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1. INTRODUCTION
The main trend in the development of  optical 
and microwave devices in the last decennary is 
a continuous decrease in the duration of  their 
use in the electromagnetic pulses. Supershort 
electromagnetic pulses are increasingly used both 
for research and industry [1-3]. In connection 
with this generation are particularly relevant 
issues detection and control of  such pulses. This 
tendency is observed in the literature devoted to 
research in the optical [4-14], in the millimeter 
and submillimeter ranges [15, 16].

Optical pulses having a duration of  tens of  
femtoseconds to attoseconds units are used in 
the study of  ultrafast processes in biology [1] and 
chemistry [2]. Large instantaneous pulse power 
is used in the study of  nonlinear processes in 
semiconductor materials and devices [3]. In the 
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millimeter wave band the electromagnetic pulses 
of  short duration have been applied too, in the 
first place - in radiolocation [15, 16].

Marked trends in the development of  
microwave and optical engineering lead to the 
need to create the new and to improvement the 
already existing devices to control of  ultrashort 
electromagnetic pulses.

To control the signals of  long duration 
multilayer interference structures are widely 
used (MIS). Today, MIS is actively used in 
devices operating both in the millimeter, and in 
the optical wavelength range. Methods of  their 
analysis and synthesis worked out quite well.

Attempts to use MIS to control ultrashort 
pulses revealed the presence of  a number of  
new effects [11, 17-20], not observed in the 
interaction with MIS signals of  long duration. 
In the interaction of  an electromagnetic signal 
with a multilayer structure interference of  waves 
reflected from its layers, forms the past and 
reflected signals. At high incident signal duration 
time for establishing a stationary process in a 
multilayer structure is negligible compared with 
the duration of  the signal, so the influence on 
the formation process of  unsteady reflected and 
transmitted signals is not considered. For short 
pulses, which are defined as pulses with a duration 
of  up to 100 periods of  the electromagnetic field 
oscillations of  [21], the duration of  the transition 
process can be comparable to the duration of  
the signal, so the influence of  non-stationary 
process accounting for forming the reflected 
and transmitted signals becomes necessary.

To date, research on the interaction of  
ultrashort pulses with multilayer interference 
structures are actively conducted in various 
directions. Deep enough to study the interaction 
of  ultrashort pulses with mirrors on the basis of  
the MIS. Created multilayer mirrors, capable of  
not only effectively reflect short electromagnetic 
pulses, and even reduce the duration of  the 
reflected signal, as compared to the incident 
signal [4-7].

The interaction of  ultrashort pulses with 
non-reflective type structures on the basis of  the 
MIS, in particular - with multilayer interference 
filters covered less extensively, although in 
this area a large number of  publications [8-14] 
appeared in the last ten years.

Despite the high intensity of  research of  
interaction of  ultrashort electromagnetic pulses 
from the MIS, there are a number of  phenomena 
that are not well understood and covered both 
in the domestic and foreign literature. One of  
such phenomena include the phenomenon of  
non-stationary reflection of  electromagnetic 
pulses of  short duration of  the MIS. Lack 
of  research on this subject in the first place, 
due to the peculiarities of  observation of  the 
phenomenon. For example, in the study of  the 
processes occurring in the interaction of  short 
electromagnetic pulses with multilayer mirrors, 
analyze non-stationary reflection process is quite 
difficult, as the intensity of  the reflected signal 
from the primary mirror is many times higher 
signal intensity, formed as a result of  non-
stationary reflection.

In the vast majority of  publications devoted 
to the issue of  the interaction of  electromagnetic 
pulses of  short duration with non-reflective-
type multi-layered structures, the reflected 
signal is regarded as undesirable. Therefore, the 
synthesis MIS reflected signal (including pulses 
having a generated during unsteady reflection) to 
be suppressed, typically numerical optimization 
algorithms, without analyzing the mechanism of  
its occurrence.

One of  the first studies on the effects of  
non-stationary reflection of  ultrashort pulses 
from the MIS non-reflective type, have been [17, 
18, 22-24]. They first introduced the concept 
of  "non-stationary reflection" and analyzed the 
processes taking place in the reflection of  the 
electromagnetic pulse of  short duration of  the 
multi-layer structure.

As is well known [25], when electromagnetic 
wave is incident on a layered structure as a 
result of  interference in its layers after a certain 
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time ts in the stationary structure established 
electromagnetic field distribution. The amplitude 
of  the wave reflected from the structure 
will tend to zero as a result of  the negative 
interference of  waves in the antireflection 
multilayer structure. However, if  for some 
time tp - less time to establish a stationary field 
distribution in ts layers - a change of  parameters 
(amplitude or phase) of  the incident ultrashort 
pulse is disturbed amplitude-phase balance of  
interfering in a multilayer structure waves varies 
stationary distribution of  the wave field in the 
structure tp and it appears in the reflected signal 
over time. Thus, changes in the amplitude of  
the wave incident on the multilayer structure 
will change the amplitude of  the signal reflected 
from the multilayer structure. In case, if  no 
signal is stationary - for example, if  the wave 
reflected from the antireflection structure or 
wave passed through the multilayer mirror - 
will be reflected (for antireflective structure) 
or past (for multilayer mirror) pulse signal of  
corresponding duration.

In [17] the analysis of  non-stationary process 
of  reflection was made on an example of  a 
quarter of  the film deposited on the substrate. 
An analytical solution for the amplitude envelope 
of  the signal reflected from the structure with 
amplitude modulation in the following form

0
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1 ( )( ) (2 1) ,
! 21
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i t
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n

r d A t TU t k e
nr dt

ω
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−

 
= + −  
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where U(t) - the envelope of  the amplitude 
of  the reflected wave, r0 - Fresnel reflection 
coefficient of  the film material, A(t) - the 
envelope of  the amplitude of  the incident signal, 
T - wave period in the pulse oscillation, k = 0, 1, 
2. . . - the multiplicity of  the film thickness of  
a quarter wavelength, ω - angular frequency. In 
[17, 24] have been calculated according to the 
amplitude of  the reflected signals at the drop of  
the bleaching pulse structure with trapezoidal 
and Gaussian envelope (Fig. 1a, b). Obtained 
in this work for some types of  antireflection of  
periodic structures analytical expression can be 
used to analyze the time course-limited pulse 
amplitude.

In [18] analyzed the interaction of  
electromagnetic pulses with the phase and 
frequency modulation of  a broad class of  
antireflective structures - thin-film interference 
aligner (TIS). Amplitudnospektralnyh theory, 
structural and invariant properties TIS was 
developed in [26, 27]. The paper deals with 
super-Gaussian pulse with an envelope type:
E0 = A(t)e-iφ(t)         (2)

2

( ) ,
pt

A t e τ
 
 
 =  (3)

φ (t) - a real time-varying phase. Assuming the 
quadratic phase modulation φ(t) = αt2/2 [28, 29] 
(the most interesting from the point of  view of  
applications) for the complex amplitude of  the 
reflected wave was obtained by the following 
expression:

RADIOELECTRONICS NONSTATIONARY REFLECTION OF A SUPERSHORT 
ELECTROMAGNETIC PULSES FROM THE LAYERED STRUCTURES 

Рис. 1. Напряженности электрического поля отраженного сигнала для падающего импульса c трапецеидальной огибающей (а) и с 
(b) супергауссовой огибающей 1) падающего сигнала; 2) отраженного сигнала [24].
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here Δt - transit time wave twice the film 
thickness. The expression for the envelope of  
the reflected wave of  the FM pulse has the form 
[18]:

2 2

0 0 2 4
0 0

( ) 2 ( ) ( ) cos( ( )) ( )( ) ,
1 2 cos( ( ))r

A t A t A t t t A t tE t r
r t r

φ
φ

− − ∆ + − ∆
=

− +  (5)
The results obtained in [18] analytical 

expressions allow you to select the time evolution 
of  the phase modulation (FM) pulse. This follows 
from the fact that the analytical expression (4) 
is retained for the amplitude modulation of  
the phase information as a function of  φ (t). If  
using direct methods of  correlation or received 
envelopes of  the incident pulse A (t) and E0 
is reflected, then, using (4), it is possible to 
determine the phase function φ (t).

Fig. 2 shows the results of  calculation of  the 
spectral method forms the reflected pulses from 
the FM film deposited on a substrate with ns = 
3.42. In both cases, the pulse duration τ was 7 ns, 
the carrier wavelength λ = 1.5 microns; Gaussian 
pulse ατ2 = 1, for a super-Gaussian pulse ατ4 
= 4, in the expression (3) the parameter p = 3. 
The envelope of  the reflected pulses E0r built 
according to the formula (5). The results obtained 
with the Fourier transform of  the incident pulse 
taken as:

0[ ( ( ))]( ) ( ) .i t tE t A t e ω ϕ− +=  (6)
In practice, often there are situations when 

the FM pulses acquire a flat or almost flat top. 
For this case, [18] the following ratio

0
2

0

( ).
1r

rE t
r
ϕ=

−  (7)
This result (7) points to the prospects of  the 

use of  non-stationary reflection phenomenon to 
convert electromagnetic pulses.

In [18] it is noted that the TIS can be used to 
analyze the time dependence of  the FM phase 
pulses and to produce ultrashort pulses with the 
above properties.

The phenomenon of  non-stationary reflection 
effect causing his physical characteristics (absence 
of  background reflection of  the incident 
radiation, adequate dependence of  its amplitude-
time characteristics of  the shape of  the incident 
pulse and the physical properties of  the framing 
structure of  the media), not only relatively easy 
to obtain ultrashort electromagnetic pulses, 
but also to develop methods of  analysis and 
the pulse parameters of  transient processes in 
layered media.

It should be noted that the studies mentioned 
have not been given attention to a number of  
important details, such as - the influence of  losses 
in the fibers of  the structure and the process 
for the dispersion of  a nonstationary reflection. 
Moreover, studies were analytical or numerical 
character -without experimental studies. All this 
causes concern and the need for further study of  
the phenomenon of  non-stationary reflection, 
as well as the opportunities and conditions for 
its implementation.

The aim of  this work is to conduct a detailed 
theoretical and experimental studies of  the 
phenomenon of  non-stationary reflection of  

RADIOELECTRONICSALEKSEY V. TROFIMOV, ANATOLY V. KOZAR

Рис. 2. Фазомодулированные падающий (1) и отраженный (2) импульсы с гауссовой (а) и супергауссовой (b) огибающими; 
отраженные импульсы увеличены в 7 раз (а) и в 2 раза (b) [24].
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short and ultrashort pulses of  electromagnetic 
interference multilayer structures, including an 
analysis of  the impact of  a strong waveguide 
dispersion, irregularities and losses in a multilayer 
structure on the formation of  the reflected 
signal.

2. NONSTATIONARY REFLECTION OF 
ELECTROMAGNETIC PULSE FROM 
THE SINGLE-WALLED STRUCTURES
2.1. the impact of losses in the layer on 
the non-stationary reflection

As used struktrury monolayer non-reflecting in a 
stationary mode dielectric layer whose thickness 
is a multiple of  half  wave optical thickness, 
placed between two identical characteristics 
in wave environments. This structure is the 
simplest implementation of  a half-wave 
interference filter.

For the analysis of  wave propagation through 
the layered structure of  the losses the method of  
impedance characteristics [30-32]. At the same 
time the concept of  impedance is introduced as 
the ratio of  the tangential components of  the 
electric and magnetic fields in this section of  the 
layered structure.

Let some environments, which is a plane-
parallel layer to the complex relative permittivity 
ε = ε'+ iε" and thickness d, completely fills 
the cross section of  a waveguide with a 
characteristic impedance of  the Z0, a regular 
on both sides. For further consideration, we 
introduce the index j, indicating the number 
of  the layer. In this indexing will produce so 
that closest to the emission layer the source 
will have a maximum index. Fig. 3 shows the 
direction of  propagation of  electromagnetic 
waves from the source and designated 
impedance layers Zj, and input impedances 
at the boundary layers jZin. The expressions 
for the propagation constant wave γj and Zj 
impedance look like:
γj = αj + iβj,        (8)

2 2 2 2
2 2; ;

2 2
j j j j j j

j j

ε επ πα β
λ λ

′′ ′′+ Λ −Λ + Λ + Λ
= =

(9)

Zj = Cj + iDj,        (10)

2 2 2 2

2 2 2 2; ;
2( ) 2( )

j j j j j j
j j

j j j j

C D
ε ε

ε ε

′′ ′′+ Λ + Λ + Λ −Λ
= =

′′ ′′+ Λ + Λ  (11)
For the analysis of  multilayer structures 
installed in the waveguide must also take into 
account the effect of  the waveguide dispersion. 
In this case:

2

,j j
c

λε
λ

 
′Λ = −  

   (12)
λc - critical wavelength in the waveguide mode 
for H10, λc = 2a, a - the size of  the wide wall 
of  the waveguide, λ - the wavelength in free 
space.

The expression for the reflection coefficient 
at the interface between the waveguide and the 
portion of  the free portion of  the dielectric layer 
with the set can be written as:

1
0

1
0

,in

in

Z Zr
Z Z

−
=

+  (13)

0
1 .
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c
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=
−

 (14)
The value 1Zin, in the expression for the 

reflection coefficient, which can be calculated 
using the following recurrence relation:

0
1 1 1
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1 1

( ) .
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in
in
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Z Z th dZ Z
Z Z th d

γ
γ

+
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+  (15)
In this case, an isolated layer set in regular 

waveguide:
0Zin = Z0.        (16)

We estimate the impact of  losses in a 
secluded dielectric half-wavelength layer on a 
range of  non-stationary reflection amplitude-
modulated signal. The imaginary part of  the 
relative permittivity ε'', is responsible for the 
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Рис. 3. Диэлектрический слой в волноводе.
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loss included in the expression for the layer of  
the impedance (10, 11) and the expression for 
the propagation constant (8, 9). To simplify 
the problem, take into account that the vast 
majority of  materials used in the synthesis of  
multilayer structures exhibit low loss ε''/ε'<< 1. 
Considering the loss of  a plate with small, we 

introduce a small amount 1
1

1

1.εξ
′′

=
Λ
 Then, after 

simple transformations for the input impedance 
and the propagation constant , up to the first 
order, we obtain the following expressions:

1
1

1 1

1 ;
2

Z i ξ
≈ +

Λ Λ  (17)
1

1 1
2 .

2
iξπγ

λ
 ≈ Λ + 
   (18)

For the reflection coefficient of  the dielectric 
plate by substituting (17) and (18) into (15) and 
then into (13) we have:

( )2
0 1

1
01

1
.

4
Z

r
Z

πξ
− Λ

≈
Λ  (19)

From the relation (19) shows that the losses in 
the case of  small amplitude reflection coefficient 
depends linearly on the magnitude of  losses in 
the layer. In addition, the reflection coefficient 
is purely real value and therefore, small losses 
in the fiber will not influence the phase relation 
between multipath waves, i.e. phase of  the 
reflected signal pattern will be formed in the 
same manner as in the case of  no loss.

The numerical calculation of  the dependence 
of  the reflection coefficient of  a half-wave 
layer, mounted in a rectangular waveguide, 
provided v0/νs ≈ 1.3, where νs - critical 
frequency. Accounting waveguide dispersion 
leads to the fact that at the same offset from the 
center frequency ν0 reflection coefficient has 
different values. The calculation showed that 
the minimum reflectance remains on the same 
frequency for different values   of  the imaginary 
part of  the relative permittivity of  the dielectric 
layer (ε = 2 + 0.0i, ε = 2 + 0.01i and ε = 2 + 
0.05i), which indicates the constancy phase 
balance in the layer of  the interfering waves. The 

negative value of  r in the expression (19) shows 
that reflection from the layer occurs in antiphase 
with respect to the incident wave and the phase 
of  the reflection coefficient φr = π. Thus, in the 
case of  small losses in the half-wavelength layer 
violation occurs only balance the amplitude of  
the interfering wave, which in turn gives rise to a 
reflected signal.

The process of  forming a reflected signal 
at falling amplitude modulated signal on a half-
wave layer is lossy. considered as an example of  
a symmetric trapezoidal pulse with linear edges. 
Let the wave is incident on the half  wave layer 
having a relative dielectric constant ε = 2 + 0.05i. 
We assume that the length of  the trapezoidal 
pulse τ a lot more time passes wave double layer 
thickness. At the same time as a result of  non-
stationary reflection of  electromagnetic pulse 
propagating toward the incident wave will be 
formed. We define a thickness equal to d = 30 
mm layer and the carrier frequency are chosen 
so that the layer will be a half-wave. Fig. 4 shows 
the result of  calculating the finite-difference 
time-domain method (Finite Difference Time 
Domain, FDTD, or Yee algorithm) [33, 34] the 
field strength of  the reflected pulse Er(t). For 
clarity, the reflected signal amplitude is increased 
by 10 times.

