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Abstract. Many studies report an increase in charge carrier concentration in thin bismuth films as their
thickness decreases at low temperatures. These results are obtained on the basis of data on resistivity,
magnetoresistance, Hall coefficient, and thermal EMF measured in these films. The calculation is most often
carried out within the framework of the two-band approximation assuming the quadraticity of the dispersion
law of electrons and holes. Using these approximations, it is possible to estimate the change in the position
of energy extremes relative to the chemical potential in these films based on concentration values of charge
carriers. This article presents all these calculations and analyses the extrema movement of the charge carrier
band spectrum in bismuth films with a change in their thickness.

Keywords: thin films, bismuth, transport phenomena, charge carriers’ concentration, band structure

Introduction

For many decades, crystals and low-dimensional objects of bismuth and its alloys with antimony have
been of theoretical and practical interest to researchers. This interest is associated with the crystal and
energy structure of this class of materials, which determines their unique electronic and thermoelectric
properties (Abdelbarey et al. 2020; Grabov et al. 2010; Hirahara et al. 2015; Hsieh et al. 2008;
Lenoir et al. 1996; Lv et al. 2010; Singh et al. 2018).

Our several studies (Demidov 2022; Demidov et al. 2018; 2020; 2022; Grabov et al. 2017) calculated
the mobility and charge carrier concentration in bismuth films (111) with the thickness up to 15 nm
formed on the mica (muscovite) substrate. The calculations were based on the data of resistivity, mag-
netoresistance, Hall coefficient, and thermoelectric power measured at the temperature of 80 K within
the two-band approximation, assuming the dispersion law squareness for electrons and holes,
and a number of additional approximations. The increase of charge carrier concentration in the thin
bismuth films with the decrease in their thickness was observed in all works. In one study (Demidov
2022), charge carrier concentration was calculated using all the four transfer coefficients. In another
study (Demidov et al. 2022), the concentration was calculated for a larger number of films. It should be
noted that differences in the obtained results are significant only in films with the thickness less than 50 nm.
That is why the results for charge carrier concentration with the thicknesses less than 50 nm were taken
from the former mentioned study (Demidov 2022), while those for thicker bismuth films—from the lat-
ter (Demidov et al. 2022).
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Method of calculating the extrema positions of the
charge carrier band spectrum in thin bismuth films

Based on the obtained values of electron (n) and hole (p) concentrations, it is possible to determine
the energy extrema positions of the valence and the conduction bands relative to the chemical potential
level.

In this case, the dispersion law for L-electrons and T-holes can be approximated by a simple quadratic
model.

For electrons:

* * *

2 (2mnlmn2mn3
3°n’

where F  (u)—Fermi integral. For electrons, the Fermi integral is:

n=3%
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where ¢ = E/kT, u =E, /kT, E—energy, E_ —electron Fermi energy, m’ —components of electron
effective mass, in the coordinate system of the electron ellipsoid axes, where i = 1, 2, 3.

For holes:
2(2 * * * )1/2
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Similar to electrons, in the case of holes ptp:E = /KT, E Fp—Permi energy of holes, m" —components of
electron effective mass, in the coordinate system of the electron ellipsoid axes, where i = 1, 2, 3.

Values of the effective mass components were taken equal to the corresponding values for massive
monocrystals from V. M. Grabov’s work (Grabov 1998).

By numerically solving equations (1), (2) and (3), (4), knowing the electron and hole concentrations
for the thin bismuth film, it is possible to find the positions of energy extremes for the valence and the

conduction bands.

Results and discussion

Figure 1 shows the dependence of electron and hole concentration on the thickness of bismuth films
determined in previous studies (Demidov 2022; Demidov et al. 2022). In one of them (Demidov et al.
2022), electron and hole concentrations were assumed to be equal. However, in the other study (Demidov
2022), which took into account the thermoelectric coefficient in addition to the galvanomagnetic
coefficients, it was possible not to use this approximation and to calculate the concentrations of electrons
and holes separately. For thicknesses greater than 50 nm, the results obtained with the help of both
approaches turned out to be quite close; however, for thinner films, different concentrations of electrons
and holes were obtained (Demidov 2022), and this difference increased as the film thickness decreased.

Based on the values of electron and hole concentrations shown in Fig. 1, the energy extrema positions
of the valence and the conduction bands relative to the chemical potential level were calculated. Fig. 2
shows the results of the calculations.

Figs. 1 and 2 show that, in a pure bismuth film, there is an overlap of energy extrema for all thicknesses,
and its value increases with the decrease of film thickness. The strongest overlap growth begins in films
with the thickness less than 30 nm. Notably, in the thinnest 15 nm film, the top of the valence band and
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Fig. 1. Dependence of electron and hole concentration on bismuth film thickness at 80 K
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Fig. 2. The energy extrema positions of the valence and the conduction bands relative to the chemical potential
level in the bismuth film at 80 K

the bottom of the conduction band are located symmetrically with respect to the chemical potential
level.

In bismuth crystals in the massive state, the extrema of the valence and conduction bands with
similar energy parameters of charge carriers are the extrema at the L point of the Briillien zone.
Thus, we can assume the actualisation of the hole extremum at point L in ultrathin bismuth films, in
contrast to thicker films and bismuth monocrystals, where the valence band extremum at point T of the
Brullien zone is actual. It is possible that the same takes place in solid solution films Bi, Sb,_ at 77 K,
created on various substrates with the temperature expansion coefficient from 1 X 10K to 40 x 107 K~!
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and, consequently, in a state of planar stretching or compression (temperature expansion coefficient
of bismuth 10,5 x 10°K™") (Suslov et al. 2018). In the case of solid solution films Bi, Sb,, the thickness
of the samples was 1 pm, while such an effect was not observed in the massive crystal of this material.

For a bismuth film with the thickness 15 nm, the overlap of the valence and conduction bands
is almost 300 meV. This corresponds to the increase in the metallic properties of the bismuth surface
(111) in relation to its volume. This result was obtained from the first principles calculation of the band
structure of the bismuth surface (111) and its study by angular resolution photoelectron spectroscopy
(ARPES) (Hofmann 2006). The review (Hofmann 2006) indicates that the surface states structure
of the planes (111), (110) and (100) differs significantly from the massive band structure of bismuth.
One of the manifestations of these differences can be the observed symmetry of the top of the valence
band and the bottom of the conduction band in 15 nm films.

Conclusion

Based on the data on the increase of the charge carrier concentration with the increase of the bismuth
film thickness (111) created on a mica substrate, the changes in the energy extrema position of the band
structure of thin bismuth films with the thickness from 300 to 15 nm were calculated.

The increase in the overlap of the valence and conduction bands with decreasing film thickness was
revealed. In addition, the symmetry of the top of the valence band and the bottom of the conduction
band, which occurs in 15 nm films, was found.
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Abstract. The article considers the influence of linear and bending stresses on the magnitude of the internal
field and self-polarisation in thin lead zirconate titanate (PZT) films formed on silicon and glass-ceramic
ST-50 substrates by radio-frequency magnetron sputtering. PZT composition corresponded to the region
of the morphotropic phase boundary. It is assumed that bending stresses in “thin PZT film-substrate”
bimorph structures lead to the appearance of an internal electric field caused by the diffusion of charged
oxygen vacancies (Gorsky effect in ferroelectrics).

Keywords: thin ferroelectric films, lead zirconate titanate, morphotropic phase boundary, mechanical
stresses, internal electric field, self-polarisation, Gorsky effect

Introduction

In the last decade, thin ferroelectric films have been increasingly used in various microelectrome-
chanical systems (MEMS), not only as sensors, actuators, acoustic devices, infrared (IR) sensors (Izyum-
skaya et al. 2007; Muralt 2001; Polla 1995), but also in magnetoelectric devices, harvesters (energy
microstorage), microwave converters, etc. (Bukharaev et al. 2018; Eerenstein et al. 2006; Kang et al. 2016;
Ma et al. 2021; Muralt 2008). The vast majority of MEMS application of ferroelectric films (about 95%)
is associated with the use of lead zirconate titanate (PZT) thin films, the composition of which corre-
sponds to the morphotropic phase boundary (MPB) region, where the electromechanical, pyroelectric,
and other important physical parameters of the films reach extremely high values (Song et al. 2021).

From a technological point of view, it is most efficient to use the so-called self-polarised films, which,
as a result of synthesis, are characterised by macroscopic polarisation comparable in magnitude to
spontaneous polarisation (Afanasjev et al. 2001; Bruchhaus et al. 1999; Kholkin et al. 1998; Sviridov
et al. 1994). However, it is by no means always possible to obtain such films, and the reason for this is
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Mechanical stresses in lead zirconate titanate thin films...

the effect of mechanical stresses on them from the side of the substrate. Since, in practice, the majority
of used polycrystalline PZT films are formed on platinised silicon substrates and characterised by one
or another growth texture, the appearance of mechanical stresses is usually associated with the difference
in the temperature coefficients of linear expansion of the film and the substrate (Bruchhaus et al. 1999;
Ogawa et al. 1991; Pronin et al. 2003). In this case, the question of the discrepancy between the lattice
parameters of the film and the substrate (or the conducting sublayer) can be excluded from considera-
tion.

Moreover, in a number of works it is assumed that mechanical stresses are the main reasons leading
to the formation of microscopic polarisation (Bursian et al. 1969; Delimova et al. 2021; Garten, Trolier-
McKinstry 2015; Gruverman et al. 2003; Sviridov et al. 1994; Yudin, Tagantsev 2013). An analysis
of the literature discussing the role and influence of mechanical stresses on the properties of thin PZT
films showed that, firstly, it is necessary to separate the effect of linear and bending mechanical stresses
on the orientation of the ferroelectric polarisation, and, secondly, the degree of their influence can vary
depending on the number of factors, such as film deposition temperature, annealing temperature
(synthesis temperature of the perovskite phase), degree of film porosity, one or the other growth texture,
presence of sublayers used and their thickness, etc. The lack of unambiguity and clarity in assessing the
contribution of mechanical stresses to the occurrence and magnitude of self-polarisation in thin PZT
films determined the aim of this study.

Objects and methods of study

The comparison of physical properties was carried out on polycrystalline PZT films formed on sub-
strates with different temperature coefficients of linear expansion. Their composition corresponded to
the MPB region. Thin films were prepared using a two-stage method. At the first stage, they were de-
posited on substrates using the method of radio-frequency (RF) magnetron sputtering of a PZT
ceramic target; at the second stage, they were annealed in air at temperatures of 550—600 °C (Pronin et
al. 2010). Thin wafers of silicon and glass-ceramic ST-50 were used as substrates. At room temperature,
the temperature coefficients of linear expansion of these substrates and the investigated PZT solid solu-
tion are 2.8 x 10° K™, 5.0 x 10 K! and 3.0 x 10-° K™! respectively.

According to our calculations (Fig. 1), at room temperature, in the “PZT-silicon” bimorph structure
tensile stresses act on the thin film from the side of the substrate, while in the “PZT-glass-ceramic”
bimorph structure compressive stresses act. The thickness of the studied films was 500-1000 nm.
A continuous layer of the lower platinum electrode 100—200 nm thick was formed on the surface of the
substrates. To study the ferroelectric properties, contact pads of platinum 200 x 200 pm in size were
deposited on the surface of the formed films.

To study the dielectric polarisation (P-V curves), a modified Sawyer-Tower measuring circuit was
used. An automated setup based on an E7-20 immittance meter made it possible to measure the revers-
ible dependences of sample capacitances (C-V curves) at bias voltages in the range of + 40 V.
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Fig. 1. Calculated temperature dependences of mechanical stresses arising in PbZr . Ti
deposited on (a) silicon and (b) glass-ceramic substrates (negative stress values correspond to film compression)
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Influence of linear mechanical stresses

The nature of mechanical stresses (compressive or tensile) arising in thin polycrystalline (ceramic)
films depends on the difference in the temperature coefficients of the thin film (o) and the substrate
(o). In the “PZT-silicon” structure, where the composition of the film corresponds to the MPB region
(i. e., with the ratio oy, > O(Si), two-dimensional tensile stresses, if they are sufficiently high, orient
the spontaneous polarisation vector in the direction as close as possible to the substrate plane (Fig. 1a,
Fig. 2a). In the “PZT-glass-ceramic” structure (i. e., at a . < &, ), compressive stresses reorient the fer-

PZT glass
roelectric polarisation in a direction close to the normal to the substrate surface (Fig. 1b, Fig. 2b).
a) b) a
c
2 c [P,

Py

< > —

G (+) c(-)

Fig. 2. Diagram illustrating the effects of mechanical tension (0+) (a) and compression (o-) (b) with sides of the sub-
strate on deformation of the unit cell and the orientation of the polar axis in <100>-textured tetragonal PZT film

Calculations of the magnitude and sign of mechanical stresses (Pronin et al. 2003) showed that tensile
stresses of ~60 MPa act on the film from the side of the silicon substrate (Fig. 1a), while small compres-
sive stresses act on the side of the glass-ceramic substrate.

A similar approach can be extended to films that differ in growth texture. Fig. 3 shows the changes
in the value of the macroscopic polarisation relative to spontaneous polarisation in PZT films
with a change in the lattice symmetry in the MPB region from the tetragonal to the rhombohedral
modification under conditions of tension (for the case of a silicon substrate, Fig. 3a) or compression
(for the case of a glass-ceramic substrate, Fig. 3b). It is clear that the effect of two-dimensional stresses

on the change in macroscopic polarisation differs radically with a change in the growth orientation of a thin
film.

a) <100> P/Ps4 b) <100> P/Ps“1
L1
0.59
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MPB Zt/(Zr+Ti) MPB Ze/(Zr+Ti)
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Fig. 3. Diagram of the self-polarised state (in relative units) in the MPB region for <100>, <110> and <111>—oriented
thin PZT films formed on silicon (under tension) (a) and glass-ceramic (under compression) (b) substrates
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In the “PZT-glass-ceramic” structure, a thin film is in a state of compression, and the macroscopic
polarisation can reach the value of spontaneous polarisation depending on the growth orientation
and the elemental ratio (Zr/Ti), corresponding to the tetragonal (T) or rhombohedral (Rh) modification
of the ferroelectric phase. In the “PZT-silicon” structure, tensile mechanical stresses of the order
of 60 MPa are quite enough to reorient the polarisation in the direction as close as possible to the plane
of the substrate, and a jump corresponds to the transition from the tetragonal to the rhombohedral phase
at MPB region, leading to a decrease in the self-polarisation value to unacceptably low values for practi-
cal applications in (111)-oriented films (Fig. 3a) (Pronin et al. 2003).

In a real situation, the magnitude and orientation of macroscopic polarisation is determined by the
ratio of mechanical and electrical forces acting on a thin film. Fig. 4 shows the hysteresis loops of thin
PZT films of composition corresponding to the MPB region formed on silicon and glass-ceramic (Fig. 4b)
substrates. It is clear that the asymmetry of the hysteresis loop is more pronounced in the film formed
on the glass-ceramic substrate than on the silicon one. While in the second case the value of the internal
field was 48 kV/cm and the value of self-polarisation was 0.7 of the value of the spontaneous polarisation,
in the first case the internal field reached only 28 kV/cm and the value of self-polarisation did not exceed
0.4 of the spontaneous polarisation. The difference in self-polarisation values reflects the effect of tensile
stresses on the film from the side of silicon.
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Fig. 4. P-V loops of thin PZT films deposited on (a) silicon and (b) glass-ceramic substrates.
Films thickness—500 nm, sintering temperature—550 °C

Influence of bending mechanical stresses

Despite the fact that the main reason for the appearance of internal field and self-polarisation in thin
PZT films is considered to be the charging of the lower interface of the thin-film structure (Afanasjev et
al. 2001; Kholkin et al. 1998), the effect of bending mechanical stresses cannot be ruled out.
It is well known that, under the action of a gradient of mechanical stresses in the crystal lattice, atoms
shift relative to each other, where larger atoms are displaced in the direction of extension and small
atoms—in the opposite direction, causing the appearance of an internal field and polar dipoles (Bursian
et al. 1969). Subsequently, the effect was called the flexoelectric effect (Gruverman et al. 2003; Yudin,
Tagantsev 2013).

