fields. The two main features observed in the experimental
vortices in the sample=,,of, expresses the intensity of the cyrves are qualitatively reproduced. First, the onset of the

vortex-vortex interaction force, withfo=¢?/87A°. The  yortex motion occurs at lower driving force fofx (Fy|y)
cutoff for the vortex-vortex interaction lies atlén both the  (open symbols than for 1]y (F.||x) (solid symbols. The

x andy directions. The vortex-vortex interaction is made critical depinning force in the direction lies atF, ~0.315,
anisotropic by choosing\,=2\,=d. All forces are ex- hijle it is F, ~0.37 when the force is applied in tixedirec-

N
v r-—r:
Fvv(ri):FUUOfOZ Kl(%)rij f (4)
J#I

pressed in units of,. _ tion. Therefore, the critical current fafx is lower than for

The rectangular antidots of the experiment are modeled a8y Second, the/(1) transition is clearly much broader for
pptentlal wells with arisotropic attractive pinning force=, I|[x than forl|ly, with a gradually increasing average vortex
given by velocity.

The origin of the differen{v)(F_) behavior for the two
directions of the Lorentz force can be found by examining
(5) the trajectories of the depinned vorticdsg. 6) at two Lor-
entz force values, indicated by arrows in Fig. 5. A Lorentz
Here,r is the distance between the vortex and kitle pin-  force of 0.32, applied in the direction(arrowa in Fig. 5), is
ning site. not sufficient to depin any vortex rovjsee Fig. €3)]. When
Calculations are performed on a square sange &) the samd-| =0.32 is applied in the direction (arrow b in
with periodic boundary conditions in bothandy directions.  Fig. 5, apartial depinningtakes place, where the rows with
The same initial vortex configuration, obtained from an an-little order in they direction (incommensurate rowsre the
nealing coursé® is used for the hysteretic calculation of the first ones to start movinfsee Fig. €)]. The commensurate
(v)(FL) current-voltage characteristics along thandy di-  rows (the first, second, and forth rows, counting from the
rections. left) remain pinnedsee also Sec. Il A)3At a Lorentz force
We solve the equation of motidieq. (3)] by taking dis- F_=0.38, applied along thg direction (arrow c in Fig. 5),
crete time stepd\t, using the following fixed lengths and all the vortex rows have started to mo{€ig. 6(c)]. This
forces:R,=0.7, \y=6, F,,0=0.2, andF,,=1. The aver- corresponds to the sharp increaséup, which can be found
age vortex velocity as a function of applied driving force in the (v)(F) curve(solid symbols in Fig. b For the same
(v)(F) is obtained by increasing, in small stepsAF_ F_=0.38 applied in the direction (arrow d in Fig. 5), the
=0.001, starting fronF- =0. At eachF, we neglect the vortices in the incommensurate rows move with a higher
first 2000 time steps and average the next 8000 steps welocity [Fig. 6d)]. When an even higher Lorentz force is
calculate the average velocity of all the vortices in the sysapplied(e.g., F =0.44), all vortices finally move for both
tem. F_ directions(not shown.

r 2

Rp

N

Ror
Fo(r)=—Fpof —exp —
o(1) pook;Rpp(
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(a) > @ ® ® © ® (b) * . case, the ani;otropy iﬁvv. be’_[ween pinneq vqrtices is in-
e | L. o b duced by a different spacing in theandy directions of the
pinning sites. A similar anisotropy ih.(H) as in our mea-
e ® e e 0 e e a0 e ¢ surements and calculations is indeed found when no intersti-
® o » 0o o o @ ofle o o ¢ tial vortices are present{<H;). When the Lorentz force
6 o & o & © o @l o @ , F_ is in the direction of the weak vortex-vortex interaction
R | I N (in the case consldered in Ref. 11 alqng the d|re9t|on with a
large lattice spacinghe absence of rational matching and an
s e @& & @ o Qo @ e overall highl.(H) is found.
[ (o) (e] o o L @ @ L] [s) e]
° ° C. Summary
o ° We have measurdd(H) andV(l,H) curves of a SC film
e o with a square array of rectangular antidots for two directions
o o of the applied current. We find amverall high I.(H) with
integer matching peaks but no rational matching features
° ® when the current is applied parallel to the long side of the
o o antidots. This is a clear advantage compared to isotropic pin-
° ® ning arrays, where a large suppressionl gH) is seen in
. . between the rational matching fields. We attribute this effect

