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1. INTRODUCTION
In modern science, the problem of  combining 
gravitational and electromagnetic fields into 
one is actively discussed. Historically, this 
topic has been discussed for over 100 years. 

Installation for studying the parameters of  localization of  an 
electromagnetic wave in a waveguide of  variable cross-section in 
the framework of  the predictions of  the 5-D extended space model
1,2Dmitry Yu. Tsipenyuk, 1Sergey I. Derzhavin, 1Yaroslav V. Kravchenko
1Prokhorov General Physics Institute of  Russian Academy of  Sciences, http://gpi.ras.ru/
Moscow 119991, Russian Federation
2Moscow Polytechnic University, https://new.mospolytech.ru/
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Moscow Polytechnic University, https://new.mospolytech.ru/
Moscow 107023, Russian Federation
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Received August 24, 2021, peer-reviewed September 14, 2021, accepted on September 27, 2021
Abstract: The paper describes the creation and testing of  an experimental setup for studying the 
parameters of  localization of  electromagnetic microwave radiation with a power of  0.001-0.004 
W in the range of  36.0-79.0 GHz when propagating radiation in metal waveguides of  variable 
cross-section. Measurements will also be carried out under conditions of  filling the waveguide 
with dielectric materials with refractive indices from 1.46 to 4.0 for microwave radiation of  the 
specified range. The installation is designed to measure the parameters of  the localization 
of  microwave radiation when it passes through a waveguide of  variable cross-section, filled 
with materials with different refractive indices. Interpretation of  the results will be carried out 
within the framework of  the 5-D extended space model (ESM). The extended space model 
is formulated in (1+4)-dimensional space time-coordinate-interval. An additional spatial 
coordinate in the ESM is the interval. In the conjugate 5-D space, the energy-momentum-
mass interval in the ESM corresponds to mass. In the ESM formalism, the question of  the 
appearance of  a nonzero variable mass in a photon and its localization under the influence of  
an external field is studied.
Keywords: localization of  the electromagnetic field, waveguide, microwave radiation, (1+4)D extended 
space model, variable photon mass, interval
PACS: 11.10.Kk, 03.50.-Z, 03.65.Pm
For citation: Dmitry Yu. Tsipenyuk, Sergey I. Derzhavin, Yaroslav V. Kravchenko, Mikhail R. Bogdanov. 
Installation for studying the parameters of  localization of  an electromagnetic wave in a waveguide of  
variable cross-section in the framework of  the predictions of  the 5-D extended space model. RENSIT: 
Radioelectronics. Nanosystems. Information technologies, 2021, 13(4):407-418. DOI: 10.17725/rensit.2021.13.407.
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Most of  the attempts to build a unifying 
field model are implemented by constructing 
geometric models of  physical interactions and 
interpreting physics within the framework of  
geometry in spaces of  a larger number of  
dimensions. A review of  the literature on the 
topic of  multidimensional theories can be 
found, for example, in [1].

At the very beginning of  the 20th century, 
Felix Klein [2] considered the Hamilton-
Jacobi theory as optics in spaces of  a greater 
number of  dimensions. Klein's ideas did 
not receive further development at the time 
of  creation. Interest in the problem of  the 
geometrization of  physics was again caused 
by the creation of  the General Theory of  
Relativity (GR) [3]. Efforts have been made 
by researchers to describe electromagnetism 
in geometric terms similar to gravity. The 
authors of  these works tried to expand the 
already created general relativity scheme in 
various ways instead of  creating new models.

The models of  Klein [4] and O. Kaluza 
[5] became famous. We can also mention 
the work of  Fock [6] and Mandela [7]. Note 
that a 5-dimensional space was used to build 
these models. Nevertheless, no clear physical 
interpretation of  the fifth coordinate was 
made in these works. In the future, attempts 
to develop 5-dimensional models were 
undertaken by many scientists, including 
Einstein, de Broglie, Gamow and Rumer 
[8,9], however, some interesting results did 
not work out.

We believe that the reason for the relative 
failure of  these approaches was the lack of  
new physical hypotheses and the basis for a 
formal generalization of  the existing models.

An interesting opinion about the reasons 
for the failures in the creation of  a unified 
theory of  the Fock field is from his letter to 
Rumer on February 14, 1950: "The success of  

the idea of  geometrization in Einstein's theory 
of  bodies with a sufficiently small mass move 
according to the same law. The movement 
of  charged bodies in an electromagnetic 
field depends on the ratio of  charge to 
mass. Therefore, the geometrization of  the 
corresponding concepts can be successful 
only for one particle. This is also the reason 
for the complete failure of  all “unified” field 
theories"[10, p. 78].

We also note Einstein's opinion regarding 
the shortcomings of  the 5-dimensional 
Rumer theory (the Extended Space Model 
- ESM model [14-18] is close to Rumer's 
idea, but differs significantly from it in that 
the ESM considers the interval S as a non-
compactified 5th coordinate), expressed in 
Einstein's letter M.Born from 12/14/1929: "I 
really liked Mr. Rumer. His idea of  attracting 
multidimensional sets is original and formally 
well implemented. The weakness is rooted in 
the fact that the laws found in this way are not 
complete and the paths for logical support 
and completeness are not foreseen"[10, p. 
163; 11].

Although in Rumer's 5-optics the fifth 
coordinate is introduced in the form of  an 
action and a 5-dimensional space with the 
metric (+, -, -, -, -) is considered, but no 
transformations in this space that would 
confuse the coordinate with the other four 
coordinates of  the Minkowski space, he does 
not consider. Accordingly, in the conjugate 
5-dimensional space with coordinates, 
the mass also remains constant and is not 
converted into energy and momentum.

It is also necessary to note the theory 
of  gauge fields, in which electromagnetism, 
gravity and other interactions are considered 
from a single geometric point of  view [12]. 
In the work of  Landau [13], estimates of  
the value of  the "radius" of  elementary 
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particles were obtained, proceeding from 
the limit of  applicability of  electrodynamic 
representations in quantum mechanics. Note 
that the "radius" of  the electron in this case 
turned out to be equal to zero.

The approach proposed in the ESM [14-18] 
is fundamentally different from all the above 
and similar theories. The ESM is based on 
the physical hypothesis that mass (rest mass) 
and its conjugate value - action (interval) are 
dynamic variables. The magnitude of  these 
variables is determined by the interaction 
of  fields and particles. In this respect, such 
a model is a direct generalization of  the 
Special Theory of  Relativity (SRT). In SRT, 
the interval and rest mass of  particles are 
invariants, and they can vary in the ESM. 
In particular, a photon can acquire a mass, 
both positive and negative. This mass can 
appear and change due to electromagnetic 
interaction and generate gravitational forces. 
It is this circumstance that allows us to 
consider gravity and electromagnetism as a 
single field in the ESM.

A similar ESM 5-dimensional model was 
developed by Paul Wesson et al. [19-22]. P. 
Wesson suggested using "mass" as the fifth 
coordinate, complementary to time and three 
spatial coordinates: [19, p.10]. "We ... consider 
mass on the same basis as time and space ..." 
[19, p. 191, equation (7.40)]. "This means 
that the role of  the uncharged 4D mass in 
the 5D geometry is played by an additional 
coordinate".

This approach seems counterintuitive 
to us. In this case, this leads to difficulties 
in generalizing the 4D energy-momentum 
tensor to the 5D energy-momentum-mass 
tensor in 5-dimensional space.

Of  course, mass can be used as a fifth 
coordinate, but not in coordinate space. Mass 
should be considered in momentum space, 

i.e., as an additional quantity to the energy and 
three components of  the momentum. And in 
coordinate space, the fifth coordinate must 
be another value related to mass. As a result 
of  considering mass as the fifth coordinate in 
addition to time and space in [19-22], it was 
difficult to establish a connection between m 
and real experiments.

Recently James Overduin (co-author Paul 
Wesson) and R.C. Henry in [23] proposed the 
same idea of  introducing the 5th coordinate 
as Tsipenyuk D.Yu. and Andreev V.A. in 
2000 [14].

The presented work is devoted to the 
description of  the experimental setup 
we created and its subsequent testing. 
The installation is designed to study the 
parameters of  localization of  electromagnetic 
microwave radiation with a power of  0.001-
0.004 W in the range of  36.0-79.0 GHz 
during propagation of  radiation in metal 
waveguides of  variable cross-section. These 
parameters of  the facility should allow 
experimentally testing the prediction of  
the ESM in the region of  localization of  
electromagnetic waves when they hit media 
with a high refractive index.

2. POTENTIALS AND CURRENTS 
IN THE FRAMEWORK OF THE ESM 
APPROACH
Within the framework of  the extended space 
model, the process of  localization of  the 
electromagnetic field was described when an 
electromagnetic wave from a vacuum enters 
an external field (for example, an electron) or 
into a converging waveguide.

In the ESM, the assumption is made that 
the relationship between energy, momentum 
and mass is 5-dimensional if  we take into 
account the possibility of  mass change in 
physical processes:
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2 2 2 2 2 2 2 2 4 0.X Y ZE c p c p c p m c− − − − =  (1)
The generalization of  Einstein's special theory 
of  relativity (STR) to (1+4)D-dimensional 
space ( )T,X,S



, with the metric (+ - - - -), 
where the fifth coordinate is the interval S, 
which has the physical meaning of  action, is 
considered. The basis for this generalization 
is the fact that in SRT the masses of  particles 
are scalars and do not change during their 
elastic interactions. It is well known that a 
photon can be considered a massless particle 
and described by a plane wave only in infinite 
empty space. If  a photon enters a medium or 
finds itself  in a limited space (in a resonator 
or waveguide), then it acquires a nonzero 
mass.

The length of  the Lorentz-covariant 
5-vector corresponding to objects satisfying 
(1) in the ESM is equal to zero:

2 2 2 2 2( ) 0.ct x y z s− − − − =  (2)
In contrast to (1+3)D Minkowski space, 

where the particle is associated with a 
4-dimensional isotropic for massless particles 
and anisotropic for massive particles, the 
energy-momentum vector (E/c; P(x), P(y), 
P(z)), in the (1+4)D ESM particle is assigned 
an isotropic Lorents-covariant for all particles 
5-dimensional energy-momentum-mass 
vector (E/c; P(x), P(y), P(z), mc) whose length 
is zero.

The 5-dimensional current vector 
generating a single electromagnetic-
gravitational field has the form:

0 4 2 2

emc emv(j ,j,j ) , , .
1- 1-

emcρ
β β

 
= =  

  





  (3)

This is an isotropic vector 2 0.ρ =
The equation of  continuity, as in the usual 

case, is expressed by the equality to zero of  
the 5-divergence of  the 5-current

4
i

i 0 i

j 0.
x=

∂
=

∂∑  (4)

If  the charge is at rest, then the continuity 
equation takes the form

4

0.m m
t x

∂ ∂
+ =

∂ ∂
 (5)

Current (3) generates an electromagnetic-
gravitational field in the expanded space 
G(1,4). This field is given by the 5-vector 
potential A:
A = (At, Ax, Ay, Az, As) = (A0, A1, A2, A3, A4) (6)
Here and below, we use the notation t = x0, x 
= x1, y = x2, z = x3, s = x4.

The components of  this vector potential 
are determined by the equations

(5) 0A 4 ,πρ∏ = −  (7)

(5)
4A ,j
c
π−

∏ =




 (8)

(5) 5
4A .Sjc
π−

∏ =  (9)

Here
2 2 2 2 2

2 2 2 2 2 2
(5)

1 .
s x y z tc
∂ ∂ ∂ ∂ ∂

= + + + −
∂ ∂ ∂ ∂ ∂∏  (10)

Note that in the case when there is no 
dependence on the coordinate s and the 
mass m entering the current components 
(3) is constant, the system of  equations 
(7)-(9) splits into two independent parts. 
Equations (7), (8) specify the usual 
potentials of  the electromagnetic field, 
and equation (9) specifies the potential of  
the scalar gravitational field. These fields 
exist independently of  each other. They 
are combined into one field only when the 
mass m becomes variable and there is a 
dependence on the variable s [18].
2.1. localization of fields and particles 
within the framework of the esm 
approach

Localization of  fields and particles within 
the framework of  the ESM approach is 
considered in detail in [17,18]. Some of  the 
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results of  this work are presented below. Note 
that the approach is based on an analogy 
when comparing the dispersion relation of  a 
free particle

2 2 2 4( ) .E cp m c= +
  (11)

and the dispersion relation of  the wave in the 
mode of  a hollow metal waveguide

2 2 2( ) .kr cω ω ξ= +  (12)
Here, ωkr is the critical frequency of  

the waveguide mode, and ξ is the wave 
propagation constant. De Broglie, Feynman, 
and other authors drew attention to the 
similarity of  relations (11) and (12). The 
critical frequency ωkr is associated with a 
parameter that has the dimension of  mass

2 ,krm
c
ω

=
  (13)

The mass that an electromagnetic field 
acquires when it enters a waveguide.

In particular, if  the waveguide has a 
square shape with a side of  size a, then this 
connection has the form

2 .a
mc
π

=
  (14)

We propose to consider this value as a 
linear parameter associated with a massless 
particle when it acquires mass m. We believe 
that at the same time as, when hitting an 
external field, a massless particle acquires a 
nonzero mass, the corresponding infinite 
plane wave is compressed to a finite size. 
And this final size is characterized by the 
localization parameter

2 .l
mc
π

=
  (15)

In appearance, quantity (15) resembles 
the Compton wavelength of  an electron, 
however, its physical meaning is completely 
different. In the formula for the Compton 
wavelength of  an electron, the parameter m - 
is the electron rest mass, and in formula (15) 

m - is the mass that a photon acquires when 
it is exposed to external influences.

In the ESM, the external influence is 
described by means of  rotations in the 
expanded space G(1,4). Since the linear 
parameter l is expressed using formula (14) 
in terms of  the photon mass, it can be used 
to find the dependence of  this parameter on 
the quantities that specify these rotations.

So, in the case of  hyperbolic rotations in 
the plane (TS), the dependence of  the photon 
mass on the rotation angle θ is determined 
by the formula mc2 = ħωshθ. Substituting this 
expression into formula (15), we obtain an 
expression for the parameter l through the 
angle θ

2 .cl
sh
π

ω θ
=

⋅
 (16)

In the case of  Euclidean rotations in the 
(XS) plane, the dependence of  the photon 
mass on the rotation angle ψ is determined by 
the formula mc2 = ħωsinψ.

With its help, we obtain an expression for 
the parameter l through the angle ψ.

2 .
sin

cl π
ω ψ

=
⋅

 (17)

The speed of  propagation of  a wave c in 
vacuum is related to the propagation of  speed 
in a medium or a waveguide v refractive index 
n by the ratio v = c/n.

In the case of  rotations (TS), a photon 
under the influence of  an external field 
acquires a mass related to the refractive index 
by the relation

2
( ) 2 2 1.TSm sh n

c c
ω ωθ= ⋅ = −
   (18)

The physical meaning of  turns (TS) is 
that we do not make spatial movements, 
we are always at the same point, but the 
optical density at this point changes over 
time. Thus, in this case, the transformation 
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(TS) means a transition to a different point 
in time and a different optical density. This 
can be interpreted in such a way that an 
external field arises in space, which, acting 
on a particle and performing work, changes 
its energy and mass. All movements occur 
along cones and hyperboloids and are 
transitive in nature. Since there is no spatial 
motion, the momenta of  the particles must 
be conserved.

In the case of  rotations (XS), a photon 
under the influence of  an external field 
acquires a mass related to the refractive index 
by the relation

( ) 2 2sin .XSm
c c n
ω ωψ= ⋅ =
   (19)

The rotation (XS) corresponds in the 
ESM to the transition from a space with one 
optical density to a space with a different 
optical density. In this case, no time processes 
occur, everything is considered at the same 
time. Therefore, the energy of  the particles is 
conserved, and all processes occurring with 
them are reduced to internal rearrangements. 
Conventionally, this can be understood so 
that a particle, falling into a denser medium, is 
deformed in an elastic manner, and leaving it, 
restores its characteristics. In this case, there 
is no exchange of  energy and momentum 
between the medium and the particle.

So, from the point of  view of  the 
ESM, the transition from a medium with 
one refractive index to a medium with a 
different refractive index can be interpreted 
as a movement along the fifth coordinate 
of  the Expanded space. In other words, this 
(1+4)-dimensional space can be understood 
as a set of  1+3-dimensional Minkowski 
spaces, each of  which is characterized by some 
parameter, such as the refractive index n. And 
the transition from a medium with an index n1 
to a medium with a refractive index n2 can be 

interpreted as a transition in 1+4-dimensional 
space from one 1+3-dimensional subspace to 
another 1+3-dimensional subspace. Thus, the 
geometry of  the Expanded Space turns out to 
be related to the physics of  the processes that 
we study in each specific problem. Namely, 
with fields and environments that participate 
in these processes. The distribution of  these 
media and fields in our ordinary Minkowski 
space determines the distribution of  the 
"refractive index" in the Expanded space, i.e. 
its geometry.

In [36], a solution to the system of  
equations (7)-(10) was found in the form

2( , , , , ) ( , , , ) ,  ,iks i tU s x y z t u s x y z e e kω π
λ

−= ⋅ ⋅ =  (20)

Assuming that the sought-for function is 
stationary in time and varies slowly along the 
s-axis in comparison with the change along 
the x, y, z axes. In this case, the solution has 
the form of  a 3-dimensional Gaussian wave

[ ]
3/2

0
0

2 2 2
2

exp ( )

1( ) .
2

wu u i ks
w

ikx y z
w R

ϕ = − + − 
 

 − + + + 
 

 (21)

Here w0 is the minimum radius of  the wave at 
a point s = 0; w - is the diameter of  the wave 
at point s1 and R is the radius of  curvature of  
the wavefront at this point.

When a plane electromagnetic wave hits a 
medium or an external field, the ESM predicts 
that, in accordance with (21), the plane wave 
is localized into a sphere of  radius ω0, taking 
into account the above assumptions.

3. DESCRIPTION OF 
INSTALLATION AND METHODS 
OF MEASUREMENT
To experimentally check the correctness of  
the ESM predictions about the parameters of  
the localization of  an electromagnetic wave 
in a waveguide with a variable cross section, 
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we assembled a specialized experimental 
microwave setup. This setup is also supposed 
to measure the microwave localization 
parameter when radiation hits dielectric 
media with a refractive index greater than 
unity.

The installation diagram is shown in 
Fig. 1.

Radiation in the microwave frequency 
range from 36 to 79 GHz is generated by 
interchangeable generators 1 model Г4-
141 (generation region 36-54 GHz) or Г4-
142 (generation region 53-79 GHz). The 
instability of  the output frequency is not 
more than 10-3, the adjustable output signal 
power is up to 4·10-3 W, the range of  the 
output power level is not less than 30 dB. 
The limit of  instability of  the output power 
level is ±0.3 dB. Standard operating modes 
of  generators: 1) continuous generation; 2) 
internal modulation by rectangular symmetric 
pulses with a repetition rate 1 ± 0.2 kHz and 
a duty cycle of  2 ± 0.4; 2) electrical remote 
frequency tuning by digital code.

After the generator, microwave radiation 
propagates through a silver-plated copper 
waveguide having a rectangular cross-section 
of  a×b = 5.5×2.5 mm for the case of  the 

Г4-141 generator (option 3.8×1.9 mm when 
using the Г4-142 generator) with a length l = 
from 30 to 50 mm.

Inside the waveguide 2, if  necessary, a 
dielectric rod 4 made of  Teflon or silicone 
and completely filling the waveguide can be 
installed and, if  necessary, coming out from 
the waveguide by 150-200 mm outside. At 
the same time, we made a series of  dielectric 
rods with a length having both a constant 
cross-section along the length and converging 
evenly in one or two directions. For example, 
to work with the Г4-141 generator (the 
generation region is 36-54 GHz, which 
approximately corresponds to the microwave 
radiation wavelength from 8.32 to 5.55 mm), 
Teflon rods of  various profiles were made: 
No. 1 with a cross-section of  5.5×2.5 mm at 
the beginning up to 2.2×1.6 mm at the end of  
a rod 200 mm long; No. 2 with a section from 
5.5×2.5 mm at the beginning to 0.5×2.5 mm 
at the end of  a 180 mm long rod and No. 3 
with the same section 5.4×2.4 mm along the 
entire rod 200 mm long.

Further, the installation has the ability to 
install a horn antenna 3, as well as a waveguide 
2 with a wall thickness of  1.2 mm, made of  
copper and silver-plated from the inside. 
We have the ability to install various horn 
antennas at the output 3 or at the input of  
the receiver 5. We have horn antennas of  the 
following types and sizes: 1) horn antennas 
of  the pyramidal type, measuring the length 
of  the horn - 90 or 75 mm and the size of  the 
output aperture 45×45 mm or 40×40 mm; 2) 
horn antennas with a circular output section 
with dimensions (length x output diameter): 
55×36; 110×44; 116×51 and 160×50 mm.

The received modulated low frequency 1 
kHz microwave signal from the receiver 5, 
after digitizing its parameters on the DS-1052 
oscilloscope, is transmitted for recording and 

Fig. 1. Installation diagram. 1 - microwave generator 
36-79 GHz, 2 - rectangular waveguide, 3 - output 
horn/sectoral antenna, 4 - Teflon or silicone dielectric 
insert of  variable cross-section, 5 - microwave receiver, 
6 - digital oscilloscope, 7 - computer, 8 - receiver 3D 

positioning system.
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further processing to the computer 7. The 
receiver 5 can be precisely moved in three 
spatial directions using the 3-dimensional 
positioning system of  the receiver 8.

Direct measurement by the parameter of  
a high-frequency signal in the continuous 
generation mode with a resolution in the 
range of  36-79 GHz on the assembled 
installation is impossible. For this reason, it 
was decided to measure the parameters of  
the microwave signal resulting from internal 
modulation by rectangular symmetric pulses 
with a repetition rate 1 ± 0.2 kHz and a duty 
cycle of  2 ± 0.4. A low-frequency modulated 
microwave signal is confidently recorded by 
a receiver coupled to a digital oscilloscope 
at a distance of  10-800 mm from the output 
waveguide. When the maximum signal output 
power level is set at 4·10-3 W, the amplitude 
of  the recorded useful signal reaches 700 mV 
at a distance of  about 100 mm.

Measurement of  the useful signal with 
an accuracy of  less than 0.1 mV on the 
created setup seems to be impractical. This 
conclusion was made based on the results of  
experimentally measured signal fluctuations 
caused by various factors in total. Such 
factors can be the instability of  the signal 
from the generator (the level of  parasitic 
amplitude low-frequency modulation of  the 
output signal is about 1% according to the 
technical description), mechanical vibrations 
of  the installation, air flows, etc.

Thus, we have a range of  the useful 
signal of  the order of  104, which seems 
to be sufficient for the purposes of  our 
experiment. The positioning accuracy of  the 
receiver of  our installation is not worse than 
0.1 mm, is sufficient taking into account the 
characteristic distances at which there is a 
significant change in the signal for microwave 
waves in the 3-8 mm range.

4. RESULTS OF CALIBRATION AND 
TEST MEASUREMENTS
On the created experimental stand, in the 
period from April to June 2021, we carried 
out several series of  test and calibration 
measurements, the results of  which are 
described below.

The power of  the output signal of  the 
Г4-141 and Г4-142 generators can be 
changed with a special regulator, while the 
signal level indicator shows current changes 
in the range of  0-100 mV. The connection 
between the readings of  the dial indicator 
and the real level of  the output signal was 
measured. In Fig. 2 shows the data showing 
the measured relationship between the 
readings of  the dial indicator installed on 
the Г4-141 generator with the level of  the 
microwave signal recorded at a distance of  
200 mm. The measurements were carried 
out at two frequencies at frequencies of  36 
and 52 GHz.

Changes in the linearity of  the connection 
between the indicator readings and the real 
output signal level were carried out for two 
frequencies 36 and 52 GHz. It can be seen 
that changes in the output signal occur with 
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Fig. 2. The linearity level of  the measured output 
microwave signal at a distance of  200 mm from the 
output waveguide, depending on the readings of  the 
dial gauge of  the output level installed on the Г4-141 

generator.
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changes in the regulator current in the range 
of  30-70 mA. The measurement accuracy of  
the microwave signal is from 0.1 to 2.0 mV at 
various signal amplitudes.

Fig. 3 shows the change in the signal 
with a linear shift of  the receiver along the 
direction of  propagation of  the microwave 
signal by 50 mm relative to the Teflon 
insert.

The receiver moves towards the emitter 
relative to a 200 mm long Teflon insert of  
constant cross-section partially inserted 
into the output waveguide, see Fig. 1. The 
frequency of  the emitter in two series of  
measurements was 36.0 and 52.0 GHz, the 
current set on the output power regulator was 
70 mA, which corresponds to the maximum 
output power, see Fig. 2. The measurement 
accuracy of  the microwave amplitude in this 
signal series was 0.5-2.0 mV.

It can be seen that the number of  periods 
of  stationary microwave waves established 
in the receiving waveguide is proportional 
to the frequencies of  the initial radiation: 
the ratio of  the initial frequencies 52.0/36.0 
= 1.44 coincides, taking into account the 

accuracy of  the measurements, with the ratio 
of  the number of  periods measured when 
the receiver is moved to a length of  51 mm 
16/11 = 1.45.

We also measured the number of  maxima 
of  a steady-state microwave wave in air 
in the absence of  a dielectric rod. In these 
measurements, the sensor was moved along 
the axis of  wave propagation at a distance of  
70 mm. The frequency range for which the 
number of  maxima in the air is investigated 
is from 37 to 52 GHz. The results are shown 
in Fig. 4.

The achieved measurement accuracy in 
this experiment is estimated at 0.4 mm and 
is displayed on the graph. The microwave 
radiation power in this series was 2·10-3 W, 
the distance of  the source to the receiver was 
from 100 to 180 mm.

From the results shown in Fig. 4 it can be 
seen that a good qualitative and quantitative 
agreement has been achieved between the 
calculated and experimentally measured 
graphs of  the change in the microwave 
wavelengths depending on the frequency.

Fig. 3. The structure of  standing waves generated in 
the waveguide connected to the receiver input when the 
receiver is moved towards the emitter by 0-51 mm. 
The measurements were carried out at two radiation 

frequencies of  36.0 and 52.0 GHz.

Fig. 4. The lengths of  the steady-state microwave wave 
in the air obtained by counting the number of  maxima 
measured when the receiver is shifted by 70 mm, depending 
on the frequency of  36-52 GHz. Also, for comparison, the 
calculated graph of  the wavelength emitted by the generator 

versus frequency is shown.
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We plan to compare the results of  
measurements carried out on the created 
experimental stand with the calculations 
of  the electromagnetic field for microwave 
antennas, carried out using programs 
based on the method of  moments. For 
example, the common programs NEC2 and 
MININEC3. It is also possible to use a more 
modern program for modeling MMANA-
GAL - this is a program for calculating and 
analyzing antennas. Any antenna that can be 
thought of  as an arbitrary set of  thin wires. 
The computational basis of  the program 
is MININEC3 (revised and modified for 
modern means) [32,33]. The possibility 
of  using the electrodynamic modeling 
and design system HFSS (High Frequency 
Structure Simulator), IE3D, Microwave 
Office, Microwave Studio [34,35] will also be 
studied.

5. CONCLUSION
Let us formulate the main provisions of  the 
ESM, which lead to the localization of  the 
photon and the appearance of  new fields in it. 
According to the ESM, a photon, falling into 
a medium, or into an external field, acquires 
mass. Simultaneously with this, its localization 
takes place. In empty Minkowski space, 
an infinite plane wave is associated with a 
photon, which contains components of  both 
electric and magnetic fields. After a photon is 
exposed to an external influence, it localizes, 
acquires mass and, in addition to the fields 
and, it has new field components: a vector 
field and a scalar field. These 10 fields form a 
single object, they satisfy the extended system 
of  Maxwell's equations and can transform 
into each other. Each of  them interacts with 
the environment in its own way and, due to the 
presence of  additional components, they can 
penetrate such barriers that are inaccessible 

to a conventional electromagnetic field. In 
this case, an important role is played by the 
fact that photons have mass, and in addition 
to electromagnetic interaction, there is also 
a gravitational interaction between photons 
and the external environment.

The appearance of  a nonzero mass in a 
photon and a simultaneous change in the 
mass of  other particles leads to a change in the 
picture of  their interaction. The developed 
formalism of  the ESM makes it possible to 
take these changes into account.

The developed setup for measuring the 
parameters of  the microwave field when 
radiation hits waveguides of  variable cross-
section or an external field will make it possible 
to compare the experimental results with the 
predictions made within the framework of  
the ESM. The experimental data that we plan 
to obtain on the created installation will allow 
us to compare the predictions of  the (1+4)D 
ESM with standard calculations made in the 
framework of  classical calculations carried 
out in the (1+3)D Minkowski space.
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1. INTRODUCTION
It is important to know and control the 
parameters of  the thin films used for 
fabrication of  receiving structures for the 
terahertz (THz) range. Thin films of  the 
needed parameters (surface roughness, 
resistivity, critical temperature) are 
required for the microstrip lines and 
for the superconductor-insulator-
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superconductor (SIS) Josephson junction. 
Nb and NbN are used as superconductors 
for SIS-junctions: Nb-AlOx-Nb with a 
limiting frequency of  700 GHz and Nb-
AlN-NbN with a limiting frequency of  
1.4 THz [1,2]. NbTiN and Al are used 
as electrodes for the microstrip line and 
SiO2 as dielectric.

Niobium-based tunnel SIS-junctions 
are the main elements for fabrication 
of  high-sensitive detectors for radio 
astronomy tasks [3,4]. The surface 
quality of  the films used to make devices 
directly affects their properties. For 
example, in [5], it was demonstrated that 
an NbTiN film with a more developed 
crystal structure (the film roughness is 
determined by larger crystallites) also has 
a lower Tc and a higher resistivity, which 
negatively affects on the operation of  the 
device at high frequencies (more than 1 
THz). This article is a continuing work on 
optimisation of  fabrication of  thin films 
for superconducting devices [5] and is 
aimed to determining the quality of  their 
surface.

2. FABRICATION TECHNOLOGY OF 
SIS JUNCTIONS
All structures are formed on two types of  
substrates: high-ohmic polished silicon or 
quartz. The latter is necessary to achieve 
the best parameters for waveguide SIS-
structures since it’s dielectric constant is 
significantly less than that of  silicon. Quartz 
with a thickness of  200 μm after sample 
preparation is polished to a thickness of  
about 40 μm for receiving structures with 
an operating frequency of  1 THz. A 100 
nm thick Al2O3 layer is deposited onto the 
selected substrate over the entire surface. 
This buffer layer acts as a stop-layer in the 

subsequent etching of  NbTiN in fluorinated 
gases and avoids etching of  the substrate. 
All films were deposited by magnetron 
sputtering.

The first layer of  the working structure 
is a bottom electrode from NbTiN 325 nm 
thick. This thickness is due to the London 
penetration depth in this material [6]. The 
NbTiN layer is sputtered over the entire 
area of  the substrate, and then etched over 
a resistive mask using plasma-chemical 
etching in tetrafluoromethane (CF4). The 
same etching process is used for the Nb 
and NbN etching. The etching process 
provides a flat electrode edge, in contrast 
to the «lift-off» lithography technology, 
which, under conditions of  magnetron 
sputtering and at similar thicknesses, can 
leave “walls” of  metal along the edges. 
In addition, this layer is the lower layer 
of  the NbTiN-SiO2-Al microstrip line, in 
which high-frequency currents flow. Since 
the penetration depth of  the field is large, 
inhomogeneities of  the order of  10 nm are 
not very important. For aluminum, which 
is the upper electrode of  the microstrip 
line, currents flow along the lower surface; 
therefore, the upper film roughness is also 
not important.

The next step in fabrication is deposition 
of  three-layer Nb-AlN-NbN (80 nm-7 nm-
80 nm) structure over the entire area of  the 
substrate and etching over a resistive mask 
right through to the NbTiN layer. As a 
result, “columns” of  a three-layer structure 
are formed on the surface of  the lower 
electrode, which are SIS junctions. The area 
of  the tunnel junction can be from 0.5 to 
40 μm2, which is determined by the tasks. At 
this step, it is important to stop the etching of  
the bottom layer in the three-layer structure 
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(Nb) in time to avoid etching of  the NbTiN 
layer. After that the process of  anodisation 
in a solution of  ammonium tetraborate with 
glycol is happens. It’s necessary to protect 
the sides of  the SIS-junctions and surface 
of  NbTiN from the short connection with 
upper electrode. The same resistive mask is 
used to deposit an insulator layer 250 nm 
thick, which is necessary both as a dielectric 
layer in a microstrip line and as an insulating 
layer from the shorts between the SIS 
junction and the upper electrode. The upper 
electrode is formed from a 450 nm thick 
aluminum layer.

3. INVESTIGATION OF FILMS 
SURFACE
The morphological analysis has been 
carried out through a Bruker Dimension 
Icon AFM, equipped with a Nanoscope 
V controller operated in PeakForce 
Tapping® mode. The measurements have 
been performed using N-doped Si probes 
(Bruker Scanasyst-air).

The main parameters in determining 
the film roughness are the arithmetic mean 
deviation of  the surface profile Ra and 
standard deviation of  the surface profile 
Rq.

The surface roughness of  a thin film 
depends significantly on the quality of  
the surface and the material on which it 
is deposited. We investigated the surface 
of  Al2O3 100 nm thick, deposited with an 
RF magnetron on a silicon substrate. For 
this film Rq = 1.02 nm, Ra = 0.8 nm were 
obtained. The AFM image is shown in 
Fig. 1. For comparison, for the surface of  
optical quartz polished by the mechanical-
chemical method Ra = 0.2 nm [7].

A 325 nm thick NbTiN layer was 
deposited on a silicon substrate. For the scan 
area 90×90 μm2 Rq = 2 nm, Ra = 1.3 nm 
were obtained. For the same sample Rq = 
2.24 nm, Ra = 1.81 nm were obtained for the 
scan area 4 μm2. The scan profile is shown 
in Fig. 2.

The NbTiN surface was also monitored 
after plasma chemical etching procedures. 
A sample was prepared, on which an 80 
nm thick Nb layer was deposited, and 
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Fig. 1. AFM images of  an 100 nm Al2O3 film. 
Scanning area 1×1 μm2. At the top left is a 2D scan 
view, at the top right it is in 3D, at the bottom is a 

cross-section in the center of  the scan.

Fig. 2. AFM images of  NbTiN with a thickness 
of  325 nm. Scanning area 1×1 μm2. At the top left 
is a 2D scan view, at the top right it is in 3D, at the 

bottom is a cross-section in the center of  the scan.
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then etched into CF4. Fig. 3 shows the 
NbTiN surface after etching the Nb layer. 
We note that the film roughness became 
significantly higher: Rq = 5.2 nm, Ra = 
4.14 nm.

The NbTiN surface was also studied 
after etching the Nb/AlN/NbN structure. 
For the scan area 10×10 μm2 Rq = 11.6 nm, 
Ra = 8.2 nm were obtained (see Fig. 4). 
We conclude that the NbTiN surface is 
significantly damaged by etching through 
the overlying layers, which may be associated 
with anisotropic etching of  the material. We 
are planning to use a thin Al layer (up to 5 nm) 

as a stop layer to prevent etching of  NbTiN 
in fluorine-containing gases in further 
studies. In addition, there is information in 
the literature that the Al layer can wet the 
NbTiN or Nb layer, which will reduce the 
surface roughness [8].

