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Abstract. In this paper we present a magneto-optical analysis of local current densities in YBCO films,
before and after 3.5 MeV proton irradiation. The main issue consists into measuring and interpreting the
temperature dependence of the critical current density (J) in samples with different, increasing defect
density. Proton irradiation adds more point defects into the as-grown films. The new defect density as
well as the related strain-induced modifications of the order parameter are pushed in our experiment up
to temperature-modulated damage thresholds. First of all model-independent J. data were analysed in
the framework of different pinning models, all of them based on mechanisms related to the temperature
induced change of the effective pinning centre distribution as well as to the shape of single pinning wells. It
turns out that in such a framework the fit parameters are, generally speaking, not suitable to interpret the
changes of the pinning landscape across the whole investigated temperature range. Then a model based on a
vortex distribution across the whole sample, resulting in a current density that mirrors the current through
a defect-modulated average short Josephson junction (JJ) row, is successfully tried. The J. dependence
in the whole temperature range and for all the considered defect densities is accounted for by means of a
coherent set of fit parameters. It turns out that the chief quantity that allows applying the JJ formalism
to a vortex distribution across the defected matrix is a suitably defined temperature-dependent magnetic
thickness of the junctions, which substitutes the usual magnetic penetration in JJs.

PACS. 74.25.Sv Critical currents — 61.80.Jh Ion radiation effects — 78.20.Ls Magnetooptical effects —

07.05.Pj Image processing

1 Introduction

High temperature superconducting YBasCuszOr_;
(YBCO, henceforth) films are characterized by crit-
ical current density (J.) values orders of magnitude
higher than in single crystals. This property is gener-
ally investigated in the framework of vortex pinning
by different lattice defects, some of them specific for
films [1-8]. However, the huge variety of defects [3] claims
a phenomenological preview of the film behaviour to be
validated in a range of temperature and defect-density as
large as possible. This issue is relevant with respect to an
extensive use of YBCO as a matrix for micro- and nano-
devices. While the magnetic field dependence of J. has
been widely discussed with different approaches [9-12],
for what concerns the scenario related to the tempera-
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ture (T') dependence, no exhaustive description has been
reached yet.

Several kinds of pinning mechanism were suggested to
explain the J. dependence on temperature. For example
Griessen et al. [13] ascribed temperature dependence of
their YBCO films to a spatial variation in the charge-
carrier mean free path [ near lattice defects (§l-pinning),
while Van der Beek et al. [11] suggested that the main pin-
ning centers are extended defects such as sparse second-
phase inclusions rather than microscopic point defects. An
alternative model was suggested by Klassen et al. [3] who
related the high J. values inside YBCO films mainly to
the presence of as-grown linear defects.

With a different approach, Darhmaoui et al. [14]
and Yan et al. [15], modelled the film as a bidimen-
sional network of Josephson junctions (JJs) connecting
nanoscale domains in the ab planes of YBCO. The au-
thors fitted their J, vs. T curves with a suitably mod-
ified Ambegaokar-Baratoff formula [16]. With a similar
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approach Jooss et al. [17] found that the anti-phase bound-
ary defects presented in their film behave, for what con-
cerns the temperature dependence of the critical current
crossing them, as a high-J. Josephson junction network.
Bernstein et al. [18] ascribed the major role in the trans-
port property control of their YBCO epitaxial films to
twin boundaries. In their model such defect-modulated
twin boundaries behave as a JJ network.

In previous papers we presented an alternative
model [12,19], also based on a junction-like formalism.
In the framework of this model the experimental trend
found for the critical current in field and temperature was
the same that should be observed through an average 1-
dimensional row of short, high J. Josephson junctions.
The “hidden” JJ patterns mimicked structural nano-
domain patterns, whose dimension was inferred by X-ray
diffraction analysis [19].

In this paper we investigate the temperature depen-
dence of J. at low magnetic fields in thin YBCO films
grown by pulsed laser deposition (PLD). The character-
izations were performed by means of the quantitative
magneto-optical technique, which allows calculating the
J. values without any a priori critical state model as-
sumption or dissipation threshold criteria. The samples
were analysed both before and after 3.5 MeV protons ir-
radiation at three different doses. The main analysis was
performed by suitably modifying the JJ approach of refer-
ence [19], in order to have a self-consistent interpretation
of the temperature dependence.

