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We have studied sharp cusplike magnetizatibt) @nomalies, appearing at matching fieldig=mgy/Sin
superconducting films with sufficiently large antidots, forming a regular lattice with a unit-celSaEsactly
at H=H,, each antidot pins the same quantized flm$,. This m¢y-flux-line lattice has magnetization
M(H,,) *—mgy/A?, whereA is the penetration depth in the film. Between the matching fidlgs:H<H . 1
the M(H) curve follows a simpleM«—In(H—H,) dependence. As a result, the whole magnetization curve
M (H) can now be successfully described by the simple expression, derived for interacting multiquanta vortices
in the London limit. In higher field&l > Hn, when the occupancy of the antidots reaches the saturation number
ns=r/2¢(T), determined by the antidot radiusand temperature-dependent coherence legif, the ¢,
vortices begin to fill interstices, thus forming composite flux-line lattices with, vortices strongly pinned by
antidots andg, vortices weakly pinned by intersticdS0163-18206)07334-]

I. INTRODUCTION matching fieldsH=H_, has not yet been found. Here the
matching fieldsH ,= m¢,/S are determined by the unit-cell
In 1957 in his classical papeAbrikosov had predicted area of the antidot latticeS, and integem. The interpreta-
the existence of the quantum state in homogeneous type-tion of the experimental datal! was hindered by the pres-
superconductors. This so-called mixed state is characterizezhce of the two different types of vorticés strongly pinned
by the formation of the lattice consisting of the flux lines vortices at antidots andi) very weakly pinned interstitial
(FL) each carryingone flux quantump,. To make the pen- vortices. These two types of vortices are formed due to the
etration of these quantized FL possible, normal vortex coregxistence of shallow and deep minima in the pinning poten-
with the size given by the temperature-dependent coherend&l (Fig. 2) created at interstices and antidots, respectively,
length &T), must be created. Later on, the existence ofby the introduced antidot lattic&(Figs. 3 and % Interstitial
single<, FL lattices in type-ll superconductors without arti- vortices are much more mobile, which can be directly re-
ficially introduced pinning centers has been convincinglyvealed in their enhanced flux-creep ftand the shift of the
demonstrated in magnetic decoratfongutron scattering, onset of the Bardeen-Stephen flux-flow contribution to resis-
and, recently, in scanning tunneling microsc8pexperi- tivity from H=0 (reference nonperforated superconductor
ments. to the particular fieldH=H,, (perforated superconducjor
In homogeneous superconductors the formation of the Flbeginning from which the interstitial vortices are forniéd.
lattices consisting ofmultiquanta vortices is energetically These two types of vortices were already very briefly dis-
unfavorable’ Contrary to thisrelatively large artificial pin- cussed by Fiory, Hebard, and Som&kiwhere it was sug-
ning centers can stabilize multiquanta vorticdhe maxi- gested that cusplike magnetizatiod (H) anomalies at
mum possible number of the FL trapped by the single insumatching fieldsH,, are typical for the formation of the FL
lating inclusion with the radiug is determined by the lattices at antidots, whereas the peaklMéH) behavior at
saturation numben,=r/[2£(T)].® For regular arrays of ar- H=H,, is characteristic for interstitial vortices. To avoid ad-
tificial pinning centers the vortex-vortex interactions makeditional complications, related to the interstitial vortices,
the situation more complicated, but still multiquanta FL lat- studied previously in Refs. 10, 11, and 14, we focus first in
tices can exist, provided that the radiusis sufficiently  this paper on superconducting films wittlatively large an-
large’ tidots which can successfully trap multiquanta vortices. We
Following the pioneering work of Hebard, Fiory, and demonstrate that in this case puzzling sharp cusplike magne-
SomekH we have shown recenfly'!that theregular arrays  tization anomalies appearing t, are somewhat similar to
of submicron holegFig. 1) (“antidots,” this definition has the well-knownM(H) cusp at lower critical fieldH,, but
been borrowed from the publicatidi®n similar nanostruc- for the onset of multiquanta vortices trapping by antidots:
tured semiconducting filmscan be successfully used to sta- 2¢p, atH=H,, 3¢, at H=H,, etc. Using the London limit
bilize multiquanta and interstitial vorticegr superconduct- expression foM (H), we show that exactly at the matching
ing films with the antidot lattices. However, the qualitative fields H,, magnetization is given by the relation
explanation of the magnetization anomalies observed a#(H,,)<—md¢y/A%(T), where A(T) is the temperature-
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FIG. 1. An AFM picture of (@) a [PH100 A)/Ge50 A)l, s © ]
multilayer with a triangular lattice of submicron antiddjseriod 3T ]
d=1 um, radiusr~0.22 um) and (b) a WG&600 A) single film Ay ]
with a square lattice of antidotgeriodd=1 um, radiusr~0.17 wor ]
) : :
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dependent penetration depth in thin films. Between the d (um)

