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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 superconducting~HTSC!
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 value,Ec1. As soon as the
electric field exceedsEc1, the chains are broken and the HTSC particles form balls. The ball size reduces with
further increase of the electric field.Ec1, 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.

DOI: 10.1103/PhysRevB.68.144505 PACS number~s!: 74.90.1n, 74.72.2h, 74.25.2q, 68.35.Md
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I. INTRODUCTION

The recent discovery of formation of high temperatu
superconducting~HTSC! granular balls in a strong stati
electric field has received much attention.1–4 This phenom-
enon is now found to be general for all superconducto
including low temperature superconductors such as Pb,
I superconductors, and V3Ga, Nb-N, and Nb3Sn, type II
superconductors.5

The discovery is related to an important topic, the int
action between superconductors and a static or quasis
electric field. The London brothers first suggested that su
conductors and normal conductors could respond to s
electric fields differently and a static electric-field could pe
etrate into superconductors as far as the magnetic penetr
depth, much deeper than it penetrates into normal cond
tors. However, they later gave up the idea after their exp
ment failed to confirm the prediction.6 Later work by
Landau7 and Pippardet al.8 used a real current at a norm
metal-superconductor interface to show the electric-fi
penetration effect indirectly.9 Since the discovery of high
temperature superconductors,10,11 there have been extensiv
studies of the electric field effect in the high-Tc cuprates12

and measurement of electric-field penetration into the su
conducting surface of YBaCuO.13 While some of these
works remain controversial, they at least show the imp
tance and breadth of the topic.

The electric-field induced formation of superconducti
balls confirms that superconductors respond differently to
electric field than normal conductors. A static electric fie
induces surface charge distributions on both normal cond
tors and superconductors. However, when the applied s
electric field is strong enough, the surface charge on su
conducting particles produces a positive surface ene
which leads to the formation of granular balls and flat lay
clinging to the electrodes. This positive surface energy
unique to superconductors. Normal metals in a static elec
field do not have such a surface energy.

Moreover, the experiment has found that when the te
perature rises above the superconducting transition temp
ture Tc , the ball-formation phenomenon disappears.1,5 This
further confirms that the electric-field induced formation
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superconducting balls is a result of the interaction betwee
strong electric-field and Cooper pairs.

In this paper, we report our experiments on high tempe
ture superconducting ball formation in an ac field of lo
frequency, up to 800 Hz. While the balls in the static fie
bounce between the two electrodes rapidly, they usually
oscillate locally in the ac field. This provides us an oppor
nity to study the relationship between the ball size, elect
field, and frequency. We have found that the ball format
in ac field of low frequency has many similarities to that
the static electric-field. There is also a critical electric-fie
Ec1, which is a function of frequency. The ball formatio
only occurs if the applied ac field is stronger thanEc1. On
the other hand, there are some distinct or additional featu
for the ball formation in ac field. For example, in the ac fie
the HTSC particles first form chains or columns along t
field direction when the electric-field is belowEc1. This phe-
nomenon is absent in the static field. As soon as the elec
field exceedsEc1, the chains are broken and the HTSC p
ticles then form balls.

The details of the experiments, including experimen
setup, critical electric-field for the ball formation, and th
effect of particle surface on the ball formation, are in Sec.
In Sec. III, we will present our preliminary theoretical expl
nation for the experiments. Finally we will summarize bo
experiment and theoretical results in Sec. IV.

II. EXPERIMENT

A. Experimental setup

The particles used in our experiment, NBC
(NdBa2Cu3Ox , 99.9% purity!, BSCCO (Bi2Sr2CaCu2O81x ,
99.9% purity!, and YBCO (YBa2Cu3O72x , 99.99% purity!,
were provided by Superconductive Components, Inc~SCI!,
Columbus, OH. The scanning electron micrograph
BSCCO, NBCO, and YBCO are shown in Figs. 1~a!, 1~b!
and 1~c!, respectively. The typical particle size is a couple
micrometers. The BSCCO particles are usually of fla
shape, while the NBCO and YBCO particles are of irregu
shape. These particles were prepared either by a solid-
©2003 The American Physical Society05-1
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method14 or the Sandia Chemical Preparation.15 NBCO,
YBCO, and BSCCO haveTc around 94 K, 92 K, and 84 K
respectively.