After a short discussion about the J. dependence on
the irradiation dose, we focus on the J. behaviour as a
function of temperature. As a first attempt we fitted our
curves before and after irradiation with the standard pin-
ning models quoted in references [3,11,13], trying, without
any satisfying outcome, to find single sets of parameters
suitable to fit experimental data across the whole temper-
ature range. Afterwards we fitted our experimental data
by means of the above-quoted modified Josephson junc-
tion formalism. It turns out that in this framework the
curves can be easily fitted at any dose by means of coher-
ent sets of parameter values across the whole investigated
temperature range.

The paper is organized as follows. The experimental
details are reported in Section 2. The experimental data
and the analysis in the framework of various pinning mod-
els are presented in Section 3.1. Our model and related
fit-results are accounted for in Section 3.2. In Section 4
main issues and conclusions are summarized.

2 Experimental details

The analysis was performed on two square-shaped YBCO
films, obtained by PLD on (100)-oriented LaAlOj sub-
strate. The samples were patterned as squares with side
about 1 mm long by conventional photolithography and
chemical etching. The films are c-axis oriented, with the
c-axis perpendicular to the film plane. The first film (la-
belled #J2.2) is 200 nm thick, while the second one (la-

belled #J2.4) is 250 nm thick. The superconducting tran-
sition temperature of the as-grown films is T, = 87.5 K.

The films were irradiated with 3.5 MeV protons at
room temperature and in vacuum at the CN Van der
Graff accelerator of the INFN-Laboratori Nazionali di
Legnaro (Legnaro, Italy). The beam was directed per-
pendicular to the film surface. During all the irradiations
the particle flux was kept constant at a value lower than
2x10 p/(cm?s) (corresponding in our beam geometry to
a current lower than 10 nA) in order to avoid local heat-
ing. Moreover the samples were mounted on a metallic
sample-holder to promote heat dispersion and minimize
temperature gradients. The temperature of the sample-
holder was checked all along the run by means of a ther-
mocouple. Sample #J2_2 was irradiated at a dose ¢ =
2.5x10'% protons/cm?, while sample #J2_4 was irradiated
at a fluence ¢ = 5.0 x 10'° p/ch, characterized and then
irradiated again up to a total dose ¢ = 1.0 x 106 p/cm?.
Proton-induced defects consist mostly in point-like de-
fects which, in absence of pre-existing defects, can migrate
during irradiation to form clusters [20] and, in a smaller
amount, in cascade defects [21,22]. On the contrary, the
presence of pre-existing defects acts as “sink” for migrat-
ing point-defects [20].

A T, decrease of about 1 K was measured after the
irradiation at the highest dose: it must be reminded
that the introduction of microscopic scattering defects by
radiation-induced displaced atom, changes the density of
state at the Fermi energy, thereby causing a uniform de-
pression of T, [23]. No change was observed for the other
fluences.

The pattern of magnetic flux penetration was visual-
ized using magneto-optical imaging based on the Faraday
effect in ferrite garnet indicator films. A description of
our experimental set-up can be found elsewhere [24,25].
Magneto-optical images were converted to magnetic in-
duction field maps, B,(x,y), by means of a suitable non-
linear calibration curve obtained in a zone of the indicator
film far enough from the sample, in order not to detect the
magnetic field induced by the sample itself [24,25]. The
local current density (J) values were calculated from the
B, (z,y) maps (Fig. 1a) using inversion of the Biot-Savart
law (Fig. 1b) [25,26], with the assumption that the cur-
rent distribution is parallel to the sample surface and aver-
aged over the sample thickness [25,27]. In the vortex pen-
etrated part of the sample the current density is almost
independent of the position on the film surface (Fig. 1c, d).
J. was obtained from the J values in the plateau region
of the J vs. position curve and defined as the current
density where the maximum pinning sets up. The J. de-
pendence on local magnetic field exhibits a Bean-like be-
haviour [25,28].

All magneto-optical characterizations were performed
in zero-field cooling, at temperatures ranging from 5 K to
70 K. After each cooling down to the planned temperature
a sequence of increasing magnetic field was applied. Each
magneto-optical image was acquired 3 s after each field
set up.



L. Gozzelino et al.: Temperature dependence of the J. in proton irradiated YBCO films by MO 5

]
position (pm)

=200

-600  -400

C
B, (mT)
50 60 70 80 (mT)

60

0 10 20 30 40

position (pm)

0.8 12 1.6

(10" A/m?)

0 0.4

Fig. 1. (a) B; map and (b) corresponding J map obtained by a
magneto-optical image of the sample #J2_4 before irradiation
at T =5 K and poHezt = 43.3 mT. In (c) and (d) the B, and
J profiles evaluated along the dotted lines of Figures (a) and
(b) are plotted, respectively.

