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Abstract

We have studied the self-consistent states of nano- and micro-particle polar-
ized powders and structures consisting of parallel particle chains and have
determined conditions under which the static dielectric permittivity of a dis-
perse system is negative. It has been shown that in such system an electric
current runs without ohmic losses. We present the arguments for the physics
of spontaneous emergence of the electric field in disperse systems made up of
electrically neutral particles. It has been determined the influence the phase
boundaries of a disperse system has on the origin of spontaneous polarization
state. The structures consisting of parallel chains of dielectric particles can
exhibit spontaneous polarization. In this case the properties of the spherical
structure are similar to those of the ball lightning. It has been established
correspondence of the obtained theoretical results with the experimental data
available in the literature.

Keywords
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Spontaneous Polarization, Aerosols

1. Introduction

Spontaneous emergence of the electric field in ferroelectrics is a known effect.
The atoms that form a ferroelectric domain reside in self-consistent states due to
dipole-dipole interaction between them [1]. The nano and micro granules in
electrically polarized disperse systems can reside in the similar states. Polariza-
tion of the granules brings about exchange-correlation interaction between

them. Due to the presence of local fields in the bulk of a polarized non-uniform
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semiconductor, its charge carries can also reside in self-consistent states and
form a macroscopic size system. The electrical physical properties of electrically
polarized disperse systems have not been thoroughly studied.

For an electron-type semiconductor polarized by a sine-wave electric field
with a frequency w, there is observed a phase shift between the temporal de-
pendence of the electric field strength and related dependence of the
non-equilibrium part of the electron distribution function. As a result, the real
part of relative dielectric permittivity &' in a semiconductor may become neg-
ative [2] [3] [4] [5]. In non-uniform granular semiconductors, due to the ine-

quality &' <0, the dielectric loss is negative [4] [5]:

"
& (o2
tgo=—= -<0,
& W&EE

where &” is the imaginary part of dielectric permittivity; o is the electrical
conductivity; &, is the electric constant.

The state of matter polarized by a sine-wave electric field depends on its die-
lectric permittivity &(w, g), where g is a wave vector. According to the
Kramers-Kronig dispersion relation for the static dielectric permittivity, for any
electrically polarized substance, one of the following relations holds: £> 1 or £ <
0, where ¢ = g(O,g); w=0; g is the average value of the wave vector g
0> 0,3 & ~ 1/L; L is the macroscopic size of the system [6]. The inequality & <
0 arises from the presence of the local fields, Ze. from the difference between the
effective field acting on the charged particles of the media and the mean macro-
scopic field relative to which the dielectric permittivity is determined [7]. The
very existence of matter with a negative static dielectric permittivity ¢ is not ob-
vious. This issue has been a subject of discussion (see, e.g. [7]).

Theoretical estimates predict negative values of £0, g) for large values of gin
the case of non-ideal plasmas. Examples of the systems with £0, g) <0 at g=0
are a metallic hydrogen and a Wigner crystal. Negative values of £0, g) are pos-
sible not only for model systems but can also occur in real world systems such as
melted sodium chloride [6] [7].

There have been obtained semiconductor structures whose electrical proper-
ties have been interpreted using the condition € < 0, where ¢ = 6‘(0, g) is the
static dielectric permittivity [8] [9]. For example, this condition has been used to
explain the zero ohmic loss for a direct current in Al,O; and NiO powders con-
taining donor centers on the nanoparticle surfaces in the form of interstitial hy-
drogen atoms [8]. The zero ohmic loss has also been observed for a sine-wave
current in finely dispersed compounds KMnO, [8] [10] and KNaC,H,O¢4H,0
[9] placed in molecular hydrogen and vacuum, respectively. In the case of the
finely dispersed dielectrics KMnO,, Pb(NOs), and CsNO; with donor centers on
the particle surfaces, there is observed spontaneous emergence of a macroscopic
electric field [11] [12] [13]. This effect can result from mutual repulsion of op-
posite charges in the powder bulk due to the inequality € < 0. A spontaneously

polarized KMnO, powder serves as a direct current source that absorbs heat
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from the ambient environment [13].