matching fieldH ,<H<H,,,,;, M(H) follows the logarith-
mic behaviorM«—In(H—H,) typical for the system of

strongly inreracting FL. In other words, well knowM o FIG. 2. Energy surface for one flux line in the cell of antidots,

—InH behavior of type-Il superconductors in the London which was calculated with the following parameteks:15, d=A\,
and r=0.2 um for (a) empty holes andb) saturated holegin

limit in the case of films with multiquanta vortex lattices Ginzburg-Landau unils In these calculations we have used the

stabilized by the antidot laitice should be .rewmten aSprocedure described in Ref. 1@) A line cut connecting the points
Mo—In(H—H,,). Therefore, the whole magnetization curve AA; of the energy surface shown {b).

of superconducting films with an antidot lattice is now suc-

cessfully described by the simplé(H) expression, derived e temperature dependence expected from the saturation
for interacting multiquanta vortices in the London limit. This ,,mbern =r/12¢(T).

consistent quantitative analysis of the magnetic behavior S
convincingly demonstrates the existence of multigleFL
lattices in superconducting films with antidot lattices and
opens new possibilities to control the width of ti(H) We have carried out th&1(H) measurements on high-
hysteresis loop and critical current in nanostructured supefquality nonperforated and perforatgel(100 A)/Ge(50 A)],
conducting films. The crossover between the multiquantgnyitilayers(n=2 bilayers and amorphous \\ ,Ge, (600 A)

and CompOSif@ vortex lattices is realized in f|e|dH>HnS (X~033) Sing|e films. Both were prepared in molecular-
when the antidots are saturated and vortices are forced feeam epitaxy apparatus using liquid-nitrogen cooled,SiO
occupy interstices. The characteristic crossover field followsubstrates. The WGe films were obtained by electron-beam

II. EXPERIMENTAL DETAILS
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FIG. 4. (8 Magnetization loopM(H) at T=4.45 K of a

FIG. 3. (a) Magnetization loopV(H) at T=6 K of a[PK(100  WGe600 A) single film with and without the antidot lattice. The
A)iGe(50 A)], multilayer with and without the antidot lattice. The solid line is a fit with Eq.(4) (see text The dashed line is demon-
solid line is a fit with Eq.(4) (see text The dashed line is demon- strating the validity of the linear behavior 8 (H,,) [Eq.(2)]. The
strating the validity of the linear behavior & (H,,) [Eq. (2)]. The loops were measured fdvl >0 and symmetrized for clarity for
loops were measured fdvi>0 and symmetrized for clarity for M<0. (b) The magnetizatioM versus InH—H,,) at T=4.45 K.
M <0. (b) The magnetizatioM versus InH—H) atT=6 K. The  The different slopes of the solid lines for the different periods are
different slopes of the solid lines for the different periods are usedised to determine the effective flusg,, in Eq. (4).
to determine the effective flugy, in Eq. (4).

