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High temperature superconducting ball formation in low frequency ac fields
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The electric-field induced ball formation has been observed for high temperature supercontitH@)
powders in an ac field of low frequency. Different from a static electric field, the HTSC particles in the ac field
first form chains along the field direction if the electric field is below a critical vakig, As soon as the
electric field exceedE,,, the chains are broken and the HTSC particles form balls. The ball size reduces with
further increase of the electric fiel&;,, as a function of frequency, first drops from the value for the static
electric field and then increases with the frequency. The ball-formation phenomenon comes from the interac-
tion between Cooper pairs and the applied electric field. A positive surface energy associated with the induced
surface charge distributions on superconductors is a possible explanation.
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I. INTRODUCTION superconducting balls is a result of the interaction between a
strong electric-field and Cooper pairs.

The recent discovery of formation of high temperature In this paper, we report our experiments on high tempera-
superconductingHTSC) granular balls in a strong static ture superconducting ball formation in an ac field of low
electric field has received much attentiod. This phenom-  frequency, up to 800 Hz. While the balls in the static field
enon is now found to be general for all superconductorshounce between the two electrodes rapidly, they usually just
including low temperature superconductors such as Pb, typescillate locally in the ac field. This provides us an opportu-
| superconductors, and ;&a, Nb-N, and NSn, type Il nity to study the relationship between the ball size, electric-
superconductors. field, and frequency. We have found that the ball formation

The discovery is related to an important topic, the inter-in ac field of low frequency has many similarities to that in
action between superconductors and a static or quasistalife static electric-field. There is also a critical electric-field

electric field. The London brothers first suggested that supei- ., which is a function of frequency. The ball formation
conductors and normal conductors could respond to statigrcm’, occurs if the applied ac field is stronger thag,. On

eIectric; fields differently and a static electric-field.could PEN"the other hand, there are some distinct or additional features
etrate into superconductors as far as the magnetic penetratign. v e hall formation in ac field. For example, in the ac field,

depth, much deeper than it penetrates into norma_l condu%e HTSC particles first form chains or columns along the
tors. However, they later gave up the idea after their experi:

ment failed to confirm the predictidh.Later work by field direction when the electric-field is beld#,. This phe-
Landad and Pipparcet al® used a real current at a normal "°menon is absent in the static field. As soon as the electric-

metal-superconductor interface to show the electric-fieldi€ld €xceeds.,, the chains are broken and the HTSC par-
penetration effect indirect.Since the discovery of high ticles then form balls. . . . _
temperature superconductdPe! there have been extensive ~ 1he details of the experiments, including experimental
studies of the electric field effect in the high-cuprate¥?  Setup, critical electric-field for the ball formation, and the
and measurement of electric-field penetration into the supegffect of particle surface on the ball formation, are in Sec. II.
conducting surface of YBaCu8. While some of these In Sec. lll, we will present our preliminary theoretical expla-
works remain controversial, they at least show the imporhation for the experiments. Finally we will summarize both
tance and breadth of the topic. experiment and theoretical results in Sec. IV.

The electric-field induced formation of superconducting
balls confirms that superconductors respond differently to an
electric field than normal conductors. A static electric field Il. EXPERIMENT
induces surface charge distributions on both normal conduc-
tors and superconductors. However, when the applied static
electric field is strong enough, the surface charge on super- The particles used in our experiment, NBCO
conducting particles produces a positive surface energyNdBa,Cu;0O,, 99.9% purity, BSCCO (BySr,CaCyOg , ,
which leads to the formation of granular balls and flat layers99.9% purity, and YBCO (YBaCuz;O;_, 99.99% purity,
clinging to the electrodes. This positive surface energy isvere provided by Superconductive Components, (BCI),
unique to superconductors. Normal metals in a static electriColumbus, OH. The scanning electron micrograph of
field do not have such a surface energy. BSCCO, NBCO, and YBCO are shown in Figdajl 1(b)

Moreover, the experiment has found that when the temand Xc), respectively. The typical particle size is a couple of
perature rises above the superconducting transition temperazicrometers. The BSCCO particles are usually of flake
ture T, the ball-formation phenomenon disappeatdhis  shape, while the NBCO and YBCO particles are of irregular
further confirms that the electric-field induced formation of shape. These particles were prepared either by a solid-state

A. Experimental setup
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FIG. 1. (& Scanning electronic micrograph of
Bi,Sr,CaCyOg . ., particles.(b) Scanning electronic micrograph
of NdBa,Cu;0O, particles.(c) Scanning electronic micrograph of
YBa,Cu;0;_, particles.

method* or the Sandia Chemical PreparatiSnNBCO,
YBCO, and BSCCO havé_ around 94 K, 92 K, and 84 K,
respectively.

