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Irreversibility line in Nb ÕCuMn multilayers with a regular array of antidots
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The transport properties of superconducting multilayers with a regular array of antidots obtained by electron-
beam lithography have been measured at different temperatures in the presence of external perpendicular
magnetic fields. Hysteresis in theI -V characteristics was observed, which disappears when approaching the
upper critical magnetic field curveHc2(T). By comparing these data with other results~Arrhenius plots of
resistive transition curves, logV-log I characteristics! we have been able to relate the onset of the hysteresis to
the presence of an irreversibility line. We discuss several possible mechanisms to clarify the nature of this line.
Among them the most plausible seems to be vortex melting mainly induced by quantum fluctuations.
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I. INTRODUCTION

The task of increasing the critical current densityJc in
superconducting materials has always been a widely stu
subject,1 gaining even more interest after the discovery
high-temperature superconductors~HTS’s!.2 These studies
are related to knowledge of the flux-line pinning mechani
and reduction of the vortex mobility. Introducing artificia
defects in superconducting materials, such as, for exam
nonsuperconducting distributed phases,3,4 columnar tracks of
amorphous material obtained with high-energy ions,5 or geo-
metrical constrictions such as channels or dots,6,7 is a very
useful tool for better understanding the vortex dynamics
for obtaining higherJc values. The recent development
submicrometer electron-beam lithographic techniques
made it possible to reduce the typical size of these geom
cal constrictions to values much smaller than the period
the vortex lattice, and comparable to typical superconduc
coherence lengths.4,8–10 Many experiments performed o
systems with such a regular array of defects,8–12 and several
numerical simulations,13,14have been focused on study of th
vortex properties at low magnetic fields close to the mat
ing fields Hn5npF0 ~herenp is the pins concentration an
F0 is the flux quantum!.

Other studies, performed at higher magnetic fields, h
been related to analysis of the vortex lattice shear stres
superconducting layered systems with artificially obtain
weak pinning channels embedded in a strong-pinn
environment.6,7,15,16 Due to the possibility of varying in a
controlled way many different parameters, such as the d
sity, the dimensionality, and the nature of the pinni
centers,4,9,17 it is of great interest to study the vortex dynam
ics in artificially layered conventional superconductors w
simultaneous presence of a regular array of pinning cen
perpendicular to the layers. Moreover, the natural laye
structure of HTS’s allows use of these artificial systems a
model to help in discriminating among intrinsic and dime
PRB 620163-1829/2000/62~21!/14461~8!/$15.00
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sional effects in the transport properties of HT
compounds.18

In this paper we report on current-voltage (I -V) charac-
teristic and resistance versus temperatureR(T,H) measure-
ments in perpendicular external magnetic fieldsH, per-
formed on two different series of Nb/CuMn multilayers wi
a square array of antidots. The choice of a superconduc
~Nb!/spin glass~CuMn! layered system might be interestin
particularly in view of its use as a model of HTS compound
In fact, in many HTS’s, the interaction between superco
ducting and magnetic effects seems to play an important
in determining their peculiar transport properties.19 More-
over, due to the increased pair-breaking effect in the m
netic layers, decoupling between adjacent superconduc
layers can be obtained with a smaller CuMn thickness~when
compared, for example, to the case of Nb/Cu multilaye!,
reaching a situation closer to that observed in HTS’s, wh
the typical distances between superconducting planes a
the order of 10 Å. Finally, as we will see below, a very sm
spacing between adjacent superconducting layers is cru
in order to enhance the contribution of quantum fluctuatio
The two series have antidots with the same diameterD
'1 mm and different lattice distances between the an
dots: d'2 mm in one series andd'1.6mm in the other.
The experiments were performed on different samples h
ing different anisotropies for each series. TheI -V curves
measured at different temperatures and at different value
H show, in regions of theH-T phase diagram depending o
the anisotropy of the system, a hysteretic behavior with s
den voltage jumps, which disappears on approaching
critical field Hc2(T) curve. From analysis of the curvature o
the logarithmic I -V characteristics and from study of th
shape of the Arrhenius plots of the resistive transition curv
we have been able to relate the disappearance of such
teresis to the presence of an irreversibility line~IL !. We dis-
cuss different possible mechanisms responsible for this
Among them the most plausible for our samples seems to
14 461 ©2000 The American Physical Society
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14 462 PRB 62C. ATTANASIO et al.
vortex melting mainly induced by quantum fluctuations.20

