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Pinning by an antidot lattice: The problem of the optimum antidot size
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Critical current densities (j c) and pinning forces (f p) in superconducting Pb/Ge multilayers and single WGe
films are strongly enhanced by introducing regular arrays of submicron holes~‘‘antidot lattices’’! acting as
artificial pinning centers. Comparative measurements ofj c and f p for several well-defined antidot diametersD
have shown that pinning centers with a size considerably larger than the temperature-dependent coherence
lengthj(T) are much more efficient than those with a size close toj(T). Moreover, the antidot size realizing
the optimum pinning is field-dependent: we need smaller antidots to optimize pinning in lower fields and larger
antidots for optimum pinning in higher fields. Crossover between different pinning regimes is controlled by the
saturation numberns that defines the largest possible number of flux lines trapped by an antidot. In dependence
upon thens value, we have observed various composite flux lattices with vortices at antidots and interstices
(ns'1), multiquanta vortex lattices (ns.1), and finally we have reached the limit of superconducting net-
works atns@1. @S0163-1829~98!00906-0#
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I. INTRODUCTION

The classical theory of the mixed state in homogene
type-II superconductors1 predicts the existence of the flux
line ~FL! lattice. Each FL is carrying one flux quantumf0
and is characterized by the presence of a normal core w
size given by the temperature-dependent coherence le
j(T). In an ideal homogeneous superconductor without
defects, however, the Abrikosov FL lattice is not pinned a
as a result the critical current densityj c tends to zero. There
fore the j c enhancement, crucial for practical applications
superconducting materials, is closely related to the optim
tion of the size and the distribution of artificial pinning ce
ters ~the ‘‘optimum pinning’’ problem!.

This problem can be successfully solved if both thesize
and thepattern of the introduced pinning centers are op
mized. Since in ahomogeneoussuperconductor the lowes
energy FL configuration~triangular lattice! and the best size
of the pinning centers@diameterD'j(T)# are known, it is
widely believed that the triangular lattice of pinning cente
with a sizej(T) is the best artificial pinning array.

This rather straightforward extrapolation of the results o
tained for ahomogeneoussuperconductor without pinning
centers onto a superconductorwith artificial pinning centers
meets with serious controversies, since in many cases
presence of relatively large pinning centers also leads
strong pinning. A quite instructive example here is t
strongly enhanced pinning in the Y-Ba-Cu-O systems w
precipitates such as CuO, Y2BaCuO5, or Y2O3, ~Refs. 2–7!
that have a size much larger thanj(T). To explain the effi-
ciency of these relatively large precipitates, Takezawa
Fukushima have examined theoretically the behavior o
single insulating inclusion as a pinning center.8 They have
demonstrated that due to the electromagnetic contributio
pinning, the total pinning potentialU, combining both elec-
tromagneticUB and coreUc contributions, is much deepe
570163-1829/98/57~6!/3615~8!/$15.00
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for D'l(T) than forD'j(T). In other words, according to
this theory, the optimum size of the insulating inclusio
should be around the penetration depthl(T) rather than
j(T). This very interesting theoretical prediction has n
been checked yet experimentally, since the previous stu
were mainly focused on irradiation induced pinnin
centers9,10 with a size and distribution that cannot be co
trolled properly. Following the pioneering work by Heba
and co-workers,11 we have shown recently thatlithographi-
cally introduced submicrometer sized holes (antidots)with a
well-defined size and arranged in a regular pattern can ac
efficient pinning centers.12–15 Each antidot can trap up tons
FLs, wherens is a saturation number16 ns'r h /@2j(T)# and
2r h5D.

