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Resonance oscillations of a permanent magnet levitated
above granular superconductors

A. A. Kordyuka) and V. V. Nemoshkalenko
Institute of Metal Physics, 252680 Kiev 142, Ukraine

~Received 16 June 1995; accepted for publication 24 October 1995!

We have studied the interaction of alternating magnetic fields with granular high temperat
superconductors~HTSC! with a magnetization distribution in the HTSC volume. The expression
for resonance frequencies of a permanent magnet levitated above a HTSC sample were foun
five oscillation modes. An original method for determination of the superconducting grains’ volum
fraction is proposed. ©1996 American Institute of Physics.@S0003-6951~96!02201-4#
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There is considerable current interest in systems wher
permanent magnet~PM! is levitating above a high tempera
ture superconductor~HTSC! for both practical applications1,2

as well as for basic research.3,4 In the latter case the PM is a
sensitive detector of structure and macroscopic magne
properties of granular HTSC.4,5 In this work we have pro-
posed an original method for determining the volume fra
tion of superconducting grains by performing the measu
ment of the resonance frequencies of two modes of P
forced oscillations.

The measurements were performed using the PM-HT
system that was described in detail in our previous works.4–7

Figure 1 shows the experimental configuration. Spheri
SmCo5 PM of massm50.021 g, diameterd50.16 cm, and
magnetic momentm51.2 G cm3 freely levitated at a distance
x0 above the granular HTSC tablet having a diameter
D54 cm and a thickness ofh51 cm. The ratio of sizes
(D.h@x0.d) allowed the PM to be regarded as a poin
magnetic dipole resting over the flat semi-infinite granul
superconductor.4 The forced oscillations of the PM were ex
cited by the ac coil located above the magnet so that vec
of the coil magnetic field and its gradient over the PM ar
did not coincide with x, y, z axes in Fig. 1.

In this work we focused on the granular YBa2Cu3O72x

superconductor withTc592 K which was prepared by a
standard sintering method.8 Typical dimensions of the com-
ponent grains were 10–20mm. Two types of samples were
used in our experiments. They were the ceramic sample~No.
1! and the composite sample~No. 2!. The first one was cut
from a sintered superconductor. The composite sample w
formed from dispersed grains of superconductors in an in
lating paraffin. The dispersed grains were obtained by grin
ing a piece of Y superconductor. For comparison we ha
also investigated the ceramic~No. 3! and composite~No. 4!
samples that were made of (Pb0.16Bi0.84!2Sr2Ca2Cu3Oy super-
conductor withTc5120 K.

There are five modess of PM oscillations in such a
PM-HTSC system: three translation modes,s5x,y,z ~along
the corresponding axes!; and two rotation~or torsion! modes,
s5c andu ~aroundx andy axes, respectively!. Every mode
has a resonance frequencyv, dampingd, and a dependency

a!Electronic mail: kord@d24imp.kiev.ua
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on the PM amplitudeA,5,9 but in this work our attention is
focused on extrapolated values ofv whenA→0 ~Table I!.

Earlier we had studied theoretically the elastic interac-
tion of the PM with granular HTSC6 and found the expres-
sions for resonance frequencies of PM small oscillations.7 In
those works two assumptions were made:~i! the granular
HTSC at 77 K may be considered as a set of isolated super-
conducting grains with a densitya; ~ii ! the influence of the
static magnetization on elastic properties of the PM-HTSC
system can be neglected. The first assumption was supporte
by experimental results for Y samples.5,10 The same cannot
be said of the second assumption. Moreover, the previously
derived expressions7 yield unphysical values of the super-
conducting volume fraction~a.1!.11

To account for elastic properties of the PM-HTSC sys-
tem we consider its total free energy in more detail:

F~r !52mgr2E
Vs

dr 83 E
0

H~r82r !
M ~H8!dH8, ~1!

wherer is the PM position,H is its magnetic field,M ~H! is
the magnetization of HTSC grains,Vs is the superconducting
grains’ volume. For elasticityk of small PM displacements
dq relative to generalized coordinatesqs5x,y,z,x0c,x0u,
whendB5dH24pdM5 const, we may write

ks5Gsvs
25

]2F

]qs
2 5a@ I 1~s!1I 2~s!#, ~2!

where

FIG. 1. The experimental configuration.
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TABLE I. The experimental and theoretrical parameters of PM-HTSC system for different HTSC samples~No.
1: ceramic Y sample, No. 2: composite Y sample, No. 3: ceramic Bi sample, No. 4: composite Bi sample!;
x0: the PM stable equilibrium position;v: the values of PM resonance frequency for all five modes of its
oscillations;a: the superconducting volume fraction;b: the parameter from Eq.~9!.