Note that, when calculating the finite-
difference time-domain method, and during 
the actual experiment, no ability to capture the 
reflected signal directly at the interface of  the 
dielectric layer. From the moment the signal 
generation prior to fixation of  the reflected 
pulse will take some time. There is always, 
however small, the distance of  space between 
the generator and the dielectric layer, which is 
to overcome the wave before impact. In the 
case of  the finite difference method is - the 
distance between the plane on which the initial 
value of  the field E(t), and the dielectric layer. 
As a rule, it is not less than 10 spatial grid cells, 
which are calculated. The presence of  free space 
described by the site leads to an additional phase 
incursion between incident and reflected signals. 
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This phase shift complicates the analysis of  the 
results, so for clarity in Fig. 4, it is compensated 
in such a way that the beginning of  the reflected 
signal is combined with the beginning of  the 
incident pulse.

For the analysis of  the loss of  influence on 
the process of  unsteady reflection calculation 
Er (t) of  the field was conducted both in view 
of  the losses in the half-wavelength layer, and 
excluding these losses. In the second case it was 
assumed that ε '' = 0. In the absence of  loss (Fig. 
4a), according to the relation (19) layer is non-
reflective structure. Therefore, in the area of  
the incident pulse of  constant amplitude of  the 
reflected signal is negligible. Thus pulses reflected 
in the falling signal edges, have a rectangular 
envelope (Fig. 4a).

The presence of  even small losses in the layer 
leads to disruption of  the amplitude balance 
of  the interfering waves, whereby there is the 
appearance of  the reflected signal in the incident 
pulse of  constant amplitude, as shown in Fig. 
4b. When taking into account losses, the pulses 
generated in the non-stationary reflection in the 
area of    the incident signal fronts, changing its 
shape as compared to the pulses in the case of  
absence of  loss (Fig. 4b). Impulse formed in the 
leading edge is different from the pulse trailing 
edge region, which is not observed in Fig. 4a. 
The reflected signal in the case of  losses in 
the fiber, and in the case of  the dielectric layer 

without the loss consists of  two pulses which are 
in antiphase.

We draw attention to a feature in the 
incident signal trailing edge in Fig. 4b. Despite 
the existence of  loss at the time of  the trailing 
edge of  the reflection, there is a time when the 
amplitude of  the reflected signal to zero, and the 
reflected signal phase changes by π. This shows 
that is currently running the amplitude balance 
condition interfering in the wave structure.

Impulse trapezoidal envelope is a convenient 
mathematical model for the analysis of  non-
stationary process of  reflection, but in practice, 
these signals are used very rarely. This is due to 
the fact that the preparation of  linear front in 
ultrashort pulse is quite a challenge. On the other 
hand trapezoidal pulse is a piecewise continuous 
function, which imposes additional restrictions 
when trying to pilot implementation.

For practical applications much more 
frequently used pulses with a Gaussian or super-
Gaussian envelope. Therefore, on a par with 
trapezoidal pulses give the results of  numerical 
modeling for Gaussian pulses.

In modeling the amplitude of  the incident 
signal Ei(t) was set according to the following 
formula:

2
0

1( ) sin( ),

p
t t

iE t e tτ ω
 −

− 
 = ⋅  (20)

here p - an integer, τ1 - scale factor, which 
determines the pulse duration, t0 - sets the 
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Рис. 4. Отраженные и падающие сигналы, рассчитанные методом конечных разностей во временной области, для случаев:
a) отсутствия потерь в полуволновом слое, (ε = 2+0.0i); b) наличия потерь в полуволновом слое, (ε = 2 + 0.05i).
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position of  the pulse center of  the timeline, ω 
- normalized angular frequency. Fig. 5 shows 
the results of  numerical simulation of  transient 
reflectivity of  the dielectric layer c losses for a 
pulse with super-Gaussian envelope. The results 
were obtained for the values of  p = 1 (Gaussian 
pulse) and p = 6 (supergaussov pulse); t0 = 6.5, 
τ1 = 5. The amplitude of  the reflected signal on 
all charts increased fivefold.

From Fig. 5 shows that all the features of  the 
formation of  the reflected signal in the presence 
of  losses in the layer are observed for pulses 
with Gaussian and super-Gaussian envelope. 
Numerical calculation of  finite-difference time-
domain method allowed to obtain the amplitude 
of  the time pulse generated in the non-stationary 
reflection on the dielectric plate with losses. The 
analysis of  the results of  numerical experiments 
revealed a number of  new features in the 

formation of  the reflected pulse, which was not 
observed in the absence of  losses.

For a more detailed analysis of  non-stationary 
reflection process in the event of  loss, we 
obtain an analytical expression for the reflected 
amplitude modulated signal.

For the convenience of  further calculations 
proceed to dimensionless units. Let us introduce 
dimensionless time:
t = t '/τ0,        (21)

Here T0 - sets the scale of  the timeline, t '- 
the time in seconds. For the amplitude of  the 
reflected signal, without taking into account 
possible losses, in [35, 36] proposed an analytical 
solution of  the form:

0
2

0

( ) [ ( ) ( )] ,
1

i trU t A t A t t e
r

ω= − −∆
−  (22)

here ω - circular frequency of  the signal in 
dimensionless units, r0 - Fresnel reflection 
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Рис. 5. Отраженные и падающие сигналы, рассчитанные методом конечных разностей для случая: а) отсутствия потерь в 
полуволновом слое ε = 2, гауссовой формы импульс; b) наличия потерь в полуволновом слое ε = 2 + 0.05i, импульс гауссовой 
формы; c) отсутствия потерь в полуволновом слое ε = 2, импульс cупeргауссовой формы; d) наличия потерь в полуволновом слое 

ε = 2 + 0.05i, импульс cупeргауссовой формы.
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coefficient, by A (t) - is the dependence of  the 
normalized incident signal amplitude versus 
time, Δt - twice the time of  the film wave.

This result was obtained for an amplitude 
modulated signal reflected from the antireflection 
quarterwave film excluding possible losses 
therein. Equation (22) also holds for films fold 
thickness. In the derivation of  the method of  
direct summation of  interfering in a film of  the 
waves and the approximation of  slowly varying 
amplitudes. From the formula (22) shows that 
the reflected signal is the sum of  two opposite 
signals. This representation is very convenient 
for the analysis of  the formation of  the reflected 
signal.

Accounting for small losses, as mentioned 
above, it leads to a change only the amplitude 
characteristics of  interfering in the layer of  
waves. Applying the same approach as in [17], 
after simple calculations, you can get to a half-
wave layer of  lossy decision the following:

0
2

0

( ) [ ( ) ( ) ] ,
1

i trU t A t A t t K e
r

ω= − −∆
−  (23)

Here, the coefficient K characterizes the 
energy loss in the propagation of  the waves 
within the layer.
K = e−2αd.        (24)

Recall that α - the real part of  the propagation 
constant (9), d - plate thickness.

Analyze the formation of  the reflected signal 
using the obtained expression (22) for example 
a trapezoidal signal envelope. Let trapezoidal 
signal has a duration τ, and the slope angle of  its 
edges equal to the absolute number of  k = 1/s, 
s - length fronts (Figure 6). Let the duration of  
the signal rise time τ and s is much larger than 
the period of  the carrier frequency. We denote 
the amplitude of  the envelope of  the signal as:

1 3

3 5

5 8

,             
( ) 1,               .                   (25)

( ),     

kt t t t
A t t t t

k t t t tτ

≤ <
= ≤ <
 − ≤ <

In what follows we shall simply call the 
amplitude of  the envelope amplitude, omitting 
the word "envelope" for short.

Given that relatively little time Δt the duration 
τ of  the signal, we expand the second term in 
formula (23) in a row:

( ) ( ) .dAA t t A t t
dt

−∆ = − ∆
 (26)

The envelope of  the reflected signal takes the 
following form:

0
2

0

( ) ( ) ( ) .
1

r dAU t A t A t K t
r dt
 = − + ∆ −    (27)

For ease of  analysis conditionally divide 
the duration of  the incident signal at several 
intervals. Fig. 6 shows the A (t) and A (t - Δt), 
and their difference. In the time interval from t1 
to t2 Fresnel reflection signal occurs. The time 
interval from t1 to t2 is equal to twice the transit 
time in the dielectric layer:

1
1 2

2
.

d
t t

c
Λ

− =
 (28)

In the time interval from t2 to t3 for the echo 
envelope obtain

0
2

0

( ) [ (1 ) ].
1

rU t kt K kK t
r

= − + ∆
−  (29)

Then the slope of  the envelope of  the echo - 
k ', at the interval, we get:

0
2

0

(1 ) .
1

rk K k
r

′ = −
−  (30)
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Рис. 6. Обозначения для расчета амплитуды отраженного 
сигнала.
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Note that the tangent of  the angle of  
inclination of  the fronts of  the reflected signal 
is not dependent on the duration of  the falling 
edge of  the signal. In the time interval from t3 to 
t4 we have: dA/dt = 0, therefore:

0
2

0

( ) [ ( )(1 )],
1

rU t A t K
r

= −
−  (31)

considering that A (t) = E0, we obtain:
0

02
0

( ) (1 ) .
1

rU t K E
r

= −
−  (32)

In the particular case, there are no losses 
in the layer, the expression (32) gives the well-
known result: U (t) = 0.

In the time interval from t4 to t6, the 
condition:
dA/dt <0.        (33)

From Fig. 6 shows that there is always a time 
tmin, when
A(tmin) = A(tmin - Δt),      (34)
a reflected signal amplitude (23) has a local 
minimum. It is important to note that the 
function A(t) is not continuous, and depending 
on the time A(t) and A(t - Δt) can be different. 
For example, in the considered time interval 
from t4 to t6 are two possibilities:

( ) , ( ) 1;tA t A t t
s

τ −
= −∆ =

 (35)

( ) , ( ) ;t t tA t A t t
s s

τ τ− − + ∆
= −∆ =

 (36)
second embodiment is illustrated in Fig. 6.

Let us find out the minimum of  reflection 
for any value tmin time for these two cases. 
Recall that the minimum amplitude of  the 
reflected signal was observed by us in the 
numerical simulation of  finite difference 
method (see. Fig. 4). In the first case we have:

min
min0, .t K t Ks

s
τ τ−

− = = −
 (37)

This relation is valid only for the time τ - s <t5 
<τ - Ks. For the second case, substituting the 
explicit expression for the rear edge of  the 
incident signal amplitude (36), we obtain:

( ) , .t dAA t k
s dt

τ −
= = −

 (38)

Then:

min .
1
sKk tt

K
τ ∆

= −
−  (39)

From the analysis it is clear that the resulting 
analytical expression (23) allows you to accurately 
calculate the amplitude of  the reflected signal 
without resorting to numerical methods. Also, 
the analysis shows the possibility of  determining 
the dielectric properties of  the layer by measuring 
the parameters of  the reflected pulse.

2.2. The reflecTion from The layers nλ / 2
Numerical simulation of  non-stationary 
reflection amplitude modulated signal showed 
that the intensity of  the reflected signal is only 
a few percent of  the intensity of  the incident. 
In the practice of  the reflection phenomena of  
unsteady desirable that the amplitude of  the 
formed pulses resulting in unsteady reflection 
was maximum, provided that the structure of  
the reflection coefficient at the carrier frequency 
of  the pulse is close to zero.

In the formula (23) includes two parameters: 
the reflection coefficient r0 and twice the time 
Δt wave propagation through the layer. Changes 
in each of  these parameters leads to a change 
in the amplitude of  the reflected signal. We 
analyze the possibility of  strengthening the non-
stationary phenomenon reflected by changes in 
these parameters.

From the formula (23) shows that the 
increase in r0 will exacerbate the phenomenon 
of  non-stationary reflection. Fresnel reflection 
coefficient r0 is given by the dielectric properties 
of  the material of  construction of  the plate. 
It follows that the use dielectrics with high 
relative dielectric constant and low loss for the 
manufacture of  the half-wave layer enables 
to enhance the effect of  unsteady reflection. 
Unfortunately, materials with low loss and a high 
refractive index is extremely small. Task gain 
effective indicator on the border between the 
half-wave plate and the free space or waveguide 
line can be solved by installing a plate between 
the multilayer mirrors [38].
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We turn now to the analysis of  the possibility 
of  strengthening the phenomenon of  transient 
reflectivity due to changes in the propagation 
time wave in the dielectric layer.

From the expression (23) shows that the 
reflected signal amplitude can be increased by 
increasing the time of  signal propagation in 
the structure. Indeed, the passage of  the wave 
through the layer included in the expression for 
the envelope, and the amplitude of  the reflected 
pulse is directly dependent on that time.

If  we consider the process of  non-stationary 
reflection from the layer thickness of  a multiple 
of  λ / 2, ie, d = Nλ / 2, for example, when N> 
3 the contribution due to the propagation time 
may become significant. This is easily explained 
by the fact that the difference between A (t) 
- A (t + Δt), a member of  the formula (23) 
increases.

(22) for linearly rising edge should be that an 
increase in thickness of  the plate twice will result 
in the same increase in the echo amplitude. For a 
plate thickness of  λ Formula (23) takes the form:

0
22

0

2( ) [ ( ) ( ) ] ,
1

i trU t A t A t t K e
r

ω= − −∆
−  (40)

here K2 is characterized by loss factor in the layer.
The amplitude of  the echo pulse dependent 

on the difference between the two signals. By 
increasing the delay time between the waves 
reflected from the front and rear faces of  the 
plate, this difference increases. The maximum 
pulse amplitude is reached when the delay time 
equal to the rise time. A further increase in travel 
time will not lead to an increase in the amplitude 
of  the reflected signal, since the amplitude of  the 
first term in the expression (23) will not increase.

Fig. 7 shows the results of  numerical 
modeling of  the influence of  the thickness of  the 
dielectric layer on the amplitude of  the reflected 
signal. For clarity, the amplitude of  the reflected 
signal is increased 10 times. Thickness varied 
multiple of  λ / 2. The simulation was performed 
by impedance characteristics and then applying 
the inverse Fourier transform. Results are given 
for a thickness of  the dielectric layer 6 to λ λ. As 

material for the dielectric layer was taken with a 
relative dielectric constant ε = 2 equal to + 0.01i. 
The calculation was made without regard to the 
waveguide dispersion.

The initial calculation of  the data was such 
that on the dielectric plate falling pulse with 
trapezoidal envelope. The carrier frequency 
corresponds to the frequency of  the minimum 
reflection. With increasing layer thickness in 
a multiple number of  times reflection zero 
frequency does not change.

As can be seen from the graphs in Fig. 7, by 
increasing the thickness increases the duration 
of  the reflected pulse, as predicted. At a constant 
amplitude of  the reflected signal amplitude 
should be minimized incident signal otherwise 
ceases to be non-reflective structure. As can be 
seen from Fig. 7, this requirement is fulfilled 
for the layers with a thickness of  λ / 2 to 2λ, 
and partly for the layers 4λ and 8λ. For a layer 
thickness 8λ amplitude reflected signal time to 
reach its maximum just at the moment when 
the amplitude of  the incident signal becomes 
constant. In this case, a change in shape of  the 
reflected signal as well as its duration.

The analysis showed that for increasing the 
intensity of  the pulses generated in the non-
stationary reflection AM signal, there are several 
possibilities.

Firstly, it is possible to reduce the length of  the 
front structure of  the incident pulse; secondly, 
to increase the time of  the pulse through the 
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layer. On the other hand, it is important to 
remember that the increase in thickness leads to 
a multiple increase in the energy losses therein. 
As shown above, an increase in loss adversely 
affects the unsteady reflection phenomenon due 
to suppression of  the interfering waves in the 
layer.

2.3. influence of waveGuide dispersion

In the experimental study of  non-stationary 
process of  reflection is convenient to use 
multilayer structures collected in the waveguide 
path. This approach allows to fix the layers of  
the multilayer structure at a desired distance from 
each other with high accuracy. It is necessary to 
take into account the effect of  the waveguide 
dispersion in the non-stationary process of  
reflection.

