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We present typical results of experiments carried out in (YBaCuO)l_xAgx tubular samples, for different
values of the silver concentration x, having in mind the possible use of this material as a magnetic
shield. We measured the times governing the dynamics of magnetic flux penetration, on a microsecond
time-scale, and tried to correlate them with d.c. measurements of the resistivity and the critical transport
current density, using a simple theoretical model based on the flux-flow r6gime.

I. INTRODUCTION

The discovery in 1986 of the high-T superconductors has given rise to a great
number of investigations on their properties, in view of possible applications at 77
K, the temperature of boiling liquid nitrogen. A new generation of superconductive
devices working at 77 K, for instance SQUIDs and microwave filters, is now reach-
ing the market. But parasitic magnetic fields may adversely affect the operation of
devices such as SQUIDS (by themselves extremely sensitive magnetometers), in-
frared radiation detectors, and even thermometers. A magnetic shield is thus re-
quired to cancel the disturbance. A good solution consists of surrounding the device
with a tube made of superconducting material. For instance, shields made of alloys
of niobium routinely protect traditional SQUIDs working at 4 K. What are the
properties of high-T ceramics pertinent to their use as magnetic shields at 77 K?
In this paper, we will address ourselves to this question, considering not only the
static or low-frequency behavior, as customarily done, but especially the dynamics
of flux penetration through the wall of the screen.
Among high-T ceramics, both ytrium-barium-copper oxides, for short YBaCuO,

and bismuth-lead-strontium-calcium-copper oxides, for short BiPbSrCaCuO, are
promising candidates as shield materials. The magnetic properties of the YBaCuO
ceramics seem to be better than those of BiPbSrCaCuO. Nonetheless, it is well
known that YBaCuO can loose its superconductivity after a prolonged exposure
to atmospheric humidity. An addition of silver has a stabilizing effect on the
properties of the YBaCuO:. A decrease in the contact resistance and an improve-
ment in the mechanical properties are also noted. For these reasons we have been
working on the (YBaCuO)_xAgx ceramics, where x is the silver concentration (in
weight).
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Many experiments on the magnetization and the shielding properties of high-T
ceramics have been already reported, all performed under static or quasi-static
conditions. Working with tubular samples, we are probably the first to have ob-
served, on a time-scale of the order of microseconds, the time At it takes for the
externally applied field to cross the wall up to the hole and then reach its asymptotic
value, with a time constant a-. We compare these times with the predictions of
a theoretical model based on the flux-flow r6gime6.7. We also report measurements
of the normal-state resistivity p as a function of the temperature T. Other properties
of these superconductors, relevant to our work, have been measured at fixed
temperature (T 77 K). One of them is the dependence of the critical transport
current density Jt on an external static magnetic field H parallel to the cylinder
axis. Another is the magnetization curve, i.e., B vs. H, where B is the magnetic
induction that eventually reaches the hole a long time after H has been switched
on.

Section II contains a short discussion about the properties of (YBaCuO)_Ag
ceramics and a brief account of a theory of flux penetration through a supercon-
ductive wall. In Section III, we describe the sample preparation, the method for
determining the static properties of the sample and the experimental setup used
to measure the dynamics of flux penetration. In Section IV, we give our experi-
mental results. We then try to fit the theory’s parameters to our measurements and
to correlate the statically measured properties with the results of the pulsed mea-
surements.

