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Using the high-resolution Faraday technique, domain patterns of flux penetration in heavy-ion-
irradiated YBazCu3O~7_s thin films are obtained. To compare the influence of different projectiles,
the samples were irradiated with 25-MeV oxygen ions, 230-MeV nickel ions, and 1-GeV lead ions
with various fluences perpendicular to the sample surface and hence parallel to the c axis of the
materials. The irradiation with 10 produces point-defect cascades mainly perpendicular to the
path of the projectile whereas the irradiation using *®Ni ions creates spherical regions of amorphized
material along the path. The 2°8Pb ions create columnar tracks along the ¢ axis of the material.
For a simultaneous observation of irradiated and unirradiated regions of a single epitaxial thin film,
only one-half of each sample was exposed to the irradiation. To obtain data for the acting-volume
pinning forces and the local critical current densities, a numerical calculation also regarding the
curvature of the flux lines is carried out. Oxygen and nickel irradiation lead to an enhancement
of the critical current density by a factor of 2. By lead irradiation, an enhancement of the critical
current density up to a factor of 5 is obtained. This critical current density at the largest fluence used
reaches the theoretical predictions for an enhancement of the critical current density by means of
irradiation-induced columnar tracks. The effects of the irradiation-induced defects are compared to
those of the pinning sites present in the background pinning. The density of the irradiation-induced
columnar defects and their influence on the pinning are compared to the density and effect of screw
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dislocations.
centers because of their small density.

I. INTRODUCTION

The high-energy heavy-ion irradiation provides a way
to induce defects into superconductors that are well de-
fined in number and shape. So, the influence of irradia-
tion on the critical current density, j., and on the pinning
potential was studied in many publications for the case of
single crystals!~7 and of sintered samples,®~!! but only a
few papers deal with irradiation influences on thin films.
Roas et al.!? studied the effect of 25-MeV oxygen irra-
diation in laser-ablated thin films. To date, only the ex-
periments by Roas et al. and Schmitt!® using 173-MeV
Xe ions deal with the effect of columnar tracks on j. in
thin YBasCusOr_s films.

Columnar tracks with a larger diameter are produced
by 0.5-GeV iodine or 1-GeV lead irradiation. These de-
fects have been shown in previous papers®~7 to be the
most effective pinning centers in single crystals. How-
ever, it is most interesting to study the influence of ir-
radiation in samples which already show large critical
current densities prior to irradiation.

Using the high-resolution Faraday (HRF) technique we
are able to measure the acting pinning forces and criti-
cal current densities locally. This enables one to study
the flux penetration simultaneously into irradiated and
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Our results clearly indicate that screw dislocations do not act as effective pinning

nonirradiated regions of a single sample under the same
experimental conditions. This is the reason why of all our
samples only a part of the sample was exposed to the irra-
diation. Previous magneto-optical experiments*%7 have
shown the advantages of the local observation studying
the influence of irradiation-induced defects in high-T, su-
perconductors. Using a numerical calculation procedure
it is possible to derive true values for the critical current
densities from the Faraday observations in thin films.
The aim of this paper is to show domain pat-
terns of the flux-line penetration in heavy-ion irradiated
YBayCu3zOr—s (YBCO) thin films and to compare the
effects of irradiation on thin films and on single crystals
to each other. The irradiation-induced defect density of
columnar tracks produced by means of 1-GeV lead ions is
compared to the density of screw dislocations in thin films
which are described as an important pinning mechanism
in previous papers.1%1% In Sec. II, the sample prepara-
tion, characterization, and irradiation procedure will be
presented. In Sec. III, the method used to calibrate the
flux-density profiles and the numerical calculation of j,.
also regarding the curvature of the flux lines is described.
Section IV shows the results of the magneto-optical ob-
servations in partially irradiated thin films. In Sec. V,
we will discuss the effects of different irradiations on the
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critical current densities obtained and we compare the
effect of irradiation-induced defects to the effect of screw
dislocations and to the underlying background pinning.
Finally, in Sec. VI we will summarize our results.

II. SAMPLE PREPARATION
AND IRRADIATION

The experiments shown in this paper are carried out
on two types of thin YBCO films. To allow a comparison
with the earlier experiments of Roas et al.,!3 thin films
prepared at Siemens Laboratories, Erlangen'® are used.
These films were prepared by laser ablation on SrTiO3
substrates with a film thickness of 300 nm.

The other experiments were carried out on sputtered
YBCO thin films.!? These thin films were prepared
by planar dc sputtering from a sintered, stoichiometric
YBayCu3zO7_;s pellet. The temperature of the SrTiOg
substrate was about 750 °C. For the chosen preparation
conditions (O2 pressure 2.3 mbar, distance target — sub-
strate 19 mm) the deposition rate was 1.3 nm/min. The
thickness of the film was measured by optical interfer-
ence microscopy at an etched step to be 320 or 450 nm.
The c-axis orientation was confirmed by x-ray diffraction.
Typical T, values for this preparation charge were about
87 K.

All samples were chemically patterned to a circular
shape 2 mm in diameter. To obtain an easier handling in
the various experimental stages, the samples were glued
onto copper sample holders.

For all irradiations, the beam direction was chosen per-
pendicular to the surface of the thin films and hence par-
allel to the c axis of the materials. The oxygen irradia-
tion was performed at the low-temperature facility of the
tandem accelerator at the University of Erlangen. Dur-
ing the irradiation, the samples were cooled with liquid
nitrogen and warmed up afterward to room temperature.

The irradiation with nickel ions was carried out at
the Hahn-Meitner Institute, Berlin (VICKSI) at room
temperature also with the beam direction perpendicular
to the crystal surface. The irradiation with 1-GeV Pb
ions was performed at GANIL (Caen, France) using the
same arrangement of the samples and of the beam as at
VICKSI. This irradiation was carried out at room tem-
perature.