In solids with a negative static dielectric permittivity & free electrons experi-
ence mutual attraction which, according to estimates, may bring about super-
conductivity at temperatures significantly exceeding 300 K [6] [7]. However, the
structure details and properties of solids for the relation £ < 0 to hold true have
not been determined yet.

The aim of the present work is to carry out a theoretical study of conditions
under which the static dielectric permittivity of the systems consisting of semi-
conductor and dielectric nano- and microparticles becomes negative. Besides, we
have solved the problem of a theoretical description of the properties of such

systems observed in the experiments [8]-[13].

2. Semiconductors with Negative Static Dielectric
Permittivity

Polarization of a solid by an electric field changes its internal (potential) energy
[14]. This change depends on the structure of the solid. Interaction between po-
larized structural units of a non-uniform solid has effect on its dielectric permit-
tivity. Let us consider this effect. First we will define the conditions under which
the static dielectric permittivity of a semiconductor becomes negative.

Consider an electric circuit that includes a current source, a switch, and a ca-
pacitor with a semiconductor placed between its plates (Figure 1). Upon closing
the switch, the source begins to move the charges. The changing charge on the
plates changes the electric field strength inside the capacitor.

According to Maxwell’s equations, the alternating current density in a semi-

conductor consists of two terms:
Js = J'+E,
where jand 0D/dt are the conduction and displacement current densities; D =

e E; E is the electric field strength, and ¢is time. Let at an arbitrary moment of

time the following inequality hold

aD(t)
t 1
)<— e
Multiplying both sides of (1) by £(%), we get
. OF (t
j(t)E(t)<<&, (2)
ot
_~
4
+o ! ¢
B S ®
5
()
&

Figure 1. Electric circuit diagram. 1 capacitor plates; 2 finely dispersed semiconductor; 3
current source; 4 switch; 5 ammeter; 6 voltmeter.
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where
D’ egE 2
2¢e¢, 2

F:

3)

The quantity Fis the change of free energy of a unit volume of a dielectric po-
larized by an electric field in an isothermal process [14]. The left-hand side of (2)
determines the ohmic loss, while the right-hand side describes the change of free
energy of a solid. Therefore, in order for the polarization to determine the elec-
trical properties of the semiconductor, the inequality (1) must be satisfied. It is a
necessary but not a sufficient condition for the inequality £< 0 to be held.

According to expression (3), if £ < 0, we have F < 0. We will show that the
conditions < 0 and & < 0 can be satisfied for finely dispersed (granular) semi-
conductors due to interaction between polarized particles by means of local
electric fields. In this case the semiconductor particles are in self-consistent
states.

Consider a powder with electronic conductivity of its particles. The process
under which the system’s free energy decreases (F < 0) occurs spontaneously
[14]. We therefore assume that the particle local electric fields also emerge
spontaneously. Transition of the powder into a polarized state can occur because
of random self-consistent fluctuations of the dipole moments of the particles due
to chaotic thermal motion of free electrons. Let us calculate the free energy Fand
the corresponding value of & for a layer of spontaneously polarized powder
placed between parallel capacitor plates.

The interacting charges of polarized particle dipoles reduce the powder inter-
nal energy. The electrostatic energy of interaction of N charges +g with N

charges —g, that make up the dipoles of the polarized powder, per unit volume is

_ Na(¢" —¢")

Ue
v

; 4)

where U. < 0; N is the number of particles in the volume V; ¢" and ¢ are
the mean potentials of the self-consistent fields acting on respectively positive +¢g
and negative —q charges. These potentials are produced by all charges of the sys-
tem. In direct vicinity of a charge ¢, charges of the opposite sign are predomi-
nant. At a distance r from a particle, the charge density at the location of other
powder particle is

p(r)= e(n+ —n’)
where eis the electron charge; n* =n, exp [—e(p/ (kgT )] is the concentration of
ionized donor centers; n~ =n,exp [ego/ ( kg T )] is the concentration of free
electrons; n, = mAN]/ Vs the mean concentration of the same sign charge carri-
ers; m is the number of free electrons in the powder particle volume; kg is the

