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Control of the critical current density in YBa 2Cu3O72d films by means of intergrain and
intragrain correlated defects
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The aim of this work is to investigate the mechanisms controlling the current-carrying capability of
YBa2Cu3O72d thin films. A comparison between the magnetic properties of a film with intrinsic grain-
boundary defects and two films crossed by columnar defects with different densities is presented. Such prop-
erties have been studied by means of ac susceptibility measurements, resistivity measurements, and structural
characterizations. The Clem and Sanchez model@Phys. Rev. B50, 9355 ~1994!# is used to extract critical
current values from the susceptibility data. In the virgin film, correlated grain-boundary defects were created
among islands with homogeneous size, by means of the appropriate modifications in the growth process.
Columnar defects were produced through 0.25-GeV Au-ion irradiation. The central issue concerns the inves-
tigation of the plateaulike features characterizing the log-log field dependence of the critical current density,
the analysis of theJc temperature dependence, and of the irreversibility line. An analytical expression ofJc vs
B is given in order to compare the main issues with the experimental data. This model suggests that the
intergrain pinning dominates in the high-current/low-temperature regime through a network of frustrated
Josephson junctions, while theintragrain pinning is effective near the irreversibility line.
@S0163-1829~99!12433-0#
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I. INTRODUCTION

The critical current density in high-Tc superconducting
~HTS! films is typically higher than in single crystals,1 due to
the presence of a larger number and variety of defects
may act as pinning centers. A stronger flux pinning results
a smoother dependence of the critical current density (Jc) on
the magnetic field, which is a crucial property to investiga
both for fundamental understanding and for practical ap
cations.

Enhanced critical currents as well as plateaulike featu
in Jc(B) log-log plots can be obtained by optimizing th
growth process in order to produce suitable defects.2,3 An
alternative strategy is the implantation of extrinsic defec
e.g., by means of irradiation.4–6 Particularly the case of lin-
early correlated defects~columnar defects! has been widely
investigated, both experimentally and theoretically.7–9

The microstructure of sputtered YBa2Cu3O72d ~YBCO!
films typically presents islands separated by trenches w
the superconducting order parameter is reduced.2,10 These
boundary regions can provide strong flux pinning.11–13In the
same way, twin boundaries at low temperatures prov
strong pinning in single crystals.14 A fundamental insight on
these topics is given by the study of bicrystals in whi
vortex matching effects at the periodic facet structure acr
the boundary were observed.12

The aim of this work is to correlate the current-carryi
capability of YBCO sputtered films with their defect distr
bution. In particular we analyze the plateaulike features
PRB 600163-1829/99/60~10!/7623~8!/$15.00
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the log-log curveJc(B), i.e., the existence of a region i
which log(Jc) is nearly independent on the logarithm of th
field, followed by aJc drop. In order to study these platea
features, we modified the pinning properties of the samp
following two approaches:~i! by creating native defects in
the material by appropriate modifications in the growth p
cess;~ii ! by introducing controlled defects by means of 0.2
GeV Au-ion irradiation, which induces columnar track
crossing the whole sample. The modification of the grow
process leads to the production of slightly underdoped film
As revealed by the ‘‘tail regime’’ in theR(T) transition and
by structural analysis, a slight deoxygenation results in
formation of defected grain boundaries~GB’s!. Many as-
grown correlated defects nucleate at the intersection of
trenches separating islands, as discussed below. We com
the critical current behavior as a function of field and te
perature in the as-grown film with the corresponding tren
in films irradiated at two different doses. The chosen irrad
tion dose in the first case corresponds to a defect den
close to the density of the islands. The second dose
selected five times higher. The discussion of the data is c
tered on the characteristic features of theJc vs B and vsT
curves, looking at the correlations between these features
the defect distributions. The crucial task is to determ
whether the really effective pinning centers lie along t
GB’s and/or inside the islands, and which one is respons
for the matching conditions between the vortex lattice a
the correlated-defect structure. The regime of low curre
and in particular the possible shifts of the irreversibility lin
7623 ©1999 The American Physical Society
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due to ion-induced columnar defects, is also explored
discussed.