II. THEORY

A polycrystalline high-T superconductor is made up of small grains (Abrikosov
medium), typically of some micrometers in size, coupled by Josephson weak links.
Even if the superconductivity in the grains is stronga, the critical current density
that can flow through the sample mainly depends on the properties of the Josephson
medium9 and, hence, on the nature of the weak links (e.g., tunnel junctions,
proximity bridges, twinned domains). Therefore, the addition of intergranular silver
may alter some of the electrical properties of a sample. This will be certainly the
case for the resistivity p of the sample above the critical temperature T, because
the conductivity of silver is much higher than that of YBaCuO. Below T, however,
the superconducting YBaCuO grains provide a better path for conduction and carry
the whole current. We thus expect a rapid reduction in the normal-state resistivity
of our samples. T remains, however, unchanged.
When an external magnetic field H (or B #H) is suddenly applied to the

superconductor, what happens in the hole of the tubular sample depends on the
magnitude of He. There exists a threshold value H* (or B* /.H*) below which
no flux appears in the hole, the sample acting as a perfect magnetic shield. This
shielding field H* is correlated with the critical current density JCj in the supercon-

l0ductor according to Bean’s critical-state equation

H* J’w (1)
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where w is the wall thickness of the sample. The subscript J, for Josephson, denotes
that the critical current density in these ceramics is an intergranular quantity.

For H -> H* the field will penetrate through the outer surface of the sample.
The vortices move into the wall, eventually reaching the hole. According to Max-
well’s equations, the time variation of the magnetic induction B generates a trans-
verse electric field E given by

aBv x (2)
at

A recent paper by Ravikumar6 assumes that the process of flux penetration we
have observed3-5 can be described in terms of the flux-flow r6gime. This implies
that the following linear relationship2 between E(t) and the induced current density

BeE(t) Pc2J [J(t) J,j] (3)

is valid. In this equation, is the normal resistivity (extrapolated at 77 K) and Bc2j
the upper critical field in the Josephson medium. The critical state defined in eq.
(1) is obtained in the limit t oo for which J(t) JCj. With these assumptions, it
is possible to characterize the phenomenon of flux penetration by a delay time At
defined in eq. (12) of ref. [6] and a time constant

Defining b B/B*, we can express At as follows:

w2Bc2j Ib ln(b b.1)-1]At.-
2 -; - (4)

The time constant - is given by:

e/. W2Bc2J (5)
2 pB*[(e 1) + b]

where e is the base of natural logarithms. This relation is derived from eqs. (14)
and (16) in ref. [6] by calculating the time at which the induction in the hole reaches
the value (1 e-)(Bi B*), and using the approximation that the tangent at
this point intersects the asymptote (Bi B*) at (t + r).

At and z are the parameters needed to describe, in first approximation, the
observed dynamics of flux penetration:

Bi(t) o {1- exp [-t At]} H(tAt).t (6)

where Bi(t) is the induction in the hole and H the Heaviside function. By definition,
we have Bi lim, Bi(t). The time constant is observed as the decay of the



168 H. CASTRO, E. HOLGU][N, J.E LOUDE AND L. RINDERER

voltage signal induced in the pickup coil (see Section 111.3), because u(t) dBi(t)/
dr.

III. EXPERIMENTAL

111.1. Sample Preparation

The ceramic samples were prepared by mixing the appropriate quantities of
YBa2Cu307_ powder with Ag20. The mixture was first ground and sintered, then
compacted into bars and annealed for 2 to 4 days at about 900C under oxygen
flow, and finally slowly cooled down to room temperature. The addition of silver
makes the ceramic extremely hard. The samples were thus milled to their cylindrical
form of about 10 mm length by 4 mm diameter, and the inner 2 mm hole was
bored with a diamond tipped drill. Optical microscopy and SEM observations13

have shown that the silver essentially fills the intergranular space in this kind of
ceramic.

111.2 Resistivity and Critical Current Measurements

These parameters were measured by standard methods. The temperature depen-
dence of the electrical resistivity p(T) was measured by a a.c. four-probe method,
using a lock-in amplifier. Contacts were made with 0.1 mm gold wires bonded to
the outer surface of the sample with a conductive silver paint4. These measurements
were carried out from room temperature down to the onset of the superconductive
transition at Tc. The critical transport current Jet in the presence of a static magnetic
field parallel to the axis of the cylinder was measured at T 77 K by a d.c. four-
probe method with a threshold criterion of 2 IxV on the current-voltage (I-V)
characteristics.