Boltzmann constant; 7'is the temperature; ¢ is the field potential determined

from Poisson’s equation

Ap(r)=-p(r)/e, .
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Assuming that the condition ep < kT is true (a “weak” field case), we
make use of the expression p(l’) = —2e2n0¢(r)/(kBT) . Additionally, we per-
form averaging of the potential spatial dispersion over the media non-uniformity.
Due to spherical symmetry of the field near each charge g, and since ¢(r)~1/r,
Poisson’s equation can be approximately solved to give ¢(r)=(C/r)exp(-cr),

where Cis a constant; cis a reciprocal value of the shielding length

2 2
c 2e“mN 5)
&k TV

The potential of the field produced by all charges except a given one ¢, at a
distance rfrom it, is ¢, =(C/r)exp(—cr)—q/(4mn&,r), and at the location of the
charge itself at r= 0, by expanding exp(—cr) in arow, we get

= Iim{c exp(—cr)— g F = Iim[ —LJE_CC __9€©
r—0 r

g, |1 o0 4ne, 4ne,

where C = q/(4n80 ). Using the equality ¢~ =—¢", we have:

Ng(¢" —¢ 2
v - a(¢"-¢) _ gNe ©
v AneN

Using expression (6), the Gibbs-Helmholtz equation U =F —T (oF/dT )v
[14], and the condition F —0 at g — 0, we obtain

2
F= _q_NC . (7)
6reV

The field strength in the bulk of spontaneously polarized powder is

o

E,=—t=—1, (8)
& &)l

where o, is the surface charge density of opposite polarization charges on the

opposite surfaces of the powder layers; /is the particle diameter; /* is the num-

ber of particles on a unit surface of the powder layer. From (8), we find ¢ = &£E,

and using this, the relation F = ¢g,E, /2, and Formula (7), we get

Cc'N

3nV 3n’

9)

where cis determined by (5); N/V= I

Now let us make some estimates. Assuming in expressions (5), (7) - (9): T =
300 K; /=107 m; £, =5 x 10° V/m (these values correspond to the experimental
data [11] [12] [13]); m = 30, we obtain: N/V'=10"m™>; g=5x%x 10% C; ¢ =2 X
10°m™; £=-0.2; F= -3 x 107 J/m>.

Thus according to (9), the static dielectric permittivity of a spontaneously po-
larized finely dispersed semiconductor is negative.

Note that the values Fand E, (see (7) and (8)) are bounded since the value of
the polarization charges g, which depends on the concentration of free electrons
in the powder particles, is bounded.

Let the powder consist of dielectric particles that contain on their surfaces the
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donor centers which by losing electrons produce a positive surface charge. Free
electrons of the particles reside in the field produced by the positive surface
charge and form a near-surface gas. It follows from Gauss’s law as applied to a
closed surface inside the powder particle. In this case, depending on the particle
diameter, their bulk conductivity is small or zero; and when the powder is polar-
ized by an external field, condition (1) is held. If a doping impurity (donor) is
uniformly distributed over the volume of powder particles, their electrical con-
duction breaks condition (1). Additionally, because of the presence of the local
fields in the bulks of polarized particles, their bulk conductivity brings about a
decrease of their polarization charges, thereby imposing restriction on the spon-
taneous increase of Fand E, (see (7) and (8)). For this reason, the condition € <
0 is experimentally satisfied for dielectric powders containing the donor centers
only on the particle surfaces. For powders with a bulk doping of their particles,
the inequality £ < 0 does not hold [8].

Thus, expressions (1) and (4) determine necessary conditions for the inequal-
ity € < 0 to be held in the case of powders. These conditions are satisfied for
finely dispersed dielectrics with donor centers on the particle surfaces.

