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Evidence for line vortices in Bi~Sr2CaCu2os
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Bi2Sr2CaCu20, (BSCCO) crystals were irradiated with 5.8-GeV Pb ions to produce columnar defects
either along the c direction or at 45 with respect to it. Magnetization curves of the irradiated BSCCO
crystals were measured with the applied field at different directions relative to the defects. The width of
the magnetization curves, which reflects the pinning strength, is found to be the largest for fields along
the defects. This unidirectional enhancement clearly indicates the line nature of the vortices in BSCCO.

In layered high-tetnperature superconductors (HTS)
with weak Josephson coupling between the layers, such
as in Bi2Sr2CaCu208 (BSCCO), it is expected that the vor-
tices would be in the form of a linear chain of two-
dimensional (2D) pancakes mainly coupled by the
Josephson currents. ' Such vortices, although different
from Abrikosov vortices, should still maintain their line
features and it should be possible to tilt them by an exter-
nal magnetic field. Experimental results for BSCCO
showed that the formation of vortices is mainly related to
H~, the component of the field that is perpendicular to
the layers, whereas the component parallel to the layers
seemed to penetrate freely. A possible interpretation of
this experimental observation is that the Cu02 layers are
not coupled by Josephson interaction and thus the vor-
tices are in form of 20 pancakes that are coupled only by
magnetic interactions. In this case the magnetization de-
pends only on H~ and the vortices do not maintain their
line features in the sense that it should not be possible to
tilt them by an external magnetic field. ' However, as was
pointed out recently, these experimental results can
also be attributed to the large anisotropy in the screening
currents in BSCCO, since in this case the magnetization
depends mainly on H~. In this alternative interpretation
there are no special assumptions about the decoupling of
the Cu02 planes or the breakdown of line feature of vor-
tices. Therefore, at this stage these experimental data
are not univocal either concerning the coupling between
the layers or regarding the line features of the vortices.

The purpose of this paper is to present experimental
evidence for line features of vortices in BSCCO crystals.
Our measurements were performed in crystals irradiated
with high-energy Pb ions. In such irradiation each ion
produces a continuous amorphous track, with a diameter
of 5 —7 nm, that crosses the crystal, and the induced
columnar defects serve as oriented pinning centers for the
vortices. Measurements of HTS irradiated with heavy

ions have been recently used for the study of the nature
of the vortices. Gerhauser et al. report on small pin-
ning energies in irradiated BSCCO crystals and attribute
this observation to single-pancake depinning. They find
that the measured pinning energy agrees quantitatively
with theoretical estimates for vanishing Josephson cou-
pling. However, this quantitative comparison suffers
from uncertainty in the values of g,b and A,,t„and, thus,
the relatively small pinning energies, which are also ob-
served in irradiated YBCO crystals, can be attributed to
the low energy of kink formation, ' with no special as-
sumption regarding the vanishing of Josephson coupling
between the layers. Thompson et al. studied vortex
features in BSCCO crystals that were irradiated at
different angles relative to the c axis. They measured the
magnetization curves with the applied magnetic field in
various directions relative to the defects at temperatures
below 50 K and reported on very small differences be-
tween the curves. Their interpretation was that this
behavior is due to the 2D nature of BSCCO. However,
we report here on apparent unidirectional pinning, par-
ticularly above 50 K. This clearly indicates that the vor-
tices can be tilted away from the defects by the applied
field and can thus provide an unambiguous indication of
their linear nature.

Irradiation was carried out at the Grand Accelerateur
National d'Ions Lourds (CxANIL, Caen, France), with a
beam of 5.8-GeV Pb ions at room temperature. The total
fiuence was 10" ions/cm; thus there is one vortex per
columnar defect at a field of 2 T, which is above our max-
imum field of 1.6 T. The magnetization curves were mea-
sured with the applied field at different angles P with
respect to the c direction. All the measurements were
performed on an Oxford Instruments vibrating-sample
magnetometer (VSM), which allows a rotation of the
sample relative to the magnetic field. We have used two
samples, namely a 1.6X0.95X0.046-mm crystal irradi-
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ated along the c direction and a 1.6X0.9X0.046-mm
crystal irradiated at 45 relative to this direction. We
refer to these crystals as IRO and IR45, respectively. As
a reference, we also performed measurements on an unir-
radiated (UIR) 1.25X0.75X0.07-mm sample from the
same batch. Sample preparation is described in Ref. 11.
The transition temperature T, =85 K of the UIR samples
is reduced by less than 0.5 K after irradiation.

Figure 1 shows the critical current of IRO, IR45, and
UIR at H =0. 1 T as a function of temperature. In this
figure the field is along the c direction for UIR and IRO,
and it is along the defect for IR45. The critical currents
were measured using the Bean critical model for
samples of rectangular cross section, J,=20 hM /
[d, (1—d, /3d2)], where d, ~ d2 are the sides of the rec-
tangle, and hM is the difference between the magnetiza-
tion in the ascending and descending branches of the
magnetization curves. ' It is clear that the critical
current is significantly increased after irradiation, indicat-
ing that the columnar defects are efficient pinning centers
in BSCCO and that at these temperatures the intrinsic
bulk pinning is negligible relative to pinning by columnar
defects. Similar critical currents were reported previous-
ly for irradiated and unirradiated BSCCO crystals. '