In order to study simultaneously the flux penetration
in damaged and undamaged material we irradiated only
one part of the sample while covering the other part with
an absorber. Effects of ion implantation could safely be
neglected due to the small thickness of the thin films
compared to the projected range of the projectiles (ap-
proximately 20 um). The irradiation fluences are chosen
to allow a comparison with the previous papers by Roas
et al.1? (irradiation with 25-MeV oxygen ions) and with
results on single crystals.4®7

For use with the HRF technique, all samples were care-
fully cleaned before the coating with the Al layer (~ 100-
nm thick) and with the magneto-optical active coating of
EuSe (=~ 200-nm thick).

III. FARADAY EFFECT

The experiments are performed using the optical cryo-
stat and microscope which is described in detail in
Refs. 18 and 19. Observations by means of the HRF
technique are possible only in the temperature range 5
K < T < 20 K. The lower temperature limit is given
by the technology of the cryostat, the upper boundary is
imposed by the temperature-dependent Verdet constant
of the europium chalcogenides.?® In this paper we show
observations of the Shubnikov phase at a temperature of
T = 5 K. The images can be observed directly at the
microscope or may be transferred to an image-processing
system for analyzing purposes.?! The external magnetic
field is generated by a copper solenoid coil producing a
maximum field of 0.3 T. However, the method to obtain
the critical current densities is different from the paper
dealing only with single crystals.®?° First, the calibra-
tion technique shown in Ref. 22 is followed. To calibrate
the measured intensity, I, in terms of the local flux den-
sity, B, two fixed points are determined: In the Meissner
phase at the center of the sample we have B, = 0 mT. Far
away from the sample edge on the SrTiOg3 substrate, the
measured intensity corresponds directly to the external
field, poHext- Using these fixed points, every intensity
measured can be expressed in terms of B,.

The critical current density can be expressed as

e = (1/po) - curlB. 1)

In the case of a circular sample showing a radially sym-
metric penetration of the flux follows (in cylindrical co-
ordinates):

o 8B, 0B,
Je, o = 1/po [—5; ~ 5 ] 2)

and

fp,r = jch- (3)

As shown in Ref. 23, the critical current density is gov-
erned not only by the usual flux-density gradient 8B,/0r
but also by the gradient

OB, 0B, R
5z |~ |4 (4)

which is larger by the factor R/d. The relation (4) holds
for films with a thickness, d, lower than the London pen-
etration depth, AL, as long as the applied field is below
the full penetration field, poH*. In the case of a thin film
with a thickness d = 500 nm and a radius R = 1 mm the
factor R/d is approximately 2000. As the HRF technique
allows only a detection of B, /8r, a numerical calcula-
tion technique was developed in Ref. 24, based on previ-
ous calculations.25—27 For these calculations, the current
distribution, j(r), in the film is approximated by N con-
centric current loops which are spaced equidistantly so
that the measurement is reproduced via the Biot-Savart
law. This model corresponds to a homogeneous current
density distribution in the z direction. Such an approx-
imation is valid for films with a thickness d lower than

~
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the London penetration depth, Ar. To obtain the gradi-
ent 8B, /0z, a numerical fit to the data is performed (see
Fig. 2). From this fit, not only this gradient could be
calculated but also the resulting critical current density,

Je-

IV. MAGNETO-OPTICAL OBSERVATIONS

All magneto-optical observations presented through-
out this paper are carried out at a temperature T = 5 K.
The external magnetic field is in all cases applied perpen-
dicular to the sample surface and therefore parallel to the
c axis of the material. The Shubnikov phase is imaged as
bright domains, the Meissner phase remains dark. In all
images presenting domain structures, the left half of the
all thin films is the irradiated region whereas the right
half is unirradiated.

A. Oxygen irradiation

To allow a comparison to the earlier experiments by
Roas et al.,® samples prepared at Siemens Laboratories,
Erlangen, with a thickness d = 300 nm are used for the
observations. The irradiation fluences chosen for our ex-

FIG. 1. Domain patterns observed on sample Y4 (oxy-
gen irradiation, ®t = 6.0 x 10 ions/cm?). The Shubnikov
phase is imaged as bright domains, the Meissner phase re-
mains dark. On the substrate, which is also covered with the
magneto-optical active layer, the local flux density, B., out-
side of the sample is detected. Only the left half of the sample
was exposed to the irradiation. (a) poHext = 27 mT. Due to
the large demagnetizing factor of the thin film, the flux pen-
etrates immediately along the border between the irradiated
and the nonirradiated parts of the sample. (b) poHext = 109
mT. (c) poHext = 273 mT. The full penetration field, poH*,
is nearly reached in the nonirradiated area. (d) The corre-
sponding remanent state (uoHext = 0 mT) to (c). At the
sample edges, flux lines of negative sign are clearly visible.

periments are in the range where an enhancement of the
critical current density, j., was found in the previous
work of Roas et al.®

As an example for our experimental procedure on thin
films, we show domain patterns of an oxygen-irradiated
sample (Y4, irradiated at a fluence &t = 6.0 x 104
ions/cm?). In Figs. 1(a)-1(d), the domain structures of
sample Y4 are presented. Only the left half of the sample
was exposed to the irradiation. High-quality thin films
which are patterned as circles show a radial flux pene-
tration. This was already pointed out in Refs. 17 and
22. If the critical current density is markedly changed
in the irradiated half of the sample as is the case in the
sample presented here, the flux penetration is different as
a deeper flux penetration is found in the nonirradiated
area. The radial symmetric flux penetration is addition-
ally disturbed at the border between the irradiated and
nonirradiated regions of the sample which is due to the
differences in the critical current densities flowing along
the gradients toward the Meissner regions. Due to the
large demagnetizing factors of the thin film samples, this
behavior is clearly visible and much stronger as compared
to the behavior of the single crystals. As pointed out al-
ready in Ref. 7, the domain pattern of a partly irradiated
sample enables one to reconstruct the domain structures
which would be obtained in an unirradiated or a fully ir-
radiated sample if the sample is defect-free and regularly
patterned. An important feature for thin films is clearly
visible in the figure as the local flux density, B,, shows a
large enhancement at the sample edge. This behavior is
also shown in the flux-density profiles of Fig. 2.