3. Finely Dispersed Semiconductor in Electric Field

The quantity F, =—F =—gg,E° / 2 determines the change of free energy die-
lectric, when creating the field in the dielectric, taking into account its work
against an external source that creates the field [14]. For a matter for which the
condition &< 0 is true, when being acted on by a field, there arise internal forces
that do work against the external source. In this case, the inequality F, > 0 cor-
responds to the appearance of electromotive force (EMF). In accordance with Le
Chatelier’s principle, the internal forces continuously pull the system back to its
stationary state with a minimum potential energy U.. The source of energy for
EME is the system’s internal energy [13] [14].

It follows from Maxwell’s equations that a variable field does not penetrate
into the system with a negative dielectric permittivity (£(z) = 0) [2]. Let us prove
that the condition £ = 0 for a stationary external field (£(#) = const) follows
from the inequality £ < 0. Assume that on closing the switch (see Figure 1), the
source produces an electric field in a semiconductor with ¢ < 0. The first law of
thermodynamics for an isothermal process of semiconductor polarization at

constant volume will use

A'=U,+Q, (10)

where A’'>0 isthe source work to transport the charges that produce the field;
U. is the change of the semiconductor potential energy after the polarization is
completed; Q is the amount of heat transferred to the thermostat. Integrating
inequality (2), we get Q < F . According to the Gibbs-Helmholtz equation
U=F-T(aF/oT ), we find: U. = 0, if F= 0. So because of the conditions
A’>0 and U.< 0, equality (10) can be satisfied in the single case when

A'=0; U,=0; Q=0.
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Therefore, conditions (1) and (2) correspond to the equalities: F = e F*/2 =0;
E=0. Ohmic losses is zero, () E(f) = 0, where E(# = 0, which corresponds to the
condition Q= 0.

Assuming that the process of semiconductor polarization is adiabatic, we have

A'=U,+AU;,

where A Uris the change of the internal energy of chaotic thermal motion in the

solid, AUr= Q. Again, as in the case of isothermal process, we obtain
E=0. (11)

Thus when a semiconductor with a negative static permittivity is electrically
polarized by a constant field, the field strength in the bulk of semiconductor
vanishes. In this case, the conditions £ = 0 and & < 0 are interrelated and one
may consider the equality £= 0 as a condition for the static dielectric permittiv-
ity of a semiconductor to be negative.

Let us define the effect of the condition £ = 0 on thermal and electric phe-
nomena in a solid with an electron-type conductivity.

In general, the electric flux I, = —jin a solid is determined by the equation [14]
1. 3
—j=E+a; gradT +grad€, (12)
o

where / is the electric current density; E is the electric field strength in the bulk;
aris the thermal electromotive force; £ = u/ Na; p is the chemical potential of free
electrons; N, is the Avogadro constant. According to (12), there acts in the solid

the field E; of internal (thermodynamic) forces
Es =—o gradT—gradé. (13)
e

By a solid body here we understand a finely dispersed electron-type semicon-
ductor. We will account for its granular structure by assuming that its static die-
lectric permittivity & is negative. Using (12) and (13), and assuming that the
semiconductor is approximately uniform on a macroscopic scale, we plug E = 0

into (12), and condition (12) will take the form
j=—-0cE;. (14)

Basing on expression (14), we have, depending on mutual orientation of the

vectors jand E¢

(j,Eg)<0; j=-0cEg. (15)
(j,EG)>0; j—>0; c—0. (16)

The current density has two values. If the vectors jand Eg have the same di-
rection then the current is caused by gradient of temperature or chemical poten-
tial gradient of the charge carriers (Equation (15)). In this case the ohmic loss is
zero: (j, E) = 0, with E = 0. Condition (16) corresponds to a zero the electrical
conductivity when the vectors j and E; have the same direction. Hence, the
powder transits from a conductive state to a non-conductive state when the cur-

