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Low-field magnetic susceptibility
measurements of high-_Tc granular
superconductors
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(11. III. 1988)

Abstract. Low-field isothermal dc susceptibility measurements can distinguish between the
contribution of shielding currents across different grains and the intrinsic diamagnetism of granular
superconductors. In powdered Sr-La-Cu-O at T « Tc, the first flux penetration into the voids
encircled by different grains joined by Josephson junctions occurs at HA 1 mOe. On raising the field,
more intergrain persistent loops become critical gradually from HA \ mOe up to HB 0.5 Oe. On
cycling the field up to 30 Oe, the magnetization is reversible above HB and irreversible below this
field. Constant low amplitude ac susceptibility is insensitive to this effect.

In a recent paper [1] we briefly discussed the behaviour of the low field
susceptibility in Sr-La-Cu-O and Ba-La-Cu-O. In the high-7^ superconducting
oxides, determinations of the Meissner effect as well as of the lower critical field
HcX are complicated due to the granular nature of the available specimens [2, 3].
Here we discuss in more detail our measurements of the isothermal ac and dc

susceptibilities at T « Tc as a function of magnetic field in Sr-La-Cu-O in
powdered and sintered form. As pointed out by Hein [4] both types of
measurement respond to magnetic shielding which is different from expulsion of
magnetic flux - the Meissner effect - out of the specimen. Nevertheless, we find
that by measurements of Xac(^) and XaJJi), we can clearly separate the
contribution of shielding currents across different grains joined by Josephson
junctions from the diamagnetic signal of the grains by themselves. Shielding
currents encircling voids in the specimen give a highly hysteretic response while
the diamagnetic signal corresponding to the grains by themselves is completely
reversible at low enough fields.

In our experimental arrangement Xac(H) or M(H) at a constant temperature
are both detected with SQUIDs. No superconducting shielding or persistent coils
are used. The earth's field is reduced by means of a cryoperm shield at 4.2 K to
about 2mOe. The external field coil, primary coil, and secondary coil are all
wound tightly around the experimental space.

A calibration of xac against ^dc AM/A// for H---0 was obtained with
classical superconductors like Ta and also with superconducting Cu and Ag
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Figure 1

dc susceptibility (circles) and ac susceptibility (triangles) in arbitrary units as a function of magnetic
field for a sintered Sr-La-Cu-O specimen. The open symbols correspond to raising the field H and
the closed symbols to lowering H.

induced by the proximity effect [5]. The frequency and peak to peak amplitude
ranges of the exciting field in the #ac measurements are 16 Hz < v < 160 Hz and
0.07 mOe < Hpp < 33 mOe. The temperature range is 5 mK < T < 9.5 K.

In Fig. 1 we show the real component of the ac isothermal susceptibility xac
(//pp 1.5mOe) as well as xdc taken from the slope of a virgin magnetization
curve, Xdc - AM/AH, as a function of the external dc field H for a sintered
Sr-La-Cu-O specimen in the form of a parallelepiped (1.7 x 1.7 x 8 mm3).
These data were taken at T 4.2 K. The units in this graph have been chosen to
correspond to percents of the diamagnetic signal obtained for a bulk type I
superconductor of the same size and geometry. We notice in Fig. 1 that at H — 0,

Xdc and Xac are equal. As the external field is raised (open symbols) the absolute
value of ^dc and x™ are reduced with \XdC\ < |/ac| at all fields. Furthermore, for
H < 3 Oe, Xdc is very irreversible when the field is cycled at constant temperature,
while for H > 3 Oe, it is almost reversible for the fields shown in Fig. 1.

The same type of data is shown in Fig. 2 for powdered Sr-La-Cu-O. We
notice that in this case the irreversible enhancement of |xdc| occurs for fields
below HB 0.5Oe, and that it amounts to about 15% of the reversible
diamagnetic signal as compared to 65% for the sintered specimen.



