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ABSTRACT

Melt-process bulk superconducting materials based on variations on the base YBA,Cu,0, have been
produced in a variety of shapes and forms. Very high values of both zero-field and high-field magnetization
have been observed. These are useful for levitation and power applications. Magnetic measurements show
that the effects of field direction and intensity, temperature and time are consistent with an aligned grain
structure with multiple pinning sites and with models of thermally activated flux motion.

HIGH-MAGNETIZATION SUPERCONDUCTING CUPRATES;
FORMULATION, PROCESSING AND MICROSTRUCTURE

Recent studies conducted at the authors’ laboratories have shown that the combination of melt
processing of Y-Ba-Cu-O superconducting materials with the use of non-stoichiometric formulations makes it
possible to produce materials with very high magnetization [1, 2]. Zero-field dc magnetization values of up
to 18 emu/g and remanent magnetization (M, - M) values of up to 21 emu/g at a field intensity of 5 kOe
have been observed at 77 K. The non-stoichiometric compositions mentioned above involve additions of
excess yttrium, rare earths such as Gd, Tb, Ho and Yb, or transition metals such as Nb, to the base
YBa,Cu;0, composition. The high magnetization of these materials has been concluded to be due to the
controlled formation of a highly oriented grain structure, interspersed with second phase sites (in particular,
Y,BaCuOs) which promote flux pinning. This approach has been shown suitable for the production of large
pieces which have been fabricated to give a variety of shapes, including cylinders, bars, plates,a nd prototype
bearing elements. Measurements of levitation forces and of magnetic stiffness gave high values for these
materials, which were correlated with their high magnetization [3]. This makes these materials attractive for
levitation applications such as levitation bearings. In addition, the approach described above has been shown
to be suitable for the controlled production of materials with different types of hysteresis loops depending on
the composition of the samples and on the procedure used to prepare them. In particular, it is possible to
obtain, on one hand, materials with a high degree of flux trapping, i.e., a large remanent magnetization in
zero field, and, on the other hand, materials which effectively pin the flux at higher fields. This increases the
scope of applications of the materials to include, for instance, magnetic energy storage.

The melt-processed samples described above were recently subjected to extensive measurements of
their magnetic properties, with an emphasis on flux trapping and flux creep, and on their magnetomechanical
behavior as related to levitation and suspension.

ANISOTROPIC MAGNETIC FEATURES AND FIELD DEPENDENCE

The measurement of dc magnetization and magnetic susceptibility was described in earlier paper [1,
4]. All the data in the present paper relate to a single melt-processed sample of YBa,Cu,0, without any
additional dopants. The magnetization values obtained with this sample are somewhat lower than those
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obtained recently with the doped samples mentioned above; detailed magnetic studies of the latter samples
are currently in progress.

It has been recently found that even though the melt-processed samples are polycrystalline, the effect
of their grain orientation with respect to the applied magnetic field is very important. The effect of varying
the orientation of a high-magnetization sample on the magnetization values at 77 K is shown in Figure !. It
can be seen that rotation of the sample at an angle of 90° with raspect to the direction at which the
maximum magnetization was observed caused the magnetization to drop by a factor of approximately 3.5, viz.
from 15 emu/g to 4.3 emu/g. The combination of results obtained at the two extreme orientations with
those obtained at other angles gives excellent agreement with a simple two-component model, according to
which

r

M =M |+ M L-M |) * cos?e (1)

where M, is the magnetization measured when the applicd magnetic field, oriented at an angle 8 with
respect to the ¢ axis of the YBa,Cu;0, grains, is removed. M, | and M, 1L are the zero-field
magnetization values obtained after applying fields parallel and perpendicular to the c axis or ab plane,
respectively. ‘The agreement between the model and the observed results is shown in Figure 2. The results
show an excellent linear correlation between M, and cos? 8. The angular dependence of the magnetization
observed in the present case is consistent with the behavior of the flux density in a layered superconductor
with weak coupling between adjacent layers as analyzed by Kes et al [5]. However, in the present case
better linear correlation was observed between M, and cos? @ than between M, and cos 8.

The dependence of the remanent magnetization at 77 K on the maximum applied magnetic field is
shown in Figure 3 for field intensities of up to 10 kOe. Both the values obtained in the direction of the ¢
axis and those measured in the direction perpendicular to it are included. It can be seen that the
magnetization observed in both directions levels off at fields of 2-3 kOe. A measurement of the initial slop
of the M - H dependence was performed using very small applied fields. Under these conditions, the
relationship between M and H is linear, as shown in Figure 4, and the values of the residual magnetization
after removal of the field are very low, as shown in Figure 5.

