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Angle-resolved critical transport-current density of YBaqCus07 s thin films
and YBaqCus07 ~/PrBaqCu307 t; superlattices containing columnar defects

of various orientations
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Epitaxial YBa2Cu307 p thin films irradiated with swift heavy ions under different directions
showed a strongly changed angular dependence of the critical current density J (B,T, 6) in the
mixed state. Additional peaks, which dominate the angular dependence of J„appear at angles
where the magnetic field is parallel to the irradiation direction, due to the strong pinning of the
introduced linear defects. Irradiated Y'Ba2Cus07 s/PrBa2Cus07 s superlattices, however, reveal
no additional J, peaks but an isotropic J enhancement in a wide angular range. This contrary
behavior could be explained by flux lines of diAerent dimensionality.

The crystal structure of the high-T, superconductors,
where the superconducting CuO planes are separated
from each other by distances larger than the coher-
ence length in c direction g„ leads to a more or less
(2+e)-dimensional superconducting behavior, depending
on the crystal structure of each family. In this sense,
YBa2Cus07 s (YBCO) is a rather three-dimensional
(3D) anisotropic superconductor with an anisotropy pa-
rameter A = (ag/(, — 5, whereas Bi~Sr2CaCu20s
(BSCCO) (A = 60) and the Tl system (A = 100) are
nearly 2D systems with only small Josephson coupling
between the CuO planes. i This reduced dimensionality
has strong implications on the anisotropy of the super-
conducting properties and on structure and dynamics of
the flux lines (FLs) penetrating the superconductor in
the mixed state. The angular dependence of the crit-
ical current density J,(B,T, 8) of YBCO is, e.g. , domi-
nated by strong intrinsic pinning due to the reduced order
parameter between the superconducting CuO planes2
and the 2D BSCCO system results in an extremely
high, temperature- and Beld-dependent anisotropy ratio
of the critical current density J, '/JP~' because of the
magnetic transparency in the B J c direction. s s For
YBCO the FLs are rather conventional Abrikosov vor-
tices, whereas for the 2D BSCCO or Tl systems the FLs
are strings of 2D point vortices or "pancakes, " which are
only weakly coupled. " This reduced dimensionality
of the Aux line lattices has also strong implications on

the pinning behavior of columnar defects. The strong
pinning activity of columnar defects induced by heavy
ion irradiation was shown by measurements of trans-
port properties and magnetization, for both the
YBCO and the BSCCO system. TEM investigations
demonstrated that the irradiation of YBCO or BSCCO
with high-energy heavy ions results, due to the high value
of the electronic energy loss of the ions inside the ce-
ramic superconductor, in the formation of linear tubes
along the ion linear path, consisting of amorphous or at
least strongly disordered material. 7 Therefore, by fix-
ing the irradiation direction relative to the crystal axes
one also determines the orientation of the linear defects.
For YBCO it was demonstrated that these linear defects
show a very selective pinning, being maximal if the
applied magnetic field is parallel to the linear defects.
BSCCO showed no such effect of a selective pinning due
to the reduced dimensionality of this system. An elegant
method to modify the dimensionality of the YBCO sys-
tem is the preparation of YBaqCus07 s/PrBa2Cu307 —$

(YBCO/PBCO) superlattices. is According to the num-
ber of non-superconducting PrBaqCus07 s (PBCO) unit
cells introduced and the modulation wavelength of the
superstructure, one can vary the coupling between the
YBCO layers in a broad range. Consequently, also the
FL structure should be modifiable in the YBCO system
by preparing these superlattices. To test the dimen-
sionality of the FLs and the exact angle dependency of
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the selective pinning of linear defects, we studied in this
work the effect of columnar defects on the critical cur-
rent density anisotropy J,(B,T, 6) of YBCO thin films
and YBCO/PBCO superlattices.

