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Abstract Parameters affecting the magnetic levitation force of the melt-textured YBCO superconductors were stud-
ied. The levitation force was dependent on the cooling method, the crystal orientation and the sample thickness of the
superconductors and the polarity of the used permanent magnet. ( i ) the force-distance curves showed a hysteresis
behavior depending on the cooling method of the superconductors (field cooling(FC) and zero field cooling(ZFC)),
which is due to the different amounts of the magnetic fields trapped in the samples and the interaction to an external
field, (ii) the repulsive force single domain sample grown to the c-axis (H//c~axis) is much larger than that of the
sample grown to the a-b direction(H//ab-axis), (iii) the repulsive and the attractive force of the single domain sample

have thickness dependence. It increases with increasing sample thickness and then reaches the saturation point.

1. Introduction

The origin of the levitation force of the oxide super-
conductor at the condition that an external magnetic
field is lower than Hq is the Meissner effect due to the
perfect rejection of the magnetic field. In the case that
the external magnetic fields are in the range between Ha
and H.,, 1. e., a mixed state of superconducting and nor-
mal states, the external magnetic field penetrates the
superconductor and some of the field is trapped in the
superconductor. The levitation force of the mixed state
1s mainly due to the magnetic field trapped in the super-
conductor and is much larger than that due to the Mei-
ssner effect’?. Particularly, the melt-processed YBCO
superconductors show very large levitation and the at-
tractive forces due to the strong flux pinning capacity
of the superconducting phase and the large grain®. The
large levitation force makes it possible to use this mate-

rial to the levitation applications such as contactless
bearings*~?, a high-speed motor®?, a flywheel energy
storage® ' and levitation transportation systems''’ uti-
lizing the interaction between a permanent magnet and
the superconductors. The levitation force of a supercon-
ductor are expressed by the following equations?,

F=m(dH/dx) (1)
m=MV (2)
M=AlJr (3)

where m is a magnetic moment of a superconductor,
dH/dx is a field gradient produced by the external field,
M is a magnetization per unit volume, A is a constant
depending on a sample geometry, J. is a critical current
density of a superconductor and r is the radius of the
shielding current loop. This equation indicates that the
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levitation force depends on factors such as grain size,
phase purity, flux pinning and critical current density
of the superconductor and the magnetic field of a per-
manent magnet. Since M is a function of J.and r, there-
fore, the large levitation force can be achieved in the su-
perconductors with strong flux pinning capability and a
large grain. In addition, J. depends on the crystal orien-
tation'?, the defect density of the oxide supcrconduc-
tors'* ™ and the direction of the external field. For the
practical applications of the YBCO superconductor,
therefore, the material factors should be optimized to
have the maximum levitation force, with an under-
standing of the interaction between the superconductor
and a permanent magnet.

On the other hand, the properties of a permanent
magnet such as magnetic strength, the field uniformity
and the size of the magnet influence the levitation force'™.
For example, the levitation force increases with increas -
ing magnetic strength of a permanent magnet'™. It also
a function of the size of a permanent magnet. The levi-
tation force becomes a maximum value when the size of
the used magnet is the same as the dimension of the su-
perconducting sample. Furthermore, the uniformity of
the magnetic field of a permanent magnetic is impor-
tant particularly for the rotating device such as the fly-
wheel energy storage system and the non-contlact bear -
ings, because the speed and the efficiency of the rotor
are a function of the uniformity of the magnetic field'™.
We studied the
YBCO superconductor and the magnetic

interaction betwcen melt-textured
levitation
force at 77K. The levitation forces of the melt-textured
YBCO samples were systematically investigated with
variables of a cooling method, a crystal orientation, a
sample thickness of the superconductors, a polarity of

the used permanent magnet.
2. Experiments

2. 1. Sample preparation

The samples used in this experiment is a melt-tex-
tured single- and multi-domain YBa.Cu,0.-. (Y 123)
containing Y .BaCuQ; (Y211) inclusions. prepared from
a mixture of 1 mole of the calcined Y 123 powder and 0.
4 mole of Y211 powder. Raw powders of Y .0, BaCO;
and CuO of 99.9% purity were weighed to the cation
ratioof Y I Ba : Cu=1.8"24 3.4 and then mixed for
24h in alcohol by ball milling, with T wt.% CeO.
addition in order to refine the Y211 inclusion during
melt processing'®. The mixture powder was dried in air
and calcined in air for 40 h in ALO, crucibles. with re-

peated crushing for every 10 h calcination. 90 g of the

.
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[Fig. 1. Scanning clectron micrograph of melt-textured YBCCG
showing fine Y211 particles trapped within the Y123 matrix.
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Fig. 2. Photos of the YRBCO samples grown to (a) ab-axis and
(b) c-axis.