The theoretical analysis of  the influence of  
the waveguide dispersion in the non-stationary 
process of  reflection amplitude-modulated 
signals. For this, consider a half-wave layer is 
established in a regular rectangular waveguide. 
Let waveguide excited fundamental mode H10. 
Let us write the dispersion relation by the 
wavelength dependence of  the waveguide in a 
free frequency. To get fashion H10:

0 1

0

,       ï ðè   ( ; ),

1
c c

c

c
νλ ν ν ν
ν
ν

= ∈
 

−  
   (41)

here - the speed of  light, v - the frequency 
of  the signal, νs0 - critical frequency for 
fashion H10, νc1 - critical frequency for 
the H01 mode. The relation shows that for 
ν → ∞ λ = c / ν, and the influence of  the 
dispersion can be neglected. As is known 
[38], in the waveguide can simultaneously 
exist a large number of  events, and at 
a frequency ν> νc2 happen excitation 
of  the second mode. Excitation of  the 
second mode have a significant impact 
on the dispersion characteristics of  the 
waveguide, complicating the analysis. The 

optimum range of  operating frequency is 
approximately in the range of  1.25 νc to νc1.

To analyze the effect of  dispersion, we need 
the ability to change the carrier frequency of  
the signal from the region with weak dispersion 
to an area with strong. This requires that the 
reflectance of  the layer had several minima 
in this frequency range as the carrier signal 
must coincide with a frequency of  minimum 
reflectance.

Consider the process of  transient 
reflectivity of  the layer thickness in 6λ 
installed in rectangular waveguide section 
23 × 10 mm 2. Fig. 8 shows the reflection 
coefficient of  the layer. The spectrum was 
calculated by the method of  impedance 
characteristics.

Presented in Fig. 8 results show that in 
strong dispersion of  the reflectance increases. 
It is also seen that in this range there are 
several frequencies, at which reflectance goes 
to zero.

For the frequencies corresponding to the 
zero reflection, calculated the reflected signal 
envelope. Let fall upon layer trapezoidal signal 
envelope. Let the carrier frequency of  the signal 
as a v0. The carrier frequency ν0 express in 
terms of  relative frequency νs critical for ease of  
analysis.

From the results presented in Fig. 9 shows 
that the presence of  the waveguide dispersion 
shape of  the envelope of  the signal changes. With 
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increasing dispersion (approaching the critical 
wavelength), the amplitude of  the reflected signal 
increases and increases its durability. Also in the 
area there are additional strong dispersion of  the 
oscillation amplitude of  the reflected signal. It 
is easy to note that at a frequency v0> 1.25νs 
envelope shape of  the reflected signal does not 
change its nature. Unlike discussed in paragraph 
2.2 the case of  increasing signal propagation 
time through the structure, the approach to the 
critical frequency does not increase the losses in 
the layer.

Summarizing, we can say that the use of  
the phenomenon of  waveguide dispersion and 
increased multiplicity layer can increase the 
amplitude of  the signal generated in the non-
stationary reflection. Increasing the thickness 
increases the loss in multilayer structures, which 
adversely affects the appearance of  reflection 
unsteady. Using a waveguide dispersion allows 
more efficient to increase the amplitude of  the 
reflected signal.

2.4. Experimental study of  the reflection 
signal from the half-wave filter
The phenomenon of  non-stationary 
reflection of  short electromagnetic pulses 
from the layered structure was measured on 
the stand (Fig. 10), which consists of  a vector 
network analyzer Rohde & Schwarz ZVB-20 
with an attached rectangular waveguide into 
which the layered structure, completely filling 

the cross-section. On the one hand excited 
waveguide coaxial-waveguide transition 
(OHR) with the whip antenna, on the other 
- enables consistent waveguide load. Stated 
dynamic range for ZVB-20 amounted to more 
than 125 dB [39]. When calibrating its input 
path used waveguide section with a loaded 
load. Spurious reflections arising waveguide 
system has been filtered in the time domain 
with a window function gated Hannah [40] 
using the inverse Fourier transform [41] The 
calibration signal.

The subject of  the study was to analyze 
the envelope of  the signal reflected from the 
plate. The experiment was conducted for plates 
made of  dielectrics with different values   of  the 
relative permittivity. The materials were chosen: 
Teflon-4, polyamide-6 (caprolon), quartz 
brands KU and KB. Quartz and fluoroplastic-4 
have low loss in the microwave wavelength 
range (tg (δ) <10-3). Kaprolon was chosen as 
the material having more losses than PTFE-4 
and quartz.

The dependence of  the complex reflection 
coefficient of  frequency r (ν). Measurements 
were carried out in the frequency range from 
6 GHz to 14 GHz, which covers the area 
H10 fashion the existence of  frequencies 
for the connected waveguide section 23 × 
10 mm 2.

The measured reflectance was used in the 
next calculation of  the envelope of  the reflected 
pulse of  short duration. Let a multilayered 
structure falls trapezoidal envelope signal. The 
amplitude of  the signal can be written as:
E (t) = A (t) cos (2πνt),      (42)
where ν - the carrier frequency and A (t) is given 
by
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Рис. 9. Огибающие отраженного сигналя при различных 
значениях несущих частот падающего импульса, для случаев: 1) 
частота падающего импульса ν0 = 1.135ν; 2) частота падающего 
импульса ν0 = 1.128ν; 3) частота падающего импульса ν0 = 

1.143ν; 4) частота падающего импульса ν0 = 1.159ν.

Рис. 10. Схема установки с однослойным фильтром.
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here s - pulse rise time, τ -Duration pulse level 
of  -10dB.

If  you know the reflection coefficient of  the 
investigated multilayer structure r(ν), then to 
calculate the spectrum of  the reflected signal, 
you can use the ratio:
Hg(ν) = r(ν) F(ν).       (44)

Applying the inverse Fourier transform to the 
region Hgν positive frequencies obtain analytical 
signal:
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Analytical Signal Module |h(ν)| It is the 

desired envelope of  the reflected pulse. Thus, by 
measuring the reflection coefficient r (ν) in the 
positive frequency, we can obtain the envelope of  
the reflected pulse, and varying the parameters ν, 
Δt, s possible to change the center frequency and 
duration of  the incident signal and its fronts.

2.4.1. the impact of losses in the layer on 
the non-stationary reflection

With unsteady reflection of  electromagnetic 
pulses of  short duration of  the non-reflective 
multilayer structures such as play an important 
role in the loss of  the layers of  structures. For 
the experimental study of  loss of  influence in the 
layers in the process of  non-stationary reflection 
of  several materials were chosen. As dielectrics 
with low losses was chosen quite frequently used 
in microwave engineering material - Teflon-4. A 
material with a relatively high loss of  polyamide-6 
was selected.

For measuring the half-wave layer was placed 
in the middle of  the free cross section of  the 
waveguide 23 × 10 mm2. As the incident signal 
used trapezoidal electromagnetic pulse duration 
of  20 ns, the duration of  the front and rear 
edges of  which was 7 ns. Fig. 11 in dashed lines 

shows the experimentally obtained for the echo 
envelope half-wave layers made of  polyamide and 
a fluoroplastic. For clarity, shows the envelope 
of  the incident pulse, decreased in 10 times.

Also in Fig. 11 shows the results of  a 
theoretical calculation. Theoretical curves 
were obtained by impedance characteristics 
then applying the inverse Fourier transform. 
In the calculation, the following values of  the 
permittivity: polyamide-6, ε = 2.98 + 0.037i, 
Teflon-4 ε = 2.03 + 0.003i.

As can be seen from Fig. 11, the theoretical 
calculation results are in good agreement 
with the experimental data. Comparing the 
results obtained for polytetrafluorethylene and 
polyamide, we see that the echo envelopes in the 
two cases differ.

In the case of  a material with low losses 
(PTFE) shows that the reflected signal at 
constant amplitude of  the incident pulse is 
practically absent. The reflected signal consists 
of  two solitary pulses. The presence of  small 
losses leads to the fact that the amplitude of  
these pulses is different and the shape of  the 
envelopes of  these pulses is different from the 
rectangular. This result shows that even with 
small losses in the structure layers, they must be 
taken into account.

With an increase in losses in the material is 
greatly increased amplitude in a reflected signal 
of  the incident pulse of  constant amplitude. 
With an increase in the imaginary part of  relative 
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Рис. 11. Огибающая отраженного сигнала: 1 – падающий 
сигнал; 2 – экспериментальная кривая для слоя из фторопласта; 
3 – теоретическая кривая для слоя из фторопласта; 4 
– экспериментальная кривая для слоя из полиамида; 5 – 

теоретическая кривая для слоя из полиамида.
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dielectric constant increases the difference 
pulses generated by reflection from the dielectric 
layer of  the front and rear fronts of  the incident 
signal. Fig. 11 clearly shows that even if  losses in 
the half-wavelength layer exists a time when the 
reflected signal amplitude is close to zero.

2.4.2. influence of layer thickness on non-
stationary reflection

On amplitude reflected from the dielectric layer 
with signal loss affects the settling time of  a 
stationary process in the layer. an increase of  the 
reflected signal intensity at this time increases. 
For the experimental study of  the effect of  
the dielectric plate optical thickness on the 
process of  non-stationary reflection amplitude 
modulated signal used three samples made from 
PTFE. The thickness of  the samples was 30 mm, 
60 mm, 90 mm. The samples were mounted in 
a rectangular waveguide, completely filling the 
cross-section. For a frequency ν = 8.4 GHz, the 
wavelength in units of  layers have a thickness 
of  λ, 2λ, 3λ, respectively. In the experiment on a 
layer of  the incident electromagnetic pulse with 
a trapezoidal envelope of  10 ns. Pulse rise time 
was 3 ns. The center frequency of  the pulse ν 
= 8.4 GHz. Fig. 12 shows the experimentally 
obtained envelopes of  the reflected signal.

For clarity, shows the envelope of  the incident 
signal, decreased in 10 times. From the results 
presented in Fig. 12 shows that with increasing 
layer thickness d = λ d = 2λ to lead to an increase 
in the reflected signal amplitude is twice (40). On 
the other hand, a further increase of  the layer 
thickness to 3λ 2λ does not lead to a significant 
increase of  the amplitude of  the reflected signal 
and distorts the shape of  the envelope in front 
of  the incident pulse. This is because in this case 
the duration of  the falling edge of  the signal 
becomes comparable to the time of  passage of  
a wave layer.

2.4.3. influence of the waveGuide dispersion 
in the non-stationary reflection

In the experimental study of  non-stationary 
process of  reflection is convenient to use 

multilayer structures collected in the waveguide 
path. This approach allows to fix the layers of  
the multilayer structure at a desired distance from 
each other with high accuracy. This raises the 
need to consider the influence of  the waveguide 
dispersion in the non-stationary process of  
reflection.

One way analysis of  variance effect on 
unsteady reflection process is to change the 
carrier frequency signal from the region with weak 
dispersion to an area with strong dispersion. Since 
the carrier frequency of  the signal must coincide 
with a frequency of  minimum reflectance MIS, it 
is necessary that the reflectance of  the layer had 
several minima in this frequency range.

Consider the non-stationary process of  
reflection on the layer thickness of  3λ mounted 
in a rectangular waveguide section 23 × 10 mm 
2. Said waveguide section has a cutoff  frequency 
of  6.5 GHz ≈ νs. In the frequency range to the 
frequency and νs νs2 ≈ 14.4 GHz it only excited 
fundamental mode H10. Waveguides of  this 
section are applied, typically in the frequency 
range from 8 to 12 GHz. This is due to the fact 
that in the areas of  6.5-8 GHz significant impact 
on the dispersion of  electromagnetic wave 
propagation in the waveguide, and in the 12-14.5 
GHz band can be excited more waveguide mode. 
Excitation of  higher mode significantly affect 
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Рис. 12. Импульсы, отраженные от слоев различной 
толщины: 1 — падающий сигнал, 2 — толщина слоя d = λ; 

3 — толщина слоя d = 2λ; 4 — толщина слоя d = 3λ.
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the dispersion characteristics, leading to strong 
oscillations of  the waveguide transmission ratio. 
Oscillations gain cause additional difficulties in 
dealing with applications.

Fig. 13 shows the results of  the experimentally 
measured reflection spectrum of  the Teflon 
layer 90 mm thick, as well as the theoretical 
calculation. The calculation was made by the 
method of  impedance characteristics for the 
value of  ε = 2.03 + 0.003i. At a frequency of  
8.4 GHz, viewed dielectric layer has a thickness 
of  3λ.

Fig. 13 that at the beginning and end of  the 
frequency range of  accuracy predicted by theory, 
the somewhat lower. This is due to the fact that 
the agreed load and coaxial-waveguide transition 
are designed to work in a range of  8-12 GHz. 
Outside this frequency range matching the 
quality falls. It also shows that in the strong 
waveguide dispersion coefficient of  reflection 
increases.

In this range there are several values   of  the 
frequency at which the reflection coefficient 
vanishes. Frequencies minimum reflectance 
for the case have values: 8.38 GHz, 9.37 GHz, 
10.4 GHz, 11.48 GHz and 12.55 GHz. We note 
that these frequencies are not equidistant. This 
effect is due to the presence of  the waveguide 
dispersion. Let us write the dispersion relation 
by dependence of  the group velocity of  
propagation of  an electromagnetic pulse in the 

waveguide on the frequency. To get fashion 
H10:

2

1 ,ccV
n

ν
ν

 = −  
   by 1( , );c cν ν ν∈  (46)

here - the speed of  light, v - the frequency of  
the signal, νs - critical frequency for fashion 
H10, νc1 - critical frequency for fashion H01, 
n - refractive index of  the substance filling the 
waveguide. From the relation (46) shows that 
the wave propagation velocity decreases when 
approaching to νc ν and the layer becomes 
thicker as it for the incident wave, with the result 
that the resonances are often, but narrows the 
bandwidth.

For the frequencies corresponding to the 
zero reflection, will produce an experimental 
measurement of  the envelope of  the reflected 
signal. As in the case study of  the effect of  
thickness on the process of  reflection of  non-
stationary, use a trapezoidal pulse with an 
envelope 10 ns, c duration of  3 ns fronts. The 
carrier frequency ν express in terms of  relative 
frequency νc critical for ease of  analysis.

Fig. 14 shows the envelope of  the reflected 
signals fluoroplastic plates, for different 
values of  carrier frequency. In addition, in the 
graph in Fig. 14 shows the envelope of  the 
incident signal, decreased by 10 times. From 
the results presented in Fig. 14 shows that 
the presence of  the waveguide dispersion of  
the signal envelope shape changes its form. 
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Рис. 13. Спектр отражения от тефлонового слоя: 1 – расчет 
методом импедансных характеристик; 2 – эксперимент.

Рис. 14. Амплитуда огибающей отраженных сигналов для 
разного значения несущей частоты импульса: 1 – частота 
падающего импульса ν = 1.92νс ; 2 – частота падающего 
импульса ν = 1.44νс ; 3 – частота падающего импульса 

ν = 1.29νс ; 4 – падающий импульс.
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With increasing dispersion (approaching the 
critical wavelength ν → νc) amplitude of  the 
reflected signal increases and increases its 
durability. Also in the area there are additional 
strong dispersion of  the oscillation amplitude 
of  the reflected signal. It is easy to note that 
at a frequency ν> 1.44 νc envelope shape of  
the reflected signal does not change its nature. 
Unlike the above case of  increasing the transit 
time through the structure, the approach to the 
critical frequency does not increase the losses 
in the layer.

3. NON-STATIONARY REFLECTION 
UNDER STRONG WAVEGUIDE 
DISPERSION
To enhance reflection unsteady - increasing 
pulse duration and intensity used line waveguide 
dispersion properties when introduced into 
the waveguide highly reflecting graphite 
loading of  matching dielectric layer (Teflon) 
with small losses (Fig. 15). TO waveguide 
section 23×10 mm 2 through a smooth 
transition waveguide connected waveguide 
sections 16×8 mm 2 in order to reduce the 
impact of  the effects associated with the 
excitation of  the waveguide at frequencies 
close to the critical. Operating frequency 
range used by the OHR was from 8.15 GHz 
to 12.05 GHz, and the frequency at which 
the measurements were taken - from 8.5 
GHz to 12 GHz. For the partial suppression 
of  spurious reflections in the waveguide 
channel was introduced attenuator with low 
attenuation coefficient k ≈ 1.5 dB. The use of  
the attenuator has significantly increased the 
accuracy of  the amplitude of  the reflectance 
values   of  the agreed highly reflecting load, 

thus making it difficult to measure its phase. 
Test stand allowed to obtain the dependence 
of  the complex reflection coefficient of  
frequency.