Using superconducting Pb/Ge and single WGe thin fil
with well-defined arrays of pinning centers, we have stud
in this paper critical current densitiesj c and pinning forces
f p for antidots with different diameters~D50.15 to 0.6mm!.
The antidot arrays were introduced in the form of square
triangular lattices with a periodd51 mm. From thesize de-
pendenceof j c and f p we have confirmed that indeed pinnin
centers witha size considerably larger thanj(T) are much
more efficient than those with D'j(T). From the comparison
of j c and f p in films with triangular and square lattices o
antidots with the sameD, we have found that in the forme
j c and f p are not very much higher than in the latter, whic
implies that the imposed artificial pinning potential is
strong that in this case the difference between the ela
energies of triangular and square lattice plays only a mi
role. From detailed measurements of magnetization hys
esis loopsM (H,T) at different temperatures, we have foun
that the qualitative transformation of theM (H,T) loops,
caused by the variation of the antidot diameterD can also be
induced by changing temperatureT. In this way we have
demonstrated that the pinning properties of an antidot lat
are fully controlled by the dimensionless parameterD/j(T),
3615 © 1998 The American Physical Society
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3616 57V. V. MOSHCHALKOV et al.
in agreement with the theoretical prediction of Mkrtchy
and Shmidt16 for a single antidot interacting with the FLs.

II. EXPERIMENT

The Pb/Ge multilayers and WGe single films are prepa
by electron-beam evaporation in a molecular-beam epit
apparatus with a base pressure of 231029 Torr. A detailed
description of the sample preparation can be found in R
17. All Pb/Ge samples have a@Pb~150 Å!/Ge~140 Å!#3Ge
structure, where 3 denotes the number of bilayers and the
film is always a 140 Å-thick protective Ge layer. The sup
conducting transition temperature of the Pb/Ge multilayer
Tc56.9 K. The amorphous W12xGex (x50.33) single films,
with a thickness of 600 Å, were obtained by electron-be
evaporation of W and Ge, withTc54.6 K. The square or
triangular lattices of antidots in the films were obtained b
lift-off technique using electron-beam lithography.

Figure 1~a! shows an atomic force microscopy~AFM!
picture of a Pb/Ge multilayer with a square ‘‘antidot’’ lattic
The distance between the antidots is 1mm and the surface

FIG. 1. ~a! AFM picture of a @Pb~150 Å!/Ge~140 Å!#3

multilayer with a square ‘‘antidot’’ lattice clearly shows the perio
icity of the lattice d51 mm and the shape of the antidots wi
diameterD50.6mm. ~b! AFM picture of a single WGe~600 Å! film
with a square ‘‘antidot’’ lattice (d51 mm andD50.35mm!.
d
y

f.

op
-
is

a

between them is quite flat, the root-mean-square roughne
1.5 nm on a (0.5mm)2 area. An AFM picture of a WGe~600
Å! film with a square lattice of 0.35mm antidots is shown in
Fig. 1~b!.

For our Pb/Ge multilayers,l~0! and j~0! can be found
using the dirty limit expressionsj(0)5(j0l )1/2 and l(0)
5l0(j0 / l )1/2, where j0583 nm and l0537 nm are the
clean limit coherence length and penetration depth of P18

From the measured perpendicular upper critical fieldHc2(0)
of the reference nonperforated films, we find thatj~0!512
nm and thereforel'17 Å, l~0!'260 nm and the Ginzburg
Landau parameterk521. For the WGe~600 Å! single films
we obtain the following values:j~0!56 nm, l~0!5490 nm,
andk582.

Figure 2 shows the superconducting quantum interfere
device magnetization data for Pb/Ge multilayers without a

FIG. 2. ~a! The magnetization curves~T'0.94 TC! of the
@Pb~150 Å!/Ge~140 Å!#3 multilayer with a square lattice of antidot
with diameterD50.15– 0.4mm. For comparison, the data for th
reference multilayers without antidots are also shown. The ma
ing fieldsHm'm 20.7 G~wherem is an integer! are indicated by
dashed lines. ~b! The pinning force ~T'0.94 TC! of the
@Pb~150 Å!/Ge~140 Å!#3 multilayer with a square ‘‘antidot’’ lattice
(D50.15– 0.4mm). For comparison, the data for the referen
multilayers without antidots are also shown. The matching fie
Hm are indicated by dashed lines.
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57 3617PINNING BY AN ANTIDOT LATTICE: THE PROBLEM . . .
with square antidot lattices~D50.15 and 0.4mm!. The mag-
netization curves for multilayers with an antidot lattic
clearly demonstrate sharp matching anomalies at the
pected integer matching fieldsHm5mf0 /d2, where m is
integer. For a square lattice withd51 mm, the Hm values
are given byHm5m320.7 G. The matching anomalies, o
served very clearly at temperatures not far belowTc , are
related to stabilized ‘‘flux-line crystals’’, consisting of
square lattice of single or multiple flux quanta trapped
antidots. The origin of the sharpM (H) features atH5Hm
has been discussed in our previous publications,12–15 while
here we would like to emphasize the overall enhancemen
the widthDM of the hysteresis loops, being compared w
DM of the Pb/Ge multilayer without antidots.