II. EXPERIMENT

Regular arrays of antidots have been fabricated us
electron-beam lithography to pattern the resist on a 2 in.
Si~100! wafer. The Nb and CuMn layers were deposited b
dual-source magnetically enhanced dc triode sputtering
tem with a movable substrate holder onto the patterned re
and the final structures were obtained by the lift-off tec
nique. Single antidots have a circular geometry and the a
dot array is arranged in a square lattice configuration~see
Fig. 1!. The total area covered by the array is a square
2003200mm2 with four separate contact pads connected
the vertices. Eight replicas of this structure are present on
same Si wafer to allow the fabrication of a series of mu
layered samples with the same Nb thickness and vari
CuMn thicknesses in only one deposition run.21 The resist
used is UV III from Shipley; UV III is a chemically ampli-
fied photoresist for the deep-UV range, but is widely used
ane-beam resist because it provides a good tradeoff betw
reasonable sensitivity and high resolution. In our case it w
used as a positive resist, that is, the resist is retained w
unexposed. A resist film thickness of 5800 Å was obtain
by spinning the wafer at 1800 rpm. The resist was expo

FIG. 1. Scanning electron microscope picture of a Nb/Cu
sample with a square lattice of antidots~D'1 mm andd'2 mm!.
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using a Leica Cambridge system, model EBMF 10, opera
at 50 kV. Several tests were carried out in order to achi
structure profiles most suitable for lift-off. In particular, th
desired profile is that showing a moderate undercut. A
developing times and postexposure treatment were optim
for profile improvement. After developing and postbaking
130 °C the samples underwent reactive ion etching~RIE! in
O2 for 30 s at 25 W rf power and 14 Pa oxygen pressure
order to completely remove residual resist in the expo
areas. This treatment lowered the resist thickness to a
5000 Å. Figure 1 shows a scanning electron microscope
age of the typical result of the fabrication process: in t
case the antidot nominal diameter is 1mm and the nominal
period of the structure is 2mm.

The number of bilayers of Nb and CuMn is always equ
to six. The first layer is CuMn, the last one is Nb. The N
nominal thicknessdNb is 250 Å for all the samples in both
the series. The CuMn thicknessdCuMn was varied from 7 to
25 Å in one series (d'2 mm) and from 4 to 20 Å in the
other (d'1.6mm). The Mn percentage is always equal
2.7. For reference a Nb/CuMn multilayer withdCuMn513 Å
(Mn52.7 at. %) without antidots, but with the same co
figuration~2003200mm2 square and four pads connected
the vertices!, was fabricated. The sample parameters
summarized in Table I. I -V characteristics were registere
at T<4.2 K using a dc pulse technique. The temperature
bilization, during the acquisition of curves in the heliu
bath, was better than 1022 K. The magnetic field was ob
tained with a superconducting Nb-Ti solenoid. From t
measured temperature dependencies of the perpendicula
parallel upper critical fieldsHc2 @obtained at half of the re-
sistive transitionsR(T,H)# we deduced the values for th
parallel and perpendicular coherence lengths at zero t
perature,j i(0) andj'(0), respectively, and then the valu
of the anisotropic Ginzburg-Landau mass ratiog0
5j'(0)/j i(0).22 The different values of the critical tem
peratures for samples of the two series having similar val
of dNb and dCuMn are probably related to the different N
quality obtained in the two deposition runs.

Figure 2~a! shows I -V curves for sample NCMF atT
52.60 K for different applied magnetic fields in the rang
0.03,H,0.70 T. At low magnetic fields the curves prese
hysteresis, not due to thermal effects, when measured in
forward and backward directions, i.e., by increasing and
TABLE I. Some of the relevant sample features.rN is the resistivity atT510 K. See the text for the
meaning of the other quantities.