HI.3. Setup for the Dynamic Measurement of Flux Penetration

The setup is shown in Fig. 1. The outer field coil C1 generates a pulsed magnetic
field in the wall of the tubular sample S. The inner pickup coil C2 measures the
rate of variation of the magnetic flux in the sample central hole. The sample and
both coils are immersed in a liquid nitrogen bath LN2.

The coil C1 approximates a solenoidal "minimum inductance" coil5. It is made
of 20 unevenly spaced turns of wire, firmly held in place in circular grooves precisely
machined in a MACORTM coil former. The magnetic induction B per unit of current
at the center of the field coil is 1.16 mT/A and is uniform within ___2% in the
sample volume.

To generate the current pulse, we connect a large capacitor (represented in Fig.
1 by the constant voltage source U0) to the coil winding, through the switch Sw (a
small power MOSFET) and the current-limiting resistor Rs. We thus obtain fiat-
topped current pulses, lasting at most a few hundred microseconds, with a measured
10-to-90% rise time of 0.3 txs. The voltage U0 and the current I are limited by the
MOSFET’s safe operating area. The maximum corresponding induction is 7 mT.
A slide-on current probe PI with good low frequency response measures i(t).
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FIGURE Setup for the dynamics of flux penetration measurement. The field coil (C1), sample (S)
and pickup coil (C2) assembly is shown to scale. See the text for the remaining symbols.

The inductance of the 500 turns pickup coil C2 (of the kind used in quartz
watches) and the capacitance of the short length of coaxial cable between C2 and
the top of the cryostat form a resonant circuit critically damped by Rc. The low-
capacitance FET probe PV measures the voltage u(t) across Rc.
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The flux penetration is a phenomenon with two different time scales for At and. The deep memory (50K) of the digital storage scope DSO allows, in single-shot
mode, the simultaneous acquisition of long waveforms and a detailed expanded
view of parts of them.

The instrumental response, i.e., i(t) and u(t) with sample removed, has been
reported elsewherea.. For a current step, u(t) is a quasi-gaussian pulse, with a
width (f.w.h.m.) of about 0.25/.s.

IV. RESULTS AND DISCUSSION

We first give the results of the resistivity and critical current density measurements.
As expected, the resistivity of (YBaCuO)_Ag ceramics decreases rapidly as

x increases, as shown in Fig. 2 for the cases x 0 and x 0.2. For these samples
the value of Tc is about 90 K. These results are in agreement with the percolation
theory6.7, which show that the resistivity of a sample, for a given silver content,
is a fraction of that for a pure YBaCuO.

The critical transport current density Jt(H) drops very rapidly as soon as the
value of He reaches a few tersteds, as shown in Fig. 3 for the sample x 0.3 at
77 K. This behavior is also observed in other samples with different silver content
and can be attributed to the presence of weak links18.9. The decrease is approxi-
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FIGURE 2 Resistivity p vs. temperature T for the 0% Ag and 20% Ag samples.
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FIGURE 3 Critical transport current density Jc, vs. external field H for a sample with 30% Ag at T

77 K. Experimental data are fitted by a function of the form given in eq. (7).

mately exponential. Within a small error, the experimental points are well fitted
by a function of the form

Jt(H) J, + Jo" exp(-H/Ho) (7)

where H0, J0 and J1 are values to be determined for each sample. For He > H0,
the weak links are almost completely destroyed and Jct(He) J1. The remaining
contribution J comes from the superconducting grains and can only be eliminated
at very high fields, typically of some teslas.
We use the setup shown in Fig. 1 for the next measurements, all carried out in

"single-shot" mode on samples cooled in zero-field, to avoid the disturbing effect
of trapped fields. This means that the sample must be warmed up to a temperature
above Tc between two consecutive measurements.

In Fig. 4 we show the measured values of the shielding field H* as a function
of x. The corresponding values of the critical current density JcJ, calculated from
eq. (1), are also plotted on the same figure. The results indicate that the interstitial
silver grains do not act as effective pinning centers, because H* (or JcJ) decreases
with the addition of silver. For x 0.5, the value of H* becomes comparable to
that of the earth field.

