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Linear defects were introduced in high-temperature superconductors~HTSC’s! by high-energy heavy-ion
irradiation. Flux penetration into partly crossed and parallel irradiated HTSC’s was observed by magneto-
optics. The obtained flux distributions show that the critical current densityj c in cross-irradiated HTSC’s is
larger by a factor up to 14 than in parallel irradiated HTSC’s.

The knowledge of the flux-line~FL! pinning and depin-
ning mechanisms is particularly important for high-
temperature superconductors~HTSC’s! for both the improve-
ment of their performance in technical applications and the
theoretical understanding of type-II superconductivity.1 To
our present knowledge, the most effective pinning centers for
FL’s are linear defects~LD’s!, which can be introduced into
HTSC’s by high-energy heavy-ion irradiation.2 LD’s also al-
low features of the FL lattice to be investigated,3 e.g., depin-
ning processes or the differences between two- and three-
dimensional FL’s. In infinitely extended samples, depinning
of FL’s oriented parallel to the LD’s can occur only by kink-
pair nucleation in the volume as considered by Brandt4 and
in the statistical theory of thermal depinning from randomly
distributed LD’s~Bose-glass model!.5 In finite samples FL’s
can also depin by the nucleation of single kinks between two
LD’s at the sample surface, which requires a lower activation
energy than the nucleation of kink pairs. These kinks slide
along the LD’s without pinning; see Fig. 1~a!. The existence
of the nucleation of single kinks at the sample surface is
supported by recent experiments6,7 on obliquely irradiated
HTSC’s. Investigations of FL’s inclined to the LD’s by a
large angle are of particular interest if one wants to produce
nonparallel LD’s in order to increasej c and the irreversibility
temperatureTirr above that of LD’s parallel to the FL’s.7–9

For effective pinning the kinks have to be impeded from
sliding along the LD’s. This can happen at the sites where the
distance between two nonparallel LD’s is smallest. The kinks
nucleate at the sample surface and slide the short distance
until they are trapped between two crosswisely running
LD’s; see Fig. 1~b!. For FL depinning from these traps three
different depinning modesA, B, andC are considered@see
Ref. 7 and Fig. 1~c!#. In modeA, thermal fluctuations depin
the FL at the trap, such that the kink runs on a smooth curve,
which shortens the acute angle between the two LD’s; see
Fig. 1~c!. For sufficiently large fluctuations, the kink can
reach a third LD and, when a section of the FL is pinned

there, the kink is split into a kink pair. Both kinks~of the
kink pair! slide antiparallel along the LD’s until they are
trapped again between two nonparallel LD’s at their smallest
distance. ModeB is the well-known kink-pair nucleation as
considered in Refs. 4 and 5, which occurs for flux motion
when FL’s and LD’s are parallel to each other. Because of the
different geometrical arrangements of FL’s and LD’s, mode
A has a lower activation energy than modeB. At the obtuse
angle in modeC depinning occurs similarly to modeA, but
now the FL must be stretched to extend the kink towards the
next LD in the direction of flux motion, which requires a
higher activation energy than modeA. Therefore, modeC
can safely be excluded in the following considerations. The
difference between the depinning modesA and B was re-
vealed by magneto-optic observations of the anisotropic flux
penetration in cross-irradiated DyBa2Cu3O72d ~DBCO!
crystals.6,7 The measured ratio of the pinning forces of
modesA andB is between 1.1 at lowT’s and 2.3 near the
superconducting transition temperatureTc . This strongly in-
dicates that FL motion in DBCO occurs because of the two
different depinning modesA and B. In Bi2Sr2CaCu2O81d

~Bi2212! such a difference was not observed.7 This result
was attributed to the pancake structure of the FL’s in Bi2212.

In the present paper we show directly that crossed LD’s
are more effective pinning sites than parallel LD’s. As shown
in a recent paper10 magneto-optics provide an extremely sen-
sitive tool to study spatial variations of the critical current
density j c . We introduced crossed LD’s in only one-half of
each sample. The other regions of the samples were then
irradiated perpendicular to the sample surface. We present
local observations of the qualitatively different flux penetra-
tion in both parts of one sample, thus avoiding the influence
of the large scatter in the quality of HTSC’s on our results.
The magneto-optically detectable difference inj c may be
even smaller than aj c inhomogeneity in each part of the
sample before irradiation.