Figure 1(a) shows the domain structure obtained at
HoHexy = 27 mT. It is clearly visible that the two parts
of the sample act independently from each other. In
Fig. 1(b) (o Hext = 109 mT), the flux begins to penetrate
into the irradiated region starting from the border be-
tween the irradiated and the nonirradiated region. Figure
1(c) shows the sample at an external field pgHex, = 273
mT. The full-penetration field, uoH*, is nearly reached
in the unirradiated area whereas in the irradiated area a
small Meissner phase resides indicating an enhancement
of ine critical current density, j.. As shown also in Table
I, jc is enhanced by a factor of 2. Figure 1(d) presents the
remanent state after applying an external magnetic field
of pigHexy = 273 mT. As shown in previous papers, 172829
a remanent state in a high-T, sample consists of three do-
mains: Beginning at the sample edge, newly entered flux
lines of negative sign are found. This bright domain is
followed by the so-called annihilation zone (B, = 0, dark
belt) separating the domain of pinned vortices (also im-
aged as a bright domain). For the pinned vortices we
use the term “positive direction” whereas the newly en-
tered vortices are called “negative” or inverse vortices.
The annihilation zone is due to an attractive interaction
between the vortices of different sign leading to an anni-
hilation of flux lines. The negative flux lines are caused
by the stray fields of the pinned vortices. In the unirra-
diated area of the crystal, the domain of inverse vortices
is much larger showing the coupled behavior between the
two kinds of vortices.

Flux-density profiles measured in irradiated and unir-
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TABLE I. Critical current densities obtained for oxygen-irradiated (25-MeV) YBCO thin films.
These samples were prepared at Siemens Laboratories, Erlangen, using laser-ablation technique.
The film thickness is 300 nm. j.(0) denotes the critical current density of the unirradiated area,
Je(®t) the critical current densities obtained after irradiation. The temperature in the experiments
isT=5K.

Pt 3(0) Jo(®t) Je(21)/3¢(0)
Sample (10 ions/cm?) (107 A/cm?) (107 A/cm?)
Y1 1.0 3.6 3.6 1.0
Y2 2.0 3.2 3.8 1.2
Y3 4.0 4.5 5.7 1.3
Y4 6.0 4.0 7.2 1.9

radiated areas of the sample as presented above are
shown in Fig. 2. The upper plot corresponds to the non-
irradiated area, the lower plot to the irradiated region.
The symbols denote the measured data, the solid lines
the corresponding numerical fits. Corresponding to the
semiempirical method introduced in Ref. 24, a current
density distribution, j(r), can be fitted to the experimen-
tal data, B,(r), so that the measurement is reproduced
via the Biot-Savart law. From this current density distri-

nonirradiated
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O poH,,= 82mT
E | & oMy = 55 mT o
— L0 wmH,, = 27 mT
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0
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200
-
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FIG. 2. Flux-density profiles obtained at sample Y4 at
various external magnetic fields. The upper plot illustrates
the measured profiles in the nonirradiated area, the lower plot
shows the flux-density profiles of the irradiated region. The
flux-density profiles are read radially; the point » = 0 denotes
the center of the sample, 7 = 1 the sample edge. The symbols
are the measured data, the solid lines denote the numerical
fits to the data.

bution, the radial field component, B,(r), which is at the
moment not accessible to the experiment, can be calcu-
lated (see Fig. 3). The center of the sample is located at
r = 0, the sample edge at 7 = 1. For the flux-density pro-
files shown, the flux penetration starting from the border
is neglected. As in such partly irradiated samples the ra-
dial symmetry of flux penetration into the whole sample
is disturbed, the flux-density profiles are read in homo-
geneous regions showing a radial penetration of flux. For
the calibration in terms of the flux density, B,, it is nec-
essary to read also data outside of the sample, e.g., the
local flux density on the substrate.?? The flux-density
profiles into the samples are nearly linear in this field
range and show a large overshoot at the sample edge.
This overshoot reflects the large demagnetizing factors
of the thin films. The flux-density profiles of the irradi-
ated region show this behavior as more expressive as the
profile obtained at poHext = 41 mT has a maximum at
B, = 109 mT. In the unirradiated area, the profile mea-
sured at poHext = 55 mT has an overshoot up to B, =
110 mT.

The numerically fitted flux-density profiles allow a cal-
culation of the undetectable gradient, 0B, /0z. The re-
sults of this numerical calculation are shown in Fig. 3

B, [mT]

__‘IOO 1 1 1 1 | 1 1 L 1 1 L 1

FIG. 3. Numerical calculations of the undetectable flux
gradient, a_;a;n using the model described in Ref. 15. The data
shown correspond directly to the flux-density profiles B,(r) of
the nonirradiated area of the thin film (upper plot of Fig. 2).
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at various applied external fields for the unirradiated re-
gion. B, denotes the radial component of the magnetic
induction [see also Eq. (2)]. It is clearly visible that B, is
largest at the sample edge. To the center of the sample,
B, shows a large, monotonous decrease.

In Fig. 4, the behavior of the volume pinning force, f,
on the local flux density, B,, is shown for both regions.
In this low-field regime, the volume pinning forces are
continuously growing. Clearly visible is the enhancement
of fp due to the irradiation (see also the j. data given in
Table I). Sample Y4 shows an enhancement of the critical
current density by a factor of 1.9.