The experiment was set in two stages. 
The first phase was measured reflectance 
of  highly reflecting load and calculates the 
effective conductivity, as well as the measured 
cut-off  frequency of  the waveguide. The 
data used to calculate the thickness of  the 
matching layer. In the second stage, building 
on the results of  the calculation, it produces a 
series of  dielectric layers. Next, we measured 
the reflectance of  a harmonized system 
for layers of  various thicknesses. Thus, the 
experimentally select the optimum thickness 
of  the matching layer.

The results obtained in the first stage 
showed that the effective conductivity σ ≈ 
130 load (ohm-m) -1, the critical frequency 
νs = 9,339 GHz. For this conductivity and 
the known thickness of  the matching layer 
critical frequency was calculated, which was d 
= 7.715 mm. When measuring the reflectance 
of  the system matching layer minimum 
reflectance was obtained for the frequency 
ν = 9.383 GHz and a layer thickness of  8 
mm, which agrees well with the theoretically 
calculated values.

Fig. 16 shows the measurement results 
depending on the reflection coefficient of  
frequency for an agreed vysokotrazhayuschey 
load and the result of  numerical simulation.

As can be seen from Fig. 16, the results of  a 
theoretical calculation are in good agreement 
with data obtained in the experiment. 
Considered the method of  matching loads 
with highly reflective waveguide line is a 
simple, compact and easy to implement 
MIS. The proposed matching structure has 
a significant advantage over other types of  
MIS: choice of  material for a quarter of  the 
dielectric layer is limited almost exclusively 
the only requirement εl <1/Zs. Of  course, 
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Рис. 15. Схема установки с высокоотражающей нагрузкой.
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this loss in the fiber, as with any other method 
should be minimal.

When you study the influence of  a strong 
waveguide dispersion in the process of  
reflection of  non-stationary electromagnetic 
pulse from a highly reflecting agreed with 
the waveguide attenuator Load established 
between the OHR and the waveguide section 
with a matching structure was removed. The 
experiment measured the complex reflection 

coefficient of  the highly reflecting the agreed 
load r (ν). During the experiment, on the layer 
of  the incident electromagnetic pulse with a 
super-Gaussian envelope. The duration of  
the incident pulse varied from 50 ns to 250 
ns. Central pulse frequency coincides with the 
optimum coordination with the waveguide 
highly reflecting load ν = 9.339 GHz. Fig. 17 
shows the results of  theoretical modeling and 
experimental envelopes received reflected 
pulses, and also shows the envelope of  the 
incident signal U reduced by fourfold axis for 
clarity.

As can be seen from Fig. 17, the theoretical 
calculation results are in good agreement with the 
experimental data. It is evident that with a decrease 
in the duration of  the incident pulse "distortion" 
of  the reflected pulse is increased, which can 
be explained by the strong influence of  the 
waveguide dispersion. As in the case of  unsteady 
reflection without dispersion systems [17, 23, 
42], the reflection signal formed by the structure 
discussed in the two pulse leading and trailing 
edges. Comparing the experimental results with the 
results for a system without dispersion [17, 23, 42], 
we see that the duration of  these pulses has grown 
substantially. There is a time when the amplitude 
of  the reflected signal tends to zero, but it occurs 
at the leading edge reflection and not adjustable, as 
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Рис. 16. Зависимость коэффициента отражения от частоты 
для согласованной нагрузки: 1 – расчет методом импедансных 
характеристик; 2 – экспериментально измеренный коэффициент 
отражения от согласованной высокоотражающей нагрузки; 3 – 
экспериментально измеренный коэффициент отражения от 

высокоотражающей нагрузки без согласующего слоя.

Рис. 17. Амплитуды огибающих отраженных сигналов от согласованной всокоотражающей нагрузки; а) длительность 
падающего импульса 150 нс.; б) длительность падающего импульса 50 нс.; 1 – теоретически рассчитанный отраженный сигнал; 

2 – экспериментально измеренный отраженный сигнал; 3 – падающий импульс.
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in the case of  absence variance discussed in section 
2. Another important feature when compared to 
systems without dispersion is a high intensity of  
reflected signals . From Fig. 17 shows that the 
maximum amplitude of  the pulses generated 
during unsteady reflection reaches a value of  50% 
of  the incident signal amplitude. Recall that the 
maximum value of  the amplitude of  the reflected 
signal, resulting in section 2, does not exceed 15% 
of  the incident pulse amplitude. The high intensity 
of  the reflected signal indicates the prospects of  
using strong waveguide dispersion to enhance 
the effects of  non-stationary reflection. Studies 
have demonstrated the possibility in principle to 
provide the almost complete absorption of  wave 
energy in highly reflective load, using interference 
phenomena in layered structures and waveguide 
dispersion properties of  the line. In areas of  
changing the amplitude of  the incident signal (front 
area) in the response generated short pulses whose 
duration corresponds to the duration of  fronts. 
Unlike the case of  the dispersion systems without 
return signal pulses generated at the time of  the 
incident signal reflected fronts have a different 
amplitude for the leading and trailing edges. The 
amplitude of  the first pulse is always smaller than 
the pulse amplitude formed trailing edge, and the 
envelope has a complex shape.

4. UNSTEADY REFLECTED IN THE 
MULTILAYER INTERFERENCE FILTERS
Unsteady reflection of  the pulse signal of  short 
duration in the multilayer structure of  the non-
reflective class as opposed to the signal reflection 
from one layer is characterized by a complex 
frequency dependency of  the incident signal, as well 
as a significant dependence on the losses in the layers 
of  the reflective structure.

In our paper [43] it was shown that the optimum 
condition for the non-stationary reflection from 
the multilayer structure is to use a band-pass filter 
of  the second order with a maximally flat frequency 
response (AFR), well-known in the literature on the 
synthesis filters and antireflection coatings [44-46 ].

The simplest implementation of  a multi-layer 
structure with a maximally flat frequency response 
of  a filter consisting of  two resonators, which is 
implemented between the critical connection [45, 
47]. structure consisting of  two half-wave lossless 

dielectric layers, which are arranged in the free space 
to each other at a distance of  a quarter wave length 
(Fig. 18) was used.

In an ideal structure of  the filter reflection 
from the layered structure can be calculated for 
the signal whose envelope has a symmetrical 
trapezoidal shape with linear edges. Let half-wave 
filter made of  dielectric layers with a real and 
imaginary part of  the relative dielectric constant 
equal to ε'= 2, ε"= 0.00, respectively. We assume 
that the length of  the trapezoidal pulse τ a lot more 
time passes wave double layer thickness. At the 
same time as a result of  non-stationary reflection 
will be generated pulse propagating toward the 
incident wave. Define half-wave layers of  equal 
thickness d = 30 mm, while the thickness of  the 
quarter-wave layer d1 = 21 mm.

Fig. 19 shows the result of  calculation of  the field 
Er (t) of  the reflected pulse finite-difference time-
domain method tensions. For clarity, the reflected 
signal amplitude is increased by 20 times.

It can be seen that the reflected signal consists of  
four short pulses. The maxima of  the reflected signal 
pulse corresponds to the time when the envelope of  
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Рис. 18. Схема установки с многослойным фильтром.

Рис. 19. Расчет поля Er(t) отраженного импульса, методом 
конечных разностей во временной области: 1 – падающий 

сигнал; 2 – отраженный сигнал.
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the incident signal has the maximum derivative. It 
also shows that the two central pulse have the same 
phase and are in antiphase with the first and last 
pulse.

In the practice of  the multilayer structure may be 
necessary to include additional physical phenomena. 
For example, in the experimental conditions in 
the head space may be significant diffraction 
phenomenon on the edges of  the plates and the 
deviation of  the wave front of  the incident plane. 
In addition, there will be additional requirements 
for accuracy and positioning of  the plates to their 
thickness. Equally important, as it is evident from 
[42], is a real need to take account of  losses in the 
layers of  the multilayer structure.

Driving the practical implementation of  the 
considered filter is strongly dependent on the 
frequency range for which it is applied. Thus in 
the optical domain using a substrate on which the 
layers are sequentially sputtered in the multilayer 
filter synthesis. In this case, the synthesis filter 
is necessary to consider not only the loss of  
structure layers, and the dispersion material as 
layers and the substrate. In the microwave range 
of  wavelengths such structures can be realized in 
a waveguide. In this case, you must additionally 
consider the impact of  the waveguide dispersion 
in the reflectance. On the other hand, it solves the 
problem of  taking into account diffraction at the 
edges of  plates and shapes of  the incident wave 
front, as the plate completely covers the section 
of  the waveguide.

In our case, the model was studied waveguide 
filter, as the most convenient for the pilot study. 
Consider this model more and carry out its numerical 
analysis based on the waveguide dispersion and loss 
of  structure layers.

Let the layers are set in a free rectangular 
waveguide in which the excited fundamental mode 
H10. We assume that the layers are made of  a 
dielectric with low losses.

Then the expression for the relative permittivity 
will be in the form ε = ε' - iε", where ε" and ε' - 
imaginary and real part of  the relative permittivity, 
respectively. We assume that the losses in the layers 
of  the structure are small ε''/ε' < 1.

In [42] it was shown that the small loss in the 
sample do not affect its optical thickness, in this 
case - to the resonant frequency of  a half-wave layer. 

Then, to calculate the thickness of  the layers can be 
taken into account only the waveguide dispersion. In 
this case, for the calculation of  the layer thickness, 
we have:

Re( ) ,
2
cd Z
ν

=
 (47)

where Re (Z) - the real part of  the impedance layer.
Analysis of  non-stationary reflection process 

requires a shift in the time domain. For this we use the 
inverse Fourier transform. As shown by numerical 
simulation method of  impedance characteristics, 
the presence of  losses in the structure of  the layers 
leads to a reflection in the field of  constant incident 
amplitude of  the signal.

When measuring non-stationary reflection 
bandpass filter was used, consisting of  two wave 
plates of  fotoroplasta. Polyacetal has low loss in 
the microwave frequency range [48, 49]. The plates 
were mounted on a distance of  a quarter wavelength 
from each other in the middle of  the rectangular 
waveguide to minimize the influence of  waves on 
the measured gap reflectance. The filter was tuned 
to the frequency 8.4 GHz and had the following 
geometrical dimensions: thickness fluoroplastic plates 
- 30.0 mm, the thickness of  the air gap between the 
plates - 14.5 mm. The dielectric constant of  PTFE 
for this frequency has been previously measured and 
accounted for ε1 = 2.05 - 0.015i.

The experiment measured the complex reflection 
coefficient of  the structure. inverse Fourier transform 
was used to obtain the envelope of  the reflected 
signal. Fig. 20 shows the result of  a theoretical 
model and experimentally measured envelope pulse 
reflected from the structure under study. As can be 
seen, the theoretical calculation results are in good 
agreement with the experimental data. Experimental 
results have shown that during unsteady reflection 
of  an electromagnetic pulse from a three-layer filter 
with maximally flat frequency response are formed by 
four short pulse. The provisions of  pulses coincides 
with the maximum derivative of  the envelope of  the 
incident signal. The signal generated during unsteady 
considered reflections from structures fundamentally 
different from the signal reflected from a single layer 
filter.

As in the case of  half-wave filter, a loss of  
structure layers have a significant influence on the 
unsteady reflection. It also shows that there is a time 
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when the amplitude of  the reflected signal tends to 
zero.

5. СONCLUSION
This paper presents an overview of  the main results 
of  our studies in recent years the phenomenon of  
non-stationary reflection of  short and ultrashort 
(about 100 periods of  the field oscillations) of  
electromagnetic pulses of  microwave laminates. 
This phenomenon is particularly observed in a 
contrasting comparability duration nonstationary 
transient interference waves in a multilayer structure 
with the duration of  the incident pulse.

In the course of  research it has been refined a 
theory of  non-stationary reflection pulse signals 
from interference multilayer structures. The existing 
theoretical apparatus is supplemented with the 
influence on the process of  non-stationary reflection 
losses in the layers of  the multilayer interference 
structure and strong waveguide dispersion.

Developed experimental methods for studying 
non-stationary process of  reflection of  ultrashort 
electromagnetic pulses from multilayer interference 
structures in the microwave range. results of  
experimental observation of  the phenomenon of  
non-stationary reflection amplitude modulated signal 
from interference multilayer structure obtained for 
the first time in the microwave range.

It was found that the reflection amplitude-
modulated signal by a half-wave layer lossy always 
exists a time when the non-zero amplitude when 
the amplitude of  the incident signal reflected 
signal tends to zero and that the phase changes by 

π. In the presence of  small losses in the layers of  
the multilayer structure the amplitude reflection 
coefficient depends linearly on the magnitude of  the 
losses, while the formation of  the phase pattern of  
the interfering wave occurs in this case as well as in 
the absence of  losses.

The task of  matching loads with highly reflecting 
waveguide due to strong waveguide dispersion. The 
possibility to ensure complete containment of  the 
incident wave energy into a load with virtually any 
reflectance via a matching structure consisting of  
only one layer, the thickness of  which is close to a 
quarter-wave.

It revealed the presence of  a more complex 
process in unsteady reflection multilayer structures 
with non-reflective class maximally flat frequency 
response, compared to multilayer structures having 
other functional dependence of  the amplitude-
frequency response.

It is shown that for small losses in the layers of  
the structure of  a maximally flat frequency response 
envelope of  the reflected signal can be approximately 
described by the N-th derivative of  the envelope of  
the incident signal.
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1. INTRODUCTION
The current paper concerns three main issues 
underlaying spin features of  graphene: (1) a 
significant correlation of  the pz odd electrons, 
exhibited in terms of  spin peculiarities of  the 
unrestricted Hartree-Fock (UHF) solutions, (2) 
disputable spin-orbital coupling (SOC) and (3) the 
crucial role of  the C=C bond length distribution 
over the body in exhibiting the spin-based 
features. Despite numerous and comprehensive 
studies of  graphene performed during the 
last decade [1], the spin-rooted peculiarities, 
involved in the graphene physics and chemistry, 
still remain outside the mainstream. However, 
graphene is doubtlessly of  a spin nature and the 
main goal of  the paper is to clarify how deeply 
electronic states of  graphene molecules and 
solids are spin-burdened.
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2. RELATIVISTIC ELECTRONS OF 
GRAPHENE
Implementing Löwdin’s statement “different 
orbitals for different spins” [2], non-
relativistic correlation effects in electronic 
properties are well pronounced and form 
the ground for peculiarities of  chemical 
[3, 4], magnetic [5], and mechano-chemical 
[6] behavior of  graphene. In contrast, the 
relativistic SOC contribution related to 
graphene bodies consisting of  light elements 
is expectedly small (see [7] and references 
therein). Despite this, the quasi-relativity 
theory has accompanied graphene crystal 
from the first consideration of  its electronic 
structure [8, 9]. The primitive cell of  graphene 
is simple and contains two atoms. However, 
these cells are additionally hexagonally 
configured to fit the honeycomb lattice, on 
the one hand, and to provide the hexagonal 
and flat first Brillouin zone (BZ), on the other. 
The BZ contains two nonequivalent sets of  
three vertices K and K' each while Г point is 
located at the hexagon centre. In the tight-
binding approach it is typical to separate the 
Hamiltonian for the π (odd pz) electrons from 
that for the σ electrons, which is strictly valid 
only for a flat graphene sheet. Thus obtained 
[10], the total band structure of  graphene 
crystal is of  particular image, typical view 

of  which is presented in Figure 1a. Since 
referring relativistic analogy concerns π 
bands, it is conventional to just consider the 
latter. The relevant low-energy quasiparticle 
states at the Fermi level, marked by a tinny 
band in the figure, form six pairs of  touching 
cones with the tips at K (K'), two pairs of  
which are shown in Fig. 1b. The total low-
energy electronic spectrum of  the graphene 
six pairs is described [11] as
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Here E0 and k0 are the Fermi energy and 
quasiparticle momentum at points K (K') 
while the E1 and E2 spectra are related to the 
conducting and valence bands, respectively. A 
detailed description of  parameter ħp0/m is given 
in Ref. [11]. Equations (1) are well similar to 
those related to Dirac's massless fermions due 
to which the low-energy quasiparticles in the 
vicinity of  K (K') points (Dirac points later) 
can formally be described by the Dirac-like 
Hamiltonian
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NANOSYSTEMSELENA F. SHEKA

Fig. 1. (a) Widely presented view on the band structure of  graphene. Fermi level is settled at zero. The bands below (above) the Fermi level 
are related to the valence (conductive) zones. (b) Two pairs of  valence/conductive Dirac cones at K and K' points at the Fermi level.
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where k is the quasiparticle momentum, σ is the 
2D Pauli matrix for pseudospins and the 
k-independent velocity vF plays the role of  the 
speed of  light. The equation is a direct 
consequence of  graphene’s crystal symmetry 
that involves its honeycomb hexagonal lattice 
[9, 11]. Owing to this specific electron band 
structure, graphene was attributed to a Dirac 
material and until now graphene has been 
considered as a ’solid-state toy’ for relativistic 
quantum mechanics [12-14]. Since the graphene 
massless Dirac fermions move with the Fermi 
velocity vF~106 ms-1, it is possible to mimic and 
observe quantum relativistic phenomena, even 
those unobservable in high energy physics, on 
table-top experiments at much lower energies 
due to the small value of  the vF/c ratio. Thus, a 
quite satisfactory consistency between 
theoretical predictions and experimental 
observations has even allowed one to speak 
about the observation of  Dirac fermions in 
graphene. Taking them as physical reality, one 
has suggested a specific engineering of  different 
Dirac fermions by modulating their Fermi 
velocity when attaching graphene to different 
substrates [15]. As seen in Figure 2, an 
impressive change of  vF from 1.15·106 ms-1 to 
2.46·106 ms-1 is observed when substituting the 
SiC(0001) substrate by quartz.