Using the Bean model, modified for thin films in a pe
pendicular field,19 we have estimatedj c(H) from DM (H)
and compared it withj c(H) determined from transport d
data ~Fig. 3!. This comparison shows a reasonably go
agreement betweenj c derived fromDM and from transport
measurements. Therefore, the anomalous variation of
width of theM (H) loops is directly related to the change
j c(H). The latter is caused by a strong enhancement of
pinning force@Fig. 2~b!#.

The j c(H) values, calculated in the framework of th
classical Bean model,19 should be considered only as an e
timate, since in superconductors with the antidot lattices,
stead of a smooth sandhill-like criticalB(x) profile @Fig.
4~a!#, the novel multiterrace critical state should be intr
duced@Fig. 4~b!#.20 In the multiterrace critical state a com
petition between the vortex-antidot lattice commensurabi
and the average Bean-like gradient leads to the formatio
the fluxon terraces. Within each terrace, the FL lattice
uniform and, therefore, there is no current, whereas at
terrace edges the critical current approaches its theore
limit—the depairing current. The multiterrace critical sta
is, in a way, a quantized version of the classical Bean mo

FIG. 3. Magnetic and transport critical current densitiesj c(H)
for the @Pb~150 Å!/Ge~140 Å!#3 multilayer with a square ‘‘antidot’’
lattice (D50.40mm) at T'0.94TC .
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Since the average of the steplikeB(x) function corresponds
to the Bean critical profile, the bean model still can be us
to estimate thej c value. Very close toTc , where the ex-
pected averageB(x) slope is sufficiently small, thesingle-
terrace critical statecould be realized@Fig. 4~c!# with B(x)
being constant in the whole sample, except in the surf
layer. As temperature goes down, the tendency towards
Bean critical state becomes stronger and theB(x) terraces
are eventually smeared out.13

Comparing now theM (H) curves forD50.15mm and
D50.4mm ~Fig. 2!, we clearly see that a much better pi
ning is provided by larger antidots@compareM (H) and
f p(H) curves for D50.15mm and D50.4mm#. For D
50.4mm, the field dependence ofj c(H) becomes weake
and in low fields j c values are smaller than forD
50.15mm. A very similar behavior with slightly higher
j c(H) than for a square lattice has also been found fo
triangular antidot lattice~Fig. 5!, where matching anomalie
are now observed at the expected field valuesHm
5m2f0 /)d25m23.9 G. AnalyzingM (H) curves for dif-
ferent diameters~D50.17mm and D50.4mm! we find
again that also for a triangular antidot lattice larger antid
@D50.4mm@j(T)# are much more efficient for the en
hancement of the pinning force.

Very similar magnetization data have also been obtai
for a single WGe film with a square antidot lattice~Fig. 6!
with different antidot diameters, from 0.15 to 0.6mm. First
of all, matching anomalies are again observed exactly at
expected matching fieldsHm5m20.7 G. As the ratio
D/j(T) increases, the cusplike anomalies at matching fie
are transformed into peaks~Fig. 7!, typical for the supercon-
ducting networks. Second, in ‘‘moderate’’ magnetic fiel
H,60 G, we find the enhancement and then the reductio
the M (H) values, as the antidot diameter is increased. Ho
ever, in magnetic fieldsH.60 G, higher critical currents
have been observed for the largest diameter of antidots~see
Fig. 6,D50.6mm!, when the crossover to the supercondu
ing network regime seems to occur. The latter implies t

FIG. 4. Schematic drawing of the magnetic induction profi
B(x) for ~a! classical Bean critical state,~b! multiterraced critical
state~Ref. 20! and ~c! single-terrace critical state.
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3618 57V. V. MOSHCHALKOV et al.
the optimum size of the antidots, realizing the best pinning
field-dependent.