Sample
dNb

~Å!
dCuMn

~Å!
Tc

~K!
j i

~Å! g0 cL

rN

~mV cm! Antidot lattice Gi Q*

NCMB 250 7 3.21 97 1.0 0.31 16.5 yesd'2 mm 2.0831028 5.731022

NCMC 250 10 3.20 95 1.5 0.19 13.3 yesd'2 mm 4.2631028 3.231022

NCMD 250 13 3.00 108 2.2 0.16 11.8 yesd'2 mm 6.431028 2.231022

NCMF 250 19 3.51 113 2.3 0.10 11.8 yesd'2 mm 8.431028 1.531022

NCMH 250 25 3.76 115 2.5 0.09 11.2 yesd'2 mm 1.1731027 1.0931022

RNCMA 250 4 6.41 82 1.5 0.27 8.6 yesd'1.6mm 2.731027 5.2231022

RNCMC 250 12 6.01 90 1.7 0.16 11.7 yesd'1.6mm 2.131027 2.1831022

RNCME 250 20 4.65 112 2.2 0.14 11.6 yesd'1.6mm 1.631027 1.3931022

NCMDA 250 13 5.38 110 2.5 12.6 no
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PRB 62 14 463IRREVERSIBILITY LINE IN Nb/CuMn MULTILAYER S . . .
creasing the current.17 Such hysteresis becomes smal
whenH is increased, disappearing completely, in the limit
our experimental accuracy, when approachingHc2 . These
features were repeatedly obtained for the same sampl
different measurements and are typical for all the sample
the two series with antidots. In Fig. 2~b! the I -V character-
istics for sample NCMD are plotted in the temperature ran
2.30,T,2.91 K for m0H50.03 T. In this case the hyste
esis disappears on approachingTc . A similar behavior is
shown in the inset of Fig. 2~a!, where theI -V characteristics
of sample NCMF are plotted in the temperature range 2
,T,3.23 K. TheI -V curves for sample NCMDA withou
antidots are always smooth and paraboliclike, typical o
type-II superconductor.

In Fig. 3, we plot theI -V curves on a double logarithmi
scale for sample RNCMC atT52.96 K for different values
of the magnetic field. A change in the curvature of t
logV-log I curves clearly occurs at low voltages; this is us
ally related to the presence of an IL in theH-T phase
diagram,23 given by the points at which the logV-log I curve
is linear. In all the samples measured, these points are alw
very close to the points at which the hysteresis in theI -V

FIG. 2. ~a! Current-voltage characteristics for the multilay
NCMF at T52.60 K for different magnetic field values. The in
creasing values are 0.03, 0.06, 0.15, 0.55, 0.70 T.~b! Current-
voltage characteristics for the multilayer NCMD atH50.03 T for
different temperatures. The increasing values are 2.30, 2.34,
2.80, 2.91 K. In the inset of~a! the I -V characteristics of the sampl
NCMF are shown atH50.03 T for different temperatures. The in
creasing values are 2.40, 2.60, 2.82, 3.23 K.
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curves disappears. As an example, in Figs. 4~a!–4~c! are
shown theH-T phase diagrams for samples NCMB, NCMC
and NCMF, respectively. Circles distinguish the two diffe
ent regimes of the vortex dynamics as determined from
disappearance of the hysteresis in theI -V curves; up tri-
angles indicate points where change in the curvature of
logV-log I curve occurs; squares correspond to the value
the perpendicular critical magnetic field. It is evident that t
change in the hysteretical behavior of theI -V characteristics
is related to the IL as defined by the change in the logV-log I
curvature. It is also interesting to note that the position of
IL in the H-T plane moves away from theHc2 lines as the
anisotropy of the samples increases. We want to point
that in theHc2(T) curves measured in our samples, an u
ward curvature is always present. This feature has often b
observed in many superconducting systems, and can be
lated to small inhomogeneities present in the samples.24,25

Another way to determine the presence of an IL in t
H-T phase diagram of a superconductor is to study
Arrhenius plot of the resistance versus temperature curve18