3 Experimental results and discussion

3.1 Experimental results and analysis with pinning
models

In Figures 2 and 3 magnetic induction penetration maps of
the samples #J2_2 and #J2_4 are plotted before and after
irradiation at T'= 15 K (Figs. 2a, ¢, Figs. 3a, ¢, e) and at
55 K (Figs. 2b, d, Figs. 3b, d, ). All the reported images
were taken in an external applied field pgHeyr = 43.3 mT.
This external field indeed results to be representative of
the irradiation effect on the penetration pattern in the

After irr.
(¢ =2.5-10"° cm™

Before irr.

500 pm

Fig. 2. Sample #J2_2 — Magnetic field penetration maps ob-
tained before and after irradiation at T = 15 K (top) and
T = 55 K (bottom). External applied field: poHezt = 43.3 mT.

After 1% irr. After 20 jrr.

Beforeirr. 5 0,105 em?) (¢ =1.0-10% cm?)

0

500 pun

Fig. 3. Sample #J2_4 — Magnetic field penetration maps ob-
tained before and after the two irradiation doses at T =15 K
(top) and T' = 55 K (bottom). External applied field: jio Hext =
43.3 mT.

low magnetic field range investigated (0 150 mT). Mag-
netic flux penetrates the films following the geometrical
constraints imposed by the square shape [29]. The dis-
continuity lines along the diagonals, where the current
stream lines bend, do not show “as-grown” or irradiation-
induced anisotropy [30] (unless in the case of alteration
of the flux line penetration due to more or less extended,
casual scratches).

At the lowest fluence (¢ = 2.5 x 10'® p/cm? — Fig. 2)
the film is less penetrated than before irradiation and
the corresponding .J. enhancement is about 15% in the
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Fig. 4. Sample #J2_2 — Experimental critical current density dependence on temperature (symbols) evaluated before and after
irradiation in correspondence to a local magnetic induction field of 20 mT. In the inset the ratio of the J. values measured
after and before irradiation is plotted. The lines in the main figure are the best fitting curves of the experimental data with the
formulas predicted i) by the 3-dimensional §I-pinning model described in reference [13] (solid lines), ii) by a pinning mechanism
accounting for an as-grown linear defect distribution described in reference [3] (dotted lines), iii) by a pinning mechanism mainly
ascribed to extended defects such as sparse second-phase inclusions as in reference [11] (dashed lines).
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Fig. 5. Sample #J2_4 — Experimental critical current density dependence on temperature (symbols) evaluated before and after
each irradiation in correspondence to a local magnetic induction field of 20 mT. In the inset the ratios of the J. values measured
after each irradiation and those measured before irradiation are plotted. The lines in the main figure are the best fitting curves
of the experimental data with the formulas predicted i) by the 3-dimensional §l-pinning model described in reference [13] (solid
lines), ii) by a pinning mechanism accounting for an as-grown linear defect distribution described in reference [3] (dotted lines),
iii) by a pinning mechanism mainly ascribed to extended defects such as sparse second-phase inclusions as in reference [11]
(dashed lines).

whole investigated range of temperatures (Fig. 4). With
respect to the as-grown film as well as to the enhanced
one, at larger fluences (¢ 5.0 x 10* p/cm? and
¢ = 1.0 x 10'¢ p/cm?) the field maps exhibit a wider
field penetration at low temperatures (Figs. 3c, e) while
at higher temperatures, a complete (after irradiation at
¢ = 5.0 x 10'° p/em?, Fig. 3d) or a partial (after the

irradiation at ¢ = 1.0 x 10*® p/cm?, Fig. 3f) J. recover-
ing are exhibited. The trends are summarized in Figure 5.
The crossover enhancement-damage with increasing pro-
ton dose is expected because at higher doses the active
flow area is strongly reduced [31].

First of all we tried to fit our experimental curves with
models based on the temperature dependence of pinning
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wells in a contest of outstanding pinning models. Follow-
ing the model suggested by Griessen et al. [13], in the
framework of a J. vs. T behaviour predicted by a 3-
dimensional §/-pinning mechanism, it was possible to find
an optimal parameter set only for the low temperature
data. On the other hand following the model described by
Van der Beek et al. [11] or the model suggested by Klassen
et al. [3], a satisfying agreement between the fitting and
the experimental curves was not also found by using a
unique set of parameters for the whole range of tempera-
tures. However, in these last two cases, it was possible to fit
the whole curves using different sets of parameters at low
and at high temperatures, respectively: namely, parame-
ter ensembles resulting optimal for low temperature data,
turned out not to be adequate for temperatures higher
than 40 K, or vice versa. Some typical fit behaviours are
reported in Figures 4 and 5.