Experiments revealed that in the case of strong bending stresses (at a curvature radius of ~30 cm)
a change in the sign of the mechanical stress gradient leads to a reorientation of the macroscopic po-
larisation. Such effects were observed on thin plates of barium titanate (BaTiO,) (Bursian et al. 1969)
(Fig. 5) and in thin PZT films (Gruverman et al. 2003). Moreover, a polar state can also arise in thin
nonpolar layers (Ehre et al. 2007). In this regard, the flexoelectric effect is still considered one of the
probable causes of an internal electric field and the self-polarisation associated with it (Delimova et al.
2021). Estimates of the polarising electric field performed for thin PZT films showed that the magnitude
of such fields is several orders of magnitude lower than the coercive field. Therefore, the authors conclude
that there is another, stronger contribution to the flexoelectric effect (Gruverman et al. 2003).

One of such possible contributions can be the effect associated with the directed diffusion of charged
vacancies, better known in relation to the multidirectional diffusion of atoms in metal alloys as the Gor-
sky effect (or the upward diffusion effect) (Gorsky 1935). The essence of the effect is that under action
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Fig. 5. Distortion of elementary cells of barium titanate under external electric field application (a) in an infinite
crystal; (b) and (c) in a thin plate, leading to a flexoelectric effect

of mechanical stresses gradient, atoms with a larger ionic radius move to the region of sample tension,
while atoms with a smaller radius move to the region of compression. This effect is reversible: when the
external load is removed, the concentration of point defects is equalised over the sample. Subsequently,
A. M. Kosevich extended the effect to directed diffusion of vacancies (Kosevich 1975). As applied to thin
oxide ferroelectrics, we can talk about the diffusion of charged oxygen vacancies (Barbashov, Komysa
2005; Pronin et al. 2017).

In this connection, a comparative study of the aging of thin PZT films formed on silicon and glass-
ceramic substrates was carried out in this work. The studied samples were initially characterised
by asymmetry of C-V characteristics and P-V loops, that is, they were characterised by the presence
of an internal field and self-polarisation. Then the capacitor thin-film PZT structures were subjected
to high-temperature annealing above the Curie temperature (at ~ 400 °C) and then aging within 10° s
at room temperature.

High-temperature annealing of samples usually leads to symmetrisation of hysteresis loops (P-V),
which is associated with a symmetrical redistribution of mobile charge carriers (electrons) between the
upper and lower interfaces of the structure (Okamura et al. 1999; Pronin et al. 2002a). The experiments
showed that the films formed on the glass-ceramic substrate had practically symmetrical P-V charac-
teristics even after aging (Fig. 6b). The situation was different in a film formed on a silicon substrate.
In that case aging led to the appearance of an internal field, the averaged over the film thickness magni-
tude reached 5-7 kV/cm (Fig. 6a). It corresponded to the appearance of a surface charge of ~0.4 pC/cm?.
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Fig. 6. P-V loops of thin PZT films formed on (a) silicon and (b) glass-ceramic substrates after annealing
and subsequent aging
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We assumed that the reason for the appearance of the field is the directed diffusion of charged oxygen
vacancies towards the upper interface of the structure, which is caused by bending of the “PZT-silicon”
bimorph structure due to the difference in the temperature coefficients of linear expansion of the thin
film and the silicon substrate (Fig. 7), in contrast to the “PZT-glass-ceramic” structure, in which
the action of two-dimensional mechanical stresses on a thin film is insignificant at room temperature.
The calculation of the radius curvature of the structure using the Stoney formula (Bruchhaus et al. 1999)
showed that its value is several orders of magnitude larger (~130 m) than in the case of the flexoelectric
effect. With such a bending, the diffusion of oxygen vacancies occurs in the direction of structure
compression, i. e., in the direction of the free surface of the film, and the orientation of the internal field
occurs in the direction of the substrate.

a) | Pt b) /[ Pt
-— — — +—-—+- —+—_
- a g ey = D B
+ ==+ + == 4 = + ns + ed e L Eim
+ + = 4+ + + + +
PZT + + [— PZT
= + + — —__ __-
Pt Pt

Fig. 7. Schematic representation of the space charges distribution in a thin PZT film after annealing above the Curie
temperature (at ~ 400 °C) (a) and aging (b). The arrow shows the orientation of the internal electrical field vector (E. )

int

Assuming the charge is accumulated due to the diffusion of charged oxygen vacancies, the minimum
required volume concentration of charged oxygen vacancies in a thin PZT film with a thickness of 1 um should
be no less than ~ 10"/cm? under the assumption that all the vacancies present in the bulk of the film are con-
centrated near the upper interface of the structure. Taking into account that the activation energy of oxygen
vacancies is ~ 0.22 eV (Pronin et al. 2002b), it is necessary to make a correction for the fraction of charged
vacancies, which at room temperature are approximately two orders of magnitude smaller than uncharged
vacancies. Taking this into account, the required concentration of vacancies (NY) must be no less
than ~ 10"/cm?, i. e, a value quite admissible for thin PZT films. Taking into account that the value

of the diffusion coefficient of oxygen vacancies in a thin PZT film at room temperature is not so high
(its estimates in the literature give the value D, ~ 5 x 107" cm®/s) (Holzlechner et al. 2014), and not all
vacancies have time to diffuse during the experiment towards the upper interface, the real value
of N¥should be increased by another order of magnitude.

Conclusion

The paper compares the action of linear biaxial mechanical stresses acting on a thin PZT ferroelectric
film from the side of substrates, in which the integral temperature coefficient of linear expansion is either
higher (glass-ceramic substrate ST-50) or lower than that of thin PZT films (silicon substrate), whose
composition corresponds to the MPB region.

It is shown that the use of a silicon wafer as a substrate leads to stretching of the PZT film and partial
reorientation of the ferroelectric polarisation vector in the direction as close as possible to the plane of the
substrate. At the same time, this leads to bending of the “PZT-silicon” bimorphic structure and creates
conditions for the directed diffusion of charged oxygen vacancies and the formation of an internal electric
field, i.e., to the Gorsky effect in ferroelectric structures.

It is shown that, at a sufficient concentration of oxygen vacancies in a thin PZT film, bending stresses
can lead to formation of an internal field and the resulting self-polarised state.

For a more thorough study of the Gorsky effect and a quantitative assessment of its contribution to the
formation of an internal field and self-polarisation in thin-film ferroelectrics, it is necessary to further study
the diffusion of oxygen vacancies at temperatures above room temperature and take into account
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the contribution to the bending of the “PZT-silicon substrate” structure from such sublayers as silicon
dioxide, an adhesive layer of titanium (or titanium oxide), as well as platinum electrodes (lower and upper).
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Abstract. In the case of an intense external electric field, there exist many transition channels corresponding
to the violation of the vacuum stability. It was shown that depending on the setting of a problem there is
a number of integral representations for the probabilities of one photon emission due to a constant electric
field. These representations are the Fourier transformations of the product of two Weber parabolic cylinder
functions that are solutions of the same differential equation. To simplify the study of the probabilities, we
expressed such a Fourier transformation via the confluent hypergeometric function.

Keywords: Photon emission, quantum electrodynamics, strong external field, Schwinger effect, Fourier
transformation

Introduction

In quantum electrodynamics with strong electric-like external fields (strong-field QED) there exists
a vacuum instability due to the effect of real particle creation from the vacuum caused by external
fields—the Schwinger effect (Schwinger 1951). A number of publications, reviews, and books are de-
voted to the effect itself and to developing different calculation methods in theories with unstable vac-
uum, see Refs. (Birrell, Davies 1982; Fedotov et al. 2022; Fradkin et al. 1991; Gelis, Tanji 2016; Greiner
1985; Grib et al. 1994; Ruffini et al. 2010) for a review. Until recently, problems related to particle creation
from the vacuum were of a purely theoretical interest. This is related to the fact that, due to the presence
of large gaps between the upper and the lower branches in the spectrum of the electron-positron pair,
particle creation effects can be observed only in huge external electric fields of the magnitude
of E_ = m?/e =~ 10"°V/cm. However, recent technological advances in laser science suggest that lasers may
be able to reach the nonperturbative regime of pair production in the near future; see, e. g., the review
(Fedotov et al. 2022) and references therein. Moreover, the situation has changed completely in recent
years regarding applications to condensed matter physics: simulation of particle creation by external
fields has become an observable effect in physics of graphene and similar nanostructures (say, in topo-
logical insulators and Weyl semimetals); see, e. g., the reviews (Sarma et al. 2011; Vafek, Vishwanath
2014). This is explained by the fact that low-energy single-electron dynamics in graphene monolayers at
the charge neutrality point is described by the Dirac model, being a 2 + 1 dimensional version of mass-

167


https://physcomsys.ru/
https://orcid.org/0000-0002-0350-3012
mailto:gavrilovsergeyp@yahoo.com
https://www.doi.org/10.33910/2687-153X-2022-3-4-167-175
https://www.doi.org/10.33910/2687-153X-2022-3-4-167-175
https://www.elibrary.ru/orissk
https://creativecommons.org/licenses/by-nc/4.0/
https://www.elibrary.ru/orissk
https://www.doi.org/10.33910/2687-153X-2022-3-4-159-166 
https://crossmark.crossref.org/dialog/?doi=10.33910/2687-153X-2022-3-4-167-175&domain=pdf&date_stamp=2022-12-12

Reduced integral representations...

less QED with the Fermi velocity v, =~ 10° m/s playing the role of the speed of light in relativistic particle
dynamics (the reduced QED 30)-

Due to the recent detection of an optical radiation in the graphene accompanying the creation
of electron-hole pairs by a terahertz electric pulse (Oladyshkin et al. 2017), it becomes possible to make
a comparison of the corresponding theoretical calculations with experiments. This terahertz pulse can
be considered as slowly varying and locally approximated by a constant electric field. We see that the
theory of photon emission under the action of a strong constant external electric field is of interest.
Processes involving photon emission and annihilation in the presence of the vacuum instability are
processes of higher order in radiative corrections. Adequate nonperturbative calculations with respect
to the external field can be done using a general approach to QED with strong external fields (Fradkin
et al. 1991) (based on the existence of special exact solutions of the Dirac equation with this field).
The study of these processes in details is technically complicated. It can be seen from the number
of calculations for particular cases: the emission of a photon in the case of a small instability in 3 + 1
QED (Nikishov 1971) and in graphene (Yokomizo 2014) and the probability of one photon emission from
a single-electron state in the presence of a strong field in graphene (Aslyamova, Gavrilov 2020; Gavrilov,
Gitman 2017). In the case of an intense external field, there exist many transition channels correspond-
ing to the violation of the vacuum stability. By this reason, depending on the setting of a problem there
is a number of integral representations for the probabilities of one photon emission due to a constant
electric field. All of these representations are Fourier transformations of the product of two Weber
parabolic cylinder functions (WPCFs) of some kind. Some of these integral representations with par-
ticular WPCFs were studied by A. I. Nikishov (Nikishov 1971). In the case of a strong field, the total
probability of radiative processes are of interest. Therefore, integral representations with the number
of other pairs of WPCFs for the probabilities are needed; see sections 3 and 4 in the book (Fradkin et al.
1991). In this article we study general properties of these representations that are quite similar in 3 + 1
QED and the reduced QED, ,. Bearing in mind application of the obtained results in the framework of
the theory of photon emission in nanostructures, we use representations of the QED, , in what follows.

Probabilities of emission

Adjustment of the general probability representations (Fradkin et al. 1991) to the reduced QED, , to
describe one species of the Dirac fermions (small mass m and particle charge g = — ¢, e > 0 is the absolute
value of the electron charge) in the graphene interacting with a constant external electric field £ > 0 and
photons is presented in Ref. (Gavrilov, Gitman 2017). We use notation k= (k k )for three-dimension-
al wave vector of a photon The two- d1mer1510nal vector k = (k, k ) is a projection of k on the graphene
plane, ® = and ¢ is the relative permittivity (for the graphene
suspended in a vacuum ¢ = 1).

The probability of one photon emission with given k and 9 from a single-electron (hole) state with
given two-dimensional momentum p = (p, py per unit frequency and solid angle is expressed as follows:

dP(“,

pj _g[v_sz oAt

+
dod? e\ c) (227" " by
(1)
ME =27 g t)e dt
p’p_+At I_w iﬁ”p'( )76129 iSUp( )e ’
where Az, = (|eE| v,/h)™ >t is a big characteristic time scale and t_ is the microscopic time scale,

Sy are mutual orthogonal unit polarlsatlon vectors transversal to three- dlmensmnal wave vector k, and

y = (Y, y?) are 2 x 2 the Dirac y -matrices,
Y= 6%yl = ic? y2 = —id,
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where the ¢/ are Pauli matrices. Solutions of the Dirac equation in 2 + 1 dimensions with a constant
field for the case of graphene physics were studied in details in Ref. (Gavrilov, Gitman 1996). It was
demonstrated that the corresponding in-set {((//n(t,r)} and out-set {‘y (¢,r)} can be chosen in the form:

+¥p (t,l') = (ihat + Hm) +@Dp 41 (t’r) > +@p 11 (t,l') =t +Pp, 41 (I)Uﬂ,
Y, (t,r) = (ih 0, +H“‘) By (tr), T ()= T, (0)U:, 2)

H™ =v,y’ (yl (p,—eEt)+y’p, +va),

where U are constant orthonormalised spinors

o) w3}

The functions 1<;>1q,s(t) and t¢p,s(t) have the form of the WPCFs:

()= CD, 1 [£(1=DE ], g, (1) =D, s [#(+0)E] v :% ,

2 2.3
Vi VP, tmvg 12 A
- / Et—p ), A=—r2 — F  C=(2eEmv,S)  exp| —— |,
5 eE (eFt=p,) eE (2¢Ehv,S) p( 8

where S is the graphene area. An in-state LY, (¢, r) describes a particle/hole with a well-defined
energy at the distant past. Similarly, an out- state * l// (¢, r) describes a particle/hole with a well-defined
energy at the distant future.

The probability of the one-photon emission with given k and 9, which accompanies the production
from the initial vacuum state of pairs of charged species with a given momentum p per unit frequency
and solid angle reads:

dP (p;K,90) _g(v_sz AL ‘2
dodQ e\c) (2n) " "
(4)
0 S f — iot
My, ===, Fu(1)v6 _(1)edr .

By inserting equation (3) into equation (2) and explicitly taking derivatives, we find that both
M ;’p and M ,2' , consist of the superposition of the following integrals:

Yy, ZI:D-V’—/" [_(1+i)(“_”x /2 } [ u+u /2)] " du,

Y_,-(,- :J‘w D . . [—(1+i)(u—ux/2)]vafj [—(1+i)(u+ux/2)]ei”°”du,

—v'—j

where
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1 ,
u= e‘gh {eEt—E(px +px)},

vF
eEn

u, = (p;c_px)’ U =Atsta) .

Note that the probabilities of one-photon emission and absorption in any initial or final state can be
expressed in similar representations with a pair of appropriate spinors , y, (4, r) and * y, (%, ).