Our experimental setup is sketched in Fig. 2. On a h
zontal microscope teflon slide we mounted two parallel br
electrodes, which were 1 mm thick and about 4 mm ap

FIG. 1. ~a! Scanning electronic micrograph o
Bi2Sr2CaCu2O81x , particles.~b! Scanning electronic micrograp
of NdBa2Cu3Ox particles. ~c! Scanning electronic micrograph o
YBa2Cu3O72x particles.

FIG. 2. The experimental setup.
14450
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Three teflon spacers were used between the electrodes, o
the bottom and two at the two sides, to form a cell in a reg
of the most uniform electric-field. Only a small amount of
slurry of liquid nitrogen and HTSC particles was needed
fill the cell, measuring 435 mm2 horizontally and 5 mm in
vertical depth. The whole cell was submerged in liquid
trogen. The top surface of the cell was open to allow liqu
nitrogen to flow in so that a constant temperature was m
tained at 77 K. The experiment was recorded by a high-sp
video camera, which could take up to 1000 frames per s
ond and enabled us to examine the dynamic process in de

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

B. Critical ac electric-field for the ball formation

As reported previously,1,5 in the static field, there are two
critical electric-fields,Ec1 andEc2 with Ec1,Ec2. When the
static fieldE is belowEc1, the superconducting powders d
not aggregate into balls. The ball formation and the form
tion of layers clinging to the electrodes occur ifE>Ec1. As
the static fieldE increases, the balls get smaller, but a
stable forEc1,E,Ec2. If the static fieldE exceedsEc2, the
balls break into pieces and all the pieces fly to the electro
and cling there.

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

~1! At very low applied electric-field, the HTSC particle
did not move. It appeared that at this stage, the static fric
between the HTSC particles and the bottom plate preven
the particles from moving.

~2! When the electric-field reached a particular value,
particles suddenly and quickly moved and formed chains

FIG. 3. The HTSC particles were well dispersed before the e
tric field was applied.
5-2
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columns spanning between the two electrodes~Fig. 4!. These
structures were similar to the structure of electrorheolog
fluids formed in an electric-field.16 This implies that the su-
perconducting particles in the ac field are also polarized.
induced dipolar interactions lead to the chain structur
Such chain-column structures are absent in a static elec
field. There may be two reasons for this difference.

~a! In the static field, HTSC particles bounce between
two electrodes very fast; therefore, there is no chance
them to form chains and columns. For example, when a
ticle touches a positive electrode in a static field, it picks
a positive charge and, then, moves toward the negative e
trode. Once the particle discharges and picks up a nega
charge, it flies back to the positive electrode and so fo
The bouncing speed in the static field increases with the
plied electric-field. In our strong electric-field, this speed
too high for the formation of chains or columns. On the oth
hand, in the ac field, particles mostly oscillate locally; the
fore, there is a chance to form chains and columns.

~b! The real part of superconductor’s conductivity has ad
function atv50 and is vanishing for 0,v,vg within the
superconducting energy gap. Therefore, a chain or colu
between the two electrodes atv.0 does not lead to the
electrical breakdown, while the infinite real part of the co
ductivity at v50 makes such a chain or column unsusta
able.

~3! Once the applied electric-field was further increased
reach a critical value, the chains and columns suddenly br
into pieces, moving between the two electrodes like clou
However, after several milliseconds, these particles ag
gated into macroscopic balls~Fig. 5!. The value of this field
was marked asEc1 same as in the static field. At frequenc
below 450 Hz, especiallyf <100 Hz, the balls bounced be
tween the two electrodes, quite similar to the situation in
static field, although the speed was slower than that in
static field. This bouncing indicated that the balls posses
some net charge on them. At a higher frequency, the b
just oscillated locally and collided with the electrodes oc
sionally. If f was close to 800 Hz, the oscillation amplitud
was very small and collisions with the electrodes were ra
indicating the net charge on the balls was little. In all cas

FIG. 4. HTSC particles form chains and columns when the
electric field is below the critical field for the ball formation. Th
bright spot was a bubble.
14450
l

e
s.
ic-

e
or
r-
p
c-
ve
.

p-

r
-

n

-
-

o
ke
s.
e-

e
e

ed
lls
-

e,
s,

for E>Ec1, layers of HTSC particles were also formed o
each electrode almost simultaneously with the ball form
tion. After turning off the electric-field, both balls and laye
became very fragile. If we shook the cell slightly, the ba
and layers were all broken.