calcined powder was uniaxially pressed into pellets ina
steel mold with a diameter of 40 mm and isostatically
pressed again. The peliets were placed on MgO single
crystal substrates and then melt-texturing heat treat-

ment was followed. The detail of the melt texturing
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Fig. 3. Levitation measurement system

process was reported elsewhere'”. The final dimension
of the melt-textured samples was 33 mm (diameter} X
25 mm (thickness). Figure 1 shows scanning electron
micrograph of the melt-textured Y BCO sample. It can
be seen that many Y211 particles are finely dispersed
in the textured Y 123 matrix, with a size distribution of
2 to b microns. The size of the grown Y 123 domains
was 1-2 cm.

Single-domain YBCO samples were grown normal
and parallel to the c-axis of Y123 by the top-seeded
melt-texturing technique with undercooling. The NdBa.
CuyQ0r-,.(Nd123) crystals were used as a seed for the
seeded melt texturing processing. The sintered YBCO
samples were heated to 1100 C for 1 h and then cooled
to 1020 C with a cooling rate of 100 C. At 1020 C,
the Nd123 crystal was placed on the top of the YBCO
samples, undercooled to 990 ‘C at a rate of 1 C/h were
maintained at this temperature for 200 h and then
cooled to room temperature. The samples were oxyge-
nated in flowing oxygen for 50-100 h. Figure 2 shows
photo of the seeded melt-textured YBCO sample grown
to (a) ab-axis and (b) c-axis. The size of the grown

Y 123 domain was as large as 3 cm.

2. 2. Levitation force measurement

In order to estimate the repulsive and the attractive
force between melt-textured YBCO samples, we de-
signed a levitation force measurement system shown in
Fig. 3. A disc-shaped Nd-B-Fe permanent magnet
was placed below the cantilever beam where a load cell
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Fig. 4. Variation of magnetic flux density as a function of dis-
tance.

of which capacity is 30kgf was attached. Moving the
permanent magnet toward and away from the sample
cooled to 77K 1n a liquid nitrogen bath. force-distance
curves were obtained. The dimension of the used mag-
net was 30 mm (diameter) X 20 mm (thickness). The su-
rface magnetic flux density was 3500 Gauss (G) and
the density at 10 mm distance was 1500 G (see Fig. 4).
Variation of a cooling method of a superconductor
may lead to a different interaction between the YBCO
superconductor and a permanent. For example, when a
sample is cooled to a liquid nitrogen temperature with-
out magnetic field (zero field cooling : ZFC) and then a
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Fig. 5. Schematic of (a) zero field cooling and field cooling
methods.

permanent magnet is approach to the superconductor,
the external field is mostly rejected from the supercon-
ductor. In contrast, when the superconductor is cooled
to 77 K in the magnetic field of the permanent magnet
(field cooling : FC), a lot of the external magnetic field
is trapped inside the superconductor. To know the inter-
action of the field trapped in the superconductors to the
external magnetic field, we measured the force-dis-
tance curves of the YBCO superconductors cooled ei-

ther by ZFC and FC methods (see Fig. 5).

2. 3. Polarity change of a permanent magnet

In order to know the interaction of the trapped field
and the polarity of the external field, we examined the
force—distance curve versus the variation of the polari-
ty of the permanent magnet. For this work, the single-
domain Y BCO sample was cooled either by ZFC and FC
methods, then a permanent magnet was moved toward

Permanent

magnets

Superconductors

At the first test At the second test

Fig. 6. Schematic of the polarity changing experiment.

(1998)

and away from the sample and then the force-distance
curve is measured. After the first test, the polarity of
the permanent magnet was changed to an opposite sign
and then the force-distance measurement test was
done again for the same samples, as schematically
shown in Fig. 6.

3. Results and discussion

3. 1. Levitation force of the multi-domain sample

~

Figure 7 shows force-distance curve of multi-do-
main YBCO sample cooled by ZFC (open circles) and
FC method (closed circles) . The sample was annealed at
500 C for 40 h in flowing oxygen after melt texturing
heat treatment. As a permanent magnet was moved to-
ward and away from the ZFC and the FC samples, it
showed a hysteresis behavior. Such a hysteresis curve
was reported to be due to the flux pinning". Repulsive
forces of the ZFC sample at 10 mm and at 1 mm dis-
tances are 0.8 kgf and 3.5 kgf, respectively. The maxi-
mum attractive force of 0.25 kgf is achieved at 15 mm
gap. To know the effect of a test turn on the hysteresis
behavior, the test was repeatedly performed for the
same sample. All the hysteresis curves were the same
as the first one. This implies that the amount of the
magnetic fields trapped in the superconductor were
almost same regardless of a test turn.