rent changes its direction to opposite.
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Conditions (14)-(16), being the consequence of the powder’s negative dielec-
tric permittivity e, correspond to the experimental data obtained for the films
consisting of spherical ALLO; and (or) Ni nanoparticles with oxide layers of NiO
on the surfaces [8]. The mean particle diameter was 100 nm. First the chemi-
sorption of hydrogen ions H* on the particle surfaces from the gas discharge hy-
drogen plasma was carried out. Then a strong field produced a built-in residual
polarization field in the films. Due to the drift of interstitial protons H* in the
particles under the field action, their concentration on the film surface in contact
with the cathode increased, while decreasing on the opposite surface adjoined to
the anode. Because of the difference in thermionic work functions on the oppo-
site surfaces of the film, there arises the potential difference of the built-in field
A, =(A, —A;)/e between anode and cathode. In the process, the cathode
acquires a negative charge and the anode a positive one. A non-uniform distri-
bution of the donor impurity (interstitial H atoms) in the film corresponds to
the formation of the chemical potential gradient of the free electrons. As an ex-
ample, we give a VAC of the film consisting of AL,O; nanoparticles (Figure 2)
[8].

In the conductive state (line 1), according to conditions (15), the powder cur-
rent is due to the electron diffusion and in this case the ohmic loss is zero. The
non-conductive state (line 2), after the circuit current direction change, corre-

sponds to condition (16).

4. Particle Chains in Electric Field

Next we will show that the state of a disperse system polarized by an external
electric field and the sign of its dielectric permittivity £ can depend on its inter-
phase boundaries. For the sake of an example, we consider a periodic structure,
consisting of dielectric particle chains, polarized by an external electric field. The
structure is in contact with two dielectric plates placed perpendicular to the

chains (Figure 3(a)).

J, mA
6 4
4
:
4 -g 7
g
28
2
2
L9000 0= 0- 0 0 0= 0 0- 01— 0-0- 0-0-L O——!
] 00-0-0-20- <>_4 %) 0 3

u, V

Figure 2. Dependence of the current through a film of alumina nanoparticles vs. magni-
tude and polarity of the voltage between the electrodes. I the electrical conductivity of the
film is due to diffusion of electrons, ohmic losses are equal to zero (Formula (15)); 2
non-conductive state of the film (Formula (16)). The powder film was preliminarily
treated in a hydrogen plasma for 15 minutes, then a built-in field was produced inside.

The mean particle diameter | =100 nm ; layer thickness d= 10 pm; 7'= 295 K [8].
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Figure 3. (a) Scheme the structure consisting of parallel chains of dielectric particles. The
structure is in contact with dielectric plates 1 and 2; (b) “Dense” chain of spherical dielec-
tric particles. p is the particle dipole moment; E; is the electric field strength acting on a
particle; Ej is the field strength produced by the polarization charges located on the sur-
faces of the dielectric plates; E; is the local field produced by neighboring particles of the
chain.

Consider first a single polarized “dense” chain of spherical dielectric particles
separated by equal distances a, from each other (Figure 3(b)). Assume that the
particle diameter / is less than the separation: 0<(a—I)<I. Let the chain be
placed in a macroscopically uniform electric field with the strength vector £ di-
rected along the chain. In this case, the local field of each polarized particle
(sphere) outside its volume coincides with the field of the dipole located at its
center and with the dipole moment parallel to the vector E, [15]. The field
strength of the dipole on its axis is E; = p/ (2n£0a3>, where p is the particle
dipole moment, p = agEs; ais the polarizability; E; is the electric field strength
acting on the particle. The total field produced by all polarized particles in the
chain is

__kp

2ng,a’

where & is a coefficient, k =2(1+1/8+1/27+1/64+---)=2.4. Due to interac-
tion through their local fields, the polarized particles of the chain reside in
self-consistent states.

The chains border on the dielectric plates on which surfaces the fields of the
polarized chains induce local polarization charges —¢ and +g that have the op-
posite signs to those of the chain end charges +g u —¢g (Figure 3). These local
polarization charges on the plates are not compensated and produce an addi-
tional field in the particle chain. Its field strength E, has the same direction as
the vectors £, and E;. So there arises a positive feedback between the surface po-
larization charges on the plates and the particle chain field. As a result, the local

fields of the polarized chain particles increase, and we have in this case

E.=E,+E =E,+YE, =——, (17)

where E_ is the field strength between the chain particles; E, = YE; Y'is a coeffi-
cient. Denote 1 — ¥'= & One can to the quantity ¢as a macroscopic characteristic
of the chain of particles because of their interaction via the local fields they make
up a unified system. The value € corresponds to the static dielectric permittivity
of the particle chain. The condition 0 < £< 1 contradicts the energy conservation
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law. Hence if > 1 (see below), we have ¢ < 0. The inequality € < 0 is due to the
exchange-correlation interaction of polarized particles by means of local fields
and due to the positive feedback between the particle chain field and the polari-
zation charges on the dielectric plates.