For H > H*, the screening currents of the superconductor cannot completely
shield the external field and part of the flux enters the hole, i.e., a quantity pro-
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Shielding field H* and JcJ vs. silver concentration x. Jcj was obtained by using Bean’s

equation (1). T 77 K.

portional to f u(t) dt, where u(t) is the pickup coil response. The Bi-He curves
in Fig. 5 approach asymptotically the normal state curve. For H 10 H*, the
weak links are almost completely destroyed and B /0He. It is noteworthy that
similar results have been obtained by other authors2 in static measurements. We
thus conclude that for low fields, the strong superconductivity existing in the grains
do not contribute appreciably to the process of flux penetration in these ceramics.

The time delay At existing between the application of He and the beginning of
the pickup coil signal corresponds to the penetration time of the magnetic field
across the 1 mm tube wall. This delay depends as well on some intrinsic properties
of the material as on the magnitude of the applied field, according to eq. (4). This
last dependence is shown in Fig. 6 for the cases x 0.2 and x 0.3. In order to
get the best agreement between the experimental values and the theoretical pre-
diction given by eq. (4), also plotted in the figure, we have taken Hczj as a free
parameter of the fit, arriving finally to Hczj 116 Oe for x 0.2 and to Hczj
157 Oe for x 0.3. These values characterize the Josephson medium and differ
from the original assumption of Ravikumar6, who interpreted the upper critical
field as the value for the grains themselves (Hczg 13.4 T).

Concerning the field dependence of At, we observe a discrepancy between theory
and experiment at fields greater than about four times H*, which may have two
causes" the first one is the theoretical oversimplification made in taking JcJ as
independent of H (Bean’s postulate), which is a too rough assumption in the case
of high-Tc superconductors. Our own data refute this assumption, as seen in Fig.
3. Secondly, the theory we use ignores the granular structure existing inside the



70

60

50

4O

30

20

10

YBaCuO (30% Ag)
YBaCuO (50% Ag)

normal

0 10 20 30 40 50 60 70

He (Oe)
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lines are a fit to eq. (4). T 77 K.
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FIGURE 7 Time constant r vs. reduced field He/H* for samples with 0, 20 and 30% Ag. T 77 K.

material and particularly the effects produced by the penetration of magnetic flux
inside the grains. This penetration begins at He >- Hclg, where the value of Hclg is
a few tens of Oe21.

The time constant - depends on the same parameters as the delay At, according
to eq. (5). We show on Fig. 7 the experimental results for x 0.0, 0.2 and 0.3.
A function of the form given in eq. (6) fits very well the observed decay of the
pickup coil signal. As expected, is a decreasing function of the external field.
Nonetheless, reasonable parameter values do not produce an acceptable fit between
the time constants predicted by eq. (5) and the experimental data, pointing to
important factors neglected by the theory.

V. CONCLUSIONS

Tubes made of bulk (YBaCuO)_xAgx ceramics are able to shield low magnetic
fields, up to a few tens of ersteds. The addition of silver has three important
consequences: first, the more added silver, the lower the shielding field becomes;
secondly, there is a big improvement in the mechanical properties as the material
becomes harder and much less brittle; lastly, samples with x > 20% are very stable,
as their electrical properties do not change much when exposed to atmospheric
humidity during long periods. For shielding applications, we suggest x 30 +_ 5%
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as a good compromise; improvements to the preparation mode could have a ben-
eficial effect on the shielding properties.
We still do not completely understand the dynamics of flux penetration. So we

are now, on one hand, trying to improve Ravikumar’s theory by replacing Bean’s
postulate by a more realistic hypothesis and by taking into account the granular
structure of the medium. On the other hand, we hope new experiments now in
progress may shed light about the factors affecting the time behavior of flux pen-
etration.
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