square roughnessis 4 nm on &0.5 um)? area. The antidots
coevaporation of W and Ge. In the same films antidot lattice@btained in the WGe single films have radiusref0.17 um
were fabricated by e-beam lithograplffor details of the and o of the surface between them is even less than in
sample preparation see Ref.)1&igure 1 shows a typical Pb/Ge: about 1 nm. The number of antidots per sample unit
atomic force microscopy(AFM) picture of a Pb/Ge area is about mn?. The matching fieldH,, for these
multilayer with a triangulafFig. 1(a@)] and a WGe single film perforated films, with a triangular antidot lattice, an&x23.9
with a squargFig. 1(b)] “antidot” lattice. In Fig. 1(a) the G, while for a square antidot lattiamx20.7 G. The coher-
distanced between the holes of radius=0.22 um is 1 um  ence length and penetration depth &® =120 A and\(0)
and the surface between them is quite flat, the root-mean=2600 A for the Pb/Ge multilayers whil&0)=60 A and



7388 V. V. MOSHCHALKOV et al. 54

\(0)=4900 A for the WGe single films. Magnetization mea- Bean
surements were performed in a commercial Quantum Design (a)
superconducting quantum interference device magnetometer

with a scan length of 3 cm, corresponding to a field homo- B

geneity better than 0.05%. Normally the cycle with decreas-
ing field was used to measuiM(H) for M>0. It has also
been carefully checked that the full hysteresis loop coincides
with the loop obtained by taking the decreasing field branch
of M(H) and symmetrizing it foM <O for increasing field.

X
multi-terrace

(b)

IIl. MAGNETIZATION LOOPS OF SUPERCONDUCTING
FILMS WITH AN ANTIDOT LATTICE

Typical magnetization loopM(H,T,) of superconduct- —\—\_\_,_/—,—

ing films with square and triangular antidot lattices for tem-
peraturesT close toT, are shown in Figs. 3 and 4, wiffy

'W

a fixed temperature. Th®(H,T,) curves were also mea- X
sured for reference Pb/Ge and WGe nonperforated films. The single-terrace
width AM of the M(H,T,) loops in perforated films is (c)
strongly increased due to the efficiency of antidots as artifi-

cial pinning centers. At the used temperatures not very far B

from T, the difference between the width of the hysteresis
loopsAM (Figs. 3 and #for as-grown and perforated films
is so large(very high “contrast”), that theM (H,T,) curves

for the latter can be solely attributed to the contribution
arising from the FL pinning by an antidot lattice.

Besides an overall enhancementAdfl, distinct cusplike
M(H,T,) anomalies are clearly seen exactly at the expected FIG. 5. The field penetration according @@ the classical Bean
matching fields:H,,=mXx23.9 G andmXx20.7 G for trian-  model(Ref. 20, (b) the multiterrace critical statéRef. 19, and(c)
gular and square antidot lattices, respectively. Strictly speakhe single-terrace critical state.
ing, there is always a shift in the position of the matching

field Hy,, extracted from increasingH,,1) and decreasing due to the renormalization of the penetration depth in perfo-
(Hpl) field measurements d¥1(H). However, sufficiently  rated films, where superconducting volume corrections have
close toT, (T.—T=1 K), where the discussed sharp match-to pe taken into accounf.Since A>d, the approximation
ing M(H) anomalies are observed, the differenceg=const(hereB is to be averaged at least over several unit
AHp=(Hpul) —(Hpl) is very small. At lower temperatures cells) can be used to find the magnetizativhof the super-
matching M(H) anomalies are smeared out and simulta-conductor with the antidot lattice in the field range<H, at
neously the differencaH, strongly increases. The radii of temperatures quite close ..
the used antidots in this work are SUﬁiCiently Iarge, so that There are at least two arguments in favor of Breconst
the nominal calculated saturation nunfbeg=r/2£(T)~3.3  approximation. The first one is the particular profile of the
for Pb/Ge multilayers aT=6 K (T.~6.9 K) andng~2 for  calculated field distribution in thin superconducting
WGE single films aff =4.45 K (T;~4.53 K). In this case, specimens? For very largeA the field inside the specimen is
we can assume that cuspliké(H, T.) anomalies are related constant everywhere, except edges and the center. This field
to the formation of the multiquanta vortex lattices. Onejstribution provides constant field not in the whole sample
should keep in mind, that calculated above is only arough pyt at least in a very large part of its area. The second argu-
estimate of the saturation number since it was derived in theghent in favor of the approximatio(x) =const can be
limit of FL's interacting with a single microhol@Below, we  hased on the possibility of the existence of a single-terrace
shall be able to demonstrate, however, that the assumption gfitical state in superconducting films with antidot lattices.
the existence of multiquanta vortex lattices is fully supportedndeed, according to Cooley and Grisfiththe classical
by a quantitative description of the whole magnetizationgean modéf [Fig. 5(a)] should be substantially modified for
curve. superconductors with a regular array of artificial pinning cen-
ters which favor a certain integer number of flux quanta
pinned by each antidot. In this case, instead of a smooth
sand-hill-like criticalB(x) profile [Fig. 5@)], a multiterrace