In particular, it has been shown that IL’s defined by studyi
the Arrhenius plots in the presence of external magn
fields coincide with those obtained using a criterion of equ
ity between the ac~120 Hz! measured resistivityrac, and the
flux-flow resistivity rFF measured from I -V
characteristics.26,27 In Fig. 5 the Arrhenius plot of the transi
ton curves, recorded using a bias current of 2 mA, of sam
RNCMA is shown at different perpendicular magnetic field
A well-defined field-dependent temperatureT* separates two
zones with very different activation energies. In particular,
T,T* a sudden increase in the Arrhenius slope signal
transition in the transport properties of the sample that can
related to the presence of the IL. In Fig. 6 is shown t
measuredH-T phase diagram for sample RNCMC. The so
squares correspond to perpendicular magnetic fields;
open squares correspond to the points in theH-T plane at
which the onset of hysteresis in theI -V curves takes place
the open diamonds are defined taking into account
change of curvature of the logI-logV curves; and the open
circles and up triangles are the points at which the slo

0,

FIG. 3. Logarithmic current-voltage characteristics for t
sample RNCMC atT52.96 K for magnetic fields increasing coun
terclockwise of 0.20, 0.40, 0.50, 0.80, 0.90, 1.10, 1.30, 1.50, 1
1.70, 1.75, 1.80, 1.85, 1.95, 2.10 T. The numbers indicate s
values of the magnetic field. The melting field is estimated to
equal to 1.75 T.
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14 464 PRB 62C. ATTANASIO et al.
in the Arrhenius plot of the transition curves, taken, resp
tively, at a bias current of 2 and 6 mA, change as seen in
5. It is evident that in this case also all the points~open
symbols! fall again on the same curve, which can be iden
fied as an II.

FIG. 4. H-T phase diagram for sample~a! NCMB, ~b! NCMC,
and~c! NCMF. Squares correspond toHc2' , circles correspond to
the disappearance of hysteresis in theI -V curves, up triangles cor
respond to the change of curvature in the logV-log I curves. The
solid lines are calculated according to Eq.~3!. In the inset of~c! are
shown the transition curves at different magnetic fields for sam
NCMF.
-
g.

-

III. DISCUSSION

In all the measurements performed the bias current
applied in the plane of the film and perpendicular to t
direction of the external magnetic field~see Fig. 1!. In this
configuration, the Lorentz force acting on the vortices ten
to move them along the channels between the antidots.
the other hand, in the narrower zones between adjacent
dots, the current density is much higher than in the chann
so that we locally have weaker pinning centers in these p
of the sample. Therefore, we can look at our superconduc
layered system as made of alternating zones of strong
ning ~the channels along the direction of action of the Lo
entz force in Fig. 1! and weak pinning~the narrower zones
between adjacent antidots!, like other cases reported in th
literature.6,7,15,16The value of the matching field in both th
series is very small,Hn'5 Oe, and alsod@j(T), where
j(T) is the temperature-dependent coherence length, w
in our multilayers has typical values of about 100 Å. The

le

FIG. 5. Arrhenius plot of the transition curves for samp
RNCMA in perpendicular magnetic fields. The increasing magne
field values are 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4, 2.6, 2.8 T. T
numbers indicate some values of the magnetic field. The cu
were recorded using a bias currentI b52 mA.

FIG. 6. H-T phase diagram for sample RNCMC. Solid squar
correspond toHc2' , open squares correspond to the disappeara
of hysteresis in theI -V curves, diamonds correspond to the chan
of the curvature in the logV-log I curves, circles~up triangles! cor-
respond to theT* (H) values extracted from the Arrhenius plo
using a bias current of 2~6! mA. The solid line has been calculate
according to Eq.~3!.



e
Th
by

in
A

tin
le

e
in

c
h

i

e

th
ou

I
ve

a

he
b

on
he

e

lu
e

ts
g
d

n

in
l-
c

di-
ec-

ls
At

inly
his
en
at

al
x

ob-

-
t
s
-

he
g,

ur

es
elt-

ures
ns

ent

t

of
lay-
y

u-

,

PRB 62 14 465IRREVERSIBILITY LINE IN Nb/CuMn MULTILAYER S . . .
fore, in the superconducting state it is possible to hav
vortex lattice inside the channels between the antidots.
pinning of these interstitial vortices is determined mostly
the intrinsic properties of the superconducting materials.10,28

To start the analysis of our data we have first to determ
the dimensionality of the vortex lattice in our samples.
magnetic fields lower than a critical valueHcr'4F0 /g0