According to the technological map, 
the Nb layer is deposited on top of  the 
NbTiN layer. The fabrication of  this layer 
on a magnetron sputtering system is possible 
using both a DC magnetron and an RF 
magnetron. It was shown in [9,10] that 
in the case of  using a DC magnetron, the 
surface of  the films is smoother, which is 
better suited for fabrication of  high quality 
Josephson junctions. In this work, the 
roughness of  an Nb film with a thickness 
of  200 nm deposited on a silicon substrate 
was investigated, as well as the roughness 
of  an Nb film with a thickness of  80 nm 
deposited over the NbTiN layer. For the first 
case, the values Rq = 0.78 nm and Ra = 0.62 
nm were obtained. The AFM images (2D 
and 3D) are shown in Fig. 5. In the second 
case, Rq and Ra were 1.86 nm and 1.48 nm 
on a scan area of  1 μm2 (see Fig. 6). The 
surface roughness of  Nb film deposited on 
top of  the NbTiN layer has better Rq and Ra 
values in comparison with the roughness of  
the NbTiN film.
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Fig. 3. Surface of  NbTiN after Nb etching. 
Scanning area is 0.5×0.5 μm2.

Fig. 4. NbTiN surface after Nb/AlN/NbN 
etching. Scanning window area 10×10 μm2.

Fig. 5. Nb 200 nm thick, scan area is 1×1 µm2 
and its 3D image.
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We studied thin Al films with a thickness 
of  3 nm, 6 nm, 20 nm, 124 nm, deposited 
on a silicon substrate with a buffer layer of  
100 nm Al2O3. Thin films with thicknesses 
of  3, 6 and 20 nm is sputtered with a low 
deposition rate (0.2 nm/s) and with a 
reduced power supplied to the magnetron 
(300 W), thicker Al films sputter at a 
magnetron power of  500 W, the deposition 
rate is 1 nm/s.

Typical thickness of  the barrier layer 
in the SIS junction is 1-1.5 nm, and its 
formation occurs in the vacuum chamber 
without breaking the vacuum between 
the superconducting layers. In these 
conditions we can’t studied surface of  
AlOx or AlN directly because additional 
oxidation occurs at the atmospheric 
pressure. First, a thin layer of  Al 5-7 nm is 
deposited [8,11], then either oxidation in 
an oxygen atmosphere at a characteristic 
pressure of  10-1 mbar, or nitridisation in a 
high-frequency nitrogen plasma (pressure 
6·10-3 mbar, power 75 W). Fig. 7 shows 
a AFM image of  1×1 μm2 of  an Al film 
with a thickness of  3 nm. For this film 
vertical peak-to-peak distance is 3 nm. It 
means that this film has island structure. 
In this case Rq = 0.9 nm, Ra = 0.75 nm, but 
we should keep in mind that due to island 

structure this film repeats the relief  of  the 
lower layer-Al2O3.

The AFM image of  a 6 nm Al film is 
shown in Fig. 8. Here, as in the 3 nm Al 
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Fig. 6. Nb 80 nm thick, scan area is 1×1 µm2 and 
its 3D image.

Fig. 7. Al film, 3 nm thick and its cross section, 
scan area is 1×1 µm2.

Fig. 8. Al film, 6 nm thick and its cross section, 
scan area is 1×1 µm2.
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film, it can be seen that the distance between 
the peaks reaches 6 nm, but the film grains 
are already much larger. For this film the 
values Rq = 2.3 nm and Ra = 1.7 nm were 
obtained.

The AFM image of  a 20 nm thick Al 
film is shown in Fig. 9. The maximum 
peak-to-peak vertical distance for this 
film is 4 nm, Rq = 1.5 nm and Ra = 1.1 
nm, that is less than for 6 nm films. 
It means that this film has already 
continuous.

Aluminum films deposited at 
higher speeds and thicknesses have 
significantly greater roughness. For Al 
with a thickness of  124 nm on a silicon 
substrate covered by a 100 nm Al2O3 
film Rq = 2.57 nm, Ra = 2 nm (Fig. 10, 
top), but if  we take into account a 
strong feature that can manifest itself  
at large thicknesses, then Rq = 4.5 nm, 
Ra = 3 nm (Fig. 10 bottom).

We studied the SiO2 surface, deposited 
after etching a three-layer structure, on 
top of  the NbTiN layer: Rq = 4.0 nm, Ra 
= 3.0 nm, which is better than the NbTiN 
surface after etching. The scan result is 
shown in Fig. 11.
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Fig. 9. Al film, 20 nm thick and its cross section, 
scan area is 1×1 µm2.

Fig. 10. Al, thickness 124 nm. Top: scan area 
with a uniform surface, bottom - with a feature that 

appears periodically throughout the film.

Fig. 11. Scan 6×6 µm2 of  SiO2 surface deposited 
on top of  NbTiN. On the top left is a 2D view, on 

the right it is in 3D, below is a cross-section.
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We also studied the SiO2 surface 
directly near the formed SIS junctions: 
the diameter of  junction is 1.8 μm, the 
characteristic size of  the SiO2 granules is 
250 nm (Fig. 12).

4. CONCLUSION
Atomic force microscopy was used to 
study surface roughness of  films: Al, Nb, 
NbTiN, SiO2, Al2O3, which are necessary 
to fabricate devices that is operates in the 
terahertz range. The measured values of  
Rq and Ra show that the surfaces of  these 
films are suitable for further work on the 
fabrication of  SIS junctions. It is noticed 
that the NbTiN surface strongly depends 
on the subsequent technological operations, 
namely, on the plasma-chemical etching. It 
is proposed  for  further work to use a thin 
aluminum layer, which should prevent the 
etching of  NbTiN after etching of  Nb. It 
is demonstrated that the required thickness 
for the formation of  a continuous Al film is 
more than 6 nm.
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1. INTRODUCTION
Since obtaining a patent for the first 
photopolymer printer in 1986, additive 
printing (or 3D printing) technology 
has evolved significantly. Over the past 
5-7 years, a large number of  affordable 

commercial products have appeared on 
the 3D technology market. This is due 
to a significant reduction in the cost of  
technology and the emergence of  its various 
variations. One of  the important advantages 
of  the technology is the ability to create 
parts of  complex geometric shapes in one 
technological cycle, without the manufacture 
of  additional equipment. 3D printing can 
significantly increase the flexibility of  
production and has already proven itself  
for the manufacture of  not only instrument 
cases, but also for the creation of  functional 
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parts of  electronics, microwave circuits and 
antennas [1-3].

However, the suitability of  the 
technology for creating broadband 
antennas requires further research. In the 
case of  antennas, the material must have 
good conductive properties. Existing 
samples of  conductive plastics used for 3D 
printing do not have them. Therefore, to 
create experimental samples of  antennas 
using additive technologies, it is necessary 
to create a conductive coating. Surface 
metallization can be carried out by various 
methods: vacuum deposition (magnetron, 
cathode-arc), electroplating, conductive 
paint. Vacuum spraying allows to obtain 
a uniform dense metal coating, however, 
in the case of  parts with complex shapes, 
it has a disadvantage in the form of  a 
shadow effect. Conductive paint does not 
have good electrical conductivity, so a 
promising option is the use of  galvanization 
technology [4,5].

In the modern world, the concept 
of  wireless sensor systems is rapidly 
developing, consisting of  hundreds and 
thousands of  miniature autonomous sensor 
elements. One of  the options for providing 
such elements with electricity are systems 
for collecting background electromagnetic 
energy based on rectennas [6-8]. The main 
criterion applicable to such rectennas is a 
wide frequency range of  operation. Thanks 
to which a sufficient level of  energy is 
provided, despite its low density at one, 
specific frequency. The criterion of  wide-
range is met by rectennas, which are based 
on the elements of  fractals.

Unlike traditional methods, when 
smooth dipole antennas are synthesized, 
the theory of  synthesis of  fractal antennas 

is based on the idea of  realizing the 
characteristics of  radiation with a repeating 
structure on arbitrary scales [9]. This makes 
it possible to create new regimes in fractal 
electrodynamics. The complex structure of  
fractal antennas provides such extremely 
important properties as broadband and 
multi-band [10].

The principle of  constructing a common 
H-fractal begins with a figure in the form 
of  the letter H, in which the vertical and 
horizontal segments are equal. Then, to 
each of  the 4 ends of  the figure, a copy of  
it, reduced in half, is attached. To each end 
(there are already 16 of  them) is attached 
a copy of  the letter H, already reduced 
by 4 times. Etc. In the limit, a fractal will 
turn out, which visually almost fills a 
certain square. In it, the H-fractal is dense 
everywhere. That is, in any neighborhood 
of  any point of  the square, there are fractal 
points. The H-fractal completely fills its 
square (space-filling curve). Therefore, its 
fractal dimension is equal to 2 [11]. The total 
length of  all segments in an ideal fractal 
structure is infinite. In antenna technology, 
tree structures of  the H-fractal type are 
used if  it is necessary that a large number 
of  elements in a complex circuit receive the 
same signal at the same time.

Placed at the end of  a whip antenna, the 
tree-like elements increase the bandwidth 
and somewhat shorten the antenna at a 
constant frequency due to the length of  
their branches. The main advantage of  
the H-tree is its ability to efficiently fill the 
space. This property manifests itself  in both 
two-dimensional and three-dimensional 
versions. 

In this paper, we consider the process 
of  creating rectennas based on the 
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geometric fractal H-tree by 3D printing 
on a photopolymer printer, followed by 
the application of  a conductive copper 
coating by galvanization.

2. EXPERIMENTAL TECHNIQUE
In Fig. 1a shows the basic structures used 
to build 3D models. In Fig. 1b shows 
images of  modeled tree-like rectennas used 
to create 3D models. Antenna mock-ups 
were created using SLA technology (laser 
stereolithography) on an Anycubic photon 
S photopolymer 3D printer with a UV 
source with a wavelength of  405 nm. The 
print resolution was 50 µm in the xy plane 

and 10 µm in the z axis. Photopolymer resin 
Anycubic Gray 405 nm UV Resin was used. 
The photopolymerization of  the resin was 
carried out in layers, the thickness of  one 
layer was 50 μm, the exposure time was 
110 s for the first 5 layers and 10 seconds 
for the subsequent ones. At the end of  the 
formation process, the model was separated 
from the metal table, washed in a solution 
of  a mixture of  acetone (puriss.) and 
isopropyl alcohol (puriss.) with a component 
ratio of  1:1 by weight. Then it was placed 
in a UV camera for 3 hours for additional 
polymerization under the influence of  UV 
radiation with a wavelength of  405 nm.

RADIOELECTRONICS USING ADDITIVE TECHNOLOGIES TO CREATE 
BROADBAND ANTENNAS WITH FRACTAL GEOMETRY

Fig. 1. Image: (a) the basic structure underlying the antenna (x1 = 40 mm, x2 = 20 mm, x3 = 10 mm); 
(b) models used for radiation pattern modeling and 3D printing.
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In Fig. 2a shows photographs of  samples 
of  tree rectennas obtained as a result of  3D 
printing.

The antenna was coated with a 
conductive copper coating by the classical 
galvanization method. For this, the 
antenna surface was preliminarily coated 
with a conductive graphite varnish (Solins 
GRAPHITE). To prepare the electrolyte 
solution, 1 L of  pure distilled water, 180 
g of  copper sulfate (pure), 25 g of  sulfuric 
acid, and 10 ml of  ethyl alcohol (pure) were 
taken. The anode was a 3 mm thick copper 
plate located along the perimeter of  the 

container with the electrolyte; the cathode 
was a model placed in the center of  the 
container. The current density was 0.15 
A/dm2 at the first stage – the formation 
of  a conductive layer on the entire surface 
of  the model (6 hours) and 0.5 A/dm2 at 
the second stage – increasing the thickness 
over the entire surface of  the model (20 
hours).

The construction of  radiation patterns 
corresponding to the field strength in the 
far zone for the models considered in this 
work was carried out by modeling by the 
finite element method.
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Fig. 2. Photos: (a) 3D models obtained as a result of  printing; (b) collected experimental antenna samples, 
after copper plating by galvanization.
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The frequency dependences of  the 
reflection coefficient (parameter S11) in 
the coaxial transmission line loaded on the 
antenna were investigated.

The measurements were carried out in 
two types of  transmission lines:

– N-type, using a Tektronix 506 A vector 
network analyzer (VNA), frequency range 
1...6 GHz;

– K-type, using Anritsu vector network 
analyzer (VNA), frequency range 1...30 
GHz.

These types of  transmission lines 
have a characteristic impedance of  50 
Ω and differ in the size of  the coaxial 
line, the type of  connectors (N-type and 
K-type, respectively) and broadband – 
the limiting upper operating frequency, at 
which acceptable matching parameters are 
still maintained (11 GHz for the N-type 
transmission line and 45 GHz for K-type 
transmission line). An increase in the 
limiting frequency is achieved by using a 
smaller coaxial line [12].

The measurement process included 
the calibration of  the analyzer in the used 
frequency range, the connection of  the 
investigated object to the measurement 

transmission line, and the recording 
of  the frequency response of  the S11 
parameter.

The obtained frequency characteristics 
are shown in Fig. 3 (VNA Tektronix, N-type 
transmission line) and Fig. 5 (VNA Anritsu, 
K-type transmission line).

3. RESULTS AND DISCUSSION
In different regions of  the frequency range, 
the structure of  a fractal antenna works 
simultaneously both as a single conductor 
and as a set of  smaller conductors. If  
the signal is transmitted and received 
at the lower frequency of  the range, 
then the entire structure is involved. If  
higher frequencies are used, then smaller 
structural elements corresponding to 
shorter wavelengths are used. The number 
of  resonances increases with the number 
of  fractal iterations.

The broadband of  fractal antennas is 
ensured by the fact that their structure 
works simultaneously both as a whole 
and as a set of  smaller antennas. The 
larger the number of  fractal iterations, 
the finer structures the antenna will 
contain, and the higher in frequency 
the resonances will be. However, with 

RADIOELECTRONICS USING ADDITIVE TECHNOLOGIES TO CREATE 
BROADBAND ANTENNAS WITH FRACTAL GEOMETRY

Fig. 3. Frequency dependence S11 of  the parameters of  antennas with different iterations in the range of  
1-40 GHz in the N-type transmission line a) 1; b) 2; c) 3.
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an increase in iterations, the effective 
length of  the antenna decreases, the 
antenna sections are moved to another 
plane of  polarization and often form 

countercurrents, which reduces the gain 
at each specific frequency.

In Fig. 4 show the radiation patterns 
for tree-like fractal antennas of  3 iterations 

RADIOELECTRONICSANDREY V. SMIRNOV, ALEXANDER S. FIONOV, ILIA A. GORBACHEV, ELIZAVETA 
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Fig. 4. Antenna radiation patterns corresponding to the field strength in the far-field with iteration a) 1, 
b) 2 and c) 3.
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based on the 3D model of  the H-fractal in 
different planes and in different frequency 
ranges.

The radiation pattern of  any fractal 
antenna will be frequency dependent, since 
at different frequencies, different parts 
of  the structure will resonate; when the 
frequency changes, the phase of  the signal 
and the strength of  the current flowing 
through these structures will change. It can 
be seen from the figures that the antenna 

directivity pattern in the horizontal plane 
is uniform at almost all frequency ranges, 
which ensures signal reception from all 
directions.

The low-frequency (1 ... 6 GHz) region 
is characterized by a set of  high-quality 
peaks, the number of  which increases with 
an increase in the iteration order of  the 
fractal structure. The intensity of  the peaks 
in absolute value does not exceed 20 dB. 
This pattern is seen on both VNA Tektronix 

RADIOELECTRONICS USING ADDITIVE TECHNOLOGIES TO CREATE 
BROADBAND ANTENNAS WITH FRACTAL GEOMETRY

Fig. 5. Frequency dependence S11 of  the parameters of  antennas with different iterations in the range of  
1-30 GHz in the K-type transmission line a) 1; b) 2; c) 3.
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(N-type transmission line) and Anritsu VNA 
(K-type transmission line).

In the frequency range 7.5... 30 GHz, 
bands are observed formed by individual 
peaks with different center frequency and 
quality factor. An increase in the iteration 
order leads to an increase in the intensity of  
individual peaks and an expansion of  the 
total frequency band, in which the absolute 
value of  the parameter S11 = 10 dB or more. 
It should be noted that this Raman spreading 
occurs both in the lower and upper parts of  
the range.

4. CONCLUSION
The revealed electrodynamic properties of  the 
investigated fractal antennas make it possible 
to conclude that the investigated fractal 
antennas are broadband and multirange, as 
well as the dependence of  the number of  
resonances on the order of  iterations of  
the fractal curve. This mechanism allows to 
control the antenna pattern and resonances by 
manipulating the dimension and the number 
of  fractal iterations. Changing the dimension 
of  the fractal at different iterations, shifting 
and dividing the resonant frequencies, it is 
possible to flexibly form the working bands 
of  antennas in any frequency range and any 
width.
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1. INTRODUCTION
The refractive index is one of  the most 
important characteristics of  solid, liquid 
and gaseous media that determine their 
electrodynamic properties [1]. To measure 
the refractive index, a variety of  methods 
have been developed that take into account 
both the features of  the media under study 
and the technical capabilities of  the used 
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wavelength range. For example, in the range 
of  millimeter (MM) waves, methods are used 
that are implemented using active waveguide, 
resonator, quasi-optical and open systems 
[2-7]. In the optical range, since Newton's 
time, the prism method has been widely 
used, based on its property, due to refraction, 
to decompose white light into spectral 
components.

The possibility of  evaluating the dielectric 
constant (DC) of  a solid from the measured 
values of  the permittivity of  a mixture of  its 
particles with air, and vice versa, is of  certain 
practical importance. The widely used formulas 
for calculating the dependence of  the DC of  
binary mixtures on the volume density of  
particles, such as Maxwell Garnett, Polder-van 
Santen, were developed within the framework of  
the effective medium theory in the approximation 
of  particles small in comparison with the 
wavelength [8,9]. This condition is satisfied, 
for example, by the results of  measurements 
performed on coaxial, waveguide and resonator 
devices, since negligible particle sizes are a 
necessary condition for correct measurements 
using these devices. However, even the 
fulfillment of  this condition does not guarantee 
satisfactory agreement of  the experimental 
data with the results of  calculations performed 
according to any of  the above formulas. The 
reason is that at average values of  the volume 
density, these formulas lead to diverging values 
of  the dielectric constant [10].

With increasing particle size, multiple 
scattering occurs between individual particles, 
that affects the dielectric properties of  the 
medium. However, strict accounting of  
the scattering effect, carried out within the 
framework of  the theory of  strong fluctuations 
[11,12], the quasicrystalline approximation 
(QCA), and the quasicrystalline approximation 
with a coherent potential (QCA-CP) [13], 
insignificantly increases the permissible ratio 
of  particle size to wavelength. When MM 
waves propagate in such granular media as 

sand, snow, gravel, the particle sizes can be 
commensurate with the wavelength that, on 
the one hand, can lead to the appearance of  
the multiple scattering effects, and, on the 
other hand, limits the use of  waveguide and 
resonator devices for measuring their DC. In 
this work, to measure the refractive index of  
liquid and granular weakly absorbing media, 
including mixtures with particles whose sizes 
are commensurate with the wavelength, a 
variant of  the implementation of  the prism 
method on MM waves in the passive mode 
is proposed. Liquid nitrogen, sand, granular 
polyethylene, marble chips and gravel were 
used as media under study. Refractive index 
was measured at 37.5 and 94 GHz.

2. SCHEME, TECHNIQUE AND 
EQUIPMENT FOR MEASUREMENTS
Using the refractive properties of  a prism to 
measure the refractive index of  substances 
assumes that these substances have a prismatic 
shape. If, in the study of  solids, such a form is 
made due to their appropriate processing, then 
in the study of  liquids and loose substances, 
a preliminary preparation of  a prismatic 
container is necessary. In the proposed study, 
in order to give such samples the required 
prismatic shape, triangular hollow prisms 
were created with input and output edges for 
radiation, made of  20 mm thick Penoplex 
foam sheet, which provided both the necessary 
stiffness of  the prism and almost absolute 
transparency for MM waves. The base of  the 
prism is made of  wood in the shape of  a right-
angled triangle. A drawing of  a prismatic cell 
is shown in Fig. 1.

Fig. 2 shows the path of  rays in a rectangular 
prism filled with a substance with a refractive 
index n at normal incidence of  a plane wave 
from above. The angle of  incidence on the 
lower face α and the angle of  refraction α + β 
are related by the Snell relation:
nsinα = sin (α + β)          (1)

RADIOELECTRONICSVALERY A. GOLUNOV, KONSTANTIN V. GORDEEV, KONSTANTIN N. RYKOV
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At a distance OB = L from the refracting face, 
the beam is displaced in the transverse direction 
by a distance AB = x. If  L and x are known, 
then the refractive index in accordance with (1) 
is determined as follows:

sin( ) sin[arctg( ) ] .
sin sin

x / Ln β α α
α α
+ +

= =  (2)

Relation (2) is, in fact, a classical 
algorithm for measuring the refractive 
index of  substances. The novelty of  the 
measurement technique proposed below is 
the implementation of  the algorithm in the 
thermal radiation mode.

The measurement scheme is shown in 
Fig. 3. The receiving system consisted of  a 
radiometer with a horn-lens antenna with an 
aperture of  180×160 mm and a lens focal 
length of  400 mm. As a radiation source, a 
black body (BB) with a size of  100×200 mm, 
cooled with liquid nitrogen, was used. The 
BB was installed on a moving platform of  a 
linear scanner with a stroke length of  1 m. 
Scanning was carried out perpendicular to 
the optical axis of  the antenna at a distance 
of  up to 1.5 m from a prism mounted almost 
close to the lens. The dimensions of  the 
prism face adjacent to the lens were 250×200 
mm. To study substances, depending on their 
dielectric and attenuating properties, three 
prismatic cells were used, differing only in 
the values of  the angle α (10°, 25°, and 40°) 
shown in Fig. 1.

The BB thermal radiation was received by 
broadband radiometers with sensitivities no 
worse than 0.2 K at a time constant of  1 s, 
operating at 37.5 and 94 GHz. The output 
signals of  the radiometers were recorded 
using an ADC and a computer.

RADIOELECTRONICS PASSIVE MEASUREMENTS OF THE REFRACTIVE INDEX OF LIQUID 
NITROGEN AND FREE-FLOWING SUBSTANCES BY THE PRISM METHOD...

Fig. 1. Rectangular prism design: 1 – foam, 2 – wood.

Fig. 2. Ray path in a prism. Fig. 3. Refractive index measurement circuit.
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3. MEASUREMENT RESULTS
The prism cell, as noted above, is designed to 
measure the refractive index of  liquids and 
loose materials. Let us first consider the results 
of  measuring the refractive index of  liquid 
nitrogen, the dielectric properties of  which 
are of  particular interest in connection with its 
wide application in radiometry for cooling black 
bodies used to calibrate radiometers. Fig. 4 
shows the records of  the output signals of  the 
radiometers at frequencies of  37.5 and 94 GHz 
when the BB moved along the perpendicular 
to the optical axis of  the lens antenna (see 
Fig. 3). At each frequency, two records of  the 
output signal were performed, one of  which 
(calibration) corresponded to the case of  a 
hollow prism, the other - the case of  the prism 
filled with liquid nitrogen. The cell angle α = 
25°, the distance L at 37.5 and 94 GHz was 
equal to 1.28 m and 1.31 m, respectively (see 
Fig. 2).

The displacements x of  the refracted 
rays relative to the direct rays, determined 
as the difference between the maximum 
of  the corresponding output signals of  the 
radiometers, were 11.55 cm at 37.5 GHz 
and 11.84 cm – at 94 GHz. As a result of  
calculations using formula (2) at both 
frequencies, practically coinciding values 

of  the refractive index of  liquid nitrogen 
were obtained, equal to n = 1.189, which 
corresponds to the value of  the real part of  
the DP ε' = 1.41. The fact that equal values 
of n were obtained at both frequencies was to 
be expected, since nitrogen, as it is known, is 
a neutral gas. For comparison on the Internet 
for liquid nitrogen values ε' = 1.4 ... 1.5 are 
given, but there is no information on the 
methods used to measure DP.

The Table lists the values of  the refractive 
index of  sand, gravel, marble chips and 
granular polyethylene measured at 37.5 GHz. 
In addition, the table lists the values of  the 
volume density of  the particles Vρ , the density 
of  the mixture ρ , the density 0ρ  of  the solid 
material of  the particles, and the angle of  
the prism α at which the measurements were 
carried out.

The density of  the solid material of  particles 
0ρ  and their volume density Vρ  are related by 

the ratio:

0 ,
V

ρρ
ρ

=  (3)

where ρ  is the density of  the mixture, defined 
as the ratio of  the mixture mass M to its volume 
V0:

0

.M
V

ρ =  (4)
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Fig. 4. Output signals of  radiometers at frequencies of  
37.5 GHz (1) and 94 GHz (2) when the FT moves 
along the perpendicular to the optical axis of  the lens 
antenna with an hollow prism (solid lines) and prism is 

filled with liquid nitrogen (dashed lines).

Table
Experimental values of the refractive index of free-

flowing substances
Substance Particles 

size, 
мм

n ρV ρ,
g/sm3

ρ0,
g/sm3

α,
angular
degree

1 sand <0.5 1.67 0.67 1.67 2.49 10

2 sand <1 1.62 0.62 1.59 2.4 10

3 gravel <1 1.64 0.59 1.55 2.63 10

4 gravel 1-2 1.62 0.56 1.55 2.8 10

5 gravel 3-4 1.665 0.57 1.65 2.9 10

6 marble 1-2 1.748 0.48 1.28 2.65 10

7 polyethylene 3 1.34 0.6 0.575 0.96 30

8 polyethylene 4 1.32 0.64 0.615 0.96 30

9 polyethylene 5 1.23 0.4 - - 40

10 polyethylene 5 1.32 0.625 0.6 0.96 30
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Thus, if  the density of  the particle material 
is known, then the bulk density is determined 
using the results of  measurements of  M, V0 
and relations (3)-(4). This approach was used 
to calculate the volume density of  marble chips 
and polyethylene, since their density has been 
known.

The volume density of  sand and gravel, which 
could include various minerals with an unknown 
concentration, was determined as:

0

0

,w
V

V V
V

ρ −
=  (5)

where V0 is the total volume of  the mixture, Vw 
is the volume of  pores determined by method 
of  filled with water.

In the theory of  random dense media 
and applications requiring a wide choice 
of  density, a large set of  mixing rules was 
introduced [10], for example, by writing the 
"power law" approximation, which in the case 
of  a mixture of  particles with air is written in 
the form:

1 ( 1),eff V m
η ηε ρ ε= + −  (6)

where εeff  is the effective DP of  the mixture, 
εm is the DP of  the particle material, η is 
the exponent. Validation of  formulas for 
mixtures is carried out by comparison with 
a radiophysical experiment. From a large 
number of  published works, we single out 
studies [14,16], in which it was shown that the 
experimental dependences εeff  ( Vρ ) both in 
the case of  liquid and powder binary mixtures 
are best approximated using the refraction 
formula [17] and the Landau-Lifshitz-
Looyenga formula [18,19].

The refraction formula is written in the form 
(6) at η = 1/2:

1 ( 1).eff V mε ρ ε′ ′= + −  (7)

For weakly absorbing particles ,m mε ε′ ′′
  

therefore ,  eff eff m mn nε ε′ ′= =  and (7) is 
transformed to the form:

1 ( 1) .eff m Vn n ρ= + −  (8)

Thus, the refractive model corresponds to 
the linear dependence of  the refractive index 
of  the mixture on the volume density of  the 
particles, while the proportionality coefficient 
equal to (nm – 1) is determined by the refractive 
index of  the material of  the particles. 
Therefore, by measuring the refractive index 
of  the mixture with known volume density 
of  the particles, the refractive index of  the 
particles material can be determined.

The Landau-Lifshitz-Looyeng formula is 
applicable for a mixture of  dissimilar particles 
with an arbitrary shape and is written in the form 
(6) at η = 1/3:

1/3 1/31 ( 1)eff V mε ρ ε= + −

or
3/22/31 ( 1) .eff V mn nρ = + −   (9)

It follows from (9) that the refractive index 
depends nonlinearly on the volume density. 
Fig. 5 shows the experimental data obtained 
in this work and plots of  the dependence of  
the refractive index on the volume density 
of  particles, calculated using formulas (8) 
and (9). It is seen that the nonlinearity of  the 
dependence of  the refractive index on the 
bulk density, corresponding to formula (9), 

RADIOELECTRONICS PASSIVE MEASUREMENTS OF THE REFRACTIVE INDEX OF LIQUID 
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Fig. 5. Graphs of  the dependence of  the refractive index on 
the volume density of  particles: 1 – marble, 2 – gravel (d = 
2...4 mm), 3 – gravel (d < 2 mm) and sand, 4 – polyethylene 
(d = 3...5 mm). Solid lines – calculated by the refractive 
formula, dashed lines – by the Landau-Lifshitz-Looyenga 

formula. Discrete symbols – experimental data.
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manifests itself  the stronger, the higher the 
refractive index of  the particle material. In the 
case of  polyethylene granules, both formulas 
lead to practically coinciding graphs at the 
value of  the refractive index of  polyethylene 
nm = 1.58 (εm = 2.49). This value turned out to 
be slightly overestimated in comparison with 
the reference data εm = 2.3… 2.4.

4. DISCUSSION OF RESULTS
An interesting fact is the coincidence of  the 
experimental data for sand and fine gravel. 
This means that the sand and fine gravel had 
similar mineral components. The refractive 
index of  the material of  their particles, 
calculated using the refractive formula, 
turned out to be equal to nm = 2 (εm = 4), and 
calculated using the Landau-Lifshitz-Looyeng 
formula – nm = 2.05 (εm = 4.2). Gravel grains 
can contain quartz, feldspars, and other 
minerals. From various sources (for example, 
[20,22]) it follows that the refractive index of  
quartz is estimated within 1.9...2.1, feldspar –
over 2.25. Thus, the results of  measuring the 
refractive index of  sand and fine gravel are in 
satisfactory agreement with the known data 
on the assumption that quartz is the main 
mineral in their composition.

The refractive index of  gravel with particle 
sizes d = 2...4 mm turned out to be noticeably 
higher than for sand and finer gravel (d = 
1...2 mm). The reason for this may be the 
increased concentration in the material of  
larger particles of  such minerals as feldspar 
and granite, the refractive index of  which is 
higher than that of  quartz [20,22].

The refractive index of  white marble 
chips turned out to have the highest value. 
The refractive index of  marble, calculated 
using the refractive formula, is nm = 2.57 (εm 
= 6.6), and calculated by the Landau-Lifshitz-
Looyenga formula – nm = 2.7 (εm = 7.29). It 
is known [23] that the dielectric properties of  
marble, even white, which is considered one 
of  the purest calcites, strongly depend on its 

chemical composition. The values εm = 6.8 ... 
7.2 measured at frequencies of  40-50 GHz 
for marble with unknown composition are 
given in [24]. These values are in satisfactory 
agreement with the data obtained in this work 
and presented above.

Thus, a comparative analysis of  the 
experimental data obtained for a number 
of  granular substances showed that the use 
of  a prismatic cuvette makes it possible to 
measure their refractive index by the prism 
method using the mode of  receiving thermal 
radiation.

5. CONCLUSION
In this work, the features of  the application of  
the classical prism method in the range of  MM 
waves for measuring the refractive index of  
loose materials with particle sizes comparable 
to the wavelength have been investigated. It 
is shown that the method is implemented 
using a hollow radio transparent prismatic 
cell filled with a test substance. In addition, 
the proposed method can be implemented in 
a passive mode. The values of  the refractive 
index of  mixtures of  sand, gravel, marble 
chips and polyethylene with air, measured 
by the prism method at a frequency of  37.5 
GHz, are in satisfactory agreement with the 
known experimental data for quartz, feldspar, 
polyethylene, and marble.
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1. INTRODUCTION
With the development of  solid-state 
electronics, millimeter and terahertz band 
waves are being intensively used for solving 
scientific and engineering problems. The 
development of  relatively simple and 

inexpensive terahertz-band quasi-optical 
transmitter-receiver systems is important 
for many applications. These may be 
spectroscopy, detection and visualization of  
various objects hidden in building structures 
or under clothes, new methods of  diagnostics 
in medicine, atmospheric control, and many 
other applications. Of  great importance is 
studying the electrodynamic parameters of  
various materials, detection and localization 
of  small-size objects, not only metallic, but 
also dielectric ones.

The purpose of  this work is to present the 
results of  the development of  a receiving-
transmitting radio-wave quasi-optical 
terahertz module for problems of  subsurface 
sensing.
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2. PURPOSE OF THE DEVICE
The module is designed for remote 
detection of  reflections and measuring the 
reflection coefficients of  various objects 
in the millimeter and terahertz wavelength 
ranges. These can be dielectric or metal 
objects and interfaces between materials 
with different dielectric constants. The 
module can be used both for studying 
the internal structure of  spatially 
inhomogeneous media and measuring the 
depolarized field component backscattered 
by various linear (elongated) objects, 
including microwires, wires, fiber-optic 
cables, etc., and for detecting objects 
hidden behind building structures (drywall, 
plywood, brick, wallpaper, etc.) or behind 
fabrics, leather and other non-transparent 
household materials.

3. OPERATION PRINCIPLE
Metallic or dielectric objects in optically 
opaque media with dielectric constant 
different from the dielectric constant of  
the objects can be detected by radio wave 
transmission or reflection radio wave 
methods [1,2]. The thickness of  building 
structures limits the applicability of  
transmission methods due to the losses in 
the building materials. To detect hidden 
anomalies at shallow depths, one can apply 
the radar method, which significantly 
reduces the effect of  absorption in the 
environment. However, in such schemes, 
wave reflections at the interfaces have a 
great interfering effect. In order to get rid of  
this, it is proposed to use the phenomenon 
of  radio wave depolarization in the case of  
scattering by linear inhomogeneities.

The operating principle of  this method 
is described in [2]. It consists in the fact 

that if  the orientation of  the linear object 
differs from the polarization direction 
of  the incident wave, then the reflected 
wave has a component with polarization 
orthogonal to the polarization of  the 
incident wave. The receiver of  the reflected 
wave has a polarizing filter that transmits 
only the depolarized field component. This 
allows one to get rid of  the interference 
of  reflections at the interfaces of  building 
structures, to significantly reduce the noise 
level, and, accordingly, to increase the 
signal-to-noise ratio of  the signal reflected 
from objects hidden behind building 
structures. To substantiate this method 
of  detecting objects behind obstacles, we 
measured the reflection coefficients and 
the polarization conversion coefficients of  
a number of  objects [2]. The measurement 
results showed that the use of  the 
depolarized component of  the reflected 
wave to detect small-diameter wires does 
not lead to a loss of  the energy potential 
of  the device.