The comparison of the size dependence ofM (H) @Fig.
8~a!# with the temperature dependence of theM (H) for the
fixed D50.5mm @Fig. 8~b!#, reveals an important similarity
between the modification of theM (H) behavior induced by
the variation of the antidot diameterD and the temperature
dependenceM (H,T) for the sameD50.15mm.

This similarity indicates that the relevant parameter of
optimum pinning problem is the ratioD/j(T), in agreement
with the calculations of Shmidt and Mkrtchyan16 of the pin-
ning potential for flux lines interacting with a single antido

III. DISCUSSION

In this section we shall focus on the following point
which are quite important for our understanding of the op

FIG. 5. The right upper parts of the magnetization curves~T
'0.94 TC! of the @Pb~150 Å!/Ge~140 Å!#3 multilayer with a trian-
gular ‘‘antidot’’ lattice (D50.17– 0.4mm). The matching fields
Hm'm 23.9 G are indicated by dashed lines.

FIG. 6. The magnetization curves~T50.98 TC! of a single
WGe~600 Å! film with a square lattice of antidots with diamete
D50.15– 0.6mm. For comparison, the data for the reference m
tilayers without antidots are also shown. The matching fieldsHm

'm 20.7 G~wherem is an integer! are indicated by dashed lines
is

e

-

mum pinning problem:~i! general behavior ofM (H) curves,
as a function of the antidot diameter,~ii ! pinning of multi-
quanta vortex lattices,~iii ! crossover from the periodic arra
of small pinning centers to the network array, when t
width of the superconducting stripes becomes smaller t
the coherence lengthj(T).

A. Magnetization curves for different antidot diameters

Our main experimental observations can be summari
as follows:~a! artificial arrays of submicron antidots can a
as well-defined pinning centers with a controlled size a
pattern;~b! distinct matching anomalies show up at the e
pected fieldsHm5mf0 /S, whereS is the unit cell of the
antidot lattice;~c! increasing the antidot diameter, we ha
found a clear evidence of a stronger pinning by square
triangular arrays consisting of antidots larger thanj(T); and
~d! similar size dependence of the pinning force is obser
not only in Pb/Ge and WGe/Ge multilayers but also in sin
Pb and WGe films.

At the typical used reduced temperatureT/Tc50.94 ~Fig.
2!, we have j(T)'0.1mm. Therefore the sizeD
'0.15mm of the smaller antidots is quite close toj(T) and
should give us the optimum pinning, if the conditionj(T)
'D is correct in our case and the core pinning potentialUp
plays a dominant role. Since for larger antidots pinning h
been further enhanced, we are sure that for antidots witD
@j(T) pinning is much stronger than that forD'j(T). The
latter confirms that electromagnetic pinningUp indeed gives
an important contribution: according to Ref. 8 the depth
Up increases rapidly withD and saturates atD'l(T). Un-
fortunately, further quantitative comparison with the theo
of Takezawa and Fukushima8 is not possible, since they hav
calculated the pinning potential but not the pinning for
and, second, they have considered the limit of a single p
ning center, whereas in our case the circular currents aro
different antidots are overlapping: in our filmsL
52l2(T)/t.d. Here t is the thickness of an individual P

-

FIG. 7. The upper magnetization curve atT56.95 K of the
@Pb~150 Å!/Ge~140 Å!#3 multilayer with triangular antidot lattice
(D50.8mm).
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57 3619PINNING BY AN ANTIDOT LATTICE: THE PROBLEM . . .
layer or the whole multilayer for decoupled or coupled s
perconducting layers, respectively. In our films we haveL
.d, and for qualitative analysis of our data lattice effec
should be taken into consideration in calculations ofUB ,
which has not been done in Ref. 8.

The sharp magnetization anomalies at the matching fi
were nicely reproduced in calculations of Cooley a
Grishin,20 who showed that the appearance of the terra
critical state@Fig. 4~b!# results in magnetization jumps wit
the periodicity corresponding tof0 per antidot lattice unit
cell.