Fluence-dependent observations of all samples Y1-Y4
are shown in Figs. 5(a)-5(h) at the same external fields
poHext = 27 and 109 mT. In Figs. 5(a) and 5(b), sample
Y1 is shown (&t = 1.0 x 10'4 ions/cm?). As is also vis-
ible from Table I, no differences between the irradiated
and unirradiated regions is found. Sample Y2 [Figs. 5(c)
and 5(d)], irradiated at ®t = 2.0 x 10 ions/cm?, is
represented. Due to the large demagnetizing effects oc-
curring at surface irregularities these regions are immedi-
ately penetrated by the flux. A small difference between
the two regions can be detected. In sample Y3, irradiated
at ¢ = 4.0 x 10! ions/cm? [Figs. 5(e) and 5(f)], this
behavior becomes more obvious. Also, the differences
between the penetration depths in both areas are well
visible. Figures 5(g) and 5(h) present again the sample
Y4 (®t = 6.0 x 10'* jons/cm?) for comparison with the
other samples.

The data for the critical current densities j.(0), which
are measured in the nonirradiated region, and j.(®t) ob-
tained from irradiated areas are summarized in Table I.
The data for the critical current density are nearly con-
stant in the field range 0 — 0.15 T. To allow a comparison
of data measured on various thin films, also the relative
enhancement, j.(®t)/j.(0), is listed in the Table. In this
way, the data become comparable with each other in spite
of the scatter of the sample quality. Sample Y1 shows no
enhancement of the critical current density due to the
irradiation. In samples Y2 — Y4, a continuous growing of
the relative enhancement of the currents is found.

10 T T T T T T T T T
r nonirradiated
5 8 | - - irradiated -
! 4
£ e
P4 6 -7 -
o L -7 ]
o -7
S 4t .-
— L _-
<2 7 2
olezrrc o v o
0 20 40 60 80 100

B, [mT]

FIG. 4. Dependence of the calculated local volume pin-
ning force density, fp, on the local field, B., of the sample
Y4. The solid line corresponds to the nonirradiated area, the
dashed line denotes the data after irradiation. In this field
regime, the f,(B;) curves are stetic growing.

B. Nickel irradiation

For this kind of irradiation, sputtered thin films (Uni-
versity of Erlangen) with a thickness of d = 450 nm are

FIG. 5.

Fluence dependence of the domain patterns ob-
tained from oxygen irradiated samples. All thin films (laser-
ablated films prepared at Siemens Laboratories, Erlangen)
have the same thickness of 300 nm. (a) Sample Y1, irradiated
at &t = 1.0 x 10'* ions/cm?. The external magnetic field is
poHext = 27 mT. (b) poHext = 109 mT. No visible difference
between the two areas is found in this sample. (c) Sample
Y2, irradiated at &t = 2.0 x 10'* ions/cm?®. The external
magnetic field is poHext = 27 mT. (d) poHext = 109 mT.
(e) Sample Y3, irradiated at ® = 4.0 x 10** ions/cm®. The
external magnetic field is poHext = 27 mT. (f) poHexs = 109
mT. (g) Sample Y4, irradiated at &t = 6.0 x 10** ions/cm?.
The external magnetic field is po Hext = 27 mT. (h) poHext =
109 mT.



378 TH. SCHUSTER et al. 47

TABLE II.

Critical current densities obtained for nickel-irradiated YBCO thin films. These

experiments are carried out on sputtered thin films with a film thickness of 450 nm. j.(0) denotes
the critical current density of the unirradiated area, j.(®t) the critical current densities obtained
after irradiation. The temperature in the experiments is T = 5 K.

ot Je(0) Je(21) Je(®t)/5¢(0)
Sample (10! ions/cm?) (107 A/cm?) (10" A/cm?)
Y5 2.0 5.0 6.0 1.2
Y6 5.0 3.8 5.2 14
Y7 10.0 3.6 6.9 1.9

used. The fluences of irradiation are chosen so as to ob-
tain an enhancement of j. at every fluence. In Figs. 6(a)—
6(f), dose-dependent measurements on 230-MeV nickel-
irradiated samples are presented. For each sample Y5-
Y7 two external applied magnetic fields (ugHexy = 68
and 178 mT) are shown. Also in this case, the flux pen-

FIG. 6. Fluence dependence of the domain patterns af-
ter 230-MeV Nickel irradiation. The YBCO thin films were
prepared at the University of Erlangen using a sputter tech-
nique; the film thickness is 450 nm. (a) Sample Y5, &t = 2.0
x 10 jons/cm?, poHexy = 68 mT. (b) pioHext = 178 mT. (c)
Sample Y6, &t = 5.0 x 10" jons/cm?, pioHexs = 68 mT. (d)
HoHext = 178 mT. (e) Sample Y7, &t = 1.0 x 10*? ions/cm?,
toHext = 68 mT. (f) poHext = 178 mT. This sample is the
only one of this series showing a visible irradiation effect.

etrates the sample radially. Figures 6(a) and 6(b) show
sample Y5 (®t = 2.0 x 10! ions/cm?). The differences
found in the irradiated and nonirradiated regions are rel-
atively small. Figures 6(c) and 6(d) present sample Y6,
irradiated at ®¢ = 5.0 x 10! ions/cm?. The influence of
irradiation becomes more intensive as compared to sam-
ple Y5. Sample Y7 [Figs. 6(e) and 6(f)], irradiated at
(9t = 1.0 x 102 ions/cm?), illustrates clearly the influ-
ence of irradiation as in the unirradiated region the full
penetration field, uoH™*, is nearly reached at poHext =
178 mT, whereas in the irradiated area a large amount
of Meissner phase is present in the sample. The results for
the critical current densities, j.(0) and j.(®t), are sum-
marized in Table II. All samples show an enhancement
of the critical current density due to irradiation, but the
results are similar to the oxygen irradiation as nearly the
same maximum enhancement is obtained. The fluences
chosen for these experiments are identical to the DyBCO
single crystals presented in Ref. 7, so the results can be
compared directly.