The force-distance curve of the FC sample also
shows a hysteresis curve but the mode is different from
that of the ZFC sample. As the permanent magnet was
moved away from the sample, the maximum attractive

force is 1.5 kgf at the 0.25 mm gap but at the second

—o— ZFC
—e—FC

X Muiti-domain YBCO
f

Levitation Force (kgf)

Distance (mm)

Fig. 7. Force-distance curves of the multi-domain YBCO sam-
ple zero-field cooled(open circles) and field cooled(closed cir-
cles). SP denotes a starting point.
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(a) a-b oriented YBCO sample, H//ab-axis

—0—ZFC

Levitation Force (kgf)

°r

10 20 30 40
Distance (mm)

(b) c-oriented YBCO sample, H//c-axis

—0—ZFC

(\.{} —e—FC

Levitation Force (kgf)

0 10 20 .30 40
Distance (mm)

Fig. 8. Force-distance curves of the single-domain YBCO sam-
ples grown to (a) ab-axis and (b) c-axis. SP denotes a starting
point.

test it is reduced to 1 kgf at 8 mm gap. The maximum
repulsive is about 2 Kgf, which is smaller than that of
the ZFC sample. The test was also done repeatedly for
the same sample. All the force-distance curves were

the same as the second one.

3. 2. Levitation force of the single-domain sampies

Figure 8 shows force-distance curve of the single-
domain YBCO sample grown to (a) ab-axis (H//a-b
axis) and (b) c-axis (H//c-axis). cooled either by ZFC
or FC method. ‘As can be seen in Fig. 7 (a), the force-
distance curves of the sample grown to the ab-axis are
similar to those of the multi-domain sample of Fig. 7.
The maximum repulsive and attractive forces of the
ZFC sample are 3.5 kgf and 0.25 kgf, respectively,

which are similar values to those of the multi-domain
YBCO, in spite of the larger grain size of the sample
than that of the multi~domain sample. This indicates
that the rejection of the external field for H//a-b is not
strong. In the case of the ZF sample, the repulsive (1.
6 kgf) and the attractive force (1 kgf) are smaller than
those of the multi-domain YBCO sample.

On the other hand, as can be seen Fig. 8(b), the re-
pulsive force of the ZFC sample grown to the c-axis Is
as large as 5 kgf while the attractive force is as small
as 0.1 kgf. This indicates that the rejection of the exter-
nal field for H//c-axis is much stronger that for H//a-
b. The repulsive and the attractive forces of the FC
sample are 1.5 kgf and 2.0 kgf, which are larger than
those of the sample grown to the ab-axis. Referring to
our previous result'?, the magnetization was a function
of the crystal orientation of a Y123 crystal. The magne-
tization (M) for H//c~axis is several times as large as
that for H//ab-axis. The large levitation force of the
sample grown to the c-axis is seems to be attributed to
the large magnetization for H//c—axis.

3. 3. Trapped magnetic field in the multi- and single-
domain sample
The magnetic field trapped in the ZFC and FC sam-
ples after the force-distance measurement was mea-
sured by using of a hole probe. Figure 9 shows the dis-
tribution of the trapped magnetic field at the centerline
of (a) (b) single-domain YBCO
samples (H//c-axis). As can be seen in Fig. 9(a), the

nulti-domain and

trapped magnetic field of the multi-domain sample is
asymmetric. This is due to the presence of several do-
mains In the sample. It can be seen that the trapped
magnetic field in the FC sample is larger than that of
the ZFC sample. The maximum trapped magnetic field
of the ZFC and the FC samples are 550 G and 750 G,
respectively.

On the other hand, the field distribution of the single-
domain sample (H//c-axis), shows a symmetric mode.
Compared to the multi-domain sample, larger magnetic
field is trapped in the single-domain sample. Only one
peak point is present at the center of the FC sample.
Meanwhile, the amount of the trapped magnetic field of
the ZFC sample is small and the distribution is almost
flat. This implies that the ZFC sample strongly rejects
the external magnetic field. The maximum magnetic
field trapped in the FC sample is 1800 G, which is three
times as large as that (600 G) of the ZFC sample. This
is comparable to that of the multi-domain sample that
showed 35% difference in trapped magnetic field be-
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Fig. 9. Trapped magnetic field of (a) multi-domain and (b) sin-
gle-domain YBCO samples zero-field cooled and field cooled.

tween the FC and the ZFC samples.