In this section we consider the situation when all vorticescritical state with several well-defined plateaus, each having
are trapped by the antidots and due to that there are no irits own fixed inductiorB(x) =const, has been predictgfeig.
terstitial vortices. We begin with the estimate of the5(b)].° The multiterrace critical state is, in a way, a quan-
temperature-dependent penetration leng#i2\%t (wherex tized version of the classical Bean model. The field profile
is the penetration depth amndhe total thickness of the filim  with well-defined terraces is a compromise between a ten-
The estimate ofA shows that in our casA(T=6 K)=5.8 dency to trap the same numbmip, of flux quanta by each
pum=>d=1 um. This A value can be even further increased antidot and a formation of a certain average Bean-BKg)

X

IV. MULTIQUANTA VORTEX LATTICES
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FIG. 6. The|y modulation in a homogeneous superconductor in

the mixed stat€a) and in a superconductor with an antidot lattice F,|G' 7. The right upper parts of the magnetization Iobp&H)
) at different temperatures for tH@(100 A)/Ge50 A)], multilayer

with an antidot lattice. The dashed lines, at different temperatures,
slope. Close tol., (T,—T=1 K), the latter can be quite clearly indicate the linear behavior ™/ (H,,) as a function of the
small and then an ultimate limit of the multiterrace critical integer m. The inset presents the slopasv/AH of the dashed
state—asingle-terrace critical statgFig. 5(c)]—could be lines, as a function of1-(T/T)]% According to Eq.(2) these
established. This state, especially exactly at matching fieldsjopes follow the temperature dependence @®1The solid line
implies the flat field penetration profiB(x) =const may be presents the linear fit.
realized in the whole sample, except its surface layer.

The next important step towards the understanding Ofynere 5 is distance betweetb, vortices, 8 is a numerical
magnetization of the muIt_lquanta vortices can be madg b.%onstant, for triangular vortex lattice in unperforated films
taking into account a possible expansion of the London limit —0.381°
|y=constant in superconducting films with antidot lattices.” "> °~ . . . N .

: First, let us consider a very interesting situation, which

Indeed, in homogeneous superconductors in the vicinity o tv at th tching fields HH h
the upper critical fieldH,(T) the superconducting order pa- occursexactly at the matching helds m, When we ex-
rametery=|yle'¢ nucleates with a very strong| modula- pect that the FL lattice consists of only one type of vortices,

tion [Fig. 6a], in agreement with the classical Abrikosov Namely, ofmdy vortices forming a regular array coinciding
model! Due to this modulation the London limit can only be With the antidot lattice. In this case in E@) m¢, should be
used in the rangkl ;<H<H,,, i.e., well below theH,(T)  Used instead of, anda,=d:

line. Contrary to that, in a superconductor with an antidot

lattice, by making antidots exactly at the expected positions

for the penetration of vortices, we are “helping” the super- Mg Bd | megg
conducting order parameter to nucleate in a different way M(Hm) =~ 75-zx2 In Jor vt )

