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Magnetic Levitation and Bean Model
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The levitation forces for both free sintered and melt-powder-melt-growth (MPMG)
yttrium-barium-copper-oxide (YBCO) superconductors have been measured by a torsion balance. The results agree with data obtained by other experimental groups. These
levitation forces also have been calculated theoretically by taking into account both the
Meissner effect and the induced current due to the critical state of the superconductor. Acceptable agreements are obtained. It is found that the large area enclosed by
the hysteretic levitation curve corresponds to a large critical current density of the
superconductor.
PACS. 74.6O.Jg - Critical currents.
PACS. 74.25.Ha - Magnetic properties.
PACS. 74.8O.Bj - Granular, melt-textured, and amorphous superconductors; powders.

I. INTRODUCTION
Ever since the discovery of high temperature superconductors [l], the hysteretic
levitation curves of these materials have been measured by many authors [2-71. It seems that
a large critical current density of the superconducting sample corresponds to a large area
enclosed by the hysteretic levitation curves. Theoretical investigations of these levitation
forces [6-lo] have given some qualitative agreement with experimental results. However,
a complete calculation for the hysteretic levitation curves to compare with experimental
results has not yet been seen. In this paper, we will first measure these levitation forces
for both sintered and MPMG YBCO superconducting disks (SD). Then, we will use Bean
model [11,12] to calculate the levitation forces quantitatively and to try to explain the
difference in levitation forces between the sintered and MPMG samples.
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II. EXPERIMENTS
We use a torsion balance to measure the levitation forces as a function of height for
both the sintered and MPMG YBCO sample. The whole setup is similar to the one used in
Ref. [3]. A cylindrical, Nd-Fe-B permanent magnet (PM) of length 0.62 cm and diameter
0.62 cm is used for our measurements. The distribution of the radial component of the
magnetic field of the PM are measured by a gaussmeter and the results are shown in Fig.
1. Our sintered sample is a disk of 2.5 cm diameter and 0.2 cm thickness. The MPMG
sample is a disk of 2.5 cm diameter and 0.185 cm thickness. During our measurements, the
axis of the PM is kept coaxial with the axis of the SD. The hysteretic levitation curves for
both samples are shown in Figs. 2 and 3 respectively. One can see that for the field-rising
part, the levitation forces of the MPMG sample is always larger than that of the sintered
sample. But, for the field-falling part, the levitation forces of the MPMG sample have a
large negative portion while the sintered sample shows nearly all repulsive forces. These
results agree with data obtained by other experimental groups [2-71.
III. THEORETICAL CALCULATIONS
Let us consider a small PM placed at a height h above the SD as shown in Fig. 4.
The total vertical force dF, acting on the ring at the position (r, z) due to the magnetic
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FIG. 1. Radial component of the magnetic field H,, of the PM as a function of r and h. Symbols
are experimental points and lines are calculated values from our model.
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F I G . 2 . Experimental and theoretical values of the magnetic levitation forces for the sintered sample.

-al*

0:4

016

0.8

1

1.2

1.4

1.6

1.8 I

Vertical distance h ( mm )

F I G . 3 . Experimental and theoretical values of the magnetic levitation forces for the MPMG sample.

flux density Be(r,z + h) generated by the PM and the current j4drdz flowing inside the
ring is:

dF, = (2nr)&,drdz)B,,(r, z + h) ,

(1)
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FIG. 4. Theoretical model for the magnetic levitation force calculations. Note that the figure is
not drawn according to scale.
B,, represents the radial component or B,.
The total levitation forces acting on the magnet should equal the sum of all these
small forces dF, over the whole SD. By Maxwell’s equation,

where

j, = G’H,,/az - i3Ht,/dr,

(2)

Ht, and Ht, represent the r-th and z-th component of the total magnetic field. For an SD
with R >> T, the second term in the above equation is always small in comparison with the
first term [13,14]. S o, in all our calculations, we will keep the first term only. That means
that
j, = dHt,/dz.

(3)

As also shown in Fig. 4, the SD is divided by the penetration depth X into two parts.
When Ht, at the upper face of the SD does not exceed Hclr the first critical field of the
superconducting sample, the induced current is only due to the Meissner effect. After
summing up over dz, the levitation force due to the Meissner effect only is:
dF,, =

2rB,, Hlrrdr

for Ht, < H,I ,

[ 27rB,, Hcl rdr

for Ht, > H,I .

(4)

When Ht, is larger than H,l, one also has to consider the induced current caused by the
critical state of the sample [11,12]. By Bean model, one has
j+ = zkj,.

(5)
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FIG. 5. Induced current distribut,ion as a function of z inside the SD at a distance r from the

symmetry axis. This figure is also not drawn according to scale.