The measure of the susceptibility is used to investigate
magnetic behavior and to extract critical current density v
ues. Information about the structural properties is obtai
by x-ray diffractometry ~crystalline orientation!, Raman
analysis ~oxygen content!, and atomic force microscop
~AFM! analysis~surface morphology!.

II. EXPERIMENTAL

The YBa2Cu3O72d superconducting films were fabricate
in situ by dc sputtering from inverted cylindrical magnetro
on SrTiO3 ~100! oriented substrates. Since we aimed
studying YBCO films with defected GB’s, we slightly mod
fied the standard growth process. The grain size and
boundary properties can be controlled, preserving the c
talline orientation, by varying the cooling rate. This proc
dure leads to an underdoped state, which we presume t
responsible for the slightly lower critical temperatu
observed.15

During deposition an Ar/O2 ~4:3! gas mixture with a total
pressure of 93 Pa was used, with a dc power of 110
resulting in a growth rate of about 2 nm/min. The substra
were glued to a vacuum heater by silver paint and hea
during deposition at a temperatureTS5820 °C. In order to
improve the temperature uniformity and stability, a 900-n
thick Au film was deposited on the substrate back side. T
films were produced: one using the standard cooling proc
~F!, one using a slightly modified cooling process in order
obtain YBCO films with unambiguously defected GB’s~D!.
For the ~F! film, after deposition the vacuum chamber w
filled with oxygen at a pressure of 40 kPa and the hea
power was slowly decreased, cooling the sample at a rat
10 °C/min untilTS5600 °C was reached. After a rest of 1
minutes, the O2 pressure was raised to 80 kPa and the sam
temperature was decreased at a slower rate~5 °C/min! to
450 °C and kept at this temperature for 60 minutes; then
heater was turned off. This standard cooling procedure
lows for the fabrication of full oxygenated YBCO films wit
high critical temperature (Tc591.0 K). For the~D! film, af-
ter deposition the vacuum chamber was filled with 80 kPa
oxygen and the temperature was slowly decreased~10 °C/
min! until the temperatureTS5450 °C was reached. After
rest of 30 minutes the heater was turned off. Two sets
samples were obtained, each from a single deposition
cutting the film~F! and ~D!, respectively. This paper is fo
cused on the analysis of~D! samples, while the~F! samples
are used for the sake of comparison.

The crystal structure of the~D! film was analyzed by con
ventional u-2u x-ray diffractometer and reciprocal spac
mapping, using a multicrystal diffractometer~Philips MRD!.
The divergence of the incident beam was reduced to 12
onds by a four-crystal Ge~220! monochromator. A conven
tional Cu target was used as x-ray source~3-kW generator!.
The Raman spectra were revealed by the Raman microp
apparatus Dilor LabRam of ISA, using HeNe laser light e
citation. The surface morphology was investigated by ato
force microscopy by using a Si3N4 tip. The electrical resis-
tance was measured by the four contact method. Magn
susceptibility measurements were carried out by means
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commercial ac susceptometer. Both ac and dc fields w
oriented parallel to the samplec axis and to the irradiation
tracks.

0.25-GeV197Au-ion irradiations were performed at room
temperature and in vacuum at the 15-MV Tandem accel
tor of the INFN-Laboratori Nazionali del Sud~Catania,
Italy!. The samples were irradiated perpendicularly to
surface with fluencesF51.531010 and 7.531010 ions/cm2,
corresponding to dose equivalent fields16 Bf50.3 and 1.5 T,
respectively. TRIM code17 simulations show that the energ
released during the scattering processes in the whole th
ness of the film overcomes the threshold of 20 MeV/mm,
which is considered to be the lowest limit for the producti
of continuous tracks in YBCO.18 The effective defect diam-
eter usually obtained by heavy-ion irradiation on YBC
ranges from 5–10 nm.19,20

III. STRUCTURAL AND RESISTIVE
CHARACTERIZATIONS

The resistance dependence on the temperature of
YBCO films is shown in Fig 1. The resistance is normaliz
to the value measured atT5100 K. The curve~D! refers to
the samples prepared with the modified cooling process
those used in the irradiation experiments in this paper
exhibits a pronounced resistance tail for temperatures be
the main resistance drop, which is absent in theR(T) curve
of the fully oxygenated film~F!, reported in the figure for the
sake of comparison.