The variation of the repulsive and the attractive
force of the ZFC and the FC samples of single and multi
~domain can be explained by the difference of the mag-
netic field trapped in the samples. As the superconduc-
tor is cooled to 77 K in the field of the permanent mag-
net, the magnetic field penetrates the whole sample that
is in a normal state. Then, when the sample reaches a
superconducting state by cooling, much of the penetrat-
ed magnetic field is trapped inside the sample. If the po-
larity of the external magnetic field is positive, the sign
of the magnetic field trapped at the top of the supercon-
ductor is negative. The interaction between the exter-
nal magnetic field and the trapped field makes an at-
tractive force between the superconductor and the per-
manent magnet. The more magnetic fields are trapped,
the larger attractive force is formed.

On the other hand, when a sample is cooled without

magnetic field, there is no trapped field in the sample.
As a permanent magnet moves toward the sample,
most of the external field was rejected while some is
trapped. The amount of the magnetic fields trapped or
rejected will depend on the cooling method as well as
the J.and the grain size of the superconductor . i. e.. the
size of the magnetic shielding current radius (r) of eq.
(3). Owing to the smaller trapped magnetic field and
stronger rejection of the external field in the ZFC, the
smaller attractive and the larger repulsive forces form
in the ZFC sample, compared to the FC sample. In
addition to this. r of the single-domain sample is larger
than that of the multi-domain sample. The magnetiza-
tion (M) for H//c-axis is larger than that for H//ab-
axis. These are the reasons why the levitation force of
single and multi-domain samples varied with the cool-

ing method and the crystal orientation.

3. 4. Variation of a levitation force by changing of a
polarity of a permanent magnet

We investigated the effect of the polarity change of
the permanent magnet on the levitation force of single-
domain sample (H//c-axis). Figure 10 shows the force
—distance curves of the ZFC sample (open circles) at
the first test and the variation (closed circles) when the
test was done again after the polarity was changed. As
can be seen in figure, the variation of the force-distan-
ce curve is small when changing the polarity from S to
N. The increase of the repulsive force is less than 10 %.
In the ZFC sample, the trapped field of an opposite sign
to the external magnetic field is very small due to the

c-oriented YBCO sample o— ZFC

6L pole-reversed

Levitation Force (kgf)

0 10 20 30 40
Distance (mm)

Fig. 10. Variation of force-distance curve of the ZFC sample
(single domain) after polarity change of a permanent magnet.
SP denotes a starting point.
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c-oriented YBCO sample

lo— FC
pole-reversed

Levitation Force (kgf)

0 10 20 30 40
Distance (mm)

Fig. 11. Variation of force-distance curve of the FC sample
YBCO(single domain) after polarity change of a permanent
magnet.

strong rejection. As the polarity of the permanent mag-
net was changed, the sign of the trapped magnetic field
is the same as that of the external field. Then, it pro-
duces an additional repulsive force due to the interac-
tion between two components of the same polarity.
Figure 11 shows the variation of the force-distance
curve of the FC sample vs polarity change. Unlike the
result of the ZFC sample, the force-distance curve of
the second test shows remarkable increase of repulsive
force and decrease of an attractive force. The repulsive
and the attractive forces of the ZFC sample at the first
test is 2 kgf and 1.50 kgf, respectively but they are
changed to 7 kgf and 0 kgf at the second test. The large
variation of the force-distance curve is also attributed
to the interaction between the trapped magnetic field
and the external field. In the FC sample, a lot of mag-
netic fields are trapped. It appears as a large attractive
force term In the first test. Then, when the polarity of
the permanent magnet is changed to an opposite sign
and the test is done again, the trapped magnetic field in-
teracts with the external magnetic field of the same
sign. It produces large repulsion between two com-

ponents.