[Fig. 6(b)]. In this case we are forcing/ to be nearly con-
stant in the space between antidots, since due to boundary
conditions at the superconductor-insulator interfabe sur- The differenceM (H,,,) — M(Hm—l)“—fﬁo//\z is independent
face|y{=const can cross the cylinders, corresponding to thef m and is determined only by. All other parameters in
antidot boundaries, only at the angle 90°. Moreover, whergq. (2) are knownTherefore, aH =H,, a linear behavior of
FL's are guided to penetrate through the antidots, there is NRI(H,,) as a function of the integan should be seen. This
need to create additional zerosyffr) (and therefore strong pehavior is in a very good agreement with the observed
|4 modulation anywhere else. These arguments make itvi(H,,) variation at different temperaturdsee the dashed
possible to foresee a broader range of validity of the Londonines in Figs. 7 and B The slope of the dashed lines nicely
limit [¢{=const in films with an antidot lattice. follows the expected temperature variation of
Taking into consideration the two important assumptions:l/A2<><(1_-r/TC)2 (inset of Figs. 7 and )8 The two-fluid
B=const and|y{=const, we can use now the textbook ex- model 1A2x[1—(T/T.)*]? also gives a good fit, but the
pression for magnetizatiBnwith a simple substitution Ginzburg-Landau relation N(T)x1/J1—-T/T. or

§(T)—r for the core size: 1I\%<1—T/T, provides a better linearity of the slopeM/
& sa AH versusT (see inset of Figs. 7 and.8
_ 0 v The cusps at =H,, then can be considered as analogs of
M(H)=— ——5 In| ==, 1 P m 9
H) 16m°A ( \/Er) @ the well-knownM (H) anomaly atH; but this time for the
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Here ¢y, is an effective flux angB.« an effective parameter
appearing due to the summation of different terms in the
vortex-vortex interaction$);; over vortex positions and

on the antidot lattice. FoH not far fromH, we may ap-
proximate ¢, asvm(m-+1)¢g.

PlottingM versus InH—H,,)) (Fig. 7), from a logarithmic
behavior of the magnetizatiotFig. 3), we determined the
slopes of theM versus InH—H,,) lines which give us the
effective flux ¢ o, FOr a triangular antidot lattice stabilizing
the multiqguanta vortices we hawgyy/do=1; ¢l Ppy=1.79;
bod Po=2.45; ol py=2.72, forHy<H<H,, H;<H<H,,
H,<H<H;, respectively. The decrease of the slope for
H>H, [Fig. 3(b)] will be discussed in Sec. V. The numbers
1.79, 2.45, and 2.72 have to be compared with 1.41, 2.45,
and 3.46 estimated frofnym(m+ 1) ¢q]/ ¢o. Therefore, be-
sides a logarithmic dependence itself, we_see also a very
reasonable variation of an effective parametgy, in differ-
ent field intervals H,<H<H,,,;) with m not exceeding
the saturation numbert. At higher temperatures the simple
argument thatp,,,, should scale agm(m+ 1) ¢, fails, since
A(T) is spread over many periods abg terms, correspond-

FIG. 8. The right upper parts of the magnetization lodpEH) Ing to r_nd?OX (m+ l)¢0 and (m+1)¢ox (m+1)do, Shou'_d
at different temperatures for a W0 A) single film with an P& Optimized numerlcallﬁ_ These terms can also explain a
antidot lattice. The dashed lines, at different temperatures, clearigmall increase of magnetization whehis approaching the

indicate the linear behavior ol (H,,) as a function of the integer Matching fields from belovisee Fig. 3. o
m. The inset presents the slop&#/AH of the dashed lines, as a We also would like to note that the stabilization of the FL

function of [1—(T/T,) % According to Eq.(2) these slopes follow by the antidot lattice has resulted in a remarkable collective
the temperature dependence ofA4/The solid line presents the M(H) behavior, typical for the presence ofrapy-FL lattice
linear fit. at H=H_, (m<ng) and a mixture ofm¢, and (m+1)g,
vortices between the matching fieltg,<H=,,,,. Due to
onset of penetration of &, 3d¢y,..., (M+1)¢, vortices at the introduction of the well-defined pinning potential, we
H,,H,,....H,, respectively. Indeed, the expected lowerwere able to obtain in a multiple-connected superconductor