C. Lead irradiation

As pointed out in Refs. 3 and 7, the lead irradiation
produces columnar defects along the ¢ axis of the films
using the arrangement of beam and sample as in this
paper. Accordingly, this kind of irradiation is expected
to create the most effective pinning centers. Also, for this
kind of irradiation the sputtered YBCO thin films with
a thickness d = 450 nm are used.

Figures 7(a)-7(h) present domain patterns of samples
Y8-Y11 irradiated at different fluences. The external
applied magnetic fields are the same for each series, e.g.,
HoHext = 27 and 109 mT except for sample Y10. Fig-
ures 7(a) and 7(b) show sample Y8 which was irradiated
at &t = 7.0 x 10! ions/cm?. No visible difference be-
tween the irradiated and the unirradiated half can be
found in the domain patterns. The same behavior is ob-
tained on sample Y9 [Figs. 7(c) and 7(d); ®t = 9.0 x
100 jons/cm?]. Then, Figs. 7(e) and 7(f) illustrate the
domain patterns obtained on sample Y10, which was ir-
radiated at ®¢ = 10.0 x 101° ions/cm?. In this sample, a
slight difference in the flux penetration is found (see also
Table IIT). Note that the external magnetic fields are dif-
ferent from the rest of the series (toHext = 14 and 34
mT), as the sample has a smaller thickness d = 320 nm.
This smaller thickness leads to an even larger demagne-
tizing factor, so the flux penetrates deeper into the sam-
ple at the same external magnetic fields. In Figs. 7(g) and
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7(h), sample Y11 irradiated at ®¢ = 30.0 x 101 jons/cm?
is shown. This sample presents a large enhancement of
jo from 1.3 x 107 A/cm? to 6.7 x 107 A/cm? yielding
a factor of enhancement of 5.1. The data obtained for

g

FIG. 7. Fluence dependence of the domain patterns af-
ter lead irradiation (1-GeV lead ions). These experiments are
also performed on sputtered YBCO thin films with a thick-
ness of 450 nm. (a) Sample Y8, irradiated at &t = 7.0 x 10'°
ions/cm?, poHexy = 27 mT. (b) poHexs = 109 mT. The do-
main pattern shows no visible difference between irradiated

and unirradiated areas. (c) Sample Y9 (&t = 9.0 x 10'°
ions/cmz), poHext = 27 mT. (d) poHext = 109 mT. Also this
sample shows a radial symmetric flux penetration. (e) Sam-
ple Y10 (&t = 10.0 x 10'° ions/cm?), poHext = 14 mT. (f)
poHext = 35 mT. (g) Sample Y11, irradiated at ¢ = 30.0 X
10° ions/cm?, poHext = 27 mT. This sample is the only one
in this series showing a large enhancement of j.. (h) poHext =
109 mT.

this sample reach the theoretical limit as calculated in
Refs. 6 and 28. This will be discussed in Sec. V. The
domain pattern [Fig. 7(h)] shows a large Meissner phase
in the irradiated region whereas in the unirradiated area
of the sample, the full penetration field, poH*, is reached
already.

In Table III, the data for the critical current densities
are summarized. Samples Y8 and Y9 show no enhance-
ment of j. due to irradiation. In sample Y10, only a small
enhancement is detected, whereas sample Y11 shows a
large enhancement of j.(®t) as expected from the results
on single crystals.!

V. DISCUSSION

The high-resolution Faraday effect (HRF) technique
provides a useful tool to study the effect of irradiation
also in thin films of high-T, superconductors. The results
presented in Sec. IV show the advantages of the local ob-
servations of Shubnikov phase which are possible using
the HRF technique. This allows a simultaneous obser-
vation of flux penetration in irradiated and unirradiated
parts of one sample. By this method, experiments be-
fore and after irradiation, which are unavoidable in other
experiments due to a scatter in sample quality, can be
avoided by using the HRF technique.

As already mentioned in the discussion to Fig. 1, it is
possible to reconstruct the domain structure which would
be obtained on a nonirradiated or fully irradiated thin
film starting from the domain pattern of a partly irradi-
ated, defect-free sample which is regularly patterned.

The irradiations with 0.5-GeV iodine ions and 1-GeV
Pb ions produce columnar tracks along the projectile
paths in the target materials.?~7 Magneto-optical obser-
vations on iodine-irradiated single crystals are shown in
Refs. 4, 6, and 7. Such defects act as effective pinning
centers if the external field is oriented parallel to the
tracks. Our results also allow us to compare the different
influences of 25-MeV oxygen irradiation, 230-MeV nickel
irradiation, and 1-GeV lead irradiation on the pinning
behavior.

So, it is most interesting to study the effect of lead irra-
diation which proved to create the most effective pinning
centers,” also in thin YBCO films which already show
large critical current densities prior to irradiation. From
the results obtained in Refs. 1-7, a large enhancement
of the critical current densities was expected also in the
YBCO thin films. However, as it can be seen from Table
ITI, on the samples irradiated at low fluences (sample Y8:
&t = 7.0 x 100 ions/cm?, sample Y9: &t = 9.0 x 10°
ions/cm?) no differences in the radial flux penetration
into irradiated and nonirradiated areas are found thus
leading to no enhancement of the critical current density.
Only the sample irradiated at &t = 30.0 x 10!° ions/cm?
(sample Y11) shows an enhancement of j.. What is the
reason for such a behavior?