Epitaxial YBCO thin films and YBCO/PBCO super-
lattices were prepared using an excimer laser deposition
arrangement, described in detail elsewhere. is ~0 In gen-
eral, we used YBCO thin films with a typical thickness of
150 nm and superlattices consisting of 3 unit cells YBCO
and variable PBCO layer thicknesses varying from 3 to 20
unit cells [e.g. (10PBCO/3YBCO) x 12 means a 12 period
superlattice, each period consisting of 10 unit cells PBCO
and 3 unit cells YBCO). The samples were patterned
by standard photolithography combined with ethylenedi-
amine tetra-acetic acid wet etching into bridges for con-
ventional four-probe transport measurements, typically
20 pm wide and up to 2 mm long. To generate linear
defects, the samples were irradiated by 770 MeV sosPb
ions at the Grand Accelerateur National d'Ions Lourds
(Caen), or by 340 MeV issXe ions at the Hahn-Meitner-
Institute (Berlin). The electronic energy loss of both ions
(g(770 Mev Pb) 3.9 keV/g, S(340 M~v x~) —2.9 keV/g)
exceeds the threshold of 2 keV/A. , where the formation
of continuous columnar defects takes place along the tra-
jectory of the ions. ~~ The total energy loss of the ions
leads to an implantation depth of 20 pm, therefore no
ion implantation occurs inside the superconducting lay-
ers. High-resolution TEM investigations show that these
defects consist of amorphous tubes with diameters of d =
50 A(Xe) or d —80 A, (Pb), penetrating the thin film over
its total thickness. The samples were irradiated under
various angles p = 0', 30, or 60, with respect to the
c-axis of the YBCO lattice (and always perpendicular
to the patterned bridge). The fluence of the irradiation
was kept constant at 8.0 x 10io ions/cm~ for all samples,
corresponding to a dose equivalent field of 1.6 T. This
fluence was chosen to achieve a significant irradiation ef-
fect in the pinning behavior of the sample, but without
any serious degradation of T,. At the fluence chosen the
T, reduction was less than 1 K. The anisotropy of the
critical current density J,(B,T, 8) was measured using
a rotatable refrigerator cooling stage which is placed in
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a normal-conducting split coil magnet with a maximum
field strength of 2 T. Rotation of the refrigerator is per-
formed by a computer-controlled stepping motor with a
relative angle resolution below 0.01 . J, was determined
using standard four-probe transport measurements with
a voltage criterion of 1 pV. The current direction was al-
ways perpendicular to the magnetic-field direction, which
rotates in a plane, defined by the c axis of the film and
the irradiation direction, as shown in Fig. 1. The irra-
diation angle ~p and the magnetic-field direction 8 are
defined relative to the c axes of the YBCO films, i.e. , the
normal of the substrate surface. If the magnetic-field di-
rection 8 equals the irradiation direction Ip or &p+180',
the magnetic field points exactly in the direction of the
irradiation-induced amorphous tubes. Figure 2 shows
the angular dependence of the critical current density
J,(B,T, 6) of a YBCO thin film before and after irradi-
ation with 770 MeV OsPb ions. To ensure strong pin-
ning by the columnar defects, a measurement field below
the dose equivalent field was chosen. Before the irradia-
tion, J,(B,T, 8) shows the well-known structure with J,
peaks arising from intrinsic pinning. 2s A common fea-
ture of the two intrinsic pinning peaks, observed in most
of the anisotropy measurements of YBCO films at higher
temperatures, are their difFerent heights due to the dif-
ferences in the pinning behavior of the film substrate and
the film vacuum interface. s After irradiation at an angle
of p = 60, the sample shows a drastically diferent J
anisotropy. The intrinsic pinning peaks are reduced by
the irradiation, but their relative height ratio remains un-
changed. The main difference, however, is the occurrence
of two additional peaks in the J, anisotropy. These two
new peaks occur for 8 exactly at the angle that corre-
sponds to the direction of the introduced linear defects.
The absolute heights of these J,-peaks are comparable
to those caused by the intrinsic pinning before the irra-
diation, indicating that the pinning strength of the arti-
ficially introduced defects is comparable to the intrinsic
pinning. Due to the fact that the intrinsic pinning peaks
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FIG. 1. Schematic representation of the irradiation and
measurement directions. [c: c axis of the YBCO thin films;J: current flow direction; P: irradiation direction; B: mag-
netic field direction; 8 = (c, H) and y = (c, P)]. J is always
perpendicular to B and c .
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FIQ. 2. J,(B,T, 8) of a YBCO thin film before and after

irradiation with 770 MeV Pb ions (irradiation directian p
= 60', irradiation fluence 8.0x 10 ions/cm ) .
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were reduced by the irradiation, the pinning of the lin-
ear defects dominates the critical current anisotropy of
YBCO. This is the case also for samples irradiated by
340 MeV '~sXe ions and miscellaneous irradiation direc-
tions, as shown in Fig. 3. The appearence of additional
peaks in the J, anisotropy of irradiated YBCO thin films
can only be explained, if one assumes the presence of
3D rather rigid FLs, which are pinned coherently by the
linear defects over distances significantly larger than the
intrinsic CuO layer spacing if the magnetic field is paral-
lel to them.