to the anisotropic vortex-vortex interactigrwhich is stron-

ger along the long side of the antidots. Molecular dynamics
simulations on a square arrayisbtropicpinning sites, com-
bined with ananisotropic vortex-vortex interaction, indeed
show the same characteristic anisotropic features as observed
in our measurements.

FIG. 6. Vortex trajectorieglines) for H/H,=0.58 atF =0.32
for a current in they (a) andx (b) directions. Open circles represent
pinning sites; black dots represent vortices. The santg at0.38
for the current in they (c) andx (d) directions. The labeléa)—(d)
correspond to the arrows in Fig. 5.

3. Discussion IIl. SQUARE ARRAY OF RECTANGULAR BLIND

. . . ANTIDOTS: NUMERICAL SIMULATIONS
The results of these molecular dynamics simulations show

that an array ofisotropic pinning sitescombined with an In this section, we examine the vortex mobility in a su-
anisotropic vortex-vortex interactioalong the two principal  perconductor with a square array of rectangudiind anti-
axes of the PPA, gives rise to the same phenomena as oblets by means of molecular dynamics simulations. Blind an-
served in our pinning experiments on a Pb film with a squareidots are holes that do not perforate the superconductor
array of rectangular antidots. The low critical current andcompletely; i.e., the bottom of a blind antidot always con-
broad V(I) transitions in between matching fields fbfx  tains superconducting material. Therefore, if more than one
(F|ly) are found to be due to the motion of the incommen-vortex is trapped inside a blind antidot, the vortices remain
surate vortex rows along the direction of the strong vortexindividual repulsive entities, without merging into one
vortex interaction, in this case thg direction. Forllly  multiple-quantum vortex?° as in the case of an antidot.
(FLIx), the simultaneous vortex depinning at a relatively Moreover, a vortex trapped inside a blind antidot can
high driving force is responsible for the high critical current move around freely within the boundaries of the pinning
and the sharp/(I) transitions. This result strengthens our center. In a film with antidots, on the other hand, the super-
interpretation that in our experiment the rectangular antidotgurrents constituting the vortex are forced to flow at the outer
provide anisotropic pinning potentiabut induce aranisot-  edge of the antidot, confining the vortex in space.
ropy in the vortex-vortex interaction

Due to the anisotropic nature of the vortex-vortex interac- A Model
tion, the initial vortex lattice found in the simulation by an '
annealing course shows more order in yhgirection (stron- Taking into account the properties of a blind antidot, men-
ger vortex-vortex interactigrthan in thex direction(weaker  tioned above, we will use the following model to simulate
vortex-vortex interaction[see Fig. 6a)]. Although we be- the vortex motion in a superconductor with an array of blind
lieve that this is also what happens in the experiment, n@ntidots.
definitive statement about the experimental vortex configu- Again, we use a square two-dimensior@D) system
ration can be made, however, at this stage, before a dire¢size &) with periodic boundary conditions in theandy
experimental study of the vortex patterns in these anisotropidirections. The system contains a square a(peyiodd) of
pinning arrays, e.g., by scanning Hall préb& or LorentZ®  rectangular pinning sitesidesR,=0.4d and R,=0.77d).
microscopy. The vortex velocities are calculated using the normalized