3. 5. Levitation force vs sample thickness

The thickness dependence of the levitation force of
the single domain Y BCO sample was examined for (H//
c-axis). Figure 12 shows the repulsive force versus
sample thickness estimated from force-distance curves
of the ZFC samples. Initial sample thickness of the sam-
ple was 14 mm. After every force-distance tests, the
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Fig. 13. Thickness dependence of the attractive force estimated
of H//c~axis of the ZFC and FC samples of single domain. The
closed circles(fc(1)) and the closed triangles(fc(2)) was estimat-
ed from the first force-distance test of as-cooled sample and
from the second force-distance test, respectively.

bottom of the sample was ground with SiC papers to re-
duce sample thickness. As can be seen in figure, the
maximum repulsive force of the sample is 5 kgf and is
almost constant in the thickness ranges from 14 mm
down to § mm. Below 8 mm thickness, however, the lev-
itation force is remarkably reduced: at 4 mm and 3 mm
thickness, the levitation force is 3.8 kgf and 3.2 kgf,
respectively.

Figure 13 shows the thickness dependence of the at-
tractive force estimated of H//c-axis of the ZFC and
FC samples of single domain. The attractive force has a
negative sign in the force-distance hysteresis curve.
The closed circles (fc(1)) and the closed triangles (fc
(2)) were estimated from the force-distance curve of
as-cooled sample (the first force-distance test) and
from the second force-distance curve, respectively. The
attractive forces of the ZFC sample are less than 0.5
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kgf. This is because the ZFC sample strongly rejects the
external field and hence the trapped magnetic field in
the sample is small while that of the FC sample shows
the opposite behavior. Interestingly, the attractive force
of the ZFC sample decreases with increasing sample
thickness. It is not easy to clearly explain the reason
why the attractive force of the ZFC sample decreased
with decreasing sample thickness. Probably, some of
the external field penetrates the whole sample and then
trapped in the sample, because the thickness is thin
enough. It might produce more attractive force com-
pared to the samples of lager thickness. On the other
hand, the attractive force of the ZFC sample shows the
thickness dependence similar to that of the repulsive
force of Fig. 12. It increases with increasing sample
thickness up to 6 mm. Above 6 mm thickness, the at-
tractive force are nearly constant. Since many magnet-
ic fields are trapped in the FC sample, the attractive
forces are larger than those of the ZFC samples. At the
first test, the maximum attractive force at the first and
the second test is 2.0 kgf and 1.4 kgf, respectively.

The relationship between levitation force of type II
superconductor and sample thickness was expressed by
fdllowing equation'”,

F=4R*MH4L/3%* 4)

Where R is radius of a permanent magnet, M is mag-
netic moment of a permanent magnet, H. is critical
magnetic field of a superconductor, L is a thickness of a
superconductor and Z is a distance between a supercon-
ductor and a permanent magnet. This equation as-
sumed that the external magnetic field penetrates the
whole sample thickness. According to this equation, the
levitation force of the superconductor has a linear de-
pendency on the sample thickness. Wang et. al mea-
sured the levitation force of the sinter-forged YBCO
samples of different thickness and they found that it in-
creased linearly up to 5 mm thickness and then reached
a constant value in the thickness range from 5 mm to
8 mm*”. Murakami et. al also reported the thickness de-
pendence of the levitation force of the melt-powder-
melt growth processed YBCO (multi-domain) *. Refer-
ring to their result, the levitation force increased linear -
ly up to 10 mm thickness and was not linear in the
range from 10 to 20 mm thickness®'. The result of this
study is well consistent with these results. However, the
values of the thickness that correspond to the satura-
tion point were different each other. This may be due to
the fact that the penetration depths of a magnetic field

in the samples was different each other, since it is de-
pendent on the grain size J. and the external magnetic
field. In the case of the single crystalline YBCO with
high J., the penetration depth of the external magnetic
field would be smaller than that of the meltprocessed
multi-domain and the poly-grain sample of small grain

size.
5. Conclusions

Variables affecting the magnetic levitation force of
the melt-textured YBCO superconductors have been
studied. The levitation force was significantly depenr-
dent on the factors of the cooling method, the crystal o-
rientation and sample thickness of the superconductors
and the polarity of the used permanent magnet. To
achieve large attractive force, field cooling is better
than zero field cooling. In contrast, the larger repulsive
force is achieved in the zero field-cooled sample. This is
practically important, because the capacity and the sta-
bility of a levitation rotor depend on the amount of the
repulsive and the attractive force. The repulsive force
single domain sample grown to the c-axis (H//c-axis)
is much larger than those of the sample grown to the a
~-b direction (H//ab-axis). The repulsive and the at-
tractive forces have thickness dependence. It increased
with increasing sample thickness and then reached the -
saturation point. The results of the polarity change of
the permanent magnet were very informative in under-
standing the interaction between the trapped magnetic
field and the external field.
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