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Flux pinning allowing levitation experiments at liquid oxygen temperature
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A new type of (Nd,Eu,Gd)Ba,CusOy “NEG-123” composite with exceptionally small secondary
phase particles exhibits a high flux pinning up to a close vicinity of T;. The externally added
ball-milled secondary phase particles partially transformed during the technological process to a
new type of nanometer-scale Zr-rich secondary phase pins. The critical current density
improved in high temperatures by an order of magnitude as compared to other RE-123 type
materials. Analysis of the normalized pinning force versus reduced field for various amounts of
Zr-rich particles implies a potential role of AT, pinning. The exceptionally good pinning
performance led to realization of a levitation experiment with a permanent magnet suspended
over and below the NEG-123 superconductor cooled by liquid oxygen. The new type of bulk
superconducting magnets may setrve as construction materials for liquid oxygen pumps in

various applications.
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1. INTRODUCTION

The old dream to utilize bulk high-T, superconducting
magnets at liquid oxygen temperature has recently become
much more feasible due to the progress in fabrication of
NEG-123 materials [1]. Although YBa,CusO “Y-123%,
commonly used for levitation at 77 K, has critical
temperature (91-93 K) [2], lying only slightly below that of
NEG-123, the pinning performance of Y-123 rapidly drops
at high temperatures and therefore is insufficient for
levitation at 90 K. Even worse situation is met by the
superconductors with 7, above 100 K [3, 4], like Bi-Sr-Ca-
Cu-0, TI-Ba-Cu-O and others. These compounds cannot be
used for levitation even with liquid nitrogen cooling. At
present only the new NEG-123 composite exhibits a
sufficiently good pinning performance up to temperatures
above 90 K.

Nd, Eu, and Gd are, together with Sm, are called light rare
earths, “LRE”. The principle difference between Y-123 and
NEG-123 is that LRE forms a solid solution with barium
and the extent of this has to be regulated by reduction of
oxygen in the melt-texturing process. One of such
procedures is called the oxygen controlled melt growth
“OCMG” process [5]. The OCMG LRE-123 materials
exhibit T, between 93 K and 96 K. However, up to recent
the pinning performance of these materials also rapidly
decreased above 80 K.

In mixed LRE-123 systems two principal classes of pinning
defects coexist. One is the LRE/Ba substitution in the form
of nanometer-scale clusters [6], resulting in an enhanced
super-current densities at intermediate and high fields
(secondary peak). The other one are rather large (micron and
sub-micron scale) insulating LRE,BaCuO; “LRE-211” or
NdBa,Cu, 04 “Nd-422” (in the case of LRE=NJ) particles
embedded in the superconducting LRE-123 matrix [8, 9].
Each of these defect types is active in another field range
and their performance can be optimized according to
demands of a particular application. It is well known that the
secondary phase particles are mainly active at low fields and
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their pinning efficiency is inversely proportional to their
dimension. Thus, in order to enhance critical currents at high
temperatures, where the operating field range is strongly
reduced, one should optimize the pinning by secondary
phase particles. In attempt to do so, we gradually reduced
the starting Gd-211 particle size by Y,03 — ZrO; ball
milling. ’

In this study, we examined two sets of samples. In the first
set the amount of Gd-211 was fixed and the initially added
particle size varied from 200 nm to 70 nm. In the second
set, the Gd-211 secondary phase particle size was kept
constant and the amount of Gd-211 was varied.

2. EXPERIMENTAL

In this work, we gradually reduced the size of starting Gd-
211 particles added to (Ndg33Bu033Gd 33)Ba;Cus0y. The
NEG-123 was produced in a routine way described e.g. in
[5]. The Gd-211 powder was milled using Y,0; — ZrO;
balls in acetone, for 0.3, 2, 4, and 8 h. The average size of
the ball-milled particles was 200 — <70 nm, in dependence
of the milling time. The size was estimated by Brunauer-
Emmerit-Teller (BET) specific area measurements [10]. 10
to 50 mol% of the ball-milled Gd-211 were added to the
sintered NEG-123. For suppression of Gd-211 particles
coarsening during melt processing, 0.5 mol% Pt and 1 mol®%
CeQ, were added. The pellets were grown by OCMG
process in Ar with 1% partial pressure of O,. For magnetic
measurements, small specimens with dimensions of a x b x
¢~ 15 x 15 x 0.5 mm® were cut from the pellets and
annealed in flowing oxygen in the temperature range 300~
600 °C [5].