Vol. 61, 1988 Low-field magnetic susceptibility measurements 1009

In both cases, the low field enhancements of \xdc\ are due to the granular
nature of the specimens. At low fields, persistent currents across different grains
joined by Josephson junctions contribute to the measured %dc and ^ac. As the
field is raised, currents are induced such that for some very small field HA (not
given in Figs. 1 and 2) some of the intergrain loops become critical, i.e. they carry
the critical current of the weakest Josephson junction in the loop. At the field
HA, flux is allowed to enter into the void enclosed by the loop which has first
become critical. The critical currents of the intergrain loops are much lower than
the intrinsic critical currents of the grains and depend on the quality of the
sintering process. In Fig. 1 the leveling off of x<sc at HB — 3 Oe and in Fig. 2 at
HB — 0.5Oe correspond to the fields beyond which all the possible intergrain
loops carry critical currents.

In Figs. 1 and 2 we notice that the values of #dc at the reversible regions
above HB are 60% and 55% respectively of the full diamagnetic signal displayed
by a Ta specimen of equal size and geometry. These numbers are to be expected
when one takes into account the high value of the field penetration depth A in
these materials as compared to typical grain sizes. In Fig. 3 we show a scanning
electron microscope photograph where grain sizes above 10 pm as well as much
below 1 jum can be clearly seen in the powdered Sr-La-Cu-O specimen of Fig. 2.
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Figure 2

dc susceptibility (circles) and ac susceptibility (triangles) in arbitrary units as a function of magnetic
field for a powdered Sr-La-Cu-O specimen. The open symbols correspond to raising the field H and
the closed symbols to lowering H.
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Figure 3

Photograph of powdered Sr-La-Cu-O taken with a scanning electron microscope.
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Figure 4
ac susceptibility of a sintered Y-Ba-Cu-O specimen at 3560 Hz as a function of ac field amplitude Hm
The vertical scale is proportional to *ac. This figure has been taken from Ref. 2.
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As shown in Figs 1 and 2 the ac susceptibility, measured at a constant ac field
peak to peak amplitude of 1.5 mOe, does not follow the continuous intergrain
flux penetration between HA and HB as displayed by #dc. On the other hand, if
the amplitude of the ac measuring field is increased to values such that the
induced currents of the intergrain loops become critical, as is done in the
experiments of Raboutou et al [2], a response similar to the XadH) measurements
is obtained. This can be seen in Fig. 4 taken from their paper. Here the

susceptibility #ac is given as a function of the amplitude of the exciting ac field
(Hm in their notation) for a sintered Y-Ba-Cu-O specimen. The measuring
frequency is v 3560 Hz. Their data show that the first flux penetration occurs at
_t/4 5mOe and that the leveling-off of #ac occurs at Hfl 8 0e. Furthermore,
Raboutou et al [2] found that Y-Ba-Cu-O behaves similarly to a system made of
weakly coupled classical superconducting grains, i.e. Nb grains, joined by 10x

Josephson contacts [6].
Measurements of #ac as a function of the amplitude of the measuring field are

shown in Fig. 5 for the powdered Sr-La-Cu-O specimen of Fig. 2. We can clearly
determine that the first flux penetration occurs at HA 1 mOe (Hpp 2 mOe) and
that about 15% of the contribution to the susceptibility from intergrain shielding
currents is destroyed in fields as low as 16.5 mOe (Hpp 33 mOe).

The results of this work may be summarized as follows: isothermal dc

susceptibility measurements in the high-Tc ceramics distinguish clearly three
different regimes at low fields. There is a reversible region from H 0 up to a

field HA of the order of few millioersted, where the first flux penetration into the
voids of the granular material occurs. This is followed by an irreversible region
between HA and HB. In this second region, as the field is increased beyond HA,
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Figure 5

ac susceptibility in arbitrary units as a function of p-p amplitude of the ac field for the powdered
Sr-La-Cu-O specimen of Fig. 2.
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the intergrain shielding currents successively become critical. Typical values of HB
are few oersted, depending on the sintering process. For fields H>HB, flux
penetrates freely into the voids and the susceptibility /dc(//) is again reversible
for H below the critical field HcX of the specimen. The ac susceptibility x?,c{H) is
almost insensitive to the granular behaviour described here as long as the exciting
field amplitude is smaller than HA. A similar behaviour to Xàc can be obtained in
measurements of xac taken at variable exciting field amplitudes.
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