With increasing distance from the chain in the perpendicular direction, its
field exponentially drops. At a distance of 2a, it decreases by exp(2m) [1]. It
means that mutual influence of “dense” chains of the structure (see Figure 3) is
insignificant.

In the case of “sparse” chains, with a distance of 2a between the particles
(Figure 3(b)), the local fields at the distance 2a are weak, so that ¥ < 1 (see
below) and the condition & < 0 not satisfied. Strengthening the field of the chain
does not occur. On the other hand, the particles of “sparse” chains are in the
field of the neighboring particles of the “dense” chains. In this case the lines of
force of the local fields produced by the particles from neighboring chains have
the same direction (see Figure 3(a)), which corresponds to the positive feedback
between them. Owing to this, all chains of the periodic structure reside in
self-consistent states and thereby form a unified system.

In experiments with the polarization of a finely dispersed semiconductor by a
sine-wave field, its layer was placed between two dielectric plates, thus enabling
the condition £< 0 to hold [9] [10].

5. Spontaneous Polarization of Particle Chains

The external field strength in a system with & < 0 vanishes (see (11)). So let us
consider spontaneous polarization of the structure (Figure 3(a)) resulting from

spontaneous transition to a state with a minimum potential energy

_N(pE) __NpE

U, = :
7Y, 2v

This transition occurs due to the positive feedback between the field strength
E; and the polarization charges on the pates surface (see Equation (17)). Addi-
tionally, the spontaneous polarization is stimulated by the positive feedback be-
tween the local fields of polarized particles from neighboring “dense” and
“sparse” chains.

Let us calculate the coefficient Y'in (17) for a “dense” chain of spherical die-
lectric particles (Figure 3(b)). For a dielectric ball polarized by a uniform elec-
tric field, the field potential at a surface point is [15]:

P
¢ = g > (18)
where z = (kos6)/2; 01is the angle between the polarization direction (chain axis)
and the radius vector from the center of the ball to a surface point; P is the ball
polarization. According to (18), the potential difference between two points on
the ball surface Agp depends only on the difference of their projections z and z
on the chain axis, Ap = (z — 2)P/(3&). If (z— z) =/ then Ap = IP/(3g). In a

similar way, the potential difference between two points on the surfaces of two
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neighboring balls will depend only on the difference of their projections on the
chain axis. For the potential difference between two surface points of two
neighbor balls lying on the chain axis (cos@= 1) separated by a distance (a -1),
we have

P

Ap, =—.
i

The surface charge density on a dielectric ball in a uniform electric field is
distributed according to ¢; = 0imcos@ [15]. Thus at (a—1)</I, the main contri-
bution to the local field of polarized chain particles comes from small surface
areas located near the chain axis. The particle surface charges produce local

fields in between on the chain axis with the strength

Ag, IP
= = — 19
“oa-l 3g(a-l) (19)

In the space between the particles the additional local field E, produced by the
polarization charges has the same direction as the main field E,. Hence, because
of the boundary conditions the field increases. Substituting to (10) the expres-
sion [15]:

b_ 3g,E (¢, —1)
&, +2

where E= Ej &, is the ball dielectric permittivity, we get E, = YE;
I(&,-1)

- 20
(a-1)(y+2) 20
E, =, +E =E 4YE, == =55
1-y ¢
Using E, = kp/(27woag) , we have:
kp
EE=——7—7, 21
¢ 2mga’(1-Y) =
where
p=asgk,. (22)