3. CHARACTERISTICS OF THE DIRAC 
CONE SPECTRA
Dirac cones are a specific crystal symmetry effect, 
that suits any flat (even quasiflat) hexagonal 
arrangement of  atoms similar to the honeycomb 
lattice that supply hexagonal BZ. Actually, the 
Dirac-fermion-like behavior of  electronic states 
was observed for monolayers of  silicon atoms 
on a Ag(111) surface voluntarily attributed to 
‘silicene’ species [16] (see detailed discussion 
of  the reality and virtuality of  silicene in Ref. 
[17]). Similar behavior was predicted for higher 
tetrels of  group 14 elements - germanene and 
stanene [18]. Particular attention should be given 
to a new class of  artificial ‘molecular graphenes’ 
that mimic a honeycomb lattice structure. 
One of  such ‘molecule’ was synthesized using 
individually placed carbon monoxide molecules 
on a Cu(111) surface [19]. A completed ‘flake’ of  
the molecular graphene is shown in topographic 
form in Figure 3a, demonstrating a perfect 
internal honeycomb lattice and discernible edge 
effects at the termination boundaries. In spite of  
the finite size of  the structure obtained, due to 
which it should be attributed rather to ‘molecular 
graphene’ than to ‘graphene crystal’, as seen 
in Fig. 3b, two energy cones are characteristic 
for the energy band structure near the Fermi 
level. Estimations showed that the crystal-like 
behavior is well conserved when the molecule 
size is of  20 nm or more.

The other quite peculiar ability to create 
artificial graphene-like structure utilizes an 
optical honeycomb lattice to trap ultracold 
potassium atoms [20]. A Dirac-cone-like band 
structure is reproduced in this system as well. 
This optical method of  creating the honeycomb 
lattice suggests a large possibility to investigate 
factors influencing the Dirac cones structure. 
Thus, by tuning the anisotropy of  the lattice, 
the locations of  the Dirac points may be 
shifted. When the anisotropy reaches a certain 
limit, the Dirac points merge and annihilate, 
while the evidence supporting the existence 
of  a theoretically predicted topological phase 

NANOSYSTEMS

Fig. 2. Experimental E2 (k0 + к) dispersions for graphene 
on SiC(000 ), BN, and quartz. Insets exhibit changing in the 
graphene Dirac cones when going from weak (left) to strong (right) 

interaction with substrate [15].
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transition was observed.
A number of  theoretical suggestions on the 

Dirac-graphene-like structure is quite impressive. 
They cover virtual silicene, germanene, stannene 
(see review [21] and references therein), 
hydrogenated borophene [22] and arsenene [23]. 
All the Dirac species are described by hexagon 
packing of  two-atom primitive cells. However, ‘the 
primitive cell’ may be considerably complicated 
as it takes place in the case of  s-triazines with 
primitive cells composed of  either C6N6 or 
C12N6, and C24N6H12 molecular compositions 
[24], graphitic carbon nitride (GCN) with 
C14N10 as a primitive cell [25], beautiful hexagon 
patterned lace of  NiC8S2H4 molecules [26], the 
FeB2 monolayer with graphene-like boron sheet 
[27], an impressive number of  MXenes [28] (a 

new class of  inorganic 2D compounds [29]), 
just appeared new compounds InSe [30] and so 
forth. The conservation of  the hexagon packing 
of  primitive cells mentioned above protects the 
presence of  Dirac cones in the electronic spectra 
of  all the species.

Virtually all the Dirac spectra discussed 
above were calculated not paying attention to 
if  the studied system is open- or closed-shell 
one and exploiting closed-shell formalism. Only 
two calculations related to GCN C14N10 [25] 
and metal-organic framework with primitive cell 
Ni2C24S6H12 [26] were obtained taking into account 
that electrons with α and β spins are correlated 
and separated in space. The open-shell approach 
immediately revealed the spin-polarization of  the 
electronic spectra just doubling the band number 
and combining them in α and β sets. Figure 4a 
presents the spin-polarized band structure of  
GCN while Fig. 4b is related to metal-organic 
framework. The configurations of  the relevant 
primitive cells are shown under the spectra. 
Both primitive cells contain an even number of  
valence electrons, Nα = Nβ so that in neither case 

Fig. 4. Spin-polarized band structure and primitive cell of  GCN 
C14N10 (a) and (c) and Ni2C24S6H12 (b) and (d). Adapted from 
Refs. [25] and [26], respectively. Equilibrium structure (e) and 
the ACS NDA image map of  local spin distribution (f) of  the 

C14N10H4 molecule; UHF AM1 calculations.

ELENA F. SHEKA NANOSYSTEMS

Fig. 3. (a) Constant current topograph of  molecular graphene-
like lattice composed of  1549 CO molecules (lattice constant, 
d=8.8 Å). (b) Linearly dispersing quasi-particles revealed by the 
conductance spectra, plotted individually for sublattice A (filled 
circles: pseudospin sz = +1/2) and sublattice B (open circles: 
pseudospin sz = -1/2), measured at locations t illustrated in the 

inset. Adapted from Ref. [19].
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are there unpairing free spins, since the total spin 
density is zero. In the case of  GCN, the authors 
[25] explain the observed spin polarization from 
a chemical bonding analysis and attribute it to 
reducing the anti-bonding characteristics and 
density of  states at Fermi level.

However, it is quite reasonable to suggest 
an alternative explanation and connect the 
obtained spin polarization caused by pz electron 
correlation with the open-shell character of  the 
electronic system of  both cells [7]. In fact, as 
shown in Fig. 4e, in view of  the UHF formalism 
the molecule C14N10H4, that perfectly mimics the 
GCN primitive cell, is open-shell one with the 
total number of  effectively unpaired electrons 
ND = 5.34 e that are distributed as ‘local 
spins’ over nitrogen and carbon atoms with 
an average NDA fractions of  0.285 ± 0.001 e 
and 0.145 ± 0.003 e, respectively (see Fig. 4f). 
Therefore, the band spin polarization becomes 
the manifestation of  the electron correlation in 
2D open-shell solids. As seen in Fig. 4, the spin 
polarization is well pronounced through over 
both BZs while at K points the Dirac spectra 
still remain gapless. Apparently, the feature 
is still caused by the hexagon packing of  the 
molecules. Opening the gap at Dirac points 
needs the participation of  SOC that has been 
so far ignored.

The disclosed connection between the open-
shell character of  the electronic system and 
spin polarization of  the electronic band spectra 
brings us back to graphene. First, the character 
peculiarity was mentioned with relation to 
graphene magnetism and was illustrated by 
a convincing spin density map related to the 
rectangle graphene molecule (5, 5) NGr with five 
benzenoid units along the armchair and zigzag 
edges, respectively [5]. Second, it concerned 
the dispersion of  the C=C bond length related 
to the body [31]. Now there is the third time 
when we have to realize the inevitability of  spin 
polarization of  the graphene electronic band 
structure. While the relevant results concerning 
the band structure of  graphene are still in future, 

Figure 5 presents the energy splitting related 
to a selected number of  spinorbitals of  the (5, 
5) NGr molecule. A comparison of  RHF and 
UHF results allows exhibiting correlation effects 
related to the studied open-shell molecule. 
The degeneracy of  the RHF solution is caused 
by both high spatial (D2h) and spin symmetry 
of  the molecule. As seen in the figure, when 
going from RHF to UHF formalism the UHF 
orbitals become clearly split into two families 
related to α and β spins. The splitting value is 
different for different orbitals ranging from 
0.02 eV to 1.12 eV. The orbitals splitting exhibits 
breaking spin symmetry that causes a remarkable 
distinguishing of  orbitals related to different 
spins.

4. DIRAC FERMIONS AND 
TOPOLOGICAL NON-TRIVIALITY OF 
GRAPHENE
As shown above, spin polarization does not 
affect the cones touching in the Dirac spectrum 
shown in Fig. 1 (see insert in Fig.4a) that may 
be violated by SOC only. At the same time, the 
intrinsic SOC of  graphene is quite negligible 
due to which the gap emergence in its Dirac 
spectrum should be hardly expected. However, 
the electron correlation, which is significant, 
generates a dynamical SOC (see Ref. [32] and 
references therein) due to which it might be 
possible to expect some relativistic features, 
observable at even negligible intrinsic SOC but 
at a significant electron correlation. The first 
potential effect concerns the splitting of  the 

DIRAC MATERIAL GRAPHENENANOSYSTEMS

Fig. 5. Energies of  25 spinorbital in the vicinity of  HOMO-
LUMO gap of  (5, 5) NGr molecule with bare edges; UHF 

AM1 calculations.
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Dirac spectrum. To examine if  the splitting 
can be observed for graphene experimentally, 
the team of  Novoselov and Geim performed 
a particular investigation of  how close one can 
approach the Dirac point [33]. It was shown 
that the approach value δE depends on quality 
and homogeneity of  samples, on the resolution 
of  experimental equipment, on temperature, 
and so forth. The best value δE related to free 
standing sample constitutes ~1 meV at 4 K, thus 
establishing that there is no bandgap in graphene 
larger than 0.5 meV and that a combined SOC 
effect is less this value. Nevertheless, the finding 
does not disprove the existence of  SOC as such, 
which may be important in the case of  other 
effects, more sensitive to weak SOC. One of  
such potential effects concerns the topological 
non-triviality of  graphene.

Actually, electron correlation and SOC 
are crucial characteristics of  the topological 
non-triviality of  2D bodies. This question has 
been clear since the very time of  the Dirac 
topological insulator (TI) discovery [34]. In 
the case of  graphene, negligible SOC and 
complete ignorance of  electron correlation, 
caused by calculations performed in the 
restricted formalism, were major obstacles to 
a serious discussion of  this issue. However, 
the topological non-triviality covers a large 
spectrum of  different topological states and 
phases involving both ideal Dirac TIs (or 
quantum spin Hall insulators – QSHI) and 

other topological issues such as correlated 
topological band insulators, interaction-
driven phase transitions, topological Mott 
insulators and fractional topological states 
[32] interrelation between which is determined 
by that one between SOC and correlation 
effects. Figure 6 presents a phase diagram 
of  topological states characteristic for 2D 
graphene-like honeycomb lattice (known as 
Kane-Mele model [9]) in relative coordinates 
of  correlation energy (U) and SOC (λSO), which 
correspond to the Hubbard model. As seen in 
the figure, in the limit case λSO = 0, the relevant 
2D structures should be attributed to either 
semimetal (SM) or quantum spin liquid (QSL) 
and antiferromagnetic Mott insulator (AFMI) 
with Heisenberg order (xyz), depending on 
the correlation energy. The SOC increasing 
transforms SM solid and QSL into QSHI at 
a rather large scale of  the correlation energy 
variation. When the value achieves the critical 
one shown by the straight line, the QSHI 
transforms into AFMI with easy plane order 
(xy). In the limit case U = 0, the solid should 
behave as QSHI at all λSO.

Concerning graphene, recent estimation 
of  U⁄t = 1.6 [35] allows placing graphene far 
below the border with the QSL and AFM 
phases and attributing it to the SM phase if  
λSO = 0. However, the doubtless presence of  
the correlation of  graphene pz electrons causes 
unavoidable breaking of  Kramers pairs of  
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Fig. 6. (a) Kane-Mele model of  the honeycomb lattice consisted of  two sublattices A, B. (b) The hexagonal first Brillouin zone 
contains two nonequivalent Dirac points K and K'. (c) Phase diagram of  the half-filled Kane-Mele-Hubbard model from quantum 

Monte Carlo simulations. Adapted from Ref. [32].



137

RENSIT | 2016| VOL. 8 | No. 2

Fig. 7. (a) SEM image of  nanoporous alumina template with 
mean pore diameter ~80 nm and mean interpore spacing W ~20 
nm. (b) AFM image of  graphene nanopore array formed by using (a) 
as an etching mask for the sample one-side hydrogenation. (c) and (d) 
Magnetization of  monolayer graphene nanopore arrays  at W ~10 nm 
and 40 nm. Inset presents the dependence of  the residual magnetization 

of  graphene webs on their width W. Adapted from Ref. [43].

spinors [36], which violates the time-reversal 
symmetry, on the one hand, and stimulates the 
origin of  dynamic SOC, on the other [32]. The 
findings shift graphene along the λSO/t axis in 
the depth of  the QSHI phase thus providing 
a vivid topological non-triviality of  graphene 
that might be revealed by not only the SOC-
stimulated energy gap splitting. One of  such 
topological effects has a direct bearing to 
peculiarities of  graphene magnetism.

5. MOLECULAR ESSENCE AND 
TOPOLOGICAL CHARACTER OF 
GRAPHENE MAGNETISM
5.1. General Features of  Experimental 
Observations
Repeatedly controlled extended graphene sheets 
are diamagnetic and magnetic response from 
large samples was empirically obtained only after 
either, say, heavy irradiation by proton beams or 
chemical modification (hydrogenation, oxidation 
and so forth) of  graphite and/or graphene (see 
[37] and references therein). Thorough analysis, 
performed in each case, allowed excluding the 
impure origin of  these features and attributing 
them to graphite/graphene itself, albeit induced 
by either micro- and/or nano-structuring of  
the samples or by defects of  different topology 
created in due course of  chemical modification 
(see some example [38-41]). It is important 
to mention that practically in all the cases a 
ferromagnetic response at room temperature 
was observed for graphene species with zero 
total spin density.

Another scenario concerns magnetic 
graphene of  a paramagnetic behavior [40-42] 
recorded after either fluorination or bombarding 
graphene laminates consisting of  10-50 nm 
sheets by protons. The treatment provided the 
rupture of  double C=C bonds inducing ‘spin-
half  paramagnetism’ in graphene. In both cases, 
the magnetization is weak and is characterized 
by one spin per approximately 1.000 carbon 
atoms. The ratio indicates that, in fact, the after-
treatment magnetic crystal structure differs from 

the pristine crystal structure and the difference 
concerns the unit cell that becomes ~33/2 times 
larger than the previous one. Besides, the unit cell 
contains one additional spin thus lifting the spin 
multiplicity to doublet. Therefore, introduced 
adatoms and point defects cause a magnetic 
nanostructuring of  the pristine crystal but with 
non zero spin density.

A doubtless confirmation that the 
nanostructuring of  graphene sheets plays a 
large role in magnetization was obtained in the 
course of  specifically configured experiments 
[43, 44]. Both cases concern meshed graphene 
or graphene in pores that were formed by 
either fully hydrogenated (oxidized) graphene 
discs in the first case or MgO nanoparticles in 
the second. A view on the sample and obtained 
results related to the first case can be obtained 
by looking at Figure 7. A large graphene 
sheet is put on porous alumina template (see 
Fig. 7a). The sample was subjected to either 
hydrogenation or oxidation through alumina 
pores thus leaving the graphene webs between 
the pores untouched. The web width W in a set 
of  alumina templates differed by 10 to 50 nm. 
The ferromagnetic response of  the webs at 
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room temperature is presented in Figs. 7b 
and 7c at different web widths and the inset 
in Fig. 7c reveals the width dependence more 
clearly. In the second case, chemically modified 
dark disks in Fig. 7a were substituted with MgO 
nanoparticles, a set of  which was covered by 
CVD grown graphene tissue [44]. The web width 
between the particles constituted ~ 10 nm. The 
magnetic response from the sample is similar 
to that presented in Fig. 7b while the signal 
from much larger pieces ~100 nm of  technical 
graphene (reduced graphene oxide) was a few 
times less.