To find an explanation we consider at first the re-
sults on lead-irradiated single crystals to allow a direct
comparison with the results obtained in this paper. On
lead-irradiated Bi 2:2:1:2 and DyBCO single crystals,”
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TABLE III.

Critical current densities obtained for lead-irradiated YBCO thin films. For these

experiments, sputtered thin films with a thickness of 450 nm are used. j.(0) denotes the critical cur-
rent density of the unirradiated area, j.(®t) the critical current densities obtained after irradiation.

The temperature of the experiment is T = 5 K.

ot Je(0) Je(P1) Je(2t)/3e(0)
Sample (10° jons/cm?) (107 A/cm?) (107 A/cm?)
Y8 7.0 6.8 6.8 1.0
Y9 9.0 3.8 3.8 1.0
Y10 10.0 1.3 14 1.1
Y11 30.0 1.3 6.7 5.1

an enhancement from j.(0) = 3.3 x 10% A/cm? to 30.5
x 10° A/cm? was obtained for Bi 2:2:1:2 crystals and
from j.(0) = 2.1 x 10% A/cm? to 40.5 x 10° A /cm? for
DyBCO crystals also using 1-GeV lead ions with a flu-
ence ®t = 9.0 x 100 ions/cm? (Bi 2:2:1:2) and a fluence
&t = 10.0 x 10! ions/cm? (DyBCO). These data reveal
that a limit for the attainable critical current density ex-
ists for every fluence and every projectile which does not
depend on the target material. This behavior was found
in Ref. 7 investigating two types of single crystals and dif-
ferent kinds of irradiation (lead ions, iodine ions). Based
on calculations by Conner and Malozemoff,2? we may as-
sume that the critical current density of single crystals
determined by using the HRF technique is about a factor
2-3 too low since the effect of flux-line curvature was not
considered. So, a limit for the critical current density,
Jetim = 1.2 x 107 A/cm? at a fluence &t = 10.0 x 10'°
ions/cm? results.

In previous papers®%30 the maximum attainable crit-
ical current density, jcmax, due to irradiation-induced
columnar tracks was calculated to jemax = 6-7 X
107 A/cm?2, regarding the interaction of one single vor-
tex with one columnar track. The difference between the
calculated value, jcmax, and the measured limit, jc lim,
on single crystals at smaller irradiation fluences than <
30.0 x 100 jons/cm? can be explained by taking into
account the local distribution of the irradiation-induced
columnar tracks in the sample.231 If the columnar tracks
are equally distributed, we are able to calculate a dose-
equivalent field, Bs, where the number of flux lines in
the sample equals the number of defects. This field can
be expressed as By = ®g - (Pt), with ¢ denoting the
elementary flux quantum. At a fluence ®t = 10.0 x 100
ions/cm?, a dose-equivalence field of 2 T results which
is considerably larger than our field range 0-0.3 T. As
in reality the defect density varies locally, pinning-free
paths for the flux lines result. So, not all flux lines are
pinned at the columnar tracks thus leading to a smaller
critical current density as calculated with jc max.

Table III shows that the critical current densities of the
unirradiated thin films [j.(0) of samples Y8 and Y9] are
larger than the limit, jcm, due to irradiation-induced
columnar tracks obtained on single crystals. For sample
Y10 we obtained j.(0) = 1.3 x 107 A /cm?; this value cor-
responds to jclim. In this sample, an irradiation-induced
enhancement of j. up to jo(®t) = 1.4 x 107 A/cm? is
found. In sample Y11, irradiated at a fluence &t = 30.0

x 10%° jons/cm?, an enhancement of j. by a factor of
5.1 up to j.(®t) = 6.7 x 107 A/cm? is obtained; this
value corresponds to the theoretical limit, jc max. As al-
ready found in the investigations on lead-irradiated sin-
gle crystals, at this fluence a maximum enhancement of
je is obtained because, due to the matching effect, all
vortices are pinned at irradiation-induced defects. So, a
further increase of the irradiation fluence is expected to
yield no further enhancement of the critical current den-
sity in the field range investigated here. If the sample
Y8, showing already a j.(0) = 6.8 x 107 A /cm? prior to
irradiation, would be irradiated with our largest fluence,
we expect that no enhancement of the critical current
density would be observed. As shown in the flux-density
profiles of Figs. 2 and 3, another important point is given
by the curvature of the flux lines in the thin film samples.
The columnar tracks induced by lead irradiation are ori-
ented parallel to the ¢ axis of the superconductors and,
therefore, are straight defects. The curvature of the flux
lines implies that a vortex could not be pinned on the
whole length by such a straight defect. Following the de-
scription given in Ref. 32, the maximum tilt angle, amax,
can be written as

Qmax = tan"1(Jd/2H). (5)