2s2,
wheres is the interlayer distance between superconduc
layers, the vortices in adjacent layers are strongly coup
and vortex lines behave as if three dimensional~3D!. For our
samplesHcr'103 T, well above any applied fields, and w
can exclude the appearance of decoupling of the vortex l
in our layered systems.29

On the other hand, when the shear modulusc66 of a vor-
tex lattice is much lower than the tilt modulusc44, the sys-
tem can behave bidimensionally. In principle, thermal flu
tuations could cause tilt deformations in the vortex line. T
critical thickness valuedcr of a film beyond which thermal-
fluctuation-induced tilt deformations become relevant
given by30

dcr'
4.4j i

Ah~12h!
, ~1!

whereh5H/Hc2 . In multilayers, however, thedcr value is
reduced by a factorg0

2,29 which for our samples gives, in th
range of measured temperatures and magnetic fields,dcr

multi

'200– 300 Å. Typical thicknesses for our samples are in
range 1500–1700 Å. This means that the vortex lattice in
multilayers is in a strongly 3D regime.

One of the proposed interpretations of the nature of the
relies upon a depinning mechanism in which a crosso
from flux creep to flux flow occurs.31 In our samples we
never obtain linearity of theI -V curves either at high volt-
age, where a uniform flux flow should be present, or at sm
currents, where thermally assisted flux flow32 should take
place. If we fit our data with the relationV;I a the fitting
exponent is always very high (a.10). Therefore we ex-
clude the possibility of flux-creep–flux-flow crossover in t
presence of a pinning strength distribution that could also
responsible for the curvature change of theI -V curves when
plotted in double logarithmic scale.33

The I -V curves shown in Figs. 2~a! and 2~b! are very
similar to those obtained as a result of numerical simulati
for a superconductor with periodic pinning close to t
matching field.13,14Considering that we are very far fromHn
we cannot apply the results of Ref. 13 to explain ourI -V
curves. Nevertheless, the main observed features indicat
presence of a region in theH-T plane where plastic vortex
motion probably takes place. Below some crossover va
Hpl , vortices experience plastic motion which usually r
veals in hysteresis curves.34 Above Hpl , I -V curves are
smooth, hysteresis vanishes, and the vortex motion star
be a flow of vortex liquid.34 The presence of vortex meltin
below Hc2 in the H-T phase diagram of Nb and Nb-base
systems has already been proposed.26,35,36While in the case
of Nb single crystals and films, the flux lattice transitio
seems to occur very close toHc2 ,35,37 in Nb-based multilay-
ers, the anisotropy can substantially lower the melt
line.26,38,39The vortex melting scenario along with the simu
taneous presence of weak- and strong-pinning channels
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also explain the observed Arrhenius plots. In fact, imme
ately belowTc

onset~defined as the temperature where the el
trical resistanceR is 0.9 of its value in the normal state!, the
solidification of the vortices in the strong-pinning channe
determines the high values of the initial slope in the plots.
lower temperatures, the dissipation in the system is ma
due to the vortices in the weak-pinning regions, and t
results in a lower value of the activation energies. Wh
these vortices experience the transition from liquid to solid
T5T* , the slope in the plots increases again.16

Melting in the vortex lattice can be induced by therm
fluctuations.38 The melting temperature at which the vorte
lattice goes from a solid phase to a liquid one can be
tained by using the 3D thermal melting criterion38

cL
4'

3Gi

p2

h

~12h!3

tm
2

~12tm!
, ~2!

wherecL is the Lindemann number,Tc is the superconduct
ing transition temperature~defined in our case as the poin
where the electrical resistanceR of the sample becomes les
than 1024 V!, tm5Tm /Tc is the reduced melting tempera
ture, andGi is the Ginzburg number, which determines t
contribution of the thermal fluctuations to the vortex meltin
given by Gi5(1/2)@2pm0kBTcl i(0)g0 /F0

2j i(0)#, where
l i is the in-plane penetration depth which, for all o
samples, has been assumed to be equal to 1500 Å.40 Melting
usually occurs whencL'0.1– 0.3.20 When we try to fit the
IL observed in our samples with Eq.~2! we getcL;1024.
This extremely low value for the Lindemann number mak
it unreasonable to consider the IL as due to 3D thermal m
ing.