The microstructure of these samples was studied with a
scanning electron microscope “SEM”, a dynamic force
microscope “DFM” and a transmission electron microscope
“TEM”. Magnetization hysteresis loops “M-H loops” were
measured at 77 K using a commercial SQUID magnetometer
(Quantum Design, model MPMS?7) in field range 2 to +7 T.
To minimize ficld inhomogeneity, the scan length was
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restricted to 1 om. The external magnetic field was applied
parallel to the c-axis of the samples. J, values were
estimated from the AM-H loops using the extended Bean
critical state formula for a rectangular sample [11].
Magnetization characterization was performed by measuring
hysteresis loops and analyzing the normalized volume
pinning forces, F,, as a function of reduced field h = H/H,.

3. EXPERIMENTAL RESULTS

Morphology of the resulting secondary phase network in
the NEG-123 matrix was studied by scanning electron
microscopy on several samples with various Gd-211 initial
particle sizes. Figure 1 (a) shows SEM image of the NEG-
123 sample with 30 mol% Gd-211 (70 nm).

Fig.l Scanning electron micrographs of NEG-123 + 30
mol% Gd-211 (average particle size is 70 nm) prepared
under 1% partial pressure of O, (a) low magnification
scanning electron micrograph, (b) high magnification
scanning electron micrograph. Note that fine 211 inclusions
with the size ranging from 300 to 500 nm are uniformly
dispersed in the matrix.

A notable feature is the uniformity of the secondaty phase
particles dispersion. SEM image taken at a higher
magnification (Fig. 1(b)) showed particles ranging between
200 to 500 nm, larger than the original size. To acquire
better insight and resolution, a TEM study was made on the
same sample (Figure 2). Two types of defects can be seen:
large irregular inclusions of about 200 to 500 nm in size as
observed in Figure 1 (b) and round particles of 20-50 nm

Fig. 2. Transmission electron micrograph of NEG-123
sample with 30 mol% Gd-211 (average particle size is 70
nm); the black arrows show some nanometer size Zr-rich
particles.

size. The chemical identification of the precipitates was
made by scanning TEM-EDX analysis. The analyzed spot of
2-3 nm in diameter enabled to unambiguously analyze even
the smallest clusters. More then 65 nanoparticles were
studied. The quantitative analysis clarified that the large
particles are Gd-211/Gd-rich-NEG-211, which is in
agreement with our earlier studies of the NEG-123 system
[8]. In contrast, the small defects with size below 50 nm
always contained a significant amount of Zr. These defects
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are marked in Fig. 2 by arrows. A similar feature was
observed on different parts of the sample. As no zirconium
was intentionally introduced into the sample, we concluded
that the Zr contaminated the secondary phase powders
during the ball-milling process and specifically affected the
particle size reduction during the melt-growth process. This
result was also confirmed by dynamic force mictoscopy.
More details of nanometer size Zr-rich pinning centers and
their chemical analyses can be found in Ref. [12].
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Fig. 3. Field dependence of J, for NEG-123 samples with 10
to 50 mol% Gd-211 refined by ball-milling for 4 h (70 nm).
All the samples were measured at T = 77 K for H/e-axis.
The current density increased in the whole field range with
increasing content of the secondary phase up to 40 mol% but
dropped above this content. Record critical current densities
of 194 and 110 kA/cm’ were achieved at 0 and 3 T,
respectively.

Fig. 3 shows the field dependence of the critical current
density, J,, for NEG-123 samples with the Gd-211content
ranging between 10 and 50mol%. The J(H) curves were
deduced from SQUID magnetometer measurements at 77 K
in applied field parallel to the c-axis. In all the samples, the
initial average secondary particle size was 70 nm. It is
evident that the critical current density both at low and high
magnetic fields depends on the amount of initially added
secondary phase. The sample with 40 mol% Gd-211 showed
the remnant J, value around 194 kA/em® and 110 kA/em? at
3 T. This result is by more than 60% higher than the
previous record value of NEG-123 and by more than an
order of magnitude higher than those in other RE-123
materials. With further increase of the Gd-211 content to 50
mol% the critical current density decreased. This may be due
to the excessive Zr contamination of the Gd-211 secondary
phase [13].

In order to study the role of initially added secondary phase
size, the Gd-211 content was kept constant at 30 mol% and
the starting average particle size was varied between 200 nm
and <70 nm. The field dependence of critical current density
at 77 K and H//c-axis are shown in Figure 4. A clear
increase of the remnant J, with decreasing the particles size
is visible. Remarkable is the record value of the remnant J,,
190 kA/cm?, reached with the average starting particle size
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of <70 nm. Another important feature is that the high-field
pinning systematically improved with decreasing the particle

size.
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Fig. 4. Field dependence of critical current density for NEG-
123 samples with 30 mol% Gd-211 refined by ball-milling
for 0.3, 2, 4 h, and 8h (200 nm, 100 nm, 70 nm, <70nm). All
the samples were measured at 7= 77 K for Hje-axis. The
current density increased in the whole field range with
decreasing particle size. High critical current densities of
190 and 100 kA/ecm® were achieved at 0 and 3 T,
respectively.