Therefore, nanosize occurrence and size-
dependence, on the one hand, and high-
temperature ferromagnetic character, on the 
other, are two peculiar features of  zero-spin-
density graphene magnetism. Evidently, the 
former concerns the magnetization magnitude 
and is associated with the molecular essence 
of  graphene while the latter is relevant to the 
magnetism grounds and applies to its physics 
thus revealing the molecular-crystalline dualism 
of  graphene once more.

5.2. Magnetic Behavior of  Graphene 
Molecules
Zero-spin-density graphene implies the absence 
of  free spins, since graphene belongs to a species 
for which Nα = Nβ. Usually such magnetic 
species were attributed to ‘singlet magnets’ (in 
terms of  closed-shell approximation) and their 
magnetization was associated with the effect of  
the second order of  perturbation theory (PT)  
implying the mixture of  the ground singlet 
state with higher laying states of  higher spin 
multiplicity. If  the mixture is caused by the 
application of  magnetic field, the effect is known 
as van Fleck magnetization [45]. However, 
graphene is an open-shell species due to which 
its singlet ground state has already been spin 
mixed due to odd pz electron correlation. Since 
the spin contamination is the PT second order 
effect as well [7], there is no need to apply to 
the van Fleck effect to explain this magnetism. 
The magnetization ability of  graphene has been 

already ensured by its electronic system.
The observation of  the PT second order 

contributions strongly depends on the energy 
denominator among other factors. For covalent 
species, triplet states are the main contributors 
due to which the energy denominator is 2|J|, 
where J is the exchange integral that determines 
the energetic dependence of  pure spin states 
in terms of  the Heisenberg Hamiltonian 
Hex = JS(S + 1). The integral is usually referred 
to as the magnetic coupling constant [46]. A 
correct computation of  the constant is quite 
complicated. Thankfully, about four decades ago 
Noodelman suggested a simple expression for 
the value determination for open-shell molecules 
in the framework of  the broken spin symmetry 
approximation [46]

max
2
max

(0) ( ) .
U UE E SJ

S
−

=
 (3)

Here, EU(0) and EU(Smax) are energies of  the 
UHF singlet and the highest-spin-multiplicity 
states, the latter corresponding to the Smax –pure-
spin state. Thus obtained value is widely used and 
attributing it to molecular magnetism showed 
[48] that the measurable magnetization response 
can be fixed if  |J| ≤ |Jcrit| where empirically 
estimated Jcrit is of  10-2 – 10-3 kcal/mol. Based on 
the molecular essence of  graphene magnetism, 
let us look which J values can be expected for 
graphene molecules.

Table 1 lists sets of  three criterial 
quantities: ∆ERU, 2S∆  and ND, which 
characterize any open-shell molecule [4]. The 

Table 1
Identifying parameters of the odd electron correlation 

in rectangulsr nanographenes
(na,nz)
NGrs

Odd
electrons

Nodd

ΔERU 1

kcal/mol δERU,%2 ND, e- δND,%2
2ˆ
US∆

J,
kcal/mol

(5,5) 88 307 17 31 35 15.5 -1.429

(7,7) 150 376 15 52.6 35 26.3 -0.888

(9,9) 228 641 19 76.2 35 38.1 -0.600

(11,10) 296 760 19 94.5 32 47.24 -0.483

(11,12) 346 901 20 107.4 31 53.7 -0.406

(15,12) 456 1038 19 139 31 69.5 -0.324

1AM1 version og UHF codes of CLUSTER-Z1 [49]. Presented energy values are rounded 
off to an integer.
2The percentage values are related to δERU = ΔERU/ER(0) and δND = ND/Nodd, respectively.
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data were evaluated for a number of  graphene 
molecules presented by rectangular (na, nz) 
fragments (na and nz count the benzenoid 
units along armchair and zigzag edges of  the 
fragment, respectively). Consequently, the 
table as a whole presents the size dependence 
of  the UHF peculiarities of  the open-shell 
graphene molecules. As seen in the table, the 
parameters are certainly not zero, obviously 
greatly depending on the fragment size while 
their relative values are practically non size-
dependent. Attention should be given to 
rather large ND values, both absolute and 
relative, that manifest the measure of  the pz 
odd electrons correlation. It should be added 
as well that the relation ND = 2∆Ŝ2, which is 
characteristic for spin contaminated solutions 
in the singlet state, is rigidly kept over all the 
molecules. The data are added by the magnetic 
constant J determined following Eq. 3.

As seen in Table 1, quantities ∆ERU, ND 
and 2S∆  gradually increase when the size 
grows due to increasing the number of  atoms 
involved in the pristine structures. The relative 
parameters δERU and δND only slightly depend 
on the NGr size just exhibiting a steady 
growth of  the parameters. In contrast, J values 
demonstrate quite different behavior. The values 
show a significant size-dependence, gradually 
decreasing by the absolute magnitude when the 
size grows. This dependence can be obviously 
interpreted as the indication of  strengthening 
the electron correlation thus exhibiting the 
collective character of  the event. The finding 
is expected to lay the foundation of  peculiar 
size-effects for properties that are governed 
by these parameters, the first of  which can be 
addressed to molecular ferrodiamagnetism. The 
diamagnetic behavior is provided by σ electrons 
while the ferromagnetic contribution is relevant 
to odd pz ones.

As mentioned earlier, the primitive cell 
of  graphene crystal, which determines the 
magnetic properties of  an ideal crystal, 
involves two atoms joined by one C=C bond 

of  a benzenoid unit.  The estimation of  the |J| 
value for ethylene and benzene molecule with 
stretched C=C bonds up to 1.42Å in length gives 
|J| values of  13 kcal/mol and 16 kcal/ mol, 
respectively. Despite the fact that ethylene and 
benzene molecules do not reproduce this cell 
exactly, a similar |J| constant of  the cell is 
undoubted. Owing to this, the crystal should 
demonstrate the diamagnetic behaviour only. 
To provide a remarkable ‘ferrodiamagnetism’ 
means to drastically decrease the magnetic 
constant |J|. While this is impossible for a 
regular crystal, graphene molecules are more 
labile. Shown in Table 1, the smallest |J| of  
0.3 kcal/mol is still large enough to provide 
a recordable magnetization of  (15, 12) NGr 
molecular magnet, but the tendency is quite 
optimistic. Supposing the quantity to be 
inversely proportional to the number of  odd 
electrons, it is possible to estimate the electron 
number which would satisfy |Jcrit| of  10-2 – 10-3 

kcal/mol which gives us N ~ 105.
For rectangular NGrs N odd electrons are 

supplied by N carbon atoms that, according to 
[50], is determined as
N = 2(nanz + na + nz).       (4)
To fit the needed N value, the indices na 
and nz should be of  hundreds, which leads 
to linear sizes of  the NGrs from a few 
units to tens nm. The estimation is rather 
approximate, but it, nevertheless, correlates 
well with the experimental observations of  
the ferromagnetism of  activated carbon fibers 
consisting of  nanographite domains of  ~2 nm 
in size [51] as well as with the data related to 
meshed graphene [43, 44] discussed earlier.  
The maximum effect was observed in [43] at 
the interpore distance of  20 nm after which 
the signal gradually decreased when the width 
increased. The behavior is similar to that 
obtained for fullerene oligomers [52], which 
led to the suggestion of  a scaly mechanism of  
nanostructured solid state magnetism of  the 
polymerized fullerene C60 that was confirmed 
experimentally.
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The said above highlights another noteworthy 
aspect of  the graphene magnetism attributing 
the phenomenon to size-dependent ones. The 
latter means that the graphene magnetization is 
observed for nanosize samples only, moreover, 
for samples whose linear dimensions fit a 
definite interval, while the phenomenon does 
not take place at either smaller or bigger 
samples size outside the critical region. Actually, 
an individual benzenoid unit (and benzene 
molecule) is only diamagnetic. When the units 
are joined to form a graphene-like benzenoid 
cluster, effectively unpaired electrons appear 
due to weakening the interaction between pz 
odd electrons followed by stretching C=C 
bonds which causes the electrons correlation. 
The correlation accelerates when the cluster size 
increases, which is followed with the magnetic 
constant |J| decreasing until the latter achieves 
a critical value that provides a noticeable fixation 
of  the spin mixing of  the cluster ground state. 
Until the enlargement of  the cluster size 
violates a molecular (cluster-like) behavior of  
odd electrons, the sample magnetization will 
grow. However, as soon as the electron behavior 
becomes spatially quantized, the molecular 
character of  the magnetization will be broken 
and will be substituted by one determined by 
the electron properties of  the primitive cell. 
Critical size parameters, controlling quantization 
of  molecular properties depends on the kind 
of  quasiparticles being considered. Addressing 
graphene magnetization, evidently it is Dirac 
fermions that control the quantizing and their 
mean free path lfm determines the critical size 
parameter: when the cluster size exceeds lfm 
the spatial quantization quenches the cluster 
magnetization.

Happily, just recently experimental data 
were published related to the study of  size 
dependence of  both the linearity of  the fermion 
low-energy band Efm(k) within the Dirac cones 
in the vicinity of  the Fermi level and the shape of  
the spectrum. Figure 8 presents a set of  Efm(k) 
spectra related to a polycrystalline graphene 

sample consisting of  grains of  different sizes 
[53]. As seen in the figure, quantizing is well 
supported in grains of  150 nm, starts to be 
distorted in grains of  100 nm and is remarkably 
violated for grains of  50 nm. A considerable 
broadening of  the spectrum in the last case 
allows putting the upper bound for lfm around 
50 nm. A comparable lfm value of  ~20 nm 
follows from the data related to CO-hexagon 
structure [19].

Obviously, the transition from localized to 
quantized state is not abrupt. Thus at the pore 
width W = 40 nm the residual magnetization 
only halves the maximum value at 20 nm (see 
inset in Fig. 7c) and continuous approaching 
zero may cover quite a large pore width. Actually, 
in the case of  MgO pores [44], magnetization 
of  rGO flakes with width ~100 nm constitutes 
~20% of  the value at the pore width of  10 
nm. Nevertheless, the molecules linear size is 
evidently the governing factor for the magnitude 
of  ferrodiamagnetism of  pristine graphene.

5.3. High-Temperature Ferromagnetic 
Topological Insulating Phase of  Graphene
If  the discussion in the previous section allows 
one to understand when the magnetic behavior 
of  graphene becomes measurable, it, however, 
does not answer the question of  why the 
behavior is ferromagnetic and still exists at and 
above room temperature. In fact, it is difficult 
to expect ferromagnetism from a species with 
zero total spin density in the ground state. 
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Fig. 8. Dirac’s cones of  continuous graphene film with 
average grain sizes of  50, 100, and 150 nm at the K point 
of  graphene Brillouin zone obtained by ARPES mapping. 

Fermi energy is settled to zero. Adapted from Ref. [53].



141

RENSIT | 2016| VOL. 8 | No. 2

Additionally, molecular magnetism is usually 
observed at quite low temperatures [48] and 
its fixation at room temperature seems highly 
unexpected. At the same time, there are 
physical objects for which high-temperature 
ferromagnetism is a characteristic mark. Thus, 
we come again to the peculiar Dirac materials 
known as TIs [34]. As shown in Section 4, quite 
considerable electron correlation and small, 
but available, intrinsic-dynamic SOC allow 
attributing graphene to weak QSHI. Evidently, 
the topological non-triviality is relevant to both 
crystalline and molecular graphene. Accepting 
this idea, let us see how it works with respect 
to the high-temperature ferromagnetism of  
graphene.

In view of  electron correlation, graphene 
presents a honeycomb structure of  carbon atoms 
with local spins distributed over them. The spin 
values are not integral and are determined by the 
relevant NDA values forming an image ACS map 
similar to the one presented in Fig. 4f. Evidently, 
the exchange interaction between these local 
spins is responsible for the magnetic behavior 
of  graphene. To determine the type of  the 
behavior, let us use the formalism suggested for 
describing the magnetic impurities on the surface 
of  a topological insulator [54]. In the presence 
of  magnetic impurity or local spins, the main 
Hamiltonian describing the TI band structure in 
the form of  Eq. 2 is substituted by a new one

( ) ,F exH h Hν= × ⋅ − σk z  (5)
where vF is the Fermi velocity, ẑ  is the surface 
unit normal, σ is the Dirac electron spin and
Hex = ∑r Jzsz(r)Sz(r) + Jxy(sxSx + sySy)      (6)

Here Si(r) is the spin of  a magnetic impurity 
located at r, si(r) = ψ*(r)σiψ(r) is the spin of  
the surface electrons and Jz and Jxy are the 
coupling parameters. When the impurity spin 
is polarized in the z direction the second term 
in Eq. 6 disappears. As every magnetic impurity 
opens a local gap in its vicinity, one may 
expect the system to be gapped everywhere, 
at least in the mean-field level. However, this 

is not necessarily true if  the magnetization of  
magnetic impurities is non-uniform. Meeting 
the problem and comparing the formation 
of  magnetic domain wall and ferromagnetic 
arrangement, the authors [54] came to the 
conclusion that the magnetic impurities must 
be ferromagnetically coupled.

Sharing this viewpoint, a similar Hamiltonian 
Hex was suggested to describe the Dirac-fermion-
mediated ferromagnetism in a topological 
insulator [55]. The Hamiltonian Hex reads

.ex s z zH Jn S σ=  (7)
Here σz is the z component of  the electron spin 
and ns is the areal density of  localized spins with 
an average z component .zS  J describes the 
exchange coupling between the z components 
of  the Dirac electron spin σ and the local spin S, 
locking σ perpendicular to the momentum k. 
Following the same conclusion that every 
local spin opens the gap and the system must 
be gapped everywhere, we have to accept the 
necessity of  a ferromagnetic configuration for 
local spins. Apparently, it is the consequence 
that explains ferromagnetic behavior of  pure 
graphene samples.

Highly convincing evidence, strongly 
supporting suggestion that graphene is a 
typical TI, was received in the most recent 
[56]. Figure 9 presents a molecular complex, 
presented by Er(trensal) single-ion magnets 
that was adsorbed on graphene/Ru(0001), 
on graphene/Ir(111) and on bare Ru(0001) 
substrates. On graphene, the molecules self-
assemble into dense and well-ordered islands 
with their magnetic easy axes perpendicular 
to the surface. In contrast, on bare Ru(0001) 
the molecules are disordered exhibiting 
only weak directional preference of  the 
easy magnetization axis. Accordingly, the 
ferromagnetic response is spin polarized in 
the two former cases while unpolarized in the 
case of  the Ru(0001) substrate and additionally 
twice less by magnitude. Therefore, the 
topologically trivial bare ruthenium surface 
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has no effect on the molecular impurity 
ordering while the addition of  a monolayer 
graphene covering leads to ferromagnetic 
ordering of  the impurity characteristic for 
topologically non-trivial substrates, which 
were discussed above. Not only ordering 
but enhancement of  ferromagnetic response 
evidences the TI nature of  the graphene 
component of  the hybrid substrates. In fact, 
the substitution of  ruthenium by iridium has 
no additional effect so that all the observed 
peculiarities are caused by graphene layer. As 
for the response enhancement, z zJ s  in the 
right-hand part of  Eq. 7 acts as an effective 
magnetic field to magnetize the magnetic 
impurities. At the same time, z zJ s  acts as 
the effective magnetic field to polarize the 
electron spin of  TI. Obviously, such a double 
action of  the exchange coupling leads to 
the enhancement of  the magnetic response. 
When magnetic impurities form a continuous 
adlayer, additional enhancement should be 
expected due to the magnetic proximity 
effect (see the last publication [57] and 
references therein). Therefore, empirically 
confirmed graphene behaves as a typical TI, 
which leads to a severe reconsideration of  its 
physical properties discussed mainly without 
taking into account this drastically important 
fact.