In this equation, J denotes the current density, d the
thickness of the sample, and H the external magnetic
field. Equation (5) is valid for large demagnetizing fac-
tors, e.g., if d < R (R denotes the sample radius). For
a current density of 2.0 x 107 A/cm? and a thickness
d = 450 nm, a maximum tilt angle between 65° and 15°
results in the field range of 10~150 mT used in our ob-
servations. In reality, the resulting tilt angles are smaller
because in Eq. (5) the influence of the line tension and
of the pinning are not considered. Table III shows that
in sample Y11 a large enhancement of j. is obtained.
At a large fluence like &t = 30.0 x 10!° ions/cm? a
large density of defects results. As measured in TEM
investigations,? the diameter of the columnar tracks is
approximately 10 nm. If we calculate the resulting den-
sity of defects induced at this fluence, 23% of the sample
should be covered with such defects. With such a density
of defects, a curved flux line intersects many columnar
tracks due to the small distance between the defects. At
a tilt angle of 45 ° (uoH = 50 mT) and with the data
given above, a curved flux line intersects about 5-6 latent
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tracks, if we assume the tracks to be spaced equidistantly.
In Figs. 7(g) and 7(h) the overshoot of the local flux den-
sity, B, is clearly visible in both regions of the sample
indicating the large demagnetizing factor and the pres-
ence of curved flux lines. As a concluding remark we note
that even if the tilt angles calculated using Eq. (5) are
present in the sample the columnar tracks will still act
as an effective pinning center as a curved flux line inter-
sects many such defects at high defect densities. If the
flux lines are not strongly curved the straight columnar
tracks act as well as very effective pinning sites as found
in the investigations on single crystals. The irradiation
using 230-MeV nickel ions creates spherical regions of
amorphized material like “pearl chains” of defects along
the projectile path. The diameter of the so-produced
channels is smaller than that of the columnar tracks cre-
ated by iodine or lead irradiation. So the condition for
the calculation of jc max on the basis of linear defects is
not fulfilled in this case. If we compare the results of the
Ni irradiation on the DyBCO single crystals of the previ-
ous paper’ to the data obtained on samples Y5-Y7, the
relative enhancement of j. is approximately the same.
This clearly shows the influence of irradiation regardless
of the type of the defect structure. However, the effec-
tive values for j.(0) and j.(®t) are larger for thin films.
The sample Y7, irradiated at a fluence &t = 1.0 x 1012
ions/cm? shows a value for j.(®t) near to the theoret-
ical limit, j;max, due to columnar tracks. Curved flux
lines are pinned nearly on their whole length by many
pinning sites due to the resulting high density of defects.
So, the effectiveness of extended spherical pinning sites
in thin films is as large as that of the columnar tracks
due to lead irradiation. As the relative enhancement of
je found on nickel-irradiated DyBCO single crystals us-
ing the same fluences is similar to those obtained in thin
films, the irradiation with Ni ions at large fluences pro-
duces defects which are not comparable in size and shape
to the columnar tracks created by lead ions. The effec-
tiveness of the pinning centers produced by Ni irradiation
is only due to their large density.

Such a large value of j.(®t) is also found at sample Y4,
irradiated at a fluence &t = 6.0 x 104 ions/cm? where
the critical current density is enhanced to j.(®t) = 7.2
x 107 ions/cm2. In Ref. 12, the displacement per atom
(dpa) due to irradiation was calculated as n = 4.8 x
10718 ¢cm? . ®. To obtain an enhancement of j., not only
the direct displacement of atoms contributes to enhance-
ment of the volume pinning forces, mainly the formation
of defect cascades which are oriented perpendicular to the
paths of the projectiles and consist of displaced atoms, is
responsible for the enhancement of j.. If the irradiation
fluence is large enough, the so-produced defects show a
similar pinning effect as the defects created by irradia-
tion with nickel ions. For the irradiation with 25-MeV
oxygen ions we have chosen samples made by Roas et
al.16 This allows a comparison of our results to the pre-
vious work concerning oxygen irradiation by Roas et al.1?
The enhancement of the critical current densities in our
observations coincides well with the results of Roas et
al. In the following, we will discuss various sources of
pinning in the high-T, superconductors and a possible

simulation of these defects by heavy-ion irradiation. It is
widely accepted in the literature that intrinsic pinning is
present in the high-T, materials if the magnetic field is
applied perpendicular to the c axis.33~3% Another source
of pinning may be due to pinning at surfaces, which at
present is only suggested by a few authors.3® Crystal
defects which are important for the pinning in high-T,
superconductors are point defects,3¢ chemical impurity
phases,37~39 stacking faults,® screw dislocations,!415:41
and twin boundaries.4243 We will focus attention in the
following to the crystal defects which can be produced
by heavy-ion irradiation. The heavy-ion irradiation of-
fers a method to induce defects of the same geometry
as the background pinning sources up to even larger de-
fect densities without the technological problems which
will arise in processing samples with well-defined varying
defect densities.

In the literature, screw dislocations are described as
sources of the high-j. values found in thin films.14:15:41
In STM analysis,**~46 the maximum defect density
of these dislocations was measured to be 1.5 x 10°
dislocations/cm?. The dislocation core was assumed to
be aligned parallel to the ¢ axis of the thin film and is
considered to act as the pinning center. The columnar
tracks induced by lead irradiation have a geometry sim-
ilar to these dislocation cores, so a direct comparison
of both kinds of defects becomes possible. Our inves-
tigations on heavy-ion irradiation-induced defects reveal
that a given enhancement of the critical current density,
Je,lim, corresponds to each irradiation fluence. To reach
the theoretical value of jc max, an irradiation fluence of
@t = 30.0 x 10'° jons/cm? is required which is a factor
of 200 larger than the maximum density of screw disloca-
tions measured so far. If we calculate a dose-equivalent
field, Bscrew, but using the maximum density of screw
dislocations, we obtain Bgcew = 30 mT. This field will
be reached at small external magnetic fields of pgHext ~
4 mT due to the large demagnetizing factors of the thin
films (see, also, the flux-density profiles of Fig. 2). The
curvature of the flux lines is to be regarded. As shown
in the discussion above, the influence of the curvature of
the flux lines is stronger at low-defect densities than at
large defect densities.

STM measurements?” have shown that screw disloca-
tions are also present in YBCO single crystals with ap-
proximately the same density as in thin films of YBCO.
So, the background pinning in thin films and single crys-
tals due to screw dislocations is approximately equal.
This also shows that a comparison of the effects of heavy-
ion irradiation in single crystals and thin films is possible.