The microwave part of  the module 
contains a linearly polarized microwave 
source (transmitter), as well as a linearly 
polarized microwave radiation receiver 
with polarization orthogonal to that of  
the transmitter [2]. The development of  
such a module on the basis of  ordinary 
waveguides would lead to a bistatic location 
system, which significantly complicates the 
design, or to the use of  ferrite microwave 
elements, which are currently little used in 
the terahertz range. Therefore, we decided 
to implement such a module in a quasi-
optical version.

GENNADY I. KHOKHLOV, ROMAN N. DENISIUK RADIOELECTRONICS
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4. DESIGN AND COMPOSITION 
OF THE DEVICE (MICROWAVE 
MODULE)
The diagram of  the device (microwave 
module) is given in [2]. It consists of  a 
microwave oscillator, a waveguide-to-
beam-guide converter (WBC), a beam-
guide module, a beam splitter, a lens that 
forms the output microwave beam, and a 
receiver. The receiver includes a polarizing 
filter, waveguide-beam converter, a 
detector head, and an amplifier. The 
device also includes a power supply and 
a microwave modulator. The microwave 
power is modulated through the feeding 
circuit of  a Gunn oscillator with operating 
frequency of  1 kHz.

A plane linearly polarized wave from a 
microwave oscillator formed by a waveguide-
beam converter into a quasi-optical beam 
is incident on a plane grating of  linear 
conducting elements, which is located at 
an angle of  45° to the direction of  wave 
propagation. The conductors of  the grating 
are parallel to the electric field of  the wave 
and completely reflect the wave toward the 
boundary of  the test medium. The wave 
of  orthogonal polarization arising from 
scattering by the object is not reflected by the 
grating, but is completely transmitted to the 
receiver. The receiver consists of  a polarizing 
filter, a waveguide-beam transducer, and a 
detector head.

Consider the design features of  some 
elements of  the microwave module. The 
microwave oscillator, detector heads, and 
power supply are purchased items.

The beam-guiding module or, as we call 
it, a prism, is made of  Plexiglas and is the 
supporting structure. We called this element 
(prism) a beam-guiding because it contains 

cylindrical channels in which a microwave 
beam propagates. All other elements of  
the microwave module are mounted to 
this prism: the oscillator with the WBGC, 
the beam-splitting grating (in some cases 
a beam-splitting film), the polarizing filter, 
the detector head (with the WBGC). The 
diameter of  the quasi-optical beam was 
chosen to be 16 mm. It is known that the 
amplitude distribution of  the field in the 
horn opening is similar to the distribution 
of  the field in the feed waveguide, and the 
phase in the aperture changes according 
to the quadratic law. Therefore, to form a 
wave with a plane front, a phase corrector is 
placed in the horn opening. In our case, this 
is a Teflon lens. The quasi-optical system 
should satisfy the condition ka >> 1, where 
k = 2π⁄λ and a is the transverse size of  the 
beam. The ratio C = ka⁄L is a parameter 
characterizing the diffraction spread of  
the beam during its propagation in the 
path [3]. L is the length of  the beam or the 
distance to the working area. At small L, 
the diffraction losses are also small. These 
and some minor circumstances forced us to 
choose a quasi-optical beam diameter of  16 
mm.

A variety of  devices made of  wire 
gratings or thin dielectric plates to control 
wave propagation in quasi-optical systems 
have been described in the literature [4,5]. 
If  a grating is placed at an angle of  45° to 
the direction of  wave propagation and its 
conductors are parallel to the electric field 
vector, then the field is completely reflected 
from the grating, while if  the conductors 
are perpendicular, then the wave completely 
passes through the grating. In our module, 
we use a small-period wire grating. It is glued 
to a special frame inserted into a groove in 
the prism at an angle of  45° to the incident 
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wave and deflects the beam. Fig. 1 shows a 
photograph of  the microwave module with 
all the elements of  the module, including 
the tube on which the lens-objective is 
mounted. The lens-objective is a receiving-
transmitting antenna for a quasi-optical 
beam and allows focusing the beam at the 
required distance.

The operation of  the module with a lens 
antenna is discussed below in Section 5.

5. OPERATION OF THE MODULE 
WITH A LENS-OBJECTIVE
For remote measurements, it is necessary to 
form a beam focused at a certain distance 
from the microwave module. Fig. 2 shows 
a diagram of  a single-channel module 
operating at a frequency of  100 GHz with 
a lens-objective (antenna) forming a focused 

beam. This scheme was implemented in 
laboratory conditions.

The lens antenna is calculated by the 
formula [6]:

F = {[D/2 (n – 1) – t](n + 1)}⁄2t.

The antenna is made of  Teflon F-4 with 
a refractive index of n = 1.427. The lens 
diameter is D = 70 mm. The focal length 
of  the lens F = 90 mm was chosen for the 
convenience of  using the microwave module 
with the lens. The lens thickness at the center 
is t = 13.5 mm.

The ocular is a spherical lens made of  
Teflon F-4 with thickness at the center t = 
2.3 mm. The lens diameter is d = 16 mm. The 
lens was calculated by the formula
f = (d⁄2)⁄2t(n – 1).
The focus of  the lens is 32.5 mm.

The image plane passes through the 
focus of  the ocular lens (perpendicular to 
the optical axis). For optimal use of  the lens 
aperture, the latter was placed at a distance a2 
from the image plane, which is calculated by 
the formula
a2 = D·f/d.

This distance turned out to be a2 = 142.2 
mm.

RADIOELECTRONICSGENNADY I. KHOKHLOV, ROMAN N. DENISIUK

Fig. 1. Photo of  the microwave module with a tube 
for the lens antenna 1 – amplifier and modulator 
of  the supply voltage, 2 – power connector of  the 
amplifier and the Gunn diode, 3 – amplifier output 
connector, 4 – Gunn oscillator, 5 – tube for mounting 

the lens-antenna, 6 – prism, and 7 – detector.

Fig. 2. Scheme of  the microwave module with a 
lens-antenna (objective). 1- oscillator, 2 - receiver, 3- 
grating, 4 - ocular lens, 5 - ocular focus, 6 - image 
plane, 7 - objective focus, 8 - objective, 9 - object plane, 

and 10 - tube.
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Now, we find a1 – the distance from the 
lens to the plane of  the object:
a1 = (a2·f)/(a2 –  f).

The plane of  the object is located at a 
distance a1 = 244.4 mm from the objective 
lens.

Thus, a point of  the object is mapped 
to a point on the image plane, which passes 
through the ocular focus perpendicular 
to the optical axis of  the system. Then, 
the signal corresponding to this point is 
converted into a signal from the detector 
by the waveguide-optical system of  the 
module.

A point of  an object on the optical 
axis is irradiated by a wave formed by the 
WBGC, the grating, the ocular lens, and the 
objective lens (antenna). The tube is a foam 
plastic tube that structurally integrates the 
lens and the module. The length of  the 
tube is a2 + f = 174.2 mm. The optical 
scheme was tested on the resolution of  
two conductors. Two conductors 0.5 mm 
in diameter without insulation and 0.07 
mm in diameter (MGTP wire in Teflon 
insulation with a diameter of  0.5 mm) were 
attached to the back side of  a plate 8-mm-
thick foam plastic at a distance of  10 mm 
from each other. When the foam plate 
was moved in the plane of  the object (at a 
distance of  ~240 mm from the objective), 
the signal at the receiver output has a two-
hump shape, the dip between the humps 
being about 3 dB. In natural conditions, 
the device was tested to find electrical 
wiring hidden behind plaster in the wall 
of  an industrial building. The excess of  
the signal from the cables of  the wiring 
system was also 3 dB.

If, instead of  a polarizing reflective 
grating placed in the module at an angle of  

45° (see Fig. 2), we place a dielectric (Mylar) 
film in the prism of  this microwave module, 
and turn the receiver to receive the main 
polarization emitted by the oscillator, then 
the module can be used as a reflectometer 
to measure not only external boundaries, 
but also internal inhomogeneities of  various 
materials.

6. CONCLUSIONS
This design of  the device expands 
the possibilities of  its application in 
detecting linear objects buried in building 
structure and improves the resolution 
and other technical characteristics 
necessary for further modifications 
of  microwave modules for subsurface 
sounding.
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1. INTRODUCTION
The main direction of  development of  
modern microelectronics – "More Moore 
and more than Moore" also covers the 
creation of  nanotransistor architectures 
that can provide ultra-high performance 
and an exorbitant degree of  integration 
[1]. Among them, those in which the active 
zone (channel) is completely surrounded 
by a gate predominate [1-5]. One of  
these is the architecture with cylindrical 
geometry [6]. It is characterized by a 
twofold superiority in suppressing short-
channel effects (SCE) in comparison 
with traditional transistor architectures. 
It also features improved subthreshold 
performance and increased current density 
in strong inversion mode [6-9]. A creative 
development of  a cylindrical architecture 
with a fully surrounding gate is the concept 
of  combining n- and p-type transistors 
into a single whole [10], that is shown on 
Fig. 1.

In this case, the source and drain regions 
are divided into two highly alloyed n- and 
p-types, the working region is universal 

for charge carriers (electrons and holes). 
The entire transistor structure is placed on 
a SOI (silicon on insulator) substrate. A 
distinctive feature of  such a design is the 
ability to significantly increase the degree of  
integration [11,12], and also allows for a wide 
variety of  design designs [1,2,10-14], which 
will greatly simplify the task of  designing 
complex-functional logic gates [2,10]. To 
achieve high conductivity of  the considered 
transistor structure, it is necessary that its 
working region be low-alloyed. Ideally, its 
conductivity will be close to the intrinsic 
conductivity of  silicon [7,15,16]. When 
the supply voltage (Udd) is applied to the 
source, the process of  carrier injection into 
the combined working region is activated 
[10,17]. Their distribution in the channel 
depends on the gate voltage (Ug). Thus, at 
Ug – Uth > 0, electrons prevail in the channel, 
and at Ug – Uth < 0 – these are holes, where 
Uth is the threshold voltage. Therefore, the 
considered transistor structure is a single-
stage logic gate, whose input is the gate, the 
output is a common drain [6,9].

On the basis of  the developed 
transistor, it is possible to synthesize 
a more complex logic gate NAND. 
Fig. 2 shows a functional diagram of  
a two-input NAND gate based on one 
transistor with two independent fully 
surrounding gates.

The current flows through the gate only 
if  the voltage corresponding to the level of  
the logical unit U1 (U1 = Udd) is applied to 
both gates at the same time. Then the voltage 
at the output (drain) will be low, close to zero, 
equal to the logic zero level U0. For all other 
combinations of  gate voltages, in the ideal 
case, no current will flow through the gate, 
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Fig. 1. Block diagram of  the combined transistor. 
Here 1 is the  silicon substrate, 2 is the silicon oxide, 
3 is the n+-source, 4 is the p+-source, 5 is the n+-
drain, 6 is the p+-drain, 7 is the combined working 

region.
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and the output voltage will be high, at a logic-
one level.

The structure we study is characterized 
by effective suppression of  SCE and 
low capacitance value. This, together 
with a reduction in the footprint, leads 
to a decrease in the level of  dissipated 
power [2,6,7,9], which fully meets the 
requirements for modern digital circuits 
[1,4,18].

In this paper, we investigate the 
possibility of  synthesizing complex logic 
gates combined in nanotransistors with a 
fully enclosing gate for low-voltage digital 
applications. The solution of  this problem 
is carried out using the software package of  
instrument-technological modeling TCAD 
[19].

2. SIMULATION RESULT OF THE 
2NAND GATE
Computer simulation of  the electro-physical 
characteristics of  transistor structures was 
carried out using the DESSIS program of  
the ISE TCAD package [19]. A TCAD 

model has been developed for a combined 
SOI CMOS nanotransistor with a cylindrical 
geometry and a fully surrounding gate. In the 
course of  numerical experiments, devices 
with different geometric dimensions of  the 
working region were analyzed, the main 
parameters of  which are given in Table 1. 
The "planar" and "vertical" versions of  
the gate design were considered, taking 
into account the surface recombination of  
charge carriers according to the Shockley-
Reed-Hall mechanism, high degradation of  
the field mobility, and without taking into 
account quantum effects. The following 
designations are adopted in Table 1. Here 
tox is the gate oxide thickness (silicon oxide), 
tSiO2 is the silicon oxide thickness, tsub is the 
silicon substrate thickness, ni is the intrinsic 
carrier concentration, Lds is the drain and 
source length, Nds is the source and drain 
alloying concentration, vSRH is the surface 
recombination rate by the mechanism 
Shockley-Reed-Hall, tSRH is the lifetime of  
minority charge carriers according to the 
Shockley-Reed-Hall mechanism, Ad is the 
output function.

In our calculations the diameter D, the 
gate length Lg, and the length of  the gap 
between the gate oxide of  independent 
gates Lgp are varied. When choosing the 
parameters Lg and D, it is necessary to fulfill 
the condition of  complete suppression of  
the SCE [6]. It should be borne in mind 
that with a decrease in the diameter, the 
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Fig. 2. Block diagram of  the 2NAND gate, 
where where the numerical designations correspond to 
Fig. 1. Here, Lg is the length of  the working area, D 
is the diameter of  the working area, Lds is the size of  
the source and drain regions, tox is the thickness of  the 
gate dielectric, Lgp is the size of  the gap between  of  
independent gates, tSiO2 is the isolating silicon oxide 
thickness, tsub is the silicon substrate thickness, Udd is 

supply voltage, Uin1(2) is control voltage.

Table 1
The main parameters of prototypes

Parameter Value Parameter Value
Lg, nm 22...32 D, nm 8...12

Lgp, nm 5...8 tox, nm 1.2

tsio2 , nm 20 tsub, μm 0.6

Lds, nm 100 ni, сm-3 1013

Nds, сm-3 3.5·1019 vSRH, сm/s 3·105

tSRH,μs 10 Ad, eV 4.65
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capacitance of  the drain-source junction 
decreases, and accordingly the threshold 
voltage increases, and, consequently, the 
response time of  the transistor [16,17,20]. 
When choosing the topological parameters 
of  the prototypes of  the gate, it is necessary 
to take into account that during scaling, a 
decrease in the total number of  carriers 
participating in the transfer process will be 
critical. The direct increase in the diameter 
of  the active region is limited due to the 
fact that the efficiency of  suppression of  
the SCE decreases [7]. An increase in the 
alloy level of  the source and drain is limited 
by an exponential increase in the forward 
tunneling current between the source 
and drain [4,17,21] and a decrease in the 
breakdown voltage [20].

At the simulation it is assumed that the 
boundaries of  the working region and the 
source/drain are sharp. There is no overlap 
between the gate and the source and drain 
regions. The tox thickness is chosen in such 
a way as to exclude the influence of  the 
constant tunneling current of  the gate [7].

From the simulation results, we 
selected a prototype with the following 
set a parameters for further research: Lg 
is equal 25 nm, D is equal 8.5 nm, Lgp is 
equal 6 nm, since ratio of  the its ON/OFF 
currents was maximum, more than 106, 
which is the main criterion for choosing 
structures for digital applications [10, 
22].

Fig. 3 shows the TCAD simulation 
result of  the distribution of  carriers in the 
working region of  the chosen gate for the 
control gate voltages Uin1 = Uin2 = U0 and 
the supply voltage Udd = 0.5 V. In this case, 
the working region is mainly filled with holes 
and its electronic conductivity is very low.

Fig. 4 shows the simulation results of  
the transfer and transient characteristics of  
the chosen gate. The transfer characteristics 
of  the gate show that it can operate in the 
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Fig. 3. Fragment of  the distribution of  carriers in its active 
region of  the NAND gate.

Fig. 4. (top) A family of  transfer characteristics of  
the gate at Udd from 0.5 to 0.3 V; (bottom) The 
transient response of  the gate at Uin2 = Udd = 0.5 
V, where 1 is the input signal Uin1, 2 is the output 

signal (solid line).
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region of  low supply voltages (less than 
0.5 V) with a high voltage gain. In the 
given case of  the transient response, the 
gate is triggered and a logical unit signal is 
generated at its output. The switching time 
delay at 20 GHz is 0.81 ps. In all other 
combinations of  gate voltages, the voltage 
at the output of  the device corresponds to 
the logic zero level. In the general case, the 
response time of  the gate is limited by the 
time response of  the transistor structure, 
which can be optimized by selecting the 
topological parameters.

3. SIMULATION OF THE 
CHARACTERISTICS OF A HALF 
ADDER
The logic element half  adder is the main 
component of  a one-digit full adder. It 
has two inputs a1 and a2 for two terms and 
two outputs: S – sum, P – carry. It is not 
single-stage due to its logical function. 
Fig. 5 shows the implementation of  a half  
adder in the NAND basis. It should be 
noted that one of  the gates in the circuit 
is used as an inverter, and there are five 
inverting operations in total. The use of  the 
considered gate architecture leads to a sharp 
reduction of  footprint (at least five times), 
which increases the fast performance by 

switched capacitance, and causes a decrease 
in the dissipated power.

On the basis of  the model of  the NAND 
gate, a TCAD model of  the half  adder 
was developed. On Fig. 6 is shown the 
simulation results one of  its possible dynamic 
characteristics.

Here, at Udd = 0.5 V, the voltage at the 
input a1 (Uа1) is at a low level "U0" (0 V) and 
the voltage at the input a2 (Uа2) is switched 
from U0 (zero) to U1 (one), the output S 
(US) is switched to the high level of  U1, 
and the output P (UP) remains at the low 
level U0. In the case under consideration, 
this process occurs with a clock frequency 
of  20 GHz. Switching time delay is 4.2 ps, 
switching power is 0.66 μW, static power is 
21.5 pW. Depending on the voltage level at 
the gate inputs, the outputs are maintained 
either low/low, high/low, or low/high. 
The presence of  peaks is associated with 
transients in the circuit, the maximum peak 
value directly depends on the value of  the 
supply voltage.

RADIOELECTRONICS SIMULATION OF THE CHARACTERISTICS OF LOW-VOLTAGE 
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Fig. 5. Structural circuit of  half  adder.

Fig. 6. Dynamic characteristic of  a half  adder at 
Ua1 = Udd = 0.5 V and a clock frequency of  20 

GHz, where 1 – Ua2, 2 – US, 3 – UP.
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Fig. 7 shows a timing diagram of  the 
voltages at the inputs and outputs of  the half  
adder. The duration of  the pulses supplied to 
each input a1 (Ua1) and a2 (Ua2) is the same. The 
frequency of  their repetition is exactly two 
times different. This entails the superposition 
of  pulses from the low-frequency sequence 
Uа1 on the even pulses of  the high-frequency 
sequence Uа2. It is in these cases that the 
transition of  the output P occurs and a signal 
of  a logical unit is formed on it, and a signal 
of  a logical zero is formed at the output S. 

In all other cases, the voltage at the S output 
corresponds to the level of  a logical unit, at 
the P output – to a logical zero.

Summarizing the results obtained, it 
can be assumed that devices based on the 
considered gate  architecture can be used in 
the development of  analog and digital circuits 
applicable for both high-frequency and low-
voltage applications.

4. CONCLUSION

The high potential for applicability in low-
voltage digital applications of  the surrounding 
gate field-effect nanotransistor architecture 
with a cylindrical combined working area 
is shown. At the same time, the licensed 
instrument and technological modeling 
system TCAD is used as a tool. Based on this 
architecture, a TCAD model of  the NAND 
gate has been developed, the design of  which 
contains two independent surrounding gates 
one combined working area. The use of  the 
proposed gate architecture makes it possible 
to reduce the number of  required transistor 
structures per gate by three times.  From 
the simulation results, the gate geometric 
parameters with a working area length of  
25 nm and a diameter of  8.5 nm, which can 
function at control voltages of  0.5 V and lower 
in the frequency range up to 20 GHz with 
a high gain, are determined. The switching 
time delay is equal 0.81 ps at control voltages 
are equal 0.5 V.

The TCAD model of  a half-adder is 
developed in the basis 2NAND. According 
to the simulation results, the efficiency of  
the prototype, which performs binary code 
addition operations with a delay of  4.2 ps at 
a supply voltage of  0.5 V and a frequency 
of  20 GHz, is shown. In this case, the active 
power is 0.66 μW, the static power is 21.5 pW. 

RADIOELECTRONICSNIKOLAE V. MASALSKY

Fig. 7. Timing diagram of  voltages at the inputs 
and outputs of  the half  adder, where the two upper 
figures are the voltage at the inputs a1 and a2, the 
middle one is at the output S, the lower one is at the 

output P.
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The obtained results create a theoretical basis 
for the synthesis of  low-voltage complex 
functional blocks with high performance and 
minimal occupied area, which meets modern 
requirements for digital applications.

REFERENCES
1. Radamson HH, Zhu H, Wu Z, He X, Lin 

H, Liu J, Xiang J, Kong Z, Xiong W, Li J, 
Cui H, Gao J, Yang H, Du Y, Xu B, Li B, 
Zhao X, Yu J, Dong Y, Wa G. State of  the 
art and future perspectives in advanced 
CMOS technology. Nanomaterials, 2020, 
10(8):1555-1641.

2. Rahman F, Shakya B, Xu X, Forte D, 
Tehranipoor M. Security beyond CMOS: 
fundamentals, applications, and roadmap. 
IEEE Trans. Very Large Scale Integr. (VLSI) 
Syst., 2017, 25(12):3420-3433.

3. Hsieh D, Lin J, Kuo P, Chao T. 
Comprehensive analysis on electrical 
characteristics of  Pi-Gate poly-Si  
junctionless FETs. IEEE Trans. Electron 
Dev., 2017, 64(8):2992-2998.

4. Majzoub S, Taouil M, Hamdioui S. System-
level sub-20 nm planar and FinFET 
CMOS delay modelling for supply and 
threshold voltage scaling under process 
variation. J. of  Low Power Electron., 2019, 
15(1):1-10.

5. Dharshan V, Balamurugan NB, Arun 
Samuel TS. An analytical modeling and 
simulation of  surrounding gate TFET 
with an impact of  dual material gate and 
stacked oxide for low power applications. 
J. of  Nano Research, 2019, 57(4):68-76.

6. Ferain I, Colinge CA, Colinge J. Multigate 
transistors as the future of  classical 
metal–oxide–semiconductor field-effect 
transistors. Nature, 2011, 479:310-316.

7. Lu W. Nanowire transistor performance 
limits and applications. IEEE Trans. on 
Electron Dev., 2008, 55(11):2859-2876.

8. Dastjerdy E, Ghayour R, Sarvari H. 
Simulation and analysis of  the frequency 
performance of  a new silicon nanowire 
MOSFET structure. Physica E, 2012, 
45(8):66-71.

9. Schwierz F, Wong H, Liou JJ. Nanometer 
CMOS. Singapore, Pan Stanford 
Publishing, 2010, 350 p.

10. Kaushik BK (ed.). Nanoelectronics: Devices, 
Circuits and Systems. Elsevier, 2018, 476 p.

11. Yoon JS, Rim T, Kim J, Meyyappan 
M, Baek CK, Jeong YH. Vertical gate-
all-around junctionless nanowire 
transistors with asymmetric diameters 
and underlap lengths. J. Appl. Phys., 2014, 
105(10):102105.

12. Guerfi Y, Larrieu G. Vertical silicon 
nanowire field effect transistors with 
nano scale gate-all-around. Nanoscale Res. 
Lett., 2016, 11(1):210-217.

13. Neamen D. Semiconductor physics & devices: 
basic principles. New York, McGaw-Hill, 
2011, 784 p.

14. Masal’skii NV. Modeling the CMOS 
characteristics of  a completely depleted 
surrounding-gate nanotransistor and an 
unevenly doped working region. Rus. 
Microelectron., 2019, 48(6):394-398.

15. Verma JHK, Haldar S, Gupta RS, 
Gupta M. Modelling and simulation of  
subthreshold behaviour of  cylindrical 
surrounding double gate MOSFET for 
enhanced electrostatic integrity. Superlattices 
Microstruct., 2015, 88(3):354-364.

16. Gupta SK. Threshold voltage model 
of  junctionless cylindrical surrounding 
gate MOSFETs including fringing field 

RADIOELECTRONICS SIMULATION OF THE CHARACTERISTICS OF LOW-VOLTAGE 
GATES ON COMBINED CYLINDRICAL SURROUNDING GATE...



456

No. 4 | Vol. 13 | 2021 | RENSIT: Radioelectronics. Nanosystems. Information technologies

effects. Superlattices Microstruct., 2015, 
88(2):188-197.

17. Nayak K, Agarwal S, Bajaj M, Murali KV, 
Rao VR. Random dopant fluctuation 
induced variability in undoped channel 
Si gate all around nanowire n-MOSFET. 
IEEE Trans. Electron Dev., 2015, 
62(2):685-688.

18. Yoon JS, Jeong EY, Baek CK, Kim YR, 
Hong JH, Lee JS, Baek RH, Jeong YH. 
Junction design strategy for Si bulk 
FinFETs for system-on-chip applications 
down to the 7-nm node. IEEE Trans. 
Electron Dev. Lett., 2015, 36(10):994-996.

19. ISE TCAD Release 10. [Online].Available: 
https://www.synopsys.com/silicon/
tcad/device-simulation/sentaurus-
device.hlmt, access data 15.06.2019.

20. Wang H, Liu Y, Han G, Shao Y, Zhang 
C, Feng Q, Zhang J, Hao Y .Performance 
enhancement in uniaxially strained 
Germanium–Tin FinTFET: Fin direction 
dependence. IEEE Trans. Electron Dev., 
2017, 64(6):2804-2811.

21.  Samoju VR, Mahapatra K, Tiwari PK. 
Analytical modeling of  subthreshold 
characteristics by considering quantum 
confinement effects in ultrathin 
dual-metal quadruple gate (DMQG) 
MOSFETs. Superlattices Microstruct., 2017, 
111(6):704-713.

22. Kumari Amrita, Kumar Subindu, Tarun 
Kumar Sharma, Mukul Kumar Das. On the 
C-V characteristics of  nanoscale strained 
gate-all-around Si/SiGe MOSFETs. Solid-
State Electron., 2019, 154(4):36-42. DOI: 
10.1016/j.sse.2019.02.006.

RADIOELECTRONICSNIKOLAE V. MASALSKY



457

RENSIT: Radioelectronics. Nanosystems. Information technologies | 2021 | Vol. 13 | No. 4

contents

1. introduction (458)
2. materials and methods (458)

3. results and discussion (459)
4. conclusion (462)
references (463)

NANOSYSTEMS

DOI: 10.17725/rensit.2021.13.457

Structure and electrical conductivity of  polyvinyl alcohol films 
with multi-walled carbon nanotubes cured in a magnetic field
Sergey V. Vasin, Azat M. Nizametdinov, Viacheslav A. Sergeev
Kotelnikov Institute of  Radioengineering and Electronics of  RAS, Ulyanovsk branch, http://ulireran.ru/
Ulyanovsk 432071, Russian Federation
E-mail: vs0902@mail.ru, anizametdinov@yandex.ru, sva@ulstu.ru,
Michael S. Efimov
Ulyanovsky State Technical University, https://www.ulstu.ru/
Ulyanovsk 432027, Russian Federation
E-mail: efimovmix@mail.ru
Received August 25, 2021, peer-reviewed Sept. 10, 2021, accepted Sept. 15, 2021
Abstract: The results of  the study of  the effect of  the permanent magnetic field of  a 
neodymium magnet on the polymerization process and the electrophysical characteristics 
of  polyvinyl alcohol (PVA) films with the inclusion of  multi-walled carbon nanotubes 
(MWCNTs) are presented. When studying the morphology of  films using a scanning 
electron microscope, it was found that nanocomposite films with a thickness of  30 
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while a significant number of  MWCNTs agglomerations are observed in control samples 
of  films. Measurements of  the conductivity of  films in the direction of  the MWCNTs 
orientation at direct and alternating current showed that the conductivity of  films 
obtained in a magnetic field significantly (by almost two orders of  magnitude) exceeds 
the conductivity of  control samples. The obtained results are analyzed on the basis of  
known models of  electrical conductivity of  nanocomposites with oriented MWCNTs. 
The degree of  orientation of  the MWCNTs during the curing of  films in a magnetic 
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1. INTRODUCTION
The excellent mechanical and electrical 
properties of  carbon nanotubes (CNTs) 
have made them one of  the best fillers for 
nanocomposites [1]. Even a small amount 
of  CNTs added to the polymer matrix 
is significantly changes the functional 
properties of  nanocomposite polymer 
structures [2]. However, the observed 
improvements in the mechanical and 
electrical properties of  nanocomposites 
are lower than expected [3]. The random 
orientation of  CNTs in the matrix cannot 
properly transfer the desired unique 
properties of  CNTs to the composite, since 
these properties are, as a rule, localized along 
the axis of  the CNTs. It has been shown 
that CNTs alignment is an effective way to 
transfer these properties to the surrounding 
matrix [4-5]. Moreover, the alignment of  
CNTs in nanocomposites can lead to a 
significant decrease in their proportion to 
achieve the desired results [6].

A number of  methods are used to align 
CNTs in a polymer matrix: self-assembly 
[7], the Langmuir-Blodgett method [8], 
exposure to electric [9] or/and magnetic 
field [3,5,6,10], etc. Since ordinary CNTs 
have a low magnetic susceptibility, fields 
of  about 10-25 T are required to align 
CNTs in a magnetic field. [3,5,11]. In [11], 
for example, for the orientation of  CNTs 
in a polypropylene-based nanocomposite, 
repeated exposure to a magnetic field pulse 
with magnetic induction at a maximum of  
10 T and a duration of  about 1 ms was 
used.

To solve this problem, CNTs containing 
magnetic impurities are usually used. Such 
CNTs exhibit high magnetic susceptibility 
and can be aligned in magnetic fields not 

exceeding 1 T and easily achievable in 
conventional laboratories [10]. It should 
be noted that CNTs obtained by standard 
methods (such as, for example, CVD) and 
not subjected to additional purification 
can contain a sufficiently large amount 
of  impurities, including ferromagnetic 
catalysts (for example, iron compounds), 
which increase the magnetic susceptibility 
of  CNTs. Most of  these impurities are 
encapsulated between CNT molecules, and 
some are inside them, and they can only 
be removed using complex multi-stage 
purification methods. This allows us to 
expect that commercially produced CNTs 
can have increased magnetic susceptibility 
and can be aligned in a polymer matrix with 
using magnetic fields below 1 T.

This paper presents the results of  a 
study of  the influence of  the magnetic 
field of  a conventional neodymium 
magnet on the polymerization process 
and the electrophysical characteristics of  
polyvinyl alcohol (PVA) films with the 
inclusion of  multi-wall carbon nanotubes 
(MWCNTs).

2. MATERIALS AND METHODS
For the production of  the nanocomposite, 
we used commercially available PVS 
17-99 and MWCNTs of  the «Taunit» 
brand produced by NanoTechCenter 
LLC (Tambov, Russia). According to the 
manufacturer, the MWCNTs had a diameter 
of  20-50 nm, a length of  the order of  2 μm, 
and the total amount of  impurities did not 
exceed 10%. PVA is a widely used polymer 
and one of  the best and widely used 
materials as a polymer matrix for creating 
film nanocomposite structures [12].

An aqueous solution of  PVA was 
prepared in deionized water by continuous 
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stirring in a magnetic stirrer for an hour at 
a temperature of  90°C. The MWCNTs were 
dispersed in deionized water in the required 
ratio using an ultrasonic disperser. To 
improve the compatibility of  the MWCNTs 
with the polymer matrix, the so-called non-
covalent functionalization was used: 0.1% 
sodium dodecyl sulfate (SDS) was added to 
the water before dispersing MWCNTs. Then 
both solutions were mixed in the proportion 
necessary to obtain a given concentration 
of  MWCNTs in relation to the weight of  
PVA, mixed in a magnetic stirrer for 30 
minutes and cooled. The required amount 
of  solution was poured into Petri dishes 
and dried at room temperature for 48 
hours. During drying, one of  the samples 
(hereinafter referred to as "m-film") was 
dried on the surface of  a neodymium 
magnet, the second sample ("c-film") was 
dried without exposure to a magnetic field. 
The magnetic field strength near the surface 
of  the neodymium magnet we used was 
measured by the ATE-8702 magnetometer 
(Aktacom) and was 0.3 T.

After evaporation of  the solvent, 
nanocomposite films with a thickness of  
30 microns were obtained. Square-shaped 
samples with dimensions of  1×1 cm were 
cut from the obtained films, which were 
clamped between flat brass contacts for 
electrical measurements. Measurements 
of  current-voltage (I-V) characteristics 
were carried out on a setup including 
a programmable power supply APS-
7313 (Aktakom), a DM4040 multimeter 
(Tektronix), and an A2-4 picoammeter 
(MNIPI). Frequency dependences of  
conductivity in the frequency range 50 
kHz - 15 MHz were measured on an E7-29 
meter (MNIPI). The surface morphology 
of  the films was investigated using an 

optical and scanning electron microscope 
(SEM, Phenom).

3. RESULTS AND DISCUSSION
To confirm the sensitivity of  the MWCNTs 
used by us to the magnetic field, a glass 
with an aqueous suspension of  a small 
amount of  MWCNTs was placed in close 
proximity to a neodymium magnet. After 
3 hours, the bulk of  the MWCNTs in the 
suspension was grouped near the magnet 
(Fig. 1), which indicates that the used 
MWCNTs contain a significant amount of  
ferromagnetic impurities, which noticeably 
increase the magnetic susceptibility of  
MWCNTs.

Fig. 2 shows the SEM images of  the 
obtained samples of  PVA films containing 
1% of  the mass fraction of  MWCNTs. 
The photographs clearly show that the 

NANOSYSTEMS STRUCTURE AND ELECTRICAL CONDUCTIVITY OF POLYVINYL ALCOHOL FILMS 
WITH MULTI-WALLED CARBON NANOTUBES CURED IN A MAFNETIC FIELD

Fig. 1. Aqueous dispersion of  MWCNTs after 3 
hours of  exposure to a neodymium magnet.
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control films contain a large number of  
agglomerations several microns in size. 
At the same time, the films in which 
polymerization took place under the 
influence of  a magnetic field have a fairly 
homogeneous structure.

Since in our experiment the m-film 
during the curing process was located 
coplanar to the surface of  the magnet, then 
under the influence of  the magnetic field 
the MWCNTs should be oriented along the 
field, that is, perpendicular to the surface 
of  the film. With this orientation of  the 
MWCNTs, the resolution of  the SEM used 
by us, unfortunately, was not enough to 
directly reveal the fact of  alignment of  the 
MWCNTs.

An indirect confirmation of  the 
alignment of  the MWCNTs in the 
direction of  the magnetic field can be a 
change in the conductivity of  the films. 
Fig. 3a shows the I-V characteristics 
of  the studied samples of  films with a 
concentration of  1% MWCNTs measured 
at constant current. It can be seen that the 
current in films cured in a magnetic field 
is almost two orders of  magnitude higher 
than the current in control samples. This 
ratio is maintained up to an MWCNTs 

concentration of  about 0.1%, when the 
resistivity becomes close to that of  pure 
PVA, and it is no longer possible to detect a 
significant difference between the control 
samples and the samples exposed to the 
magnetic field.