Reduced integral representation
Integrals (5) can be simplified using the hyperbolic coordinates p and ¢,
ux

, tanhp =—= if ul —u >0 ,
Uy

N R
P = Z’tO ux

U, .
tanhp = - if u, —u’ <0 .
u

X

By applying Nikishov’s approach (Nikishov 1971) we consider a more general case. Note that integrals (5)
represent particular cases of the more general integrals

J55 (p,go) = f:duf,f (u —u, /2)ff (u +u, /2)e"’°" , (8)
where f¢ (z) are WPCFs satisfying the differential equation
d2
(?+22+Ajff(z)=0, (9)

and u, and u, defined by equation (6), are:
u, = pcoshg , u_= psinhg if u; >u’,
u, = psinhg, u, = pcoshg if u;<u’ and u >0, (10)

u, =—psinhg, u_=—pcoshg if u, <u’ and u, <0.

The functions f; Ag (z) with different values of {= + are two linearly independent solutions of equation (9)
with some complex parameters A. In particular,

Jia(po)=Y,, A=A +i(2j-1), N=2+i(1-2/"),
(1)
Jaua(P0)=Y,, A=d+i(1-2j), N=2+i(1-2/").

Calculating the derivative of integral (8) with respect to the hyperbolic angle ¢, we find:
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255 (po0)

00 :W+J‘f:iuxf1€' (u—u,/2)f5 (u+u, /2)e"™" du

_ Uyl e, aff(z)
W= Iw[f/\(u u, /2) >

z=u+u, /2
o1 (z - o 0
——gz( ) - 1 (u+ux /2)}e “du ,u, :Gig; , Uy = aL;x

Integrating by parts and neglecting boundary terms, we can transform W into the following form:

I PN €
"= 2 J‘iw |:fA’ (u ux /2) 622 z=u+u, /2
o (12)
_f,\—,z(z) I (u+u, /2)}ei"““du .
aZ z=u—u,/2
Using equation (9) in integral (12), we find:
aJix (ps9) i '
AT T (AN =A) TS .
S (VA (00) )
Solutions of this equation are:
: SN-Mo-a)
T ()= IS (o) (14)

where ¢, = 0 if ué > ui and we choose an appropriate value for ¢, (sign of ¢, is the same with u )
if ug < uj The ¢ dependence of integrals (8) can be factorised with the help of equation (14). In a more
interesting case, ué > uf, we get:

A=A,
}?,}.:eprz > +J +J—1j€”} Jj',j(p)’ (15)
5 ()= [ D (i D, [-(1-i)u e du
- A=A, . =
o] (14550,

T (p)=] D, [~(+i)u]D,  [-(+i)u]edu

If u; >u’, we assume that ¢, =0 and use the notation J: (p) =J55 (p,O) in what follows.
This function satisfies the differential equation (Nikishov 1971)

2 A2 2 /
d_2+li+w+l’__u J5E(p)=0.
dp” pdp 4p 4 2 (17)
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This fact can be verified by performing integrations by parts taking into account equation (9).
The differential equation (17) can be reduced to a confluent hypergeometric equation. Using two linearly
independent solutions of such an equation, we find general solution of the differential equation (17)

, . e (IN1 s (IN1
Jf,g(p):e"’{qnﬁq)(7+5 1+2i B; ;1)+C;7 ﬁcp(7+5 1-2i B; nﬂ .

n=-ip’/2, p=(A-N)/4,

where the C and C,are some undetermined coefficients, which must be fixed by appropriate bound-
ary conditions so that solution (18) corresponds to the original integral (8).

The confluent hypergeometric function ®@(a,c;7) is entire in # and 4, and is a meromorphic function
of c¢. Note that ®(a,¢;0) = 1. WPCFs are entire functions of A and A’ We can see that the integrals ./, f ﬁ ( p)
are entire functions of A and A" and meromorphic functions of A — A Then we can find a boundary
condition J, ,f ( p) at p — 0 for some convenient values of j and /. The remaining integrals J¢ 7 ( p) can
be obtained by extending domains of A and A’ by an analytic continuation.

Let us start with JNO’0 ( p) given by equation (16). This integral can be represented as a solution

of equation (17) where X' = X' + i and A = X + i. The coefficients C, and C, in equation (18) can be fixed
by a comparison with the p—0 limit of integral (16). Let us first represent this integral as follows:

Jo,o(P)=FO +F"+F ,F" =J';°f+ (u)eipudu, F =,|:Ooof_ (u)eipudu ,
= [ )£ ) - s ()] e du+ [ 7 @) f ()= £ () [

f(w)=D.,[-(1+i)u|D [-(1+i)u] ,

where f+ (1) = flu)| . .It can be seen that function (18) is reduced to the oscillations C n* + C n*
as p — 0. Then p -independent terms do not contribute to the integrals F” and F*. Taking into account
thatlim _  F’andlim _  F do notdepend on p, we see that the oscillation terms of F* are only essen-
tial. Using Bateman’s relatio ns (8.2.(7)) and (8.4.(1)) (Bateman 1953), we find:

7 — in(v+v'-1)/4 inv/2 F(V —V,) L v
Juo(p)=re [ o ( ﬁj

inv'/2 F(V!_V) L o
+e —F(V') (\Ej as p—)O}.

Comparing equations (18) and (20), we obtain:

r(v-v) r(-v)
C \/_ in(v+v'-1/2)/2 C \/_ in(v+v'=1/2)/2 )
r(v) - r(v) .

Using Bateman’s relation (6.5.(7)) (Bateman 1953), we represent the function given by equations (18)
and (21) as

j’ojo (p) _ \/;eiﬂ(v+v'—l/2)/2e—;7/2;7(v—v')/2 T(V,l"' v —V'; ;7)’ (22)

where ¥(v,1 + v — v’7) is the confluent hypergeometric function,
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‘P(v,1+v—v’;77): ¢(V,1+V—V';’7)

(23)
r(v-v') .
+———=n"" DV, 1+v=v ;).
o) n (v, 1+v'=vn)
Using the transformation v — v + j and v’ — V' + j’ in equation (22), we obtain the final form
()= TR i (P), (24)
. 2 .
1, .(p)= ﬁexp{[ln%—%)(v —v'+j—j')+ip7—%}

(25)

2
x ‘I’(v + 4y —v’+j—j’;—ip7j.

The integral ]], (p) given by equation (15) can be represented as the solution of equation (17) where
=AV+i(1-2) and A=) +i (2j — 1). Using Bateman’s relation (8.2.(6)) (Bateman 1953), we transform
one of the WPCFs in equation (15) to obtain convenient representations:

I'v=J7+1)r iwveiva ~ Cin(v—j)2
Jj:j(p):%[e ( ])/ZJ/,I—j(p)”Le ( '/)/zJj',l—j(p)] ’ (26)
Lo (p)=]" D [=(1+iya]D.,, [+ )] e du, @7)

wherer =) ( p) is given by equation (24). The integral /,,, (p) is represented by function (18) where
some coefficients C' and C|, can be fixed by the comparison with p — 0 limit of the integral ];" J_j(p).

Let us start with ]’O,O (p), where A = 1" + iand A = A + i. In this case, function (18) takes the form C’1
nif + C,n* as p — 0. Hence all p -independent terms of / , (p) given by equation (27) can be ignored
at p — 0 limit and only the oscillation terms of the following integrals

G = J-Ooog+ (u)e"”‘du, F = J‘_OOO g (u)e””’du, g (u) = g(u)

9

u—>tow (28)
g(u)=D_.[-(1+i)u|D_[(1+i)u]
are essential. Using Bateman’s relations (8.2.(7)) and (8.4.(1)) (Bateman 1953), we find:
JI — in(v'—v-1/2)/2 in(v—v')/4 F(V —V,) L o
o,o(p) \/;e {e —F(V) \/5
(29)

Ly )/4F(V( ;)[%} B as p —>O}.

Comparing equations (18) and (29), we obtain:

vv1/2/2r( v) vy L(V =)
C =Jre™ ['( ) C =Jre™ W (30)
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Using Bateman’s relation (6.5.(7)) (Bateman 1953), the function given by equations (18) and (30) can
be represented as:

Joo (p) =Jre™™ 71/2)/26_'7/27’](%‘/)/2 ‘P(v J+v—v'; 77). (31)

Using the transformations v — v + 1 — j and v — v + j in equation (31), we obtain the following
representation for integral (27):

‘]j",l—j (/)) _ efm(va'+1<jf.j’)/2[j,,17j (,0), (32)

where L, (p) is given by equation (25). Substituting representations (24) and (32) into equation (26),
we find the ﬁnal form:

(2 ’ .y . A
Jj,’j(p)z(—l)j\/;lﬂ(v—j+l)exp[i7r (vV'+) —1)/2}smh%]j,,lfj(p), (33)

where I’ is the gamma-function.

Conclusion

It was shown that integral representations for the probabilities of one photon emission due to
a constant electric field are presented as Fourier transformations of the product of two WPCFs of some
kind. We have expressed such a Fourier transformation by the confluent hypergeometric function.
It helps greatly in studies of the probabilities of one photon emission that will be presented in a following
publication elsewhere.
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Abstract. The dependence of the entropy and dimension of the chaotic attractor on the control parameter
is investigated by the numerical experiment. Calculations are carried out for one of the simplest systems
described by nonlinear equations of dynamics—a rotator driven by an external periodic field. Here, regular
and chaotic solutions alternate when the control parameter changes. The numerical experiment shows that
the dimension of the chaotic attractor and, as a consequence, its entropy change significantly when the
control parameter is in the ranges where, due to intermittency, the transition from chaotic motion to regular
motion occurs.

Keywords: nonlinear dynamics, strange attractor, chaotic attractor, probability density, chaos, intermittency,
rotator

Introduction

In systems described by equations of nonlinear dynamics, in the presence of dissipation, both regular
and chaotic movements are possible (Gonchenko et al. 2017; Schuster, Just 2005). In the case of regular
movements, the trajectory of the system in phase space is a closed line, or degenerates into a point.
Such sets of points are attractors. In the case of chaotic motion, the trajectory of motion is an infinite
non-intersecting line. At the same time, the region in the phase space that restricts the movement
of the system is constantly narrowing over time, which means that the phase trajectory also tends to
a certain attractor, which is called a chaotic or strange attractor. In this case, the state of the system
can be described in terms of probability. It means that one can define a probability density that determines
the probability of finding the system in some given region of space, similarly to the probability density
in systems described by statistical physics or quantum mechanics (Kuznetsov 2006; Liapzev 2019).

A distinctive feature of the chaotic attractor is that it irregularly fills the region of phase space.
The correct definition of the chaotic attractor shows that it has a factional dimension and it is smaller
than the dimension of the phase space (Malinetsky, Potapov 2000). A salient aspect of the nonlinear
dynamic systems in question is the dependence of the character of motion on some parameters of the
problem, which are called control parameters. In particular, with an adiabatic change of any of these
parameters, the system can jump from chaotic to regular motion and vice versa. Since in the case
of regular motion the attractor is a closed line, its dimension is equal to one. This means that, generally
speaking, a change in the control parameter leads to a change in the dimension of the attractor.
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Since the measure of chaos is entropy, it is possible to correctly define the concept of entropy for
a system whose motion is described by a chaotic attractor (see, for example, (Malinetsky, Potapov 2000)).
At the same time, it is natural to assume that the regular movement of the system should manifest itself,
at least entropy. It follows from the above that the entropy of the system described by the chaotic attractor
should also depend on the control parameters.

It is unlikely that analytical research methods alone are sufficient for the general study of the dependence
of the dimension and entropy of chaotic attractors. This makes a numerical experiment useful, at least,
for the simplest dynamical systems. One of such systems is a rotator (a system with one-dimensional
rotational motion), driven by an external periodic field. The control parameter for such a system
is the amplitude of the external field. The purpose of this article is to use numerical methods to investigate
the dependence of the entropy and dimension of a chaotic attractor on the control parameters in such
systems.

Problem statement. Equation of motion

Consider an electric dipole that can make a one-dimensional rotation (Fig. 1). Such a real system
consists of two oppositely charged balls of the same mass connected by a non-conducting rod fixed
on a hinge.

\

Fig. 1. Rotator scheme

The effect of an external harmonic field can be taken into account by placing such a system between
the plates of the capacitor to which the alternating voltage is applied. Note that a similar model can be
used to describe the rotational motion of a molecule in a microwave field, since the rotational motion
in a good approximation can be described in the framework of a quasi-classical approximation.

We also assume that the rotation is decelerated with the viscous friction force, which is proportional
to the angular velocity of rotation. Then the dynamic equation describing the motion has the form:

10 =gE, sin0 cos(wt)— 10,

where ] is the moment of inertia of the dipole, g is the absolute value of charge of the balls, E, and
is the intensity and frequency of the external field, A is the coefficient of proportionality between
the moment of friction and the angular velocity. Here and further the point denotes the derivative
of the variable t. To simplify the equation, we perform a large-scale transformation of the time variable.
t’ = wt. Then the equation of motion takes the form:

0+y6 = [0 cost (1)

qE,
1

A
where y = [— , | =—— (for simplicity, in what follows ¢ will be used instead of ¢'). Note that this
0] 0]

equation and the corresponding Poincare cross section pattern were considered in the monograph
(Sagdeev et al. 1988), and the formulation of similar quantum mechanical problem in the absence
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of dissipation is considered in (Stockmann 1999), where, in particular, it was noted that “systems with
harmonic dependence on time are not too popular among theorists”

The differential equation of the second order (1) is reduced to an autonomous system of three differential
equations of the first order:

0 =p,
p=fsinOcost—yp. @
T=1.

The variables 6, p and 7 form a three-dimensional phase space. This is the minimum value of dimen-
sion for which the trajectory can tend to a chaotic attractor, similar to the Lorentz attractor (see,
for example, (Grinchenko et al. 2007)). At the same time, depending on the control parameter f,
the solution can be both regular and chaotic. Parameter y characterizing the dissipation, is usually as-
sumed to be small. However, namely its difference from zero determines the tendency of the trajectory
in the phase space to the attractor. Unlike the time variable, the variable 7 can be considered as peri-
odic with a period of 27z. Taking into account the periodicity of the variable 6, it is convenient to con-
sider the trajectory in the phase space as a line “wound” on the torus (Fig. 2).

Fig. 2. The trajectory of motion in phase space

The cross section of such a torus by a plane is a Poincare cross section; the corresponding set of points
is a fractal.

The control parameter in equation (1), or in the system of equations (2) is the parameter f. Depending
on the values of this parameter, the solution can be regular, in which the trajectory of motion in phase
space is a closed line taking into account the periodicity of the variables 6 and z, or chaotic, in which
the trajectory is an infinite open line. In the first case, the attractor is a limit cycle, and in the second,
a chaotic (“strange” in Lorentz’s terminology) attractor.

Probabilistic approach

In the case of chaotic motion, the state of the system can be described in the language of probability, for
which it is possible to introduce the concept of probability density (Liapzev 2019). Let us define a density
probability distribution p (z, 6, p) as follows: for a given value 7, the value Aw = p (7, 6, p) AT A8 Ap is

178 https://www.doi.org/10.33910/2687-153X-2022-3-4-176-185



https://www.doi.org/10.33910/2687-153X-2022-3-4-176-185

A. V. Liaptsev

equal to the probability that the trajectory of the system passes in the region [z, 7 = Azr; 6, 0 = AGp,
p + Ap] and the normalization condition is set:

IjﬂdQ J:dpp (T,Q,p) =1, Vr (3)

As shown in (Liapzev 2019) (see also (Kuznetsov 2006)), the probability density satisfies the partial
differential equation of the first order. In particular, for the system considered in this paper, the equation
has the form:

a—p+pa—p+fsinecosra—p—ya—p=0. (4)

ot 00 op op

Note that the density of the probability distribution can be approximately obtained by a numerical
experiment. To do this, note that the variables 7 and 6 are limited to the range [0, 27]. It is not difficult
to show (Liapzev 2019) that for any parameter values, the variable p is limited to a certain range [-p__,
p,,..J- To calculate the probability density, each of the variable intervals can be divided into identical cells.
Denote the corresponding numbers of cells by N, N, and N . As a result, the entire region of the phase
space is divided into N, N N identical cells. Let 7, be the values of the variable 7, lying in the middle of
each of the N_intervals. To numerically find the probability density, some initial values 8 (0) and p (0)
are selected and then numerical solutions 6 (t}.), p (t}.) are found, where the values of t, lie in the interval
[0, dT] and are equal in modulus 27z to the values of 7. For each of the tjvalues, a cell in the phase space
is determined, into which the values 0 (t],), p (t}.) and 7i fall, as a result of which the values of the numbers
of points in each of the cells are calculated. Next, the values 6 (dT) and p (dT) are chosen as the initial
ones, and solutions 0 (tj), p (tj) are found, where the values of L lie in the interval [dT, 2dT], as a result
of which the numbers of points in each of the cells are supplemented. After repeating such iterations many
times and after normalization to one, the probability density is found in the form of an array p (7, 6, p,).