It is interesting to compare our results with the molecularoverdamped equation of motion, E¢3). The repulsive
dynamics simulations onractangulararray of isotropic pin-  vortex-vortex interaction is described by E@), using an
ning sites, recently performed by Reichhaedtal™ In that  isotropic penetration depth =d andF,,o=0.2.
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FIG. 7. 3D plot of the pinning potential used to model a square

array of rectangular blind antidots. FIG. 8. Average vortex velocity as a function of the Lorentz
force F. at H/H,=0.8. The oper(solid) symbols show the result
The pinning force of a rectangular pinning center on thefor a c_urrent alopg the (y) axis. Ar_rowsa_l andc (b andd) indicate
vortex can be defined % the points at which the vortex trajectories fdy (1]|x) were calcu-
lated, shown in Fig. 9.

r

2
R ) (6) First, we observe a different configuration of the pinned
P

vortices in Figs. 88) and 9b), although they originate from

) ) o the same annealing course. The difference results from vor-
when the vortex is outside thh rectangular pinning center, ey jumps that occur after the annealing course, under the
andF,(r)=0, if the vortex is inside the rectangular area of j,,ance of the applied Lorentz force. These jumps aid the

thet;r)]mnmg][ site. Thlgtme?ns thzt .nolglnrt'lkl]ngglc')rc(;e |st%xetrt:a ystem to obtain its lowest-energy configuration. At a mag-
on the vortex, once 1t 1s trapped Inside e bind antidot. I, a4 fie|q ofH/H,=0.8, it is not possible to obtain a com-

this expressiony, is the distance between the vortex and the .
edge of thekth rectangular pinning center. We have Chosenpletely regular vortex pattern. The commensurate configura

R, to beR,=0.067 andF o= 1. In Fig. 7, we show sche- tion which is closest to 0B, is 0.794,=Hg,, where one

matically the 3D pinning potential that was used for thisfmds_c_onsecutlvely completely filled [ows and rows with
simulation. half-filling. At H/H;=0.8, the energetically most favorable

The current-voltage characteristi¢s)(F,) and the vor- vc_>rtex configuration quks like the configurati_onHt&m, but .
tex trajectories for a current along theandy directions are With some excess vortices that are placed in the rows with

calculated using the method described in Sec. 11 B 1. half-filling. Because the jumps are assisted by the Lorentz
force, we find this kind of order in the vortex positions only
in the direction of the applied Lorentz fordalong thex
direction in Fig. 9a) and along the direction in Fig. 9b)].

In Fig. 8, we show the calculate(v)(F ) curves at A Lorentz force of 0.36 applied in thedirection(arrowa
H/H{=0.8, for a driving forceF, in the x (solid symbol$ in Fig. 8 is not sufficient to depin any vortex ronsee Fig.
andy (open symbolsdirections. The magnetic field is cho- 9(a)]. When the sam& | =0.36 is applied in the direction
sen in between matching fields, where no commensurate vofarrow b in Fig. 8), a partial depinningtakes place, where
tex configuration can be established. the row with the least order in thedirection[the first ver-

The calculation shows that the onset of vortex motiontical row counting from the right in Fig.(®)] is set in mo-
occurs at a lower Lorentz forcE_ when F_|y. For this tion. The moving vortex row is the only one that contains six
direction of the driving force, the average vortex velocity vortices. Accommodating these six vortices in a row of eight
becomes finite aF, ~0.356. When the Lorentz force is ap- pinning sites gives rise to a lot of strain, making it consider-
plied in the perpendicular directioriF(||x), vortex motion is  ably easier to depin this incommensurate row. Most of the
delayed untilF, ~0.386. Consequently, the critical currépt  other rows contain either eight or four vortices, which can be
is smaller forl|x than forl|y. easily positioned in a low-energy configuratiG@ommensu-