The oxygen content was inferred from Raman measu
ments, by the position of the linenH ~marked by arrows in
the inset of Fig. 1! due to the apical oxygen vibration mod
Using the relationship given by Huong,21 d50.025nH
25.57 for d in YBa2Cu3O72d formula, the valuesd50.34
and d50.02 were estimated for films~D! and ~F!, respec-
tively. The large Raman line appearing in the spectra
samples~D! at 230 cm21 and the broad band at 580 cm21

can be attributed to vibration modes associated with oxy
defects.22,23Although the exact origin of these Raman mod
is not clear yet,24 for slightly oxygen deficient YBCO (d

FIG. 1. Resistive transition for fully oxygenated~F! and under-
doped~D! YBCO films. The inset shows the corresponding Ram
spectra. Arrows mark the positions of the peaks used for the de
mination of the oxygen content.
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PRB 60 7625CONTROL OF THE CRITICAL CURRENT DENSITY IN . . .
50.3– 0.4) these modes are associated mainly with oxy
vacancies in the CuO chains.25 The samples~D! exhibit dis-
order in the oxygen sublattice, with broken CuO chains a
probably the setup of out-of-phase oxygen microdomains23

These features do not affect the crystalline properties
the films, which exhibit a strong crystal orientation in th
u-2u x-ray diffractogram, withc axis directed normal to the
surface plane, as reported in Fig. 2. The crystalline perfec
is confirmed by thef-map x-ray analysis, which shows
strong correlation between the film and the underly
SrTiO3 substrate lattice, with a small spread of the in-pla
direction ofa andb axis of the film grains. Hence we assum
that our YBCO films nucleate on the SrTiO3 substrate in the
form of c-axis oriented single-crystalline islands. The isla
structure is clearly visible in the initial growth stage of th
film. Figure 3 reports the AFM image of a 50-nm-thick~D!
sample. The surface morphology consists in islands ab
100 nm in diameter.

As previously mentioned, the oxygen miscomposition
also responsible for the tail regime, clearly visible in t
R(T) curve of the samples~D!. The slow approach to the
zero resistance state is the signature of a suppression o
order parameter in the GB region.11 On the other hand, the
susceptibility characterization of these films~presented be-
low! does not show the double transition typical of weak
coupled granular materials. Hence we assume that
samples under investigation present GB’s which do not
have as weak links.26,10

FIG. 2. u-2u x-ray diffractogram for the slightly oxygen
deficient YBCO films produced with the process~D!.

FIG. 3. AFM image showing the surface morphology of a 5
nm-thick film.
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The GB network itself constitutes a network of plan
defects.26 Moreover, simple topological considerations sho
that the meeting point of three or more islands constitute
columnarlike defect site along the film thickness. Other l
early correlated defects could originate as linear dislocati
in low-angle GB’s,27 or as dislocation chains.28 Although all
these defects are less controllable than ion-induced defe
they are effective in determining the pinning capability
these films.

IV. SUSCEPTIBILITY MEASUREMENTS

Figure 4 shows typical results of first and third harmon
ac susceptibilityx, measured in different dc fields. All ex
perimental data were divided by the valuex0 which normal-
izes to 21 the real part of the susceptibility measured f
Hdc50 atT54.2 K, i.e., in conditions of complete shielding
The application of an external dc field results in a shift of t
curve towards lower temperatures. Critical temperature v
ues were evaluated as the values where the Re(x) signal sig-
nificantly emerges from the noise~1% of the signal atT
54.2 K). Ion-induced defects crossing the whole sam
lead to aTc decrease, fromTc588 K ~virgin film! to Tc
583.8 K ~low-dose irradiated film! and toTc582.3 K ~high-
dose irradiated film!. The Tc decrease can be ascribed to
further disorder in the oxygen sublattice and to the prese
of amorphous tracks that affect a significant fraction of t
material. In this case, the shift is higher than expecte29

probably due to the preirradiation oxygen deficiency. In
der to stress the flux-pinning properties due to defects,
present our results as a function of the reduced tempera
T/Tc .