3.2 Junction-like formalism based model and related
results

In a different framework we assumed that the vortex lat-
tice arrangement at all temperatures results in a critical
current density whose temperature and field behaviour is
consistent with that expected by current density cross-
ing an average 1-dimensional network of short Josepshon
junctions [19]. It can be visualized as a wall faceted by
regions of nanometric size, where the order parameter is
heavily changed, situated between two contiguous elec-
trodes [12,19,32]. Each JJ, whose length is determined by
the average defect distribution, passes current according
to its Fraunhofer pattern [33]. The junctions are charac-
terized by a temperature dependent magnetic thickness
(see below) [12,19,34]. Several classes of defects in high
temperature superconductors could be responsible for a
JJ-like nature of the macroscopic flowing current. More
outstandingly, Josephson junction-like effects can be ob-
served even in absence of real junctions, when particular
dynamic regimes of the vortex lattice resulting in phase
slip lines are established [35-38].

In the present paper we started from the formula
of the critical current density, j.;, across a single junc-
tion suggested by Cardoso et al. [39]. In a framework of
Josephson-based formalisms it allows a self-consistent and
clear approach to the problem of the temperature depen-
dence of J.. The proposed expression of j.; was obtained
by defining a suitable junction-induced superconducting
decoherence length € = ¢(1 — T'/T,) "7 which affects the
temperature dependence of the superconducting order pa-
rameter in the junction region. On the other hand, to
account for the temperature dependence of the electro-
dynamical constraints felt by the vortex penetration pat-
terns across the whole defected matrix, we suitably mod-
ified the original j.; formula by introducing an explicit
temperature and field dependence of the average junction-
row magnetic thickness, A(B,T) [19,34,40]. Such a depen-
dence, as suggested by the scaling behaviour with temper-
ature of the J.(B,T) curves reported in [19], in presence of
vortices in the “junction electrodes” can be expressed by

A(B,T) = ¢(T)(®o/B)"? = Go(1 = T/Te)~">(®o/B)"/>.
The quantity A(B,T) substitutes the usual JJ magnetic
penetration length [33]. Therefore, by introducing the pa-
rameter (1) = A(T)/eo, jc; across a single junction can
be expressed as [39]:

. 7P
o () = g [ LR (77) _cost (m) ] gy
“ 0 cosh? (77n) 1—tanh(no)| 7P

)

where 7 = (1 — T/T¢), no = n(T = 0) and & = BAL
(@, effective flux across the junction; L, junction length
and B local field value). In summary, the temperature
dependence of j.; accounts separately for the temperature
dependence of the decoherence length and of the magnetic
thickness.

To take into account the statistical distribution of the
junction contact lengths, we considered a suitable prob-
ability density function p(L). Jo was supposed to be the
same for all the junctions. Therefore the critical current
density can be obtained as the average of the j.; values of
the single junctions, weighted by p(L). Thus the macro-
scopic critical current density, J., takes the form:

r 1— tanh 7 h2 77
JCJO/de(L)Tv( anh7 ”)/(COS T 77)
J 1 —tanhng cosh” ng
sin (rBAgL/®Py)
FBAQL/@O

We assumed p(L) = k?Le " where k = 2/(L). By
putting 8 = k®y7%°/(mrBAg) = Bo7"®, the integral of
equation (1) can be solved analytically, so that the macro-
scopic critical current density can be written as:

_ 1 —tanh77n cosh? 77
= () / (o)
B/ +1) coth (n/2)
B2/(B2 4+ 1) coth (78/2)"

(1)

(2)

We fitted the experimental J. values with equation (2).
It turns out that the agreement between the experimental
data and the fit curves is satisfactory both before and after
irradiation (Figs. 6a and 6b). The fitting parameter values
Jo, v, Mo, PBo are reported in Table 1 for both samples.
The data shown in the above quoted figures as well as the
relative fitting curves and parameters were evaluated at
a given internal local induction field, B, = 20 mT. They
can be considered representative of the J. vs. T behaviour
in our samples at low fields. Namely, by the comparison
between the Figures 1c and 1d, in the vortex penetrated
part of the samples, the current density profile exhibits a
constant behaviour despite the change of the local field.
Moreover also by changing the external applied field in
the range explored with our magneto-optical analysis (up
to 150 mT) no significant J. changes as a function of field
are exhibited [28].
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Table 1. Fit parameter values obtained by the best fitting of the critical current density dependence on temperature of both
the films before and after irradiations with equation (2). In the last row the mean values of the Josephson junction length as
deduced by the fits are reported. The reported errors are the diagonal elements of the co-variance matrix evaluated from the

second derivatives of the chi-square function [41].

