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We report on the visualization of vortex patterns by means of the high-resolution Bitter-decoration
technique in Bi»Sr,CaCu;Os . single crystals containing columnar defects generated via high-energy
heavy-ion irradiation. By irradiating only a part of each sample, a simultaneous decoration of irra-
diated and nonirradiated parts was possible. The columnar defects lead to a complete destruction of
translational order, whereas the vortex lattice in the nonirradiated parts exhibits hexagonal ordering.
Analyses of the decoration images yield translational correlation lengths of 1.5 to 2 flux spacings in
the nonirradiated areas and about 0.5 flux spacings in the irradiated areas.

The observation of flux lattices using the high-
resolution Bitter-pattern technique provides a method to
investigate the microscopic response of the vortex sys-
tem to the forces acting due to vortex-vortex interac-
tion as well as the interactions with pinning centers, i.e.,
crystal-lattice defects introducing disorder and the in-
trinsic layered structure of the high-7, superconductors.
A number of vortex structures have been found to exist
due to the specific properties of the high-T,. compounds,
e.g., the hexatic vortex glass,! vortex chains for magnetic
fields tilted with respect to the ¢ axis,?3 anisotropic vor-
tex structures,? and oval vortices for the magnetic field
aligned parallel to the a-b plane.’

Extended (linear and planar) defects appear to be the
most effective pinning centers for flux lines. These de-
fects can be either due to the sample preparation pro-
cedure (e.g., twin boundaries and dislocations) or arti-
ficially generated columnar defects introduced through
high-energy heavy-ion irradiation. In several papers the
pinning of vortices by twin boundaries has been con-
firmed by means of magnetic decoration."® However, the
effects of columnar defects have only been investigated
using the macroscopic magnetization®°® and transport
current methods,'!12 and by the high-resolution Faraday
technique,*®!% which yields local information about the
flux density without being able to resolve single vortices.

In this paper we report the direct observation of
vortices in BisSroCaCuy0s4., single crystals containing
columnar defects due to irradiation with 340-MeV Xe
ions. We will show simultaneous decoration of irradiated
and nonirradiated regions. The basic result of our Bitter
patterns is a highly disordered vortex state due to pin-
ning by the columnar defects, whereas the nonirradiated
parts show a hexagonally correlated flux lattice.

The BiySroCaCuz0s4 , single crystals were grown from
the melt using Al,O3 crucibles. Typical dimensions of
our samples were 1 x 2 x 0.05 mm?3 with the smallest
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direction being along the ¢ axis. Measurements of crit-
ical current densities and activation energies by means
of magnetization measurements and magneto-optical in-
vestigations, both before and after heavy-ion irradiation,
have been published elsewhere.!%:13:14

In Fig. 1 the basic setup for the irradiation procedure
is sketched. The irradiation with 340-MeV Xe ions par-
allel to the c axis was performed at the VICKSI facil-
ity of the Hahn-Meitner-Institut (Berlin). Fluences of
¢t = 5.9 x 10°, 1.2 x 10'°, and 1.7 x 101° ions/cm? were
used. To compare the defect density with the vortex den-
sity it is useful to introduce the so-called dose-equivalent
field Byy = ®o¢t, where P is the flux quantum. The cor-
responding dose-equivalent fields are By, = 1.2, 2.5, and
3.5 kG, respectively. In order to perform simultaneous
decoration on irradiated and nonirradiated parts of one
sample, each crystal was partly covered with an Cu ab-
sorber plate during the ion bombardment. The projected
range of the 340-MeV Xe ions is 21 pm, and the depth to
which the columnar defects extend is about 9 um, based
on a threshold of S, = 2 keV/A for the electronic energy

340-MeV  Xe ions

T

c axis

nonirradiated ’ irradiated
FIG. 1. Schematic setup of the irradiation experiments.
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loss. After 21 pm the projectile ions are implanted within
the crystals, leaving the lower part of the samples unaf-
fected by irradiation. Therefore each crystal consists of
three different types of “samples” labeled as No. 1, No. 2,
and No. 3: the surface sheet (No.1) containing continu-
ous columnar defects, the middle sheet (No. 2) containing
the part where the projectiles are stopped, and finally
the bottom sheet (No.3) which is not modified due to
irradiation. From high-resolution TEM investigations on
Bi;Sr;CaCuz0g4, thin films an average track diameter
of 70 A has been determined.

Freshly cleaved samples were field cooled from room
temperature down to 4.2 K with the magnetic field ap-
plied parallel to the ¢ axis and hence also parallel to the
columnar defects. At a certain (in principle unknown)
temperature Ty the vortex arrangement is frozen due
to the increasing activation energies and the decreasing
thermal fluctuations. Then the trapped flux lines were
imaged using the high-resolution Bitter technique by dec-
orating the surface of the samples with fine Fe particles.®
Figures 2 and 3 show patterns obtained on the bottom
surface of sheet No.1 (see Fig. 1) at a magnetic field
of 22 G for the crystal irradiated at the highest fluence
(Bgt = 3.5 kG). Since By is always much larger than
the applied field Beyxy we did not observe any significant
fluence dependence of the patterns. Figure 2 corresponds
to the nonirradiated half and Fig. 3 to the irradiated one.
In Fig. 2 a hexagonal vortex lattice extending over sev-
eral vortex spacings ag = y/®¢/B is clearly visible. This
confirms the good quality of the as-grown crystals. Com-
pletely different patterns are observed in the irradiated
region, as shown in Fig. 3. The positions of the vortices
are uncorrelated and no hexagonal ordering is visible. In
order to confirm that this effect is due to the irradiation

10 pm

FIG. 2. Bitter pattern for a nonirradiated region. A mag-
netic field of 22 G is applied parallel to the ¢ axis.