Calculation of the dimension and entropy of a chaotic attractor

To calculate entropy, we use the formula (for details, see, for example, (Malinetsky, Potapov 2000)):

S= —ziwl.ln(w[), (5)

where the index i is the cell number, w, is the probability that the system will be in the region of the
phase space bounded by the i—th cell. The entropy determined this way depends on the size of the cells,
and, when these sizes tend to zero, (the number of cells tends to infinity) it has no finite limit. Indeed,
the probability of finding a system in cell i is expressed in terms of probability density:

w,=p, AV,
where p. is the probability density for the i cell and AV'is the volume of the cell. If the characteristic
cell size (in one dimension) is ¢, then with the dimension of the phase space #, the cell volume
is AV ~ ¢" and for entropy we obtain the expression:

=-%,p,AV(lnp,+ InAV)=-¥ w Inp - ¥ p, In (") = - (In p) — nlne.

The first term has a finite limit at e—>0, let us denote it by Sy the second term increases as a logarithm.
Thus, for small values of ¢, the expression for entropy can be written as:

S§=S§, - nlne. (6)
Expression (6) also turns out to be valid in the case when the dimension of the set #, in which

the phase trajectory lies, turns out to be fractional, which occurs when the state of the system tends
to a chaotic attractor.
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Note that in numerical calculations, the tendency of e— 0 is provided by the tendency of a number
of cells to infinity. In particular, in the case we are considering, we can put N, = Np =N =N.
Then the dependence € on N can be represented as: € = /N, where g,is a constant. As a result, the ex-
pression for entropy can be written as:

S(N) = S, — nlng, + nlnN, (7)

Expression (7) can be used to numerically determine the dimension of a chaotic attractor. For a given
value of N, the probability p, can be defined as the number of points in i cell relative to the number
of points in all cells. Using formula (5) we obtain the entropy S(N). By varying the value of N, one can
get the dependence S(InN). For large values of N, the graph should approach a straight line, the tangent
of the inclination angle of which is equal to the dimension of the attractor #.

Note that definition (5) for the entropy of the attractor can be extended to the case of regular motion,
when the attractor is a limit cycle. The trajectory in phase space is a line, a point on which can be
characterized by the value 7 (Fig. 1). The period of regular movement is a multiple of the period of external
influence. Now let the entire phase space be divided into N? cells (N in each dimension). With a multiplicity
equal to g, each value of 7, corresponds to g cells through which the phase trajectory passes.

Thus, for one period, Ngq cells are filled with one point, and for M periods, each of these cells will be filled
M 1

ith M points. The probability that the system is located at one of these points is equaltoW =——"—=—
w. p p ty Yy p q MNg Ng

The probability of being at any other point is zero. Thus,

1

S(N)=->"—In [Nij =Ing +InN .

“Ng \Nq

This expression coincides with expression (7), if we take into account that the dimension of the at-
tractor is n=1 and put:

S, — nlng =Ing. (8)

In this paper, the dimension of the chaotic attractor was calculated as follows. In each dimension
(variables 7, 8 and p), the range of acceptable values was divided into N = 90 identical intervals.
Thus, the phase space was divided into 729.000 cells. The time intervals at which the system of equations
(2) was solved were chosen equal to dT = 20, that is, 10 periods of external influence. At each interval,
a three-dimensional array p (N, T, (9/., pk) with a dimension of 90x90x90 was filled. The calculation was
carried out over 10,000 dT intervals. At the same time, by combining 8 nearest cells (2 in each dimen-
sion), an array p (N/2, T, 0}., pk) with dimension 45x45x45 was calculated and by combining 9 nearest
cells of the array p (N, 7, 01,, p,) (3 in each dimension), an array was calculated p (N/3, 7, 61,, p,) with di-
mension 30x30x30. Further, using these arrays, the entropies S(N), S(N/2), S(N/3) were calculated using
formula (5). The calculation shows that the linear dependence of entropy on /n (formula (7)) is performed
in a good approximation. On the S(InN) graph, the points lie almost on the same straight line,
and the values of the slope angle tangents calculated from the points with N = 90 and N = 45 differ from
the values calculated from the points with N = 90 and N = 30 by about 1%. In this paper, the calculation
was carried out for a parameter characterizing the dissipation of y = 0.1 in the range of values of the
control parameter f € [2.159, 22.61], for a value of N = 90. In the case of chaotic motion, the average
values of §(90) and n were approximately equal to 12 and 2.5, respectively. However, in some areas
of the values of f, significant deviations from these average values were observed, which made it possible
to calculate the values of the parameters S and ¢, that are included into expression (7).

Dependence of the entropy and dimension of the attractor on the control parameter

As mentioned above, the areas of values of the control parameter, at which chaotic motion is realized,
alternate with areas of regular motion. In the case of a regular solution, the numerical calculation
of entropy is fully consistent with expression (8). The results of the calculation in one of the regions
of chaotic motion f € [2.159,11.28] are shown in Fig. 3.
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Fig. 3. Calculated values of entropy (upper graph) and dimension of the attractor (lower graph) depending on
the control parameter

As can be seen from the figure, significant (up to 30%) changes in the values of S and 7 are observed
at the border of the plot (upper and lower graphs). These changes are due to the fact that at the borders
there is a transition from chaotic movement to regular movement through intermittency. This means
that during sufficiently large time intervals (hundreds of periods of external influence), the movement
is periodic, after which there is a transition to chaotic movement. Similar transitions between order and
chaos are observed in various nonlinear systems (Grinchenko et al. 2017). A simultaneous decrease
in the values of 7 and S at the boundary of the interval suggests that a decrease in entropy is due to
a decrease in the dimension of the attractor in accordance with expression (7). This means that the val-
ues of {F, S, n} obtained as a result of the numerical experiment can be approximated by the expression:

S§.=8,-n1In(e) + n InN, 9).

where the i index numbers the points on the graph (Fig. 3), and according to the calculations N = 90.
Using the least squares method, it is possible to find the parameters S  and ¢, at which the results of the
numerical experiment are best described by expression (9). The least squares method also allows one to
estimate the error with which the parameters are calculated. The results of such calculations for several
ranges of values of f, within which the movement is chaotic, are shown in Table 1.

Table 1. Estimation of the parameters ¢, and S, (formula 9) based on the results of a numerical experiment

Range
S, as, (%) £, dg, (%)

fmin fmax

2.165 3.76 3.4 15 3.1 38
7.471 8.32 5.8 5 6.9 6

8.77 11.28 55 5 6.8 6
16.875 18.794 55 9 6.7 11
19.35 22.61 59 6 7.8 7
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The results of such an approximation for the range fe [2.159,11.28] are clearly shown in Fig. 3. Expres-
sion (9) can be represented as: S, = S+, In (¢)) — n, InN. The points on the middle graph correspond to
the values S +#,1In (g)) — ,InN for the calculated value €, and the straight line near which the points are
located corresponds to the calculated value S,.

Discussion of the results

As follows from Table 1, the values S| and ¢ increase with an increase in the control parameter f.
Despite the fact that, in our opinion no rigorous theory that allows calculating the values of S and &, can
be constructed, there can be some theoretical estimates that explain the tendency of these values
to increase and give values close to the values of the numerical experiment.

The value S, in the sense of its definition, should not depend on the properties of the fractal inherent
in the chaotic attractor, but should be determined by some integral characteristics of the probability
density for the chaotic attractor. To determine these properties, one can try to refer to the systems studied
by statistical physics (see, for example, (Landau, Lifshitz 1980)). For such systems, entropy can be defined
by the expression:

S = InATL. (10)

In this expression, AT is a statistical weight, the meaning of which is that it characterizes the size
of the region of the phase space in which this system spends almost all the time. Since the definition
of entropy should not depend on the units of measurement, the dimensions of the specified area of space
should be calculated relative to some dimensional quantity taken as a unit of measurement. The quasi-
classical limit gives as such a value of the Planck constant /, and for AT the value:

AL = H;A%Api
hs

(11)

2

where s is the number of degrees of freedom of the system, g, and p, are the generalized coordinates
and impulses of the system.

Without pretending to be a strict justification, we generalize the above formulas for our case.
We define the part of entropy that does not depend on the dimension of the chaotic attractor by the
expression:

S, = InAT. (12)

Taking into account the large-scale time transformations carried out, the variables 7, 8 and p are
already measured in relative units. Taking expression (11) as a basis, we define the statistical weight
by the expression:

AT'= AtAOAp, (13)

where Az, A6, Ap are the characteristic sizes of the regions of the corresponding variables in which
the system is located most of the time. Obviously, A7 = A@ = 1 for any value of the control parameter f.
As for the value Ap, then, as the calculation shows, it increases with an increase in the parameter f, since,
in general, the movement becomes more intense. It is hardly possible to propose an analytical estimate
of the dependence Ap(f), however, using numerical results for the probability density of this system,
it is possible to obtain numerical estimates which will be given below.

To estimate the value of g, we note that in the sense of this value, it must be associated with a region
of the phase space in which the values of 7, 8 and p change. But for any value of the control parameter f
corresponding to chaotic motion, the values 7 and 6 always lie in the range [0, 27z]. Only the region
of the variable p, as the numerical experiment shows, increases with the increasing f.
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To get an approximate estimate of ¢, the unit orts {e,, e, e} should be reduced to one scale so that
e =e, =e =§&, When choosing a scale, it is advisable, in accordance with formula (8), in the case
of the simplest regular motion, to put S,=0 and, consequently, g, = 1. Since in this case the variable 1
takes a value in the range [0, 277], the scale transformation has the form:

e, =Te, (14)

It is reasonable to assume that such a transformation persists in chaotic motion, and is also true for
the variable 6, which takes values in the interval [0, 277] in chaotic motion:

ey =Te,, (15)

But, since the variables 6, p and 7 are connected by a system of equations (2), the scale transformations
(14) and (15) result in a scale transformation for the variable p:

€ :eP.

From these arguments it follows that to estimate the value of ¢, one can take half of the range
of changes in the value of p in chaotic motion. As mentioned above, for any value of the control parameter f,
the area of change of p is limited by some interval [—pmax, pmax]. Thus, to estimate the value of g, we can

put:
80 = pmax' (16)

Numerical estimates of the values Ap and p,  can be obtained using the calculated array p (N, 7, 6, p)).
To do this, we average the probability density p (N, 7, 8, p,) over the variables 7 and ¢:

SU=6.1 607 eps,=9

0.02r _.--/f-lﬁ\¥"\_‘\u/"-//k-\ﬂ‘\___.\ i
ro(p) o N
0.01F / \ -
Pm a’)g/""’-- Po Po x-\"‘{m ax
0 e 1 1 1 1 1 i
10 -8 -6 -4 -2 0 2 4 5] 8 10

Fig. 4. Graph of the averaged probability density p (N, p,)

From the definition of probability density, the area under the graph is equal to one. Let us define
Ap = 2p,, where p, is chosen so that the area under the graph between the values —p, and p, is approximately 0.9.
Approximately, we can assume that the system spends almost all the time in the region [—p,, p,].

The comparison of the results obtained by the numerical experiment (Table 1) and estimates according
to formulas (13) and (16) are clearly shown in Fig. 5. Estimates are obtained for the values of the control
parameter flying in the middle of the corresponding range.
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Fig. 5. Comparison of the results of the numerical experiment and the estimates obtained by formulas (13)
and (16) for the parameters S and g,

As can be seen from the figure, with sufficiently large values of the control parameter, rough estimates
turn out to be close to the values obtained by the numerical experiment.
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Abstract. We consider the properties of a quantum communication channel in open space using
the superdense coding algorithm as an example. We studied the theoretical model of the installation that
implements this algorithm, and identified the main factors affecting the quality of the model.
Among them is the atmospheric transmittance, the efficiency of detectors, and the average value
of the number of noise counts caused by background radiation and dark counts. We made a complete
calculation of the installation model and obtained explicit results. These results were analyzed using realistic
parameters of detectors and the atmosphere. It was found that the atmospheric turbulence instability,
detectors efficiency and the average value of noise counts have the greatest influence on the results.

Keywords: quantum channel, dense coding, entanglement, atmosphere, model

Introduction

At the moment, processors with 10 nm manufacturing technology are already widespread, which
corresponds to literally several tens of silicon atoms. These sizes are so small that fundamental difficulties
are already appearing that introduce quantum effects. A possible solution to this problem is the transition
to another computing paradigm. Recently, the quantum theory of information, which provides a similar
paradigm, has been central to many studies. However, there still is a number of unresolved issues related,
in particular, to network interaction between processors of quantum information. Networking is one
of the most important components of computing systems that allows for scalable growth. This role
is preserved in quantum networks. Of course, the functional elements that provide communication
between nodes change. From examples of use, we can distinguish distributed quantum computing and
the quantum distribution of keys used in cryptography. The possibility of implementing the latter using
quantum communication channels formed by polarized photons in open space was recently shown
experimentally (Elser et al. 2009; Fedrizzi et al. 2009; Ursin et al. 2007). This raises the question
of preserving the nonclassical properties of light as it passes through fluctuating media. Generated
by Kolmogorov’s theory of turbulence, the theory of classical light transmission through the atmosphere
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has been studied for a long time (Ishimaru 1978; Tatarskii 1971). Compared to it, the theory of transmission
of quantum light in random media is less developed. A theoretical model of light passing through
a turbulent atmosphere and processed by homodyne detection has recently been proposed (Semenov
et al. 2008; 2009). It describes random media and fluctuating loss channels that introduce additional
noise into the quantum states of light in comparison with standard channels. Such noise was discovered
in (Dong et al. 2008; Heersink et al. 2006). In this paper, we study the transfer of entanglement by photons
through a turbulent atmosphere using fluctuating loss channels. The relevance of this issue lies in the
fact that quantum networks are attracting an increasing interest, and theoretical noise estimates can give
a more realistic forecast of experimental data (Adam et al. 2022, Fedrizzi et al. 2009; Gilev, Popov 2019;
Herbst et al. 2015). The object of the study was a scheme that implements a superdense coding algorithm.
The choice is due to the fact that this scheme uses quantum communication channels to achieve the
results that have no analogue using classical channels. In addition, the results of the scheme work can
be presented in a simpler form. These results are the subject of research, namely, the probability of
postselective detection of various pairs of bits depending on the transmitted pair. The aim of the work
is to investigate the dependence of the probabilities defined above on the parameters of a turbulent
atmosphere.

The work is structured as follows. Section 2 provides an overview of the superdense coding algorithm,
its physical implementation, and analysis of factors that impact the final result. In section 3, we calculate
the matrix of the density of states of the system at all stages, detect the resulting state on a linear Bell
state meter and obtain the probabilities indicated in the purpose of this study.