In Fig. 2 we compare the magnetization curves of IR45
for /=0 and +45 at T =60 K. The angle P is measured
relative to the c axis, and /=45' is the direction of the
defects for this sample. This sample allows us to com-
pare curves for angles P =+45, which, without the
columnar defects, are symmetric relative to the c axis.
Thus, it is obvious that any difference between each pair
of curves is due to the interaction between the vortices
and the columnar defects. Note in Fig. 2, and also in
Fig. 3, that the magnetization M =m/cosP, where m is
the measured magnetization and P is the angle between
the field and the c direction. This is done in order to
correct for the fact that the VSM measures the com-
ponent of the magnetization along the field, whereas the
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FIG. 2. Magnetization curves of IR45 at T =60 K, where
the field is at angles / =0' and +45' with respect to the c direc-
tion. Note that M =m/cosP, where m is the measured magne-
tization, and H~=H cosP. Inset: the temperature dependence
of the relative anisotropy (RA) in IR45 at various fields.

magnetization vector points in the c direction. ' In order
to compare magnetization curves with the applied field at
different angles relative to the c direction, we take into
account that the main response of the sample magnetiza-
tion is due to H~. As discussed above, this scaling is
strictly valid when the planes are not coupled by Joseph-
son currents, but it is quite adequate also in the presence
of Josephson coupling in the case of high anisotropy.
Anyway, it is noteworthy that this scaling does not affect
the comparison between magnetization curves taken with
the field at symmetric angles relative to c (e.g. , +45') for
which the cosP terms have identical values.

The width of the magnetization curves of Fig. 2
demonstrates that the pinning strength is larger when the
field (and the vortices) are aligned along the defects. The
smaller width that is observed when the field is not along
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FIG. 1. The critical current density of IRO (circles), IR45
(squares), and UIR (diamonds) at H =0. 1 T as a function of
temperature. The field is along the c direction for UIR and for
IRO, and along the defect for IR45 ~

FIG. 3. Magnetization curves of IR45 at T=40 K, where
the field is at angles /=0', +30', and +45' with respect to the c
direction. Note that M=m/cosP, where m is the measured
magnetization, and H~ =H cosP.



48 BRIEF REPORTS 3525

this direction indicates that in this case the vortices are
not fully trapped in the columnar defects. Instead, the
vortices are aligned in a direction determined by the ap-
plied field. This unidirectional pinning is clearly ob-
served in all the numerous magnetization curves of IRO
and IR45 and is particularly pronounced at temperatures
T 50 K. As discussed above, this possibility of tilting
the vortices by the external field demonstrates the intrin-
sic line features of the vortices. Such intrinsic line
features should be observed in unirradiated samples as
well. However, they are difFicult to observe in the UIR
sample since there are no intrinsic unidirectional defects
that could give rise to such a pronounced dependence of
the magnetization curves on the field direction.

It is clear that the observed unidirectional pinning ex-
cludes the previous suggestions that the magnetization
depends only on Hz and that the vortices behave as if
they are in the form of 2D pancakes without Josephson
coupling. If this were the case, then we should not have
observed any difference between the magnetization curves
and, in particular, when comparing symmetric angles
with respect to the c axis.

A similar unidirectional pinning enhancement has re-
cently been reported for YBazCu307 (YBCO) crystals
with columnar defects. ' We note that for YBCO it is
commonly accepted that the Aux may be described in
terms of line vortices"" and a unidirectional pinning
enhancement is expected. Another interesting observa-
tion that can be made from Fig. 2 is the fact that the
magnetization at zero field does not depend on P. Similar
observations were reported for irradiated YBCO crystals
and they were attributed to reorientation of vortices
along the defects when the intensity of fields that were
not along the defects was not sufficient to tilt the vortices
away from the defects.

The unidirectional pinning is much less pronounced at
low temperatures. Figure 3 presents the magnetization
curves at 40 K for IR45, where the applied field is at an-
gles /=0, +30', and +45' with respect to the c direction.
The main feature in this figure and in all the recorded
magnetization curves of IRO and IR45 at temperatures
T (50 K is that magnetization curves measured with the
applied field at various directions relative to the defects
are almost indistinguishable. Indeed, as we mentioned
above, there are previous similar reports on nearly isotro-
pic pinning at low temperatures in BSCCO crystals irra-
diated by heavy ions. These results were attributed to
the 2D nature of BSCCO, contrary to the 3D nature of
YBCO. Apparently, our results at higher temperatures

are in convict with this conclusion. Moreover, even at
T+50 K our recent preliminary measurements, with
greater sensitivity, reveal that there is still unidirectional
pinning, implying that the vortices also maintain their
line features at lower temperatures. This last point, how-
ever, needs further study.

The inset of Fig. 2 present typical data for the tempera-
ture dependence of the relative anisotropy (RA) in IR45
at various fields. We define the RA as

AM(/=45 )
—bM($= —45 )

b M(P =45')+

AM�($

= —45')

where AM is the width of the magnetization curve for the
indicated field, which is at an angle P with the c axis.
The RA decreases sharply below 50 K, particularly in the
low-field limit. This temperature dependence of the RA
may be related to other irreversible properties that
change dramatically below 50 K. We see (Figs. I —3) that
in this temperature interval the pinning strength de-
creases significantly in the irradiated sample, and in the
unirradiated sample as well. There are also many previ-
ous reports on changes in the irreversible behavior of
BSCCO around, or below, 50 K. In particular, when the
temperature is decreased the bulk pinning is significantly
enhanced' and the first field for Aux penetration exhibits
a sharp upturn. ' Therefore, it is plausible that the in-
crease in the RA is related to the decrease in the irrever-
sibility and vice versa.

In conclusion, our data yield a clear experimental ob-
servation of unidirectional pinning of vortices in BSCCO,
which is consistent with the expected line features of the
linear chains of pancakes. This observation emphasizes
the importance of the Josephson coupling between the
Cu02 layers and excludes the interpretation of vortex
properties in BSCCO in terms of decoupled 2D pancakes
at the fields and temperatures where unidirectional pin-
ning is observed.
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