6. LOCAL SPINS IN GRAPHENE 
MOLECULE LANDSCAPE
The local spins of  graphene, which are actively 
involved in the manifestation of  its topological 
non-triviality discussed above, are associated 
with effectively unpaired pz electrons and are 
one of  the most important consequences of  
the UHF formalism applied to the graphene 
molecule open-shell ground state [3]. As 
seen in Table 1, bare graphene molecules are 
characterized by rather large total numbers 
of  such electrons ND that constitute more 
than one third of  the total number of  the 
odd pz  electrons. It means that the molecules 
are strongly radicalized thus exhibiting high 
chemical activity. While the total number of  
effectively unpaired electrons is the quantitative 
measure of  the activity of  the whole molecule, or 
molecular chemical susceptibility (MCS) introduced 
in [58], their partitioning over molecule atoms 
describes the atomic chemical susceptibility (ACS) 
in terms of  NDA due to which image maps of  
their distribution over atoms present a chemical 
portrait of  the associated molecules [59]. Such 
maps of  graphene molecules have a very 
particular, but therewith standard image which 
allows both disclosing the local spin distribution 
over atoms and considering chemical activity 
of  the molecules at the quantitative level.

Figure 10 presents the NDA distribution 
(the ACS NDA image map below) over atoms of  
the (11, 11) NGr bare molecule. As seen in the 
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Fig. 9. Structural views and scheme of  the molecular magnet Er(trensal). Coloring: orange: Er; blue: N; red: O; grey: C; 
H atoms are omitted for clarity. From left to right:  magnetization curves at normal (black) and grazing (red) orientation of  

magnetic field with respect to the substrate surface. Adapted from Ref. [56].
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figure, according to this parameter, the graphene 
molecule is definitely divided into two drastically 
different parts, namely, the circumference 
involving 46 edge atoms and internal honeycomb 
zone, or basal plane. Since the difference  of  the 
maximum NDA values in the two areas is six-fold, 
the basal plane is practically invisible in Fig. 10a, 
while keeping a considerable NDA of  ~0.2 e in 
average. The value rising over the average occurs 
only for 40 atoms adjacent to the molecule 
perimeter of  edge atoms, for which NDAvaries 
from 0.34 e to 0.22 e. This atom fraction is 
clearly seen in the histogram in Fig. 10b at atom 
numbers from 47 to 86.

Presented in the figure is the chemical 
portrait of  the bare (11, 11) NGr molecule. As 
seen from the histogram in Fig. 10b, the chemical 
activity of  the graphene molecule atoms greatly 
varied within both the circumference and basal 
plane, more significantly within the first one. In 
the histogram the most intense 46 edge atoms 

belong to 22 and 24 atoms related to zigzag and 
armchair edges, respectively. For zigzag atoms 
NDA values fill the region 1.39-1.10 e, while the 
latter for armchair atoms is much wider and 
constitutes 1.22-0.71 e.

Qualitatively, the picture is typical for 
graphene sheets of  any size. Modern fascinating 
experimental techniques allow confirming the 
above statement. Thus, as shown in [3, 7], the 
advanced atom-resolved AFM is able to fix local 
spins in a pentacene molecule when using a 
CO-terminated gold tip. Since this experiment 
provides monitoring of  the molecule chemical 
activity, a close similarity of  the AFM image 
and the relevant ACS NDA map occurred quite 
expected. Happily, such a justification is available 
now for (n, 3) graphene nanoribbon as well 
[60]. As in the case of  pentacene, the scanning 
transmission electron microscope (STEM) image 
of  the nanoribbons (Figure 11a) is in good 
consent with the calculated NDA map of  the (15, 
3) NGr molecule (Fig. 11b) thus, in particular, 
evidently justifying a peculiar two-zone character 
of  the graphene pool of  effectively unpaired 
electrons.

The variety of  electron densities of  carbon 
atoms along and perpendicular to the edges of  
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Fig. 11. (a) Constant-height high-resolution AFM image of  
the zigzag end of  graphene nanoribbon obtained with CO-
terminated tip. White scale bar: 1 nm. Adapted from Ref. 
[60]. (b) ACS NDA image map of  one of  the zigzag ends 
of  the (15, 3) NGr molecule with bare edges. UHF AM1 

calculations.

Fig. 10. (a) Equilibrium structure and ACS NDA image 
map of  the (11, 11) NGr molecule with bare edges. Scale 
bar matches NDA values in e. (b) NDA plotting from output 
file (curve with dots) and max → min NDA distribution 
(histogram). For the first 46 atoms: the histogram reveals first 
22 zigzag edge atoms while next 24 bars (from 23 to 46) 
are related to armchair edge atoms. UHF AM1 calculations.
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a graphene flake has been clearly demonstrated 
just recently by site-specific single-atom electron 
energy loss spectroscopy (EELS) using the annular 
dark field (ADF) mode of  a low-voltage STEM 
[61]. Figure 12 discloses a highly informative 
picture related to the states of  carbon atoms in 
the vicinity of  zigzag and armchair edges. As seen 
in the figure, the site-dependent peculiarities are 
observed in the low-energy parts of  the EELS 
spectra, which present K-edges of  the carbon 
EELS signals. All the low-energy spectra involve 
a characteristic EELS peak Pb at 285 eV related to 
the excitation transformation of  a core s-electron 
to an unoccupied σ* orbital. Additional peaks 
at 281 eV (Pz) and 282.8 eV (Pa) for the zigzag 
and armchair edge atoms, respectively, are caused 
by the s electron excitation to an unoccupied 
pz* orbital and the change to the profile of  the 
EELS is related to variations in the local density 
of  states. The peaks are well pronounced for 
edge atoms (spectrum 1), significantly decreasing 
in intensity for adjacent atoms (spectrum 2) and 
practically fully vanishing for carbon atoms on the 
flake basal plane (spectra 3 and 4). Additionally, 

EELS spectra across the edge vary markedly 
for both zigzag and armchair atoms. As seen in 
Figure 13a, the spectra of  two neighboring zigzag 
atoms (8 and 10) differ so greatly that the peak Pz 
is substituted by the peak Pa. The latter structure 
is conserved for the adjacent atom 9, albeit with 
changes in the intensity distribution between Pa 
and Pb peaks. EELS spectra in Fig. 13b exhibit 
the difference in the behavior of  the neighboring 
armchair atoms expressed in changing the Pa/Pb 
intensities ratio.

The discussed spectral features are well 
consistent with the conclusion obtained from 
the above analysis of  the NDA distribution in 
Fig. 10b. Thus, first, the chemical bonding of  
zigzag and armchair edge atoms is different, 
bigger in the latter case, which is consistent with 
the lower chemical activity of  the armchair edge 
atoms compared with the zigzag ones. Second, 
atoms of  the adjacent-to-edge rows demonstrate 
a transient state between the edge and bulk 
one that correlates well with the activity of  40 
adjacent atoms (from 47 to 86) in the histogram 
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Fig. 13. EELS spectra at the edges of  graphene flake. (a) 
Neighboring zigzag atoms (atoms 8 and 9) and adjacent atom 
between them (atom 9). (b) Neighboring armchair atoms (atoms 
3 and 4). Pz, Pa and Pb match peaks at 281 eV, 282.8 eV, 

and 285 eV, respectively.  Adapted from Ref. [61].

Fig. 12. STEM: EELS mapping of  graphene edges. (a) ADF-
STEM image and (b) EELS of  zigzag edge from the regions 
numbered in (a). (c) ADF-STEM image and (d) EELS of  
armchair edge from the regions numbered in (d). White scale bar: 
2 Å. Numbers and their colors on ADF-STEM images and 

EELS spectra coincide. Adapted from Ref. [61].
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in Fig. 10b. Third, inside the region, the 
perimeter of  which is formed by adjacent atoms, 
the carbon atoms can be attributed to the basal-
plane ones. Fourth, the electron density as well as 
ACS NDA of  the edge, adjacent, and bulk atoms 
significantly varies thus demonstrating that the 
atom groups are not rigidly standardized and 
might be very sensitive to external actions due to 
which graphene molecules are very changeable.

The two-zone electron density image of  bare 
graphene molecule is not new. This feature lays 
the foundation of  a large number of  theoretical-
computational considerations concerning the 
particular role of  edge atoms in graphene 
begun in 1996 [62] and lasting until today (see 
a collection of  papers [63-66] and references 
therein). The graphene objects studied were 
mainly pencil-made with a regular honeycomb 
structure described by standard C=C bonds of  
1.42 Å in length and identical zigzag and armchair 
edge atoms. The results obtained concern the 
two-zone electronic structure and the attribution 
of  the edge atoms peculiarity to the expected 
particular magnetic behavior of  graphene flakes 
and, particularly, nanoribbons. However, the latter 
expectations proved quite illusive and as shown 
experimentally, the magnetic behavior of  graphene 
samples is not directly connected with peculiar 
features of  their edge atoms. It is worthwhile 
to keep in mind a skeptical comment of  Roald 
Hoffmann concerning his “Small but strong 
lessons from chemistry to nanoscience” [67]: 
“There is a special problem that theory has with 
unterminated structures – ribbons cut off  on the 
sides, polymers lacking ends. If  passivation is not 
chosen as a strategy, then the radical lobes of  the 
unterminated carbon atoms, or undercoordinated 
transition metals, will generate states that are 
roughly in the middle energetically, above filled 
levels, below empty levels in a typical molecule 
that has a substantial gap between filled and 
unfilled levels. If  such levels – states, the physicists 
call them – are not identified as “intruder” states, 
not really real, but arising from the artifact of  
termination, they may be mistaken for real states 

in the band gap, important electronically. And if  
electrons are placed in them, there is no end to the 
trouble one can get into. These band gap states 
are, of  course, the origin of  the reactivity of  the 
terminated but not passivated point, line, or plane. 
But they have little to do with the fundamental 
electronic structure of  the material”.

7. INTRODUCTION TO GRAPHENE 
COMPUTATIONAL SPIN CHEMISTRY
Modern chemistry is heavily occupied with 
revealing reliable qualitative and better 
quantitative descriptors which can point to 
the consequences of  chemical reactions. UHF 
formalism of  open-shell molecules suggests 
unique quantitative descriptors MCS ND and 
ACS NDA. For molecules with even number 
of  electrons NDA is identical to the atom free 
valence [68]. Consequently, free valence of  atom 
A, free

AV , is defined as

.free val
A A B A ABV N K≠= −Σ  (8)

Here val
AN  is the number of  valence electrons of  

atom A and ∑(B≠A)KAB presents a sum over the 
generalized bond index
KAB= |PAB|2+ |DAB|2,        (9)
where the first term is the Wiberg bond index 
while the second term is determined by taking 
into account the spin density matrix. The free

AV
distribution (curve with dots) alongside with the 
ACS NDA (histogram) for the (5, 5) NGr molecule 
is shown in Figure 14. As seen in the figure, the 
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Fig. 14. ACS NDA (histogram) and free valence free
AV  

(curve with dots) distributions over atoms of  the (5, 5) NGr 
molecule. Inset: equilibrium structure of  the (5, 5) NGr 

molecule. UHF AM1 calculations.
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first steps of  any chemical reaction occur at the 
molecule periphery. Since this reactivity area is 
largely spread in space, the formation of  the first 
monoderivative does not inhibit the molecule 
reactivity so that the reaction will continue until 
the reaction ability is satisfied. This means that 
any chemical modification of  graphene starts as 
polyderivatization of  the pristine molecule at its 
circumference.

The excellent agreement of  NDA and free
AV  

values shows that the former is actually a 
quantitative ACS measure and can serve a 
quantitative descriptor of  the molecule target 
atoms, for which atom-atom contacts are the 
most desirable in addition reactions. Thus, the 
values distribution over molecule atoms forms a 
unique ACS NDA map, which opens a transparent 
methodology of  a successive algorithmic 
computational synthesis of  any graphene 
polyderivatives, just selecting the graphene core 
atom at each step by the largest NDAvalue. A 
successive use of  this methodology was shown 
on examples of  the hydrogenation [69] and 
oxidation [70] of  the (5, 5) NGr molecule.

As it turns out, already the first addition 
of  any reactant, or modifier, to the edge atom 
of  graphene molecule, chosen by the highest 
ACS, causes a considerable change in the 
pristine ACS NDA image map thus allowing 
the exhibition of  the second edge atom with 
the highest ACS to proceed with the chemical 
modification and so forth. This behavior is 
common to graphene molecules of  any size 
and shape. In what follows, the behavior feature 
will be demonstrated on the example of  the (5, 
5) NGr molecule that was chosen to simplify 
the further presentation. Figure 15 presents a 
set of  (5, 5) NGr polyhydrides and polyoxides 
obtained in the course of  the first stage of  the 
relevant per step reactions that concern framing 
the bare molecule. Two important conclusions 
follow from the figure. First, in spite of  the 
seemingly local change of  the molecule structure 
caused by the addition, the second target carbon 
atoms does not correspond to the atom that 

is the second one of  the highest activity in the 
NDA list of  the pristine molecule. Second, this 
atom position, as well as the sequence of  steps, 
varies depending on the chemical nature of  the 
addends. Both features are the result of  the 
redistribution of  C=C bond lengths over the 
molecule, thus revealing the collective action of  
its unpaired electrons and/or local spins.

8. COMMENTS ON CONVERTING 
GRAPHENE FROM SEMIMETAL TO 
SEMICONDUCTOR
Despite its numerous extraordinary properties 
and huge potential for various applications, one 
of  the greatest challenges in using graphene as 
an electronic material is the lack of  a sizable 
bandgap. Accordingly, graphene is intrinsically 
a zero-gap QSHI, but a semimetal in the view 
of  most. The gap absence significantly limits 
the use of  graphene in many applications where 
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Fig. 15. Equilibrium structures of  the (5,5) NGr polyhydrides 
and polyoxides related to 1st, 2nd, 3rd, 4th, and 5th steps 
obtained in the course of  the relevant stepwise reactions. Gray, 
blue, and red balls mark carbon, oxygen, and hydrogen atoms, 

respectively. UHF AM1 calculations.
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semiconducting materials with a suitable bandgap 
are required. Researchers have been searching 
for effective ways to produce semiconducting 
graphene and have developed various methods 
to generate a bandgap in graphene. Despite 
extensive investigation in the laboratory, the 
production of  semiconducting graphene still 
faces many challenges. A detailed description of  
problems on the way as well as suggestions for 
their resolving is given in review [71]. Let us look 
at the problems from the viewpoint of  obvious 
‘underwater stones’ provided by the common 
properties of  the graphene chemistry.

When categorizing methods to produce 
semiconducting graphene, three groups were 
classified: (1) morphological patterning of  
graphene sheets into nanoribbons, nanomeshes, 
or quantum dots to induce quantum confinement 
and edge effects; (2) chemical modification, 
doping, or surface functionalization of  graphene 
to intentionally interrupt the connectivity of  the 
π electron network; and (3) other methods, e.g., 
use of  two graphene layers arranged in Bernal 
stacking (or AB stacking) to break the lattice 
symmetry, and applying  mechanical deformation 
or strain to graphene.

Following the scheme proposed in [71] and 
shown in Figure 16, techniques of  the first 
group meet problems concerning the basic 
edge property of  the graphene molecule that 
is obviously a dangling-bond effect. Actually, 
cutting graphene sheets into nanoribbons 
increases the number of  dangling bonds 
and, consequently, the number of  unpaired 

electrons ND thus enhancing the ribbon’s radical 
properties. In its turn, the extra radicalization 
greatly promotes various chemical reactions in 
the ribbon’s circumference leading to a significant 
and sometimes even drastic reconstruction 
of  the pristine graphene structure.  Inserting 
nanomeshes results in the same effect due to 
the highly active periphery of  the formed holes. 
Deposition of  nanosize quantum dots highly 
disturbs the graphene substrate, changing the 
C=C bond length distribution, and thus causing 
the ND growth if  even not contributing by their 
own unpaired electrons. Therefore, cutting and 
drilling create a big ‘edges problem’ and do not 
seem to be proper technologies for the desired 
transformation of  the graphene electronic 
system.

The chemical modification of  graphene is 
not only a subject of  interesting chemistry but 
has been repeatedly suggested as an efficient tool 
for the semimetal-semiconductor transferring 
needed for high-performance electronics [71]. It 
should be noted that these suggestions are based 
on results of  computational studies that concern 
pencil-drawn pictures of  graphene fragments 
including those or other chemical modifiers 
artificially spread over graphene sheets (see, for 
example, Refs. [72] and [73]). These and many 
other virtual structures, regularly distributed in 
space by applying periodic boundary conditions, 
exhibit electronic properties that are so badly 
needed for the application. However, the 
empirical reality is much less promising since 
so far none of  regularly chemically modified 
graphene structure has been obtained. And 
the collective behavior of  graphene unpaired 
electrons, protesting against any response 
localization, is the main reason for the failure.