Figures 6, 7, and 8 show the critical fieldEc1 versus ac
frequency for BSCCO, NBCO, and YBCO, respectively. It
clear that the critical fieldEc1 for all these materials had
similar behavior asf increased. First,Ec1 sharply dropped
from the value for the static field (f 50) to reach a mini-
mum, then rose monotonically asf was further increasing
For example,Ec1 was 760 V/mm in the static field fo
NBCO; it dropped to 117 V/mm at 10 Hz, reached 1
V/mm at 15 Hz, climbed to 154.5 V/mm at 25 Hz. Furth
increasingf led to monotonically increase ofEc1. The be-
havior ofEc1 for BSCCO and YBCO was quite similar. Th
minimum ofEc1 for these materials seemed to be all arou
or below 10 Hz although the precise position has to be
termined yet.

For all three HTSC materials, as shown in Figs 6–8,Ec1
increased with the frequency almost linearly except the
gion near the minimum. We also noted that the BSCCO p
ticles seemed to be less affected by the frequency of ac

c FIG. 5. As the ac field reaches the critical value, the HTS
particles form balls.

FIG. 6. The critical fieldsEc1 and Ec2 vs ac frequencyf for
BSCCO.
5-3
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than the NBCO and YBCO particles. The slope of theEc1
curve afterf .25 Hz in Fig. 6 is smaller than that in Figs.
and 8. In fact,Ec1 at f 5500 Hz is 0.68 kV/mm for BSCCO
and 1.38 kV/mm for NBCO, respectively.

~4! For frequencyf ,400 Hz, further increase ofE would
lead the bouncing balls to break into small pieces whenE
rises to the second critical value~Figs. 6and 7!. This electric-
field was denoted asEc2, same as in the case of static fiel
At low frequency, especiallyf <100 Hz, these small piece
were bouncing between the two electrodes and eventu
stuck to the electrodes.

The critical fieldEc2 versus ac frequency was in Fig. 6 fo
BSCCO and in Fig. 7 for NBCO. It is clear that for bo
materials,Ec2 had a sharp drop from the value at the sta
field ( f 50), then increased rapidly withf. However, for
BSCCO, Ec2 was too high to be measured afterf
.450 Hz: in fact, it must have been higher than the diel
tric breakdown field so that we could not reach it in t
experiment. The situation ofEc2 for NBCO was similarly
too high afterf .250 Hz. For YBCO, the value ofEc2 was

FIG. 7. The critical fieldsEc1 and Ec2 vs ac frequencyf for
NBCO.

FIG. 8. The critical fieldEc1 vs ac frequencyf for YBCO.
14450
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quite high for the whole range and very difficult to determi
since a dielectric breakdown often occurred beforeEc2 was
reached. Therefore, we did not plotEc2 in Fig. 8 .

The above phenomenon related toEc2 was not difficult to
be explained by our theory. As discussed in detail later,Ec2
is related to the dominance of Coulomb interaction, which
required to have some net charge on the ball. In an ac fi
the higher the frequency, the smaller the net charge on
balls, and hence the higher the value ofEc2.

C. Particle Surface

The BSCCO, NBCO, and YBCO particle surfaces we
easy to deteriorate once they are exposed. An insulating
face layer began to grow during the deterioration. This w
from some reaction between carbon atoms in air or envir
ment with the oxygen atoms in the superconducting mat
als. As reported in Ref. 1, once the particle surface beca
insulating, the ball formation stopped. This is not difficult
understand. The ball formation requires redistribution of s
face charge in order to minimize the surface energy. Once
surface becomes nonconductive, the surface charge ca
be redistributed even if the particles are aggregated toge
Then the ball-formation phenomenon disappears.