Measurements of  the conductivity of  
the films at alternating current (Fig. 3b) 
showed that the frequency dependence 
of  the conductivity has a form 
characteristic of  polarized dielectrics, 
namely, with an increase in frequency, 
a noticeable increase in conductivity is 
observed. In the entire frequency range, 
the conductivity of  the films obtained in 
a magnetic field is noticeably higher than 
the conductivity of  the control samples. 
At a frequency of  50 kHz, this difference 
was more than an order of  magnitude, 
and with an increase in frequency, the 
difference decreases.

A similar frequency dependence of  
the conductivity was observed in epoxy 
nanocomposite films with oriented CNTs 
[13].

In the known models of  electrical 
conductivity of  nanocomposites [9,13], 
it is shown that the conductivity of  a 
nanocomposite strongly depends on 
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Fig. 3. Сurrent-voltage characteristics (a) and 
frequency dependences of  conductivity (b) of  a control 
nanocomposite film (c-film) and a film cured under 

the influence of  a magnetic field (m-film).
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the orientation angle of  the CNTs with 
respect to the direction of  the applied 
electric field. The schematic models of  
PVA films with randomly and oriented 
CNTs and metal contacts are shown in 
Fig. 4. At a low concentration of  CNTs, 
an increase in electrical conductivity in 
films with oriented CNTs is explained by 
the appearance of  an additional number 
of  percolation chains of  CNTs along the 
axis of  their orientation.

In turn, the angle of  CNTs orientation 
is determined by the intensity and time of  
application of  the external magnetic field. 
To estimate, we will use a simplified model 
of  the orientation of  CNTs in a magnetic 
field, given in [14]. According to this model, 
CNT with a magnetic moment vector pm 
and located in a magnetic field with a 
magnetic induction vector B (Fig. 5) are 
subjected to a torque M = [pm·B], and the 
angle θ between the vectors of  magnetic 
induction and magnetic moment of  the 
CNT is determined from the equation

38 sin ,m
dr p B
dt
θπ η θ=  (1)

where t is the time of  exposure to the 
magnetic field; η is the viscosity of  the 
polymer nanocomposite; r is the radius of  a 

sphere with a volume equal to the volume of  
a carbon nanotube.

The numerical example given in [14], 
shows the possibilities of  application for 
the alignment of  the CNT field with the 
magnetic induction 0.28 T. For estimates 
in [14] the polymer viscosity was 30 Pa·s, 
however, the initial viscosity of  real 
solutions of  monomers before curing is 
significantly less and increases during the 
curing process. Let us estimate the change 
in the orientation angle taking into account 
the change in the viscosity of  the polymer 
during the curing process. The simplest 
and, in our opinion, adequate law of  
viscosity change during polymer curing is 
the exponential law [15]:

0 0
0

( ) exp( ) exp ,tt ktη η η
τ
 

= =  
 

 (2)

where k-1 = τ0 is the characteristic time that 
determines the curing rate, during which the 
viscosity increases by a factor of  e.

Equation (1) with such a law of  change in 
viscosity is reduced to the form

3
0 0

exp .
sin 8

mp Bd t dt
r

θ
θ π η τ

 
= − 

 
 (3)
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WITH MULTI-WALLED CARBON NANOTUBES CURED IN A MAFNETIC FIELD

Fig. 4. Model of  a film with unoriented (a) and 
ideally oriented (b) CNTs: 1 – polymer matrix; 2 – 

carbon nanotube; 3 – brass contacts.

                        а                           b

Fig. 5. Geometry of  the CNT orientation problem 
in a magnetic field.
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Integrating both parts of  (3) over 
the curing time, we obtain the following 
transcendental equation for the orientation 
angle:

0

0
3

0 0

log log
2 2

1 exp ,
8

cure

m cure

tg tg

p B t
r

θ θ

τ
π η τ

      − =            
  

= − −     

 (4)

where tcure – is the curing time of  the polymer, 
θ0 – is the initial angle between the magnetic 
moment of  the CNT and the vector B, θcure 
– orientation angle of  the CNT in a cured 
nanocomposite.

To estimate, we take the initial orientation 
of  CNT θ0 = 90°, and the curing time is much 
greater than τ0, then we obtain a general 
expression for finding θcure

0
3

0

log .
2 8
cure mp Btg

r
θ τ

π η
   =    

 (5)

After substituting in (5) the approximate 
numerical values of  the sizes of  the used 
MWCNTs: r = 20 nm, l = 10 μm; magnetic 
induction B = 0.3 T, and, taking according 
to [14] the value of  pm = 1.0 meV/T, 
we obtain the following expression for 
estimating the angle θcure of  the CNT 
orientation in the field of  a neodymium 
magnet:

4 0

0

log 4 10 .
2
curetg θ τ

η
−   ≈ − ⋅    

 (6)

As can be seen from (6), with the 
accepted model law of  the change in the 
viscosity of  the mixture and prolonged 
curing, the orientation angle of  the CNT 
does not depend on the curing time, but is 
determined, other things being equal, by 
the initial viscosity of  the solution and the 
curing time constant. The values of  these 
parameters were not determined by us, but 

taking for example τ0 ≈ 2400 s (i.e. 40 min) 
and the initial viscosity of  the solution 
η0 = 1 Pa·s for the orientation angle 
θcure, from (6) we obtain the value 10°. 
With an increase in the initial viscosity the 
orientation angle will increase. Expression 
(6) is convenient to use for a qualitative 
assessment of  the expected angle of  
orientation of  MWCNTs in PVA solutions 
cured in the field of  a neodymium magnet, 
depending on the initial viscosity of  the 
solution.

4. CONCLUSION
As a result of  the studies carried out on 
the effect of  a constant magnetic field on 
the properties of  nanocomposite PVA 
films with MWCNTs during their curing, 
it was shown that films, obtained under 
the influence of  a magnetic field have a 
more homogeneous structure, while in 
the control samples there is a significant 
amount of  agglomerations of  MWCNTs. 
In the study of  the electrical conductivity 
of  the obtained samples, it was found 
that the films obtained in a magnetic field 
have a conductivity in the direction of  the 
MWCNT orientation, which significantly 
exceeds the conductivity of  the control 
samples.

A significant increase in the conductivity 
of  nanocomposite films, cured under the 
influence of  a magnetic field, can serve as 
an indirect fact confirming the alignment 
of  MWCNTs along the direction of  the 
magnetic field, which is well explained on 
the basis of  existing models of  electrical 
conductivity of  polymer nanocomposites 
with oriented CNTs and qualitatively 
corresponds to the results obtained 
by other authors on other polymer 
nanocomposites.
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1. INTRODUCTION
Over the past decade, the interest of  researchers 
in organic photovoltaics has increased [1-3]. This 
is due to the relative low cost of  manufacturing 
combined with the ease of  production of  
the final product, which is an indisputable 
advantage over more expensive and difficult-to-
manufacture analogues [4,5]. For example, the 

use of  roll-to-roll technology makes it possible 
to produce microcircuits by directly “printing” 
electronic circuits at a high speed [6]. Due to its 
excellent electron-acceptor properties, fullerene 
has established itself  as a promising component 
in organic electronics [7]. In particular, fullerene 
C60 is a fairly good n-type semiconductor, which 
demonstrates a high electron mobility 11 cm2V-1 
s-1; therefore, it is widely used in the creation of  
OFET (Organic field-effect transistor) [8]. The 
use of  fullerene as a transfer layer for electrons 
makes it possible to improve the electrical 
characteristics of  organic light-emitting diodes 
(OLEDs) [9].

Along with fullerene C60, its derivatives, for 
example, [6,6]phenyl-C61-butyric acid methyl 
ester (PCBM), have also become very popular. 
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Currently, PCBM is widely used in pharmaceuticals 
and organic photovoltaic systems [10-11]. More 
recently, the energy conversion efficiency for 
solar cells using PCBM and polymer materials 
has reached 7-8% [12-15]. Nevertheless, despite 
the extensive list of  works devoted to the 
creation of  devices using PCBM, the question of  
choosing the optimal solvent for obtaining thin-
film structures with the maximum photocurrent 
remains relevant. Considering all of  the above, it 
was these prerequisites that prompted this study, 
in which we considered how the use of  various 
types of  solvents affects the electrophysical and 
electrodynamic properties of  carbon thin-film 
structures deposited by the method of  watering 
from solution onto dielectric substrates [16].

2. SУNTHESIS AND DEPOSITION OF 
CARBON FILMS, EXPERIMENTAL 
TECHNIQUE
PCBM was synthesis was carried out according 
to a modified method proposed by F. Wudl 
[17]. This method is based on the process 
of  1,3-dipolar addition of  methyl ester of  
δ-phenylbutyric acid to the fullerene core. The 
main benefit of  the final product is the increase 
in PCE (power conversion efficiency) up to 
5.3%.

The formation of  films from the initial PCBM 
powder material was carried out by pouring 
from a solution onto substrates. Non-aromatic 
solvents were used: dichloromethane (CH2Cl2), 
chloroform (CHCl3), carbon tetrachloride (CCl4) 
and aromatic: toluene (C6H5CH3), benzene 
(C6H6). The concentration of  the starting 
substance in the solution was 0.5 mg/ml. After 
thorough mixing and holding (at least 48 h at 
room temperature), the resulting suspensions 
were applied to dielectric and conductive 
substrates, with a volume of  1 ml of  the latter. 
Cover glasses with geometric parameters of  
18×18 mm were used as dielectric substrates. To 
measure the conducting characteristics, indium 
tin oxide (ITO) with a resistivity of  16-18 Ω/
sq was used as a contact group, as well as thin 
aluminum films obtained by vacuum deposition 

on sitall, having high uniformity, low roughness 
with resistivity 20 Ω/sq.

The analysis of  the surface relief  and 
volumetric irregularities was carried out by means 
of  transmission and reflection microscopy based 
on a LOMO Mii-4M microinterferometer using 
additional illumination with a semiconductor 
laser and an extended optical path on a camera 
with a 1/2FF 10MP matrix (Fig. 1). To 
determine the electrodynamic characteristics, a 
GBC Cintra-4040 spectrophotometer was used 
to study the interaction of  electromagnetic 
radiation in the optical range and obtain the 
transmission, absorption (Fig. 2) and reflection 
coefficients. A distinctive feature of  this device 
is the presence of  a double monochromator in 
the Czerny-Turner configuration. Tungsten and 
deuterium lamps were used as radiation sources. 
Due to this, the range of  incident radiation was 
from 250 to 850 nm. During the experiment, a 
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Fig. 1. Surface morphology of  PCBM films depending on the 
type of  solvent: a - dichloromethane; b - chloroform; c - carbon 

tetrachloride; d - toluene; e - benzene.

Fig. 2. Absorption spectra of  the optical range (a) and the 
optical band gap (b) of  films depending on the solvent: 1) 
dichloromethane, 2) chloroform, 3) tetrachloromethane, 4) 

toluene, 5) benzene.
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clean substrate was used as a normalization basis. 
The study of  current-voltage characteristics 
(Fig. 3) was carried out using a keysight 
B1500A semiconductor analyzer. To analyze the 
photoactivity of  the studied carbon films, an 
LED matrix was used as an illumination source, 
with a flux density of  about 300 W/m2 and an 
incoming power of  60 mW. All measurements 
were carried out at least ten times at room 
temperature not exceeding 30°C using a shielding 
chamber and subsequent averaging of  the results 
obtained.

As a result of  surface analysis, it was found 
that the use of  various types of  solvents 
significantly affects the final surface morphology 
of  PCBM films. For example, films deposited 
with dichloromethane (CH2Cl2) are characterized 
by an “island-like” structure (Fig. 1a). Moreover, 
its thickness varies in the range from 8 to 25 µm. 
A more uniform surface is observed for films 
deposited with chloroform (CHCl3). It is worth 
noting the formation of  "cells" with a diameter 
of  10-15 µm on the surface of  the film. The 
thickness of  the film itself  is 4-5 µm (Fig. 1b). 
PCBM films synthesized with tetrachloromethane 
(CCl4) also showed the presence of  an “island-
like” structure, 5-10 µm thick (Fig. 1c). The 
highest homogeneity of  the PCBM film was 
achieved using toluene (C6H5CH3) as a solvent 
(Fig. 1d). The thickness of  such films is about 
500-600 nm. The use of  benzene (C6H6) made it 
possible to obtain a relatively uniform film with 
a thickness of  about 5-6 µm (Fig. 1e).

Thus, the nature of  the solvent effect on 
the final homogeneity and morphology of  the 
carbon film is clearly shown.

3. OPTICAL PERFORMANCE
Due to the variety of  the surface morphology 
of  the films and the characteristic feature 
of  each type of  samples, it is necessary to 
evaluate the optical properties, in particular, 
the absorption spectra (Fig. 2a). Analysis of  
the optical characteristics showed that the 
highest absorption coefficient is possessed 
by PCBM films obtained with the use of  
toluene. Absorption maximum ~ 0.9 a.u. falls 
on the wavelength range of  340-490 nm and is 
accompanied by a further decline to the near 
infrared spectral range. The next largest film 
in terms of  absorbing properties is benzene, 
with a maximum absorption coefficient of  ~ 
0.6 a.u. The use of  tetrachloromethane made 
it possible to obtain an absorption maximum 
of  ~ 0.5 a.u. The remaining two types of  
images differ insignificantly from each other, 
with the absorption coefficient at the peak: for 
chloroform ~ 0.4 a.u., for dichloromethane ~ 
0.3 a.u.

Considering the similarity of  the frequency 
dependences of  the optical range and the 
insignificant difference in the structures of  the 
obtained films, one should assume the presence 
of  an optical gap in the experimental samples 
Assuming that the main transitions between 
the valence and conduction bands are indirect 
allowed transitions, depending on the absorption 
coefficient on the incident photon energy, 
according to the Tauz formula, let us take a 
power exponent m equal to two [18,19]:

1 (h ) ,m
gE

h
α ν

ν
−

where α is the absorption coefficient; hν is the 
energy of  the optical quantum; Eg is the band 
gap of  the material. In this case, the optical 
band gap: PCBM in dichloromethane – 2.75 
eV; PCBM in chloroform – 2.26 eV; PCBM in 
tetrachloromethane – 2.14 eV; PCBM in toluene 

NANOSYSTEMS INFLUENCE OF DIFFERENT TYPES OF SOLVENTS ON MORPHOLOGY, 
OPTICAL AND CONDUCTIVE PROPERTIES OF PCBM FILMS

Fig. 3. (a) Current-voltage characteristics of  PCBM, 
where: 1 - light PCBM in toluene; 2 - light PCBM in 
dichloromethane; 3 - dark PCBM in toluene; 4 - PCBM 
in dichloromethane. (b) Current-voltage characteristics of  

PCBM in chloroform, where: 1 - light; 2 - dark.
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– 1.95 eV; PCBM in benzene – 1.84 eV (Fig. 2b). 
The results obtained clearly demonstrate the 
possibility of  modernizing the atomic structure 
of  carbon films by using various types of  
solvents.

4. CURRENT-VOLTAGE 
CHARACTERISTICS
To research the electrical parameters, PCBM 
carbon films were formed in the form of  a 
"sandwich" structure: Al-PCBM-ITO. The 
geometric parameters of  both layers (Al and 
ITO) were 10×10 mm (inset in Fig. 3b). The 
use of  thin-film aluminum and tin indium oxide 
as a contact group is due to the fact that the 
electron work function of  ITO is comparable 
to that of  polymers, which provides ohmic 
contact with the organic layer, while Al forms a 
rectifying barrier due to a lower work function 
[20].

The primary study of  the charge kinetics 
was carried out by analyzing the current-
voltage characteristics (I-V characteristics) 
in the range from –5 to 5 V. For PCBM 
deposited with toluene, the current-voltage 
characteristic is nonlinear and asymmetric at 
forward currents of  8 pA and reverse currents 
of  2.6 pA (Fig. 3a). Using dichloromethane, 
the currents flowing in the film were 1.3 pA 
for the forward leg and 0.7 pA for the reverse 
leg (Fig. 3a). For the samples: CHCl3, CCl4, 
C6H6, the limiting values of  the currents in 
the forward branch were 3.5 nA, 5 pA, 4.8 
pA, respectively, the reverse currents were 0.4 
nA, 9 pA, 7 pA.

It is worth noting the presence of  light 
sensitivity in three of  the five types of  
images, when the latter is irradiated with an 
electromagnetic wave of  the optical range 
(Fig. 3a,b). The greatest increase in the charge 
kinetics upon irradiation was recorded in films 
deposited with toluene (an increase of  8.8 times) 
and dichloromethane (an increase of  8.5 times). 
The smallest increase was recorded for PCBM 
in chloroform (5.8 times increase). Comparison 
of  the I–V characteristic with the surface 

morphology makes it possible to conclude that 
a galvanic bond is formed between individual 
centers of  agglomerators growth that form the 
basis of  carbon films.

5. CONCLUSION
Thus, the paper considers the electrical properties 
of  PCBM-based carbon films deposited using 
5 types of  solvents. The main feature is the 
presence of  light sensitivity in three of  the 
five types of  samples. For samples precipitated 
using toluene, the increase in kinetics was ~ 
8.8 times, for dichloromethane ~ 8.5 times, 
for chloroform – 5.8 times. It is also worth 
noting that the mobility of  charge carriers is not 
determined over the entire surface of  the "film" 
structure, but is formed by separate sections and 
agglomerations, which are successive connected 
chains.

Analysis of  the surface morphology clearly 
showed that when using toluene, the result is 
the most uniform film surface. The analysis 
of  the optical characteristics showed that 
the maximum of  the absorption spectrum 
for all types of  carbon films is observed in 
the wavelength range of  340-490 nm. The 
highest absorption (~ 0.9 a.u.) is possessed by 
the PCBM film deposited with toluene. The 
smallest absorption coefficient was recorded 
for the film in dichloromethane (~ 0.3 a.u.). 
The calculation results of  the optical band 
gap clearly demonstrate the possibility of  
modernizing the atomic structure of  carbon 
films by using various types of  solvents.
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1. INTRODUCTION
The coexistence of  superconducting and 
magnetic ordering leads to an unusual 
behavior of  the superconducting pair 
potential. In ferromagnetic (F) and 
superconducting (S) junctions the oscillatory 
behavior of  the paired potential took place 
[1,2], and as a consequence, a π-state occurs 
in S/F/S structures as predicted in [3] 
and experimentally confirmed on niobium 
superconducting structures with copper-
nickel interlayers [4]. The interest to S/F/S 
structures is caused by opportunities of  
obtaining non-sinusoidal current-phase 
relation, π-junctions, systems with spin 
valve properties, electronic transport with 
spin-triplet superconducting correlations 
with nonzero spin projection, long-range 
proximity effect and a number of  other 
effects.

A lot number of  papers have been 
devoted to the physical mechanisms for 
the development of  S/F/S structures with 
metallic F-layers (see, for example, reviews 
[5,6]). The case of  the S/AF boundary 
formed between a superconductor and an 
antiferromagnet (AF) is no less interesting 
[7-9]. However, the creation of  structures 
based on metallic layers with S, F and 
AF properties encountered technological 
problems, the solution of  which are 
associated with the design and development 
of  technology of  heterostructures 
fabrication with epitaxially grown interfaces 
between thin films of  oxide materials with 
the required functionalities.

Note, when polycrystalline films are 
used for preparation of  F/S interfaces, 
the influence of  the crystal structure on 
contacting materials leads to that a number 
of  interesting effects cannot be observed. 

For example, the anomalously strong 
proximity effect was absent in the junctions 
with the AF interlayers, which manifests 
itself  in a magnetic layered structure with 
the AF ordering of  interlayer [7,8].

A number of  specific properties of  
manganites [10] and antiferromagnetic 
cuprates have led to increasing interest in 
heterostructures with epitaxially grown 
interlayers of  magnetically active materials 
characterized by identical crystal structure 
and similar crystallographic parameters. 
As shown in [11,12], thin-film interfaces 
of  manganite/superconducting cuprate 
La0.7Ca0.3MnO3/YBa2Cu3Ox (LCMO/
YBCO) or La0.7Sr0.3MnO3/YBa2Cu3Ox 
(LSMO/YBCO) can be made very smooth 
on atomic level and free of  defects. Chemical 
diffusion of  the boundary elements was 
absent within the experimental error, 
and measurements [13] showed a minor 
migration of  manganese ions within 1 
nm. The high degree of  polarization of  
manganites indicates that superconducting 
structures containing manganite 
interlayers with ferromagnetic ordering, as 
well as antiferromagnetic oxides, are very 
interesting for studies of  spin-dependent 
electronic transport and proximity effects 
in multilayer heterostructures.

This paper presents the results of  
experimental studies of  hybrid S/M/Sd 
mesa-heterostructures (MHS) Nb/Au/M/
YBa2Cu3Ox in which an Nb/Au bilayer was 
used as the S superconductor with s-symmetry 
of  order parameter and an epitaxial film 
of  YBa2Cu3Ox (YBCO) superconducting 
cuprate with a dominant order parameter 
with d-wave symmetry, used as the Sd 
superconductor. The magnetically active 
layer (M) was prepared from a manganite 
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film with optimal La0.7Ca0.3MnO3 doping, or 
from non-doped manganite film LaMnO3. 
The optimal doping level means the level 
of  doping at which the Curie temperature is 
maximal.

The results of  resistivity measurements 
of  MHS with manganite interlayers at low 
temperatures T = 2 K, 1 K and 0.3 K will 
be compared to the dependences obtained 
in [14], calculated taking into account the 
impact of  exchange interaction energy 
h. Another type of  MHS studied in this 
work has the M-layer material made from 
antiferromagnetic CaXSr1-XCuO2 cuprate 
with doping level x = 0.5 (CSCO).

2. EXPERIMENTAL MESA-
HETEROSTRUCTURES
The superconducting cuprate YBCO film 
with critical temperature TC = 88-89 K was 
prepared by laser ablation at 700-800°C 
and pressure 0.3 mbar on (110)NdGaO3 
(NGO) substrate. A thin dM = 5...20 nm 
manganite M-layer film was epitaxially 
grown in the same vacuum chamber at high 
temperature and then coated with a thin 
(20-30 nm) gold (Au) layer after cooling to 
room temperature. A subsequent layer of  
niobium (Nb) was deposited by magnetron 
sputtering. The protective Au film used to 
reduce oxygen diffusion from the contacting 
oxides. The proximity effect between the 
superconducting (Nb) and metallic (Au) 
films gave the critical bilayer temperature TC' 
= 8.5...9 K, close to the critical temperature 
of  the Nb film (9.2 K). The LCMO M-layer 
manganite thin film at temperatures T < 
100 K has the properties of  a ferromagnetic 
metal. In the case of  manganite LaMnO3 
very thin M-layer at low temperatures may 
exhibit properties of  an antiferromagnet 
[10,13], however, at thicknesses which 

exceed the thickness of  pin-holes (dM > 1 
nm) it becomes a weak ferromagnet.

The topology of  the mesa-
heterostructures was formed by 
photolithography, plasma-chemical, and 
ion-beam etching methods [15]. A protective 
layer of  SiO2 insulator was deposited by high-
frequency magnetron sputtering and then a 
square-shaped planar geometry was formed, 
defining the MHS area varied from A = 
10×10 μm2 to 50×50 μm2. For comparison, 
a similar fabrication procedure was used for 
structures without M-layer [16]. To avoid 
the appearance of  pin-holes (short circuits 
for electric current), the deposited M films 
were thicker than the surface roughness of  
the YBCO layer. Direct deposition of  Nb 
on top of  the YBCO film results in an Nb/
YBCO interface with high resistivity due 
to oxidation of  the Nb film. Thus, if  the 
Au layer locally damaged due to the finite 
surface roughness of  the M/Sd interface, 
then niobium oxide is formed directly there, 
which prevents pin-hole formation.

3. RESULTS OF MEASUREMENTS 
AND DISCUSSION
3.1. specific resistance of mhs with 
manGanite interlayers

The temperature dependences of  the 
resistivity of  epitaxial LMO and LCMO 
films deposited on NGO substrate were 
investigated [15] to evaluate their contribution 
to the MHS resistivity. Note that the resistance 
of  the LMO film is much higher than that 
of  the doped ferromagnetic manganite 
film, particularly, the LCMO. The increase 
in resistance with decreasing temperature 
indicates nonmetallic conductivity.

A detailed analysis of  the temperature 
dependence shows that on the dependence 
R(T) the Mott insulator behavior with two 
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components can be distinguished, which are 
described by an expression ρ∞exp(T0/T)1/4 
with different characteristic temperatures T0 
= 34·106 K at T > TCU and T0 = 4·106 K at T 
< TCU, where TCU is the Curie phase transition 
temperature. The difference in T0 parameter 
below and above TCU can be described using a 
polaron model of  hopping conduction at high 
temperature [16] for which the dependence ρ 
= αexp(T0*/T)1/4, where T0* is the activation 
temperature and the parameter α depends on 
the concentration of  charge carriers and the 
jump length.

The MHS resistance is described by sum 
of  resistances R = RYBCO + RM/Y + R'M + 
Rb + RNb/Au + RNb + RAu, where RYBCO is the 
YBCO electrode resistance, RM/Y is the M/
YBCO interface resistance, R'M is the M-layer 
resistance, Rb is the Au/M barrier resistance, 
and RNb and RAu are the Nb electrode and 
Au film resistances, respectively. Usually, the 
contribution from the Au thin film resistance 
can be neglected [16].

At temperatures above the superconducting 
critical temperature (TC = 70÷80 K) of  
the YBCO film (T > TC), the temperature 
dependence of  the MHS resistance R(T) is 
similar to that of  a single YBCO film. MHS 
with M-layer of  a manganite film had no 
superconducting critical current, although the 
thickness dM was reduced to 5 nm. In the case 
of  LSMO manganite M-layer its impedance 
in MHS, calculated from the resistivity of  
the single film, is much higher than the total 
impedance of  the MHS. Consequently, there 
is a significant decrease in the resistivity of  
the M-layer in the MHS.

Taking the calculated maximum resistance 
of  the interface between Au and manganite 
and assuming that the contribution of  the 
M-layer resistance is insignificant, we find 

that the determining factor in the MHS 
resistance comes from the manganite/
YBCO interface. Fig. 1 shows the family of  
dependences of  characteristic resistances 
RNA(V) for MHS with an LMO layer with 
thickness dM = 6 nm and size L = 20 μm, 
measured at temperatures T = 17.8 K, 
25.9 K, 30.2 K, and 39.3 K, all above the 
critical temperature of  the Nb film. An 
asymmetry with respect to V = 0 with a shift 
of  the maximum about 10 mV can be seen, 
which can be explained by the influence 
of  LMO ferromagnetism on the tunneling 
characteristics of  MHS [17].

Although the resistivity of  the single 
LMO film is significantly higher than that of  
the LCMO film at reduced temperatures, the 
resistance of  the MHS with an LMO layer 
is significantly lower than the calculated R'M 
contribution. With a further decrease in 
temperature to T = 6 K, which is already 
below the superconducting transition 
temperature of  the Nb film the singularity 
feature of  resistance with a minimum at V 
= 0 is manifested more clearly. However, 
the question whether it relates to the 
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Fig. 1. Family of  characteristic resistivity dependences 
RNA(V) for MHS with LMO layer of  thickness dM 
= 6 nm and L = 20 μm, measured at temperatures 
T = 17.8 K, 25.9 K, 30.2 K and 39.3 K, which are 
higher than the critical temperature of  the Nb film.
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appearance of  superconducting current 
remained open.

Measurements at lower temperatures 
are shown in Fig. 2, which shows 
RNA(V) dependences for MHS, taken 
at T < 4.2 K. At low temperatures, the 
M-layer contribution from the LCMO to 
the MHS resistance is small due to the 
metal-insulator transition of  the LCMO 
film. For the case of  LMO film, on the 
contrary, as mentioned above, there is an 
increase in R'M resistance with decreasing 
temperature, but the RM/Y contribution is 
more significant because the transparency 
D of  the LCMO/YBCO and LMO/YBCO 
interface is smaller than for Au/LCMO or 
Au/LMO.

So, we are dealing with the structures 
with two low transparent barriers, which 
can strongly suppress the superconducting 
current (or critical IC current) in proportion 
to the square of  the D2 transparency. The 
absence of  superconducting current is 
indicated by the dependence RD(V) shown 
in the inset in Fig. 2a. It can be seen that 
even at T = 0.3 K there is an increase in 
resistance at V = 0, and low-energy sub-gap 
features on the dependence RD(V) distinctly 
registered.

It is possible to evaluate the influence 
of  exchange interaction by values of  
the normalized conductivity ratio σ0/
σN, where σ0 is taken at V = 0, and σN 
corresponds to conductivity of  MHS 
in the normal conducting state. Fig. 3 
shows the temperature dependences 
of  experimental values for σ0/σN, taken 
from data on Fig. 2 and calculated 
using approach [14] taking values of  
exchange interaction h = 0.1 and h = 1 
at fixed all other parameters of  modeling. 
From Fig. 3 one may conclude that the 
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a

b
Fig. 2. Family of  dependences of  RNA(V) at the 
temperatures T = 2 K, 1 K and 0.3 K for (a) MHS 
with LMO interlayer dM = 6 nm, the inset shows a 
more detailed dependence at T = 0.3 K; (b) MHS 
with LCMO interlayer with thickness dM = 20 nm.

Fig. 3. Temperature dependence of  the normalized 
conductivity σ0/σN at V = 0 for MHS with LMO 
(1) and LCMO (2) interlayers. Experiment: 
crosses (LMO), light circles (LCMO), theoretical 
curves correspond to exchange energy h = 0.1 (1) 

and h = 1 (2).
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ferromagnetism in the LMO layer is much 
weaker than in the LCMO.
3.2. Characteristics of  MHS with
CaXSr1-XCuO2 antiferromagnetic layer
Replacement of  the ferromagnetic interlayer 
with an antiferromagnetic one is manifested 
in appearance of  a superconducting current. 
Fig. 4 shows the temperature dependence 
of  the resistance of  three MHS with M layer 
made of  Ca0.5Sr0.5CuO2 (CSCO) for different 
interlayer thicknesses dM = 80, 50, and 20 
nm. The inset on the same figure shows the 
superconducting transition for the MHS with 
dM = 20 nm.

The superconducting current IC was 
observed at T = 4.2 K for MHS with 
interlayer thickness up to dM = 50 nm, 
detectable by the differential conductivity 
peak on the dependence of  RD(V) at V = 0. 
In contrast to the manganite interlayers 
characterized by the nonzero energy of  
exchange interaction h > 0, in the case 
of  the antiferromagnetic (AF) interlayer, 
the main contribution to the reduction 
of  the superconducting current comes 
from the transparency of  the Au/CSCO 

and YBCO/CSCO barriers. We consider 
that the barrier thickness condition for 
existence of  superconducting current 
is satisfied as for the case of  S/N/S 
junctions, when IC exponentially decreases 
with the ratio dN/ξN (ξN is the coherence 
length in the normal metal interlayer).

Thus, MHS can be considered as Sd/M/S 
structures, where Sd is a YBCO electrode 
with a dominant d-wave order parameter, S 
is a superconducting Nb/Au bilayer (due to 
the strong proximity effect in thin Au film of  
thickness dAu < l, smaller than the free path 
length l).

Fig. 5 shows a simplified model for 
YBCO/CSCO/Au/Nb MHS in which 
the antiferromagnetic interlayer is 
represented as a normal metal with an 
antiferromagnetic ordering N(AF) and 
the CSCO/Au barrier with transparency 
D < 1 is an insulator with thickness d0 and 
dielectric permittivity ε. The barrier layer 
in the inset is given as white gap between 
the CSCO and Au films, in which there is 
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Fig. 4. Temperature dependence of  the resistance of  
three MHS with CSCO. The curve (1) corresponds 
to dM = 80 nm, (2) dM = 50 nm, (3) dM = 20 nm. 
The inset shows the transition to the superconducting 

state of  MHS (3).

Fig. 5. Dependence of  the barrier parameter d0/ε 
vs. the CSCO layer thickness dM. The inset shows 
the band diagram for the YBCO/CSCO/Au/Nb 
hybrid mesa-heterostructure with different values of  
interface transparency D. The EV energy denotes the 
valence zone, and the EF is the Fermi energy shown 

as a dashed line.
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drown an abrupt change in the energy level 
EV characterizing the valence zone. As can 
be seen from Fig. 5, the parameter d0/ε 
grows exponentially with thickness dM, 
calculated from the capacity С = Aε/4πd0 
of  the MHS, which was estimated from 
the hysteresis of  I-V characteristics which 
were observed in experiment.

4. CONCLUSION
Hybrid planar mesa-heterostructures 
with three types of  the oxide barrier layer 
epitaxially grown on top of  the YBa2Cu3Ox 
cuprate superconductor were experimentally 
studied, and the Au/Nb bilayer was used 
as the upper superconducting electrode. In 
the case of  a barrier layer of  ferromagnetic 
manganite La0.7Ca0.3MnO3 or LaMnO3 
the exchange interaction prevented flow 
of  superconducting current even when 
the mesa-heterostructures were cooled to 
temperature T = 0.3 K and the layer thickness 
was reduced to dM = 6 nm - a value which 
guarantees the absence of  pinholes. In the 
case of  the Ca0.5Sr0.5CuO2 antiferromagnetic 
cuprate interlayer, superconducting current 
was detected at T = 4.2 K increasing the 
interlayer thickness up to dM = 50 nm. At low 
temperatures T < 4.2 K, the dependences of  
differential resistance vs. voltage for mesa-
heterostructures with manganite interlayers 
exhibited features which could be attributed 
to the appearance of  low-energy sub-gap 
states.
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1. INTRODUCTION
Significant progress in microelectronics in the 
field of  informatics is due to the use of  the 
charge properties of  electrons. The use of  
electron spins opens up new opportunities in 
microelectronics, especially in the field of  heat 
dissipation from submicron-sized elements. 
Spintronics elements enable solutions to 
the heat dissipation problem because there 
is no heat dissipation for spin transfer (spin 
current).

The detection and generation of  spin 
current requires a completely different 
approach to the problem. A challenging 
task is the conversion of  the spin current 
into a charge current, which is used in 
modern systems. The spin Hall effect is 
used to describe the conversion of  spin 
current to charge current and vice versa in 
paramagnetic metals [1]. The conversion 
efficiency is determined by a parameter, the 
spin Hall effect angle θSH, which is defined 
as the ratio of  the spin Hall resistance and 
the charge conduction of  the paramagnetic 
metal. θSH can be determined from non-local 
magnetotransport measurements (see, for 
example [2]).

The most common method is to use 
spin pumping in a ferromagnetic resonance 
(FMR) mode in a paramagnetic metal/
ferromagnet heterostructure [3-6]. However, 

a large number of  parameters determining 
the magnitude of  the spin current cannot be 
determined with good accuracy. As a result 
there is a strong scatter of  experimentally 
obtained values of  θSH for the same 
heterostructure. The number of  parameters 
in the relationship between θSH and spin 
magnetoresistance is much smaller. As a 
result of  spin resistance measurements it is 
possible to determine the value of  θSH with 
greater accuracy.

The paper presents the results of  
fabrication and structural study of  SrIrO3/
La0.7Sr0.3MnO3 heterostructures, the results 
of  experimental studies of  the spin current 
arising in the regime of  ferromagnetic 
resonance and magnetoresistance. The 
influence of  anisotopic magnetoresistance 
and Rashba-Edelstein parameter on 
the parameters of  heterostructures are 
discussed.