Theoretical background

Device description

Superdense coding is an algorithm that allows you to transfer two bits of classical information
by sending only one qubit, under the assumption that Alice and Bob prepared and shared an entangled
state. The transmission of two bits is possible due to the quantum intricacies of the qubits. It was developed
by (Bennett, Wiesner 1992) and experimentally implemented in 1996 (Mattle et al. 1996).

The algorithm can be described by the circuit shown in Figure 1. Logically, it consists of three parts.
The sender (Alice) wants to send two classical bits of information (00, 01, 10, or 11) to the recipient (Bob)

using qubits (instead of classical bits). To do this, she prepares a pair of entangled qubits in the state
ly ™) = —(|10> + |01>) , which is a Bell state using the Hadamard element and CNOT.

V2

0)a  10)5

H

1/

a

a 7z H ¥ bz

Fig. 1. Quantum circuit for the implementation of superdense coding algorithm

On the left side of the circuit, the first qubit is encoded by Alice by applying the elements X and/or Z.
Depending on the transmitted pair of bits, the system of two qubits goes into one of the states:
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1

00:|w Dyl =—(]01) +|10) ),
| | \EG | )
1
0L: vy >y =—(]00) +]11)),
| | ﬁ(l | )
. . 1
10:ly ) >y ) = —(|01)—110)),
| | ﬁ(l | )
Y9 =—=(000-111)).

Q‘

2

These four states are called Bell states, and they form an orthonormal basis, which means that they
can be uniquely distinguished by a suitable measurement. After sending the qubits to Bob (by different
paths), this measurement is performed on the right side of the circuit using the Hadamard element,
CNOT and measuring instruments. All the mentioned quantum elements are described in (Nielsen,
Chuang 2010).

The circuit described above works correctly under the condition that there is no noise affecting
the state of the system. However, in experimental implementation (Dong et al. 2008; Heersink et al. 2006),
noise is inevitable, and errors appear in the operation of the algorithm. This must be considered when
using it.

Model background

General remarks

When assessing the effect of noise on the quality of the algorithm, it is necessary to design a model
of the installation that executes this algorithm, and note the places where the noise appears and its nature.
When modeling quantum circuits, first, it is necessary to solve the question of the carrier of quantum
information. In this work, the polarization of a photon is used for qubit coding (Mandel, Wolf 1995),
since photons propagate relatively freely in the atmosphere. Note that for atmospheric quantum chan-
nels, modes of Gaussian beam can be used for qubit coding (Faleeva, Popov 2020a; 2020b; 2022).
As it is known, when coding by polarization states (Semenov, Vogel 2010) a qubit is noted by a|H)+j| V)
where |H) state means that a photon is in the horizontal mode, | V) state means that a photon is in the
vertical mode. This notation is identical to the notation

o
Wy == (110,100,100, 11, #100,,, 113,113,103, ).

J2

which will be written in simpler form:

1
v =—
7!
Analogously, the other Bell states for the polarization of photons are as follows:
1

|¢*>=ﬁ(

1001y +[0110)) . (1)

1010) +[0101)),

_ 1
Vv Yy =—([1001) —|0110) ),
| NG (I | )
_ 1
o Y=—7
7|
where the states are presented in the Fock basis and correspond to modes H,V,H, and V.
We take (1) as the initial state.

1010 —[0101»),
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Alice’s part

To model coding at the Alice’s part, one should present physical implementation of elements X and Z.
Element X performs the operation {|0)—|1), |[1)—|0)}. In terms of the annihilation operators it looks as

follows {d}’{“t = d{," , a) = Ezz } . A half-wavelength plate (HWP) can be a model of element X. The Jones

matrix for it has the form (Peters et al. 2003):
—c0s26 —sin29j

0] 0)=
HWP() (—sinZQ cos20

where 0 is the angle between the optical axis and the horizontal mode. One has for = ——:

()

~out Ain Aout Ain
=—a

which corresponds to proper transformation: {aH =dy, a, =—a, } .

Element Z performs the transformation {| 0)—1[0),[1)—>—[1 >} = {ﬁ;}” = df; , a'= —d{/”} .One

can take two 1/4-wavelength plates (QWP) for Z. The corresponding Jones matrix is as follows (Peters
et al. 2003): 5 _
Oy (0)= 1-(1+i)cos’®  —(1+i)sinBcosO
| =(1+i)sinfcos® 1—(1+i)sin’6

owP
T 1 0
OQWP(_EJZ[O —i].

For two plates, one has the square of QWP Jones matrix corresponding to proper transformation.
As a result, in a relation with the transmitted bits, the transformations of the annihilation operators

at the Alice’s side are as follows:

For @ = —%, one gets:

Bob’s part

An implementation of the Bell side is the Bell meter shown in Figure 2.
P
B
1
12
D 4
Cb 3

Fig. 2. Copenhagen circuit for Bell measurement

N
N
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It is important to consider that this model is not perfect, which will be shown below. An alternative
is the Kerr medium for photon interaction (Nielsen, Chuang 2010) or the use of photon hyper-entanglement,
as was done in 2001 (Williams et al. 2018), to unambiguously distinguish Bell states. The main elements
of this measuring device are as follows: a symmetric beam splitter, two polarizing beam splitters and
four detectors operating in the photon counting mode. The role of the symmetric beam splitter
in this measurement is the interference of the photons of the incoming modes A and B. In fact, this means
that the sum and the difference of the two fields are formed at the outputs. Relations between the operators
at the input and output are as follows (Schleich 2001):

| . 1

alzﬁ(‘im"‘d%)’ azzﬁ(am"'dwa)’

3 1 . 1

a, :ﬁ(_a/‘HA +éHB)’ a, :ﬁ(_&m +dVB)'

Polarization beam splitters allow one to separate photons with horizontal and vertical polarization
and position of poison each group in a separate detector. In accordance with the photodetection theory
(Soderholm et al. 2012), the probability of detecting Ny Hy, Ny 1, photons on detectors 1, 2, 3, 4, respectively,
is determined by the formula:

= T (A0 A e p), 3)

ny, Ny, Ny, 0y,

where p is the density operator of the light before the detection,

(n.rﬁx +Nx )n
n!

(4)

]AYEC")=:‘ exp(—nXAx—Nx) :

is the measurement operator for detector x, where 7 _is the detector efficiency, 71, is the photon num-
ber operator at the input of the detector x, means normal ordering, and N is the number of wrong counts
related to the dark counts and the background radiation.

Model of the atmospheric influence

One of the main objectives of this work is to describe the passage of light through a turbulent atmosphere
(sections A and B in the diagram in Figure 3). Similarly to the approach used by (Bohmann et al. 2016;
Semenov, Vogel 2009; Vasylyev et al. 2016), who studied a similar problem, we consider the atmosphere
as a system with damped oscillations.

—CO <

QWP 90°
QWP 90°

| / N\

az

Fig. 3. Thereotical model of the device
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The equations connecting the annihilation operators before and after passing through the atmosphere
are as follows

Aout Ain

=T,a, +T,,a, +R,c,
(5)

a" =T,a, +T,ad, +R,c,

where T, and T are the transmission coefficients for the horizontal and the vertical modes, T,, and

T, are the depolarization coefficients, R, and R, are Coeﬁiaents related to losses due to the reflection

and the absorption described by operators C;; and ¢, respectively. It was shown by (Semenov, Vogel
2009) that the depolarizing effect of the atmosphere is very small. Hence, it is possible to assume that,
T, ~0,T~T,=T. This allows one to simplify (5):

~out Am Ain ~out Am Ain
a, =Ta,+R,c,, a, =Ta, +R,c (6)

Normalization leads to the relation

2 2
7]+ R, =1 7

The atmosphere is random media so it can be considered as a quantum channel characterized by
fluctuating transmission properties. Therefore, the turbulence can be modeled by introducing probability
distribution function of transmission coefficient, which should correspond with turbulence condition.
It was shown by (Gumberidze et al. 2016) that, depending on turbulence case, different functions would
approximate the transmission coefficient distribution. We consider the case of strong turbulence only.

Model

Bell states tranmission through atmosphere
We deal with the following initial state

! (11001 +[0110)). (8)

+>:_
17 7

The density operator of the photons state |t//*) is

P =v "yl

Let us calculate density operators after Alice’s coding described by (2):

A00

P aiice = Pin> )
Piiee = Py =187, (10)
Piee = B, =W W], 11)
Piee = Py =107 . (12)

To obtain the density operator for the state after the light transmission of paths A and B, we will use
the approach of the input-output relations in terms of the Glauber—Sudarshan P-function. This approach
was applied for deriving the output density matrices of the transmitted light in turbulent atmosphere by
(Semenov, Vogel 2010).

Well-known Glauber—Sudarshan P-function is defined by determining the form of the density operator
p in the basis of coherent states {| a)}:

p=[P(a)la)ald. (13)

The next formula for the P-function is more important for the practical calculations:
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P(a):%rw%(ﬂ)exp(aﬁ*—a*ﬁ)dzﬁ. (14)

—00

Here, x (B)=Tr [ pexp (Efﬁ ) exp (—d g )} is the characteristic function; @, " are the annihilation
and creation operators.

Relations for the above functions between the input state and the transmitted state are given by the
following expressions:

pAout I out ( )l a><a | dza 4 (15)
1
Pout(a):FRn(Tja (16)

Xow (B) =2 (TB). (17)

Formulas (13)—(17) allow one to derive the expression for the output density operator of the states
(9)-(12) when the qubit coded by Alice is sent by path A and another qubit is sent by path B:

i 5 2\ 1 1 2 .
puo = (11T )T ) s+ 5 (TP )T 2, + S (11T T 5, +

1 2 2 . 1 2 2 20,02 A
e U AN A (R A AR A A

R 5 2\ . 1 2 2 . 1 2
pua = (1=1TF Y1170 ) pot S (1B T 5 (11T )17

1 2 2, 1 2 2, 2,002 A
B U EA R (S EA LA TR A
i 5 2\ 1 1 2 2 .

(ot TRy L G I

2 2 4 2 2 4
(AR AR

%
N | —

A 2 2\ . 1 2 2 1 2 2
Puo = (1T ) (115 )t S(ABENTE 2+ S (1P )T 5y, +

2 2 1 2 2 2 02
R L P A (S AR A A

where T,  are random transmission coefficients in the direction of the A(B) paths respectively;
Pracds the dens1ty operator of vacuum state, pH and ,0,, ,are the density operators of one photon states,
p,, is the density operator of the initial Bell state.

According to these results, it can be seen that either the zero-photon, or one of the eight different
single-photon states, or a specific two-photon state, which depends only on the coding on the Alice’s
side, comes to the input of the beam splitter with the corresponding probabilities. For further calculation,
it is necessary to express the annihilation operators of incoming modes through the outgoing operators:

i, = (4 -a,),

4 \/5 (18)
dy, = , (dz—d4), (19)
N
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de—l (ci]+d ), (20)
B /2 3
. . .
aVBzﬁ(a2+a4). o

The transformation of the single-photon states and the Bell states during the passage of the beam
splitter is as follows:

[7),,=11000) = d} 10000 =(af —af)|0000=
(11,10,105,10), — 105,105, 11),10), ),

|7, = 10100 =df 10000)=(af —af)10000)=(10),11),0%03,~ 103,105,105 1),),  (23)
|73,,=10010>=df 10000>=(a +a7)10000) = (11,0, 0%]0), +10%10,115,10,),  (24)

17,,=10001) = G 10000) = (] +af)0000) = (10,1 15,103,103, +10%10%, 105 1),),  (25)

1001)+]0110)) = 1 (af af, +af af )10000) =

oL
vl 7

(- at)af )l -al) oo - e

1

W(zdﬁ‘d;‘—zajdj)moom— |13 13,105,100, —10),10),11),1 1), ),

ot

+ _L R ) a
o >D_\/§( \/’(? Zf

ﬁ((dr_d;r)(dj"'&j)"'(ﬂ‘—aT)(a;'+a )>|0000>_

0101y +[1010)) = +a} a)10000) =

1 . . . ;
~ 75 (@) ~(@ly +(@ly - (=al)" ) 0000y -
1
§(|2>1|0>2|0>3l0>4+ 10),12),10),10), —10),10),12),10), - |0>1|0>2|0>3|2>4)

Analogously, for states | ) and | ¢):

1
v =$(|1>1|0>2|0>3|1>4—|0>1|1>2|1>3|0>4). (28)

1
Thus, the density operator for photons before the detection has the form:

pout Prac p(vac) + Py ﬁ(A) + Pp lﬁ(B) + Ppen ﬁ(Bell)’ (30)
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where the transmission probabilities of different numbers of photons are as follows

Po= (11T )(1-1717), (1)

pa=pu, =1y, =5 TL (14151 e

Pa=pu, = 2, =510 (1177, -

P, =TT (34)
Here /) is a vacuum state,

D= v+ 1, L7l
Py =My Lr1+ 1), L7

are single-photon density operators observed by one detector, ﬁ( Bell) is a two-photon state of different

forms depending on the sent qubits: fyo =W/ )(W Lor o =1¢ >< @'l or pyy =I l/f)D( Vilorp, = |(p7>D<(07 |

Bell states detection

As in (30) one term only depends on sent qubits (Jg,,), one should take the following expressions
(based on (26)-(29)) as probabilities of distinguishing qubit pairs:

1 o A N o Al
By =R =2 (Tr (aPaPa0ngs) +or(@PnenYngs ) + -
37
rr(@PnnIng s ) + o (000005 ).
The general form of the measurement operator is given in (4). Let us calculate the images of different

states under the action of this operator.
11710,01 =" 10)0] =

- (-1
NX(ZI{ =0 (kl) ;/Ix xj|0><0|_ (38)

e
=e " 10)(0l;
. (—1)"
Y= ( 2k mnx)llﬂll (39)
(1- )*Nx|1>x<1|,
2)Q2l=e ™| 1- ’“")2 2|=
01252 ( nn+f7 Z M, |12242] (40)

(1=2n,+77)e ™ 12)2|=(1-1,) e 12)42],
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11910)<0= ((nxﬁx + N, )l ) ) 10),.€0] =

N, 5 ® (_l)k k Ak (41)
e ((”xnx + Nx)(l-’_Zle n.n, ]) |0>x<0|:

N 10)0l,

k
17011 =e‘N*((;7xﬁx + Nx)(l — A+ ij:z(_—ll) nj;ﬁf;]j

(42)
D1 = (n, +N, (1=n,))e 1111,
aV22l=e™ (i +N,)(1-ni, + %niﬁi +
k
- (1), (43)
Zk3(k—,)nfnf))l2>,c<2l=(2nx =20} + N, (1-27,+ 1))
e M 22=(1-n,)(2n, + N, (1-n,))e 2042,
11'710),40/= G(niﬁi +2N 0, + N )e(‘”"i*‘“j 0(01=
U (f 2o S s (D) (a4)
Ee (nxnx+2Nx77xnx+Nx) HZ‘”{:l T nen, | 110)€0]=
L v2e 10501,
2
7(2) | 242 A 2 A
g |1)x(1|=5e (ni:+ 2N+ N7 ) (A=A, +
k
Zw (_—l)nkﬁk))|l><l|=l(2N n.+N:(1-7y ))eiN"|1><1|= (45)
k:2 k! X X X 2 X Ix X X X
1 _
Nx[wENx(l—nx)je YD1y,
1”7<2)|2><2|=1e*”v((;72ﬁ2+2N N, + N ) (1= i +ln2ﬁ2 +
X X 2 X X X Ix X X X X 2 X X (46)

+N? (1-1, )2)e*Nx|2>x<2|= (nj +25 N, (1—;1X)+%Nf (1-n, )zjeNx 12).42].

Let us consider the situation with identical detectors and identical values of the background noise.
We will reveal the dependencies between the model parameters and the probabilities (35)—(37).
In this case 77, = 57, and N_= N for all x){1, 2, 3, 4}.

