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Abstract
The local density of states of quasi-particles, N(E, r), around columnar defects generated by bombardment of
high-energy heavy ions parallel to the c-axis in Bi Sr CaCu O (Bi-2212) and 2H-NbSe has been studied by scannning
 
 V

tunneling spectroscopy at 4.2 K and compared. The regions of columnar defects have been found to be insulating and
circular superconductor}insulator boundaries have been studied. In Bi-2212 the N(E, r) has exhibited the increase at
E"0 meV and the decrease at E&35 meV at [1 1 0] and [1 1 0] directions in CuO square network and seems to show

the pattern with four-fold symmetry, while in 2H -NbSe such things have not been observed. This is new evidence of the

presence of d }  component in the order parameter of Bi-2212.  2000 Elsevier Science B.V. All rights reserved.
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To determine the symmetry of the order parameter in
high-¹ copper-oxide superconductors is important to

understand the superconducting mechanism. When the
Cooper pair has the internal degree of freedom such as
the p- or d-wave orbital symmetry, the superconductivity
is much a!ected by boundaries or impurities. It has been
pointed out that in the d }  superconductors the Cooper
V W
pairs are destroyed due to the interference e!ect near
[1 1 0] and [1 1 0] direction boundary surfaces of the
CuO network and zero-energy states are formed, while

at [1 0 0] or [0 1 0] direction surface boundary the superconductivity is intact [1,2]. In s-wave superconductors
such boundary e!ects will not occur. Thus, from studies
of the boundary e!ects we can determine the symmetry of
the order parameter in HTSC. We have calculated [3]
the N(E, r) near a circular insulator-superconductor
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boundary in d }  superconductors, assuming specular
V W
re#ections at the boundary; the N(E, r) has a zero-bias
peak near [1 1 0] and [1 1 0] directions boundaries and
shows a four-fold symmetric pattern around the circle.
Scanning tunneling spectroscopy is able to measure the
N(E, r) in atomic spatial resolution through measurements of di!erential tunneling conductances.
We have measured the N(E, r) on the c-plane surfaces
of Bi-2212 and 2H-NbSe cleaved at 4.2 K in zero mag
netic "eld around columnar defects of about 4 nm diameter, generated by high-energy heavy ions of
3.5 GeVXe> and 3.8 GeVTa> from RIKEN
Ring Cyclotron implanted perpendicular to the c-plane.
A single crystal of Bi-2212 was grown by the traveling
solvent #oating}zone method. It is slightly over-doped
and ¹ is 86 K. The I}V characteristics were measured at

64;64 points in 50;50 nm area and the N(E, r)'s are
obtained by the numerical di!erentiation. The experimental procedures are the same as we reported before in
STS of Bi-2212 [4]. The columnar defect region has been
found to be insulating by STS. In Figs. 1 and 2, the
N(E"0, r) are shown around a columnar defect in
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Fig. 1. The N(E"0, r) on the c-plane surface of Bi-2212 at 4.2 K
are shown in 50 nm;50 nm. The increase are shown in [1 1 0]
and [1 1 0] directions around the columnar defect. The white
region at the right of the columnar defect extending in the
x-direction is considered not to be intrinsic; the columnar defect
region is highly insulating and the STM probe scanned from left
to right sometimes damaged the surface in the right region of
a columnar defect.

Bi-2212 and 2H-NbSe . In Bi-2212, the increases of

N(E"0, r) and the decrease of N(E"35 meV, r) have
been observed in the [1 1 0] and [1 1 0] directions in the
region of about 5 nm from the columnar defect edge and
seemed to exhibit a four-fold symmetry pattern, while in
2H-NbSe such anomalies have not been detected. The

increase of N(E"0, r) near a columnar defect becomes
almost double, compared with those at positions far
enough from the columnar defect, though the theoretical
calculation predicts a steeper increase [3], taking into
account that the boundary will not be perfectly specular,
the discrepancy from the theoretical calculation will be
acceptable. From the fact that the N(E, r) shows a
pattern of four-fold symmetry around a columnar defect
and that the anomalies have not been observed in s-wave
superconductor 2H-NbSe , we have concluded that in


Fig. 2. The N(E"0, r) on the c-plane surface of 2H-NbSe at

4.2 K. The anomalous increase observed in Bi-2212 has not been
observed in 2H-NbSe .


Bi-2212 the order parameter has the d }  component,
V W
though there remains the possibility of a mixing of swave component near a boundary. The details will be
published elsewhere.
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