2. MANGANITE/IRIDATE 
HETEROSTRUCTURES
Thin films of  strontium iridate SrIrO3 and 
manganite La0.7Sr0.3MnO3 of  nanometer 
thickness were deposited on single-crystal 
substrates (110)NdGaO3. Epitaxial films 
were grown by magnetron sputtering at 
substrate temperatures of  770-800°C in Ar 
and O2 gas mixture at a total pressure of  0.3 
mBar [5,6].

The crystal structure of  the obtained 
heterostructures has been studied by X-ray 
diffraction analysis and transmission electron 
microscopy (TEM). A relatively thick 
platinum film was deposited on top of  the 
heterostructure to avoid charge build-up. We 
will describe the crystal lattice of  SrIrO3 and 
La0.7Sr0.3MnO3 as a distorted pseudo-cube 
with lattice parameters aSIO = 0.396 nm and 
aLSMO = 0.389 nm respectively [6].
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Fig. 1 shows a X-ray Bregg diffractogram 
of  the obtained heterostructure. Multiple 
reflections from plane (001) of  SrIrO3 film, 
reflections (110) of  NdGaO3 substrate 
coinciding with reflections from plane (001) 
of  La0.7Sr0.3MnO3 as well as reflections 
from platinum film can be seen. Thus, it 
is possible to draw a conclusion that the 
growth of  heterostructure is carried out 
by the "cube upon cube" mechanism with 
the following ratios: (001)SrIrO3||(001)
La0.7Sr0.3MnO3||(110)NdGaO3 and [100]
SrIrO3||[100]La0.7Sr0.3MnO3||[001]NdGaO3 
[6].

Fig. 2 shows a TEM image of  a cross 
section of  a heterostructure obtained with 
a transmission electron microscope JEM 
−2100 at 200 kV. Elemental analysis was 
performed by X-ray energy dispersive 
system (OXFORD Instruments, INCA 
Energy). The cross section slice plate for 
transmission electron microscopy was 
made by using a focused ion beam in a Carl 
Zeiss CrossBeam Neon 40 EsB scanning 
electron-ion microscope equipped with an 
auto-emission electron and a gallium ion 
gun with a resolution of  1 and 7 nm. The 

unit was equipped with a micromanipulator 
and gas injection system for local precursor 
gas (Pt, W, etc.) deposition.

A layer of  metal mask (Pt) up to 2 μm 
thick was formed on the sample surface 
to protect from damage. Ga+ ions with 
an energy of  30 keV were used to obtain 
the slice and its thinning (polishing) with a 
gradual decrease of  the etching current from 
5 nA to 5 pA. To remove the amorphous 
layer at the final stage, the ion energy was 
decreased to 5 keV.

Presumably, during the preparation 
of  the sample for TEM, the upper layer 
of  SrIrO3 was damaged - amorphized 
during the interaction with the beam of  
gallium ions. At the same time, the layer 
La0.7Sr0.3MnO3 remained undamaged. In 
the high-resolution image, we can observe 
a clearly pronounced even boundary 
between the La0.7Sr0.3MnO3 layer and the 
NdGaO3 substrate. Hence, an epitaxial 
correspondence between the layer and 
the substrate is observed. The inset to 
the figure shows Fourier images from the 

NANOSTRUCTURES FOR IT SPIN CURRENT AND SPIN MAGNETORESISTANCE OF THE 
HETEROSTRUCTURE IRIDATE/MANGANITE INTERFACE

Fig. 1. X-ray diffractogram of  Pt/SrIrO3/
La0.7Sr0.3MnO3/NdGaO3. The reflections from the 

platinum film marked with an asterisk.

Fig. 2. TEM image of  a cross section of  a SrIrO3/
La0.7Sr0.3MnO3/NdGaO3 (Pt/SIO/LSMO/
NGO) heterostructure covered with a thick layer of  
platinum. The electron diffraction from the NdGaO3 
substrate regions and La0.7Sr0.3MnO3 films are 

shown on the right.
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regions of  the figure corresponding to the 
substrate and La0.7Sr0.3MnO3 layer, also 
confirming the epitaxial growth.

Fig. 3 shows a cross section of  the 
La0.7Sr0.3MnO3 film surface obtained using 
an atomic force microscope.  Vertical 
irregularities 1-2 nm do not exceed the 
thickness of  the upper SrIrO3 film.  
Horizontally, the size of  the irregularity is 
50-70 nm.

3. SPIN CURRENT
The ferromagnetic resonance (FMR) line 
width characterizes the attenuation of  
the spin precession. In a ferromagnetic/
normal metal heterostructure, an increase 
is observed due to the generation of  a 
spin current across the interface [7]. Under 
microwave action in the FMR mode, a spin 
current jS flows across the boundary in the 
ferromagnetic film, which is determined by 
the spin conductance of  the boundary g↑↓  
and the amplitude of  the magnetic moment 
precession m induced by the microwave 
magnetic field [4,8,9].

2( ) .
8s
hj mdm / dt
π

=  (1)

The value of  the spin conductivity is 
usually determined from the increase in 
spin damping caused by the flow of  a 
spin current. In our case the expression 
for the spin conductivity of  the SrIrO3/

La0.7Sr0.3MnO3 interface looks af  
following:

/

4
( ),g s LSMO

SIO LSMO LSMO
B f

M t
g H H

g
πγ

µ ω
↑↓ = ∆ −∆  (2)

where La0.7Sr0.3MnO3 film magnetization 
MS = 300 Oe determined from resonance 
magnetic field value of  FMR, tLSMO = 12 
nm film thickness La0.7Sr0.3MnO3, μB = 
9.274·10−21 erg/G is the Bohr magneton, 
g = 2, γg = 17.605·106 s−1G−1 is the 
gyromagnetic ratio for free electrons and 
ωf  = 2π·9.51·109 s−1 is the microwave 
frequency. At room temperature, the 
increase in the ∆HSIO/LSMO − ∆HLSMO = 
20 Oe width is 20 Oe, which gives g↑↓  
= 1·1018 m−2 for SrIrO3/La0.7Sr0.3MnO3 
heterostructures. Note that = 1.3·1018 
m−2 was obtained in [10] for SrIrO3/
La0.7Sr0.3MnO3 heterostructure obtained 
by laser ablation.

Inverse spin Hall effect is used to detect 
spin current [3,8]. According to the effect 
the ratio of  spin and charge currents is 
determined by a dimensionless parameter 
− the spin Hall angle θSH:

0 ,ISHE SH s
ej n jθ  = × 

 





 (3)

where n  is unit vector of  spin momentum 
direction.

The voltage dependence on the upper 
film V(H) is measured when the magnetic 
field is swept close to the resonance value 
of  the FMR. Fig. 4 shows the magnetic-
field voltage dependence on the SrIrO3 
film under ferromagnetic resonance 
conditions at 2.6 GHz. The experimental 
dependence is well approximated by the 
following formula taking into account the 
effect of  spin current and the contribution 
from anisotropic magnetoresistance 
(AMR) [11,12]:

NANOSTRUCTURES FOR IT

Fig. 3. La0.7Sr0.3MnO3 film surface taken on an 
atomic force microscope. 
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ϕ
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+
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where L(H) = ∆H2/[(H − H0)
2 + ∆H2] is 

the symmetric Lorentz function, L'(H) 
= ∆H(H − H0)/[(H − H0)

2 + ∆H2] is 
the asymmetric Lorentz function, S

AMRV  
and A

AMRV  are the amplitudes of  both 
symmetric and asymmetric parts of  the 
AMR contribution, VQ(H) is the voltage 
on the SrIrO3 film, caused by spin 
current flowing through the interface, 
φ0 is angle between external magnetic 
field and normal to voltage direction 
caused by reverse spin Hall effect. For 
φ0 = 45° assuming a ratio  A

AMRV / S
AMRV  = 

−tgφI ≈ − 1 [11], where φI is the phase 
difference between microwave current 
and microwave magnetization from 
the amplitude A

AMRV  we obtain that the 

contribution from the spin current is 
less than 10% of  the S

AMRV .

4. SPIN MAGNETORESISTANCE
Magnetic-field dependence of  the change 
in the normalised magnetoresistance (MR) 
of  the heterostructure is shown in Fig. 5b. 
The normalisation is given for resistance 
at H = 0. Directions of  magnetic field 
change are indicated by arrows. The 

NANOSTRUCTURES FOR IT SPIN CURRENT AND SPIN MAGNETORESISTANCE OF THE 
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Fig. 4. Spectrum of  voltage induced by spin 
current, f  = 2.6 GHz, T = 300 K. Red curve −
approximation by Lorentz line and antisymmetrical 
component of  anisotropic magnetoresistance, 
blue curve − antisymmetrical part of  anisotropic 
magnetoresistance, green curve − sum of  symmetrical 
part of  anisotropic magnetoresistance and spin 

current signal.

a

b
Fig. 5. (a) The topology of  the measurements 
SrIrO3/La0.7Sr0.3MnO3. (b) Magnetic-
field dependence of  variation of  normalized 
magnetoresistance of  heterostructures. The 
normalization is given for resistance at H = 0. The 
directions of  magnetic field change are indicated by 

arrows. 
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hysteresis of  the magnetoresistance 
change can be seen. The maximum value 
of  the MR variation is 0.032%. The field 
was directed perpendicular to the direction 
of  the current flow (angle φ = 90° in the 
Fig. 5a).

The MR field dependence follows the 
manganite magnetisation curve [13]. The 
small value of  the hysteresis loop width 
is probably caused by the proximity effect 
(penetration of  the magnetic order parameter 
in the La0.7Sr0.3MnO3 film into SrIrO3).

Following the theory [14] taking into 
account conductivity of  La0.7Sr0.3MnO3 
film the expression for spin resistance 
(SMR) is as follows [15]:

2 2tanh ( / 2 ) ,
(1 ) [1 coth( / )]

SH S R SIO S

SIO R SIO S

g tR
R t g t

θ λ λ
η λ

∆
=

+ +
 (5)

where θSH and λS are the spin angle and 
spin diffusion length in the SrIrO3 film 
correspondingly. η = ρSIOtLSMO/ρLSMOtSIO 
= 0.33 are determined by the resistivities 
of  iridate and manganite ρSIO = 3·10−4 
Ωcm and ρLSMO = 1.1·10−3 Ωcm, and the 
thicknesses of  these films tLSMO = 12 
nm and tSIO = 10 nm, gR = hρSIOλS

g↑↓ /
e2. Using the data for the spin resistance 
value of  the boundaries [6] g↑↓  = 1018 m−2 
and the value λS = 1 nm we obtain gR = 
0.12. Under the condition tSIO >> λS 
relation (5) is simplified.  Substituting the 
parameters calculated above we obtain 
θSH ≈ 0.2. Assuming that the anisotropic 
magnetoresistance (АМR) gives an 
additive contribution to the resistivity of  
the heterostructure together with the spin 
current we obtain that the value must be 
reduced to the root of  the relationship 
between the amplitude of  the symmetric 
АМR signal and the spin current 

signal in the ferromagnetic resonance 
/ 0.3S

Q AMRV V =  [6].

Along with the spin magnetoresistance 
there is the Rashba-Edelstein 
magnetoresistance which results from 
the processes occurring at the boundary 
with broken symmetry of  the inversion 
[16-18]. Recently this effect has been 
investigated experimentally in a Bi/Ag/
ferromagnetic multilayer [19] caused by 
nonequilibrium spin accumulation at the 
interface

5. CONCLUSION
The structural parameters of  the fabricated 
SrIrO3/La0.7Sr0.3MnO3 heterostructure 
were studied. Epitaxial growth of  two 
films on NdGaO3 substrate was observed 
by transmission electron microscope and 
confirmed by X-ray diffraction structure 
measurements. The value of  the spin Hall 
angle was determined by two methods 
by direct measurement of  the voltage 
induced by the spin current induced in 
the ferromagnetic resonance mode and by 
measuring the spin resistance. A strong 
influence of  anisotropic magnetoresistance 
on the spin transport parameters was 
observed.
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1. INTRODUCTION
One of  the first models of  moment elasticity 
was the brothers Cosserat model [1], developed 
by them in 1909 (see also [2]). For quite a long 
time, this model was not in demand and only in 
the sixties of  the last century, applications were 
found for it, and a significant number of  works 
appeared, one way or another, developed this 
model [3,4,5]. In particular, in [5] great attention 
was paid to the kinetics of  the medium of  
Cosserat and, using generating functions, was 
constructed fundamental solution of  the task 
of  elastokinetics and thermoelectrokinetics for 
this medium. The formulas for the dispersion of  
the phase velocity of  transverse torsion waves 
were also derived there and the possibility of   

bifurcation of  these waves at different rotational 
frequencies of  medium particles was shown.

The current model Cosserat widely used 
where the classic theory does not give good 
agreement with experiment. Thus, when 
investigating the theory of  brittle fracture of  
metals, Morozov [6] draws on this mathematical 
theory to describe stresses near the tip of  the 
crack, Zhilin [7] uses the model Cosserat in 
the theory of  non-classical shells, Erofeev and 
Kunin [8,9] based on nonlinear theory Cosserat 
studies solitons in solids and develops a polar 
theory of  media with microstructure. There are 
still a number of  works where moment theories 
are used toо study the movement of  grains in 
ferromagnets, thermodiffusion, complicated 
models of  crystal lattices, etc.

In this paper, a matrix and scalar characteristic 
form of  linear medium dynamics equations is 
constructed on the basis of  the matrix method 
developed by the author for Cosserat line 
medium and pseudo-continuum Cosserat and 
discussed the possibilities and sequence of  their 
numerical implementation.
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2. CONSTRUCTION OF CHARACTERISTIC 
EQUATIONS OF DYNAMICS
Following [5], the equations of  dynamics for 
the Cosserat medium can be written as a system 
consisting of  equations of  motion

2

2

,

,
j ji i t i

ijk jk j ji i t i

p f u

p y J

ρ

µ

∂ + = ∂

∈ + ∂ + = ∂ Ω
 (1)

equations for non-symmetric deformation tensor 
and bending-torsion

,

,
ji j i kji k

ji j i

uγ

χ

= ∂ −∈ Ω

= ∂ Ω
 (2)

and the defining equations

( ) ( ) ,

( ) ( ) .
ji ji ij kk ji

ji ji ij kk ji

p a aµ γ µ γ λγ δ

µ ϕ ε χ ϕ ε χ βχ δ

= + + − +

= + + − +
 (3)

Here μ, λ are the Lame constants, α,φ,ε,β 
new elastic constants, pj asymmetric stresses, γji 
asymmetric deformations, χji bending-torsion tensor,  
ui displacement, Ωi rotation angles, fi internal forces,  
yi internal moments, ijk∈  Levi-Chevita tensor, δij the 
unit tensor, i,j,k = 1,2,3; ∂j = ∂/∂xj, ∂t

2 = ∂2/∂t2, t 
time, xj Cartesian coordinates, for repeated Roman 
indices are summed up here and then.

Note that systems (2) and (3) are constructed in 
such a way that

, 2 ,
, 2 ,

p p pαα αα αβ βα αβ

αα αα αβ βα αβ

σ σ

γ ε γ γ ε

= + =

= + =
 (4)

where σαα, σαβ, εαα, εαβ are the stresses of  the classical 
elasticity theory, α, β, γ, α ≠ β ≠ γ, there is no 
summation here and further along the echoing Greek 
indices. The indices α,β,γ = 1,2,3 and form a circular 
permutation of  the numbers 1,2,3, i.e. 1,αβγ∈ =  and 

1.βαγ∈ = −
Remark (4) allows us to reduce some gradient 

problems of  Cosserat medium dynamics (for 
example, the problem of  bound thermoelasticity) 
to problems of  classical momentless mechanics, if, 
of  course, we do not consider asymmetric tangent 
deformations and stresses separately. Another 
consequence (4) is that the normal stresses and 
deformations of  the Cosserat  medium are equal 
to the corresponding stresses and deformations of  
the classical elastic theory, and the interaction of  
ordinary and moment stresses occurs only through 
tangent stresses.

Let's proceed to the construction of  the matrix 
form of  equations (1)-(3), for which we will enter 
the row matrices

11 22 33 12 13 21 23 31 32

11 22 33 12 13 21 23 31 32

11 22 33 12 13 21 23 31 32

11 22 33 12 13 21 23 31 32

1 2 3 1 2 3

1 2 3 1 2 3

,

,

,

,

, ,

,

P p p p p p p p p p

M

X

U u u u

F f f f Y y y y

γ γ γ γ γ γ γ γ γ

µ µ µ µ µ µ µ µ µ

χ χ χ χ χ χ χ χ χ

=

Γ =

=

=

= Ω = Ω Ω Ω

= =

 (5)

and two additional matrices-rows

 1 2 3ie δ δ δ=  and

1 1 2 2 3 3 1 2 1 3 2 1 2 3 3 1 3 2 ,ij i j i j i j i j i j i j i j i j i jq δ δ δ δ δ δ δ δ δ δ δ δ δ δ δ δ δ δ=

with which you can select components from matrix 
rows (5) and restore these matrix rows by their 
components, for example,

, , , ,T T T T T T
i i ij ije U u e u U q P p q p Pα α αβ αβ= = = =  (6)

obviously, 
3, ,T T

i ie e e e Iα β αβδ= =  ,T
cd c dq qαβ α βδ δ=  

9 ,T
ij ijq q I= where I3 and I9 are unit matrices of  3-rd 

and 9-th order.
Using matrices (5) and auxiliary matrices ei and 

qij construct the matrix form of  equations (1) - 
(3), using the form of  row matrices (5), additional 
matrices, and properties (6) of  additional matrices.

In this case, equations (1) will take the form:
,

,

T T T
i i t
T T T T

i i i i t

Q P F V
S Q P Q M Y J

ρ

ω

∂ + = ∂

− + ∂ + = ∂
 (7)

where VT = ∂tU
T, ωT = ∂tΩ

T, matrices T
i j ijQ e q=  

and T
i ijk j iS e e= −∈  are known to us by [10] and 

characterize the matrix form of  differential invariants   
grad, div and rot. In matrix form Qi and Si have the 
form

1 2 3

2 1 3

3 1 2

3 2

3 1

2 1

0 0 0 0 0 0
0 0 0 0 0 0 ;
0 0 0 0 0 0

0
0 .

0

i i i

i i i i

i i i

i i

i i i

i i

Q

S

δ δ δ
δ δ δ

δ δ δ

δ δ
δ δ
δ δ

=

−
= −
−

Equations (2), differentiated by t, are written in 
the matrix representation as

( ),

.

T T T T
t i i i

T T T
t i i

Q V S
X Q

ω

ω

∂ Γ = ∂ +

∂ = ∂
 (8)

Equations (3), also differentiated by t, in the 
matrix representation will take the form
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9

9

{( ) ( ) } ,

{( ) ( ) } ,

T T T T
t ij ji ij kk ij t

T T T T
t ij ji ij kk ij t

P a I a q q q q

M I q q q q X

µ µ λ δ

ϕ ε ϕ ε β δ

∂ = + + − + ∂ Γ

∂ = + + − + ∂
 (9)

or using (8), finally

9

9

{( ) ( ) }

( ),

{( ) ( ) } .

T T T
t ij ji ij kk ij

T T T
i i i

T T T T T
t ij ji ij kk ij i i

P a I a q q q q

Q V S
M I q q q q Q

µ µ λ δ

ω

ϕ ε ϕ ε β δ ω

∂ = + + − + ×

× ∂ +

∂ = + + − + ∂

 (10)

Equations (7) and (10), written in the matrix 
representation, define 24 variables, defined by matrix 
strings P, V, M and ω.

Let's consider an arbitrary element ,Tq q aαβ χφ  
that stands in curly brackets. By selecting the type of  
matrix rows qij,where Tqαβ  - the column uses its unit 
to shows the number of  the row where the element 
a is located, and - qχφ  - the string whose unit shows 
the sequential number of  this element in the row. 
Noticing this, we write down the stiffness Cp and 
rotation matrices Cm.

2 0 0 0 0 0 0
2 0 0 0 0 0 0

2 0 0 0 0 0 0
0 0 0 0 0 0 0

,0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0

p

a a
C a a

a a
a a

a a
a a

µ λ λ λ
λ µ λ λ
λ λ µ λ

µ µ
µ µ

µ µ
µ µ

µ µ
µ µ

+
+

+
+ −

= + −
− +

+ −
− +

− +

 

2 0 0 0 0 0 0
2 0 0 0 0 0 0

2 0 0 0 0 0 0
0 0 0 0 0 0 0

.0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0

mC

ϕ β β β
β ϕ β β
β β ϕ β

ϕ ε ϕ ε
ϕ ε ϕ ε

ϕ ε ϕ ε
ϕ ε ϕ ε

ϕ ε ϕ ε
ϕ ε ϕ ε

+
+

+
+ −

= + −
− +

+ −
− +

− +

 

Using the constructed matrices Cp and Cm 
equations (8) and (10) will be written in the form 
that will be used in the future, i.e. in the form

( ),

.

T T T T
t p i i i

T T T
t m i i

P C Q V S

M C Q

ω

ω

∂ = ∂ +

∂ = ∂
 (11)

Let us construct a matrix form of  characteristic 
equations for stress waves propagating both sides 
along xα axis the Cartesian coordinate system {xi}. 
To do this, we multiply the first equation (11) on the 
left by the matrix Qα that allocates from the matrix 
P  the stresses acting on the site with the normal to 
the axis xα, i.e. 1 2 3 ,TTQ P p p pα α α α=  and we 

draw the necessary grouping of  the terms of  this 
equation:

( )

, , ,

T T T T
t t k k k

T

P C V C V S
C S k

α αα α

αα α

ω

ω β γ

∂ − ∂ = ∂ + +

+ =
 (12)

where ,T
pC Q C Qαβ α β=  example, repeated indices k 

is carried out by summation.
Note, that all matrices Cαα = diag(...), α = 1,2,3 

and, they have corresponding values 2μ + λ and μ + 
α. Denote by /pD Cα αα ρ=  the modulus of  the 
velocity matrix of  stress waves propagating along 
the axis xα.

We also regroup the first of  the equations of  
motion (7)

, .T T T T T
t k k k kP V P F P Q Pα α ρ∂ − ∂ = −∂ − =  (13)

Then multiply (13) from the left by pDα  and 
add (12) and (13). We perform a group, selecting the 
matrix characteristic operator and assuming that the 
waves propagate in both directions along the axis xα, 
we obtain the matrix characteristic equations.

3( )( )

( )

( ), , .

T T
t p p

T T T
k k k

T T
p k k

I D P D V

C V S C S
D P F k

α α α α

α αα α

α

ρ

ω ω

β γ

∂ ± ∂ =

= ∂ + +

∂ + =







 (14)

Characteristic equations (14) is easy to fall into 
6 scalar equations. Chosen form of  notation shows 
that, due to the unsymmetricity of  the matrix Si, 
the scalar equations for normal stresses do not 
contain ωi, which is a control of  the correctness of  
calculations.

 Before proceeding to scalar equations, we note 
that the calculation Cαβ of  matrices is quite simple: 
first, three rows are selected from the matrix Cp, 
corresponding to the position of  the units in the 
matrix Qα. Then, from the rectangular matrixQαCp  
obtained in this way, the corresponding to the units 
in the matrix Qβ are selected, and the result is a 
matrix Cαβ. Due to the symmetry of  the matrix Cp, it 
is also easy to show that ,TC Cβα αβ=  the latter greatly 
simplifies further calculations. The scalar equations 
corresponding to (14) have the form.

1 1

1

( )( )
( ) ( ),

t c p c V
V V c p p f
α αα α

β β γ γ β βα γ γα α

ρ
λ
∂ ± ∂ =
= ∂ + ∂ ∂ + ∂ +





 (15)

2 2

2

( )( ) ( )
2 ( ),

t c p c V a V
a c p p f

α αβ β β α

γ β ββ γ γβ β

ρ µ

ω

∂ ± ∂ = + ∂ −

− ∂ + ∂ +





 (16)
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2 2

2

( )( ) ( )
2 ( ),

t c p c V a V
a c p p f

α αγ λ γ α

β β βγ γ γγ γ

ρ µ

ω

∂ ± ∂ = + ∂ +

+ ∂ + ∂ +





 (17)

where 1 (2 ) /c c µ λ ρ≡ = + −


 is the velocity 
of  longitudinal stress waves falling with a similar 
velocity in an isotropic body, 2 ( ) /c aµ ρ= + − the 
velocity of  transverse stress waves in the model of  
Cosserat, Vi – components of  the particle velocity 
matrix V.

To construct the characteristics on fixed 
discontinuities, we will use equations (11) and (12). 
From equation (12), we select ,T TV Sα αω∂ +  and we 
get

1 ( ) .T T T T T
t k k kV S C P C V Sα α αα α αω ω−  ∂ + = ∂ − ∂ +   (18)

In order, to obtain equations for TPβ  and TPγ , 
we multiply the first equation (11) sequentially on Qβ 
and Qγ; we get

( ) ( ),

( ) ( ),

T T T T T
t k k k

T T T T T
t k k k

P C V S C V S

P C V S C V S
β β βα α α

γ γ γα α α

ω ω

ω ω

∂ = ∂ + + ∂ +

∂ = ∂ + + ∂ +
 (19)

and substituting (18) in (19) and making the grouping, 
we finally obtain the matrix characteristic form of  
the equations on fixed discontinuities

1 1

1 1

( ) ( )( ),

( ) ( )( ).

T T T T
t k k k k

T T T T
t k k k k

P C C P C C C C V S

P C C P C C C C V S
β βα αα α β βα αα α

γ γα αα α γ γα αα α

ω

ω

− −

− −

∂ − = − ∂ +

∂ − = − ∂ +
 (20)

Scalar form of  equations (20) it consists of  six 
equations 

1

1 1 1

1

1 1

( ) 4 ( ) ( ),
( ) 2 [(1 ) ],

( ) ( 2 ).

( ) 4 ( ) ( ),
( ) ( 2 ),

( ) 2 [

t

t

t

t

t

t

p p a a V a
p p V V

p V V a V V

p p a a V a
p V V a V V
p p V

βα αβ β α γ

ββ αα β β γ γ

βγ β γ γ β β γ γ β α

γα αγ γ α β

γβ γ β β γ γ β β γ α

γγ αα β β

η µ µ ω

ν µ ν ν

µ ω

η µ µ ω

µ ω

ν µ ν

−

−

∂ − = + ∂ +

∂ − = + ∂ + ∂

∂ = ∂ + ∂ + ∂ −∂ −

∂ − = + ∂ +

∂ = ∂ + ∂ + ∂ − ∂ +

∂ − = ∂ + 1(1 ) ].Vγ γν+ ∂

 (21)

where  1( ) / ( ), / (2 ).a aη µ µ ν λ µ λ= − + = +
To control the calculations, note that all the 

equations for normal stress components do not 
depend on ωi, and add the third equation (21) with 
the fifth equation, we obtain the equation known 
from classical linear elasticity.

( ) 2 ( ).t p p V Vβγ γβ γ β β γµ∂ + = ∂ + ∂  (22)
Equations (15)-(17 ) and (21) form a system 

of  12 scalar characteristic equations, for the 12 
components of  matrix-strings P and V, and, given 
an external vector ω, can be used to determine them.

By α sequentially assigning the values 1,2,3, we 
obtain 36 scalar equations, of  which, in numerical 
simulation, we must select 12. 

As it was theoretically proved in [11] for two-
dimensional problems of  dynamics of  a solid 
body and practically verified for three-dimensional 
problems by the author, in order to ensure the stability 
of  the count at the inner point of  the medium, 
it is necessary to choose equations on moving 
discontinuities for normal stresses pαα and particle 
velocities Vα. The other equations are selected 
from the context of  the problem, usually they are 
equations on fixed discontinuities. At the boundary 
point of  the medium, according to [12], boundary 
conditions, equations on discontinuities moving 
normally to the boundary under consideration, and 
equations on fixed discontinuities are used.

Considering equations (15)-(17) and (21), you 
can notice that:
1. In all equations ωi, it is included in combinations 

αω, and for small α or small ωi it can be ignored 
and, thus, the connection between the equations 
for ordinary and moment stresses can be 
broken. However, if  in the first case we arrive 
at the classical equations of  the dynamics of  
an symmetrically elastic isotropic body, then in 
the second case the equations correspond to an 
unsymmetrically elastic body.

2. Equations of  the form (22) can be used to 
reduce the number of  equations connecting 
ordinary and moment stresses, as a result, the 
number of  equations that includes ωi can be 
reduced to three.

3. All equations for normal stresses pαα do not 
depend on ωi and coincide with the equations of  
classical elasticity.

4. From the matrix positivity conditions Cp the 
value  must be in the range from 0 to μ. Hence, 
the velocity of  transverse waves in the Cosserat 
model is always lower than the velocity of  
longitudinal waves in an isotropic body.
That is, the longitudinal wave always spreads first, 

and then cross waves. This speed ratio is necessary 
and sufficient for the stability of  numerical schemes.

Let us now construct a matrix characteristic 
form of  moment stresses. The initial equations are 
the second equations of  systems (7) and (11), i.e. the 
system of  equations

INFORMATION TECHNOLOGIESGEORGE .G. BULYCHEV
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,

.

T T T T
i i i i t

T T T
t m i i

S Q P Q M Y J
M C Q

ω

ω

− + ∂ + = ∂

∂ = ∂
 (23)

Note that by changing T T
i iS Q P Y− +  to FT, MT on 

PT, J on ρ and ωT on VT we come to the first equation 
(7), and by replacing Cm on Cp with and adding Siω

T 
to we come to the first equation (11). Therefore, 
reasoning in the same way as mentioned above, 
enter the matrix ,T TM Q Mα α=  ,T

m mC Q C Qαβ α β=
/ ,m mD C Jα αα=  α,β = 1,2,3. Note that all Сααm 

and Dαm are diagonal.
Then the matrix equation for moment stresses 

moving along the axis xα by analogy with (14) takes 
the form

3( )( )

( ).

T T
t m m

T T T T
km k m k k i i

I D M JD
C D M S Q P Y

α α α α

α α

ω

ω

∂ ± ∂ =

= ∂ ∂ − +





 (24)

where i = α,β,γ, k = β,γ. 
The equations on fixed discontinuities similar to 

(19) will take the form
1

1

1
1

1

( )

( ) ,

( )

( ) .

T T
t m m

T
km m m km k

T T
t m m

T
km m m km k

M C C M

C C C C

M C C M

C C C C

β βα αα α

β βα αα α

γ γα αα

γ γα αα α

ω

ω

−

−

−

−

∂ − =

= − ∂

∂ − =

= − ∂

 (25)

In scalar form, equations (24) and (25) represent 
9 equations
( )( ) ( )

( )( )

( )( )

3 3

3

3

4 4

4

4

4 4

4

1

( ),

(2 ) / ,

( )

( ),

( ) / ,

( )

( ),

(

t

t

t

t m

c Jc

c p p y

c J

c Jc

c p p y

c J

c Jc

c p p y

α αα α β β γ γ

β βα γ γα γβ βγ α

α αβ β β α

β ββ γ γβ αγ γα β

α αγ γ γ α

β βγ γ γγ βα αβ γ

βα

µ ω β ω ω

µ µ

ϕ β

µ ω ϕ ε ω

µ µ

ϕ ε

µ ω ϕ ε ω

µ µ

µ η µ

∂ ± ∂ = ∂ + ∂

∂ + ∂ + − +

= +

∂ ± ∂ = − ∂

∂ + ∂ + − +

= +

∂ ± ∂ = − ∂

∂ + ∂ + − +

∂ −

 



 



 



1
2

1 1 1

1

1 1 1

) 4 ( ) ,
( ) 2 [(1 ) ],

( ) ( ),

( ) 4 ( ) ,
( ) ( ),

( ) 2 [ (1 ) ],

t m m m

t

t m

t

t m m m

β α

ββ αα β β γ γ

βγ β γ γ β β γ γ β

γα αγ γ α

γβ γ β β γ γ β β γ

γγ αα β β β β

εϕ ϕ ε ω

µ ν µ ϕ ν ω ν ω

µ ϕ ω ω ε ω ω

µ η µ εϕ ϕ ε ω

µ ϕ ω ω ε ω ω

µ ν µ ϕ ν ω ν ω

−

−

= + ∂

∂ − = + ∂ + ∂

∂ = ∂ + ∂ + ∂ − ∂

∂ − = + ∂

∂ = ∂ + ∂ + ∂ − ∂

∂ − = ∂ + + ∂

 (26)

where 1( ) / ( ), / (2 ).m mη ϕ ε ϕ ε ν β ϕ β= − + = + .

Just as in the case of  ordinary stresses, the 
relations for moment stresses are valid

( ) 2 ( ).t βγ γβ β γ γ βµ µ ϕ ω ω∂ + = ∂ + ∂  (27)
Matrix characteristic equations (14), (20), 
(24) and (25) fully determine the dynamics 
of  the Cosserat medium. They are redundant 
and their choice is determined by the context 
of  the task. In the numerical solution, the 
equations for longitudinal waves are essential for 
implementation. In this case, the computational 
schemes are stable. In the case of  waves of  one 
direction, the matrix characteristic equations give 
as many scalar equations as the defined variables. 
In both cases, the computational process is 
recurrent. Equations (22) and (27), as well as the 
fact that the normal stresses do not depend on 
ωi, greatly simplify the computational process 
by reducing the number of  scalar equations in 
which pij and ωi they are linked.

A significant simplification of  the equations 
occurs in the case of  the condition

1 ,
2

T rot uΩ =  (28)

used for a pseudo-continuum Cosserat.
Recording the operation rot in matrix form [10] 

and using (8), we write
( )

1( ),
2

T T T T
t i i i

T T T
i i i m m

Q V S

Q V S S V

ω∂ Γ = ∂ + =

= ∂ + ∂
 (29)

and the characteristic equations for ordinary stresses 
are not related to the analogous equations for 
moment stresses.

After calculating (29),we get the matrix-string  
∂tΓ as

11 22 33 12 13 21 23 31 32 ,t ε ε ε ε ε ε ε ε ε∂ Γ =  (30)

where 12 ( ), , 1, 2,3ij i j j iV V i jε −= ∂ + ∂ =  – rates of  
deformations of  the classical elasticity theory.

By entering additional matrices qij and ei from 
formula (5), the method used in constructing the 
matrix Cp, and by grouping the corresponding terms 
around operators ∂i, can be obtained ∂iΓ

T as
,T T T

t i iV∂ Γ = Θ ∂  (31)
where

1 2 3 2 3

2 1 1 3 3

3 1 2 1 2

0 0 2 2 2 0 2 0
0 0 2 0 2 2 0 2 .
0 0 0 2 0 2 2 2

i i i i i

i i i i i i

i i i i i

δ δ δ δ δ
δ δ δ δ δ

δ δ δ δ δ
Θ =
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The first equation of  the system (8) written for 
the pseudo-continuum Cosserat has the form

,T T
t p i iP C V∂ = Θ ∂  (32)

where from
11 22 33 12 13 21 23 31 32 ,t tP σ σ σ σ σ σ σ σ σ∂ = ∂

where σij – tensor of  classical theory of  elasticity. For 
such stresses, the conditions σαβ = σβα are met, and 
therefore the characteristic equations for ordinary 
and moment stresses are not related.