Trace is a linear operator. Correspondingly, one can calculate the probabilities separately for density
operators p, .., P 4 Pg» P gy and obtain the result as a linear combination with coefficients (31)—(34).

Particularly, for ﬁ(vas), one has:
POO (ﬁvac ) = }310 (ﬁvac ) = 2 Tr(Née4‘ND ﬁvac) = 2N264ND s (4'7)
1 1 ~
R)l (ﬁvac) = Rl (ﬁvac) = 5.4TF(EN[2)6_4NDﬁvacj = Née 4ND' (48)
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Before calculating p,, pj, let us consider
()
and
(R )
Tr (ﬁllﬁl HonopA) Tr (ﬁ]lﬁzl ]zolzo(h,)m(ﬂm +y LY |2D)) =
=Tr (ﬁﬁﬁ; TIT1(11000%¢1000]—0010)¢1000 |- 1000)¢0010 | +0010)¢0010 |+
+10100)<0100[—[0100><0001|—[0001)<0100 | +|0001>(OOOI|),

T (5 )= T (B B (Dot 10u0)) =
= T (1172, F177,(]1000)<1000 | +]0010)< 1000| + 10005 0010| +0010)¢0010] +
+10100>€01001+10100><0001 [+10001»<0100[+/0001><0001 I).

To find a trace, one is interested in diagonal elements only. Hence,
Tr( I p, ) = T (1 T80 ).
Consequently,
Tr( LI f,) = Tr(BLIRIL fy ) = 2(np + N, (1= 1)) Npe % +

2(1=n, ) Nye ™ =2, ((n, + 2N, (1-11,)) e,
Tr( IR f, ) = Tr( T T py ) = [;7,) + ; N, (1-7, )) Nye "o 4

3 ~ -
+5(1— nD)Nge o = N, ((7713 + 2N, (1— M )))e o
Using (49) and (50), one obtains the probabilities for the density operator p,, py:

Poo(ﬁA):E)o(ﬁB):Plo(ﬁA):Ro(ﬁB):4ND((WD+2ND (1_779)))94”\,0, (51)

P01(ﬁA):B)l(pB):Pll(ﬁA):El(ﬁB): 2ND(( p+ 2ND(1_’70)))64ND- (52)

Let us calculate the probabilities for the density operator f ., which takes different forms for different
Alice,S Coding: /)00, p()l: /) 10° P“:

1 _ 1 _
Poo(ﬁoo)=[5(n0+ND(1—nD))2e4ND+5N5(1—%)26%J+
GN& (1-n,) 4‘ND+%(nD+ND(1—nD))2e“Nﬂj= (53)

(15 + 20N, (1=1,) (715 + Ny (1=7,)) )™,
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A 1 N
Plo(l’oo)=4(5<’7D+ND(1_’7D))(1_;1D)ND64 D)z (54

2N, (1_771))(771) + N, (1_ 771)))674%,

A . 1 1 -
Pm(poo):Pn(poo)ZE"l(ND (’7D+5ND (1_770)) (1—77[,)6 o 4

(55)
%sz)(l—ﬂp)z e )=2N, (1_’70)(’70 +N, (1_’70))6_4%’
1 —
Bo(pro) 4(5(’717+ND(1_’70))(1_’7D)NDe 4ij: (56)

ZND(I_}/ID)(;/ID_'—ND(l_rID))e—LlNDa
1 —4N 1 —4
( ) (2(’70+N (I_WD))ze D+5N1§(1_’70)ze NDJ‘*‘
1 v, 1 2 ANy | _ 5
(205 ) e (e, (1)) - 7
Ny +2 (1—11D)(77D+ND(1—;7D)))e-4ND,

R 1 1
01(p ):Rl (plo):5'4(ND(77D+5ND(1_’70)](1—77D)€_4N” +

(58)
%Nﬁ (1=np) ™) =2N, (1=n,) (1, + N, (1=71,,)) e,
R (Por) =P ($i1)=Bo(Po1)=Fo(511)
4-%((1—%)(2% + N, (1=1,) ) Npe ™ + N2 (1= 77,) e ) - (59)
2N, (1=1p) (15 + Ny (1=1,) ) e ™,
P (Pu)=Ra(30) = Po( )= Ru(p) =345 0 +
21Ny (1=1,) + 5 N3 (1=, ) 432N (1=, ) = (©0)

%(71,% +2N, (1— 77D)(77D +N, ( 1_,7D)))e—4ND_

It is necessary to perform a post-selection of obtained results. In fact, it means to make a normalization
of obtained values. We calculate sums of probabilities:

SOO“O Prac (SN’?’e%ND )+(pA T D )(16 Ny (’70 + 2N, (1 —p )))€74N” +

(61)
+ Pgenn (8ND (1_ ’71:))(770 +N, (1— 71D))+ 77; )eAN”

So1111= Prac (4N[2)e_4ND )+(pA + Py )(SND (’70 +2N, (1_779)))6_4ND +

62
+pBe”(6ND(1_770)(’70+ND(1—WD))+’7;)€_4ND (62)

Then, (51)—(62) give one the following values of the probabilities in question:
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P

00—>00
_ 2pchz§ +4(pA + Py )(ND (’7D +2N, (1_ ”D)))+p3611 (2ND(1_’7D)(’7D + N, (1_ 77D))+
8D, Ny +16(p, + )(ND(”D +2N, (1_’70)))+p3en (8ND (1- ”D)(WD + N, (1- ’7D))+ (63)

=P

1010 —

P

00—10

2pvacN2+4(pA+pB)<ND(770+2ND(1_770)))+p3e11(2ND(1_77D)(770+ND(I_”D)»
800Ny +16( 2, + 2y ) (N (11 + 2N (1= 1)) )+ P (885 (1= 1) (5 + N (1= 1)) 4115 )60y

=P

1000 —

F,

0100 —

:zpvacN; +4(pA+pB)(ND(’ID+2ND(1_’70)))+p3ell(ZND(I_ﬂD)(nD +ND(1_770)))
8pvucNI§ +16(pA + pB)(ND(V/D +2ND(1_71D)))+p8ell(8ND(1_71D)(71D +ND(1_’7D))+7712)) (65)

P

o0 =Fisw=Hi510 =

P

0001
_ pvacND2 +2(pA + pB)(ND (771) + 2ND(1_ 771))))+p3e11 (2ND(1_ 771))(’70 +ND(1_ 771))))
4pvacND2 +8(pA + pB)(ND(”D + 2N, (1_’70)))+p3ezl (6ND(1_770)(’7D +ND(1_ ’7D))+’7;)(66)

=P

00—>11

=F

10501 —

v

10511 —

P

0101

1
pvachg +2(pA + pB)(ND(WD + ZND(I_nD)))+pBel/ (5’7; + ND(I_I/ID)(”D + ND(l_ ”D))j

=P

I1—>11

=P

0111 —

AV

101 —

4D, N3 +8( 2y + 1) (No (15 + 2N, (1= 1))+ P (6N, (1=1) (m + Ny (1=11,))+ 115 67)

where P, , ,,, means that bits a,a, are encoded by Alice and bits b b, are distinguished by Bob.

These probabilities were calculated numerically. We suppose that the time interval when Alice was
coding her qubit is so small, that one can assume that qubits were sent to Bob at the same time and went
through the same path. Hence, one can simply set |T,|>= |T, |*=#_, , where 5, is the fluctuating at-
mospheric efficiency, which is a random characteristic. In accordance with the (Gumberidze etal. 2016)
the efficiency distribution could be described by lognormal distribution in strong turbulence conditions:

—\2
1 1(Iny, +0
=——exp| ——| —=—| |,
f(rlatm) 27r0-17atm p( 2( o j ] (68)

where 6 = —In N.m characterizes the mean atmospheric losses, o (the variance of 6 = —Iny ) char-
acterizes the atmosphere turbulence. This distribution can be applied only for ¢ = 8. We used the data
from (Semenov, Vogel 2010) for calculations.

Discussion

So, what is the meaning of Expressions (63)—(67)? Firstly, Expression (67) shows that in one case
the transmitted pair of bits is recognized correctly, and in the second it is incorrect, and these cases
occur with equal probability. That is, this model has no way to distinguish pairs of bits 01 and 11.

Secondly, for every event that did not save the result (except (67)), the probability is a multiple of N .
This means that if it is possible to reduce this indicator to zero, then this model will ideally implement
the superdense coding algorithm, with the exception of the indistinguishability of bits 01 and 11.
This can be seen in the graph below (Figure 4).
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Fig. 4. Probability of correct recognition via the mean value of levels of the dark counts N : the detection efficiency
1,=0.25, the mean atmospheric losses are § = 7.36, turbulence parameter: left: o = 0.1, right: 0 = 2

To analyze the results, it is important to understand that the minimum probability of correct opera-
tion of the algorithm is 1/3 and 1/6. Fixing one of the events (35)—(37) on the detectors, we understand
which pair of bits was sent. In the worst case, events happen randomly, and as a result, we actually guess
the forwarded bits, and the probability that we will guess is 1/3 for bits 00|10 and 1/6 for bits 01|11.

The graphs in Figures 4 and 5 show the dependencies of correct recognition on the number of dark
counts for different values of the turbulence parameter. The values of atmospheric efficiency were gener-
ated randomly in accordance with the lognormal probability distribution. Figure 4 shows that adequate
results of the algorithm (about 80 per cent recognition of bits 00|10) are obtained at N~ 10-%. But even
about N =2 - 107, the probabilities of correct recognition are close to random. We can also see that the
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more we increase the value o, the more different are the results (Figure 5). So when the turbulence
instability is higher, the results may be less predictable.
Analyzing the influence of the detectors efficiency #,, one obtains the following dependence (Fig. 5).

—— POD->00, P10->10
10 PO1->01, P11->11 - —7

0.9

0.8

07

0.6

0.5

0.4

0.3

T
10-# 107 il 10 10°* 10-3 1072 0t 107

Fig. 5. Probability of correct recognition via the detectors efficiency #,, o = 0.1, N, =107%,
the mean atmospheric losses are 6 = 7.36

It follows from the graph that the recognition errors are small enough if detectors efficiency exceeds
the value of about 107,

Summarizing the results, one can mention that for the suggested theoretical model of a quan
tum channel for the implementation of the superdense coding quantum algorithm, the most important
factors include the turbulence instability, detectors efficiency and the mean level of noise counts caused
by the background radiation and the dark counts.
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Abstract. The article reports the results of dielectric spectroscopy analysis exploring polarization processes
in silver iodide nanocrystalline films in the region of thermal superionic phase transition. It also provides
calculations of the system’s relaxation and energy parameters. The abrupt change of parameters
at the transition point is demonstrated by activation energy of semiconductor conduction and commit
phases, indicator of the degree of frequency dependence of conductivity, and the maximum value
of the function of the tangent of the dielectric loss angle. The article proposes a model of the micro-mechanism
of the thermal phase transition from a semiconductor to a superionic state. It is shown that, along with
the superionic phase transition, films undergo a percolation phase transition with the formation
of a two-dimensional percolation cluster.

Keywords: superionic phase transition, silver iodide, dielectric spectroscopy, polarization processes, relaxation
processes

Introduction

Solid-state ionic conductors, which include silver iodide, are being actively studied in connection
with the prospects of their application. They are used in energy conservation devices, heavy-duty micro-
data storage systems, as part of fiber-optic communication lines, etc. (Fokina et al. 2016; Makiura et al.
2009; Naik, Rabinal 2022; Sidorov et al. 2021).

Along with this, it is still of interest to study the mechanism of the thermal phase transition (PT) from
a semiconductor to a superionic state at Tc = 440 K (147 °C) (Amrani et al. 2008; Johan et al. 2011),
an issue that still remains unexplored.

According to (Vergent'eva et al. 2013), silver iodide exists in three different crystal forms. At =293 K
(20°C), Agl is a two-phase mixture of a cubic gamma phase with a zinc blende structure (F43m, a = 6.495 A,
Z = 4) and a hexagonal beta phase with a wurtzite structure (P63mc, a = 4.592 A, c=7510A,7= 2).
The predominant phase at 7'= 293 K is the Agl gamma phase with a zinc blende structure (face-centered
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cubic structure F43m). However, about 2% (-Agl with a hexagonal wurtzite structure P63mc are also
present.

B-Agl becomes a stable phase above 384 K (111 °C). During the thermal phase transition it turns into
a body-centered cubic a-Agl at 420 K (147 °C). This phase becomes stable above 420 K and is a super-
ionic phase.

In the high-temperature superionic phase, iodine anions I form cubic cells with a cube edge equal to
a =5.062 A at 453 K (180 °C) (Wright, Fender 1977). Each Ag* cation is able to move along the crystal
lattice, occupying 21 possible positions in succession. There are three different types of positions in
total. There are 6 tetrahedral, 12 trigonal and 3 octahedral positions in a crystal cell. These three types
of positions are crystallographically and energetically nonequivalent. Silver cations occupy such positions
with different probabilities.

Analysis of the electron density distribution (Ivanov-Shits, Murin 2000) showed that mobile Ag*
cations move freely throughout the crystal, except for the zones occupied by immobile Ag* and I anions,
which stabilize the crystal lattice. This indicates the existence of conducting channels in the alpha phase
of the Agl crystal, which interconnect the most probable spatial positions of Ag*.

Thus, the physical cause of the superionic PT is the thermal rearrangement of the crystal lattice
structure upon reaching the PT temperature. This rearrangement creates the possibility of the appearance
of positions free of silver ions. In this case, almost free migration of silver ions through the crystal lattice
becomes possible under the action of an external electric field (Gurevich, Kharkats 1987). From this
point of view, silver iodide (Agl) is a model system for studying the superionic phase transition.

Thus, it was shown in (Makiura et al. 2009) that silver iodide nanoparticles 11 nm in size coated with
poly-N-vinyl-2-pyrrolidone (PVP) exhibit a decrease in the PT temperature to 7c = 393 K (120 °C)
compared to single crystals, in which 7c = 420 K (147 °C). At room temperature, the conductivity of Agl
with iodine-coated nanoparticles reaches 1.5 x 1072 Q~'cm™". This is a record for ionic conductivity at
T =293 K for a binary compound.

The authors of (Vergent'eva et al. 2013) studied the behavior of the conduction property of an Agl-based
composite embedded in porous glasses (average pore size about 7 nm) and opal (pore size 40—100 nm).
They found that the temperature of the phase transition of nanoparticles in porous glasses and Agl opals
decreases by 20 K, and the width of the temperature hysteresis loop of the phase transition doubles
compared to free nanoparticles. The temperature dependence of the conductivity in this case has
a thermally activated character.

Near the phase transition, the parameters of the function o (1/7) change, which indicates a change
in the activation energy of conduction during the superionic phase transition. Thus, in the low tem-
perature phase, the activation energy is 450—470 meV, while in the high temperature phase it is 100 meV.

It was also found that the effect of an anomalous increase in ionic conductivity can be observed when
mixing two ionic conductors with the same cation, for example, in AgCl-Agl or AgBr-Agl systems.
It was also found that the effect of an anomalous increase in ionic conductivity can be observed when
mixing two ionic conductors with the same cation, for example, in AgCl-Agl or AgBr-Agl systems.
The reason for this effect is that the common mobile ion, upon transition to the region with a lower
chemical potential, increases the number of anion vacancies in the region of the space charge of one
of the phases. At the same time, the number of interstitial cations increases in the other phase.
This phenomenon is similar to the phenomenon of a sharp increase in ion transport in the near-contact
region of two electronic conductors differing in chemical potentials (Ivanov-Shits, Murin 2000).

The above information formed the purpose of this work, which is to use dielectric spectroscopy to
study polarization processes in nanocrystalline silver iodide films in the region of thermal superionic
phase transition.