Our experimental setup is sketched in Fig. 2. On a hor

zontal microscope teflon slide we mounted two parallel brasgtable forE
electrodes, which were 1 mm thick and about 4 mm aparty i< prea

A
Power N
Supply HTSC Powdexs

FIG. 2. The experimental setup.
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FIG. 3. The HTSC particles were well dispersed before the elec-
tric field was applied.

Three teflon spacers were used between the electrodes, one at
the bottom and two at the two sides, to form a cell in a region
of the most uniform electric-field. Only a small amount of a
slurry of liquid nitrogen and HTSC particles was needed to
fill the cell, measuring 45 mn? horizontally and 5 mm in
vertical depth. The whole cell was submerged in liquid ni-
trogen. The top surface of the cell was open to allow liquid
nitrogen to flow in so that a constant temperature was main-
tained at 77 K. The experiment was recorded by a high-speed
video camera, which could take up to 1000 frames per sec-
ond and enabled us to examine the dynamic process in detail.

As shown in Fig. 3, the HTSC particles were dispersed in
liquid nitrogen before the ac electric-field was applied. In
fact, the bubbles and constant movement of liquid nitrogen
helped the dispersion of HTSC patrticles. In the experiment,
for each selected frequency, we gradually increased the ap-
plied voltage and monitored the dynamic process through the
high-speed camera. The frequency applied in our experiment
was up to 800-1000 Hz, much smaller thag, the super-
conducting energy-gap frequency.

B. Critical ac electric-field for the ball formation

As reported previously? in the static field, there are two
critical electric-fieldsk.; andE_, with E.;<E,. When the
static fieldE is belowE,,, the superconducting powders do
not aggregate into balls. The ball formation and the forma-

_tion of layers clinging to the electrodes occulEE&E ;. As

'the static fieldE increases, the balls get smaller, but are
1 <E<Eq,,. If the static fieldE exceed<£,,, the

k into pieces and all the pieces fly to the electrodes
and cling there.

The behavior of HTSC powder in an ac field of low fre-
quency bears many similarities to the situation of static field.
As the ac electric-field was gradually increasing, we noticed
four different stages for the HTSC particles inside the
electric-field.

(1) At very low applied electric-field, the HTSC particles
did not move. It appeared that at this stage, the static friction
between the HTSC particles and the bottom plate prevented
the particles from moving.

(2) When the electric-field reached a particular value, the
particles suddenly and quickly moved and formed chains or
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FIG. 4. HTSC particles form chains and columns when the ac  FIG. 5. As the ac field reaches the critical value, the HTSC
electric field is below the critical field for the ball formation. The particles form balls.
bright spot was a bubble.
for EzE.,, layers of HTSC particles were also formed on

columns spanning between the two electrodég. 4). These each electrode almost simultaneously with the ball forma-
structures were similar to the structure of electrorheologicafion. After turning off the electric-field, both balls and layers
fluids formed in an electric-fielf This implies that the su- became very fragile. If we shook the cell slightly, the balls
perconducting particles in the ac field are also polarized. Th@nd layers were all broken.

induced dipolar interactions lead to the chain structures. Figures 6, 7, and 8 show the critical fiet}; versus ac
Such chain-column structures are absent in a static electriétequency for BSCCO, NBCO, and YBCO, respectively. It is
field. There may be two reasons for this difference. clear that the critical fielde,,; for all these materials had

(a) In the static field, HTSC particles bounce between thesimilar behavior ad increased. FirstE., sharply dropped
two electrodes very fast; therefore, there is no chance foffom the value for the static fieldf&0) to reach a mini-
them to form chains and columns. For example, when a paimum, then rose monotonically dswas further increasing.
ticle touches a positive electrode in a static field, it picks upFor example,E.; was 760 V/mm in the static field for
a positive charge and, then, moves toward the negative ele®BCO; it dropped to 117 V/mm at 10 Hz, reached 144
trode. Once the particle discharges and picks up a negativé/mm at 15 Hz, climbed to 154.5 V/mm at 25 Hz. Further
charge, it flies back to the positive electrode and so forthincreasingf led to monotonically increase d&.;. The be-
The bouncing speed in the static field increases with the aglavior of E¢; for BSCCO and YBCO was quite similar. The
plied electric-field. In our strong electric-field, this speed isminimum of E., for these materials seemed to be all around
too high for the formation of chains or columns. On the otheror below 10 Hz although the precise position has to be de-
hand, in the ac field, particles mostly oscillate locally; there-termined yet.
fore, there is a chance to form chains and columns. For all three HTSC materials, as shown in Figs 6Eg,