Moreover, there is a striking difference in the width of the rate rows. One vertical row accommodates five vortices.
depinning transition. Wheh, ||y, we observe several steps in This row will be the next to be depinned when the Lorentz
the depinning process, leading to a broad transition, while foforce is increasedat F| ~0.37), creating the second step in
F.|Ix, the (v)(F.) curve shows a single sharp jumpRt  the(v)(F_) curve forF ||y in Fig. 8 (open symbols
~0.386. At a Lorentz force ofF =0.4, applied along the direc-

We examine the origin of this qualitatively different be- tion, all vortices are set in motiofFig. 9c)]. This corre-
havior for the two directions of the Lorentz force by plotting sponds to the sharp increase {n) that is seen in the
the vortex trajectories and positions afteP tine stepgsee  (v)(F.) curve (solid symbols in Fig. 8 When a Lorentz
Fig. 9 at some specific Lorentz force values, indicated byforce of F =0.48 is applied in the/ direction (arrow d in
arrows in Fig. 8. Fig. 8), all vortices participate in the motion.

Np

;
Fo(r)=—Fpof =-exg —
(1= ~Fuofo, p(

B. Results and discussion
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FIG. 9. Vortex trajectorieflines) for H/H,=0.8 atF =0.36 for 0.30 0.35 0.40

a current in they (a) and x direction (b). Rectangles represent the FL
blind rectangular antidots; black dots represent vortices. The same
at F =0.40 for a current in thg direction(c) and atF, =0.48 for FIG. 10. Average vortex velocity as a function of the Lorentz
a current in thex direction. The labelga)—(d) correspond to the forceF_ atH/H;=0.8 withF ||x () andF_|ly (b). R,=0.4d is kept
arrows in Fig. 8. fixed and the ratidR, /R, is varied from 0.0 to 1.8, as indicated.

In Fig. 9a), one also finds commensurate horizontal rowsgnd a high critical current, iR, is sufficiently large,R,
containing eight or four vortices, one incommensurate hori—1 g (see also Fig. 8, wher®,/R,=192). ForR,/R,
zontal row with five and one with six vortices. However, <1.5, two-step transitions in th@)(F,) curves are always
these incommensurate rows do not give rise to a partial d&een. The onset of vortex motion also appears to be strongly
pinning as in the cask, ||y, because the strain that is causedgependent on the ratig, /R, . As long asR,> R, the criti-
by the incommensurability is effectively releasedyfting 4| current is higher wheR, |x. WhenR,<R,, the highest
the vortex positions within the rectangular blind antidot .itical current is found forF,|y. Y
WhenF ||x, the long side R) of the rectangular blind an-  \ypen F_|ly, the important length scale determining the
tidot can be used for this purpose. FRr|y, the vortices are  confinement of the trapped vortices is the width of the
all located at the top edge of the rectangular antidots. Conr'ectangular blind antidots. Sind®, is kept constant in the

sequently, only the short side of the antidoB X is avail-  c5jcylations, we indeed expect to find no dependence of the
able, resulting in large stresses in the incommensurate vert{w(FL) transitions orR. /R
y/ Mxe

cal rows which initiate the partial depinning proces. When F_||)x, on the other hand, the critical depinning

We also notice that there is some amount of row SW'tChTorce is very sensitive t&,, because now this parameter

ing at high driving force foiF [|x due to the smaller spacing yetermines the confinement of the vortices. WIRTR,
between the blind antidots in that direction. Although the_q o R —0 the pinning centers are in fact points in the
L . " y L

plotted trajectory lines in Fig.(8) do not show it directly, we giraction, which results in a very low threshold value for
know the switching takes place by comparing the number oo " initia| vortex depinning transition. WheR, /R, in-

vqrtjces in a particular horizontal row at .IOW. a”‘?' at high creases, the vortices trapped in the rectangular blind antidots
driving force. On the other hanao row switching is seen  gpiain more freedom to shift their positions along yheis.
whenF[ly. This gradually improves their ability to reduce the strain aris-