To separate the pinning behavior of the introduced

I I I I I i I t I I I I I I R I ~ ~ ~ I

0 50 100 150 200 250 300 350

8 (deg)
FIG. 3. J,(B,T, 8) of YBCO thin films after irradiation

with 340 MeV ' Xe or 770 MeV Pb ions [irradiation
direction in Fig. 3(a): y = O'; Fig. 3(b): p = 30'; Fig.
3(c): (p =60'] .

linear defects from the intrinsic pinning, we measured
the magnetic-Beld dependence of the critical current den-
sity J,(B) for fixed magnetic field directions 8 = &p and
8 = 180' —p, i.e., for the magnetic field aligned and
misaligned (symmetrical to the intrinsic pinning) to the
linear defects. Figure 4(a) shows these measurements for
the YBCO film of Fig. 2. For the magnetic-field direc-
tion 8 = 180' —y = 120' the usual J,(B) behavior could
be observed, whereas for 6 = p = 60' the critical current
density is enhanced in a broad field range. The difference
A J,(B) = Jg=~ —Jr=iso ~, which reflects the contri-
bution of the linear defects to the pinning behavior is
shown in Fig. 4{b). The critical current difference has
a maximum at a magnetic field of 0.6 T, whereas the
volume pinning force F„=BAJ, gets maximal close to
the dose equivalent Beld of 1.6 T because of matching
between the FL spacing and the mean linear defect dis-
tance. Due to the equality of the F& maximum and the
equivalent dose Beld each linear defect pins only one FL.

For the YBCO/PBCO superlattices, the situation is
quite different. Figure 5 shows the J, anisotropy of a
(3PBCO/3YBCO) x25 superlattice before and after ir-
radiation with 770 MeV OsPb ions (irradiation angle
y = 30', external field B~ = 1.0 T, T = 70 K). Before
the irradiation the sample shows the well-known J,(6)
curve which is very similar to the J,(8) behavior of the
highly anisotropic BSCCO system. s Due to the magnetic
transparency in the B J c direction, resulting from the
introduced PBCO layers, J~(B,T, 6) follows the equation
J,(B,T, 8) = J,(B = BII = B cos(8), T, 6 = 0'). After
the irradiation, the intrinsic Jc peaks are reduced, similar
to the YBCO thin film. In contrast to YBCO there are no
additional J, peaks detectable, but a strong J, enhance-
ment by a factor of 5 could be observed, which is within
a wide-angle range completely isotropic, regardless of the
particular irradiation direction chosen. This behavior re-
sults from a changed FL structure due to the presence
of the PBCO layers inside the superlattice, which decou-
ple adjacent YBCO layers. Therefore a FL consists of
a number {equivalent to the superlattice period number)
of very short (equivalent to the YBCO single layer thick-
ness) FL parts which depin independent from each other
and, because of the small YBCO layer thickness (= 36
A.), show a nearly 2D behavior comparable to the point
vortices in the BSCCO system. ~s The pinning of a FL
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FIG. 4. (a) J,(B) with the
magnetic field aligned (8
y) and misaligned (symmetrical
to the intrinsic pinning peak:
8 = 180' —p) to the linear de-
fects. (b) 4J,(B) = J,"=~-
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J, enhancement on the relative orientation between the
magnetic field and the linear defect.

In summary, we present angle-resolved J, mea-
surements of YBCO thin films and YBCO/PBCO su-
perlattices containing linear defects. For YBCO the co-
herent pinning of the FLs by the linear defects resu1t in
J, peaks, which appear exactly at the irradiation direc-
tion and dominate the intrinsic J, anisotropy. For the
irradiated YBCO/PBCO superlattices, however, we ob-
serve an isotropic J, enhancement due to a decoupled FL
structure. These measurements obviously show the co-
herent pinning capability of columnar defects in YBCO
and the strong infIuence of the FL lattice dimensionality
on this pinning behavior.

0.0
0 50 100 150 200 250 300 350

e(deg)
FIG. 5. J,(B,T, 8) of a (3PBCO/3YBCO) x25 superlat-

tice (T;" = 84 K) before and after irradiation with 770 Me&
o Pb ions (irradiation direction &p = 30') .

by a columnar defect is then reduced to an individual
pinning of these pancakelike FL parts by small disks of
the linear defect of comparable dimension (8 80 A. ,
d —36 A.), resulting in the observed independence of the
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