PHYSICAL REVIEW B 1 FEBRUARY 1996-IVOLUME 53, NUMBER 5

530163-1829/96/53~5!/2257~4!/$06.00 2257 © 1996 The American Physical Society



Our single crystals of DBCO were prepared withTc 5 91
K and a transition widthDTc 5 1 K by a self-flux method as
described in Ref. 11. The preparation route of the Bi2212
single crystals is given in Ref. 12. The obtained crystals had
Tc 5 88 K andDTc 5 2.2 K. The sample thickness was
about 15mm for the DBCO crystals and about 20mm for the
Bi2212 crystals.

LD’s were produced by irradiating the samples at room
temperature with 500-MeV Xe ions at the Hahn-Meitner-
Institut in Berlin, Germany. The range of this projectile also
exceeds the thickness of the samples for oblique irradiation.
The sample holder can be fixed on the mounting plate at the
three anglesw 5 0°, 145°, and245°; see Fig. 2~a!. During
the irradiation, one-half of each sample was covered by a
500-mm-thick aluminum absorber in order to allow both
parts to be irradiated independently from each other. The
absorber can be rotated by 180° as indicated by the arrow in
Fig. 2~b!. With this sample holder we irradiated one half of
each sample perpendicular to the sample surface (w50).
Subsequently we introduced crossed LD’s in the other part

(w5645°). For each angle setting (w5145° and245°)
we irradiated the sample to half the fluence as used for per-
pendicular irradiation, such that the total fluenceft 5 1 3
1010 cm22 is the same for both parts. During the crossed
irradiation the incident ion beam was directed along the ab-
sorber edge to ensure that the produced LD’s do not extend
into the perpendicular irradiated sample part; see Fig. 2~c!.
The edge of the absorber is justified exactly on the diameter
of the sample holder, such that the differently irradiated parts
do not overlap or are separated by an unirradiated zone.
Since the fluence is measured for a perpendicular cross sec-
tion of the ion beam, we have a lower number of defects per
unit area~measured parallel to the sample surface! in the
obliquely irradiated parts of the samples, but the LD’s are
longer. Thus the damaged volume, which is the relevant pa-
rameter for a comparison ofj c , is equal in both parts. A
homogeneous defect density was achieved by waving the ion
beam over the sample surface. The heavy-ion irradiation re-
ducesTc by about 0.5 K at the fluence used.

To visualize the magnetic flux distribution we use the
magneto-optical Faraday effect in ferrimagnetic garnet films
with an in-plane anisotropy. The full description of this tech-
nique is given in Ref. 13. This technique allows us to ob-
serve flux distributions in the whole temperature range 5 K
<T<Tc with a spatial resolution of about 3mm. The lower

FIG. 1. Sketch of FL motion in the presence of parallel and
crossed LD’s. The directions of FL and kink motion are indicated
by arrows. The FL’s are the bold lines; the LD’s are sketched as
oblique cylinders. Hidden FL segments are plotted in grey.~a! The
kinks ~segments of the FL’s between two LD’s!, which are nucle-
ated at the sample surface, slide along parallel LD’s.~b! The kinks
of the FL’s slide along the LD’s until they are trapped at the small-
est distance between two nonparallel LD’s.~c! The kinks are now
trapped and run between the nonparallel LD’s. The FL’s are ther-
mally depinned by different activation processes labeledA, B, and
C as indicated. The run of the depinned kinks is indicated by the
dotted lines.

FIG. 2. Sketch of the sample holder and the irradiation arrange-
ment.~a! A cross section of the sample holder mounted for irradia-
tion atw 5 45°. ~b! A plan view of the sample holder. The edge of
the absorber is located exactly on the diameter. Only one-half of
each sample is exposed to the ion beam. To expose the covered part
of the samples to the ion beam, the absorber can be rotated as
indicated by the arrow. The exact position of the absorber is ensured
by a notch.~c! Sketch of the ion-beam direction with respect to the
sample.
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temperature limit is given by the cryostat used.14

To discuss our results, we choose one DBCO single crys-
tal, which exhibits a typical behavior of our numerous
samples before and after irradiation. Figure 3 shows the flux
penetration into a partly crossed and parallel irradiated
DBCO single crystal in perpendicular magnetic fields of
m0Ha 5 85 mT ~a!, 171 mT~b!, and 256 mT~c! at T 5 50
K. The bright areas represent the Shubnikov phase into
which FL’s have already penetrated, whereas the flux-free
Meissner phase remains dark. The black frame marks the
sample edges. Crossed LD’s (w5645°) were introduced
only into the left part of the sample, whereas the right part
contains parallel LD’s oriented perpendicular to the sample
surface as sketched in Fig. 2~c!. The boundary between the
two parts runs perpendicular to the upper sample edge start-
ing from its center. The deeper flux penetration into the right
part of the sample as compared to the cross-irradiated left
part shows that the critical current densityj c is more strongly
enhanced by crossed LD’s than by parallel ones (j c

p). In Fig.
3~c! the critical state, i.e., complete flux penetration is
reached in the parallel irradiated part of the sample, whereas
a large Meissner phase remains in the cross-irradiated region.