Experimental technique

Thin films of silver iodide were synthesized by thermal iodization (at 300 °C) of a layer of metallic
silver 180 nm thick and 1 cm? in area, which was previously deposited on a glass substrate.

Silver contacts were deposited on the film surface, which ensured the planar geometry of the con-
ductivity study.

The dielectric spectra of the layers under study (temperature-frequency dependence of the complex
electrical impedance components) were obtained on a Concept-81 spectrometer (Novocontrol Tech-
nologies GmbH) in a wide range of frequencies (f= 10°— 10° Hz) and temperatures (7" = 293-473 K).
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In this case, the values of the real and imaginary parts of the complex impedance of the cell with the
measured sample were measured:

Z*(m)=R+L=Z’+iZ"= ffo (1)
ioC I (w)

On this basis, the frequency spectra of the complex permittivity and complex conductivity were
calculated:

* ro.n —i 1
g =g —ig"=———
wZ' (w) C, )
o' = o"—io"'=+l§ (3)
oZ (o) d

&S
where C, = —— is the capacity of the cell without a sample. The relative error of the experiment did

not exceed 5 %.

To calculate the values of the relaxation parameters of the system, the obtained dielectric spectra
were approximated by the three-parameter Havriliak—Negami function (Kremer, Schonhals 2003).
In this case, the computer programs of the Novocontrol Winfit spectrometer were used.

Experimental results with their preliminary analysis

The experiment showed that the frequency dependence of the specific conductivity ¢’ of thin Agl
films increases with increasing frequency of the probing field (Fig. 1). This occurs at all temperatures.
It is known (Mott, Davis 1982) that such a dependence of the conductivity on frequency is typical for
many crystalline semiconductors and most amorphous semiconductors, for which the frequency
dependence of the conductivity obeys the power law of growth:

o(w)=Aw’, (4)

where s is the exponent, A is a temperature-dependent constant, w = 2fis cyclic frequency.

o' (Q'.cm’)
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Fig. 1. Frequency dependence of specific conductivity o’ at different temperatures

The presence of Dependence (4) corresponds to the existence of a wide range of relaxators
in the system, which have different relaxation times and create different mechanisms of dielectric losses.

The temperature dependence of the exponent s can be used to elucidate the features of the charge
transfer mechanisms in the low-frequency range at temperatures of 293—-473 K (Castro-Arata et al. 2021;
Farid et al. 2005; Ulutas et al. 2013). This circumstance forced us to study the temperature dependence
of the exponent s, which is shown in Fig. 2. This figure demonstrates the existence of two temperature
regions: region I in the range 7 = 293-433 K and region II at 7'= 433-473 K. As noted above, at a tem-
perature of T = 420 K silver iodide undergoes a structural change with a transition from the beta phase
to the alpha phase. It can be argued with a high degree of probability that regions I and II correspond to
the state of the system before and after the superionic phase transition, respectively.

0,81
0,7 ]
0,6—-
0,5 ]
0,4:
0,3 ]

0,2 1

T T T T T T T T T T T T T T
270 300 330 360 390 420 450 480
T'(K)
Fig. 2. Temperature dependence of the exponent s of the function o(w) for thin films of silver iodide
The found power Dependence (4) of the conductivity on frequency and the change in the value
of the parameter s with increasing temperature allow us to assert the existence of a hopping mechanism

of conductivity. In this case, charge carriers (ions, electrons) make thermally activated jumps through
potential barriers in the structures of the semiconductor system.
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The decrease in the exponent s in both phases with increasing temperature indicates the classical case
of overcoming the energy barrier by charge carriers, according to the CBH model (correlated barrier
hopping model) (Gurevich, Kharkats 1987). In this case, the expression for the conductivity on alternating
current at a specific fixed temperature has the form (Makiura et al. 2009):

3a72 6
n'Neg,wR,

(@)=

: (5)

here N is the density of states between which charge carriers jump, R is jump length.
The relationship between the jump length R and the height of the potential barrier is expressed by
the relationship:

s -1
R, =2 [Wﬂd—kﬂn(iﬂ : (©6)
e, 0T,

where 7, is the characteristic relaxation time, the reciprocal of the phonon frequency v, On the

other hand, the exponent s is related to the barrier height W, by:

s=1-— (7)

M

As was shown in (Amrani et al. 2008), based on the obtained experimental data using Equations
(5)—=(7), it is possible to calculate the values of the conductivity parameters of the system N, R_and W,
at different temperatures. The results of the calculations are presented in Table 1.

Table 1. Values of the charge transfer parameters in thin films of silver iodide before (region I)
and after (region II) the superionic phase transition

T (K) s N (m3) R (m) W, (eV)
Region I
293 0.41 1.08E22 2.46E-9 0.25
313 0.35 2.38E22 2.32E-9 0.24
333 0.31 4.77E22 2.17E-9 0.25
353 0.29 8.82E22 2.00E-9 0.26
373 0.28 1.57E23 1.85E-9 0.27
Region I1
443 0.75 1.54E25 7.72E-11 0.92
463 0.55 3.99E27 4.27E-11 0.53
473 0.32 7.46E28 3.17E-11 0.36

Figure 3 shows the temperature dependence of the conductivity of silver iodide films in the coordinates
In[o(w)]=((10%/T). It shows that charge transfer is a thermally activated process. The existence of two
temperature regions was found, at the temperature boundary between which a change in the slope of
the graphs is observed at T = 428 K. This coincides to within 2% with Tc = 420 K (147 °C) of the super-
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ionic phase transition. Before and after the PT, the conduction activation energies are as follows:
E =0.34eV before the transition and E,=1.63eV after the transition, respectively.
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-18 -
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241
-26 1 1 1 T 1 T 1
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10°/T (1/K)

Fig. 3. Temperature dependence of specific conductivity ¢’ of thin films of silver iodide at frequency f= 10° Hz

Measurement of the dielectric loss tangent tgd in Agl films at different temperatures (Fig. 4) revealed
the existence of a loss maximum, which shifts to high frequencies with increasing temperature.
In this case, the absolute value of the maximum of the function tgd(w) at a temperature 7c = 420 K
(this is a temperature of the transition of the Agl film to the superionic state) is halved.

8_
6_
% 4
1383k
2_
443K
0_
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Fig. 4. Frequency dependence of the dielectric loss tangent tgd = €”/¢’ at temperatures of 383 and 443 K.
Solid lines are the approximation of the experiment by Function (8) taking into account the Havriliak—Negami
Function (9). After the PT is completed, the temperature rises with a jump in the parameters of Function (9):
7=0,085s— 7=0,009s,a=098—a=97,=097 — =093
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As an approximating function in the calculations, the Havriliak—Negami function was used (Volkov
et al. 2018) in the form (8).

6@ 4
1+iot

(8)

g'(w)=¢,+ (g, —800)].i

where ¢_is the permittivity at extremely low frequencies, 7 is the relaxation time. This function con-

tains three variable parameters (7,,,, a,,, and §,,) for each type of grain and has the form:

(t/7 HN)ﬂ(l_a)Sin(ﬂq’)

|:(‘L'/T HN)Z(I_a)+2(T/T HN)(l_a)cos (7‘[[1—0(} )+1} "

sin(7z[1-a]) }

T/THN) +cos(7r[1—a])

Q= arctg{
(

Expression (8) together with expression (9) allow using the Havriliak—Negami function to approximate
the frequency dependence function tgd(w).

Conversely, empirical data on the frequency dependence of the function tgd(w) make it possible to
determine the parameters of the distribution function of relaxers from their relaxation times.
The computer built into the spectrometer allows the fitting procedure and calculations to be carried out
automatically.

Namely, in the first case, the value L & fixed, o is a variable, and the theoretical curve is fitted to
the experimental results, as shown in Fig. 4. At the same time, for fmax = 20 Hz, the values a,, =098
(T =383 K)and S, = 0.97 (T = 383 K) were obtained. For f =200 Hz, the value a,,, = 0.97 (T = 383 K)
and 8, = 0.93 (T = 383 K).

In the second case, the value w . is fixed in expression (8), and the parameter t is a variable.

The parameters of the HN function reflect the average position of relaxers on the time scale (z,,),
the degree of spread (a,, ), and the inhomogeneity (asymmetry) of the distribution of relaxers (5,,,)
over relaxation times. The software of modern spectrometers makes it possible, as indicated, to obtain the
HN function with coefficients 7, at their output. &, and 8, are adjusted to the measurement results.

Table 2. Values of the relaxation parameters of thin films of silver iodide in the temperature region
of the phase transition

Temp. [K] Tau-Max [s] Alpha [] Beta []
403 3.040e-01 1.0000e+00 9.4140e-01
413 7.272e-01 1.0000e+00 9.1930e-01
423 1.847e-01 1.0000e+00 9.1270e-01
433 2.093e+00 1.0000e+00 8.7950e-01
443 1.526e-02 9.7780e-01 8.3950e-01
453 8.530e-02 9.8060e-01 8.0000e-01
463 2.516e-02 9.8970e-01 6.7490e-01
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The values of the relaxation parameters of Agl thin films obtained by approximating the experimen-
tal curves with a two-parameter empirical Havriliak—Negami function are presented in Table 2.

The analysis of data in Table 2 allows us to conclude that there are non-Debye mechanisms of dielec-
tric relaxation in the region of the PT from a semiconductor to a superionic conductor. Attention
is drawn to the maximum value of the most probable relaxation time located near T = 433 K, which is
close to Tc = 420 K of the superionic phase transition.

As noted, the power-law dependence of the conductivity on frequency is a sign of the existence
of a hopping mechanism of charge transfer in the studied frequency and temperature ranges. This cor-
responds to the presence of a wide range of relaxators in the system, which have different relaxation
times and provide different dielectric loss mechanisms.

In this regard, we have studied the behavior of the distribution function of relaxators over relaxation
times G(7). The value of G(7) can be obtained, as indicated, from Expression (8) as a result of solving the
inverse problem.

Fig. 5 shows the temperature dependence of the maximum value of the function G(z),__, which has
a maximum height at a temperature T = 425 K. This temperature is also close to the temperature of the
superionic phase transition (PT).

150

120 1

G(x)

T T T T T 1
360 380 400 420 440 460 480
T (K)

Fig. 5. Temperature dependence of the maximum value of the relaxation time distribution function G(7)
for Agl films

max

Discussion: A Phenomenological model

The behavior of silver iodide Agl during the thermal phase transition from a semiconductor
to a superionic state can be explained by the phenomenological concepts described below.

During the synthesis, the iodination of the metallic silver layer was carried out from the surface
of the grains. Therefore, all grains turned out to be covered with a thin layer of crystalline iodine, which
has a conductivity an order of magnitude lower than the conductivity of Agl nanocrystallites in the
superionic state.

The iodine film played the role of a blocking electrode for the contacts deposited to study the frequency
dependence of electrical conductivity in plane geometry. We point out that in the semiconductor state
the conductivity of Agl is purely electronic.

When a thermal phase transition to the superionic state occurs as the temperature increases, individual
Agl crystallites pass into the state of a superionic conductor at different temperatures. This is due to the
martensitic nature of the transition. That is, the deviation from the phase equilibrium temperature
necessary for the completion of the phase transition (PT) differs for different grains (Elliott 1987; Kobayashi
et al. 2004; Long 1982; Popova et al. 2005).
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These differences arise due to the variation in the sizes of crystallites, which are distributed, as shown
by AFM studies, in a wide range of values (Popova et al. 2005).

In addition, the amount of deviation required to complete the transition is affected by the elastic
energy of adhesion of Agl crystallites to the substrate, the value of which also depends on the size
of the crystallites, i. e., on the contact area of the grain with the substrate.

The combination of the described factors leads to a thermal increase in the conductivity of the
entire mass of nanocrystallites composing the film according to the percolation law, which is well
studied for the case of dc conduction (Farid et al. 2005).

In this case, the single-layer arrangement of grains on the substrate surface corresponds to the
simplest case of two-dimensional percolation, if each grain has a conductive contact with only four
nearest neighbors. This is indicated by AFM studies. For two-dimensional percolation, it is also
necessary that all the grains of the film undergo the same jump in conductivity during the phase
transformation. This takes place in the first approximation in the AgI film.

From what has been said, it follows that even in the simplest case of two-dimensional percolation,
two phase transitions take place, one of which is a transition in each grain from a low-conducting
semiconductor to a high-conducting superionic state.

Another, purely geometric, phase transition is a jump-like transition of the entire mass of film
grains to a highly conductive state during the formation of an infinite percolation cluster and is
designated as a percolation phase transition.

In Agl, the described case is the case of a square percolation grating with the number
of measurements equal to half the number of contacts of each grain (Ivanskoi 2008). This situation
is similarly well known for superionic conductors.

It is known (Barman et al. 1995) that in the case of silver sulfide, the primary process that initiates
the phase transition to the superionic state is down to two factors: the interaction between the
vacancies of Ag* ions and the interaction of the “interstitial silver ion—vacancy” dipoles, which
reduce the energy of the ion exit from nanocrystal silver. This is further facilitated by the high
Laplacian pressure produced by the high surface tension of the nanocrystals.

A similar situation occurs in silver iodide films, where mobile silver ions can occupy several
different positions in the unit cell with different probabilities. They are able to migrate between
these positions, that is, move along the conductive channels of the crystal lattice, as described
in the introduction.

On the whole, the motion of silver ions in a superionic crystal is complex and combines phonon
oscillations of ions at potential energy minima and diffusion hops of silver ions from one equilibrium
position to another during hopping conduction (Ivanov-Shits 2007).

A change in the crystal structure of the material as a result of the breaking of chemical bonds
during superionic (PT) leads to a change, in addition to the ionic, in the electronic structure of the
material and is accompanied by an abrupt change in the electronic part of the conductance (PT)
(Barman et al. 1995).

Micromechanism of superionic phase transition in Agl

Silver iodide exists in three different crystalline phases.

At room temperature, the dominant phase is y-Agl with a zinc blende structure (face-centered cubic
structure of F43m symmetry), although 2% of 3-Agl with a hexagonal wurtzite structure of P63mc sym-
metry is present. 3-Agl becomes a stable phase above 384 K (111 °C).

Both phases transform into a body-centered cubic a-Agl phase at 420 K (147 °C), which is stable
above this temperature and is a superionic phase. Alpha silver iodide is only stable above 147 °C and
enters the beta phase when cooled to room temperature.

Hybridization of iodine (I) in the B-Agl lattice is (spf):

spx)’z(1)4fx(3x2-y2)0(1)551(1)~

All three orbitals are located almost in the same plane of the hexagon with a slight bend in the bonds
(Pauling 1974) (see Fig. 6). Each hybrid orbital contains one electron.
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Fig. 6. Fragment of the crystal structure of p-Agl (Binner et al. 2006)

These hybrid orbitals of the Ag and I atoms, containing one electron each, form stable sigma bonds
between themselves in the hexagon plane (Fig. 6).

In addition, each iodine (I) atom has two p-orbitals not involved in hybridization: 5py2 5p,? each of
which contains two electrons. Therefore, two of the three bonds of each atom (Ag and I) in the hexagon
plane are double: along with the usual sigma bonds 2 p-orbitals 51:»‘/2 5p,? of the I atom not used in hy-
bridization form 2 coordination nt-bonds with empty f-orbitals of the Ag atom. This additionally strength-
ens the bonds of the Ag and I atoms in the hexagon plane (bonds 1-2, 2-3, 3-4, 4-5, and 5-6 in Fig. 6).

The connection of the hexagon planes with each other is carried out due to the coordination sigma
bonds between the 4d * orbitals of the Ag atom, containing two electrons each, and the empty 4f °
orbitals of the I atom (bonds 2-b, 4-d, and 6-f in Fig. 6). Recall that the energy of coordination bonds
is an order of magnitude less than the energy of double bonds 1-2, 2-3, 3—4, 4-5 and 5-6 (Davydov 1973).

