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Superconducting Tm123 granules on non-superconducting Pr123 seeds
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Annealing of a two-component mixture of metal oxide powders with the same crystal structure, but different
peritectic temperatures, can lead to accelerated growth of granules of the low-melting phase. This paper describes
the preparation and investigation of the microstructural and magnetic characteristics of large grain ceramics in
which PrBa,Cu3;O;_s (Pr123) is a refractory component, and TmBa,Cu3O7_s (Tm123) is a component with
a lower peritectic temperature. In a compound prepared from 80vol% Tm123 and 20vol% Pr123, the size of
superconducting Tm123 granules reaches 0.1 mm. The presence of large granules leads to high values of remanence
magnetization and trapped magnetic flux. Despite the presence of 20 % of the non-superconducting phase, the
remanence magnetization in the resulting compound is only 1.07 times less than in the related large grain ceramics
of 80 vol.% Tm123 and 20 vol.% Nd123, and exceeds the values of the remanence magnetization in polycrystalline

superconductors obtained by standard solid-phase synthesis.
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1. Introduction

The progress in the development of superconducting
bulk materials and superconducting tapes opened the paths
towards wide application of superconductors in high current
devices for generation of strong magnetic fields and energy
transfer. Today the main used high-temperature supercon-
ductors (HTSC) — are RE Ba;Cu3;07_s5, where RE — is a
rare earth element. The main methods of industrial produc-
tion of HTSC — are the creation of single-domain samples
by the method of growth on the seed from the melt [1]
and production of flexible tapes by laser sputtering on
different substrates [2]. However, the considerable quantity
of the exploratory works to produce new superconductors,
to optimize conditions of synthesis, to modify composition,
to introduce nanoparticles, to create nanoscale materials are
carried out in ceramic materials [3-10]. To prepare such
polycrystalline superconducting materials, they use solid
phase synthesis [11] and sol gel method [12], which differ by
relative simplicity and wide opportunities of microstructure
modifications of the produced superconductors. Develop-
ment of the affordable synthesis methods is necessary to
optimize the properties of the known materials and to search
for the new superconductors [13].

The necessary stage in the synthesis of ceramic high-
temperature superconductors is the high-temperature an-
nealing, which forms a superconducting orthorhombic
phase. Annealing parameters, for example, temperature
and duration, impact the critical temperature, critical cur-
rent density, material strength. Through variation of the

annealing condition and selection of the annealed mixture
components it is possible to control the thickness and the
conductivity of the intergranular boundaries [14-18], to
control the size of the granules [19-22] and to obtain the
new phases at the boundaries of precursor phases [23-25].
Such control of the material morphology is used to develop
the ceramic cuprate superconductors and may turn out to be
successful for other classes of superconducting compounds.

In recent papers [26,27] we demonstrated that at high
temperature annealing of the mixture of polycrystalline
materials NdB32CU307,5 (Nd123) and TmB32CU307,5
(Tm123) with differing peritectic temperatures, the super-
conducting granules may rise to 0.1 mm. The mixture
annealing temperature is selected as higher or equal to
the peritectic temperature of the low-melting phase, but
lower than the peritectic temperature of the hard-melting
phase. For growth of granules upon annealing of the two-
component mix, the peritectic temperatures of components
must differ by dozens of degrees. Peritectic temperatures of
the compounds RE123 discussed in the paper are given in
the table [1,28]. Heating of the rare earth element mix to the
peritectic temperature of the low-melting component leads
to its disintegration to create a liquid phase. Large granules
grow from the liquid phase in hard-melting crystallite seeds.
The similar process of the crystal growth in the hard-melting
seed from the liquid phase is implemented in the known
method of top-seeded melt growth [29]. However, the
top-seeded melt growth is complicated, requires expensive
equipment and takes time. The samples grown by this
method contain cracks, pores and inhomogeneities related to
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Figure 1. Granules in (¢) Tm(Pr)123 and (b) Tm123.