From the external magnetic fieldH*5( j cd/2)ln(4a/d)
~thicknessd, half width a!, when the differently irradiated
regions are just completely penetrated by flux, we can de-
duce the ratio of the lowerj c ~depinning modeA! in the
cross-irradiated region andj c

p . The ratio of the larger~depin-
ning modeB! and the lowerj c ~depinning modeA! in the
cross-irradiated part can be determined from the flux distri-
bution when the cross-irradiated sample part is in the critical
state.10 In Fig. 4 the temperature dependence ofH* is plotted
for the unirradiated crystal (s), the parallel irradiated (h),
and the cross-irradiated (n) part of the sample. Note that
H* for the cross-irradiated part is determined by the depin-
ning modeA. From the increase ofH* caused by irradiation
at a given temperature we can conclude that the critical cur-
rent density is enhanced. For example, atT 5 50 K, j c is
enhanced from 1.73105 A/cm2 by a factor of 1.5 because of
parallel irradiation and even by a factor of 3.5 because of
crossed irradiation. The inset shows the ratioj c / j c

p versus
temperature for depinning modeA (3) determined from the
H* values and for depinning modeB (1). The temperature
behavior of j c / j c

p indicates that the activation energy in the
cross-irradiated part of the sample is larger than the activa-
tion energy in the parallel irradiated region. As stated above,
the different activation energies are caused by the different
depinning processes by kink-pair and surface-kink nucle-
ation. The ratio j c / j c

p for depinning modeA can also be
determined from the flux distribution in the critical state.10

These values nicely agree with the data plotted in the inset in
Fig. 4.

The same experiments were performed with partly
crossed and parallel irradiated Bi2212 single crystals. Be-
cause of the pancake structure of the FL’s, we cannot observe

FIG. 3. Flux distribution in a DBCO single crystal after irradia-
tion with 500-MeV Xe ions. Crossed LD’s were introduced only
into the left part of the sample, whereas the right part contains
parallel LD’s. The magnetic fieldHa is applied perpendicular to the
sample surface and the observation temperature is 50 K.~a! m0Ha

5 43 mT, ~b! 85 mT, and~c! 128 mT.

FIG. 4. Temperature dependence of the full penetration field
H* of unirradiated (s), parallel irradiated (h), and cross-
irradiated (n) DBCO. The inset shows the temperature dependence
of the ratio j c / j c

p . (3) is j c limited by depinning modeA. (1) is
j c caused by depinning modeB.
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the different depinning modesA andB in the cross-irradiated
sample parts. We found that the ratio of the critical currents
in both sample partsj c / j c

p'1.5 is temperature independent
in the range 5 K<T< 80 K. Therefore, we conclude that
flux motion proceeds by depinning of single pancake vorti-
ces, which requires the same activation energy for parallel
and crossed LD’s. The difference between the critical current
densities in both sample parts is then because of the geo-
metrical arrangement of the LD’s. For parallel LD’s the pan-
cake vortices can depin at every place along the LD. One
depinning event is then enough to move all pancakes to the
next LD. For crossed LD’s the vortices depin preferentially
at the crossover of two nonparallel LD’s. In the this case,
many more depinning events than for parallel LD’s must
occur for a real FL motion. The factor of 1.5 between the two
critical current densities flowing in both sample parts should
be obtained from statistical considerations.

In summary, by magneto-optics we observed flux penetra-
tion into partly crossed and parallel irradiated DBCO and
Bi2212 single crystals. We have shown that FL’s are more
strongly pinned by crossed LD’s than by parallel ones. In

DBCO the ratio of the critical current densities flowing in the
parallel and crossed irradiated sample parts increases with
temperature from unity up to about 6 for depinning modeA
and up to a factor of about 14 for depinning modeB. This
finding is attributed to the different depinning processes by
single-kink nucleation at the sample surface in the presence
of parallel LD’s and by kink-pair nucleation in the presence
of crossed LD’s. In Bi2212 we found that the ratio
j c / j c

p'1.5 is temperature independent in the range 5 K
<T< 80 K. This was attributed to equal activation energies
in both sample parts.
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