(b) The real part of superconductor’s conductivity has a increased with the frequency almost linearly except the re-
function atw=0 and is vanishing for & w<wg within the  gion near the minimum. We also noted that the BSCCO par-
superconducting energy gap. Therefore, a chain or columticles seemed to be less affected by the frequency of ac field
between the two electrodes at>0 does not lead to the
electrical breakdown, while the infinite real part of the con-  3s00-
ductivity at =0 makes such a chain or column unsustain-

able. 3000
(3) Once the applied electric-field was further increased to’g ] ¢
reach a critical value, the chains and columns suddenly broke %7} ——E

into pieces, moving between the two electrodes like cloudss
However, after several milliseconds, these particles aggreif‘.>
gated into macroscopic ball§ig. 5. The value of this field
was marked ag& ., same as in the static field. At frequency
below 450 Hz, especiallf=<100 Hz, the balls bounced be-
tween the two electrodes, quite similar to the situation in theE
static field, although the speed was slower than that in the 500{\

static field. This bouncing indicated that the balls possesse( ] ,OM
some net charge on them. A_t a hlg_her frequency, the balls T T o a0 o s o 7o aw
just oscillated locally and collided with the electrodes occa- Frequency f (Hz)

sionally. If f was close to 800 Hz, the oscillation amplitude

was very small and collisions with the electrodes were rare, FIG. 6. The critical fieldsE,; and E,, vs ac frequencyf for
indicating the net charge on the balls was little. In all casesBSCCO.

2000
1500

1000

Critical Electric
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3500 7 quite high for the whole range and very difficult to determine
1 since a dielectric breakdown often occurred befagg was
80007 ——E, reached. Therefore, we did not plgt, in Fig. 8 .
’5‘2500_: —E, The above phenomenon relatedlg was not difficult to
3 ] be explained by our theory. As discussed in detail ldgs,
%2000_3 is related to the dominance of Coulomb interaction, which is
i ] required to have some net charge on the ball. In an ac field,
;§ 1500 4 the higher the frequency, the smaller the net charge on the
2 ] balls, and hence the higher the valueEs.
8 1000 x\
S ol C. Particle Surface
] The BSCCO, NBCO, and YBCO particle surfaces were
0 : T T T T easy to deteriorate once they are exposed. An insulating sur-

0 100 200 300 400 500

Frequency f (Hz) face layer began to grow during the deterioration. This was

from some reaction between carbon atoms in air or environ-
FIG. 7. The critical fieldsE,; and E., vs ac frequencyf for ~ ment with the oxygen atoms in the superconducting materi-
NBCO. als. As reported in Ref. 1, once the particle surface became
insulating, the ball formation stopped. This is not difficult to
than the NBCO and YBCO particles. The slope of thg  understand. The ball formation requires redistribution of sur-
curve afterf>25 Hz in Fig. 6 is smaller than that in Figs. 7 face charge in order to minimize the surface energy. Once the
and 8. In factE, atf=500 Hz is 0.68 kV/mm for BSCCO surface becomes nonconductive, the surface charge cannot
and 1.38 kvV/mm for NBCO, respectively. be redistributed even if the particles are aggregated together.
(4) For frequencyf <400 Hz, further increase & would  Then the ball-formation phenomenon disappears.
lead the bouncing balls to break into small pieces wien  Our experiment on YBCO particles was especially illus-
rises to the second critical val(Eigs. 6and . This electric-  trative. When fresh YBCO particles were placed in liquid
field was denoted aB.,, same as in the case of static field. nitrogen, they quickly formed macroscopic balls in a strong
At low frequency, especiallj=<100 Hz, these small pieces €lectric-field. However, if the experimental cell was exposed
were bouncing between the two electrodes and eventuallip air, after about 1 or 2 min, the balls got smaller and
stuck to the electrodes. smaller during the collision with the electrodes. This indi-
The critical fieldE, versus ac frequency was in Fig. 6 for cated that the particle surface was deteriorating due to the
BSCCO and in Fig. 7 for NBCO. It is clear that for both €xposure to the air. However, if the experiment was per-

materials,E, had a sharp drop from the value at the staticformed under nitrogen gas inside a glove box, the YBCO ball
field (f=0), then increased rapidly with However, for ~Was stable, indicating the surface deterioration slowed down