Peritectic temperatures of some compounds RE123

. Peritectic
RE in RE123 temperature, °C
Pr 1052
Nd 1068
Tm 980

uneven saturation with oxygen [30]. The method to produce
polycrystalline superconductors from the two-component
mix maintains the simplicity of the solid phase synthesis,
is not demanding to the equipment and makes it possible to
produce high quality granules.

In the presented paper the described method is used
to create a large-granule superconductor as proposed
in [26,27]. The hard-melting precursor is PrBa,CuzO7_s
(Pr123). The low-melting precursor and concentrations
of components are selected the same as in [26,27], so
that it is possible to compare them to the previous
results. Pr123 stands out from the series RE123 by not
transitioning to the superconducting state. Because Pr123
is used, the non-superconducting inclusions arise in the
synthesized material. The conducted measurements of
magnetization and the comparison to the results of the
magnetic measurements of the large-granule superconductor
synthesized from the superconducting precursors Nd123
and Tm123, made it possible to establish how large granules
and non-superconducting inclusions impact the magnetic
flux trapping.

2. Experiment

Polycrystalline materials PrBa,Cu3;O;_s (Pr123) and
TmBa;Cu307_5 (Tm123) were produced from powders
Pr;03, Tm,03, BaCO3; and CuO using the standard ceramic
technology of solid phase synthesis. The cycle consisting of

grinding, pressing, annealing at 910 °C and cooling with a
furnace was repeated three times. The finished ceramic
materials were ground and mixed at the proportion of
20vol.% Pr123 and 80vol.% Tm123. The mix was pressed,
the produced pellets were annealed at 980 °C for 1hour
and cooled with the speed of 0.5 °C per minute. Further the
designation Tm(Pr)123 is used for the synthesized material.

The measurements were carried out using the equipment
provided by the Krasnoyarsk Regional Center of Research
Equipment of Federal Research Center Krasnoyarsk Scien-
tific Center, Siberian Branch of the Russian Academy of Sci-
ences. The microstructure characterization of the samples
was carried out using the scanning electron microscope
Hitachi TM4000PIus and energy-dispersive spectrometer
Bruker XFlash 630Hc. Magnetization was measured using
a vibration magnetometer Quantum Design PPMS-9T. The
sample for the magnetic measurements had the shape of
the parallelepiped 5 x 2 x 1.5mm. The magnetic field was
directed along the long side of the sample.

3. Results and discussion

Images in Figure 1,a, produced using the scanning
electron microscopy, demonstrate the enlarged granules in
Tm(Pr)123 compared to the initial polycrystalline material
Tm123 (Figure 1, b). The size of the largest granules reaches
0.1 mm.

Energy-dispersive spectrometry shows heterogeneous dis-
tribution of Tm and Pr on the surface of the samples
(Figure 2). Thulium is present mostly in the large granules
(with dimensions from 5um to 100 ym).

Temperature of the superconducting transition 7. was
defined as value 7, when magnetization becomes positive
being heated from low temperatures (see insert in Figu-
re 3). The obtained value 7, = 91.8 + 0.2K matches 7,
of Tm123 [26]. Magnetic hysteresis loops of Tm(Pr)123
measured at 7 =4.2, 30, 60, 80, 100K, are given in
Figure 3. Loops have an inclination caused by paramagnetic
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Figure 2. Distribution of chemical elements on the surface of Tm(Pr)123.

20 Tm(Pr)123 .

Hofl, T

Figure 3. Tm(Pr)123 magnetic hysteresis loops. The insert shows
the dependence of magnetization on the temperature in the field
of 100 Oe, measured after zero-field cooling (ZFC).

contribution from rare-earth ions. The appearance of
the magnetic hysteresis loops is typical for the polycrys-
talline HTSC.
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To determine the impact of the non-superconducting
granules Pr123 at the superconducting properties of
Tm(Pr)123, the comparison was done to the large-
granule material Tm(Nd)123, consisting of supercon-
ducting granules of two grades (80vol% Tml123 and
20vol.% Nd123) [26,27].