For small antidot radii (ns'1), a substantial reduction o
j c can occur when the antidots are saturated21 and additional
vortices are formed at interstices. In this case very wea
pinned interstitial vortices are much more mobile than
vortices pinned by the antidots.22 As a result, the motion of
interstitial vortices leads to a dissipation andj c is reduced.
The dynamics and plastic flow of vortices in superconduct

FIG. 8. ~a! Normalized magnetization curves~T50.98TC! of a
single WGe~600 Å! film with a square lattice of antidots with di
ameterD50.15– 0.6mm. For comparison, the data for the refe
ence multilayers without antidots are also shown. The match
fields Hm'm 20.7 G ~where m is an integer! are indicated by
dashed lines.~b! The magnetization curves at different temperatu
of a single WGe~600 Å! film with a square lattice of antidots with
diameterD50.5mm. The matching fieldsHm'm 20.7 G ~where
m is an integer! are indicated by dashed lines.
-
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with coexisting interstitial FLs and vortices pinned by an
dots has been recently studied by Reichhardtet al. by nu-
merical simulations.23 Due to a higher mobility of interstitial
vortices, larger antidots seem to be better since they
stabilize multiquanta vortices and there is no need to prod
loosely bound interstitial vortices.

Concluding this section we have shown thatantidots with
D considerably larger than the coherence lengthj(T) are
efficient pinning centers. This conclusion is valid for differ-
ent superconductors we studied. As a possible explana
for the stronger pinning by larger antidots, we refer to t
electromagnetic contribution to pinning,UB , recently ana-
lyzed by Takezawa and Fukushima.8

B. Pinning of multiquanta vortex lattices

Sufficiently large antidots (ns@1) can pin multiquanta
vortices.24–26 In this case for temperatures very close toTc ,
we have a possibility to realize the single-terrace criti
state withB(x)5constant and the following expression ca
be used to analyze magnetization curvesM (H) ~Ref. 26!:

M ~H !52
f0

16p2l2 lnS ban

Aer
D . ~1!

This expression is obtained by inserting the size of the c
j(T)→r , and the vortex-vortex distancean into the textbook
expression18 for magnetization in the London limit. In Eq
~1! b is a numerical constant which is 0.381 for a triangu
vortex lattice in nonperforated films.18 When multiquanta
vortices are formed~Fig. 5! Eq. ~1! takes an extremely
simple form exactly at the matching fieldsH5Hm since
mf0 should then be used instead off0 and an is just the
antidot lattice periodd:

M ~Hm!52
mf0

16p2l2 lnS dd

Aer
D }

mf0

l2 . ~2!

The magnetization atH5Hm is a linear function ofm, with
the slope determined via prefactor;1/l2(T) in Eq. ~2!. For
intermediate size of antidots (D50.5mm) this dependence
is clearly observed~see dashed lines in Fig. 9!.

Between the matching fieldsHm,H,Hm11 the magne-
tization M can be approximated by26

M ~Hm,H,Hm11!>2
f̃om

16p2l2 lnF beff

Aer
S f0

H-Hm
D 1/2G ,

~3!

which gives us another possibility to findl(T). Previously,26

we have used Eq.~3! to determine the effective fluxf̃om for
different field intervals (Hm ,Hm11) keeping temperature
constant. Here, in this paper, we fix the interval (Hm ,Hm11)
but follow the modifications in the cusplike decrease
M (H) as a function of temperature. The slopeM vs
ln(H-Hm)}1/l2(T) indeed is changed as we expect from t
growth ofl(T) with increasing temperature@Fig. 10~a!#. The
existence of multiquanta vortices, proposed from the anal
of the magnetization data, has been recently convincin
confirmed in magnetic decoration experiments.25
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3620 57V. V. MOSHCHALKOV et al.
At first sight, it might be considered as a surprise that E
~2! and ~3! for the interpretation, derived from the expre
sions for the three-dimensional~3D! superconductors, work
quite well also for our films@see Figs. 9, 10~a!, and 11~a!#.
This apparent controversy is however resolved due to
two important reasons:

~i! In multilayers, contrary to a single film,27 the interac-
tion between the vortex lines, consisting of pancake vortic
is logarithmic to all distances.28 This nicely corresponds to
the logarithmic interaction in the 3D case on which Eqs.~2!
and ~3! are based.