However, as first pointed out by Blatter and Ivlev,20 in
moderately anisotropic superconductors at low temperat
one cannot exclude the contribution of quantum fluctuatio
to the melting. In this case the total fluctuation displacem
of the vortex line is^u&25^u& th

2 1^u&q
2, where ^u& th is the

average displacement due to thermal fluctuations and^u&q is
the average displacement due to quantum fluctuations.^u& th

2

diminishes with temperature, whilêu&q
2 does not depend on

the temperature and at low values ofT one could expect
^u& th

2 <^u& q
2. The amplitude of̂ u&q

2 depends on the ratio
Q* /AGi whereQ* 5e2rN /\s, with \ the Planck constan
ande the elementary charge. IfQ* /AGi@1, the contribution
of quantum fluctuations is crucial. Obviously, the shorters is
the higherQ* is. In the case of our sampless goes from 4 to
25 Å while g varies in the range 1 to 2.5. In the case
nonmagnetic spacers, such as, for example, Nb/Cu multi
ers, values ofg around 2.5 with Nb thickness of 250 Å impl
Cu thickness of the order of hundreds of angstroms,41 there-
fore strongly reducingQ* .

For the samples discussed here we always getQ* /AGi
.30 which justifies the possibility of an important contrib
tion coming from quantum fluctuations.42 In this case the
melting line is given by43

hm5
4Q2

$11@114QQ/t#1/2%2 ~3!

where hm5Hm /Hc2 , t5T/Tc is the reduced temperature
Q5pcL

2(t2121)/AGi , Q5Q* Vt/pAGi , with V a cutoff
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14 466 PRB 62C. ATTANASIO et al.
frequency generally of the order of the Debye frequency
t an effective electronic relaxation time (\/kBTc't).43 As
we already showed,44 the values ofV andt in Nb/CuMn are
in the range (2 – 3)31013 s21 and (1 – 5)310213 s, respec-
tively. Therefore, for all the samples studied we have
sumedV5331013 s21 andt55310213 s. In this way we
reduce the number of free fit parameters in Eq.~3! to only
one, namely, the Lindemann numbercL .

The solid line in Fig. 6 was calculated according to E
~3! using for the Lindemann number a value ofcL50.23.
The solid lines in Figs. 4~a!–4~c! have also been calculate
according to Eq.~3!. For sample NCMC, Fig. 4~b!, we obtain
good agreement with the experimental data forcL50.19,
while for sample NCMH, Fig. 4~c!, the solid line is obtained
by taking cL50.09. The agreement between experimen
data and theoretical curves is very good for all the samp
studied. ThecL values, as shown in Table I, become smal
with increasing anisotropy, reaching in the case of sam
NCMH a value slightly below 0.1.20 When increasing the
anisotropy of the system, the coupling between adjacent
perconducting layers reduces and vortex lines become so
The influence of the thermal fluctuations on the vortex d
namics is strongly dependent on this coupling. Qualitative
therefore, the reduction of thecL values with increasing an
isotropy could be related to the change in the topology of
vortex system.

On the other hand, the softening of the vortex syst
could also determine a situation in which thermal fluctu
tions are able to cause tilt deformations. Anyway, if we try
fit the experimental points in Figs. 4 and 6 using the 2D p
thermal melting curve45

ad

k2

Hc2~T!

T~1.2520.25t !
~120.58hm20.29hm

2 !~12hm!251,

~4!

we do not obtain any agreement with the data. Herea
5AF0(1.07)2/32pm0kB , k5l i /j i , andd is the thickness
of the sample. A is a renormalization factor of the she
modulusc66 due to nonlinear lattice vibrations and vorte
lattice defects and isA'0.64.46

We want to point out that the quantum melting theory h
been succesfully applied to describe the vortex behavio
unperforated Nb/CuMn multilayers also.44 In that case the
melting line was determined by analyzing in Arrhenius fas
ion the measuredR(T) curves in perpendicular magnet
fields. The shapes of the Arrhenius plots~see, for example
Fig. 1 in Ref. 44! were very similar to those observed in th
case of perforated samples, suggesting the presence o
types of pinning centers also in the case of nonperfora
samples. In non perforated samples, edge pinning could
relevant and obviously stronger than intrinsic pinning47