M(108 emu)

critical fieldsH,(me¢,) are with an antidot lattice théogarithmic irreversible magneti-
zation behaviomwhich is normally observed asraversible

M¢py A magnetization of the Abrikosov FL lattite homogeneous

He1(Meo) = 47A2 In T 3 superconductors in field$>H ;. We think that the irrevers-

ibility of the perforated film is mainly caused by its multiple
The estimate based on Ed3) gives very low fields connectivity. The superconducting currents flowing around
Hc1(Meg) ~107% Oe<H,,, which implies that the difference antidots are quite similar to a supercurrent in a ring. As it
betweenH —H,—H[(m+1)¢e] and H—H,, can be ne- was already emphasized by Shoenberg quite some time ago
glected and therefore one should see the logarithmic behaysee, for example, Ref. 22 and references thgreiming, as
ior M(H)>—In(H—H,) (valid for H>H_, in the London  a multiply connected body, demonstrates a strong irrevers-
limit) in magnetic fieldsH , ,<H<H, 4, i.€., between the jple magnetization response.
matching fields. Such behavior is fully supported by our ex-  The successful interpretation of all specific features of the
perimental datdFigs. 3 and 4 This behavior is a result of magnetization loops for films with an antidot lattifEigs.
inserting the relationa,=[¢o/(H—H,)1*? into Eq. (1),  3(a) and 4a)] gives a strong support of the assumption of the
which is a good approximation in fieldé,<H<H., , fora  existence of the multiquanta vortex lattices. Recent magnetic
(m+1) ¢, vortex-vortex distance in a superconductor with andecoration experimerts have convincingly and directly
antidot lattice. In this interval the vortex-vortex interaction confirmed the stabilization of the multiquanta vortices by the
termsU;; in the Gibbs potential are represented by differentrelatively large antidots. In these experiments the use of the
contributions arising from the presence of two types of vor-“plind holes” has made it possible to decorate the multi-
tices:m¢, and (m+1)¢,. These terms will contain instead quanta vortices at antidots and thus to count the number of
of the usualgyx ¢, product other productsmeoXmeg,  the flux quanta trapped by each antidot. Direct experimental
M¢poX (M+ 1)y, and (M+1)pyxX(M+1)¢h,. Due to that, observation of multiquanta vortex lattices with no vortices
in the interval between the matching field$,, andH,,.;,  pinned at the interstices confirms our conclusions based on
magnetization of the superconducting films with an antidotthe analysis of the magnetization data.
lattice should follow the logarithmic dependence:

V. FROM MULTIQUANTA TO COMPOSITE VORTEX

bo 1’2] LATTICES

H=Hp

:Z';Om

. In Beff
16m°A2

er

M(H,<H<H )=

The saturation numben,=r/2£(T) can be varied by
(4) changing both the size of the antidots and temperature, since
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plots M versus InH—H3) and M versus InH—H,) [see
Hs-Hy g Hy O H1 HoHg Hy Hs _ Fig. 3(b)]. As expected, the latter is noticeably smaller than
biGe @ ™ | T=6K the former. This can be interpreted as a consequence of the

3.0

presence of the single-quantum flux lines at interstices for
H>H,, which leads to the substitution of the expected ef-
fective flux ¢om(Hs<H<Hg)~4X5d¢,, if the 5¢, vorti-

ces were formed at antidots, by a quite different value
dom(Ha<H<H35)~+1X44¢,, since, instead of adding the
fifth ¢, flux into the antidot, vortices go to interstitial posi-
tions atH>H,. The calculated ratia/3x 4/\/1X 4=v3 of

the slopes of theM versus InH—H3) and M versus
In(H—H,) curves is in agreement with the measured ratio
~2 [see Fig. 8)]. It is difficult to expect a better correspon-
dence between the two ratios, since E4). most probably
will not remain exactly the same if the coexistence of the
vortices at antidots and interstices is taken into consideration.