The pioning performance of the Gd-211 phase
contaminated by Zr was studied by using the normalized
volume pinning force density, F,=BJ/(Byuomar)» a5 @
function of the reduced field, h = H,/Hy,, where B, and
Jomax are the magnetic induction and J, values at the
secondary peak maximum, H, is the applied field, and H, is
the irreversibility field. The Fy(#) curves for three NEG-123
samples with different initial Gd-211 particle sizes, nicely
scaled in a temperature range of 70 - 90 K, are shown in
Figure 5. In the top and middle graphs Fy(#) curves of the
samples with 30 mol% Gd-211 of the initial size 200 and 70
nm are presented, respectively. H. was derived from
magnetization hysteresis loops uvsing the criterion of 100
Alem®, It was found that the peak on the F,(h) curves for
both samples lies around % = 0.50, only for the Gd-211 size
< 70 nm (bottom figure) the peak position slightly shifted to
lower fields, & = 0.43. Such a relatively high position of the
secondary peak was theoretically predicted for AT, pinning
[14]. However, the pinning mechanism associated with the
secondary peak has not yet been unambiguously identified.

The magnetic study and the microstructure analysis
indicate that for the observed improvement of the flux
pinning performance of the NEG-123 compound a
combination of nanometer-sized Gd-211 particles with the
extremely small Zr-rich clusters is the base.

The pinning enhancement due to a new type of defects is so
profound that it extends up to temperatures abovee 90 K (see
Fig. 6). This means that the limiting operating temperature
for levitation experiments and other applications shifts from
liquid nitrogen (77.3 K) to liquid oxygen (90.2 K). This is
documented in Fig. 7 (a) where we a conventional levitation
experiment with a permanent Fe-Nd-B magnet levitating
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* Fig, 5. Scaling of the normalized pinning forces, Fy Fpma Vs

reduced field, #=H,/H,,, for NEG-123 + 30 mol% Gd-211
with 200 nm (top), 70 nm (middle) and < 70 nm (bottom)
particles at temperatures between 70 and 90 K. The scaling
with temperature is very good, the curve peaks at h = 0.5 for
200 and 70 nm and at 0.43 for < 70 nm.

above the NEG-123 sample with 40 mol% Gd-211
immersed in liquid oxygen. Fig. 7 (b) presents an alternative
experiment, levitation of two superconducting magnets. In
this case, the upper magnet was first magnetized at 90 K ina
uniform external field of 0.5 T. Then it was put in a close
distance to the same material and these were field-cooled to
90 K in stray field of the upper magnet. After removal of the
spacing, the first NEG-123 magnet “hanged” in the potential
well formed by the stray field trapped in the lower
superconductor. After magnetization process the system was
taken out of liquid oxygen. As a resulf, one NEG-123
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Fig. 6. Field dependence of J, for NEG-123 samples with 30
mol% Gd-211 refined by ball-milling for 0.3, 2, 4 , and 8h
(200, 100, 70, and <70 nm). All the samples were measured
at 7= 90 K with Hj-axis. A critical current density is still
high at liquid oxygen temperature, 90 K.

Fig. 7. (a) Permanent Fe-Nd-B magnet levitating over an
NEG-123 + 40 mol% Gd-211 (average particle size 70 nm)
superconductor at liquid oxygen temperature (90 K), after
the superconductor had been magnetized by stray field of the
permanent magnet and cooled down to 90 K; (b) NEG-123
pellet suspended below another NEG-123 “permanent”
magnet.
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magnet hanged below the second one. These achievements
will promote the development of novel applications in
medical and space programs.

Today's hospital requires comprehensive medical gas
distribution systems to meet increasing demands of the life
support technologies and emergency help. Medical gases
have to be distributed in a clean, safe, and reliable manner.
Gases in liquid form can be transported in a sophisticated
network, which would supply either medical air and/or
oxygen for patient breathing support or nitrous oxide for
anesthesia. For such systems, the new superconductors
represent a basic construction material for design of non-
contact liquid oxygen pumps.

4. SUMMARY

We showed that bulk NEG-123 materials with a reduced
size of Gd-211 particles and the new nanometer-size Zr-rich
secondary phase clusters exhibit an  excellent
electromagnetic performance. The enhanced pinning
enabled levitation experiments in liquid oxygen. The
employment of the new NEG-123 superconducting
permanent magnets that function at liquid oxygen
temperature will lead to novel applications.
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