To determine the wave velocity in a pseudo-
continuum model let 's consider the products of  
matrices , 1, 2,3.T

pQ Cα α αΘ =  By calculation, we can 
see that all these products are diagonal and have their 
own number 2μ + λ and μ, and their corresponding 
wave velocities are 1 (2 ) /c µ λ ρ= +  and 

*
2 /c µ ρ= , the same as for an ordinary isotropic 

body. The only difference is that here the stiffness 
matrix has the form Cp.

The first equation of  the system (7) and 
equation (32) can be used to construct a matrix 
characteristic form of  the dynamics equations 
of  the pseudocontinuum Cosserat. For moment 
stresses, the construction remains the same, with the 
difference that the terms T

i iS Q P  should be excluded 
from the equations on moving discontinuities.

Let us construct a matrix characteristic form of  
the pseudocontinuum dynamics equations Cosserat’s 
by method, to be discussed above.

Let’s assume as before, the wave propagates in 
both directions along the axis xα. Let us perform 
transformations similar to (12)-(14) and obtain 
a matrix characteristic equation on moving 
discontinuities
( )( )

( )

* *
3

* * ,

T
t p p

T T T
k k p k k

I D P D

C V D P F

α α α α

α α

ρ∂ ± ∂ =

= ∂ ∂ +





 (33)

where * * *
1 1 2 2( , , ),pD diag c c c= , * ,T

k p kC Q Cα α= Θ
or in scalar form:

( )( ) ( )
( )

( )( )
( )

( )( )
( )

1 1

1

* *
2 2

*
2

* *
2 2

*
2

,

,

.

t

t

t

c c V V V

c f

c c V V

c f

c c V V

c f

α αα α β β γ γ

β βα γ γα α

α αβ β β α

β ββ γ γβ β

α αγ γ γ α

β βγ γ γγ γ

σ ρ λ

σ σ

σ ρ µ

σ σ

σ ρ µ

σ σ

∂ ± ∂ = ∂ + ∂

∂ + ∂ +

∂ ± ∂ = ∂

∂ + ∂ +

∂ ± ∂ = ∂

∂ + ∂ +

 



 



 



 (34)

On fixed discontinuities, due to the symmetry 
of  tangent stresses, it remains to determine the 
three stresses  pββ, pγγ and pβγ. Enter a matrix N that 
selects  from matrix-string P the above mentioned 
voltages. Obviously, this matrix must have the form 

1 2 3 .T T TN e q e q e qββ γγ βγ= + +  Then we multiply ∂tP
T 

from equation (32) on the left by N and select in 
the right part the term containing ∂1; denoting 

T T
NP NP=  and * , 1, 2,3Ni p iC NC i= Θ =  we get the 

equation
* * , , .T T T

t N Nk k NP C V C V kα α β γ∂ = ∂ + ∂ =  (35)
Since it is possible to determine all the components 
of  the matrix from formulas (34) Pα, multiply (32) 
on the left by Qα and select ∂tV

T from the resulting 
equation

* 1 *( ) ( ).T T T
t k kV C P C Vα αα α α

−∂ = ∂ − ∂  (36)

Substituting ∂tV
T from (36) to (35) and conducting 

the corresponding grouping, we finally obtain the 
matrix equation on fixed discontinuities

( )
( )

* * 1

* * * 1 *
1 11 1

( )

( ) .

T T
t N N

T
Nk N k k

P C C P

C C C C V

α αα α
−

−

∂ − =

= − ∂
 (37)

The scalar form of  this equation has the following 
form

( ) ( ) ( )
( ) ( ) ( )

( )

1 1

1 1

1 ,

1 ,

.

t

t

t

V V

V V

V V

ββ αα β β γ γ

γγ αα γ γ β β

βγ β γ γ β

σ ν σ ν µ λ λ

σ ν σ ν µ λ λ

σ µ

 ∂ − = − + ∂ + ∂ 
 ∂ − = − + ∂ + ∂ 

∂ = ∂ + ∂

 (38)

The characteristic equations (34) and (38) are 
identical to the analogous equations for an isotropic 
symmetrically elastic body, which constructed, for 
example, as a special case in [13].

3. MODELING
The characteristic equations for the Cosserat model 
constructed here allow us to solve a whole range 
of  problems with connected and unconnected 
ordinary and instantaneous stresses. In particular, 
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Fig. 1. Scheme of  interaction of  longitudinal torsional waves 
with transverse waves of  ordinary stresses and velocities of  

particles.
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the theory of  pseudoconandnouma Kossera allows 
you to connect classical and moment mechanics and 
can serve as the first stage of  an iterative process 
of  numerical calculation of  the related problem of  
medium dynamicsCosserat.

Consider the case, when c1 > c3 ≥ c2 > c4 the 
point under consideration is also inside the body. In 
this case, the longitudinal torsion waves act in turn 
with the transverse waves of  ordinary stresses and 
velocities of  а particles. The interaction diagram is 
shown in Fig. 1.

Taking the pseudocontinuum Cosserat as 
the initial approximation we have unconnected 
characteristic equations for ordinary and moment 
stresses. Having determined the angular velocities 
of  particles ωi from the left part of  the Fig. 1, we 
substitute them in the equations for tangent stresses;  
then we return the calculated tangent pij stresses back 
to the moment equations on moving discontinuities, 
thus providing a recurrent calculation ωi and pij. At the 
same time, normal stresses pαα, their corresponding 
velocity Vα and tangent moment stresses μαβ do not 
directly participate in the exchange, although μαβ they 
are corrected after each exchange act. To reduce the 
number of  equations involved in the exchange, use 
equations (22), (25), and (32).

To construct computational schemes at the 
boundary point of  the medium at the same speed 
sequence, we use the scheme shown in Fig. 2.

As indicated above, at the boundary point, we 
should consider the equations for waves moving 
inside the body along the normal path to its 
boundary, equations for fixed discontinuities, and 
boundary conditions. The sum of  these equations 
and conditions is the same as that of  the defined 
variables, but the sequence of  calculations 
depends significantly on the type of  boundary 
conditions.

Consider the right-hand side of  Fig. 2, in which pij 
and Vi are calculated. As shown by formulas (15), (21), 

all normal stresses pii and the velocity of  а particles 
Vα, directed along the normal to the considered 
boundary xα, can be calculated independently of  ωi 
by the same formulas as in the usual metric theory of  
elasticity. The order of  calculation of  the remaining 
values depends on the corresponding boundary 
conditions: let, for example, tangent voltage pβα is 
given at the boundary xα, then, in accordance with 
the equation

( ) 2 ( )t p p V Vαβ βα β α α βµ∂ + = ∂ + ∂  (39)
it is determined pαβ, and from equation (16) it is 
determined Vβ, the plus sign or minus is determined 
by the position of  the boundary: plus corresponds 
to the boundary xαmax, and minus – xαmin.

If  set at the boundary Vβ, then from (16) it is 
defined pαβ, and then from (39) pβα

Similarly, pγσ, pαγ and Vγ are calculated.
The values pβγ of  and pγβ are determined from the 

system (21) and equation (22)
Now consider the left-hand side of  Fig. 2, where 

the angular velocity of  particles ωi and moment 
stresses μij are calculated. We will also start the 
review with the internal point of  the environment. 
For the stability of  the computational scheme, it is 
necessary to select all the equations for the normal 
components of  moment stresses μαα, α = 1,2,3 and 
angular velocities of  particles ωα; the remaining 
stresses can be obtained independently from 3 
equations on fixed discontinuities

( ) ( ),t αβ α β β α α β β αµ ϕ ω ω ε ω ω∂ = ∂ + ∂ + ∂ − ∂  (40)

and equations (27). At the boundary point, we 
define 3 equations on discontinuities moving along 
the normal to the boundary xα = const from inside 
the body, 3 equations on fixed discontinuities, 3 
boundary conditions, and 3 equations included in 
(27). Depending on the boundary condition (ωi or μij) 
on the moving discontinuities, the remaining variable 
(μij or ωi) is determined. Then with the help of  (27) it 
is determined μji and, finally, the last 3 stresses μββ, μγγ 
and μβγare divided by the corresponding equations 
of  the system (26).

4. CONCLUSION
In the article, using the matrix apparatus proposed 
by the author, we construct the matrix and scalar 
forms of  characteristic equations of  medium 
dynamics Cosserat and pseudo-continuum Cosserat. 
We used the simplest auxiliary matrices consisting 
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Fig. 2. Scheme for constructing computational circuits at the 
boundary point of  the medium with the same speed calculation  

sequence.
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of  zeros and ones, and the same transformations. 
The order of  derivatives was never increased, and 
no additional conditions were set. The number of  
constructed equations turned out to be excessive, so 
then the question of  their choice in various cases 
was considered.

It was shown that the characteristic form of  
representation of  equations for a pseudo-continuum 
Cosserat reduced to the equations for symmetrical 
elastic isotropic body, but with the stiffness matrix of  
the model Cosserat. This circumstance was used in 
numerical simulation of  the dynamics of  the  Cosserat 
medium at the same time pseudo-continuum model 
was considered as an initial approximation for the 
scheme of  sequential calculations of  the dynamics 
of   bounded bodis.

According to [11], equations for longitudinal 
waves propagating in all three directions were used 
inside the body. At the boundary points, according 
to [12], we considered all types of  waves that 
fit normally to the boundary of  the body from 
within. Since in each type of  wave that approaches 
the boundary, the same variables (pαi, Vi or μαi, ωi) 
change over time as in the corresponding boundary 
conditions, the choice of  variants of  interaction of  
the wave with the boundary conditions is minimal, 
and this interaction self  it is the simplest and most 
convenient for numerical calculations.

When approximating the time derivative with a 
one-way difference and the coordinates with a central 
difference, the residual terms in all equations have an 
order 2 3( , )

it xO ∂ ∂  and the calculation errors do not 
accumulate [13], and the computational schemes are 
stable.
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1. INTRODUCTION
Improving the control system for the exploitation 
of  communication spacecraft is an urgent 
technical task. One of  the important directions 
in the research of  this issue is the optimization of  
energy costs for maintaining a specified state of  
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the spacecraft. Depending on the completeness 
of  the factors taken into account, mathematical 
models of  various levels of  complexity are used 
in the research. In practice, under specified 
constraints, deterministic or stochastic linear 
models are usually used in the state area.

The state area is formed by a set of  vectors 
with a minimum number of  coordinates 
containing all the necessary information about 
the motion of  the spacecraft. In the state area 
given in this way, linear mathematical models 
have a formal representation of  the form 
[1-3]:

( ) ( ) ( )x A t x+ B t u t ,=  (1)
where xT = (x1,x2,...,xi) – state vector, T – 
transpose symbol; A(t) – matrix of  dynamic 
model features; B(t) – matrix of  intense of  
control action; uT(t)= (u1, u2, ..., uj) – control 
action.

The behavior of  the system (1) over a 
period of  time [0,t] is determined by setting the 
initial conditions x(t = 0) and described by the 
expression [1,2]:

0
( ) = ( 0)x(0) + ( , ) ( ) ( ) ,

t
x t N t, N t B u dτ τ τ τ∫  (2)

where N(t,τ) = Φ(t)Φ-1(τ) – matrix of  initial 
system influence; Φ(t) – fundamental matrix of  
homogeneous system ( ) ( ).x A t x t=

It is not possible to find an analytical solution 
in a general form, so there is a need to present 
mathematical models of  spacecraft motion in 
finite differences. In discrete form, provided that 
the control action u(t) retains its value unchanged 
on the segment [tn, tn+1], the expression (2) will 
take the form:

1

1 1

1

( ) = ( ) ( ) +

+ ( ) ( , ) ( ) .n

n

n n n n
t

n nt

x t N t ,t x t

u t N t B dτ τ τ+

+ +

+∫
 (3)

We introduce the following notation:

1

1 1

1 1

1

1 1,

( ) =
( ) =

( , ) ( ) ( ) ,

( ) = .

n

n

n n

n n
t

n n nt

n n n n

x t x ,
u t u ,

N t B d t

N t ,t N

τ τ τ Γ Γ+

+ +

+ +

+

+ +

= =∫

Taking into account the entered notation, the 
expression (3) will take the form [3]:

1 1, .n n n n n nx N x uΓ+ += +

Researching the motion of  a spacecraft in real 
operation, the assumption of  the determinism 
of  external influences and functional parameters 
is acceptable only for relatively short time 
sampling intervals.

The works of  L.S. Pontryagin and his 
students are devoted to the description of  the 
properties of  dynamical systems subject to 
random perturbations. The further development 
of  ideas about the management of  complex 
technical systems was reflected in the use of  
artificial intelligence based on information 
system redundancy [4]. The problem of  optimal 
control in the information space is solved in 
[6,7].

The main problem of  optimal control of  
the spacecraft is formulated as follows: among 
all the permissible controls that transfer the 
image point in the phase space of  the system 
from the initial position to the final one, it 
is necessary to find such a control at which 
the minimum of  the following functional is 
achieved [2].

1

0
( ) min ( , ) ( ),N

n n n Nn
I x,u G x u xϕ−∗

=
= +∑

where n – number of  discrete time step; G 
– the functional of  the costs of  managing 
the spacecraft; in the special case, when the 
optimality problem is considered for energy 
consumption for control, the integrand function 
G(x,u) ≡ |u|; φ(xK) – a term that takes into 
account the ability of  the spacecraft to perform 
the task according to its intended purpose in the 
final state.

The minimized functional I(∙) is an inverse 
control efficiency. This mapping cannot 
always be defined as unambiguous, so a more 
general type of  functionality is used.

The solution of  the problem by the method 
of  dynamic programming allows us to reduce 
the problem to a sequential minimization of  the 
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function r of  variables (the dimension of  the 
control vector u).

Assume that all the values of  the optimal 
control u_n, except the last one, are found and 
the system is in the state xN—1. According to the 
optimality principle, the control uN—1 must also 
be optimal.

This control should provide a minimum 
of  functionality, which, taking into account 
the restrictions imposed by the requirements 
for ensuring a communication session on 
a given section of  the spacecraft trajectory, 
for a section of  the trajectory (N - 1) has the 
form [2]:

( ) ] [1 1 1 1 1 1, , .N N N N N N NI x u G x u xϕ− − − − − − = + 
Define
( )

1
1 1 1 1 1min , .( )

N
N N N N Nu U

I x uS x
−

− − − − −∈
=

Then the recurrent formula for determining 
the minimum value of  the functional IK-k(x,u) 
and the corresponding optimal control ( )u K - k  
at the k step will have the form:

( )

1

min ,{ ( )

)}.,(
K k

K k K k K k K k K ku U

K k K k K k

S

S f

x G x u

x u
−

− − − − −∈

− + − −+

= +

The optimal control ( )u K - k

 is defined as 
a function of  the coordinates of  the state of  
the system ( ) ( ).K ku K - k u x −=

   Calculating the 
values of  the function Sk=K sequentially, we 
obtain the minimum value of  the functional 
for the entire trajectory. At the same time, the 
optimal control is determined in the function 
of  the coordinates of  the system, i.e. the 
problem of  synthesizing the optimal controller 
is solved. The specified procedure is performed 
using a computer. Thus, the application of  
the optimality principle makes it possible to 
significantly simplify calculations in comparison 
with the analytical method of  solving the 
problem for a conditional extremum.

2. THE MODELING METHOD
Consider an open discrete spacecraft control 
system (Fig. 1). The input of  the control 
device receives a setting action nx∗ , which 

determines what the desired state of  the 
object should be. The control device generates 
an r-dimensional control action un on the 
control object (spacecraft). The motion of  the 
spacecraft is influenced by external disturbing 
factors wn. The value of  the state vector of  the 
spacecraft xn is determined using measuring 
devices with an error dn (measurement noise). 
The system is considered fully observable if  
the values of  all elements of  the state vector 
x can be found from the measurement vector 
z.

The state vector of  the spacecraft is 
characterized by the coordinates [1,3]:

{ , , , , , , , , , , , , , , , },c c c x y zx x y z v v v m I I Iψ θ γ ψ θ γψ θ γ ω ω ω=  
where xс, yс, zс – coordinates of  the center of  
mass of  the spacecraft; vx, vy, vz   – projections 
of  the velocity vector on the coordinate axis; 
m – spacecraft mass; ψ, θ, γ – projections of  
the angular velocity of  the spacecraft; Iψ, Iθ, 
Iγ – projections of  the inertia tensor of  the 
spacecraft.

The vector of  external disturbances consists 
of  the effects of  the unstable gravitational field 
of  the Earth and other cosmic bodies [1, 3]:

{ , , , , , , , , },Gx Gy Gz x y zw F F F F F F M M Mψ θ γδ δ δ δ δ δ=  
where FGx, FGy, FGz – the deterministic 
component of  the action of  the gravitational 
attraction of  the Earth; δFx, δFy, δFz – random 
impact of  linear forces of  cosmic bodies; δMψ, 
δMθ, δMγ – random moments of  rotation.

The translational and rotational motion 
of  the spacecraft is described by a system of  
differential equations (SDE) [1]:

0

0

0

,
,

,

x

y

z

x x v t
y y v t
z z v t

= +
= +

= +
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Fig. 1. Model of  the spacecraft functioning system.
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where x0, y0, z0 – coordinates of  the center of  
mass of  the spacecraft at the initial moment 
of  time, , ,x y z    – coordinates of  the center 
of  mass of  the spacecraft at a given time, 

, ,x y zν ν ν    – components of  the linear velocity 
of  the spacecraft at a given time, 0 0 0, ,ψ θ γ  – 
angular position of  the spacecraft at the initial 
moment of  time, , ,ψ θ γ   – the angular position 
of  the spacecraft at a given time, , ,ψ θ γω ω ω    – 
the angular velocity of  the spacecraft at a given 
time.

The system is solved using the two-stage 
Runge-Kutta method (Hoyne method) according 
to the predictor-corrector scheme [5] of  the 
following type:

Predictor:

1 1 1 1( ) ( ).i i i i i ib b a a f a ,b− − − −= + −

Corrector:
1 1

1 1
( ) ( )( ) .

2
i i i i

i i i i
f a ,b f a ,bb b a a − −

− −

+
= + −



Pulsed two-parameter three-component 
correction is carried out in order to maintain the 
parameters of  the spacecraft's orbit and maintain 
orientation during a communication session. The 
model uses the hypothesis of  an instantaneous 
change in linear and angular velocities, while 

taking into account only the energy costs of  
correction:
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To determine the feed moments and the 
magnitude of  the correction pulses, a quasi-
optimal control algorithm was used, which 
minimizes energy consumption for maintaining 
the specified orbit parameters.
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An object-oriented model with three 
entities has been developed for the presented 
mathematical model: SpaceShip – spacecraft; 
Earth – planet Earth; Environment – external 
environment.

The simulation model is implemented 
by means of  the python 3.6 language using 
the numpy v1.19 library, the visualization is 
implemented by means of  the matplotlib v3.3.1 
library.

3. THE MODELING RESULTS
An experiment was conducted with a grouping 
of  three spacecraft that ensure the fulfillment 
of  the target task within one day. The obtained 
spacecraft trajectories without modeling external 
influences are verified with the specified orbit 
characteristics and with a given relative error not 
exceeding 10-4 for each coordinate.

Taking into account the distribution of  the 
task execution time by purpose (providing signal 
retransmission) between the three spacecraft, 
the motion simulation was carried out taking 
into account the disturbing effects of  the 
external environment (Fig. 2). During the 
experiment, estimates of  energy consumption 
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for maintaining the specified characteristics of  
the orbits for spacecraft moving along different 
trajectories were obtained (Fig. 3).

Based on the empirically obtained average 
energy consumption of  0.1 MJ/h, an experiment 
was conducted in which the average operating 
time of  the spacecraft was studied depending on 
the nature and magnitude of  the signal-to-noise 
ratio in the measuring channel. The results are 
shown in the graph (Fig. 5).

4. CONCLUSION
Thus, the developed model allows us to study 
the energy efficiency of  control algorithms 
in various modes of  operation of  both a 
single spacecraft and a group of  spacecrafts, 
taking into account the restrictions imposed 
by the implementation of  the communication 
task. The conducted experiments indicate 
the possibility of  increasing the active life 
of  spacecraft by optimizing the operation 
system.
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Based on the empirically obtained average 
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was conducted in which the average operating 
time of  the spacecraft was studied depending 
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various influences.
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1. INTRODUCTION
It is well known that one of  the most actual 
problems of  modern energy and ecology is 
the deactivation of  radioactive waste (RW) 
generated in large quantities during the normal 
operation of  nuclear reactors. The formation of  
liquid radioactive waste (LRW) is associated, in 
particular, with the technology of  keeping fuel 
elements (fuel elements) after their removal from 
the reactor core for several years for the decay of  
the shortest-lived radioactive isotopes. An even 
greater scale of  LRW formation is associated 
with accidents at nuclear power plants. A typical 
example is the accident at the Fokushima-2 
nuclear power plant, on the territory of  which, 
over 10 years after the destruction of  the 
reactor, more than 600000 tons of  radioactive 
water has been accumulated, formed during the 
continuous cooling of  the damaged reactor.

It is also well known that the most dangerous 
for humans of  all long-lived isotopes contained 
in such wastes are gamma-active cesium Cs137 and 
beta-active strontium Sr90, the half-life of  which 
is about 30 years, and the required exposure 
time to achieve an acceptable conditionally safe 
radiation level is hundreds of  years old.

Coordinated by the IAEA (International 
Atomic Energy Agency), a technique for the 
disposal of  high-level waste due to their intense 
irradiation with neutrons with the possibility of  
converting long-lived radioactive isotopes into 
rapidly decaying shorter-lived isotopes requires 
the creation of  a large number of  very expensive 
high-current accelerators for high-energy 

protons with their subsequent conversion into 
neutrons.

Simple estimates show that in order 
to implementation of   such  solution and 
utilize of  300-500 thousands of  tons of  
high-level radioactive reactor waste, it is 
necessary to create in such systems a very 
large number (thousands of  tons (!)) of  
very fast neutrons, which is very expensive 
and difficult. This problem was actively 
discussed 15-20 years ago, and it was shown 
that only for preliminary work until 2050 for 
the implementation of  such mega-projects 
in all countries where nuclear power systems 
are developed, total costs exceeding $ 200-
300 billion are required [1-4]. Now this idea 
is practically forgotten.

At present, the only real method of  RW 
disposal is a "deferred solution" – primary 
processing and long-term storage of  RW in 
special storage facilities in order to reduce the 
specific activity of  RW due to the radioactive 
decay of  isotopes contained in RW with 
subsequent final disposal of  RW into deep 
geological formations (to a depth of  about 500 m 
and more). Such controlled storage requires 
very large ongoing costs for their maintenance 
and safety, and is potentially environmentally 
hazardous due to possible accidents that have 
repeatedly occurred in the most developed 
countries of  the world when the conditions for 
servicing the storage facilities are violated. The 
largest accident occurred at the Mayak chemical 
plant in 1957 with the release of  a large amount 
of  radioactive waste and the formation of  
the "Kyshtym radioactive trace". It should 
also be noted that deep geological disposal 
of  radioactive waste is acceptable only for 
countries with large territories, since the choice 
of  the location for creating a radioactive waste 
repository must be justified by long-term safety 
forecasts and certain specific requirements are 
imposed on the characteristics of  geological 
massifs suitable for disposal of  radioactive 
waste.
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Over the past 25 years, we have been 
investigating a fundamentally different, 
environmentally friendly and controllable 
method for the conversion of  isotopes at low 
energy, including the mechanism of  disposal 
of  long-lived radioactive waste by converting 
(transmutation) of  radioactive isotopes into 
stable isotopes of  other elements in the process 
of  nuclear transmutation, stimulated by internal 
topological structural processes in nano-scale 
(at the level of  biomolecules) in growing 
microbiological systems. It was shown (e.g. 
in [5,6]) that for atomic and nuclear particles 
located in nonstationary nanosized potential 
wells, in the process of  deformation of  these 
wells (their rapid expansion or contraction), such 
quantum-mechanical coherent correlated states 
(CCS) can arise, which are accompanied by very 
sharp increase in the probability of  one of  the 
interacting nuclei passing through the Coulomb 
barrier of  another nucleus. The presence of  this 
barrier is the main obstacle to nuclear processes 
at low (thermal) energy of  the environment. 
Such dynamic systems with a rapidly changing 
internal structure can be created artificially, but 
it is much more efficient to use fast-growing 
radiation-resistant microbiological cultures, in 
which similar processes occur naturally due to, 
for example, cell division, DNA replication, 
and ion transport processes at the entrance of  
heterogeneous channels in membranes. cells, 
etc. 

The physical (quantum mechanical) 
illustration of  such processes is the Schrödinger-
Robertson uncertainty relation for different pairs 
of  dynamic variables A and B

2 2[ ] / 4(1 ),A B AB rσ σ ≥ < > −
 

 (1)

which was obtained in 1930 and differs from the 
"standard" Heisenberg-Robertson uncertainty 
relation

2
[ ] / 4A B ABσ σ ≥ < >
 

 (2)

by the presence of  the correlation coefficient 
|r| ≤ 1. This coefficient characterizes the 

dynamic relationship of  these variables A and B 
and is determined by the relation
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In a particular case
A = x, B = p, <x – <x>> = 0, <p – <p>> = 0 (4)
this relation is reduced to a modified form of  the 
well-known Heisenberg uncertainty relation with 
an overdetermined (multiplied by 21/ 1G r= −  
times) Planck constant [7]
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From these relations, in particular, it follows 
that when a particle with mass m is within a 
nonstationary nanowell with a size ,xxδ σ=
the fluctuation ∆E of  its kinetic energy exceeds 
the minimum value

2 2
min/ 2 / 8 .p xE m E G mσ σ∆ ≈ ≥ ∆ =   (6)

In particular, if  a proton is within this 
deformable potential well with a size of  δx ≈ 
1 nm, then in the initial uncorrelated state, for 
which r = 0 and G = 1, the amplitude of  kinetic 
energy fluctuations is very small and amounts 
to 10-4 eV, which is much less than the thermal 
energy at room temperature (~0.025 eV). On 
the other hand, for a really attainable value 
G ≈ 104 [7], this amplitude exceeds 10 keV, 
which is sufficient for nuclear fusion and isotope 
conversion in the presence of  microbiological 
cultures.

The early [5,8-11], as well as subsequent 
optimized experiments [12], confirmed the 
reality and high efficiency of  such isotope 
transmutation in the presence of  growing 
microbiological cultures. These experiments 
were carried out with the participation of  light 
(Mn55 + d = Fe57), medium-mass (Na23 + P31 = Fe54) 
and heavy (Cs133 + p = Ba134) stable isotopes.
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2. SIMULTANEOUS TRANSMUTATION 
OF STABLE Cs AND Sr ISOTOPES AT 
LOW ENERGY IN THE PRESENCE OF 
MICROBIOLOGICAL SUBSTANCES
Below are presented the results of  the first 
biostimulated experiments on the implementation 
of  the nuclear transmutation reaction of  stable 
strontium, which is the stable analogue of  
another extremely dangerous long-lived reactor 
radioactive Sr90 isotope. Taking into account the 
fact that the main component (82.6%) of  stable 
strontium is the Sr88 isotope, and also taking 
into account that the reactions stimulated by 
the giant energy fluctuations considered above 
are most likely to occur when the daughter 
product of  such reactions is a stable isotope [7], 
it should be expected that the most probable is 
the transmutation reaction
Sr88 + p = Y89 (7)
with the formation of  a stable isotope Y89.

The fundamental difference and an important 
feature of  the processes under study is that 
these experiments were first carried out under 
controlled conditions with the simultaneous 
presence of  stable isotopes of  both elements –
strontium and cesium. This circumstance is an 
important prerequisite for the implementation 
of  the disposal process using biotechnology 
for the joint deactivation of  both and the most 
dangerous radioactive isotopes that are always 
present in reactor RW.

The experiments were carried out in the 
following way.

To carry out the experiments, salts containing 
stable isotopes of  cesium and strontium at a 
concentration of  100 mg/liter were dissolved in 
deionized water. In identical experimental (basic) 
bioreactors "1", "2" and "3" (as well as in the 
control bioreactor "0"), 75 ml of  the prepared 
solution was introduced.

After that, dry granules containing 0.4 gram 
of  dried syntrophic anaerobic microbiological 
association were added to bioreactors "1-3". 
The salts Na2CO3 and Na2HPO4 were added 

as necessary trace elements. In bioreactor "0" 
were introduced similar components, with the 
exception of  the dried microbiological granules. 

After that, all bioreactors were placed in a 
laboratory thermostat, where they were kept for 
33 days at a temperature of  55°, which is optimal 
for these microbiological associations.

On the outer surface of  the transparent 
bioreactors, liquid levels were recorded, and 
when it decreased, the volume was replenished 
by adding similar deionized water to the 
appropriate level during manipulations with the 
bioreactors throughout the experiment. Every 4 
days the bioreactors stayed in a thermostatically 
controlled chamber, water was added to the initial 
level, the pH of  the liquid in each bioreactor 
was measured, and 0.05-0.15 ml of  glucose was 
added. The experiment with periodic repetition 
of  such procedures lasted 33 days.

In the course of  the experiment, the analysis 
of  similar samples of  glucose, salts of  the 
nutrient medium, supernatants and biomasses 
was also carried out by the method of  X-ray 
fluorescence analysis (XRF) in order to determine 
the concentration of  all chemical elements. The 
results of  such an analysis of  the liquid phase 
taken after centrifugation of  the liquid from 
the bioreactors and separation of  the sediment 
present in the samples are shown in Table 1.

It follows from these results that in all 
bioreactors, including the bioreactor "0", into 
which no syntrophic association granules were 
introduced, a large amount of  Ba and Y ions was 
found. It is important to note that the content 
of  Cs and Sr in the liquid phase in the volume 
bioreactors "1-3" with the optimal composition 

Table 1
Results of chemical analysis of the liquid phase after 
the end of the experiment and after separation of the 

sediment from the liquid
Sample
name

Concentration, mg/liter

Cs Sr Ba Y

Bioreactor "0" 107.5 93.1 0.42 0.16

Average values for 
bioreactors "1", "2" и "3"

89.2 45.2 0.23 0.23
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are significantly less than in bioreactor "0", 
which formally lacked microcultures. This logical 
conclusion is in good agreement with the initial 
assumption about the possibility of  accelerated 
biotransmutation reactions in bioreactors "1-3". 
On the other hand, the presence of  Ba and Y 
ions in the control bioreactor "0", which does 
not contain syntrophic association granules, 
requires appropriate explanations.

This interesting circumstance is most likely 
associated with the uncontrolled ingress of  very 
small amounts of  microorganism spores from 
the working tanks of  bioreactors "1"-"3" into 
a nearby container with bioreactor "0" during 
short-term but repeated depressurization of  these 
bioreactors during biogas extraction, produced by 
anaerobic microorganisms. A very small number 
of  such microorganisms that got from the air 
into the bioreactor "0" could rapidly increase, 
taking into account the optimal conditions of  a 
long-term experiment, to the amount that would 
ensure the implementation of  the process of  
sufficiently effective isotope transmutation. This 
mechanism of  self-population of  bioreactor 
"0" is quite reasonable, given the circumstances 
that under optimal conditions, with all vital 
components, the absence of  competitors and 
the presence of  a comfortable temperature for 
these microorganisms, 8-10 cycles of  extended 
reproduction of  these microorganisms occur 
during the entire experiment.

For the most complete understanding 
and explanation of  the obtained effects, the 
X-ray fluorescence analysis of  the sediments 

in the bioreactors after the completion of  the 
experiments was carried out. The results of  the 
analysis of  the sediment previously washed from 
the mother liquor and dried at a temperature of  
100°C in bioreactor "1" are shown in Fig. 1 and 
Fig. 2, as well as in Table 2.

Table 2
Elemental (mass %) chemical composition of the sediment in bioreactor "1".

Spectrum 
label

Na Mg Al Si P S K Ca Ti Fe Sr Y Cs Ba Total

Spectrum 1 0.95 0.91 19.04 31.06 21.81 4.64 3.34 5.08 1.26 6.48 3.70 0.56 0.83 0.34 100.00

Spectrum 2 1.76 0.98 17.23 31.11 19.11 5.47 3.39 6.89 1.13 7.50 3.49 0.73 1.23 0.00 100.00

Spectrum 3 1.61 0.82 19.68 23.91 20.97 11.04 1.89 6.36 1.61 6.82 2.70 1.01 1.09 0.49 100.00

Spectrum 4 0.33 1.06 25.11 40.05 1.44 0.29 20.62 0.48 2.01 7.00 1.09 0.26 0.16 0.11 100.00

Spectrum 5 1.11 1.20 21.03 35.52 20.14 3.18 2.07 3.30 1.43 4.64 3.60 1.57 1.08 0.12 100.00

Spectrum 6 0.27 0.15 2.37 86.55 4.07 0.50 0.56 0.76 0.04 1.54 1.16 1.96 0.06 0.00 100.00

Spectrum 7 0.26 0.21 1.77 83.24 7.02 1.00 0.00 1.36 0.44 2.69 1.61 0/41 0.00 0.00 100.00

Spectrum 8 0.54 0.89 16.07 33.26 19.33 6.95 2.85 5.87 1.24 6.92 4.55 0.12 0.96 0.45 100.00

Fig. 1. Electronic image and sampling points in the sediment 
of  bioreactor "1".

Fig. 2. Roentgenogram of  sediment in bioreactor "1".

It follows from these data that almost all 
studied points of  the sediment sample contain 
Cs and Sr salts, which got there as a result of
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sorption into the volume of  microcultures. 
The formal absence of  Ba in spectra 2, 6, 
7 is most likely associated with its very low 
concentration due to the selectivity of  its 
sorption or because of  the low concentration 
of  Cs at these points.

Similar results were obtained when studying 
sediments in bioreactors "2" and "3".

For the purpose of  "evaluating the purity" 
of  the experiment (the absence of  compounds 
Cs, Sr, Y, and Ba in the reagents), the same RFA 
of  the reagents used in the experiments was 
carried out. The data of  these measurements 
confirmed the complete absence (with the 
accuracy guaranteed by the XRF-based 
measurement technology) of  these chemical 
elements (Fig. 3-5, Table 3, 4).

3. CONCLUSION
The results of  the analysis of  the concentration 
and composition (redistribution) of  chemical 
elements involved in the natural metabolism 
of  microbiological cultures in different 
solutions allow us to draw the following 
conclusions.
1. In the mother liquors and in the sediments 

present in the bioreactors, Ba and Y ions 
were found, which are completely absent in 
the initial components. The only mechanism 
for the formation of  these elements is the 
nuclear fusion reactions.

2. It was shown that in mother liquors there 
is a significant (at least 20%) decrease in Cs 
concentration when comparing the results of  
the study of  liquid samples from the optimal 
bioreactors "1"-"3" and the sample from the 
control bioreactor "0". This decrease, if  we 
compare these results with the results of  
our previous experiments [9-11], is directly 
related to the nuclear transmutation (nuclear 
fusion reaction Cs133 + p = Ba134) of  the Cs133 
isotope to the Ba134 isotope.

