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ABSTRACT. We propose a long-range action effect mechanism qualitatively explaining all the existing
experimental data obtained for any Kkind of energy impact on a solid state. This mechanism is based on
new conceptions of movement of atoms (defects) in condensed matter described in the molecular - potential
theory (MPT). In contrast to the molecular-kinetic theory (MKT), MPT does not require the formation of
a certain kinetic energy fluctuation nearby the atom to overcome the potential barrier. However, it is
necessary to somehow reduce the chemical bond energy, which corresponds to decrease in the potential
barrier height. The decrease in the chemical bond energy nearby a given atom is due to the occurrence
of antibonding quasiparticles (AQP) - excited electrons and/or holes that can be created in different ways
(by light, injection of charged particles, temperature, pressure, etc.). In any case, this facilitates the
motion of atoms. All the long-range effects under the energy impact are associated with the movement of
defects, initial and/or created by irradiation, due to AQP, which are always formed under different energy
impact and facilitate the movement of atoms. © 2017 Bull. Georg. Natl. Acad. Sci.
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Asisknown [1, 2], the essence of the long-range
action effect under the energy impact is that at irra-
diation of solid-state plates (semiconductors, metals)
by electrons, charged particles (including those with
subthreshold energy), electromagnetic radiation, the
changes in mechanical, electrical and optical proper-
ties of materials at abnormally large distances (of the
order of magnitude greater, than the energy impact
penetration length) from the irradiated surface to the
opposite (back) irradiated surface of the plate are
observed. Sometimes, the changes on this surface
are larger, than on the irradiated side [3]. The long-

range effect is revealed in the stack of foils of the
identical or different materials and consists in detect-
ing changes in the physical properties not only of
the foil subjected to the energy impact, but of the
subsequent foils pressed to it [4]. The long-range
effect is also observed in the experiment, in which
after irradiation of a chromium-coated 500um-thick
o-Fe wafer by 4 MeV electrons the chromium atoms
are distributed throughout the bulk of the material.
According to the X-ray analysis, the chromium con-
centration is higher in the layer most remote from the
irradiated chromium-coated surface. Thus, in the long-

© 2017 Bull. Georg. Natl. Acad. Sci.



46 Alexi Gerasimov, Mikhail Vepkhvadze, Kakha Gorgadze, Marina Shengelia

Fig. 1. 1) According to MKT, for the movement of atoms
in solids a fluctuation kinetic energy sufficient to
overcome the potential barrier U is required,

U

W ~ eﬁﬁ (1) — W is the probability of changes in the

atom position, T is the absolute temperature, k is the
Boltzmann constant. 2) According to the new MPT
conceptions, for the movement of atoms the
potential energy of interatomic interaction should
somehow be reduced to a minimum, U—0.

range effect a mass transfer to “abnormally” large
distances is recorded [5]. Reliable experiments have
demonstrated that the long-range effect is not re-
lated to the heating and diffusion of the minority
carriers to the back side [1, 2]. It is also noted [6] that
for the long-range action effects the degree of the
crystal structure perfection is not critical.

In [7], authors, based on the presented experi-
mental data, discussed two hypotheses to explain
the formation of defects at large distances from the
irradiated surface: either the transfer of defects into
the bulk of the sample, or the transfer of energy in the
form of elastic waves, which being localized at large
depths, initiates defect formation processes. But they
also have to make other assumptions to explain the
experimental data. For example, in [8], the wave front
used to explain the experimental results propagates
by two orders of magnitude faster, than it follows
from the experiment, impelling the authors to make
additional assumptions. Moreover, under the weak
light exposure [3], the assumption of the formation of
elastic waves able to create defects in the crystal
lattice and loosing this ability with increasing illumi-
nation time is rather problematic. The authors [5] con-
clude that the long-range effect is observed in a wide
range of experimental conditions and does not allow
an unambiguous interpretation of the observed ex-
perimental data.
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In this paper, we propose a long-range effect
mechanism qualitatively explaining all the experimen-
tal data obtained for any kind of energy impact. This
mechanism is based on new conceptions of move-
ment of atoms (defects) in condensed matter [9, 10]
described in the molecular - potential theory (MPT)
[11]. For better understanding of this process, let us
briefly present the main concepts and conclusions
of MPT [11, 12]. In contrast to the molecular-kinetic
theory (MKT) [13], MPT does not require the forma-
tion of certain kinetic energy fluctuation nearby the
atom to overcome the potential barrier (Fig. 1.1).
However, it is necessary to somehow reduce the
chemical bond energy, which corresponds to de-
crease in the potential barrier height (Fig. 1.2)...