BSCCO, E., was too high to be measured aftdr After the HTSC particle surfaces were deteriorated, we

>450 Hz: in fact, it must have been higher than the dielecconducted the heat treatment on the samples. Oxygen gas
tric breakdown field so that we could not reach it in theWwas used to reactivate the surface. Once the surface became
experiment. The situation dE., for NBCO was similarly ~Superconductive, the retreated particles resumed the ball for-

too high afterf>250 Hz. For YBCO, the value ., was Mation in a strong electric field.

1500
—;[ D. The ball size and surface energy

] In the ac field the balls did not bounce between the two
1200 - electrodes very fast. This provided an opportunity for us to
] study the ball shape and ball size. The experiment found that
] the balls were very round. While the ball size was reducing
900 -] as the applied electric field was increasing, the spherical
] shape was unchanged with the field.
] As shown in Figs. 9-11, the ball radii&generally de-
600 7] o creases with increase of the electric-field. This was consis-
] / tent with the situation in the static field reported in Ref. 1. In
] addition, the frequency also plays an important role in the ac
300 / case.
:Lo For f<100 Hz, the relationship between the ball size and
] the electric-field is almost the same as that in a static field,
0 o 50 100 150 200 250 300 350 400 450 500 E’R= 167T0'/'[(’)/.2+3)K|_], whgreKL=21.44 is the dielectric
Frequency f (Hz) constant of liquid nitrogen. SincgER K is the net charge
on the ball, we takey~0 for the ball in the ac field. Then,
FIG. 8. The critical fieldE;, vs ac frequency for YBCO. we would have

E . (V/mm)

c1
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FIG. 9. The BSCCO ball siz® vs electric-fieldE at various

X FIG. 11. The YBCO ball sizeR vs electric-fieldE at various
frequencies.

frequencies.
E’R=16m0/(3ky). (1 ball size will reduce. Therefore, the ball size in an ac field

In fact, a careful examination finds that &<100 Hz, R varies more than that in a static electric-field.

~1/E? holds quite well. Using Eq(1), we estimate that the Il PRELIMINARY THEORETICAL EXPLANATION
surface energy density is about 14.80 3 N/m for '

BSCCO, 11.&10 3 N/m for NBCO, and 6.%10 % N/m Our current theoretical understanding of the phenomenon
for YBCO at f=50 Hz respectively. These values for s far from satisfactory. We will discuss our theoretical un-
BSCCO, NBCO, and YBCO at 50 Hz are slightly higher derstanding related to the static electric-field first. After-
than the values of these materials in a static field. wards, we will extend it to the situation of ac field.

However, at high frequency the situation was different. If  When the superconducting particles are in an electric-
f=100 Hz, the radiuR does not decrease as fast aB%/ field, there are induced charge distributions near the particle
As discussed for the static case, the ball size is determined urface. Associated with the charge distributions, the
the minimization of the positive surface energy, the Coulomkelectric-field also penetrates inside the superconductors. Let
energy, and the polarization energy. In the static field, asis assume that the screening length of electric-field penetrat-

noted in Ref. 1, the charge on the ball is well defined. In théing into the superconductor Ig, then the electric-field in-
ac field, the net charge on the ball is small, but not vanishingide the superconductor can be estimated as
and not well defined. If there is more net charge on a ball, the

