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Abstract

AC local permeability is measured for a strongly anisotropic superconductor BiSroCaCuzOsg4, under tilted fields.
In addition to the peak in local permeability at the vortex-lattice melting transition, step-like change accompanied
by hysteresis is observed under large and nearly constant in-plane field. This anomaly naturally extrapolates to the
novel peak effect reported by Ooi et al. [1] at low temperatures under tilted fields. This observation indicates that
the vortex solid phase in the crossing-lattices state changes into a new state with less shielding in the presence of

dense Josephson vortices before melting into vortex liquid.
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1. Introduction

In an anisotropic superconductor Biy SroCaCuzOgy
(BSCCO), vortices generated by tilted fields form two
orthogonal lattices of pancake and Josephson vortices,
called crossing lattices [2]. Owing to the attractive
interactions between these two vortex lattices, char-
acteristic vortex chain structure is realized as was
first shown by Bitter decoration [3]. More complicated
transitions between various forms of ground states are
predicted [4]. Some of the transitions between ground
states in the crossing-lattices state have been reported
by anomalies in the irreversible magnetization [1] and
direct observations by scanning Hall probe microscopy
[5]. The response of vortices in a superconductor is
well characterized by the local AC permeability ()
measurements. At the vortex-lattice melting field, the
real part of p shows a sharp peak [6]. We apply local
permeability measurements using a miniature-Hall
probe to explore the phase diagram and the nature of
ground states of vortex solid under tilted fields. In ad-
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dition to the vortex-lattice melting transition, we find
a clear step in the real part of u at fields with almost
constant in-plane component.

2. Experiments

Crystals used in the present experiments are grown
by the floating-zone method and they are annealed to
be optimally doped with 7. = 89 K. We use a minia-
ture Hall probe with an active area of 25 x 25 pum?
fabricated from GaAs/AlGaAs hetero structure. The
crystal is mounted directly on the Hall probe and AC
magnetic permeability u (= p’ + iu”) is measured by
applying AC magnetic field parallel to the c-axis with
a small coil mounted near the sample. The AC field
amplitude and the frequency are 1 Oe and 7 Hz, re-
spectively. Static magnetic field up to 20 kOe is ap-
plied by a superconducting magnet at an angle 6 from
the c-axis, and the field dependence of u is measured.
The angle of the sample is changed using sample rota-
tor around the horizontal axis with a resolution better
than 0.01°. Here we only concentrate on the behavior
of the real part of the permeability, u'.
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Fig. 1. p'-H curves for various angles at T=70 K. Above § =
88.7°, u’ shows a step-like increase at H;Q (arrows). The inset
shows the location of H,, and HI’;2 in H,-H, plane.

3. Results and Discussion

Figure 1 shows angular dependence of the real part
of AC local permeability, u’, as functions of magnetic
field at T' = 70 K. At lower angles, u’ increases above
H 1, approaches to unity at the irreversibility field, and
then shows a peak at the vortex-lattice melting field
(Hy). At angles close to 88.7°, i’ starts to show an ad-
ditional step-like feature at Hy, below Hyp,. As the an-
gle is further increased, the step-like feature stays at a
nearly constant field while H,, increases steadily. The
inset for Fig. 1 shows the location of the anomalies in
H,-H, plane. The c-axis component of H,, shows lin-
ear H, dependence followed by another linear depen-
dence above the break point H*. The step-like feature
at Hy, forms a nearly vertical line. Similar phase dia-
grams are also reported in BSCCO under tilted fields
by Ooi et al. [1] and by Konczykowsky et al. [7] from
local magnetization and local permeability measure-
ments, respectively. Within the resolution of our mea-
surements, the lower angle part of Hy in [1] at low
temperatures is not observed. Our recent Hall probe
measurements suggests that the lower and the higher
angle part of H; have different origins [8].

Figure 2 shows temperature dependence 1/-H curves
only in the positive field region for cycling the mag-
netic field. Below 55 K, the peak in /' turns into an-
other step-like feature. Namely, there appear two step-
like features as a function of H. At lower temperatures
the step at Hj, becomes weaker. At 40 K, the only vis-
ible structure in the p/-H curve is the steep increase
around H = 10 kOe. Inset shows the temperature de-
pendence of the anomalies in i/-H curves. Obviously,
the feature at Hp, is no longer visible below 50 K in the
present measurement, and the steep increase of 1/ at
40 K is a trace of the vortex-lattice melting transition.
Considering the similarity between the H-T phase dia-
gram determined by the anomalies in the M-H curves
under tilted field for overdoped BSCCO [1], the transi-
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Fig. 2. ¢/ — H curves for various temperatures at 6= 88.9°.
At higher temperatures, u’ shows step-like increase at H;2
(thick arrows) and peak at H,, (thin arrows). The inset shows
temperature dependence of H;;? and H,, .

tion into the new vortex solid phase above Hj, seems to
be universal for anisotropic superconductors. The hys-
teresis seen in pu'-H curves in Fig. 2 can be explained
by a small irreversible component of c-axis magneti-
zation. Actually, when the width of the hysteresis is
converted to the c-axis component of magnetization, it
only amounts to 15 G at 40 K.

Step-like increase in u' at H,, indicates that the
shielding capability is suppressed above this field. This
change is consistent with the sudden suppression of the
irreversible magnetization above Hp, at lower temper-
atures as observed in DC magnetization measurements
under tilted fields [8].

In summary, we have observed a step-like increase
in AC permeability under tilted fields in BSCCO for
broad temperature range. The anomaly marks a tran-
sition in the vortex solid phase into a new state with
suppressed shielding.

Acknowledgements

This work is supported by Grant-in-Aid for Scientific
Research from Ministry of Education, Culture, Sports,
Science and Technology.

References

[1] S. Ooi, et al., Phys. Rev. B63 (2001) 020501.

[2] A. E. Koshelev, Phys. Rev. Lett. 83 (1999) 187.

[3] C. A. Bolle et al., Phys. Rev. Lett. 66 (1991) 112.

[4] M. J. W. Dodgson, cond-mat/0201197.

[5] A. Grigorenko et al, Nature 414 (2001) 728.

[6] N. Morozov et al., Phys. Rev. B54 (1996) R3784.

[7] M. Konczykowsky et al., Physica C341-348 (2001) 1213.
[8] M. Tokunaga et al., unpublished.