First harmonic susceptibility data were analyzed in t
framework of the Clem and Sanchez model for the case
thin sample in a transverse field.30 We extracted the values o

-

FIG. 4. Typical results of first~a! and third ~b! harmonic ac
susceptibility measured for different dc fields, listed in the figur
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7626 PRB 60E. MEZZETTI et al.
the critical current density by numerically inverting the re
tion

x85
2x0

p E
0

p

~12cosq!S@~x/2!~12cosq!#cosqdq

with

S~x!5
1

2x
Fcos21F 1

coshxG1
sinhx

cosh2 x
G,

wherex52h0 /(Jct), h0 is the amplitude of the ac field, an
t is the sample thickness. The application of a dc field d
not modify this expression as long as the critical curren
weakly field dependent. The validity of this model w
checked by comparing the experimental Im(x) vs Re(x) plots
with the model predictions. The critical current density v
ues reported in this work were extracted in field and tempe
ture ranges which satisfy the model constraints.

The third harmonic componentx3 in the susceptibility
signal reflects the high nonlinearity of the current-volta
characteristics, i.e., the presence of current-dependent b
ers for flux motion, as in the case of a pinned vortex latti
The absence of a third harmonic signal implies a linear
sponse, as in the case of flux lines in a liquid state. T
irreversibility line, which is the line of vanishing depinnin
critical current, was therefore determined by the onset te
perature of thex3 signal.

V. RESULTS AND DISCUSSION

A. Magnetic field dependence of the critical current density

We analyzed three samples, labeled~a!, ~b!, and~c!. The
sample~a! is the reference film. The sample~b! was irradi-
ated up to a dose equivalent field16 Bf50.3 T, corresponding
to an average distance between tracksd583 nm @d
5(F0 /Bf)1/2 whereF0 is the flux quantum#. In this case,
the chosen average distance between the tracks and th
land diameter are of the same order of magnitude. The
~c! was irradiated at a quite larger dose (Bf51.5 T). The
corresponding average distance between the tracksd
537 nm, significantly lower than the estimated distance
tween defects in the two other films.

As mentioned above, we focus on the analysis of the p
teaulike features in the log-log curveJc(B). For this reason
we perform specificx measurements in a wide range
fields, at seven reduced temperatures. Figure 5 shows
field dependence ofJc at T/Tc50.32 for the as-grown
sample. Two different regimes can be distinguished. For
fields the critical current density varies slowly, while a cle
Jc drop appears at aboutm0H50.3 T. The existence of suc
a characteristic plateaulike feature, followed by a stee
drop, is usually related to particularly favorable pinning co
ditions, although in the case of HTS films these mechanis
are not fully understood yet.1,31–33

First we look at these behaviors in the general framew
of correlated disorder models.7–9 In the case of columna
defects, characteristic features usually emerge due to the
istence of matching conditions between the vortex lattice
the defect structure. It was found that, when the fluxon d
sity is lower than the defect density, dissipation only occ
s
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due to variable-range-hopping excitations. If columnar p
are periodically distributed, this regime is extended up to
defect equivalent fieldBf , corresponding to a complet
matching between vortex and column lattices. WhenBf is
exceeded, interdefect potential wells, due to vortex-vor
repulsion, are usually too weak to prevent vortex motion
flux-lattice instability. If pins are dense and some rando
ness is introduced, vortex-vortex interactions play a do
nant role, and the matching conditions are more comple34

For the case of ion irradiated YBCO single crystals, t
problem was studied by L. Krusin-Elbaumet al.,35 who de-
fined an ‘‘accommodation field’’ as the fieldB* ,Bf above
which Jc(B);B21. They experimentally observed that th
definition corresponds to aJc(B)/Jc(0)'0.63 criterion.