E(x)=E(x)e,~eEexp —x/lg), 2
0.9 . . ::gg:z where e, is the unit normal of the surface pointing to the
Oe_K ° \ e *Fmoﬁz inside of the superconductot,is the depth from the surface
. o +\ \ —A— 200Hz into the superconductor, arilis the electric-field just out-
e \ \ + ®  —+—300Hz side the surface.
el ® * \ \ ——400Hz A Cooper pair is a coupled pair of electrons with opposite
0.6 * A + L 4 . . .
£ ] \ \ \ \ e spins at average distance &f where¢ is the superconduc-
Bosd{ o ¢ * + \ tor’'s coherent length. The binding energy of the Cooper pair
g \ & \+ at temperaturd is A, A(T)=2¢;— €, wheree; is the Fermi
A %47 \ | * energy ande is the eigenvalue for the pair. Roughly speak-
033 ® \ \ K \ ing, if the following condition is satisfied
m - \ * "
0.2 ] & \ 4
\ A +\ ef E(x)dx>A(T), ©)
0.1 * L . 0
0.0 Fer T the Cooper pair is depleted because the presence of electric-
" 500 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 field makes the energy difference between these two elec-
E (V/mm) trons bigger than their binding energy. Assumingé>|,

we then haveE;; given by
FIG. 10. The NBCO ball siz&R vs electric-fieldE at various

frequencies. E.i~A(T)/(elg). (4)
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The conditioné>1, implies a sharp boundary between the The Coulomb interaction favors the ball breaking. ¢f
normal region N and the superconducting reg®he nor-  >2137R3g« /(1+2%3), we haveU’ <U; then, the origi-
mal region has a thickness ¢&. When considering the nal ball breaks. Usingg|= yEoR?k, , we have

change of thermal energy due to the creation of khiggion,

we treat it as that the superconductivity is damaged in a 2130
region of thickness~¢ at the surface. Thus we lose the Eco~ m
condensation energy(T)ng(T) over an intervak ¢, where 1YL

ng(T) is the Cooper pair density at temperatiitel his gives ~ whereR; is the minimum size of balls which can be observed

112
: (10)

the surface energy per unit area in our experiment.
Now let us extend the above discussions to the situation
o=A(T)ng(T)é=eEng(T)IsE. (5)  of ac field preliminarily. The electric-field is now time de-

_ _ _ pendent. The expression for electric-field inside the super-
We now consider how to determine the ball size. When &onductor, Eq(2), is thus modified:

ball bounces between the two electrodes, it picks some net

chargeq. We assumdq| = yEqaix, , wherea, is the ball E(x) = E(x)e,cog wt) ~ e, Eexp — x/l )cog wt). (11)
radius when it hits the electrodeg,is a constant, an&, is .

the applied electric field. In a static field, is related to the SinceVXE=0, there is no magnetic field inside the super-
deformation of the ball during the collision with the elec- conductor. Let the Hamiltonian for a pair of electrons with
trodes. For example, if the ball is rigid when colliding with no electric field beH,= (p2+ p2)/(2m) +V,, whereV, in-

the electrode, it discharges first and then picks up a chargeudes the electron-electron interaction and other interac-
close to 3 Eqa?/4=0.75« Eya’ as it leaves the electrode. tions. To add the interaction between the pairs and the
If the ball is, similar to a droplet, soft enough to deform into electric-field, we have a time-dependent Hamiltonian

a hemisphere with its flat surface in full contact with the

electrode, it picks up a charge close 3¢4)Y%« Eqa’/4 H(t)=Ho+e[V(xy)+V(xz)]cod i), (12)

= 1.19:<Lant2 as it leaves the electrode. On the other handynere V(x) = (E/l)exp(x/ly. If the electric-field is very

from the ball's bouncing speed between the two electrodesyeak, from the time-dependent Sctilger equation
we can estimate the actual charge on the ball. The real situ-

ation in the static electric-field is found to be between these ihdylat=H(t)y, (13
two extreme cases ang1.

If a ball has radiu®k and net chargq in the middle of the
capacitor, away from the two electrodes, the total energy i
given by

under the influence of time-dependent electric-field, the
pair's energy is hopping betweest-fiw, €, and e+ w,
wheree is the pair’s energy with no ac electric-field. If the ac
electric-field is strong, the pair's energy can bgfw,e

U=4moR2+q%/(2x R)— E2R%K, /2. (6) *2ho, €e+*3hw, .... In ourcase, since the applied

electric-field is very strong, the pair’s energy is ranged be-
The second term is the Coulomb energy, while the third termiween e— 8% w to e+ Bhw, where B is a constants>1.
is the polarization energy. The net charge on the ball is fixed'he strongest binding of the Cooper pair is at the time when
before the next time it collides with the electrode. A ball the pair has the lowest energy;- 8% w, which corresponds
made of granular particles has some freedom to fluctuate it® a binding energy & — (e— Bfiw)=A(T)+ Bhw. In order
size between two consequent collisions in a static field. Theéo deplete all Cooper pairs near the surface, it requires the
radius of a stable ball inside the static electric-field is thusfollowing condition:
determined by minimization dfl. FromgJU/9dR=0, we then .
have ef E(X)dx>2€— (e— Bhw)=A(T)+ fho. (14)
o=0°/(167R%k, )+ 3E5Rk /(16m7). 7) °
HenceE,, is estimated as