20

M(10-4 emu)
o
o

-2.0 1 Y-
. ¢ with antidots

without antidots In any case, a substantial reduction of thw versus
-3.0 T . - - I In(H—H,) slope atH=H, with respect to the slope at
-192 -144 96 -48 0 48 96 144 192 H=H; [see Fig. 8)] is a clear evidence of the formation of
H(G) the vortices with a much smaller flux per vortex than the flux

expected for the lattice consisting of thebvortices.
The assigned saturation number4 atT=6 K can also
d be checked by investigating the variation of the sequence of
pfnatching anomalies in magnetization curves at different tem-
peratures. Since the saturation numbgsimply defines the
cusplike matching anomaly &t= HnS followed by the miss-
. _ ing cusp atH=H,_,,, the decrease ins=r/2¢(T) caused
the coherence lengti(T) increases substantially when py the increase of(T) at higher temperatures, should also
T-T,. Therefore,_even for aflxed_antldot rad_lusdlfferent lead to a shift of the missiny(H) cusp atH, .. Figure
types of vortex lattices can be realized by tuning temperatur(io(a) (T=6.5 K, n,=3) and Fig. 10b) (T=6.7 K, n,=2)

into a proper interval and thus changing. We begin with nvincingly demonstrate that this is indeed the case: at
the magnetization data taken at the lowest used temperatu 6.5 K there is no matching peak i and then afr =6.7

T=6 K, (Fig. 9, when the width of the hysteresis loop K a very sharp cusp atl. precedes a missing cusp
M(H) has allowed us to observe a finite loop width in aT S pf ph 2P : 9 (5) gl':'
broader field range up to 200 G. Ti&(H) curve for the € \k/]anauon ofng wit dtempe(;ature 'i sunlwmanze ”m' r:g'
films with an antidot lattice demonstrates, as we have alreadlleW tgﬁ tggfuer;atuaee gﬁggnfgceﬁ g(()]r];)eoca(tfi \'/I'v/eT ;"{',E
seen before four successive cusplike anomalies a(yp P P ., c
H=H,,...,H, corresponding to the formation of the vortex daShed ling It should also be addgd, Fhat besides our ob-
Iatticels, ca]rryﬁngd; 4¢y, flux quanta servations based mostly on magnetization data, the interplay
(OREERT) 0 . . . . . .

Therefore, it is reasonable to assume that in this case th%ggﬁeiﬁnmgnrqg}[?c té)éci?gﬁg;seinir;m%stgces has also been
saturation number is at least four, which is close to the valug nag . XP " . .
expected from the calculated ratie2s(T)~3.3 atT=6 K. _ The pinning poten_t|§1l at antidots and_ gt interstices is very
However in higher fields. aH=H.. the next matchin different (Fig. 2) and it is also very sensitive to the tempera-

’ 9 ' 5 9 fyre variation. As a result, a§—T., the minima of the

anomaly does not show up. This mysterious disappearance . . ! .

the matching cusp can be interpreted as an indication of tthnm? potentlall at |ntetrhst|c.ets bifiprlne stc? C@Zaquv‘;]th"?‘ltl they
onset of pinning of vortices by interstices. Indeed, the pOSifr?Q:oforan aann)i/ntzrr]gt(ietiral flleul; f?&?dl I?I'h\é?gflore\/\l; ICcthvrll in
tion "15" in the center of the parallelogram; A;AsA, (see temperature, one can induce at interstices the c)r/ossovgr f?om
inset of Fig. 9 formed by the antidots is a saddle point in the P :

o : : . the flux solid to the flux fluid.
pinning potential produced by the antiddis-A; [see Fig. o ; . . .
2(c)]. As a result, interstitial flux lines will be pinned at the Summarizing this section, we would like to emphasize the

two equivalent position$, and |, corresponding to the two unigue possibilities to stabilize flux phases in superconduct-

minima of the pinning potential. The number of the flux lines ::nzfsglrgit?goggﬁ(;g%éegﬁéas;?;%s of pinning centérsour
required to fill in the antidot lattice all positions of the tylpe e : P ; . .

andl ; is twice as large as the number of the antidots with all (.') Multhuante_l vortex IattmesThey can be realized if the
interstitial positions filled by FL's, the formation of thas5 antidots are sufficiently large and field does not exceed the

vortices at antidots seems to occur onlytat Hg (Fig. 9). valueHy defined by the saturation numbe.