~ii ! In contrast with the singly connected films, we de
with multiply connected perforated thin films, where the in-
plane distance between the antidots~about 0.5mm! is com-
parable with the film thickness~about 0.1mm!. The ratio of
this characteristic lateral dimension/thickness is only ab
5, which is still in the 3D limit. This ratio is orders of mag
nitude smaller than 104– 106 in nonperforated thin films, for
which the vortex-vortex interactions are in the 2D regim
Since the flux lines penetrate through antidots, the relev
characteristic lateral size of theperforatedfilms is the dis-
tance between the antidots and not the sample’s full lat
dimensions.

An important remark should be made here concerning
irreversibility of the magnetization. We think that the irr
versibility of the perforated superconducting film is main
caused by its multiple connectivity~that is, by the way, also
the case with the pinned vortex lattice in the framework o
conventional Bean model!. The superconducting curren
flowing around antidots is similar to a circular supercurre
in a ring. As it was already emphasized by Schoenberg q
some time ago~see, for example, Ref. 29 and referenc

FIG. 9. The right upper parts of the magnetization loopsM (H)
at different temperatures for the@Pb~100 Å!/Ge~50 Å!#2 multilayer
with an antidot lattice. The dashed lines, at different temperatu
clearly indicate the linear behavior ofM (Hm) as a function of the
integer m. The insert presents the slopesDM /DH of the dashed
lines, as a function of@12(T/TC)#2. According to Eq.~2! these
slopes follow the temperature dependence of 1/L2. The solid line
presents the linear fit.
s.

e
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l
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therein! a ring, as a multiply connected body, demonstrate
strong irreversible response. Along similar lines, the calcu
tions of Cooley and Grishin20 are also reproducing the mag
netization irreversibility in a multiply connected superco
ductor with an antidot lattice.

The next important problem to discuss is whichl to take
in the expressions~1!–~3!, if to use it for films with antidot
lattices. The answer for nonperforated films is well know
due to the renormalization of the penetration depth~Ref. 18!
l(T) should be replaced byL52l2(T)/t, with t the thick-
ness of the film. Keeping two possible options in min
1/l2(T) or 1/L2(T) for the prefactor in Eq.~3!, we have
plotted the slopes of the dashed lines in Fig. 9@see also Eq.
~2!# and solid lines between matching fieldsHm,H
,Hm11 @Eq. ~3!# both vs (12T/Tc) and (12T/Tc)

2, as it
can be anticipated from 1/l2(T) and 1/L2(T), respectively.

s,

FIG. 10. ~a! The magnetizationM vs ln(H-H1) at different tem-
peratures for a@Pb~100 Å!/Ge~50 Å!#2 multilayer with an antidot
lattice. ~b! The different slopes of the solid lines at different tem
peratures in Fig. 10~a! are plotted for the different periods. Thes
slopes follow the temperature dependence of 1/L2.
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57 3621PINNING BY AN ANTIDOT LATTICE: THE PROBLEM . . .
For the Pb/Ge multilayers the best linearity is obtained
the DM /D ln(H-Hm) vs (12T/Tc)

2 plots @see Fig. 10~b!#.
For the WGe single films~Fig. 11! it is clearly seen from
Fig. 11~b!, that a better linearity is always obtained for th
plots DM /D ln(H-Hm) vs 12T/Tc , i.e., ‘‘normal’’ l(T)
should be used in perforated superconducting films with
antidot lattice. We can interpret this observation as a con
quence of a much easier flux-line penetration through
antidots in a perforated film with respect to a reference fi
whereL(T) should be used. Moreover, the total area of
antidotsSa is to be subtracted from the total sample areaSs
when considering flux penetration into a film with antido
As a result l(T) should be renormalized as follows:30

1/l2(T)→1/l2(T)(122Sa /Ss). The factor 2 in this expres
sion is obtained from calculations in the London limit. Wit
out this factor thel(T) renormalization is just the result o
taking into account the area of the antidots.