In our case, aiming at studying the onset of theJc(B)
drop in the presence of large plateaulike features, it is m
convenient to choose a higher threshold to separate the
mentioned regimes, i.e., to defineB* as the field at which the
critical current reaches the 90% of the value obtained
zero applied field. In the inset of Fig. 5,Jc(B)/Jc(0) curves
for the irradiated sample~b! and the unirradiated sample~a!
are reported. The effect of ion irradiation in the high curre
regime is just an enhancement of theB* field, indicated by
the arrows. In Fig. 6 the dependence ofB* on the reduced
temperature for the three samples is shown. The right-h
scale reports the average distance between vortices c
sponding to the fieldsB* . The curve of the reference samp
~a! shows a weak dependence on temperature in the ra
T/Tc50.32– 0.53. TheB* fields in this range correspond t
an intervortex average distanced5120 nm. This value is of
the same order of magnitude of the island diameter show
Fig. 3. In the temperature range whereB* is nearly indepen-
dent of the temperature, the accommodation of the vorti
inside the defect lattice reaches its optimal conditions.

The curvesB* (T) of samples~b! and ~c! exhibit higher
B* values at low temperatures and do not present plateau
features in the considered temperature range. This qua
tively different behavior is expected and can be explained

FIG. 5. Critical current density as a function of the magne
field for T/Tc50.32. In the inset the critical current densities, no
malized to the value measured in zero dc field, are reported for
reference sample~a! and for the sample~b!, irradiated atBf

50.3 T. Arrows mark the values ofB* ~see text! for the two
curves.
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the fact that columnar defects allow to shift the optimal co
ditions towards the dose equivalent fieldBf .36

B. Temperature dependence of the critical current density

The analysis of the temperature dependence of the crit
current density provides further insights on the nature a
role of the accommodation fields in the case of films.
particular, sample~c! allows to analyze the temperature d
cay of the critical current density in the context of a dens
of linearly correlated defects quite higher than the virgin fi
~Fig. 7!. In the high-temperature regime, theJc(T/Tc) curves
measured on film~a! and film ~c! at the same field roughly
overlap~inset!. As the temperature is decreased towards

FIG. 6. Value ofB* ~see text! as a function of the reduced
temperature, for the reference sample~a! and for samples~b! and
~c!, irradiated atBf50.3 and 1.5 T, respectively. The right-han
scale reports the average intervortex distance corresponding to
B* values.

FIG. 7. Critical current density vs reduced temperature for
reference sample~a! and for the irradiated sample~c! (Bf

51.5 T), at different applied fields. The curves obtained for the t
films in the same fields overlap only in the high-temperature reg
~inset!. The main figure reports theJc(T/Tc) curves for the film~c!
~the same data of the inset! in the low-temperature region. In this
case the comparison is made with the curves obtained for the
~a! at those fields that produce the sameJc values at the lowest
temperatures.
-

al
d

e

lower limit, the performances of the irradiated sample i
prove, and a remarkable characteristic appears~main figure!.
The data obtained for sample~c! in a field of 0.5 T overlap
with the values obtained for sample~a! in zero field. Exactly
the same trend is shown by the curves measured atB51 and
4 T, which overlap on the reference curves measured aB
50.05 and 2 T, respectively. This means that additional v
tices, up to a number proportional to the field differen
between overlapping curves, do not produce additional
sipation. Other combinations of fields that produce overl
ping curves could in principle be found, but we have inve
tigated only a limited number of fields.