The chemical impurity phases such as Y;O3 and
Y2BaCuOs have platelet or needlelike shapes as found
in HRTEM observations37—3%48 in thin films of YBCO.
The density of these defects is approximately 106 cm—3
and the diameters of these precipitations are in the range
from 50 to 100 nm.37 The irradiation of superconductors
with ions such as nickel or oxygen allows a simulation
of the pinning effect of these precipitations, if a large ir-
radiation fluence is used. The so-induced defects act as
effective pinning centers as can be seen from the domain
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patterns obtained on samples Y1-Y7.

These results suggest that such chemical impurity
phases play a major role in the background pinning. The
large number of such defects found in thin films also im-
plies that such samples have a granular structure. So,
also, pinning at grain boundaries as in the case of Nb3Sn
(Refs. 49-51) might contribute to the background pin-

ning.

VI. CONCLUSIONS

We have shown that the HRF technique is a very useful
tool with which to investigate the effects of irradiation-
induced defects also in YBCO thin films. Our method
also provides the possibility to study simultaneously the
flux penetration in irradiated and unirradiated areas of a
single partly irradiated sample. In a well-defined sample
geometry it is possible to reconstruct the domain pat-
terns which would be obtained in a nonirradiated or fully
irradiated sample.

We have shown that the most effective pinning centers
are created by the formation of columnar tracks due to
lead irradiation. The data obtained at the largest flu-
ence of &t = 30.0 x 10° ions/cm?2, reach the theoretical
limit, jcmax, for the enhancement of j. due to the cre-
ation of columnar tracks. Our investigations suggest the
existence of an experimental limit, jc lim, Which is not
dependent on the target material corresponding to each
irradiation fluence and to each projectile. This limit is
smaller than jc max due to a local variation of the defect

density thus leading to pinning-free paths for the flux
lines.

At high-irradiation fluences, nickel and oxygen irradi-
ation also produce very effective pinning sites leading to
Jc data which are comparable to jcmax. The effectiveness
of these pinning centers is caused only by their large den-
sity. It is shown that the heavy-ion irradiation provides a
method to simulate pinning centers which are present in
the background pinning without the technological prob-
lems which will arise in the preparation of samples with
varying defect structures. A comparison of the pinning
behavior of lead-irradiation-induced columnar tracks to
that of screw dislocations clearly indicates that the den-
sity of screw dislocations is far too low to be responsible
for the large j. values found in thin films. Our results
suggest that chemical impurity phases, whose pinning
behavior can be simulated by irradiation with nickel or
oxygen ions, play a major role in the background pinning.
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FIG. 1. Domain patterns observed on sample Y4 (oxy-
gen irradiation, ®t = 6.0 x 10 jons/cm?). The Shubnikov
phase is imaged as bright domains, the Meissner phase re-
mains dark. On the substrate, which is also covered with the
magneto-optical active layer, the local flux density, B., out-
side of the sample is detected. Only the left half of the sample
was exposed to the irradiation. (a) poHext = 27 mT. Due to
the large demagnetizing factor of the thin film, the flux pen-
etrates immediately along the border between the irradiated
and the nonirradiated parts of the sample. (b) poHex = 109
mT. (¢) poHext = 273 mT. The full penetration field, poH",
is nearly reached in the nonirradiated area. (d) The corre-
sponding remanent state (uoHext = 0 mT) to (c). At the
sample edges, flux lines of negative sign are clearly visible.



FIG. 5. Fluence dependence of the domain patterns ob-
tained from oxygen irradiated samples. All thin films (laser-
ablated films prepared at Siemens Laboratories, Erlangen)
have the same thickness of 300 nm. (a) Sample Y1, irradiated
at ®t = 1.0 x 10 ions/ecm?. The external magnetic field is
poHexe = 27 mT. (b) poHext = 109 mT. No visible difference
between the two areas is found in this sample. (c) Sample
Y2, irradiated at ®t = 2.0 x 10 ions/ecm?. The external
magnetic field is poHexe = 27 mT. (d) poHext = 109 mT.
(e) Sample Y3, irradiated at ®t = 4.0 x 10** jons/cm?. The
external magnetic field is poHext = 27 mT. (f) poHexe = 109
mT. (g) Sample Y4, irradiated at &t = 6.0 x 10'* ions/cm?.
The external magnetic field is po Hext = 27 mT. (h) poHext =
109 mT.



FIG. 6. Fluence dependence of the domain patterns af-
ter 230-MeV Nickel irradiation. The YBCO thin films were
prepared at the University of Erlangen using a sputter tech-
nique; the film thickness is 450 nm. (a) Sample Y5, &t = 2.0
% 10" ions/cm?, poHext = 68 mT. (b) poHext = 178 mT. (c)
Sample Y6, $t = 5.0 x 10'! ions/cm?, poHext = 68 mT. (d)
poHexy = 178 mT. (e) Sample Y7, &t = 1.0 x 10'? ions/cm?,
poHext = 68 mT. (f) poHext = 178 mT. This sample is the
only one of this series showing a visible irradiation effect.



FIG. 7. Fluence dependence of the domain patterns af-
ter lead irradiation (1-GeV lead ions). These experiments are
also performed on sputtered YBCO thin films with a thick-
ness of 450 nm. (a) Sample Y8, irradiated at &t = 7.0 x 10*°
ions/em?, poHext = 27 mT. (b) poHexs = 109 mT. The do-
main pattern shows no visible difference between irradiated
and unirradiated areas. (c) Sample Y9 (&t = 9.0 x 10'°
ions/em?), poHext = 27 mT. (d) poHext = 109 mT. Also this
sample shows a radial symmetric flux penetration. (e) Sam-
ple Y10 (&t = 10.0 x 10'° ions/cm?), poHext = 14 mT. (f)
toHext = 35 mT. (g) Sample Y11, irradiated at &t = 30.0 x
10" ions/cm?, poHext = 27 mT. This sample is the only one
in this series showing a large enhancement of jc. (h) poHext =
109 mT.