FIG. 9. Magnetization loopM (H) at T=6 K of a [Pb(100 A/
Ge(50 A)], multilayer with and without the antidot lattice measure
in a broader field range. The inset shows the parallelogra
A1AAzA, formed by the antidots. Interstitial flux lines will be
pinned at the positionk, andl 3.

H=H: (Fig. 9 and gives a strong evidence thatthe=H,  Served when the normalized radii of the antidotf2¢ (T)]
antidots are indeed saturated, i.e.Tat6 K, n,=4. are sufficiently small andi exceeds the limiting fieldd,,_.

The formation of the interstitial vortices can also be de-Also the pinning potential at interstices should not be very
tected from the decrease of the slopes of the logarithmishallow to provide a weaker, but still sufficient pinning to
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FIG. 11. The variation of the saturation valog with tempera-
ture. The temperature dependencegtorrelates with the tempera-
ture dependence of 4(T) o (1—T/T,)*? (dashed ling

hysteresis loop or a very abrupt first-order phase transition at
H=H, andT=6.8 K in Ref. 1Q. In other words, the homo-
geneousng-vortex solid withm=ng produces in this case
only theB=const background while the melting of the inter-
stitial ¢g-vortex phase causes the very sharp magnetization
drop atH=H,_. The interstitial vortex fluid reversibly re-

sponds to the field variation and this results in a zero width
of the hysteresis loop in fieIdd>HnS.

The flux phases listed above can exist at temperatures not
too far fromT,, since at lower temperatures the tendency to
form a conventional Bean profild=ig. 5(a)] starts to domi-
nate and matching anomalies are suppressed, for example for
Pb/Ge we barely see atW(H) matching anomalies below 5
K.

VI. CONCLUSION

In conclusion, the superconducting film with a lattice of
relatively large antidots seems to demonstrate the single-
terrace critical state which appears due to the multiple con-
nectivity of the film and the stabilization of thegg-flux
lattices. The separation of the areas where flux penetrates
from those where the superconducting order parameter
nucleates provides a kind of a “peaceful coexistence” of

form a softer interstitial flux solid. The composite flux lat- F| s pinned by antidots with the superconducting condensate
tices are characterized by the coexistence of the two—n the space between them. Fabricating an antidot lattice to
weakly and strongly pinned—interpenetrating flux lattices afjet flux go through, we are thus helping the order parameter

interstices (¢, vortices and antidots (m¢, vortices,

respectivelyt!14

between the antidots to sustain much higher currents and
magnetic fields. The presence of the antidot lattice also

(|||) Multiquanta vortex Iattice CoexiSting W|th the inter' broadens the Va||d|ty Of the London limit. Using the two
stitial fluid of ¢, vortices This flux phase is formed when essential assumptionB:=const(single-terrace critical state,
T—>TC and the interstitial pinning potential becomes Veryespecia”y at matching f|e|db-|:Hm) and |leconst’ we
shallow and thus cannot prevent the melting of the cagefave reached close f, a convincing quantitative descrip-
interstitial pinning ¢, vortices. The melting transition as a tjon of the magnetization loops, including linear behavior

function of magnetic field is then observed exactly Hat
=Hp [see, for example transition &t=H,, T=6.7 K in
Fig. 10b) where forH>H,, there is still a finite width of the

of M(H) at matching fieldsM (H,,;)= —mgy/A? and loga-
rithmic behavior elsewhereM (H, ,<H<H,,;)*—In(H
—H,). By varying the saturation numben,=r/2£(T)
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