Our experiment on YBCO particles was especially illu
trative. When fresh YBCO particles were placed in liqu
nitrogen, they quickly formed macroscopic balls in a stro
electric-field. However, if the experimental cell was expos
in air, after about 1 or 2 min, the balls got smaller a
smaller during the collision with the electrodes. This ind
cated that the particle surface was deteriorating due to
exposure to the air. However, if the experiment was p
formed under nitrogen gas inside a glove box, the YBCO b
was stable, indicating the surface deterioration slowed do

After the HTSC particle surfaces were deteriorated,
conducted the heat treatment on the samples. Oxygen
was used to reactivate the surface. Once the surface bec
superconductive, the retreated particles resumed the ball
mation in a strong electric field.

D. The ball size and surface energy

In the ac field the balls did not bounce between the t
electrodes very fast. This provided an opportunity for us
study the ball shape and ball size. The experiment found
the balls were very round. While the ball size was reduc
as the applied electric field was increasing, the spher
shape was unchanged with the field.

As shown in Figs. 9–11, the ball radiusR generally de-
creases with increase of the electric-field. This was con
tent with the situation in the static field reported in Ref. 1.
addition, the frequency also plays an important role in the
case.

For f ,100 Hz, the relationship between the ball size a
the electric-field is almost the same as that in a static fie
E2R516ps/@(g213)kL#, wherekL51.44 is the dielectric
constant of liquid nitrogen. SincegER2kL is the net charge
on the ball, we takeg'0 for the ball in the ac field. Then
we would have
5-4
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E2R516ps/~3kL!. ~1!

In fact, a careful examination finds that atf ,100 Hz, R
;1/E2 holds quite well. Using Eq.~1!, we estimate that the
surface energy density is about 14.831023 N/m for
BSCCO, 11.831023 N/m for NBCO, and 6.331023 N/m
for YBCO at f 550 Hz respectively. These values fo
BSCCO, NBCO, and YBCO at 50 Hz are slightly high
than the values of these materials in a static field.

However, at high frequency the situation was different
f >100 Hz, the radiusR does not decrease as fast as 1/E2.
As discussed for the static case, the ball size is determine
the minimization of the positive surface energy, the Coulo
energy, and the polarization energy. In the static field,
noted in Ref. 1, the charge on the ball is well defined. In
ac field, the net charge on the ball is small, but not vanish
and not well defined. If there is more net charge on a ball,

FIG. 9. The BSCCO ball sizeR vs electric-fieldE at various
frequencies.

FIG. 10. The NBCO ball sizeR vs electric-fieldE at various
frequencies.
14450
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ball size will reduce. Therefore, the ball size in an ac fie
varies more than that in a static electric-field.

III. PRELIMINARY THEORETICAL EXPLANATION

Our current theoretical understanding of the phenome
is far from satisfactory. We will discuss our theoretical u
derstanding related to the static electric-field first. Afte
wards, we will extend it to the situation of ac field.

When the superconducting particles are in an elect
field, there are induced charge distributions near the part
surface. Associated with the charge distributions,
electric-field also penetrates inside the superconductors.
us assume that the screening length of electric-field pene
ing into the superconductor isl s , then the electric-field in-
side the superconductor can be estimated as

EW ~x!5E~x!eW x;eW xEexp~2x/ l s!, ~2!

where eW x is the unit normal of the surface pointing to th
inside of the superconductor,x is the depth from the surfac
into the superconductor, andE is the electric-field just out-
side the surface.

A Cooper pair is a coupled pair of electrons with oppos
spins at average distance ofj, wherej is the superconduc
tor’s coherent length. The binding energy of the Cooper p
at temperatureT is D, D(T)52e f2e, wheree f is the Fermi
energy ande is the eigenvalue for the pair. Roughly spea
ing, if the following condition is satisfied

eE
0

j

E~x!dx.D~T!, ~3!

the Cooper pair is depleted because the presence of ele
field makes the energy difference between these two e
trons bigger than their binding energyD. Assumingj@ l s ,
we then haveEc1 given by

Ec1;D~T!/~els!. ~4!