ANISOTROPY IN THE CRITICAL CURRENT DENSITIES

Bean’s model [6] has been extensively used to obtain critical current densities, J, magnetization
curves. Good agreement has been observed in several studies between the observed transport current
density and the predictions of Bean’s model [5a, 5b]. Recently, Hu et al [5c], developed an extended form of
Bean’s model for the specific case of a grain-aligned bulk superconductor. A simplified version of the
equation in the case where the applied field H is parallel to the c-axis is given by

1 ;ab
AM: -3—0Jc d (2)

where Jcab is the critical current density parallel to the ab plane and d is the smaller dimension of the grains
in the ab plane. Withd = 0.2 cm, s M = 190 emu/cm3 atH=340¢,and T = 77K, JC"lb is calculated to
be equal to 2.8 X 10* A/cm?. At H = 2 kOe, Jcalb is equal to 1.6 X 104 A.cm?,

When the agplied field is perpendicular to the c-axis, the calculated J values decrease to 73X 10°
and 2.9 X 10° A/cm? at 300 Oe and a 2 kOe, respectively.

The anisotropy in J, i.e., the ratio between the J, values corresponding to the two directions of the
applied field, is about 4 at low fields, and it increases to about 5.5 at 2 kOe. Compared with the anisotropy
of the single crystal [5d], which is about 175 at 40 K and H = 8 kOe, the much lower degree of anisotropy of
the melt processed material characterized in this work is attributed to the much larger number of pinning
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sites uniformly distributed throughout the material.
DEPENDENCE OF THE MAGNETIZATION ON TEMPERATURE AND TIME

Upon the dependence of the of the dc magnetic susceptibility and magnetization on temperature, it
is observed that the values of these two magnetic properties decrease as the temperature is raised and
approaches T,. The data in Figure 6 represent magnetic susceptibility measurements in a very low field (110
Oe) at increasingly higher temperatures following the application and removal of a 2.5-kOe field at the )
lowest temperature of 77 K. Figure 7 likewise represents magnetization values obtained upon cooling to 66
K, applying a 10-kOe field and removing it, and then gradually raising the temperature of the sample. It is
important to note that when the warm-up is interrupted and the temperature is lowered before being raised
again, the magnetic susceptibility and the remanent magnetization remain constant until the temperature
increases beyond the point at which the warm-up was interrupted. This shows that these experiments give a
true measure of the dependence of the capability of the samples to trap magnetic flux, and that the results
are not significantly affected by the interruptions in the heating schedule. The ensuing data can be
interpreted as reflecting the role of thermal activation in flux trapping. (It should be noted that the apparent
leveling off of the values of the magnetic properties at the lowest temperatures employed in the
measurements shown in Figures 6 and 7 is an experimental artifact).

The temperature effects on the apparent activation energy of flux trapping are not strongly
dependant on the orientation. Upon measuring the dc magnetization in the direction which yields the
highest values, i.c., the direction perpendicular to the ab planes, the zero-field readings on the sample which
was used to obtain the data in Figure 7 at temperatures of 77 K and 67 K were 15.3 and 37.6 emu/g,
respectively. The corresponding readings in the direction parallel to the ab planes were 7.2 emu/g and 12.5
emu/g. The resulting ratio between M, 1 and M, | was 2.99 at 77 K and 3.02 at 67 K. The observed
temperature dependence in the direction perpendicular to the ab planes between 66 and 79 K can be
described in terms of an activation energy of 3.86 kJ/mol or 0.0399 ¢V. A very similar activation energy was
obtained when the temperature dependence was obtained when the residual magnetization at an applied field
of 2.4 kOe was measured instead of the zero-field magnetization. It is important to note that the near-linear
dependence of the magnetization on the temperature breaks down as the critical temperature T, is
approached and is replaced by a tailing curve with progressively decreasing slope. Similar behavior has been
observed upon examining the temperature dependence of the critical current density J. in thin films of
YBa,Cuyqx and flux creep [12] and which has been shown to be relatively insensitive to the presence of weak
links [11].

Long-term measurements of the residual zero-field magnetization at a constant temperature of 77K
were carried out in order to characterize the rate of its decay as a result of flux creep. The results are
shown in Figure 8. It can be seen that the decay of the magnetization in each of the two directions specified
above follows a logarithmic rate law of the type:

M_(t) = M_(0)*[1-KT/E*ln(1+t/ty)] (3)

where M (o) and M (t) are the magnetization values observed initially and after time t, respectively, E is the
activation energy obtained above, and ty, is a characteristic decay time, amounting approximately 2*10°
seconds at 77 K. This model was originally developed by Hagen et al [13, 14] to describe thermally activated
flux motion in high-T, superconductors consisting of many pinning regions.

In conclusion, the decay of M, with time in high-magnetization materials produced by melt
processing of on-stoichiometric variants of YBa,Cu;0,, together with the dependence of the magnetization
on temperature and on grain orientation, are all consistent with the picture of a structure with multiple
pinning regions which is subject to thermally activated flux motion. Furthermore, this picture is consistent
with the oriented grain structure of these materials [1, 2], which contains micron- and submicron-sized
second phase regions likely to provide sites for flux pinning.
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