A possible framework to explain these results is based
the existence of a hidden intergranular network amo
strongly coupled islands. This network could be interpre
as an intergranular network of long Josephson juncti
~LJJ!, with coupling energies modulated by the presence
defects, both intrinsic and extrinsic.32,33 In this case a LJJ
with columnar defects is equivalent to a row of short Jose
son junctions.37 Itzler and Tinkham found that in the vicinity
of a commensurate-field value, the current-voltage curve
a junction with periodic defects recover all the characteris
they had near zero field.38 In a similar framework, Fehren
bacher, Geshkenbein, and Blatter showed that in the cas
random-distributed defects these matching conditions
valid in a certain range of fields, so that a continuous sp
trum of fields can be accommodated up to a maximum, o
the defect distribution and size are fixed.32 As emphasized
above, the peculiar characteristic of the defects to prov
recovering of the zero-field performances in high fields
exhibited by our results at low temperatures for sample~c!. It
is worthwhile to mention that the recovery of zero-field pe
formances in matching fields was also observed in bulk po
crystalline YBCO samples irradiated with 6.5-Me
protons.39 In that case, a suitable correlation of defects co
tributed to the pinning of vortices in the intergrain networ
As it is shown in the next section, a hidden network of J
sephson junctions is fully coherent with our present resu
if defects of nanometric size and relative energy scales in
GB’s are now considered.33

C. HTS films modeled as arrays of Josephson junctions

The results of the previous sections suggest that mos
the boundary interfaces in our films are not usual weak lin
normally responsible for the so-called magne
granularity.26 On the contrary, our GB’s are high-Jc junc-
tions, playing the role of ‘‘hidden’’ weak links. This assump
tion accounts for a strong proximity coupling across t
defects.26 Most of them are considered as insulating zones
nanometric size with modified carrier density and reduc
order parameter. Transport of Cooper pairs through such
ers occurs via tunneling. Inside the boundary interfaces
nanosized defects enclose quantized amount of magn
flux.12 A satisfactory model of such confinement mech
nisms for interfaces inside HTS films is not yet available
date, due to two reasons:~i! the interaction concerns a hug
number of confining elements~strongly interacting with each
other and, in principle, exhibiting unknown relevant lon
range interactions!; ~ii ! the distribution and size of the poten
tial wells contains a certain degree of disorder and is
known to a large extent.
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The simplest way to describe such complex systems i
model the film as a random array of parallel uniform sh
Josephson junctions,12 with statistically distributed junction
lengths. Such a network can be thought as a one-dimens
array meandering in two-dimensional space. Moreover,
considered array must be regarded as the average higJc
interface.40,32

In order to take into account the statistical distribution
the contact lengths, we consider a suitable probability d
sity function p(L). The critical current is obtained as th
average, weighted byp(L), of the critical current of the
single junctions, each of them characterized by its own va
of length L and magnetic thickness of the barrierL0 . The
critical current of the single junction is described by t
usual Fraunhofer-like expression.41 The macroscopic critica
current density is thus expressed by

Jc~B!5E
0

`

dLp~L !Jc~0!Usin~pBL0L/F0!

pBL0L/F0
U. ~1!

The presence of vortices into the grains affects the valu
L0 . The order of magnitude ofL0 for B.Bc1

should match
the distance between Abrikosov vortices in the junction el
trodes:L0(B)5z(F0 /B)1/2.12 Equation~1! can thus be re-
written as

Jc~B!5Jc~0!E
0

`

db f ~b!UsinbB1/2

bB1/2 U, ~2!

where the variableb5pLz/F0
1/2 summarize all the field-

independent parameters andf (b)5p@bF0
1/2/(pz)#F0

1/2/
(pz). Here Jc(0) is supposed to be the same for all t
junctions. The AFM characterization shown in Fig. 3 su
gests that the contact lengths have a well characterized m
value and both very low and very largeL values are unlikely.
This consideration leads to a bell-shaped probability den
function and a simplicity criterion suggestsf (b)
5k2be2kb. The length probability density distribution i
then

p~L !5
p2z2

F0
k2L expF2k

pz

F0
1/2LG .

The main achievement of this treatment is that, in this ca
Eq. ~2! leads to an analytical result for the dependence oJc
on B:

Jc~B!5Jc~0!
k2

k21B
cothS pk

2B1/2D . ~3!