Here j, is the critical current density of the sample. The positive or negative sign depends
upon whether Ht, is increasing or decreasing inside the SD. Fig. 5 shows the total magnetic

field Ht, inside the SD as a function of .z at a distance T from the symmetric axis for the
case where Ht,(r, 0) - H,l > j+T with both increasing and decreasing Ht,.
In order to simplify our calculations, the magnetic field H,,(r,h), of the PM, is
approximately calculated with a z-direction distributed current loop (I) of the same radius
b and height c as the PM. The esperimental points for Her(r, h), as shown in Fig. 1, are
best fitted by:

dI/dz = kl( 1 - 1;2z2) )

IzI < c/2

(6)

with the two parameters ICI = 15 and k2 = 7/c’. One can see that our fitting for the
magnetic field H,, is quite good. Also, by self-consistent calculations, we have found that,
for NC1 = 8 G and a current density of the order lo8 A/m2 or less, the r-th component
of the magnetic field generated by the induced current inside the SD is negligibly small in
comparison with the external magnetic field H,, (100 G). That means, the total magnetic
field Htr(~, 0) j us t outside the upper face of the SD can be approximated by:
Hi,.@, 0) = He&,

h) .

(7)

A complete calculation on the levitation forces F, as a function of the distance h
between the PM and the SD was done on a personal computer. The calculated results are
also shown in Figs. 2 and 3. The parameters we used in our calculations are:
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FIG. 6. The effect of H,l on the area enclosed by the hysteretic levitation curve with the same
maximum levitation force. This figure is used to find the best fitting parameters H,l and
j, for the sintered sample.

H,l = 8 G,j, = 1.4 x lo5 A/m*

for the sintered sample and

H,r = 20 G,j, = 3.3 x lo6 A/m*

for the MPMG sample.

IV. DISCUSSION AND CONCLUSIONS
In our fitting procedure, we try to find the best fitting parameters H,r and j, according
to the area enclosed by the hysteretic levitation curves for both samples. As expected, the
critical current density for the sintered sample is much smaller than that for the MPMG
sample. The effect of the critical current density j, on the levitation forces is best shown
in Fig. 6. For the same maximum levitation force, as j, increases, the area enclosed by the
hysteretic levitation curve also increases.
There are errors in our fittings. This is mainly because, in our calculations, we have
overlocked some important problems in applying Bean model. For example, high temperature superconductors are highly anisotropic materials. Also, for polycrystal samples, one
has to consider the problem of intragranular currents and intergranular currents. Therefore, the values of the fitting parameters we found in our calculations should not be taken
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too seriously. They can only serve as a qualitative indication of the corresponding physical
properties of the SD.
ACKNOWLEDGMENTS
The authors would like to thank Professor M. K. Wu and Dr. Y. Huang for helping
us in getting the MPMG YBCO sample for our measurements. This project is supported
in part by the National Science Council of the R.O.C. under grant #: NSC-83-0212-M-032010.
REFERENCES
[ll M. K. Wu, J. R. Ashburn, C. T. Torng, P. H. Hor, R. L. Meng, L. Gao, Z. J. Huang,
Y. Q. Wang, and C. W. Chu, Phys. Rev. Lett. 58, 908 (1987).

PI
PI
PI
[51
[61

F. C. Moon, M. M. Yanoviak, and R. Ware, Appl. Phys. Lett. 52, 1534 (1988).

VI

M. Murakami, T. Oyama, H. Fujimoto, T. Taguchi, S. Gotoh, Y. Shiohara, N.
Koshizuka, and S. Tanaka, Jpn. J. Appl. Phys. 29, L1991 (1990).

PI

Z. J. Yang, T. H. Johansen, H. Bratsberg, G. Helgesen, and A. T. Skjeltorp, Physica
C165, 397 (1990).

PI

F. Hellman, E. M. Gyorgy, D. W. Johnson, Jr. H. M. O’Bryan, and R. C. Sherwood,
J. Appl. Phys. 63, 447 (1988).

PO1

Z. J. Yang, T. H. Johensen, H. Bratsberg, and A. Bhatnagar, Physica C197, 136
(1992).

WI
P21
P31
[W

C. P. Bean, Phys. Rev. Lett. 8, 250 (1962).

F. C. Moon, K. C. Weng, and P. Z. Cheng, J. Appl. Phys. 66, 5643 (1989).
P. Z. Chang and F. C. Moon, J. Appl. Phys. 67, 4358 (1930).
D. E. Weeks, Rev. Sci. Instrum. 61, 197 (1990).
F. C. Moon, P. Z. Cheng, H. Hojaji, A. Barkatt, and A. N. Thorpe, Jpn. J. Appl.
Phys. 29, 1257 (1990).

C. P. Bean, Rev. Mod. Phys. 36, 31 (1964).
M. Daeumling and D. C. Larbalestier, Phys. Rev. B40, 9350 (1983).
L. W. Conner and A. P. Malozemoff, Phys. Rev. B43, 402 (1991).