Figure 4,a,b shows the magnetic hysteresis loops of
samples Tm(Pr)123 and Tm(Nd)123. To compare the
superconducting samples, it is convenient to consider the
values AM, the difference between the magnetization
values with the decrease and increase of the external
magnetic field H (see Figure 3). Value AM(H,T) for
the polycrystalline superconductor depends on the density
of the intragranular critical current J.(H, T), the granule
size and the proportion of the superconducting phase in
the sample [31,32]. Let us assume that the intragranular
density of the current and the averaged dimensions of
granules Tm123 for these samples differ insignificantly since
Tm(Pr)123 and Tm(Nd)123 were synthesized using the
same technology. Then the decrease in the proportion of the
superconducting granules from 100 % to 80 % must result
in the decrease of value AM (H) 1.25 times. As the magnetic
hysteresis loops demonstrate at 7 = 4.2K (Figure 4,a),
values AM (H) are ~ 1.33 times lower for Tm(Pr)123 than
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Figure 4. Magnetic hysteresis loops of large-granule samples Tm(Nd)123 and Tm(Pr)123 and polycrystalline Tm123 at 7 = 4.2K and

T =60K.

for Tm(Nd)123 at H > 1T. Therefore, the decrease of
AM corresponds to the decrease in the proportion of
the superconducting phase when non-superconducting seed
granules are used instead of superconducting ones. Note
that the actual proportions of the superconducting phase in
the samples of Tm(Pr)123 and Tm(Nd)123 may be less
than 80 % and 100 %.

The critical current density J. was calculated from the
magnetization loops using formula J. = 3AM/d, here d —
is the effective scale of current circulation. This paper
defined d using the method proposed in paper [33]. The
method is based on the fact that Abrikosov vortices are
not fixed in the near-surface layer of the superconductor
with the thickness equal to the depth of magnetic field
penetration A. Equilibrium magnetization of the near-
surface layer causes asymmetry of magnetization: the mag-
netization values at the increase of the field M ™ are higher
by module than the values of magnetization at the decrease
of the field M~ (without a paramagnetic contribution).
The observed asymmetry of the magnetic hysteresis loop
makes it possible to define the current circulation scale:
d~21/[1 — (AM/2|M|)] higher indices, where M, —
minimum value of magnetization, i.e. the maximum value
of the diamagnetic signal, 2 = 150-10~°m. Using this
method for the magnetic hysteresis loop at T = 4.2K, we
get the value d =~ 10 um.

The estimated dependences J. on the magnetic field
at different temperatures are shown in Figure 5,a. Since
the main contribution to magnetization is provided by the
superconducting granules, the values AM for Tm(Pr)123
when calculated using (1) were additionally divided by
the proportion of phase Tm123 at 7 = 4.2 K. Under such
approach, the calculated values of the intragranular density
of critical current do not depend on the proportion of the
non-superconducting phase. The decrease of the proportion

of the superconducting phase with the temperature was not
taken into account.

When the temperature increases, the critical current
density J. decreases, and AM decreases accordingly. How-
ever, for Tm(Pr)123 the decrease of AM happens faster
than for Tm(Nd)123. At T =60K the values AM(H)
for Tm(Pr)123 are lower than for Tm(Nd)123, 2 times
(Figure 4,b), and at T = 80K — 2.5 times (the magnetic
hysteresis loops at 7 = 80K are not provided). Such
decrease in the values of AM that accelerates with the tem-
perature may be caused by the presence of the phases with
the lower critical temperature. It is known that the partial
substitution of the position RE for Pr in the superconducting
RE123 causes the suppression of superconductivity and
decrease of T, [34]. We assume that in the interfaces of
Tm123 and Pr123 the synthesis led to diffusion of Tm
and Pr to form mixed phases Tm;_,Pr,Ba,CuzO;_s with
0 <x < 1. Seemingly, at T = 4.2K not more than 80 %
of the Tm(Pr)123 volume is in the superconducting state,
and at temperature increase the proportion of the material
in the superconducting state decreases, making only around
50% at T = 60K and 40% at T = 80K. Therefore, the
decrease in the proportion of the superconducting phase in
Tm(Pr)123 impacts the speed of decrease of AM with the
temperature increase.