Sample vx , Hz vy , Hz vz , Hz vc , Hz vu , Hz
Nos. x0 , cm ~exp.! ~exp./theor.! ~exp.! ~exp./theor.! ~exp./theor.! a b

1 0.23 24.0 7.0/6.9 12.0 40/41.6 69/72.0 0.76 0.50
2 0.16 34.5 10.7/10.9 18.6 42/44.8 71/74.9 0.27 0.44
3 0.25 21.0 7.2/6.4 11.0 37/41.4 63/70.1 0.90 0.46
4 0.17 29.5 10.6/10.6 18.4 43/47.1 69/73.9 0.29 0.32
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I 1~s!5
1

4p E
V
dr3S ]H

]qs
D 2, ~3!

I 2~s!52E
V
dr3SM•

]2H

]qs
2 D . ~4!

There Gx5Gy5Gz5m, Gc5Gu5(1/10)m(d/x0)
2, V is

the volume of the HTSC sample.
The first integral Eq.~3! is free from any information

about physical properties of the specific HTSC sample. The
considering thatH~r !52¹@~mr !/r 3], where m5m~sinu,
cosu sinc, cosu cosc!, we may evaluate it symbolically

I 1~s!5js
m2

x0
5 , ~5!

where, for miz, js53/16,3/64,9/64,1/16,1/8 ~for s
5x,y,z,c,u!.

As for the second integral Eq.~4!, it depends on the
M ~H! function and hence both on equilibrium magnetizatio
M0(H) that is a thermodynamic function and on the non
equilibrium partDM5M2M0 that is a consequence of the
strong pinning7 in HTSC.

The experimental parameters presented in Table I we
obtained for the PM stable equilibrium positionx0 . There is
a wide range of quasistable ones in the PM-HTSC systems6,7

but only one of them is a really stable position from the
HTSC thermodynamic standpoint.5 To carry the PM to the
x0 position we vibrated it with 0.1 cm amplitude for a time.
Such drift was investigated early for HTSC samples levita
ing in a magnetic field.12

From the above reasoning for the PM inx0 position we
may believe that

E
V
dr3S DM•

]2H

]qs
2 D'0 ~6!

and magnetization in Eq.~4! is the equilibrium one
M0(H). Consequently, the second integral in Eq.~2! carries
the information mainly about the thermodynamical magnet
properties of the HTSC grains, and we must know th
M0(H) function for calculating its contribution in Eq.~2!.

Just the same, it turned out that the relative values
I 2(s) for the different modes do not depend practically on
this function. Figure 2 shows the results of numerically inte
grating Eq. ~4! over the area (x0,x,3x0 , 23x0,y
,3x0 , 23x0,z,3x0) for M ~r !5~21/4p!H~r !x@Hc
, Vol. 68, No. 1, 1 January 1996
n

e

f

2H(r )#, wherex is the Heaviside step function. It can be
easily seen that the ratios ofI 2(s) to I 2(x) do not depend on
theHc parameter over a wide range for the translation mode
(s5y,z). We may write

I 2~s!5bzs
m2

x0
5 , ~7!

whereb is a unitless constant that depends on the HTSC
material ~and generally, on the PM-HTSC configuration!,
andzs can be obtained from the following expression

zs
m2

x0
5 5

1

4p E
V
dr3SH• ]2H

]qs
2 D , ~8!

andzs53/16,23/64,29/64,21/16,21/16 ~for s5x,y,z,c,u!.
Then Eq.~2! can be written as follows:

Gsvs
25a~js1bzs!

m2

x0
5 . ~9!

Thus, only two parameters are necessary to describe
elasticity of the PM translation displacements in the PM-
HTSC system. Two resonance frequencies for thex and z
modes were chosen. The values ofa, b and other frequencies
that were obtained from Eq.~9! are presented in Table I for

FIG. 2. The evaluation of contribution from intragrain magnetization to
elasticity of the PM-HTSC system. The results of numerically integrating
Eq. ~4! over the area (x0,x,3x0 , 23x0,y,3x0 , 23x0,z,3x0) for
M ~r !5~21/4p!H~r !x@Hc2H(r )#, wherex is the Heaviside step function.
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the different HTSC samples. The good agreement betw
experimental and theoretical values of the resonance
quencies for theY samples~No. 1 and No. 2! and for the
composite Bi sample~No. 4! demonstrates the correctness o
our assumptions that were made in this work. The sm
discrepancy between these values for ceramic Bi sam
~No. 3! may be explained by the weak intergrain pinning th
was observed early for the same one.13

In summary, it should be noted thata is the fraction of
the magnetic flux that was pinned. Strictly speaking, it
somewhat less than the volume fraction of superconduct
grains because nonpinned vortices may exist, but we h
every reason to believe that in our experiment~in the limit of
small PM amplitudes! these values coincide because of th
large intragrain vortex motion viscosity in HTSC.4,10 In this
work our attention was focused ona determination, but theb
parameter may be a very useful one when a model
M0(H) will be checked.
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