In Fig. 8 we report the experimental data for sample~a!
fitted by Eq.~3!, with Jc(0) andk as fitting parameters. Th
fitting procedure is remarkably successful in the lo
temperature/high-current regime. Deviations from the mo
arise if the reduced temperature is increased over 0.53.
values of the fitting parameters for the three samples
different reduced temperatures are reported in Table I.
expected, the irradiation increases the value of the param
k, leading to a probability density functionp(L) shifted to-
wards lowerL values, if one assumes thatz is not signifi-
cantly affected by irradiation. This means that extrinsic c
lumnar defects break the pre-existing Josephson junction
to
t

nal
e
-

f
n-

e

of
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-
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ty

e,

-
el
he
d
s
ter

-
of

the intergranular network, leading to a network characteri
by shorter Josephson-junction lengths.

In the model systemJc(0) andk are independent fit pa
rameters. In the real system it can be assumed that s
correlation exists, because the irradiation induced defects
likely to create or modify the characteristics of the tunn
barrier. However, the dose dependence ofJc(0) could be
attributed to some damage phenomena at low fields. In
context, it seems that at higher dose the possible low fi
damage is shadowed by the positive influence of the defe

D. Irreversibility line

Finally we turn to the irreversibility line~IL !, i.e., to a
regime of vanishing depinning critical currents. The inset
Fig. 9 shows that the effect of irradiation is a clear shift
the IL towards higher reduced temperatures and fields. T
enhancement is remarkable if one considers that the pre
diation IL of these films is already steep. A general tre
shown by the two irradiated samples at low fields is a cu
steeper than that of the virgin sample. When the field
increased, sample~c! shows the evidence of a clear kink i
the IL.

In order to interpret these data, it must be considered
at temperatures close toTc the divergence of the coherenc
length increases the grain coupling and implies a weaken
of the junction nature of the island boundaries.42,31In fact we
analyze the IL in the framework of the phase transitions
the vortex lattice in a continuum medium already used
single crystals.9 In the case of clean materials a melting tra
sition @ tm(B)5Tm(B)/Tc# shows up while in the case o
correlated disorder a Bose-glass transition@ tBG(B)
5TBG(B)/Tc# should be found. Starting fromtm(B) one can
determine the Bose-glass transitiontBG(B) for samples with
columnar defects, by means of the relation

tBG~B!5
tm~B!1tong

11g
, ~4!

whereg5b0
2@16djab(0)(Gi)1/2#21, d is the average distanc

between tracks, Gi is the Ginzburg number,8 and b0 is the

FIG. 8. Critical current density dependence on the magn
field, at different reduced temperatures, for the sample~a!. Solid
lines represent the fitting of the experimental data by means of
~3!. The fitting parameters are reported in Table I.
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TABLE I. Values of the parameters obtained by fitting with Eq.~3! the critical current density dependence on the magnetic field.Jc(0)
is expressed in A/m2 andk in T1/2. Examples of fitting curves are reported in Fig. 8.

T/Tc Sample~a! Bf50 Sample~b! Bf50.3 T Sample~c! Bf51.5 T

0.32 Jc(0)5(2.16260.002)1010 Jc(0)5(1.46560.001)1010 Jc(0)5(2.3860.04)1010

k51.2160.01 k51.7660.01 k51.8160.07
0.41 Jc(0)5(1.77860.002)1010 Jc(0)5(1.33060.002)1010 Jc(0)5(1.9960.04)1010

k51.1860.01 k51.6060.01 k51.5760.09
0.53 Jc(0)5(1.19160.002)1010 Jc(0)5(1.20360.003)1010 Jc(0)5(1.4560.05)1010

k51.2060.01 k51.2360.01 k51.2360.13
0.65 Jc(0)5(9.8660.03)109 Jc(0)5(9.6260.06)109 Jc(0)5(1.0460.05)1010