It follows from this that the coordination bonds connecting the planes of hexagons are destroyed first
of all with an increase in temperature near the point of the superionic phase transition. This leads to
a rearrangement of the crystal structure from a hexagonal to a body-centered cubic structure (3-Agl
goes over a-Agl).

The body-centered crystal structure that appears above Tc = 147 °C (420 K) after superionic PT has
been made retains its integrity due to the usual sigma bonds between iodine ions and silver ions.
Each ion is located in the center of a cube made up of ions of the sign opposite to the given ion.
The hybrid orbitals needed to create 8 sigma bonds with 16 electrons on them are formed like this.
The Ag atom donates 8 4f°(7)5s! orbitals for hybridization with one electron on them. Atom I donates
8 orbitals for hybridization 4dXyzéldxzzlkdyzzlldﬂ_y225s2 5p} 5py2 5p,” with 15 electrons on them. In total,
we have 8 bonds with 16 electrons.

It should be said that, according to the theory, with such a large number of orbitals used in hybridiza-
tion which inevitably differ in energy, a full-fledged hybridization process is hardly possible (Murrell et
al. 1965).

So, most likely, 7 out of 8 bonds are low-energy coordination (donor-acceptor) bonds between the
d-orbitals of the Ag* ion, containing two electrons each, and the empty f-orbitals of the I- ion. The excep-
tions are a full-fledged sigma bond between 5pxl, the orbital of the I atom, and 5s!, the orbital
of the Ag atom.

The presence of low-energy coordination bonds provides a low energy barrier between the positions
of ions of adjacent crystal cells. This contributes to the emergence of high mobility in Ag* ions in com-
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parison with the mobility of I, i. e., it provides an effective hopping mechanism of ionic conduction and
forms the superionic properties of the material.

The ionic radius of silver ions (0.074 nm) is significantly smaller than that of iodine ions, 0.137 nm,
which creates an additional advantage of the drift of metallic Ag* ions along the lattice when an external
electric field is applied. The drift is carried out along the corresponding ion-conducting channels, as
described in the Introduction.

Conclusion

Thus, in this work, the dielectric spectra of thin films of iodized silver Agl have been studied. Dielec-
tric spectroscopy methods have shown that a thermal phase transition from a semiconductor to a super-
ionic state occurs in Agl films at 420 K (147 °C).

The abrupt change of parameters at the transition point is demonstrated by:

+ activation energy of semiconductor conduction and commit phases;

+ indicator of the degree of frequency dependence of conductivity;

+ parameters of the Havriliak-Negami function,

« numerical values of the frequency position and the maximum value of the function of the tangent

of the dielectric loss angle.

A model of the micro-mechanism of the thermal phase transition from a semiconductor to a super-
ionic state is proposed.

It is shown that, along with the superionic phase transition, films undergo a percolation phase tran-
sition with the formation of a two-dimensional percolation cluster.
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MEXAHUNYECKVE HAINPEKEHVA B TOHKNX ITAEHKAX LIIVIPKOHATA-TUTAHATA
CBI/HUIA, COOPMINPOBAHHDBIX HA ITOAAOXXKAX, OTAMYAIOIIMNXCA TEMITEPATYP-
HBIMI KOS®OVILIMEHTAMU AVVHEVIHOTO PACHIVIPEHUA

BaaeeBa Aacy PaBuaeBHa, Kanreaos Eprenmit IOpbesuy, Ilponun Vropp Ilerposuy, CenkeBuu
CranucaaB Buktoposuy, [Ipounn Baapumup IlerpoBuy

AnHoTanus. PacCMOTPEHO BAMSIHYIE AVHEVHBIX Y U3TMOHBIX HAIIPSPKEHU HA BEAMUVIHY BHYTPEHHe-
IO TTOASI I CAMOIIOASIPM3aliMM B TOHKMX ITA€HKaxX LMpKoHarTa-TuraHara cBuHua (PZT), cbopmupoBan-
HBIX METOAOM BBICOKOYACTOTHOI'O MarHeTPOHHOTO PacCIbIA€HMS Ha MOAAOXKKAX KPEMHMS M CUTAAAQ
CT-50. CocTaB TOHKMX IIA€HOK COOTBETCTBOBAA 00AaCTV MOpdOTpOIHOI Pa3oBoii rpaHuLsl. [Ipearno-
AOXXEHO, YTO U3TMOHbIe HANPsDKEHNS B OMMOPQHBIX CTPYKTypax «ToHKas naeHka PZT — nmoaaoxka»
IPUBOASAT K ITOSIBAEHVIO BHYTPEHHETO SA€KTPUYECKOIO IOAS, BBI3BAHHOTO AN dy3meit 3apsHKeHHBIX
KUCAOPOAHBIX BakaHcuil (3¢ dexT [0pCKOro B CErHETOIAEKTPUKAX).

KAroueBble CAOBa: TOHKME CETHETODAEKTPUYECKME IAEHKM, LIMPKOHAT-TUTAHAT CBUHLA, MOpdo-
TpomnHas ¢as3oBas rpaHuLa, MeXaHUYeCKNe HaNpsDKeHMs], BHYTPEHHEee SAeKTPUYECKOe MOA€E, CAMOIIO-
astpusanus, addext fopckoro

Aas nutupoBanus: Valeeva, A. R., Kaptelov, E. Yu,, Pronin, L. P.,, Senkevich, S. V., Pronin, V. P.
(2022) Mechanical stresses in lead zirconate titanate thin films formed on substrates differing
in temperature coefficients of linear expansion. Physics of Complex Systems, 3 (4), 159-166.
https://www.doi.org/10.33910/2687-153X-2022-3-4-159-166 EDN IW]DKZ

Teopernuyeckas ¢pusuka

YIIPOIIEHHBIE MPEACTABAEHMA BEPOATHOCTEN U3AYYEHUA ®OTOHA B I1O-
CTOAHHOM BHEIIHEM SAEKTPUYECKOM ITOAE

laBpuaos Cepreii IleTpoBuy

AHHOTanus1. B cAyyae CMABHOTO BHELITHETO 9AEKTPUYECKOTO ITOASI CYI[eCTBYeT MHOXECTBO AOIIOA-
HUTEABHBIX KaHAAOB IIPOLIECCOB, CBSI3aHHBIX C HapyIIeHVeM CTabMABHOCTM BakyyMa. ITokasaHo, uTo
B 3aBMCUMOCTY OT IOCTAQaHOBKU 33AQUM CYIECTBYET PsIA MHTEIPAAbHBIX IPEACTAaBAEHMII AASI BEpo-
SITHOCTEN UCITyCKaHUs (POTOHA IOA AENICTBMEM CHMABHOIO IIOCTOSIHHOTO SA€KTPUYECKOrO MOAS. DTU
IIPEACTAaBAEHNUS IMEIOT BUA IpeobpasoBaHus Dypbe OT MPOU3BEAEHMS ABYX BEOEPOBCKUX QYHKLI
NapabOAMYECKOTO LIAMHAPA, SBASIOLIMXCS pelleHMsIMM OAHOTO U TOro Xe AuddepeHaAbHOTO
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ypaBHeHUs. AAsI yIPOLIEHUS U3yYeHNsI BepOATHOCTEN TaKOM MPUPOADBI MbI BBIPA3MAU 3TO Ipeobpaso-
BaH1e Dyppe yepes BIPOXKAEHHYIO IUIIEPIreOMeTPUIECKYI0 QYHKLMIO.

KaroueBbie caoBa: m3AyueHue GOTOHA, KBAHTOBASI SAEKTPOAMHAMUKA, CUABHOE BHEIIHEe IOA€,
s¢dexT llIBunrepa, npeobpasoanne Oypoe

Aas uurupoBanus: Gavrilov, S. P. (2022) Reduced integral representations for the probabilities
of photon emission in a constant external electric field. Physics of Complex Systems, 3 (4), 167-175.
https://www.doi.org/10.33910/2687-153X-2022-3-4-167-175 EDN ORISSK

SHTPOIIVA I PABMEPHOCTDb XAOTNMYECKOI'O ATTPAKTOPA B 3ABVICIIMOCTU
OT YIIPABAAIOIIVIX ITIAPAMETPOB

Asanues Aaexcanap Bukroposuy

AnHoTtanusa. MeTOAOM YMCAEHHOTO SKCIIEPUMEHTA MCCAEAYETCs 3aBUCMMOCTb SHTPONMUU U pas-
MEPHOCTU XaOTUYECKOTO aTTPAKTOPa OT YIPABASIOLIErO MapaMeTpa. BeIYMCAEHNST IPOBOASITCS AASI
OAHO];[ ns3 HpOCTeI;IH.U/IX CUCTEM, OITMIChIBAEMOV HEAUHEVHBIMU YpaBHEHMAMU AVUHAMUKH, — POTATO-
Pa, HAXOASILIErOCs TI0A BO3AEIICTBYEM BHELIHErO MEePUOANYIECKOrO MOAsL. OCOOEHHOCThIO AQHHOM CU-
CTEMBI SIBASIETCSI YePEAOBAHME PETYASIPHBIX U XQOTUYECKUX PeLIeHNIT IPYU M3MEHEHUY YIIPABASIOIETO
napamerpa. YuCAeHHbIV 5KCIEPMMEHT IOKa3blBaeT, UTO IIPM 3HAYEHMAX YIPABASIOLIErO MapaMeTpa
B AMAIIa30HAX, TA€ IIPOMCXOAUT IIE€PEXOA OT XAOTUYECKOTO ABVDKEHMA K PEryAsspHOMY ABVDKEHUIO
BCAEACTBUE ITEPEMEKAEMOCTH, Pa3MEPHOCTb XaOTUYECKOTO ATTPAKTOPA U, KAK CAEACTBIE, €r0 SHTPO-
IS CYIECTBEHHO U3MEHSIOTCS.

KAroueBbie cAOBa: HEAVHEITHASI AMHAMMKA, CTPAHHBIN aTTPAKTOP, XaOTUIECKUIT aTTPAKTOP, MTAOT-
HOCTb BEPOSITHOCTH, Xa0C, [IPEPHIBUCTOCTb, BPALIlATEAD

Aast putupoBanust: Liaptsev, A. V. (2022) Entropy and dimension of a chaotic attractor depending
onthecontrolparameter. Physicsof Complex Systems, 3 (4),176—185.https://www.doi.org/10.33910/2687-
153X-2022-3-4-176-185 EDN JEBHQD

OB ATMOC®EPHON PEAANSALINIVI KBAHTOBOTO AATOPUTMA CBEPXITAOTHOT'O
KOAVNPOBAHNA

Tumuenko borpan Aaexcanpposuy, ®areeBa Mapus IlerpoBHa, [naes I1aBea AHppeeBny, banHo-
Ba VpuHa BaapumuposHa, ITonos Vrops IOpbeBny

AnHoTanus. PaccMOTpeHBbI CBOJICTBA KBAHTOBOIO KaHaAa CBSI3U B CBOOOAHOM IIPOCTPaHCTBE
Ha MpMMepe aATOPUTMA CBEPXIIAOTHOTO KOAMPOBaHusA. VI3yyeHa TeopeTnyeckass MOAEAb YCTaHOBKI,
peaAunsyolIeil AAHHBIN AATOPUTM, U BBIIBA€HBI OCHOBHbBIE (PAKTOPBI, BAUSIOLINE HA KAYECTBO MOAEAIL.
O10 K03bPuLMeHT npomycKkaHus atMocdepsl, 3PpGEeKTUBHOCTb AETEKTOPOB U CpPEAHee 3HauyeHMe
YICAQ LIYMOBBIX OTCYETOB, BBI3BAHHBIX (DOHOBBIM M3AyYEHMEM M TEMHOBBIMU OTCUeTaMU. [IpoBeaeH
TIOAHBIII PacyeT MOAEAM YCTAHOBKU C TIOAYY€EHVEM PE3YAbTATOB B SIBHOM BUAE. DTU PE3YAbTATbhI ObIAK
MIPOAHAAM3MPOBAHBI C MICIIOAb30BaHMEM PEAAMCTUYHBIX [TAPAMETPOB AeTEKTOPOB 1 aTMocdepsl. YcTa-
HOBAEHO, UTO HarbOAblIlee BAMSIHME HA PE3YABTAThl OKa3bIBAIOT HECTAOMABHOCTb aTMOCHEPHON TYp-
OyAeHTHOCTY, 9P(HEKTUBHOCTb AETEKTOPOB U CPeAHee 3HAUeHVe HIYMOBBIX OTCYETOB.

KAroueBble cAOBa: KBAaHTOBBINI KaHaA, IIAOTHOE KOAMPOBaHUe, IEPeIyTaHHOCTb, arMocdepa,
MOAEAD

Aas putupoBanusi: Timchenko, B. A., Faleeva, M. P, Gilev, P. A., Blinova, I. V., Popov, L. Yu. (2022)
Atmospheric implementation of superdense coding quantum algorithm. Physics of Complex Systems,
3 (4), 186-201. https://www.doi.org/10.33910/2687-153X-2022-3-4-186-201 EDN KZISPS

®u3snKa NOAYNPOBOAHIKOB

MOAAPU3SALIMIOHHBIE ITPOLIECCBI B ITAEHKAX VMOAUWAA CEPEBPA BBAU3U
TEMIIEPATYPbBI CYITEPMOHHOI'O ®A30BOTIO ITEPEXOAA

Vabunckunt AaexkcaHpp Baaentmnosuy, lllappun Esrennin bopucosuy, Kactpo Apara Pene Aae-
xaHApo, IToroBa Vpuna Oaerosna

AnHoTanums. B pabore METOAOM AMBAEKTPUYECKOI CIIEKTPOCKONNY U3Y4eHbl 0COOEHHOCTY MOASI-
PM3aLMOHHBIX TPOLIECCOB B HAHOKPUCTAAAMYECKHUX ITAEHKAX I0AMAQ cepebpa B 00AaCTU TEPMUIECKO-
IO CyIepMOHHOrO (a30BOro IepexoAa M paCCUNTAHbI peAAKCALMIOHHbIE U SHEePreTNYeCcKye mapaMeTpbl
AaHHOI cucTeMbl. CKauKooOpasHOe M3MeHeHMe OOHApY)XeHO AASl SHEPIMU aKTUBALMM, TTOKA3aTeAs
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CTereHN YaCTOTHOM 3aBUCUMMOCTY, PYHKLMYU TaHTE€HCA yIAd AMDAEKTPUYECKUX HoTepb. [IpearoskeHa
MOAEAb MUKPOMEXAHM3Ma TEPMUYECKOro (a30BOr0O MEPEXOAd ITOAYIPOBOAHUK — CYIEPUOHHUKY.
[ToxazaHo, 4TO HAPSIAY C CYIIEPUOHHBIM (a30BbIM IIEPEXOAOM B MAEHKAX VIMEET MECTO ITEPKOASILIMOH-
HbII1 (a30BbIT IEPEX0A C 00pa3oBaHNEM ABYMEPHOTO MEPKOASILIMOHHOTO KAACTEPA.

KAroueBbie cAoBa: CynieproHHbIN (a30OBBIT IEPEXOA, MOAMA cepedpa, AUIAEKTPUYECKas CIIEKTPO-
CKOTIMSI, TIOASIPU3AL{MIOHHbIE IPOLIECCHI, PeAaKCALIMIOHHbBIE ITPOLIECCHI

AastuurupoBanust: [linskiy, A. V., Shadrin, E. B., Castro Arata, R. A., Popova, L. O. (2022) Polarization
processes in silver iodide films near the superionic phase transition temperature. Physics of Complex
Systems, 3 (4), 202—-213. https://www.doi.org/10.33910/2687-153X-2022-3-4-202-213 EDN XIVVYW
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