#J2_2 #J2.2 #J2.4 #J2.4 #J2.4
before irr. after irr. before irr. after irr. after irr.
¢ =2.5x 10" p/ecm ™2 ¢ =5.0x10" p/em™? ¢ =1.0 x 10'® p/cm™?
Jo (10" A/m?) 1.67£0.01 1.89 £ 0.02 1.77 £ 0.01 1.54 £ 0.01 1.34 £0.01
¥ 1.48 + 0.02 1.49 + 0.05 1.44 + 0.01 1.39 + 0.04 1.43 +0.02
Mo 0.34 £0.01 0.36 = 0.03 0.26 £0.01 0.29 £0.01 0.31 £0.01
Bo 6.70 = 0.29 7.34 £0.30 7.71£0.40 9.71 £0.88 12.94 £0.94
(L)(nm) 305+ 1.3 279+ 1.1 26.5+ 1.4 211+ 1.9 158 +1.2
2.0 T T T T T T for the magnetic thickness is equivalent to the assump-
O Before irradiation tion of (y as a pure geometric parameter. From [y values,
®  After irradiation : ~ . .
1.6 B o assuming that (o ~ 1 [19,34] both before and after irradi-
N’g (¢=2.5-10" p/em’) ation, we can estimate the change of the mean value (L)
. of the junction length distribution. Consistently, (L) de-
2 fit with Eq. (2) - . O . ’
_2 12 it with Eq. (2) creases after irradiation (as reported in the last row of
ﬁg Tab. 1). Moreover, taking into account that the fit param-
=~ 0.8+ 1 eter 79 depends on the inverse of the decoherence length,
- following the model suggested in reference [39], its increase
0.4+ g after irradiation can indicate on average an irradiation-
{ Sample #12 2 @ induced stronger depression of the superconducting order
oo+ parameter inside the junction-like pattern.
0 10 20 30 40 50 60 70 80 90
T (K) .
4 Conclusions
In this paper the effect of the 3.5 MeV proton irradiation
——TT—T——T——TT on critical current density in c-axis oriented YBCO thin
1.6 A Before irradiation films was investigated by means of quantitative magneto-
& After 1 irradiation optical analysis. The irradiation fluence was increased up
< (¢=5-10" p/em’) to temperature-modulated damage thresholds. Namely a
E 124 v After 2" irradiation 7 temperature dependent crossover from enhancement to
_2 (¢,,= 110" p/em’) J. damage is exhibited by increasing the irradiation doses.
= ’ . In order to gain insights into the mechanisms controlling
— 0.8 ]
- fit with Eq. (2) the collective vortex lattice behaviours limiting the cur-
—° rent flow, the J. dependence on temperature was anal-
0.4 . ysed before and after irradiation, at three different doses.
Sample #)2 4 (b) Looking forward to the application of YBCO films for
0.0 P - electronic devices with reproducible performances in hard
Y0 10 20 30 40 50 60 70 80 90 environment, this aspect has to be checked in presence

T (K)

Fig. 6. Experimental critical current density dependence on
temperature (symbols) evaluated before and after irradiations
for the sample #J2_2 (a) and #J2_4 (b) at a local magnetic
induction field of 20 mT and corresponding best fitting curves
(solid lines) with the equation (2) (see text).

The increasing of both Gy = k®y/(wBAy) and 1y pa-
rameters after irradiation are consistent with the expec-
tation of the chosen model [12,19]. Namely the expression
A(B,T) = ((T)(®o/B)"/? = (o(1 = T/T.)""%(®0/B)"/?

of defect densities lying in a large range of values, and
across a wide range of temperature. It turns out that,
both before and after irradiation and in the whole anal-
ysed temperature range, the J. vs. T curves can be ac-
counted for by a JJ-like formalism [38]. In particular the
vortex lattice arrangement at all temperatures results in
a current density mirroring the current across an average
row of short Josepshon junctions, whose length is deter-
mined by the defect density. The chief quantity that allows
applying the JJ formalism to a vortex distribution in a de-
fected matrix is a suitably defined temperature-dependent
magnetic thickness of the junctions, which substitutes the
usual magnetic penetration in JJs.
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In conclusion Josephson junction-like effects could

dominate the vortex lattice lay-outs and fast dynamics
across heavily defected YBCO films.
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