We have al_so exa_mlned the effect of the S'de_ ra_tlo of th‘":fng from the vortex-vortex interaction in an incommensurate
rectangular blind antido®, /R, on the vortex depinning. In o, 'y this way, the initial vortex depinning of the incom-

Fig. 10, we presen{v)(F.) curves (shifted vertically for mensurate rows can be delayed to higher
clarity) at H/H,=0.8 for variousR,/R,, smaller than the

ratio used for Fig. 8.
When F|ly [Fig. 1ab)], the (v)(F,) curves are almost C. Summary
independent of the rati®, /R, . The transition is always a We have investigated numerically vortex pinning and dy-
two-step process, involving partial depinning of the incom-namics in a square array of rectangular blind antidots for
mensurate vertical rows, as described above. different orientations of the applied current or Lorentz force.
WhenF||x [Fig. 10a)], we find a sharp depinning tran- We demonstrate that the onset of vortex motion, and there-
sition, resulting from simultaneous depinning of all vorticesfore the critical current, depends on the orientation of the

214511-8



ANISOTROPIC VORTEX PINNING IN . .. PHYSICAL REVIEW B66, 214511 (2002

Lorentz force. The critical current is found to be higher whendots the vortex-vortex interaction is isotropic. Here, the an-

the current is applied parallel to the long side of the antidotsisotropy in the shape of the antidots and the fact that a vortex
By shifting their position inside the blind antidot, the vorti- can move around freely within the blind antidot cause the
ces are able to delay the depinning of the incommensuratanisotropy in the critical current.

vortex rows to higheF , by reducing the strain arising from

the vortex-vortex interaction in the incommensurate rows. V. CONCLUSION

We have also found a strong dependence of (#EF.) e have investigated vortex pinning and dynamics in su-
transition on the aspect ratio of the rectangular blind antiperconducting films with a square array of rectangular anti-

dots. dots and blind antidots. As shown by experime(us the
antidots systemand numerical calculationéon both sys-
IV. COMPARISON OF THE ANTIDOT AND THE BLIND tems, the critical current is higher when applied parallel to

ANTIDOT SYSTEM the long side of the antidots. For this current direction, we

This paper presents results on the anisotropy in vorte>_‘?‘|_SO find sharper-\( transitions in bOt.h systems. By exam-
pinning for two very different systems: a superconducting'n'ng the vortex trajectories after depinning by means of nu-

film with a square array of rectangular antidots and with amencal simulations, we were able to demonstrate that the

square array of rectangulétind antidots. We have shown glr.'gén oft't:et anlstotroples vetrz clilfferetr:t tlr? thetantldgl)lt atndt
that in both systems the critical current is higher andltive Ind antidot systems. INevertneless, both systems ifustrate

transition is sharper when the current is sent parallel to th ow patterning of_an otherW|s_e Isotropic sup_erconductmg
long side of the antidots. On the other hand, a current alon Im can induce an important anisotropy in the critical current

the short side of the rectangular antidots yields a lower criti- ndl-V characteristics.
cal current and a broadV transition in both systems.

Although the behavior of the antidot and blind antidot
system appears to be similar, the mechanisms determining This work was supported by the ESF “Vortex” Program,
this behavior are very different in the two systems. In thethe bilateral BIL 00/02 China/Flanders Project, the Belgian
case of the superconducting film with rectangudatidots Interuniversity Attraction PoleslUAP), the Flemish GOA
the experiments show that the pinning force of the rectanguand FWO Programs, and the National Natural Science Foun-
lar antidots is identical for the two perpendicular directions.dation of China, the Ministry of Science and Technology of
Here, thevortex-vortex interactiots found to be anisotropic China (Grant No. NKBRSF-G1999064602We wish to
and responsible for the observed anisotropy in the criticathank M. J. Van Bael, Y. Bruynseraede, C. Reichhardt, C. J.
current measurements. In the case of rectanduliad anti-  Olson, and F. Nori for helpful discussions.
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