FIG. 11. The YBCO ball sizeR vs electric-fieldE at various
frequencies.
5-5
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The conditionj@ l s implies a sharp boundary between t
normal region N and the superconducting regionS. The nor-
mal region has a thickness;j. When considering the
change of thermal energy due to the creation of thisN region,
we treat it as that the superconductivity is damaged i
region of thickness;j at the surface. Thus we lose th
condensation energyD(T)ns(T) over an interval;j, where
ns(T) is the Cooper pair density at temperatureT. This gives
the surface energy per unit area

s5D~T!ns~T!j5eEc1ns~T!l sj. ~5!

We now consider how to determine the ball size. Whe
ball bounces between the two electrodes, it picks some
chargeq. We assumeuqu5gE0at

2kL , whereat is the ball
radius when it hits the electrodes,g is a constant, andE0 is
the applied electric field. In a static field,g is related to the
deformation of the ball during the collision with the ele
trodes. For example, if the ball is rigid when colliding wi
the electrode, it discharges first and then picks up a ch
close to 3kLE0at

2/450.75kLE0at
2 as it leaves the electrode

If the ball is, similar to a droplet, soft enough to deform in
a hemisphere with its flat surface in full contact with t
electrode, it picks up a charge close to3(4)1/3kLE0at

2/4
51.19kLE0at

2 as it leaves the electrode. On the other ha
from the ball’s bouncing speed between the two electrod
we can estimate the actual charge on the ball. The real
ation in the static electric-field is found to be between th
two extreme cases andg'1.

If a ball has radiusR and net chargeq in the middle of the
capacitor, away from the two electrodes, the total energ
given by

U54psR21q2/~2kLR!2E0
2R3kL/2. ~6!

The second term is the Coulomb energy, while the third te
is the polarization energy. The net charge on the ball is fi
before the next time it collides with the electrode. A b
made of granular particles has some freedom to fluctuat
size between two consequent collisions in a static field. T
radius of a stable ball inside the static electric-field is th
determined by minimization ofU. From]U/]R50, we then
have

s5q2/~16pR3kL!13E0
2RkL /~16p!. ~7!

Substituteuqu here. While Eq.~6! is not applicable to the
situation when the ball collides with the electrodes,at andR
should be almost the same. We then have

E0
2R516ps/@~g213!kL#. ~8!

This equation fits the experimental result for static elect
field quite well.

Let us considerEc2 for a static electric-field now. If a bal
of radiusR splits into two identical smaller balls, new ba
will have radiusR/21/3 and chargeq/2. Then similar to Eq.
~6!, the total energy of these two balls is given by

U8527/3pR2s1q2/~25/3kLR!2E2R3kL/2. ~9!
14450
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The Coulomb interaction favors the ball breaking. Ifq2

.211/3pR3skL /(1121/3), we haveU8,U; then, the origi-
nal ball breaks. Usinguqu5gE0R2kL , we have

Ec2;F 211/3ps

Rig
2kL~21/311!

G 1/2

, ~10!

whereRi is the minimum size of balls which can be observ
in our experiment.

Now let us extend the above discussions to the situa
of ac field preliminarily. The electric-field is now time de
pendent. The expression for electric-field inside the sup
conductor, Eq.~2!, is thus modified:

EW ~x!5E~x!eW xcos~vt !;eW xEexp~2x/ l s!cos~vt !. ~11!

Since¹3EW 50, there is no magnetic field inside the supe
conductor. Let the Hamiltonian for a pair of electrons wi
no electric field beH05(p1

21p2
2)/(2m)1V0 , whereV0 in-

cludes the electron-electron interaction and other inter
tions. To add the interaction between the pairs and
electric-field, we have a time-dependent Hamiltonian

H~ t !5H01e@V~x1!1V~x2!#cos~vt !, ~12!

where V(x)5(E/ l s)exp(2x/ls). If the electric-field is very
weak, from the time-dependent Schro¨dinger equation

i\]c/]t5H~ t !c, ~13!

under the influence of time-dependent electric-field,
pair’s energy is hopping betweene2\v, e, and e1\v,
wheree is the pair’s energy with no ac electric-field. If the a
electric-field is strong, the pair’s energy can bee6\v,e
62\v, e63\v, . . . . In our case, since the applie
electric-field is very strong, the pair’s energy is ranged b
tween e2b\v to e1b\v, whereb is a constant,b@1.
The strongest binding of the Cooper pair is at the time wh
the pair has the lowest energy,e2b\v, which corresponds
to a binding energy 2e f2(e2b\v)5D(T)1b\v. In order
to deplete all Cooper pairs near the surface, it requires
following condition:

eE
0

j

E~x!dx.2e f2~e2b\v!5D~T!1b\v. ~14!