The decrease in the chemical bond energy nearby
a given atom is due to the occurrence of antibonding
quasiparticles (AQP) - excited electrons and/or holes.
In accordance with the molecular orbital theory of
chemical bonds applied to solids [14], the electron
energy spectrum consists of bonding and
antibonding bands. In semiconductors these bands
are separated by the bandgap, in metals they are over-
lapped. The presence of an electron in the bonding
band increases, and the absence (a hole) of an elec-
tron and its presence in the antibonding band weaken
the chemical bond. Thus, the electron transfer from
the bonding- to antibonding band means weakening
of the chemical bond in this substance (i.e., if it is
solid, it should be softer and increased in volume,
which is proved experimentally [15-17]. The electron
transfer can be realized in different ways (by light,
injection, temperature, pressure, etc.). In any case,
this facilitates the motion of atoms. In its chaotic
motion an antibonding electron and/or a hole — AQP
may appear nearby a certain atom with probability
n/Na (n is the AQP concentration, Na is the atomic
concentration of the substance). If they appear in
number f3, this probability will be (n /Na)Bth (2),
where th is the probability of formation of a phonon
with maximum energy[11,12] and weakening of the
bond will take place. The higher the AQP concentra-
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Fig. 2. Dependence of the relative changes in the
microhardness H on the exposure duration:
1 —the irradiated side, 2 - the opposite side [3].

tion at a given temperature, the higher the probab-
ility of movement of atoms, and the observed proc-
ess associated with this movement will be more in-
tensive.

In all experiments devoted to the study of the
long-range effects under the energy impact, AQP are
formed and contribute to the movement of atoms (and
hence of defects) at the distances of their distribu-
tion. Below we describe and explain the key experi-
mental data that confirm the validity of the proposed
mechanism. Let us start with the work, where the
energy impact consists in a weak photon exposure
[3], at which the assumption of elastic wave (EW)
formation used to explain the long-range effect is
most improbable of all types of energy impact. From
Fig. 2 [3], it is clear that after exposure of a 18 um-
thick permalloy-79 foil to continuous-wave laser
(wavelength 0.96 pum) for 0.2 seconds the
microhardness on the irradiated and back surfaces
increases, being significantly greater on the back
surface than on the irradiated side. With increasing
illumination time the microhardness decreases almost
to zero. Our proposed mechanism explains this as
follows: in the surface region, illumination of the foil
generates AQP, i.e., excited electrons, with velocity
of the rate 10® cm/s reach to the back side approxi-

mately in 10—®s and hense easily pass distance of
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the order 18 um, decreasing in concentration. In [10,
18], it was shown that to form point defects, neces-
sary number of AQP,
given atom for it to leave its site. It was also shown

e MUst appear nearby the
that for the movement of point defects, lower number
of AQP, B, around them is required than for their
[18]. Thus, in the thin surface
region of the foil where light penetrates, point de-

formation, B <PB,
fects in maximum concentration are formed. They dif-
fuse to the back side, interact and form more complex
defects (determining the microhardness magnitude)
for which no AQP is required, and their approach to
each other is quite sufficient, whereas to destroy them,
a higher number of AQP, B, is necessary than to
form point defects, B, >B, >B_  (3). Thus, in the
whole bulk (throughout the entire thickness) of the
foil the following processes take place: decreasing
flows to the back side, heat, concentration of the
AQP and point defects, also the formation and de-
struction of complex defects (Fig.3). It should be taken
into account that in contrast to semiconductors, even
slight heating of a metal takes electrons from the bond-
ing — to antibonding band, which increases the AQP
concentration and the probability of occurrence
nearby a given atom. If we take into account the
relation (3), from the equation (2), it follows that in
the region with higher AQP concentration, the prob-
ability of destruction of complex defects will also be
higher. Therefore, in the surface region of the irradi-
ated side, their concentration is lower than on the
back side. Fig.2 shows that with increasing light im-
pact the difference in the values of the long-range
effect on the back and irradiated surfaces decreases,
and the effect itself is reduced almost to zero. The
former is associated with the increase in the values
and the decrease in the flow gradients: heat, AQP
and point defect concentration; the latter is due to
the fact that the AQP concentration increases and
thus the probability of destruction of complex de-
fects is higher than the probability of their formation,
since the index in (2) B, > B

ductors with bandwidth Eg [19], excited states can

. In case of semicon-

form
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valuesof 1,2,3,4,5.
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>

distance from front side

Fig. 3. Schematic representation of the variation of the
corresponding values 1, 2, 3, 4, 5 in the thickness of
the studied plate or foil. 1 — the AQP concentration, 2
- the concentration of point defects, 3 - the tempera-
ture, 4 - the probability of destruction of complex
defects, 5 - the concentration of complex defects.

also appear at photon energies hv <Eg (wi due to
presence excitons, transitions between the tails of
the density of state of the respective bands and ioni-
zation of energy levels of defects occupied by elec-
trons. Naturally, the concentration of AQP formed by
these photons will be lower, than of those formed by
photons, hv > Eg. Therefore, to reveal the effect, a
certain threshold intensity is required. The use of
silicon filters [19] reduces the intensity of such pho-
tons, and the effect is no longer observed. Weaken-
ing of the effect with exposure time after irradiation at
room temperature is due to the slow AQP formation
under the temperature impact.