Therefore one could interpret the shape of the Arrhen
plots in unperforated Nb/CuMn multilayers as due to t
vortex transition from liquid to solid, first of the vortices a
the edges and then, at lower temperatures, of the vort
intrinsically pinned in the inner part of the sample. If th
interpretation is correct, the slopes of the Arrhenius pl
measured in unperforated samples in zone 2~see inset in Fig.
7! should be very close to the slope measured in zone
perforated samples. In fact, in both cases, this slope sh
d
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be related to the activation energy of vortices intrinsica
pinned inside the system. In Fig. 7 the solid points refer
the values of the activation energy in a typical unperfora
sample measured in zone 2, while the open symbols refe
the values of the activation energy in a perforated sam
~RNCMA! measured in zone 1. The two samples have b
chosen to have similar critical temperatures. Also t
R(T,H) curves have been taken using a similar value for
bias current densityJb . The quite nice agreement betwee
the two sets of data supports our idea that, in both cases,
are a measure of the intrinsic pinning in the material.

The presence of the antidot array in the multilayers ma
the vortex melting more easily measurable. In fact, in
case of perforated samples one is able to detect the chan
the slope of the Arrhenius plots using low values of the b
current~;100mA! while for unperforated samples bias cu
rents of;1 nA are needed to observe the same effect~the IL
in a superconductor does not depend on the value of the
current!. This is consistent with the idea that in antidotte
samples the melting takes place in the zones with wea
pinning when compared to the case of unperforated samp
in which the measured vortex phase transition takes plac
the zones of intrinsic pinning. As a consequence of this
hysteresis is also much more easily detectable in antido
samples, in regions of theI -V characteristic not too close t
the Hc2(T) curve.

The influence of the regular array of antidots on the v
tex properties is also confirmed by the behavior in o
samples of the vortex correlation length in the liquid pha
j1 , defined as48

j1'j10 expH bS Tm

T2Tm
D nJ , ~5!

whereb is a constant of the order of unity,n50.369 63, and
j10 , being the smallest characteristic length scale in the
uid, is of the order ofa0 , the vortex lattice parameter. Ac
cording to the melting theory the shear viscosityh(T) of the
vortex liquid starts to increase approaching the liquid-so

FIG. 7. Values of the activation energy in zone 2 for an unp
forated sample~solid squares! and values of the activation energy i
zone 1 for a perforated sample~open squares!. Inset: Schematic of
a typical Arrhenius plot observed in a perforated and an unpe
rated Nb/CuMn multilayer together with the identification of zon
1 and 2.
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line from above, whenh;j1
2 (T).48 The curves ofj1 versus

the temperature obtained from Eq.~5! for different applied
magnetic fields are reported in Fig. 8 for sample NCMH. A
the curves start to diverge when the value ofj1 becomes of

FIG. 8. Dependence of the correlation lengthj1 on temperature
at different magnetic fields for sample NCMH.
l

the order of magnitude of the distance between adjacent
tidots, i.e., whenj1'd51 mm. Similar results were ob-
tained for all the samples investigated. This is exactly w
we expect, if we look at the investigated system as a vor
ensemble constrained in narrow channels among the line
antidots. In this case, in fact, the melting transition atH
5Hm is going to be observed when the correlation length
the liquid j1 reaches the value of the width of the channe
The results shown in Fig. 8 clearly indicate the influence
the antidot lattice on the vortex dynamics in our samples

In conclusion, we have studied transport properties of
perconducting~Nb!–spin glass~CuMn! multilayers with a
regular array of antidots by measuringI -V curves in perpen-
dicular magnetic fields. The measurements were perform
far above the matching conditions. The dynamic phase
gram was drawn from analysis of these measurements.
regions corresponding to plastic flux-flow motion and to m
tion of the vortex liquid were distinguished. Several interp
tations of this effect were considered. Among them, the m
plausible seems to be the occurrence of melting mostly
to quantum fluctuations. The presence of the antidots ma
it easier to detect the melting, probably because of the p
ence of weaker pinning in the zones with higher local curr
density.
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