k50.9160.01 k50.9360.02 k51.0860.06
te
ce

ta

I
f.
Th
o

nt
ol

w
a

ha

ac
ed

e
rds
er-

p-
aly-
the
ture
the

d
opy
a-

re
en-
the
ct
i-

avy
en-
nds
se.
era-
the
ted
x-

-
re-

t
ain
. In
son

d-
tal
be

of

con-
b-

ra
confining diameter. Equation~4! corresponds to Eq.~3! of
Ref. 9, suitably modified by the introduction of the parame
ton .36 This parameter takes into account that the enhan
phase transition could present an onset point in the~T,B!
plane not exactly coincident withTc . Figure 9 shows the
data for the film~c! ~irradiated atBf51.5 T) fitted by Eq.
~4!, with g and ton as fitting parameters. Thetm(B) curve
was obtained as a polynomial fit from unirradiated-film da
We foundton50.99560.001 andg50.6960.04. The Bose-
glass transition is extended up toB50.75 T'Bf/2, where
the characteristic kink appears, while at higher fields the
slope decreases, in perfect agreement with findings of Re
concerning YBCO crystals crossed by columnar defects.
fitting parameterg can be used to evaluate the dimensions
the confinement regionb0 . By taking jab(0)51.2 nm and
Gi50.004,9 we obtainb055.5 nm, in remarkable agreeme
with the diameter expected for the irradiation-induced c
umns. We can hence conclude that for sample~c! a Bose-
glass-like transition sets up at temperatures very close toTc .
These findings validate the hypothesis we made when
assumed the IL of the unirradiated sample as a good estim
of tm(B). As discussed above, this assumption implies t
in the regime of vanishingJc ~high temperatures!, the pin-
ning provided by the extrinsic defects across the full surf
of the film prevails over the pinning of as-grown correlat
defects. In the case of sample~b!, irradiated at the lower

FIG. 9. Irreversibility line for the reference sample and the ir
diated samples~inset!. In the main figure, the fit of theBf51.5 T
data by Eq.~4! is shown. Fitting parameters are also reported.
r
d
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L
9,
e
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e
te
t

e

dose, theB,Bf available data do not allow to extract th
parameters mentioned before, although the IL shift towa
higher temperatures and fields is out of the experimental
rors.

VI. CONCLUSIONS

We prepared partially deoxygenated YBCO films by a
propriately varying the standard cooling process. The an
sis of transport and structural properties converged to
conclusion that these samples present an island struc
with defected grain boundaries. In fact, the presence of
‘‘tail regime’’ in the zero-fieldR(T) curve can be connecte
to the oxygen-deficiency revealed by Raman spectrosc
and to the island morphology revealed by AFM microgr
phy.

In spite of a slight decrease of the critical temperatu
with respect to optimally doped samples, these oxyg
deficient samples exhibit large plateaulike features in
log-log Jc(B) plots. In order to investigate what the defe
network supporting high critical current paths is, we irrad
ated two samples with different doses of high-energy he
ions. The lower dose corresponds to a columnar defect d
sity close to the island density. The higher dose correspo
to column density five times higher than in the previous ca

We measured the critical current dependence on temp
ture and field for the three samples. All the data support
idea that the pinning properties of these films are domina
by the effects of correlated disorder, either intrinsic or e
trinsic.

We analyzed two regimes: the high-current/low
temperature regime and the low-current/high-temperature
gime. In the high current regime, theJc vs B curves sugges
the existence of an intergranular network where the gr
boundaries contain high critical current density channels
particular, a simple model, based on an array of Joseph
junctions with statistically distributed lengths and fiel
dependent barrier thickness, optimally fits the experimen
data. The intergrain network under such conditions must
the very same network carrying the highestJc , and it does
not have the characteristics of a weak link network.

Conversely, for temperatures close toTc , the irreversibil-
ity line shift due to irradiation can be explained in terms
the Bose-glass model. Close toTc , due to the diverging
coherence length, the structure behaves almost as a
tinuum, in which the irradiation-induced columns, distri
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uted along the full film surface, emerge as the effective p
The control of the superconducting properties of the

films through either intrinsic defects or extrinsic defec
costs in terms ofTc decreasing, also due to the large amou
of irradiation-induced amorphous material. A solution to th
problem could be the formation of ‘‘surface’’ correlated d
fects which do not cross the whole sample but extend th
selves to a limited part of the thickness.36 Investigations in
this sense are in progress.
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