3. A very significant (at least 50%) decrease 
in the concentration of  Sr in the optimal 
bioreactors "1-3" in comparison with the 
non-optimal system of  the bioreactor "0" 
was found, which can be associated with 
both its transmutation in Y and sorption 

Fig. 3. Roentgenogram of  glucose.

Fig. 4. Roentgenogram of  Na2HPO4 solt.

Fig. 5. Roentgenogram of  Na2CO3.

Table 3
Results of the elemental chemical composition 

Na2HPO4, mass. %

1 Elem. P 66.302% (0.087) Quant.-FP P Ka 11.2593

1 Elem. Na 29.599% (0.176) Quant.-FP NaKa 0.5928

1 Elem. Si 4.099% (0.031) Quant.-FP SiKa 0.6122

Table 4
Results of the elemental chemical composition 

Na2CO3, mass.%
1 Elem. Na 97.887% (0.398) Quant.-FP NaKa 0.7087

1 Elem. Ca 0.864% (0.045) Quant.-FP CaKa 0.0208

1 Elem. Al 0.461% (0.025) Quant.-FP AlKa 0.0100

1 Elem. Mg 0.278 (0.063) Quant.-FP MgKa 0.0038

1 Elem. S 0.266 (0.010) Quant.-FP S Ka 0.0294

1 Elem. Si 0.245 (0.011) Quant.-FP SiKa 0.0127
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NUCLEAR PHYSICS OF 
CONDENSED MATTER

JOINT TRANSMUTATION OF STABLE  ISOTOPES Cs AND Sr IN 
MICROBIOLOGICAL SYSTEMS AND PROSPECTS FOR ACCELERATED...

into sediments containing the bulk of  
biocultures.

4. In connection with the detected presence 
of  Sr, Ba and Y ions in the sediments, in 
order to compose the material balance, it is 
necessary to develop a method for dissolving 
the sediments in bioreactors.

5. For a more conclusive confirmation of  all the 
processes under consideration, it is necessary 
to additionally conduct mass spectrometric 
measurements of  all products of  nuclear 
transformations.

6. We believe that the simultaneous 
transmutation of  stable Cs and Sr isotopes 
in the same volume in the presence of  
microbiological associations makes it 
possible to predict with a high probability 
the possibility and high probability of  similar 
processes of  transmutation of  Cs137 and 
Sr90 radioactive isotopes and to effectively 
deactivation of  LRW.

7. The proposed and logically substantiated 
hypothesis about the possibility of  cross-
contamination by optimal microbiological 
associations of  initially biologically neutral 
containers with a radioactive liquid, followed 
by the optimal transmutation of  radioactive 
isotopes, makes it possible to predict a similar 
technology for deactivating large volumes of  
LRW waste without excessive biological load 
on an industrial scale.
The authors express their sincere gratitude to the 

employees of  VNIINM JSC V.A. Kashcheev and 
E.D. Musatov, as well as an employee of  TVEL JSC 
A.I. Ermakov for useful discussion and objective control 
during these experiments.
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1. INTRODUCTION
The science itself  that classifies objective 
knowledge about the world around and 
formulates the laws of  nature obeys objective laws 
in its development. One of  these laws opened 
and formulated by T.S. Kuhn in his book: “The 
structure of  scientific revolutions” in 1962 is the 
law of  paradigm shift [1]. The last paradigm shift 
or scientific revolution began with the discovery 
in 1896 by A. Becquerel of  such an “anomalous” 
phenomenon as the natural radioactivity of  
uranium salts. Currently, a new paradigm change 
is taking place associated with the discovery, in 
1989-1992, of  “impossible”, radiationless and 
low-energy nuclear reactions [2].

The scientific revolution that takes place now 
is the only one so far after the discovery of  the 
law of  paradigm shift. This circumstance led 
to reflections and some conclusions about the 
objective properties of  the law of  the shift of  
paradigms, about the development history of  the 
last of  them and about the need to create new 
scientific directions, including the parametry of  
physical objects.

2. PARADIGM DEFINITION
Each new paradigm is generated by a new idea 
of  the structure of  Nature.

Each new paradigm describes the World 
around a human being more and more objectively.

The paradigm is an interconnected, leading 
system of  views, notions and concepts, 
including postulates, theories and research 
methods, in accordance with which subsequent 
scientific constructions and generalizations 
are carried out, new scientific, technical and 
industrial technologies arise, thanks to which the 
civilizational evolution of  mankind is carried out. 
T.Kuhn wrote: “By paradigms, I mean universally 
recognized scientific achievements that, over a 
certain time, provide the scientific community 

DOI: 10.17725/rensit.2021.13.509

NEW PARADIGM AND PARAMETRY
Gennady V. Mishinsky
Joint Institute for Nuclear Research, http://www.jinr.ru/
Dubna 141980, Moscow Region, Russian Federation
E-mail: mysh@jinr.ru
Received Oktober 17, 2021, peer-reviewed Oktober 27, 2021, accepted November 03, 2021
Abstract: Currently, the ongoing paradigm change requires both opening up  the main provisions 
formulated by T. Kuhn and their further development. The article formulates the signs of  scientific 
revolutions and the necessary conditions for their implementation. The history of  the new paradigm 
is given and the periodicity in its emergence is revealed. A conclusion is made about the need to 
create a new research direction - Parametry. Areas of  research are indicated, which scientific results 
will lead to new scientific revolutions in the foreseeable future.
Keywords: paradigm, scientific revolution, low-energy nuclear reactions, history of  science, philosophy 
of  science, metrology
PACS: 01.65.+g; 01.70.+w; 06.20.−f
For citation: Gennady V. Mishinsky. New Paradigm and Parametry. RENSIT: Radioelectronics. Nanosystems. 
Information technologies, 2021, 13(4):509-520. DOI: 10.17725/rensit.2021.13.509.

SCIENCE METHODOLOGY



510

No. 4 | Vol. 13 | 2021 | RENSIT: Radioelectronics. Nanosystems. Information technologies

with a model for posing and solving problems.” 
A specific paradigm, adopted as a model for 
reasonable scientific activity, dominates the 
scientific community for a certain, limited time, 
until it is replaced by a new paradigm.

The above definition of  the paradigm 
refers exclusively to the scientific activity of  
mankind and formulates the most general 
concept in Science. However, at present, the 
general concept − the paradigm of  Science − 
has been fragmented and is applied to specific 
scientific disciplines, for example: a paradigm 
shift in physics, biology, geology, etc. Moreover, 
the concept of  a paradigm begins to spread 
to other areas of  human activity: engineering 
and technological paradigms, paradigms in art, 
social and political paradigms, civilizational 
paradigms. And if  one should reconcile with 
the “fragmentation and dissemination” of  
the general concept of  a paradigm with the 
indispensable formulation of  definitions in many 
of  its specific manifestations, then the use of  
the word paradigm, which simply characterizes 
a change in conditions in any randomly chosen 
human activity, is unacceptable.

It should be remembered that a paradigm 
shift in a particular area of  human activity means 
a revolution in this area. Moreover, the results 
of  a revolution in this area will inevitably lead 
to revolutionary changes in other spheres of  
human activity. In this article, the concept of  
paradigm is used in its initial meaning.

A paradigm shift is a rare event. The influence 
of  each of  the known paradigms lasted for several 
generations of  scientists who, in their scientific 
activities, were not aware of  their involvement in 
this paradigm, which is natural.

The today’s generation of  scientists is in luck! 
We now know about the law of  paradigm shift, 
and due to scientific specialization, some of  us 
can just observe the process of  paradigm change 
at its initial stage, while others can and should 
take an active part in the scientific revolution that 
has come, with an inevitable confrontation, at the 
beginning, between supporters of  old and new 

paradigms. The outcome of  this confrontation 
is historically predetermined.

3. SIGNS OF SCIENTIFIC 
REVOLUTIONS
The scientific revolution, which consists in a 
change of  paradigm, is characterized by three 
qualitative features [3], and it occurs when:

Firstly, scientists discover anomalous 
phenomena that cannot be explained using the 
current paradigm. This is the main feature of  an 
emerging scientific revolution [1];

secondly, a discovery of  new particles, new 
objects, new structures, up to the discovery 
of  new states of  matter takes place; and,
thirdly, the creation of  new theories, the 
discovery of  new laws of  interaction between 
old and new objects, up to the discovery of  
new types of  fundamental interactions takes 
place.
However, even in the presence of  the above 

signs, the scientific revolution may not take place 
immediately. A public demand associated with 
the development of  productive forces of  society 
is required for its implementation.

The beginning of  the scientific revolution 
of  1896 coincided with the second industrial, 
technological revolution of  1870-1960 that was 
taking place at the same time. The technological 
revolution was based on advanced scientific 
discoveries in physics and chemistry and on the 
desire to introduce scientific achievements into 
production. The rapidly developing, due to these 
discoveries social productive forces, in turn, 
would enthusiastically accept and support any 
new scientific achievements. Therefore, the 20th 
century went down in history as the century of  
scientific and technological progress.

The discovery of  natural radioactivity 
was followed by other, numerous discoveries 
in physics, the most fundamental of  which 
were: the discovery of  new particles: electron, 
proton, neutron, neutrino and their antiparticles; 
discovery of  new structures: atomic nuclei, 
atoms, molecules, including organic ones and 
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biomolecules; the discovery of  new states of  
matter: charge plasma and quark-gluon plasma; 
creation of  quantum mechanics, special and 
general theory of  relativity; discovery of  new 
types of  fundamental interactions: strong and 
weak interactions.

The development of  any paradigm is realized 
in two directions. Within the framework of  
the first direction, firstly, initial theories are 
built that explain the anomalous phenomena 
that gave rise to a new paradigm and, secondly, 
emerging advanced hypotheses create, both 
new theories that explain old facts and replace 
previous theories, and a new toolkit, which 
allows the creation of  new technologies. “The 
new paradigm means a change in the rules that 
scientists were guided up to this time in the 
practice of  normal science, which these scientists 
have already successfully completed. That is why 
the new paradigm, no matter how special the 
area of  its application, is never just an increment 
to what was already known. The adoption of  
a new paradigm requires a restructuring of  
the previous paradigm and a reassessment of  
previous facts, an internal revolutionary process 
that is rarely within the power of  one scientist 
and never takes place within one day [1]”.

The second direction is “hidden” theories and 
technologies, which appear as extensive research 
is carried out within the framework of  the new 
paradigm. The history of  the development of  
science demonstrates that “hidden” theories, 
methods and technologies are superior to 
the initial theories and technologies in their 
significance for human evolution.

It is obvious from the above that the change 
of  paradigms gives rise to new scientific and 
technical directions and disciplines in all fields 
of  human activity.

The scientific revolution provides unique 
opportunities for all generations of  scientists, 
both in restructuring old theories and in the 
development of  “hidden” theories and advanced 
technologies. It is obvious that the restructuring 
of  old theories and reassessment of  old facts 

can be carried out faster by scientists who have 
developed old theories up to the present time 
and possess a huge amount of  empirical data, but 
who, at the same time, recognize the need for an 
“internal revolutionary process”. It is not enough 
to declare the beginning of  a new scientific 
revolution, the practical implementation of  that 
revolution is necessary.

4. NEW PARADIGM
Currently, a paradigm shift is taking place; a new 
scientific revolution has begun, associated,
• firstly, with the discovery of  multinuclear, 

radiation-free and low-energy nuclear 
reactions: reactions of  cold nuclear fusion 
and reactions of  low-energy transmutation 
of  chemical elements [4-7]. Low-energy 
transmutation reactions are reactions of  
transformation of  some chemical elements 
into other chemical elements in weakly 
excited condensed matter;

• secondly, with the discovery of  a new state 
of  atomic and nuclear matter: spin nuclide 
electron condensate [8-9]; and,

• thirdly, with the discovery of  a new, 
fundamental resonant interference exchange 
interaction (RIEX interaction) [10-11].
It is necessary to understand for the 

transition to a new paradigm that nuclear 
reactions occur at low energies in condensed 
matter, in strong magnetic fields (in the 
reaction volume < 10 eV/atom), and they 
occur everywhere in the Universe [2].

Low-energy nuclear reactions (LENR) 
were discovered and subsequently reproduced 
by electrolysis in heavy water; in a glow gas 
discharge; at electronic melting of  zirconium 
ingots; in explosions of  metal targets irradiated 
by a powerful pulse of  electrons; in explosions 
in liquid dielectric media of  metal foils, through 
which a powerful pulse of  electric current was 
passed; when exposed to a pulsed current on 
a lead-copper melt; at the passage of  electric 
current in water-mineral media; in ultrasonic 
treatment of  aqueous saline solutions; when 

NEW PARADIGM AND PARAMETRYSCIENCE METHODOLOGY



512

No. 4 | Vol. 13 | 2021 | RENSIT: Radioelectronics. Nanosystems. Information technologies

irradiated with braking gamma quanta of  
condensed gases; in growing biological 
structures, and in many others [4-7]. It becomes 
obvious from the above list that the methods of  
experiments carried out on LENR are extremely 
diverse and fundamentally different from the 
methods of  nuclear physics. Despite the variety 
of  techniques, the results of  LENR experiments 
are qualitatively similar to each other.

Analysis of  experiments on the transmutation 
of  chemical elements and their results showed 
that they occur in strong, more than 30 T, 
magnetic fields. It turned out that atomic and 
nuclear matter in strong and ultrastrong magnetic 
fields are transformed into a new state of  
matter: into a spin nuclide electron condensate. 
A characteristic feature of  such a condensate is 
that pairwise electrons and pairwise protons and 
neutrons (fermions with spin equal to S = 1/2ћ) 
are in a bound state, in a state of  orthobosons 
in it, when the total spin of  each pair is equal to 
one, S = 1ћ.

Magnetic fields begin to emerge in ionized, 
liquid media as a result of  the passage of  
unidirectional flows of  electrons with a density 
of  more than 1021 cm-3 through them [12]. Those 
magnetic fields owe their origin to the magnetic 
moments of  the electrons me, which are parallel 
to each other in a unidirectional flow. Since the 
electron spins in this case are also parallel, then, 
in addition to the magnetic field, the electrons 
generate an exchange self-consistent field with 
a negative potential. Electrons with parallel 
spins in a negative potential, in order to comply 
with the Pauli principle, are forced to pair into 
orthobosons with a spin S = 1ћ. This pairing is 
carried out because electrons in a magnetic field 
obtain new, oscillatory quantum numbers [13]. 
An orthobosonic pair of  electrons is a toroidal, 
ring current of  radius RZ, which rotates around a 
counter flow of  positive ions that move at a speed 
Vi (Fig. 1a). The orthoboson has external and 
internal strong, more than 30 T, magnetic fields 
B, and a strong electric field. External magnetic 
fields connect orthobosons into electronic 

orthoboson “solenoids” - “capsules” (Fig. 1b). 
“Capsules” can have a different number of  
orthobosons. They can fly out of  the condensed 
medium. Then the “capsules” are registered as 
“unknown” particles.

The atoms are transformed into transatoms 
in internal strong magnetic fields of  the 
“capsules”. Electrons in a transatom are also 
coupled in pairs to form orthobosons. Atomic 
electron orthobosons merge into a Bose-Einstein 
condensate, in which all electron spins and their 
magnetic moments are parallel to each other 
(Fig. 2). The magnetic moments of  electrons 
generate ultrastrong magnetic fields inside and 
around transatoms up to BS ~ 105–1010 T [8,14]. 
The internal ultrastrong magnetic field interacts 
with the magnetic spin and magnetic orbital 
moments of  nucleons in the nucleus, changes 
the structure of  the nucleus and turns it into a 
Transnucleus. Nucleons in the transnucleus also 
form orthobosons with S = 1ћ, but these are 
already nuclear orthobosons. The transnucleus 
with the surrounding electron orthoboson 
Bose-Einstein condensate forms a spin nuclide 
electron condensate.

GENNADY V. MISHINSKY

Fig. 1. a – orthoboson, b – “capsule”.

Fig. 2. Examples of  transatoms: helium, carbon, sodium.
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External ultrastrong magnetic fields of  
transatoms attract them to each other. Electronic 
Bose-Einstein condensates of  two transatoms 
are combined into a common condensate. A 
double nuclear transmolecule is formed from 
their transnuclei. Other transnuclei can join it. A 
multinuclear transmolecule is formed, in which 
multinuclear reactions take place, including 
those with electron orthobosons. Thus, nuclear-
electronic reactions occur, which products are 
non-radioactive. These reactions occur due to 
the resonant interference exchange interaction.

The nature of  RIEX interaction is associated 
with the overlap and interference of  the wave 
functions of  objects that have resonant R-states. 
Resonant interference exchange interaction is an 
exchange interaction between any two or more 
objects, including between atomic nuclei A, B, 
C..., which have resonant R-states belonging 
to a composite system that consists of  these 
objects [2,11]. The wave functions of  the nuclei 
interfere with each other in the R-state. The 
wave functions of  the resonant R-states contain 
all wave functions of  the nuclei A, B, C... It is 
namely due to the wave functions of  R-states 
that atomic nuclei are simultaneously “in each 
other” through exchange interactions with each 
other. Thus, short-range strong and local weak 
interactions between nuclei become “long-range” 
interactions. Strong-weak, electromagnetic and 
inertial-gravitational interactions are realized 
between the nuclei simultaneously. RIEX 
interaction is characterized by the interference 
of  all types of  interaction.

Thus, multinuclear, radiationless and low-
energy nuclear reactions occur due to the RIEX 
interaction. RIEX interaction is a universal 
interaction. It includes and controls all the 
other fundamental interactions. The action of  
the resonant interference exchange interaction 
extends to the whole of  Nature, from elementary 
particles to complex biological and social 
systems.

It is known that low-energy nuclear reactions 
are accompanied by unknown radiation, 

which leaves strange tracks and craters on the 
“detectors” [15,16]. It is assumed in [12] that the 
unknown radiation is orthobosonic “capsules” 
emitted from a condensed matter. It was shown 
in [16] that the source of  unknown particles can 
be hydrogen-saturated metals and an electric 
discharge in a hydrogen-containing medium. 
In addition, the same work demonstrates that 
the radiation that produces tracks and craters 
on CDs is generated when a hydrocarbon 
burns, when an internal combustion engine 
is running, when charging a smartphone, and 
in many other processes. In addition to tracks 
from LENR, background tracks from unknown 
sources of  radiation were recorded, which, 
apparently, surround us everywhere [15]. We can 
conclude from the above and from the variety of  
techniques for low-energy nuclear reactions that 
they occur throughout the Universe.

The industrial use of  low-energy nuclear 
reactions is associated primarily with the 
development of  new energy sources and with the 
production of  rare elements and their isotopes 
from cheap and widespread chemical elements.

5. HISTORY OF EMERGENCE OF NEW 
PARADIGM
Each new paradigm arises in the depths of  
the old paradigm, due to its scientific and 
technological achievements; it appears in 
the form of  anomalous phenomena in the 
beginning. The latter can be perceived by the 
scientific community as scientific curiosities at 
its best that require careful research, at worst as 
“pathological” results of  experiments performed 
by “illiterate” scientists.

As indicated above, the last scientific 
revolution began in 1896 with the discovery 
of  the natural radioactivity of  uranium salts by 
A. Becquerel. Two years later, E. Rutherford 
showed that radioactive rays consisted of  
alpha and beta radiation. A year later, P. 
Villard discovered gamma radiation. In 1900, 
A. Becquerel determined that beta rays were 
electrons, which were discovered by D.D. 
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Thomson in 1897 while studying the behavior 
of  cathode rays in electric and magnetic fields. 
In 1903 W. Ramsay and F. Soddy investigated 
radium emanation by optical spectroscopy and 
discovered helium lines in it. E. Rutherford 
proved soon that alpha rays are nothing more 
than ionized helium. In 1911, Rutherford finally 
determined, as a result of  experiments on alpha 
particles scattering on gold foil, that an atom 
consists of  a positively charged nucleus and 
negative electrons surrounding it. Thus, the 
hypothesis of  the transformation of  chemical 
elements in the process of  their radioactive 
decay was substantiated. That hypothesis was 
put forward by E. Rutherford and F. Soddy as 
far back as 1903. Soon, in 1913, Rutherford's 
nuclear model was successfully confirmed by 
N. Bohr, who formulated postulates about the 
behavior of  atomic systems and created the 
quantum theory of  hydrogen-like atoms.

It became clear that, for the approach of  
atomic nuclei to the distance of  the action of  
nuclear forces, it is necessary to overcome the 
Coulomb barrier between these forces, which 
ranges from tens of  keV to hundreds of  MeV. 
This statement was confirmed in 1919 by E. 
Rutherford, who was the first to carry out a 
nuclear reaction of  nitrogen nuclei with fast alpha 
particles (helium nuclei): 14 4 17 1

7 2 8 1 .N He O H+ → + .
Thus, nuclear physics, that has manifested 

itself  in natural radioactive decay, as low-
energy nuclear physics in the input channel, has 
established itself  as high-energy physics due to 
the creation of  a nuclear model of  the atom and 
collisional nuclear reactions [17].

For these reasons, the low-energy experiments 
by J. Wendt and K. Irion on the alpha decay of  
tungsten induced by an electric explosion [18] 
(1922), and the experiments of  A. Smiths and 
A. Karssen on the alpha decay of  lead induced 
by electric current [19] (1925), carried out 
almost thirty years after the discovery of  natural 
radioactivity, were perceived by the scientific 
community as impossible, and their results as 
erroneous.

The experimental works in the next thirty 
years carried out under the leadership of  I.V. 
Kurchatov, on the launch of  thermonuclear 
reactions with a high-precision discharge in 
a gaseous medium of  hydrogen, deuterium, 
helium and their mixture, which would lead 
to the appearance of  neutrons and powerful 
X-rays (1956) [20], as well as the device of  I.S. 
Filimonenko on the electrolysis of  heavy water 
with a palladium cathode, in which electricity was 
generated due to the reactions of  nuclear fusion 
of  helium from deuterium at a temperature of  ~ 
1150°С (1957) [21], did not arouse wide scientific 
interest. Probably, such an attitude was due to 
the fact that the power engineering based on 
the fission of  uranium was developing rapidly at 
that time, and work on controlled thermonuclear 
fusion began.

Another thirty years have passed. The 
nuclear accident at the Chernobyl nuclear power 
plant (1986), the protracted implementation of  
controlled thermonuclear fusion, catastrophic 
environmental pollution and global warming 
have formed a societal demand for renewable 
energy sources, alternative to oil, gas and coal. 
For this reason, the implementation, by M. 
Fleischman and S. Pons, of  the reaction of  cold 
fusion (CF) during the electrolysis of  heavy water 
with a palladium cathode at room temperature 
(1989) [22] caused a violent reaction of  scientists 
who began to check their results around the 
world. It was soon discovered that CF reactions 
are accompanied by reactions of  transformation 
of  some chemical elements into other chemical 
elements, for example, in experiments with a 
glow discharge of  deuterium with a palladium 
cathode (1992) [23,2]. Moreover, such reactions, 
called low-energy transmutation reactions, have 
been recorded in numerous other experiments 
that have nothing to do with cold fusion [4-7].

Low-energy transmutation of  atomic nuclei 
and cold fusion are united under the general 
name low-energy nuclear reactions (LENR) or 
nuclear science in a condensed matter (CMNS - 
Condensed Matter Nuclear Science).
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The absence of  a theoretical explanation for 
LENR, which affected the reproducibility of  the 
experimental results, gave rise to skepticism in 
the scientific community regarding the possibility 
of  this type of  reactions.

It took another thirty years for the Incredible 
to turn into the Obvious. This transformation 
occurred, firstly, due to the creation of  the theory 
of  pairing of  atomic electrons into orthobosons 
in strong magnetic fields arising in weakly excited 
condensed matter, and the pairing of  identical 
atomic nuclei in ultrastrong magnetic fields 
created by the atomic electron Bose-Einstein 
condensate. And, secondly, due to the discovery 
of  fundamental resonant interference exchange 
interaction, which manifests itself  between 
objects that are connected by resonant states.

If  we consider the implementation of  the 
cold fusion reaction by M. Fleischman and 
S. Pons as the beginning of  a new scientific 
revolution (1989), then the duration of  the 
previous paradigm from the discovery of  natural 
radioactivity (1896) to the discovery of  CF, is 
equal to approximately 90 years.

It can be seen that the main events in the 
history of  low-energy nuclear reactions took 
place at intervals of  thirty years. Apparently, 
each time this is associated with the emergence 
of  a new generation of  scientists who were 
not affected by the opposition between normal 
science and a new, emerging paradigm, and who 
enthusiastically began on the implementation 
of  the latter paradigm in the practice of  their 
scientific activities. Time will tell whether a 
thirty-year period is an objective parameter in 
the history of  the emergence of  subsequent 
paradigms.

6. PARADIGM SHIFT AND PARAMETRY
What is the reason that nuclear physics, born as 
low-energy science, but forgotten for 90 years and 
also considered a pseudo-science, gave priority to 
high-energy nuclear physics in scientific research? 
The reason is in measurements. It turned out 
that to measure and to determine the parameters 

of  individual elementary particles under the use 
a wide variety of  detectors, up to devices that 
consist of  many thousands of  detectors, was 
much easier than to perform analytical studies 
of  substances and materials.

For registration of  elementary particles, 
nuclei and individual atoms such detectors 
as, for example, gas detectors have been 
developed and are being developed now: 
Geiger counter, ionization, proportional, 
streamer detectors; liquid detectors: bubble 
chambers and scintillation detectors; solid-
state detectors: scintillation and semiconductor 
detectors, microchannel plates and CCDs. 
These detectors and their combinations make 
it possible to identify particles: to determine 
their energy, charge, mass. The main trend 
today in the development of  detecting systems 
is the development of  detectors based on new 
materials, new technologies and the creation of  
multi-channel devices on a single basis.

It was necessary to develop analytical 
instrumentation, computer technologies and to 
improve the above-mentioned detectors in order 
to be able to study technical, industrial materials 
and geological samples, to reliably determine the 
presence of  chemical elements in them and their 
quantity. The successes achieved in these areas 
at the end of  the last century made it possible 
to create everywhere analytical laboratories for 
general use, by means of  which researchers 
have the opportunity to obtain independent, 
reliable information on the mass and elemental 
composition of  both geological samples and 
materials gained in various technological and 
experimental processes.

Thus, quantitative information obtained 
about the properties of  certain objects with a 
given accuracy and reliability turned out to be 
a decisive factor in choosing a direction in the 
development of  science at the beginning of  
the 20th century. In nuclear physics, the choice 
between low-energy and high-energy reactions 
has been made in favor of  the latter.
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The science that deals with measurements, 
measurement methods and means of  ensuring 
their uniformity is metrology. By metrology, we 
mean the accuracy of  measurement of  measures, 
weights, time and other physical quantities. The 
role of  metrology in the development of  science 
can be understood from the statement of  D.I. 
Mendeleev: “Science begins as soon as they 
begin to measure. Exact science is unthinkable 
without measure.”

In addition, the determination of  the exact 
numerical values of  certain parameters of  objects 
in the formulation of  physical experiments 
allows scientists to make the right choice 
between various assumptions and theories about 
the processes with which they are experimenting. 
It is known that any hypothesis or theory must 
have predictive power, i.e. be able to anticipate 
new facts, the numerical values of  which can be 
verified by experience.

We introduce a new concept − Parametry − 
in this article. Thus, we transfer measurement 
accuracy to parameters that characterize objects. 
Objects should be understood as a whole group 
of  objects of  the same type.

Parametry is the selection of  essential, 
characteristic parameters of  objects that 
sufficiently describe them and distinguish them 
from other objects, and the determination of  
their numerical values. The parametry of  the 
main groups of  objects and their relationship 
with scientific disciplines can be systematized in 
the following areas:

- the parametry of  the physical vacuum (PV);
- parametry of  elementary particles, atoms 
and atomic nuclei (PN) - atomic and nuclear 
physics;
- parametry of  molecules and high-molecular 
compounds (M) - chemistry, biochemistry;
- parametry of  substances and materials 
(SM) - solid state physics, biology, materials 
technology;
- parametry of  planets (P) - planetology, 
geophysics, geology;

GENNADY V. MISHINSKY

- parametry of  stars and stellar systems (S) 
- astrophysics;
- parametry of  galaxies (G) - astronomy;
- parametry of  the Universe (U) - astronomy.
Parametry objects are located in this list 

as they increase in size. Since the physics of  
the microworld − the physics of  the physical 
vacuum, elementary particles and atomic nuclei, 
is closely related to the physics of  the megaworld 
− the physics of  the Universe, then these groups 
of  objects should be connected. Obviously, due 
to the general universalism of  physical laws, all 
other groups of  objects should be connected 
with each other (Fig. 3).

The history of  the development of  science 
and the above example show the following: as 
regards the role of  measurements in the choice 
between low-energy and high-energy nuclear 
reactions, we can conclude that successes in 
the parametry of  objects are directly related to 
the emergence of  new paradigms and ongoing 
scientific revolutions. It becomes obvious from 
the proposed scheme (Fig. 3) that low-energy 
nuclear reactions could not be discovered and 
understood without studies of  elementary 
particles, atoms, molecules, without studying 
high-energy nuclear reactions, i.e. without 

Fig. 3. “Wheel” of  objects for research.
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scientific and technological achievements realized 
within the framework of  the old paradigm.

At present, the groups of  objects highlighted 
in red (Fig. 3) are sufficiently well studied and 
continue to be successfully studied by modern 
science. This cannot be said, due to objective 
reasons, with respect to other groups of  objects, 
which, despite their ancient history, are in their 
instrumental studies in their initial positions 
(green and blue). Obviously, the closest ones 
for intensive research are, first of  all, groups 
by the size of  objects that are adjacent to the 
already studied groups, namely: the parametry 
of  the physical vacuum and the parametry of  the 
planets, first of  all, the parametry of  the Earth 
(green). The creation and formation of  the 
Earth's parametry based on the Earth sciences 
and Geology is, in addition, a vital direction, 
since it is associated with the preservation of  
Mankind as a species, because the mankind 
continues to irrepressibly and catastrophically 
pollute their planet.

Full-scale parametry of  the physical vacuum 
and the parametry of  the Earth are impossible 
without a practical revolution in the field of  low-
energy nuclear reactions. Parametry of  the Earth 
is associated with the emerging new direction 
in geology − with Quantum geology [24-26]. 
According to quantum geology, the evolutions of  
geological processes and ore formation on Earth 
are determined, among other things by low-
energy nuclear reactions: by quantum, nuclear 
transformations of  some chemical elements into 
others at low energies, in other words, planetary 
nucleosynthesis. Obviously, quantum geology 
will not be limited, in its development, only to 
planetary nucleosynthesis.

A new state of  matter that arises in a 
strong magnetic field − a spin nuclide electron 
condensate, characterized by ultrastrong, 
inhomogeneous and anisotropic magnetic and 
electric fields in which integrals of  motion are 
not preserved, − is a “desktop” laboratory for 
studying the processes that occur in a physical 
vacuum, and, therefore, it forms its parametry. 

The parametry of  the physical vacuum and 
the parametry of  the Earth should develop as 
intensively as possible and in parallel with the 
ongoing scientific revolution, caused by low-
energy nuclear reactions.

If  a thirty-year period in the development 
of  paradigms is an objective parameter, then 
one should expect the flourishing of  resonant 
technologies based on low-energy nuclear 
reactions and resonant interference exchange 
interactions in the fifties of  this century. At the 
same time, the development of  the physical 
vacuum sciences and planetary science will 
obviously raise the question of  a new paradigm 
shift. Therefore, scientists involved in the study 
of  the physical vacuum and planetology should 
pay close attention to the registered anomalous 
phenomena, begin their detailed study and carry 
out their publication, possibly in special journals.

Two different, “dangerous” directions should 
be distinguished separately in the group of  
substances and materials: organic and inorganic, 
which go still “in parallel” to each other.
− Organic direction: nucleotide-DNA, RNA, 
protein-cell-organ-Homo sapiens-collective, 
public consciousness, formed, inter alia through 
social networks - civilization.
− Inorganic direction: transistor-logical element 
-chip-processor-computer networks-artificial 
intelligence-collective, network intelligence-AI 
sphere, AI nationalism.

The danger of  the organic direction is 
associated with the uncontrolled genetic 
modification of  existing biosystems, including 
humans. The medium and long term consequences 
of  genetic modification are unpredictable and, 
therefore, there is no guarantee that they do not 
lead to the death of  existing humankind.

Тhe danger of  the inorganic direction is 
associated with the replacement of  human 
consciousness with artificial intelligence, and 
as a result the loss of  human intellectual and 
conscious properties. It is now obvious that the 
use of  artificial intelligence is required for the 
study of  all groups of  objects and the creation 
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of  their parametry, and it is required to put the 
parametry of  the objects under study into the 
initial data for solving problems with the help 
of  artificial intelligence. It should be noted that 
public consciousness is being actively formed 
by social and computer networks, which are 
now monitored and controlled by artificial 
intelligence, and in the future, they will possibly 
be controlled by AI itself!

In order to withstand the emerging threats, 
the humankind needs to understand: what is the 
sense of  their existence, what is their undeniable 
advantage over artificial intelligence. It seems 
impossible to overcome the impending threats 
without creating the parametry of  biosystems, 
the parametry of  human and of  whole mankind, 
and the parametry of  artificial intelligence.

7. CONCLUSION
A present paradigm change requires the scientific 
community to be aware of  the ongoing scientific 
revolution, to explore the main provisions 
formulated by T. Kuhn and to develop, as soon 
as possible, new theories and new technologies 
on the basis of  a new paradigm. The peculiarity, 
attractiveness, but also the danger of  the onset 
stage in the development of  Humankind lies 
in the transition in all spheres of  its activity 
to the widest use of  Artificial Intelligence and 
Resonance Technologies. Both of  these areas are 
methods to obtain maximum results at the lowest 
cost. The interpenetration of  these directions is 
inevitable.
At present, the evolutionary development of  
wild life, the biosphere is in a state of  noosphere, 
where the Humankind is an irresistibly growing, 
powerful Geological force of  a planetary 
scale [27]. The Humankind realized, due to 
the development of  productive forces, the 
transition to the state of  the noosphere, but the 
Humankind, in its approach to solving emerging 
crises, in its Consciousness remains at the pre-
Christian and even at the pre-Old-Testament 
level. This unresolved contradiction constantly 
gives rise to the reproduction of  ongoing crises. 