HenceEc1 is estimated as

Ec1~v!;@D~T!1b\v#/~els!. ~15!

The above results explain our experiments. First, the elec
field penetration depth to superconductorsl s of an ac field is
much longer than that of a static field even ifv52p f is not
very high. There is already some experimental evidence
support the claim.13,9 This accounts for the short drop ofEc1
from v50 to v.0 in Figs. 6–8. Currently it is unknown i
or how l s changes withv. Since the frequency in our exper
ments only varies from 01 to several hundred hertzs, we ca
safely assume thatl s varies little during this range. Then,Ec1
increases with the frequency of the applied field appro
mately linearly with a slopeb\/(els). An examination of
5-6
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Figs. 6–8 seems to confirm the above expression. The
stantb\/(els) is about 0.175 for BSCCO, 0.399 for NBCO
and 0.298 for YBCO. The constantb is estimated about 10.10

We note that althoughb@1, b\v is still much smaller than
D(T), the binding energy.

In an ac field, the net charge on a balluqu5gE0R2kL is
small. Thus, the constantg is small. Basically, a ball inside
the capacitor will remain neutral if there are no collisio
between the ball and electrodes. In the ac field, the elec
field changes its polarity afterp/v, half period. The chance
of collisions between a ball and the electrodes depends
the distance that the ball is able to move during such
interval p/v. If the electric-field strength remains the sam
for all frequencies, the chance of such collisions decrease
the frequencyv gets higher. Therefore,g is a function of
frequencyv. From the above arguments, we can roug
estimate thatg decreases at least as fast as 1/v. If we take
this estimation into Eq.~10!, we understand whyEc2 is very
high in ac field and increases withv. This is consistent with
the Ec2 results in Figs. 6 and 7.

The estimation ofl s for superconductors is a difficult is
sue. However, from our experimental results ofEc1and s,
we can apply Eq.~5! to make a rough estimation. Atf
550 Hz, l s is about several hundred angstroms for all th
HTSC materials used in our experiment.

IV. SUMMARY

In concluding the present paper, we would point out t
the frequency in our experiment is quite low, but its effect
the critical field and ball size is significant. The phenomen
has many similarities to that in the static electric-field, b
also possesses some distinct features. For all our HTSC p
et
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as
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t

n
t
w-

ders, the critical fieldEc1 first drops from the value for a
static electric-field, then increases with the frequency. T
ball size reduces if the field strength further increases. W
the frequency is low, such as below 100 Hz, the relations
between the ball size and the electric-field is almost the sa
as that in the static field. However, when the frequency
high, the ball size in the ac field decreases with the fi
more slowly than that in the static field. For quite low fr
quencies, similar to the static electric-field, there is anot
critical field Ec2 with Ec2.Ec1. If the applied electric-field
exceedsEc2, all the balls break into pieces.Ec2 increases
rapidly with the frequency and soon exceeds the field
cause dielectric breakdown.

In our experiments, we further confirm that the HTS
particle surface must be conductive for the ball formatio
This is required to redistribute the surface charge in minim
ing the surface energy. The heat treatment can eliminate
deteriorated surface layer and make the HTSC particles
active in the ball formation.

The experimental results in the ac field present some c
lenges to the theory. Our current theoretical understandin
preliminary, providing some explanations for the experime
tal results. Detailed calculations are needed for further qu
titative comparison between the theory and experime
Some of our experimental results, for example, the relati
ship betweenEc1 and the frequency and the relationship b
tween the ball size and the frequency, demand further de
opment of a microscopic theory.
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