FIG. 11. ~a! The magnetizationM vs ln(H-H1) at different tem-
peratures for a WGe~600 Å! single film with an antidot lattice.~b!
The different slopes of the solid lines at different temperatures
~a! are plotted for the different periods. These slopes follow
temperature dependence of 1/l2, better than the dependence e
pected from 1/L2 ~see the insert!.
r

n
e-
e
,

e

.

C. Crossover from a pinning array to a network

The systematic measurements of the efficiency of a
dots, as artificial pinning centers, as a function of their dia
eterD ~Fig. 6! have revealed that for core pinning combin
with the electromagnetic pinning the optimum size of t
antidots is notj(T) at all, but ratherD@j(T). As a result,
we have obtained the highest critical currents for the mu
quanta vortex lattices that can be stabilized by these s
ciently large antidots, since their saturation number isns
;D/j(T)@1. At the same time it is quite evident that b
increasing the antidot diameter we are inducing a crosso
to another regime~Fig. 7! when eventuallyD becomes
nearly the same as the antidot lattice periodd. In this case
the width of the superconducting stripesws between the an-
tidots is so small that at temperatures not too far belowTc
the superconducting network regimews<j(T) can be real-
ized. For this regime theM vs H curves are characterized b
the presence of sharp peaklike anomalies at integer matc
fieldsHm ~Fig. 7! and a reproducible structure betweenHm ,
which may correspond to rational matching peaks. Both
teger and rational matching peaks have been observed b
in various superconducting networks31 and Josephson
networks.32 Visually theM (H) curves in thenetworkregime
are quite different from those in themultiquantavortex re-
gime: the former demonstrate theM (H) peaksat H5Hm
~Fig. 7!, while the latter show pronouncedcuspsat integer
fields @Fig. 8~b!#.

In the regime of a superconducting network, critical cu
rents in moderate fields are already smaller than for the
gime of the multiquanta vortex lattices~see Fig. 6!. At higher
fields, however, at least for the diameterD50.6mm, critical
currents are better for the largest studied antidot diame
i.e., the optimum antidot size is field-dependent. The red
tion of the width of the superconducting ‘‘stripes’’ betwee
the antidots, needed to obtain highj c in high fields, reflects
actually a well-known designer rule for making superco
ducting cables, which usually consist of a bunch of very fi
superconducting filaments embedded into a normal meta
matrix.

IV. CONCLUSIONS

We have performed a systematic study of the critical c
rent enhancement due to the presence of the antidots, us
artificial pinning arrays. Different regimes can be clearly d
tinguished in dependence upon the antidot diameter.
small antidotswith the saturation numberns51 the exis-
tence of thetwo types of vortices~weakly pinned at inter-
stices and strongly pinned at antidots! should be taken into
account.15,21,22 The motion of the interstitial vortices give
rise to a dissipation and therefore furtherj c enhancement can
be provided by taking larger antidots. For these antidots
saturation numberns becomes sufficiently large (ns@1) to
stabilize themultiquanta vortex lattices. We are able to ob-
tain the highest enhancement factor forj c in moderate fields.
The size of the antidots in this case is considerably lar
than j(T) and therefore an electromagnetic contribution
pinning plays also an important role. For multiquanta vort
lattices we have proposed a simple approach, develope
the framework of the London limit, which gives an excelle
fit of the experimentalM (H,T) curves for different tempera

n
e
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tures. This implies that by making antidot lattices we c
substantially expand the area on theH-T plane where the
London limit is still valid. In the same framework, the varia
tion of such a fundamental parameter asl(T) can be
achieved just by taking different antidot radii. The renorm
ization of l(T) ~Ref. 30! is directly related to a different
topology of films with an antidot lattice that make the flu
line penetration much easier.

By a further increase of the antidot diameter we ha
induced a crossover to the regime ofsuperconducting net-
workswith sharpM (H) peaks at integer fieldsHm , in con-
trast with theM (H) cusps atHm in case of multiquanta
vortex lattices.

Finally, since the saturation numberns , controlling the
onset of different regimes~small ns : composite flux lattices
with vortices at antidots and interstices; largens : multi-
quanta vortex lattices; very largens : superconducting net-
n

-

l-

-

ve

works! is determined by the ratior /2j(T), the ns value can
be tuned not only by taking different antidot radii, but als
by varying temperature andj(T).
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