Dependences of the pinning force density F,(H) calcu-
lated using formula F,(H) = uoH - J.(H) are given in Fig-
ure 5, b. Dependences of F,(H) at T = 60K and 7' = 80K
have the maximum at 5.3 T and 1.1 T accordingly. The same
values of the maximum field H,,,x at 60K and 80K had
the dependences F,(H) of the Tm(Nd)123 sample [27]. A
dimensionless parameter hynax = Hmax/Hirr, Where Hiy — 1is
the irreversibility field, is related to the pinning features [35].
For Tm(Nd)123 and Tm(Pr)123 hpmax = 0.2. According to
the scaling model [35], the value A, = 0.2 corresponds to
the pinning at intergranular boundaries. The same values
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of Hpax and hpax for Tm(Nd)123 and Tm(Pr)123 indicate
the same mechanisms of magnetic flux pinning in these
superconductors.

The values of the remanence magnetization Myem =
= AM(H = 0)/2 of the studied sample considerably exceed
Mem of polycrystalline superconductors produced by the
standard solid phase synthesis (see Figure 4,a,b, where
the polycrystalline Tm123 loop is given for comparison).
The trapped magnetic field By and the trapped magnetic
flux @ are expressed as By = oMrem and @ = yuoMiemS,
where § — is the surface area of the sample cross
section with the plane perpendicular to the external field.
The trapped magnetic field for Tm(Pr)123 is 0.155T at
T = 4.2K, and the trapped magnetic flux is 4.7 - 107 Wb.
In the superconductors RE 123, produced using the standard
ceramic technology, the typical values of the trapped field
do not exceed 0.1 T [36-38]. High values AM, M e, and By,
for Tm(Pr)123, as well as for Tm(Nd)123, are related to the
larger size of the superconducting granules as AM ~ J.d.

Even though the content of the superconducting phase
in Tm(Pr)123 and Tm(Nd)123 differs by 20 %, the values
Mem and By for Tm(Pr)123 at T =4.2K is only less by
7%. The abnormally small reduction of M., and AM in
the weak fields for Tm(Pr)123 compared to Tm(Nd)123
may be caused by the trapping of the magnetic flux with
the non-superconducting inclusions. It is more beneficial
from the energy point of view for the magnetic flux to
pass through the microscopic defects (pores, inclusions of
the non-superconducting phase), and these defects serve
as the centers of pinning [39-41]. However, such defects
decrease the effective cross section for current flow, and the
excessive trapping of the magnetic flux with the microscopic
non-superconducting inclusions is only possible in the weak
fields [42].
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Dependences (a) of critical current density and (b) pinning force density on the magnetic field for Tm(Pr)123
semilogarithmic scale), calculated from the magnetic hysteresis loops.

4. Conclusion

The high-temperature annealing of precursors with dif-
ferent peritectic temperatures (Tm123 and Pr123) is ap-
plied to produce the ceramic material with the large
superconducting granules with the size of up to 0.1 mm.
The granules were grown at the annealing temperature
equal to the peritectic temperature of the low-melting
component (Tm123).

Energy-dispersive spectrometry and comparison of AM
values for the samples with the non-superconducting and
superconducting nuclear granules show that in Tm(Pr)123
the large Tm123 granules are formed. Quick decrease of
AM with temperature is explained by the formation of the
mixed phase Tm;_,Pr,Ba,Cu3;0;_s with the lower critical
temperature. Tm(Pr)123 material that contains 20 vol.% of
non-superconducting Pr123, may trap the magnetic field of
up to 0.155T per 42K, which is only 7% lower than for
Tm(Nd)123, and considerably exceeds the values By for
most polycrystalline superconductors.
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