10 pum

FIG. 3. Bitter pattern for a region with columnar defects.
Field and scale as in Fig. 2.

induced defects, decoration patterns have been recorded
on the top surface of sheet No.3. This sheet belongs to
the lower part of the sample below the penetration depth
of the projectile ions. Patterns observed on this surface
always looked like the vortex lattice shown in Fig. 2.

A quantitative analysis of the vortex patterns can be
performed by calculating the radial correlation functions
of the images defined as

G(r)oc//I(r’)I(r’—r)dzr'dw, 1)

which is a measure for the translational order of the pat-
terns. Here I(r’) is the intensity at r’ and ¢ is the az-
imuth angle. In Fig. 4 plots of G(r) both in the irradiated
and nonirradiated region are shown. As indicated in the
decoration images, the vortex patterns in the as-grown
crystals exhibit at least short-range translational order-
ing and several peaks at mag (up to n = 3) are clearly
visible. For the irradiated parts only the nearest neigh-
bor (n = 1) yields a significant maximum in the corre-
lation function. The translational correlation length R,
has been determined by a fit to G(r) = Go(r) exp(—r/R..)
with Go(r) denoting the correlation function of the undis-
turbed triangular lattice.!® The fits are shown in Fig. 4
as lines and yield values for the correlation length of
R, = 1.5a9 to 2a¢ for the nonirradiated parts and
R. = 0.5a¢ for the parts with columnar defects, respec-
tively.

The above described results suggest that each vortex is
individually pinned by a columnar defect, resulting in an
extremely short correlation length of R, =~ 0.5a¢. Since
By, is about two orders of magnitude larger than the
applied magnetic field, the defect density clearly out-
numbers the typical vortex density. Recently it has
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FIG. 4. Shown are the radial correlation functions G(r)
both in the irradiated (closed circles) and nonirradiated parts
(open circles) for a Bi;Sr2CaCu;Osy, single crystal. Esti-
mates of the translational correlation length R. are labeled
by arrows.

been shown that columnar defects lead to a considerable
shift of the irreversibility line in BizSryCaCuyQOg,.1617
Therefore they provide relatively strong pinning centers
even at high temperatures. Upon cooling the vortices will
adjust to the randomly distributed ion tracks. Since ev-
ery vortex easily finds a defect, this situation corresponds
to the regime of single vortex pinning and a random dis-
tribution of flux lines is obtained. Therefore the transla-
tional order in the irradiated parts is highly suppressed.
For the nonirradiated parts the picture of collective pin-
ning applies, resulting in a disordered hexagonal vortex
lattice with a correlation radius between 1.5 and 2 flux
spacings. The high degree of disorder in the irradiated
region may also be a hint for a higher freezing tempera-
ture Ty compared to the nonirradiated parts.
Additionally to the disorder generated by the colum-
nar defects we observe also vortex pinning by extended
preparation-induced defects. In Fig. 5 a Bitter pattern
on the surface of a nonirradiated region is shown. Be-
sides the hexagonal vortex lattice we observe straight
lines with an extreme small vortex spacing. In fact we
have not been able to resolve single vortices along these
lines. We find these chains mainly in the nonirradiated
parts with an average density of 0.1 um™!, indicating
that columnar tracks act as more efficient pinning centers
than these defects. The vortex lattice nearby is aligned
in parallel to these line defects. However, between the
lines and the lattice there is a vortex-free belt of about
2 flux lattice constants, presumably due to the repulsion
caused by the enhanced vortex density along the lines.

10 pm

FIG. 5. Vortex pinning by extended preparation-induced
defects. Due to the reduced vortex spacing the flux lines inside
the chain cannot be resolved.

Similar patterns have been reported by Bishop et al. for
Bi;Sr,CaCuz0344, (Ref. 15) and by Grigorieva et al. for
Al-doped YBayCu3zO7_5.1%8 In Ref. 18 a correlation of
these lines with growth steps and surface undulations has
been found. It is presently unclear whether our observa-
tions correspond to the results of Ref. 18 obtained on
YBayCu3O7_s crystals, or whether these structures are
caused by stacking faults and/or dislocations.

In conclusion, we have investigated the influ-
ence of columnar defects on the vortex pattern of
Bi;Sr;CaCuz0g,4, single crystals. Simultaneous deco-
ration of irradiated and nonirradiated parts as well as
depth sensitive studies clearly demonstrate the huge ef-
fects caused by columnar defects. In the limit of high
defect densities (Bgt > Bext) a completely disordered
vortex state indicates strong pinning of single vortices by
the ion tracks. From the radial correlation function a
translational correlation length of R. ~ 0.5a¢ has been
found in the irradiated parts. This finding confirms that
vortices are individually pinned by the columnar defects.
In addition, preparation-induced extended defects have
been found to result in chains with a reduced vortex spac-
ing.
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10 um

FIG. 2. Bitter pattern for a nonirradiated region. A mag-
netic field of 22 G is applied parallel to the ¢ axis.
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FIG. 3. Bitter pattern for a region with columnar defects.
Field and scale as in Fig. 2.
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FIG. 5. Vortex pinning by extended preparation-induced
defects. Due to the reduced vortex spacing the flux lines inside
the chain cannot be resolved.