The quantities E.and p are connected through a positive feedback. Solving the
system of Equations (21) and (22), we find the condition on the spontaneous
polarization of the particle chain

2na’
of k 4

a (23)

where o, = a/ |1—Y| is the particle effective polarizability. For Y= 1; a, > «,
a = P, so after a short-time action of an external field that polarizes the particles,
the structure transits to a state of spontaneous polarization. In this case in (21),
the condition (1 — ¥) < 0 is held and it corresponds to the inequality & < 0. Set-
ting, for example, &, = 81 in (20) we find that the ratio a/l must be less than
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1.97. Y= 1 in (21) corresponds to a sharp increase of the field strength. For
a =1, according to (20) and (21), we have £, =0.

The spontaneously polarized ball-shaped structure consisting of parallel parti-
cle chains produces an electric field which is uniform inside the ball volume and
coincide with the dipole field outside (A polarized dielectric ball produces the
field with similar lines of force [15]). Transition of the ball to the state of spon-
taneous polarization is accompanied by a change of its potential energy by the

value

U __PEN _ au&NE®  mea’NE?

e (24)
v v kv

where p = a.&F is the particle dipole moment; £ is the field strength acting on
the particle; a.ris determined by Formula (23).

Expression (24) corresponds to a spontaneous increase in the field strength E.
According to the Fowler-Nordheim equation, at the field strengths £> 10° V/m,
there is observed the electron tunnel emission which results in the electric cur-
rent between the chain particles. It imposes a restriction of 10° V/m on the value
of £ due to increase in the electrical conductivity of the system. In this case, the
ball electric field outside the bulk ignites an air corona discharge with a visible
glow. This discharge is caused by the action of the ball EMF G'= ED, where D is
the ball diameter. Because of an immense internal resistance of the source, the
current and the discharge power are small. The closed electric circuit formed by
the electron tunnel emission current between the ball particles and the corona
discharge provides the balance of the system charges. This balance imposes fur-
ther restrictions on the value of E.

In the ball bulk, the vectors j, and Ehave opposite directions due to the condi-
tion & < 0. Because the inequality (f,, E) < 0 is satisfied, the heat is absorbed in
the bulk. In this case, the work of the field in moving electrical charges outside
the ball is done on the account of the system’s internal energy. A similar effect is
observed experimentally: a spontaneously polarized powder serves as a source of
direct current [13].

A cloud of a polarized aerosol consisting of air-suspended disperse phase par-
ticles, which are drawn into the area of a strong field and which form chains, can
have a ball shape with a diameter less than 1 m. The fulfilment of condition (24)
signifies a spontaneous aerosol transition to a state of a minimum potential en-
ergy as a result of its spatial self-organization which lies in the action of internal
forces that drive the particles to the location where the condition Y= 1 is met.
The minimum of the potential energy also stems from the spherical shape of the
polarized cloud. The spontaneously polarized cloud is a source of an electric
current in the form of corona discharge.

One may make an assumption that a ball lightning (BL) is a spontaneously
polarized aerosol cloud of air-suspended water nanoparticles. Assuming that the
strength of the uniform field inside a BL is 10° V/m and using Formula (24), we

find that the BL energy density is U. = —107 J/m’. This value matches the maxi-
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mum energy density obtained from observing the BL explosions [16].

6. Conclusions

The static dielectric permittivity € of finely dispersed dielectrics with donor cen-
ters on the surface of particles has a negative value. The fulfillment of the condi-
tion £ < 0 does not depend on the nature of the finely dispersed dielectric and
the nature of donor centers. Due to the condition £ < 0, an electron-type semi-
conductor powder transits to a state of spontaneous polarization with a dimin-
ished internal (potential) energy. Interaction of polarized powder particles
brings about the emergence of self-consistent states of free electrons. In the pro-
cess of the energy exchange occurring in the powder, the state of the whole elec-
tron system is subject to a change rather than the states of individual electrons.
The aerosols polarization can be accompanied by their spatial self-organization
with a formation of particle chains in a disperse phase if the concentration of

particles in the gas exceeds the critical value.
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