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Abstract

We have performed scanning SQUID (Superconducting QUantum Interference Device) microscopy (SSM) on the
ac-surfaces of heavily Pb-doped Bi2212, Bi1.6Pb0.6Sr1.8CaCu2Oy, single crystals at low temperatures. The observed
images demonstrated interlayer Josephson vortices below Tc. The value of c-axis penetration depth, λc, evaluated
from the SSM images was 11.2 ± 0.7 µm, which is approximately one order of magnitude smaller than that of pure
Bi2212 in the optimal doping regime. This clearly indicates that Pb doping substantially reduces the anisotropy of
Bi2212.
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1. Introduction

It is well known that high-Tc superconducting
cuprates (HTSCs) consist of alternate stacking of su-
perconducting CuO2 and insulating blocking layers.
The strength of interlayer coupling, which is a char-
acteristic parameter used in the interlayer tunneling
model, strongly affects the superconducting properties
of HTSCs. The c-axis penetration depth, λc, and the
Josephson plasma frequency, ωp = cλ−1

c ε−1/2, where
ε is the dielectric constant of interlayer medium and
c is the speed of light, reflect this coupling. Scanning
SQUID microscopy (SSM) is a powerful to visualize
vortices trapped in superconducting materials [1,2]. In
particular, it is possible to evaluated λc from an SSM
image of Josephson vortices generated between CuO2

sheets of HTSCs [3].
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In this study, we have directly measured the c-axis
penetration depth in Pb-doped Bi2212 using SSM. By
controlling external magnetic fields, we succeeded in
observing well-isolated Josephson vortices, from which
we estimated λc as 11.2 ± 0.7 µm.

2. Experimental

Pb-doped Bi2212 single crystals were grown by the
floating zone technique. The crystals were heat-treated
at 400 ◦C for 72 hours in a quartz tube sealed with
pure oxygen gas of effective pressure P = 2.1 atm.
Magnetization measurements using a conventional
SQUID magnetometer showed Tc(midpoint) = 65 K
with ∆Tc < 5 K. The prepared crystals were molded in
an epoxy resin and then cut to expose cross-sectional
edge surfaces (ac-plane).

The SSM employed in this experiment was basically
same as that used in ref. [4]. The spatial resolution and
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the magnetic-flux sensitivity are 5 µm and 5 µΦ0 /√
Hz, respectively, where Φ0 is the flux quantum (2.07

× 10−15 Wb). The distance between pick-up coil and
sample surface, z, was maintained at ∼ 5 µm.

3. Results and discussion

Fig. 1 shows a SSM image (300 µm × 60 µm) of Pb-
doped Bi2212 crystal observed at 3 K, where brighter
and darker contrasts denote positive and zero field per-
pendicular to the SQUID sensor plane, Bz. To investi-
gate well-isolated Josephson vortices, the sample was
field-cooled under B = + 0.5 µT perpendicular to the
surface, which almost cancels out the environmental
field. By integrating observed Bz values around a vor-
tex, it was confirmed that each one is a single vortex
carrying Φ0 = hc/2e.

Then, we quantitatively analyze the magnetic-field
distribution around a vortex in detail [3]. Fig. 2 plots
a cross-sectional Bz profile along a line shown in Fig. 1
(solid line). Two parameters λc and z were obtained by
fitting theoretical function described in ref. [3], where
λa was assumed to be 0.2 µm [5]. Fig. 2 also includes a
fitting curve with λc = 12.5 µm and z = 6.7 µm (dotted
line). As can be seen, both curves coincide with each
other very well. Statistical analysis of four Bz profiles
yields λc = 11.2 ± 0.7 µm. This value is in good agree-
ment with the reported data, λc = 12.6 µm, estimated
from the Josephson plasma frequency [6], and is ap-
proximately one order of magnitude smaller than that
of pure Bi2212 in the optimal doping regime, reflecting
that Pb doping substantially reduces the anisotropy of
Bi2212.

4. Summary

We have successfully imaged well-isolated interlayer
Josephson vortices in Pb-doped Bi2212 for the first
time. The Bz profiles across vortices were well de-
scribed by the theoretical function including λc and z
parameters. The λc value deduced by the curve-fitting
procedure is 11.2 ± 0.7 µm, which is almost identi-
cal to the literature data, 12.6 µm, estimated from the
Josephson plasma frequency.
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Fig. 1. SSM image of Pb-doped Bi2212 at 3 K. The external

field is 0.5 µT. The scanning area is 300 µm × 60 µm.
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Fig. 2. Comparison of experimental and calculated Bz profiles

around a vortex. The experimental one is a cross section along

the line in Fig. 1. The penetration depth λc and the effective

height z are assumed to be 12.5 µm, and 6.7 µm, respectively.
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