Therefore, the creation, by Humankind, of  a 
number of  new technologies, the consequences 
of  which are sometimes impossible to predict, 
for the first time brought the Humankind to the 
brink of  a possible self-destruction. Such a threat 
comes from probable military, anthropogenic, 
biogenic, cyber disasters. Moreover, since the 
emergence of  new paradigms leads to the rapid 
development of  the productive forces of  society, 
which, according to the laws of  dialectics in 
history, at a certain stage come into conflict with 
existing social relations, the beginning scientific 
revolutions are the forerunners of  prompt 
economic, socio-political crises and crises in the 
human consciousness. These crises are countered 
in the form of  necessary and inevitable social 
revolutions and mandatory, traditional or non-
traditional world wars. The history of  the 20th 
century demonstrates that these two events are 
interconnected and proceed at the same time.
It becomes more and more obvious that if  a 
Human does not change his own Consciousness 
in all its manifestations from individual to 
public – interstate consciousness, no, even the 
most advanced, technologies are able to prevent 
impending catastrophes, but they can only bring 
them closer. The complexity of  the forthcoming 
change in Consciousness is associated with the 
need to simultaneously preserve the Human as a 
Conscious, Humanistic, Universal species.
Stagnation in the development of  productive 
forces, as well as the invariableness of  
Consciousness, and even more so its degradation, 
lead to the destruction and death of  Civilizations. 
The inevitability of  scientific Revolutions makes 
the creation of  a new Consciousness inevitable.
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CHRONICLE

July 17, 2021 at the Dissertation Council of  
the Physics Faculty of  Lomonosov Moscow 
State University Evgeny Sergeevich Soldatov 
defended his dissertation entitled "High-
temperature single-electron transistors 
based on molecules and small nanoparticles" 
for the degree of  Doctor of  Physics and 
Mathematics.

Tunneling nanosystems with an extremely 
low capacity based on single molecules and 
small nanoparticles was the object of  the 
study, and the processes of  creating such 
nanostructures, as well as the course and 
characteristics of  tunneling electron transport 
through them under different experimental 
conditions was the subject of  the study.

In general, the work is devoted to the 
study of  the formation of  controllable single-
electron systems based on single molecules 

and small nanoparticles, the development 
and creation on their basis of  single-electron 
transistors with high charge energy and, 
accordingly, the operating temperature, as 
well as the study of  electron transport in 
such transistors at high (more than 77 K) 
temperatures.

Such nanoelements are absolutely 
necessary for realizing the possibilities of  
using in wide practice the unique properties 
of  the effect of  correlated (single-electron) 
electron tunneling, allowing the construction 
of  fundamentally new electronic devices and 
a dramatic (by several orders of  magnitude!) 
improvement in the characteristics of  existing 
devices. Only the use of  such elements 
can increase the operating temperature of  
devices based on this effect from the typical 
level of  50-100 mK for traditional elements 
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to values of  100-300 K, which are acceptable 
in practice.

This has led to a great and constantly 
growing interest in the development of  
methods for creating planar tunneling 
single-electron elements based on individual 
molecules, clusters, small nanoparticles, 
reproducible production of  such elements 
by technological methods already mastered 
by modern microelectronics, and the study 
of  their characteristics. In addition to the 
above-mentioned issues of  the experimental 
implementation of  such extremely small 
nanostructures at the level of  individual 
molecules and atoms, this work also solves 
the problems of  a detailed elucidation of  the 
mechanisms of  electron transport through 
these quantum nanoobjects.

The research in this work is focused 
on the development and creation of  key 
elements for any single-electronic device – 
single-electron transistors with high values 
of  the charge energy, which determines the 
quality and usefulness of  such transistors, as 
well as on the study of  the characteristics of  
these nanoelements at the most convenient 
for practice, but at the same time extremely 
high for single-electronics temperatures 
above 77 K. At the same time, a monotonic 
improvement in their qualitative parameters 
and an increase in the operating temperature 
up to room temperature with a decrease in 
the size of  one-electron elements down to 
the molecular and even to the atomic level is 
a main peculiarity of  single-electron systems.

The creation of  nanoelements was carried 
out by combining two innovative approaches 
to the formation of  nanoelectronic elements:
• the use of  single molecules (and/or small 

nanoparticles) of  the required size as a 
nanoelement base and

• using a scanning tunneling microscope 
(STM) as a device both for the formation 
of  tunnel nanosystems based on 
extremely small objects with sizes from 
5 to 50 angstroms, and for studying the 
electrical characteristics and structure of  
these systems.
As part of  the implementation of  these 

approaches and the achievement of  the set 
goal, three key problems were consistently 
solved, which stand in the creation of  single-
electron elements applicable in wide practice 
and determine the content of  the specific 
main tasks of  this work:
1. Investigation of  the processes of  

formation of  stable nanostructures based 
on single molecules/nanoparticles and, as 
a result, the formation of  a methodological 
and technological basis for the creation 
of  the studied nanoelements.

2. Development and creation of  tunnel 
systems based on single molecules or 
nanoparticles using STM, as well as 
experimental and theoretical studies of  
electron transport through such systems, 
which has proven its correlated nature 
even at room temperature.

3. Development, manufacture and research 
of  planar molecular one-electron 
transistors, efficient at high, up to 300 K, 
temperature.
In the course of  solving the first problem, 

methods were developed for the formation 
of  stable nanostructures on a solid substrate 
from extremely small molecules, as well 
as methods for studying the structure and 
characteristics of  the formed nanostructures 
using STM. At the same time, two approaches 
to the formation of  such nanostructures 
tolerant to studies by STM were proposed, 
developed, and implemented based on the 
creation of  mixed Langmuir monolayers with 
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molecular-scale objects (1--5 nm) that are 
promising for single-electronics electronics, 
stable when they are studied in STM.

In the first approach, ready-made 
molecules, including non-amphiphilic 
ones, are included in the classical Langmuir 
monolayers of  surfactants. Its development 
and implementation has shown the possibility 
of  purposefully and reproducibly obtaining 
on a substrate measurement-stable samples 
of  the required quality with molecular 
nanostructures of  various dimensions: both 
0D (single molecules) and regular 1D (chains) 
and 2D ensembles. This approach also 
ensured the creation of  research prototypes 
of  nanoelectronic elements using STM, both 
on the basis of  single molecules and on the 
basis of  multimolecular 1- and 2-dimensional 
systems of  molecules. It was found that in 
2-dimensional systems of  molecules of  this 
type, under certain conditions, their self-
organization occurs with the formation of  
quasi-crystalline planar nanostructures with 
distinguished crystallographic axes.

In the second approach, the formation 
of  nanostructures that are promising for 
single electronics is carried out just on a 
sample during its fabrication by synthesizing 
nanoparticles with the required properties 
and characteristics directly in mixed Langmuir 
monolayers at the water-air interface by 
carrying out chemical reactions and/or 
physical effects in them during preparation 
of  a monolayer. This made it possible to 
controllably obtain, due to the discovered 
effect of  anisotropic growth of  nanoparticles 
in a longitudinal magnetic or electric field, 
both individual magnetic particles with given 
sizes (from 3–5 nm and above) and shape, 
and their chains. The constructed theoretical 
model of  the process of  such growth showed 
good agreement between the calculated 

shape, size of  nanoparticles and their growth 
rate with experimental data. This indicates 
a key role in the growth of  interparticle 
dipole-dipole interactions, which underlie 
the model, which determines the observed 
strong dependence of  the shape and size 
of  nanoparticles on the orientation of  the 
applied field.

In addition to such magnetic particles, an 
improved version of  this approach made it 
possible to control both monolayers with 
separately lying nanoparticles of  noble 
metals (gold and palladium) with a diameter 
of  1--2 nm, and organized composite 
polymer films with 1D and 2D ensembles 
of  such in situ synthesized nanoparticles. 
It also made it possible to obtain polymer 
films with 1D and 2D ensembles of  ready-
made cluster molecules embedded in a planar 
monolayer monomolecular dielectric matrix. 
The sizes of  the obtained nanoparticles 
satisfy the conditions for the realization of  
the effects of  single-electron tunneling at 
room temperature, which makes it possible 
to create in this way reliable and stable single-
electron nanosystems.

The technological base created in the 
course of  the first key task made it possible, 
while performing the second key task of  the 
work, to implement a method for creating 
single-electron elements based on single 
cluster molecules using STM and for the 
first time experimentally show the decisive 
role of  the ligand shell of  a molecule/
nanoparticle in the transformation of  the 
system "STMtip-cluster-substrate" from one-
junction to two-junction and, accordingly, in 
the implementation of  the single-electron 
mode of  tunneling electron transport.

With the help of  this technique, a single-
electron transistor based on a single cluster 
molecule has been realized for the first time 
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at room temperature. The experimentally 
studied main characteristics of  the formed 
transistors showed, despite the significant 
difference in the structure and electronic 
spectrum of  the studied cluster molecules, 
the realization in all such nanosystems of  the 
mode of  correlated electron tunneling with 
record high values of  the Coulomb blockade 
of  tunneling (more than 500 mV) and charge 
energy (~250 meV). In these systems, a 
close to 100% modulation of  the tunneling 
current by the control voltage and a charge 
sensitivity typical of  single-electron systems 
no worse than ~10-3 e/Hz1/2 were obtained. 
This served as convincing evidence of  the 
correlated nature of  the tunneling electron 
transport in the fabricated molecular systems 
even at room temperature.

Within the framework of  a theoretical 
study of  electron transport through such 
systems, an approach was proposed and 
developed to determine and calculate the 
main parameter for single-electronics – the 
electric capacitance of  extremely small, up to 
single atoms, quantum objects, and a formula 
was obtained for calculating the intrinsic 
effective capacitance of  single isolated 
atomic-scale nanoobjects by the values their 
ionization potentials and electron affinity. 
An analysis of  its dependence on size, shape 
and topology showed that with a sufficiently 
large number of  atoms, this dependence is 
qualitatively similar to the classical case – the 
capacitance is proportional to the size of  the 
object, and the functional dependence of  the 
intrinsic capacitance of  such objects on the 
number of  atoms in them is determined by 
the dimension of  these objects.

Taking these results into account, a 
theoretical model of  tunneling transport 
through molecular single-electron 
nanoelements was proposed and developed, 

taking into account the quantum discrete 
nature of  the energy spectrum of  their 
basis - a single quantum dot (molecule, small 
nanoparticle). It also took into account the 
effects of  electron relaxation in a molecule/
quantum dot for the first time. On the 
basis of  the developed model, a computer 
simulation of  the characteristics of  electron 
transport of  manufactured molecular single-
electron nanoelements for cases of  extremely 
fast and extremely slow (compared to the 
rate of  electron tunneling) energy relaxation 
of  electrons in a molecule is carried out. The 
proposed and implemented efficient scheme 
for calculating the canonical distribution 
of  electrons in a molecule by the recursive 
method provided its acceleration by several 
orders of  magnitude in comparison with 
direct enumeration of  combinations and 
made it possible to simulate and study the 
I–V characteristics of  molecular transistors 
using conventional laboratory computing 
power.

Comparison of  theoretical and 
experimental I–V characteristics of  molecular 
single-electron transistors showed their 
best agreement precisely at slow relaxation 
of  electrons in the molecule. This allows 
us to conclude that the mode of  operation 
of  molecular single-electron transistors 
fabricated and investigated using STM is 
correlated tunneling of  electrons with their 
slow energy relaxation in the molecule.

On the whole, this leads to the conclusion 
that small cluster molecules can serve as 
a reliable basis for the creation of  single-
electron nanosystems capable of  operating at 
room temperature as elements of  operating 
fundamentally new nanoelectronic devices. 
In this case, the greatest progress is provided 
by the use of  the created molecular single-
electron transistors for the construction 
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on their basis of  supersensitive charge/
field sensors, computer memory elements, 
fundamental standards (for example, a 
current standard), qubits, cells of  a quantum 
cellular automaton.

In the course of  work on solving the third 
key problem of  this work, in order to ensure 
a wide and effective practical implementation 
of  the above prospects, which is possible 
only for planar molecular devices in an 
integrated design, a method was developed 
for the manufacture of  planar electrodes of  a 
molecular transistor by controlled narrowing 
of  the nanowire formed by electron beam 
lithography using the effect electromigration.

This technique, due to the use of  the 
created original algorithm for carrying out 
the electromigration process, provided the 
production of  electrodes with a distance 
between them required for high-temperature 
single-electronics electronics of  1.5÷5 nm 
with a yield of  more than 90% usable at a 
high leakage resistance (R > 300 GΩ). These 
parameters indicate the suitability of  such 
electrodes for creating molecular transistors 
on their basis.

The developed method of  controlled 
embedding using the dielectrophoresis effect 
of  small (2-4 nm) gold nanoparticles into the 
fabricated nanogaps between metal electrodes 
made it possible to ensure the targeting of  
such embedding and to obtain a high (~20%) 
yield of  suitable samples, which is 3-4 times 
higher than for the traditional method of  
drying a solution with nanoparticles.

Measurements of  electron transport 
through such molecular transistors showed 
a single-electron form of  their stability 
diagrams at T = 77 K, demonstrated high 
(more than 150 meV) values of  the charge 
energy of  the manufactured single-electron 
transistors. An oscillating (single-electron) 

form of  the characteristics of  control 
of  electronic transport through them at 
temperatures of  77 K÷220 K was recorded, 
and the correlated nature of  electron transport 
in these nanoelements in a wider temperature 
range of  77 K÷300 K was shown.

Thus, the studies carried out made it 
possible to obtain the following main new 
results:

A method for the formation of  mixed 
Langmuir monomolecular layers with a 
controlled surface density of  non-amphiphilic 
molecules rigidly fixed on the substrate, 
providing the possibility of  non-destructive 
reproducible study in STM of  the structural 
and electrical characteristics of  nanosystems 
based on such single molecules, has been 
proposed, developed, and for the first time 
implemented.

A method for the controlled formation 
of  stable nanostructures on a solid substrate 
from single gold nanoparticles with a 
diameter of  1–3 nm promising for high-
temperature single-electronics was proposed 
and implemented for the first time by carrying 
out chemical reactions of  metal reduction 
directly in a monolayer; self-organization of  
such nanoparticles into 1-dimensional chains 
was found. The correlated nature of  electron 
transport through double-junction tunnel 
systems based on such single nanoparticles 
at room temperature is shown.

An original method for the controlled 
formation on a solid substrate of  stable 
0-dimensional, 1-dimensional and 
2-dimensional nanostructures from small 
(3÷5 nm) magnetic nanoparticles by means of  
direct decomposition of  iron pentacarbonyl 
and dicobaltoctacarbonyl just in the 
monolayer under the action of  ultraviolet 
radiation with subsequent aggregation is 
proposed and implemented.
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The anisotropic growth of  forming 
magnetic nanoparticles in a longitudinal 
magnetic or electric field has been discovered 
and theoretically explained, which makes 
it possible to controllably obtain magnetic 
particles of  the sizes and shapes required for 
the formation of  nanoelements.

The effect of  self-organization of  
molecules of  the thallium derivative of  
carborane in mixed monomolecular Langmuir 
films with the formation of  two-dimensional 
quasi-crystalline nanostructures with lattice 
parameters close to the corresponding 
parameters of  a three-dimensional molecular 
crystal of  this substance is found.

For the first time experimentally 
demonstrated the fundamental importance 
for single-electronics of  the presence of  a 
ligand shell in a nanoparticle or molecule for 
the implementation of  the single-electron 
tunneling regime and the correlation of  the 
size of  the Coulomb blockade of  electron 
tunneling with the size of  the molecule/
nanoparticle. At the same time, the possibility 
of  purposefully changing the structure 
and characteristics of  an already finished 
nanosystem directly on a substrate was 
demonstrated.

For the first time, a prototype of  a 
molecular single-electron transistor operating 
at room (300 K) temperature was created and 
studied, in which a nanosystem with a charge 
energy of  up to 250 meV was created, which 
provided control of  the tunneling current of  
a single-electron transistor based on a single 
molecule, and such control was experimentally 
demonstrated at room temperature.

The proposed theoretical model of  
correlated electron tunneling in molecular 
systems taking into account the effects of  
electron relaxation in a molecule/quantum 
dot made it possible for the first time to prove 

the slowness of  electron relaxation in such 
systems in comparison with the tunneling 
rate, in contrast to traditional single-electron 
metallic systems, and to ensure agreement 
between experimental and theoretical data. 
obtained for molecular transistors.

The proposed and developed method for 
determining the electrical capacity of  quantum 
objects of  atomic-molecular scale showed 
that the value of  the intrinsic capacitance 
of  objects of  molecular and atomic scale is 
directly and closely related to their chemical 
and spectral properties, with the structure of  
the electron shells of  atoms and the topology 
of  molecules. A formula is obtained for 
calculating its value from the values of  the 
ionization potential and the electron affinity 
of  molecules and atoms. This allows, when 
designing and analyzing the operation of  
practical single-electron devices, to calculate 
the parameters of  quantum nanoelements 
using a well-developed apparatus of  classical 
electronic circuitry without cumbersome 
consideration and taking into account the 
specific quantum properties of  such objects, 
which greatly facilitates the widespread 
practical implementation of  single-electron 
atomic-molecular devices.

An original technique has been developed 
for the reproducible formation at room 
temperature of  a key element of  molecular 
single-electron transistors in a planar thin-
film design - nanogaps between transistor 
electrodes with a width of  less than 4 nm, a 
leakage resistance of  more than 300 G with a 
high (90–95%) yield of  suitable samples. As 
a result, this ensured, in the manufacture of  
planar molecular single-electron transistors, 
the realization of  the main advantage of  
using molecules/nanoparticles in them – the 
achievement of  a high charge energy and, 
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accordingly, the operating temperature of  
such transistors.

For the first time, the quantum dynamics 
of  changes in the conductivity of  quantum 
wires from gold atoms formed at the final 
stage of  the electromigration process was 
discovered and studied at room temperature. 
These changes occur during the restructuring 
of  quantum wires due to relaxation of  
mechanical stresses in them, which ultimately 
leads to rupture of  quantum wires with the 
formation of  nanogaps less than 4 nm wide.

A technique was developed and 
implemented for the targeted embedding of  
single small (2-4 nm) gold nanoparticles into 
the formed nanogaps between the tunnel 
electrodes of  the transistor, which provided 
the formation of  high-temperature molecular 
single-electron transistors with a yield of  
suitable samples of  about 20%.

For the first time, planar single-electron 
transistors with a charge energy of  up to 150 
meV, in which correlated tunneling electron 
transport is realized at temperatures up to 
300 K inclusive, have been manufactured and 
investigated at temperatures of  77–300 K.

Thus, the main result of  this work was 
the creation of  molecular single-electron 
transistors in a planar design with a high 
(~200 meV) charge energy and parameters 
that are the best achieved to date for planar 
single-electron elements. This opens up a 
wide window of  new possibilities for the 
actual design, manufacture and use of  such 
elements at high operating temperatures, up 
to room temperature, and, therefore, makes 
it possible to create on their basis those 
applicable in a wide practice fundamentally 
new nanoelectronic devices with unique 
characteristics and capabilities necessary to 

solve the most pressing problems in various 
fields:
• simple/affordable and fast DNA 

sequencing – in biology and medicine;
• creation of  quantum computers, quantum 

cellular automata, neural networks – in 
quantum informatics;

• creation of  a quantum standard for a unit 
of  electric current and closure, finally, 
a "metrological triangle" of  quantum 
standards – «Voltage (Josephson effect) – 
Current (single-electronics) – Resistance 
(quantum Hall effect)» – in quantum 
metrology.
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On September 10, 2021, Krasnoyarsk hosted 
the celebration of  the 40th anniversary of  
the Institute of  Chemistry and Chemical 
Technology of  the Siberian Branch of  the 
Russian Academy of  Sciences.

The history of  the institute began in 1977. 
To organize the Institute, the leadership of  the 
SB RAS (academician G.I. Marchuk, academician 
G.K.Boreskov) invited the Doctor of  Chemical 
Sciences Sergei Pavlovich Gubin, a well-known 
specialist in the field of  coordination and 
organometallic chemistry, laureate of  the USSR 

State Prize, to the SB RAS. In the period 1978-
1980. he carried out the necessary preparatory work 
and at the beginning of  1981 the establishment 
of  the Institute was approved by the Decision of  
the Presidium of  the USSR Academy of  Sciences. 
The main task is to develop scientific foundations 
for solving important problems for the regions 
of  Siberia associated with the deep processing 
of  huge resources of  mineral and organic raw 
materials. Currently, the Institute carries out 
research in two scientific areas: the physical and 
chemical foundations of  new environmentally 
friendly metallurgical and chemical-technological 
processes for the complex extraction of  target 
products from multicomponent raw materials 
and the physical and chemical foundations of  the 
processes of  deep processing of  natural organic 
raw materials, including plant biomass and brown 
coal.

During the formation of  the Institute, a 
personnel problem immediately arose: it was 
necessary to find highly qualified employees - 
doctors and candidates of  sciences, specialists 
with higher and secondary technical education. 
And then S.P. Gubin and his team began to invite 
scientists from different cities of  the country to 
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Krasnoyarsk: Moscow, Leningrad, Novosibirsk, 
etc. The teams and collectives formed at that time 
are still successfully developing technologies for 
processing mineral and organic resources.

Now the Institute employs 220 people, of  
which 100 are research workers (17 are doctors and 
65 candidates of  sciences), 35 people are young 
scientists and specialists under the age of  39. At 
present, the influx of  young people is mainly made 
up of  graduates of  the Siberian Federal University 
and the Reshetnev Siberian State University. 
There are 17 full-time graduate students studying 
in graduate school, it is planned to create a joint 
magistracy with Reshetnev SSUST next year.

At the Institute the Doctoral Dissertation 
Council is successfully working, headed by Doctor 
of  Chemical Sciences, Deputy Director for 
Scientific Work Nikolai Vasilyevich Chesnokov, in 
the specialties: physical chemistry, technology of  
inorganic substances, chemical technology of  fuel 
and high-energy substances.

Initially, the strategy of  the Institute in the 
80s of  the twentieth century was to strengthen 
cooperation with the "heavyweights" of  non-
ferrous metallurgy, the largest plants: Norilsk 
mining and metallurgical, Ust-Kamenogorsk 
lead-zinc, Balkhash mining and metallurgical, 
etc. Fundamental research was launched in the 
field of  studying surface phenomena, extraction, 
sorption, leaching, followed by laboratory and 
pilot-industrial tests at large enterprises of  the 
country. The first industrial introduction was the 
sorption extraction of  platinum metals from spent 
electrolytes at the Uglich Watch Plant, then the 
extraction technology for extracting indium from 
solutions of  zinc production (Chelyabinsk Zinc 
Plant), extraction schemes for the processing of  
cobalt raw materials (Norilsk MMC) and others. In 
1985, as part of  a team of  co-authors, the Director 
of  the Institute Anatoly Ivanovich Kholkin and 
his deputy Gennady Leonidovich Pashkov were 
awarded the USSR State Prize for the creation 
of  a modern rare metal production at the Ust-
Kamenogorsk lead-zinc. In 2008, for the creation 
and industrial application of  new extraction 
processes and combined hydrometallurgical 
schemes for the processing of  unconventional and 

technogenic raw materials and industrial products 
of  the production of  rare and non-ferrous metals, 
as part of  a team of  co-authors, four employees 
of  the Institute were awarded the prize of  the 
Government of  the Russian Federation. The 
Government Prize was awarded to: Director of  the 
Institute, Corresponding Member of  the Russian 
Academy of  Sciences, Doctor of  Technical 
Sciences Gennady Leonidovich Pashkov, Head 
laboratory, d.ch.s. Vladimir Ivanovich Kuzmin, 
Head laboratory, Ph.D. Viktor G. Samoilov, Leading 
Researcher, Ph.D. Isaak Yurievich Fleitlich.

Fundamental research in the field of  deep 
processing of  coals of  the Kansk-Achinsk basin 
was started by Doctor of  Chemical Sciences, 
prof. S.P. Gubin in close cooperation with 
KatekNiiUgol. Subsequently, research in the 
field of  processing coal and wood raw materials 
at the Institute developed under the leadership 
of  Doctor of  Chemical Sciences, prof. Boris 
Nikolaevich Kuznetsov. The scientific foundations 
of  new effective technologies for thermocatalytic 
processing of  Kansk-Achinsk coals in apparatus 
with a catalytic fluidized bed were developed. 
Together with the Institute of  Catalysis of  the 
Siberian Branch of  the Russian Academy of  
Sciences and SibVTI, in 1984, a pilot industrial 
boiler with a fluidized bed furnace was launched, on 
which the technology of  catalytic coal combustion 
was successfully tested. For his great contribution 
to the scientific support of  the development of  
KATEK B.N. Kuznetsov was awarded the Order 
of  the Badge of  Honor in 1986.

Research in the field of  deep processing 
of  renewable wood raw materials is aimed at 
creating integrated technologies that ensure the 
transformation of  all the main components of  
woody biomass into a range of  in-demand products. 
The relevance of  this topic has sharply increased 
in recent years, since the processing of  biomass 
into energy carriers and chemical products does 
not affect the balance of  carbon dioxide in the 
atmosphere and does not aggravate the greenhouse 
effect. The most important scientific achievements 
in this area are associated with the development 
of  new catalytic processes for the conversion of  
woody biomass into valuable chemical products, 
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biofuels, and functional polymers. The head of  
these works, Doctor of  Chemical Sciences, prof. 
B.N. Kuznetsov was awarded the honorary title 
"Honored Scientist of  the Russian Federation" in 
2008.

The Institute actively participates in 
international cooperation, was the organizer of  4 
international symposia on catalytic transformations 
of  natural polymers.

Over the past years, more than 90 candidate 
and 28 doctoral dissertations have been defended 
in the focus scientific areas.

The staff  of  the Institute are constantly in 
scientific search, making a worthy contribution 
to the development of  fundamental science. 
The Institute is actively developing its scientific 
potential – it follows the path of  expanding its 
own scientific schools, international contacts, 
exchange of  leading professors and specialists. 
Fundamental scientific research carried out at 
the Institute is supported by projects of  federal 
target programs, the Russian Science Foundation, 
the Russian Foundation for Basic Research, the 
Krasnoyarsk Science Foundation, etc. More than 
500 articles published by the Institute staff  over 
the past 5 years are included in the Web of  Science 
database, received 53 patents.

Applied research also does not stand aside. The 
developments of  the ICCT SB RAS are known 
and used in the Krasnoyarsk Territory, in Russia. 
The Institute actively cooperates with enterprises 
of  the real sector of  the economy, such as PJSC 
"MMC"Norilsk nickel", PJSC Chelyabinsk Zinc 
Plant, JSC "Krasmash", JSC Krastsvetmet, Federal 
State Unitary Enterprise "Mining and Chemical 
Combine", enterprises of  the timber industry 
complex of  the Krasnoyarsk Territory.

The successful development of  fundamental 
and applied science at the Institute is facilitated 
by the creation at the KSC SB RAS in 2001 of  
the Krasnoyarsk Regional Center for Collective 
Use (KRCKP SB RAS) under the leadership of  
Doctor of  Chemical Sciences, prof. Anatoly 
Ivanovich Rubailo. In the rating of  Shared Use 
Centers (CSC) organized by the Federal Agency 
for Scientific Organizations of  the Russian 
Federation, the KRTSKP SB RAS became one of  

the leading CSCs in Russia, which made it possible 
to win FTP grants for the purchase of  the latest 
devices and equipment in the amount of  about 
460 million rubles over the past four years. At the 
present time, only in our Institute there are more 
than 15 instruments of  the first line of  world 
instrument making, and in the CRCKP FRC KSC 
SB RAS – more than 50, which our scientists can 
use in their research.

Much attention is paid in the Institute and 
scientific and organizational activities: fruitful 
international cooperation, the development of  ties 
with industry and university science, participation 
in expert councils, editorial boards of  leading 
scientific journals. 29 employees are engaged in 
teaching activities, on the basis of  the Institute, the 
basic departments of  SibFU are organized. The 
Institute supervises in the city of  Krasnoyarsk the 
basic school of  the Russian Academy of  Sciences 
– MAOU Lyceum №7. Scientific direction of  
profile classes "Environmentally friendly and 
resource-saving energy, effective deep processing 
of  renewable natural raw materials to obtain a 
wide range of  demanded chemicals". Classes 
for schoolchildren are conducted by young 
employees and graduate students of  the Institute: 
Ph.D. Yuri Malyar, Ph.D. Dmitry Kuzmin, Ph.D. 
Sergey Vorobyov, Ph.D. Dmitry Zimonin under 
the supervision of  the Director of  the Institute, 
Doctor of  Chemical Sciences, prof. RAS Oxana 
Pavlovna Taran.

The Institute is the organizer of  significant 
scientific events. For many years he participated in 
the organization and holding of  the international 
Congress "Non-ferrous metals and minerals" in 
the city of  Krasnoyarsk. This year the international 
XIV conference "Metallurgy of  non-ferrous, rare 
and noble metals", preceding the anniversary 
celebration and dedicated to the 40th anniversary 
of  our Institute of  Chemical Chemistry of  the SB 
RAS, was organized jointly with the Institute of  
Non-Ferrous Metals and Materials Science of  the 
Siberian Federal University and was held on-line 
from September 6 to September 9. Scientific adviser: 
Academician of  the Russian Academy of  Sciences 
Anatoly Ivanovich Kholkin, I.I. NS. Kurnakov 
RAS, Moscow, Chairmen of  the Organizing 
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Committee: Doctor of  Chemical Sciences, prof. 
Natalya Vasilievna Oleinikova and Doctor of  
Chemical Sciences Vladimir Ivanovich Kuzmin. 
More than 60 people took part in the work of  the 
Conference, 40 reports of  scientists and specialists 
from the Russian Federation, Kazakhstan and 
Uzbekistan were heard. The conference showed 
the importance and undoubted interest of  
representatives of  the scientific and technological 
communities in solving the problems of  processing 
mineral raw materials, scientific and technical 
achievements in this area. From September 29 to 
October 2, the Institute was host the 5th School 
of  Young Scientists "New catalytic processes for 
deep processing of  hydrocarbons and biomass." 
Scientific adviser, RAS Academician Valentin 
Nikolaevich Parmon, IC SB RAS, Novosibirsk, 

Chairman of  the Organizing Committee, Doctor 
of  Chemical Sciences, prof. RAS Oxana Pavlovna 
Taran. The topic includes various fundamental 
and applied aspects of  deep processing of  oil and 
gas, coal, plant, microbiological raw materials and 
organic waste and is supported by the Russian 
Science Foundation.

Scientists from different cities of  the country 
came to congratulate their colleagues at the 
jubilee Scientific Council. Guests from Moscow, 
Novosibirsk, St. Petersburg, colleagues from the 
Institutes of  the Federal Research Center of  the 
KSC SB RAS and universities of  Krasnoyarsk 
in their speeches noted the value of  joint 
interdisciplinary research and congratulated their 
colleagues.

Of  particular interest was the report of  the 
director-organizer of  the Institute, Doctor of  
Chemical Sciences, Professor, Full Member of  
the Russian Academy of  Natural Sciences Sergei 
Pavlovich Gubin. He told about the history of  
the Institute, colleagues of  scientists who in the 
80s of  the twentieth century took an active part 
in translating the ideas that were born into reality, 
about the difficulties that had to be overcome 
at that time, and presented books as a souvenir. 
S.P. Gubin wished the staff  of  the Institute to 
continue to be constantly in scientific search, to 
make a worthy contribution to the development 
of  fundamental science.

We can rightfully be proud of  the pages of  
the Institute's biography, the names of  those who 
stood at the origins of  its creation and who ensure 
its authority and relevance today.

BORIS. N. KUZNETSOV, VLADIMIR I. KUZMIN CHRONICLE

Sergey Pavlovich Gubin - Director-organizer of  the Institute 
of  Chemical Chemistry SB RAS and Oxana Taran –
the present director at the anniversary of  the Institute on 

September 10, 2021.
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On December 23, 2020, at the age of  94, died of 
coronavirus George Alexandrovich Martynov, 
Doctor of  Physical and Mathematical Sciences, 
Professor, Chief  Researcher of  the Laboratory 
of  Surface Forces of  the A.N. Frumkin Institute 
of  Physical Chemistry and Electrochemistry of   
RAS, an outstanding specialist in the field of  the 
theory of  liquid state and surface phenomena.

George Alexandrovich was born on February 
23, 1927 in Moscow into the family of  a famous 
Social Democrat, an employee of  the Comintern, 
editor of  the journal "Bolshevik" Alexander 
Samoilovich Martynov (1865-1935). The mother 
of  George Alexandrovich – Anna Romanovna 
Martynova, was a doctor-pediatrician, sisters: 
Tatyana Alexandrovna (1914-1971) a physicist, 
and Elena Alexandrovna (1917-2019) – a chemist. 

Both graduated from the M.V. Lomonosov 
Moscow State University.

After graduating from school, G.A. Martynov 
entered the Moscow Power Engineering 
Institute, and after the third year he moved to 
the Physics Faculty of  the Lomonosov Moscow 
State University, who graduated in 1950 and 
was assigned to the Permafrost Institute of  the 
Russian Academy of  Sciences, where he worked 
as a junior researcher until 1957. From 1957 to 
1959, working at the Institute of  Building Physics, 
G.A. defended his thesis and became a candidate 
of  technical sciences. In 1968 he defended his 
doctoral dissertation on the topic "Statistical 
theory of  aqueous solutions of  electrolytes" and 
became a doctor of  physics and mathematics, 
and in 1980 – a professor.

From 1959 until the end of  his days –
Junior Researcher, Senior Researcher, Leading 
Researcher, Chief  Researcher of  the Laboratory 
of  Surface Forces (department of  Academician 
of  the Russian Academy of  Sciences B.V. 
Deryagin) at the A.N. Frumkin Institute of  
Physical Chemistry and Electrochemistry of  
RAS.

His research areas are the theory of  surface 
phenomena, statistical mechanics of  gases and 
liquids, the theory of  electrolyte solutions, the 
theory of  membrane separation of  solutions, the 
theory of  wedging pressure arising in thin layers 
of  liquid. He proposed a universal equation 
of  state for gases and liquids and a theory of  
phase transitions of  the first kind. Recently, he 
has written works on the fluctuation theory of  
liquids and the fluctuation theory of  critical 
phenomena (interest in the monograph by D.Yu. 
Ivanov "Critical behavior of  non-idealized 
systems", 2003).

A wide range of  interests and numerous 
works on the fundamental theory of  the liquid 
state allows us to consider George Alexandrovich 
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Martynov one of  the leading scientists in a very 
difficult field of  science – the physics of  the 
liquid state.

He is the author of  monographs, three of  
which we present in this article, and more than 
200 scientific publications.

Several doctoral and more than 15 
candidate dissertations were defended under his 
supervision.

He was a permanent member of  the theoretical 
seminar of  Academician V.L. Ginzburg at 
the Lebedev Physical Institute of  the Russian 
Academy of  Sciences, who wrote back in 1959: 
"As I think, G.A. Martynov with great success 
can deal with a variety of  problems related to 
molecular physics and surface phenomena".

At the meetings of  the All-Russian Seminar 
on the Structure of  Liquids and Liquid Solutions 
at the Kurnakov Institute of  General and 
Inorganic Chemistry of  RAS he made 16 reports. 
The first one was in 1964 "Statistical theory of  
aqueous solutions of  electrolytes" and the last 
one – in 2019 "Statistical mechanics and the law 
of  similarity of  Bachinsky" and the fluctuation 
theory of  liquids was formulated.

G.A. Martynov was an outstanding physicist-
theorist, who did a lot in such a fundamental and 
difficult branch of  science as the physics of  the 
liquid state, who was able to explain the most 
complex questions in a simple and clear language. 

We lost a person with whom we could talk and 
discuss fundamental scientific problems.

George Alexandrovich did not want to occupy 
high posts, did not aspire to be a corresponding 
member and academician, he lived in science 
and lived as he wanted...

Prof. Margarita N. Rodnikova
Prof. George G. Malenkov

IN MEMORIAM