At irradiation of foil stacks [4], the long-range
action effect is also observed in the other foils. This
is not surprising — when the surfaces come into con-
tact, overflowing of AQP from the irradiated foil to
the other foils takes place, which initiates the same
processes that occur during irradiation of one foil.

In the case of exposure of one foil or a stack of
foils to accelerated ions [4] on the back side of the
foil, the change in the initial properties is smaller than
on the surface of the adjacent foil pressed to it; the
same occurs in the subsequent foils (Fig.4). This hap-
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Fig. 4. The magnitudes of microhardness for Cu foils in
stacks irradiated by Ar* ions (E=40 kev, ®- 10'° cm?).
Open circles - for front sides. Filled circles - for back
sides. 1 - for 4 foils in stack, each 50 thick; 2 - for 2
foils in stack, each 30 thick; 3 - for 5 foils in stack,
each 50 thick;

1” and 2’- for single foils, 50 and 10 thick, respectively.
The direction of ion beam is pointed by the arrow [4].

pens because the AQP concentration on the back
surface is higher than on the surface of the next foil
pressed to it due to the contact resistance which is
naturally higher than that of the similar layer in vol-
ume. As a result of the resistance to the AQP diffu-
sion flux, the AQP concentration in this back side
area increases, which leads to an increase in the prob-
ability of destruction of complex defects, and a de-
crease in the AQP concentration on the front side of
the next foil causes an increase in the concentration
of complex defects. A similar situation is observed in
the rest foils of the stack. At irradiation of one foil the
concentration of complex defects responsible for
microhardness is lower on the back side compared to
the same foil irradiated in the stack can be explained
by the fact that in the first case AQP, having reached
the back side surface, are reflected and remain in the
surface region, and their concentration is consider-
ably higher than when another foil causing the AQP
outflow is pressed to it (Fig.5).

In [8], it is shown, that irradiation of GaAs by Ar*
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Fig. 5. Schematic representation of the variation of the
corresponding values 1, 2, 3, 4.

1- the AQP concentration for the absence of contact with
another foil, 2- the AQP concentration in the same
foil for the contact with another foil, 3- the probab-
ility of destruction of complex defects for the absence
of contact with another foil, 4- the probability of
destruction of complex defects for the contact with
another foil.

ions with energy 5 keV depending on the irradiation
dose is observed leads to change in the GaAs compo-
sition at the depth up to 140 um under the amorphized
region of about 15 pum thick, thus the penetration
depth is almost an order of magnitude greater, than
the average ion penetration depth. The detection of
this second damaged layer begins after irradiation
with doses above 10'%ion/ cm?. For instance, at a dose
0f 0.9-10'"%ion/cm? the lower boundary of this layer is
located at the depth of 40 um, and at a dose of
3.5 -10"*ion/cm?- at the depth of 140 pm. This is due
to the fact that the amorphized layer composed of the
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overlapped disordered regions is a source of point
defects (four types for GaAs - vacancies and intersti-
tial atoms Ga and As) that diffuse at different rates
[20], interact with each other creating clusters of similar
defects and more complex defects. Their diffusion is
determined by AQP generated by ionization of the
material during its irradiation by ions.

The “anomalous” mass transfer observed in [5]
is associated with the radiation-induced diffusion due
to AQP[21, 22] formed by ionization of the material
under electron irradiation with energy of4 MeV. Itis
known that the energy is initially consumed to the
shift of atoms, and with increasing depth of electron
penetration into the material more energy is consumed
to ionization [23, 24], i.e. the increase in the AQP
concentration, so that it becomes higher on the back
side. This concentration gradient creates a driving
force of diffusion [21, 22] to the back side of the
irradiated material, which explains the higher con-
centration of chromium atoms on the back side com-
pared with the irradiated side onto which the chro-
mium atoms were initially deposited.

Thus, based on the above considerations and on
the analysis of all investigations devoted to long-
range effects under the energy impact, it can be stated
that this effect is associated with the movement of
defects, initial and/or created by irradiation due to
AQP, which are always formed under different ener-

gy impact and facilitate the movement of atoms.
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