Substitute|g| here. While Eq.(6) is not applicable to the

situation when the ball collides with the electrodasandR Eci(w)~[A(T)+ Bhow]ll/(ely). (15

should be almost the same. We then have . . . :
The above results explain our experiments. First, the electric-

2n_ 2 field penetration depth to superconducthysf an ac field is
EoR=16mo/[(y"+3)xe]. ® muchplonger than tr?at of a s?atic field e\t/indf: 2f is not
This equation fits the experimental result for static electricvery high. There is already some experimental evidence to
field quite well. support the claint>° This accounts for the short drop Bf;
Let us consideE,, for a static electric-field now. If a ball from w=0 to >0 in Figs. 6-8. Currently it is unknown if
of radiusR splits into two identical smaller balls, new ball or howl changes withw. Since the frequency in our experi-
will have radiusR/2Y® and chargey/2. Then similar to Eq. ments only varies from & to several hundred hertzs, we can
(6), the total energy of these two balls is given by safely assume thd§ varies little during this range. Thek,
increases with the frequency of the applied field approxi-
U’ =2"37R%c+ g%/ (2% R) — E?R%k_ /2. (9)  mately linearly with a slopgs#/(els). An examination of
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Figs. 6—8 seems to confirm the above expression. The comlers, the critical fieldE.; first drops from the value for a
stantBh/(elg) is about 0.175 for BSCCO, 0.399 for NBCO, static electric-field, then increases with the frequency. The
and 0.298 for YBCO. The constagftis estimated about 1¥¥.  ball size reduces if the field strength further increases. When

We note that althougg>1, Bfiw is still much smaller than the frequency is low, such as below 100 Hz, the relationship
A(T), the binding energy. between the ball size and the electric-field is almost the same

In an ac field, the net charge on a b|= yE,R?«, is @S that in the static field. However, when the frequency is

small. Thus, the constant is small. Basically, a ball inside high, the ball size in the ac field decreases with the field
the capacitor will remain neutral if there are no collisions MOre slowly than that in the static field. For quite low fre-

between the ball and electrodes. In the ac field. the electricdUencies, similar to the static electric-field, there is another
field changes its polarity after/w, half period. The chance ctical field Eg; with Ec,>E,. If the applied electric-field

of collisions between a ball and the electrodes depends O?g(ci?jledsv%ictﬁ t?wlle t?ree t:ja;lscbrgﬁlé 'Sné%nplgiﬁggésmtﬂ: 6}?;3 to
the distance that the ball is able to move during such arcl,a%seydielectric bregkdowyrq
interval m/w. If the electric-field strength remains the same '

. . In our experiments, we further confirm that the HTSC
for all frequencies, the phance 0f such co]hsmns de.creases %%rticle surface must be conductive for the ball formation.
the frequencyw gets higher. Thereforey is a function of

This is required to redistribute the surface charge in minimiz-
frequencyw. From the above arguments, we can roughly

timate thaty d ¢ least as fast ae Uf tak ing the surface energy. The heat treatment can eliminate the
estimate thaty decreases at least as fast as.llt we take  yotariorated surface layer and make the HTSC particles re-

this estimation into Eq(10), we understand whig; is very  iva in the ball formation.

high in ac field _and_mcreases with. This is consistent with The experimental results in the ac field present some chal-

the E, results in Figs. 6 and 7. _ . lenges to the theory. Our current theoretical understanding is
The estimation of; for superconductors is a difficult is- o reliminary, providing some explanations for the experimen-

sue. However, from our experimental resultsEghand o, (5] results. Detailed calculations are needed for further quan-

we can apply Eq(5) to make a rough estimation. At fiative comparison between the theory and experiment.

=50 Hz, | is about several hundred angstroms for all threes,me of our experimental results, for example, the relation-

HTSC materials used in our experiment. ship betweerE.; and the frequency and the relationship be-
tween the ball size and the frequency, demand further devel-
IV. SUMMARY opment of a microscopic theory.
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