The desired regular structures of  chemically 
modified graphene are related to the graphene 
polyderivatives that are formed with the 
participation of  carbon atoms on the basal 
plane. However, as was shown earlier, reactions 
at the circumference precede those at the basal 
plane. Moreover, the latter cannot begin until 
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Fig. 16. A schematic view of  morphological patterning of  a 
graphene sheet. Adapted from Ref. [71].
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the former are completed. In the predominant 
majority of  the studied cases, the completion 
of  the circumference reactions means the 
completion of  framing of  the studied molecules. 
A thorough study of  the circumference reactions 
has disclosed a very exciting feature: the framing 
of  graphene molecules promotes the molecule 
cracking. Figure 17 presents a set of  ACS NDA 
maps related to mono-hydrogen terminated (H1-
terminated below) NGr molecules of  different 
sizes. The ACS maps of  all the pristine molecules 
are of  an identical pattern characteristic for the 
(11, 11) NGr molecule shown in Fig. 10 just 
scaled according to the molecule size. As seen 
in the figure, the ACS maps of  H1-terminated 
polyderivatives show a peculiar two-part division 
related to (15, 12) (3.275×2.957 nm2) and (11, 11) 
(2.698×2.404 nm2) NGr molecules in contrast 
to the maps of  (9, 9) (1.994×2.214 nm2), (7, 7) 

(1.574×1.721 nm2), and (5, 5) (1.121×1.219 nm2) 
NGr molecules. Apparently, the finding 
demonstrates the ability of  graphene molecules 
to be divided when their linear size exceeds 
1-2 nm. The cracking of  pristine graphene sheets 
in the course of  chemical reaction, particularly 
during oxidation, was repeatedly observed. A 
peculiar size effect was studied for graphene 
oxidation in [74] and fluorination in [75]. During 
900 sec of  continuous oxidation, micrometer 
graphene sheets were transformed into ~1 nm 
pieces of  graphene oxide. Obviously, the tempo 
of  cracking should depend on particular reaction 
conditions, including principal and service 
reactants, solvents, temperature, and so forth 
(see [76, 77]). Probably, in some cases, cracking 
can be avoided. Apparently, this may depend on 
particular conditions of  the inhibition of  the 
edge atoms reactivity. However, its ability caused 
by the inner essence of  the electron correlation 
is an imminent threat to the stability and integrity 
of  the final product.

In some cases, the cracking is not observed 
when graphene samples present membranes 
fixed over their perimeter on solid substrates. 
Therewith, the reactivity of  circumference 
atoms is inhibited and the basal plane is the 
main battlefield for the chemical modification. 
Still, as in the case of  circumference reactions 
considered earlier, the highest ACS retains its 
role as a pointer of  the target carbon atoms for 
the subsequent reaction steps. However, the 
situation is much more complicated from the 
structural aspect viewpoint. The addition of  any 
modifier to the carbon atom on the basal plane 
is accompanied by the sp2 → sp3 transformation 
of  the valence electrons hybridization so that 
for regularly packed chemical derivatives, the 
benzenoid skeleton of  pristine graphene should 
be substituted with the cyclohexanoid one 
related to the formed polyderivatives. When 
benzene molecules and, subsequently, benzenoid 
units are monomorphic, cyclohexanes, and thus 
cyclohexanoid units, are highly heteromorphic. 
Not very big difference in the conformers free 
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Fig. 17. ACS NDA image maps over atoms of  the (5, 5), (7, 
7), (9, 9), (11, 11), and (15, 12) NGr molecules with H1-
terminated edges. All the images are given in the same space and 
NDA scales shown on the bottom.  UHF AM1 calculations.
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energy allows coexisting cyclohexanoids of  
different structures thus making the formation 
of  a regular structure a rare event. Actually, the 
regular crystalline-like structure of  a graphene 
polyhydride, known as graphane, was obtained 
experimentally under particular conditions only 
when hydrogenating fixed graphene membranes 
accessible to hydrogen atoms from both sides 
[78]. In the same experiment, fixed membranes 
accessible to hydrogen atoms from one side 
showed an irregular amorphous-like structure. 
The empirical findings were supported by 
computations based on the consideration 
of  stepwise hydrogenation of  fixed and free 
standing membranes accessible to hydrogen 
atom from either two or one sides [69].

As shown above, it is possible to proceed 
with the chemical modification of  graphene 
within the basal plane only after a complete 
inhibition of  high chemical activity of  atoms 
at the circumference. Despite the fact that the 
NDA values within the area are much less than 
at a bare circumference, as seen in Fig. 10b, they 
still constitute ~0.3-0.1 e that is quite enough 
to maintain active chemical modification. 
However, the reality drastically differs from the 
desired chemical pattering of  graphene sheets 
whose virtual image presents the final product 
of  the pattering as regular carpets similar to the 
flowerbeds of  French parks. The reality is more 
severe and closer to designs characteristic of  
English parks. The matter is that the collective 
of  unpaired electrons, which strictly controls 
the chemical process at each step, has no means 
by which to predict the modifier deposition 
sites many steps forward. And it is clear why. 
Each event of  the modifier deposition causes 
an unavoidable structure deformation due to 
local sp2 → sp3 transformation in the place of  
its contact with graphene. The relaxation of  the 
deformation, as was seen in Fig. 15, extends over 
a large area, which, in turn, is accompanied by 
the redistribution of  C=C bond lengths. Trying 
to construct a pattering, it is impossible, while 
not making calculations, to guess exactly at 

which carbon atom the maximum reactivity will 
concentrate, highlighting the latter as a target 
atom to the next deposition. Therefore, even two 
simultaneous depositions cannot be predicted, 
not to mention such complex as quantum dots 
or nanoribbons. That is why a desired regular 
chemical pattering of  graphene basal plane exists 
only virtually. The real situation was studied in 
detail in the case of  graphene hydrogenation 
[79], exhibiting the gradual filling of  the basal 
plane with hydrogen at random. Final products 
of  the addition reactions on basal planes of  
graphene strongly depend on the addends 
being used. None of  the regular motives were 
observed in any of  the cases in the course of  
stepwise reactions.

As for use of  graphene bi- and multilayers 
and applying mechanical deformation or strain 
to graphene, each of  the techniques has its own 
limitations since again any structural changing 
affects the pool of  effectively unpaired electrons 
(local spins) whose reaction is complex and 
nonlocal as well as practically unpredictable.

7. CONCLUSION
Graphene is a deeply spin-rooted species, 
starting with the quasi-relativistic description 
of  the electronic state of  graphene's hexagonal 
honeycomb structure and finishing with 
topological non-triviality of  graphene crystals and 
molecules. The latter is convincingly supported 
by the magnetic behavior of  graphene molecules 
and is the consequence of  local spin emergence 
over carbon atoms subordinated to zero spin 
density of  the species. Local spins form the 
groundwork for a computational spin chemistry 
of  graphene and free from the illusions associated 
with the tuned morphological and chemical 
modification of  graphene towards its converting 
from gapless QSHI to semiconductor.
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1. INTRODUCTION
In [1] provides an overview of  membrane 
models – semi-synthetic, synthetic, biogenic, 
semiconducting, superconducting, ferroelectric 
- and the related membrane mimetic materials 
from phospholipid bilayers and Langmuir films 
to multilayer nanofilms and ferromagnetic 
structures, along with the consideration of  the 
problems of  ambiguity models, completeness 
the membrane mimetic materials modeling, 
functional and substrate equivalence of  the 
membrane mimetic materials. The use of  

analogical functional similarity criteria for the 
analysis of  possibility of  consideration of  
graphene, particularly the two-layer graphene as 
the membrane mimetic material - the subject of  
this work, with a focus on the analysis of  it key 
property – permeability for ions, water and other 
organic matter.

2. SEMIPERMEABILITY AND THE ION 
CHANNELS
A well known flexibly adjustable semipermeability 
towards various agents is characteristic for the 
graphene-oxide membranes in organic solvents, 
with the size of  the nanochannels providing 
either transport or blocking of  several agents, 
which can be narrowed down by the thermal 
annealing or extended by solvation, thereby 
changing the boundary of  the transmitted 
agent’s size selectivity [2]. This corresponds to 
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the well known models of  the “size / solubility” 
– regulation of  the sodium ion channels [3] and 
good approximations of  the kinetic regimes 
depending on the ionic radius [4]. As a particular 
case of  the applicability of  the quantitative 
relations between the structure and biological 
activity (QSAR) [5], the analysis principles for 
the functional adjustability of  the ion channels 
by the sink parameters, with the membrane 
pores corresponding to the drains, and the size 
of  particles penetrating through those pores, in 
the case of  the graphene layers fail to describe 
the membrane permeability, since the membrane 
considered performs a biological function despite 
the fact that its chemical composition is far from 
bioorganic one, and hence, is not included into 
the ion channel databases [6] which could be 
used to obtain QSAR data.

It is noteworthy that similar problems with 
the QSAR approaches earlier emerged in the 
analysis of  the lipid nanopores operating as the 
ion channels of  the cell membranes without any 
conventional ion channel components [7] due 
to their size corresponding to the ion radius. 
(Typically even at the dependence of  the several 
ion channel group input on the ionic radius 
complex biochemical and crystallographic 
models are applied up to the homohexamer one 
[8], i.e. compatible with the QSAR principles 
based on the analysis of  the conformation 
and steric accessibility of  the channelome 
biomacromolecules).

In connection with the above contradiction 
it is also worth to mention the known data 
on the ionic permeability of  the synthetic 
filters which have never been analyzed using 
QSAR methods for the similar reasons: it 
was shown that the ions penetrating through 
the synthetic PET filters are selected by the 
mechanisms providing the biomimetic and 
membrane mimetic kinetics with the discrete 
fast transitions between the conductivity levels 
and parametric selectivity of  the ion fluxes, as 
well as inhibition by divalent cations,  similar to 
the cell ion channels [9, 10].

Thus, it is possible to work out the criteria 
for verification of  the biomimetic nature of  
the membrane mimetic models, based on the 
idea about the gradations of  the ion channel 
efficiency according to the conductivity and 
bioelectric response generated, rather than on 
the conventional statement about the discrete 
transition between the excited states («all-or-
none law» [11, 12]), typical for the deterministic 
model of  the electrophysiological potential 
generation.

It is reasonable, since it has been shown 
earlier that the ion channel states (which are the 
prototypes of  the membrane mimetic, or even 
channel mimetic models [13-15]) with a low ion 
conductivity in fact are not “closed”, but are 
changing within several gradations providing 
qualitatively (“ion-selectively”) and quantitatively 
(according to the permeability) distinguishable 
types of  the membrane-electrophysical or 
electropysiological response, which is the 
main cause for the specific channelome noises 
at the patch-clamp registrograms [16]. Of  
course, this does not mean the close similarity 
between the biological and synthetic membrane 
structures or the possibility to reduce the 
channelome molecular machinery to the 
simple porous structure, but it indicates the 
general operation principles of  the non-specific 
physical mechanisms at the nanoscale where 
the size effects are physically-determined and 
chemically-independent, i.e. are little if  any 
influenced by the chemical composition of  the 
medium and macromolecular morphology of  
the biopolymers (in a conventional meaning 
of  this term introduced by P.J. Flory [17, 18], a 
Nobel prize winner and the author of  the Flory-
Huggins equation which is formally similar to 
the Van der Waals  equation, and hence, can be 
applied at the physical scale considered in this 
paper).

For the above reasons, biomimetic 
interpretation and assigning of  the specific 
membrane properties to graphene and 
other layered membrane mimetic materials 
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with the pore size corresponding to the ion 
radii, although does not contradict to the 
experimental data, in fact is a logical error of  the 
inversion type, arising from the mixing of  the 
deductive and inductive predicates: graphene 
and the cell membrane with the similar pore 
size obviously subject to the same physical and 
chemical principles (which is manifested in 
the similarity of  the solvation regulation and 
the electrophysical response), and hence, in 
this aspect “graphene can be considered as a 
membrane mimetic material to the same extent 
as the biological membrane can be considered 
as a graphene-mimetic”.

This suggests that the similarity problem 
(including the above mentioned QSAR) for such 
structures, if  considered from the standpoint 
of  molecular biology rather than biophysical 
and biocolloid chemistry, becomes incorrect. 
According to the classical colloid and capillary 
chemistry principles [19, 20] it is possible to 
determine the efficiency limits of  the sorption 
processes within the pores and channels of  the 
particular diameter, which is usually applied in 
cytophysiology [21] (the Freundlich adsorption 
isotherm [22] is named after Herbert Freundlich 
– the founder of  the capillary chemistry and a 
pioneer of  the capillary-chemical approaches 
in physiology). Thus, it is more appropriate to 
address the problem of  channelomics of  the 
graphene-oxide membrane mimetic materials 
from the standpoint of  the size effects inherent 
to the former in the aspects of  adsorption, 
filtration and size separation of  the particles 
/ions, rather than in the framework of  the 
specialized (supra)molecular structures which 
satisfy the similarity conditions to the specific 
cytophysiological structure performing the 
physical and chemical separation mechanism (i.e. 
“a similarity of  the general phenomenon to its 
particular manifestation”).

The effects of  the size-dependent 
penetration of  the chemical agents through 
the graphene layers are well known in 
nanochemistry [23, 24]. Reactivity towards 
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different gases [25] and electrochemical 
properties of  the nanoelectrode graphene layers 
[25] also depend on the pore diameter. The 
above phenomenon known as “size-dependent 
electrochemistry” is a conceptual continuation 
of  the Freundlich’s “Kapillarchemie”. This 
approach is widely applicable not only in the 
chemistry of  the carbon structures, but also 
in the nanostructural materials science as a 
whole.

Regarding the carbon structures related to 
graphene, nanoelectrochemistry based on the 
size effects was applied in the studies on the 
multilayered carbon nanotubes [27] and a fully 
or partially reduced graphite oxide [28] which 
is an electrode material for electrochemical 
double-layer capacitors [29] often considered 
as the biological membrane bilayer model [30-
34], as well as the layered supercapacitors of  
EDLC-type (“electric double-layer capacitor”) 
with the pronounced relation between the ion 
and pore sizes [35] similar to the biological 
membranes and membrane mimetic materials  
considered above. By the way, this is a reduced 
graphite oxide which is used as an electrode 
material in such supercapacitors [36], allowing 
the EDLC-based membrane models to mimic 
not only the energy storage function, but also 
a number of  biochemical receptor functions, 
such as recognition and detection of  the specific 
mediators/neurotransmitters/neurohormones 
(e.g. dopamine – [37-39]), performed on the 
basis of  the electrochemical principles without 
any specific biomacromolecular agents [40-42] 
(in particular, due to the thickness-dependent 
hydrophobic properties of  graphene, which 
is formally similar to the size-dependent 
properties of  the “trans-graphene transport” 
of  differently charged biomolecular agents 
through the pores in its hydrophobic surface 
[43, 44], which makes the problem of  designing 
the graphene-based sensitive biomimetic 
materials soluble and similar to the design of  
the receptor mimetic peptides [45] based on 
the hydrophobic interaction simulations).
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To date, all the exceptions from this 
reductionistic rule, actually, confirm the rule, 
since the range of  charge, mass and other 
physical and chemical parameters of  the 
substances used in the composite techniques 
as well as the degrees of  their biochemical (or 
immunochemical in the case of  such detection 
principles) affinity differ by orders of  magnitude: 
aptamers/nucleic acids [46, 47]; conductive 
polymers, such as polypyrrole (both at graphene 
and pyrolytic graphite) [48-51]; porphyrins and 
their derivaives, qualitatively different in their 
physical and chemical properties and aggregation 
behavior in solutions [52-54]; aminosugars - linear 
polysaccharide derivatives, such as chitosan [55, 
56] used for immobilization; polymer electrolytic 
membranes, particularly those based on fluoride 
containing copolymers – fluorocarbon vinyl 
esters containing sulfonic groups  (e.g. a well 
known nafion), including those with the 
composite impregnation by several inorganic 
components and structure-modifying agents [57-
60]; inorganic particles and clusters themselves – 
gold, copper, nickel and zinc oxide nanoparticles 
[61-68]; graphene-doping chemical elements, 
such as nitrogen [69, 70]. Although the above 
list is not complete, it fully represents the range 
of  different mass and charge parameters for a 
number of  molecules in the membrane mimetic 
structures performing receptor functions based 
on graphene and its derivatives. Despite the 
fact that in some cases electrophysical response 
has not been directly registered (detected only 
from the secondary indicators, such as redox-
dependent fluorescence), the above information 
can be sufficient to prove by contradiction 
the correctness of  the reductionistic model 
which does not require any bioorganic or 
macromolecular agents for performing the 
receptor functions by the membrane mimetic 
materials.

It is noteworthy that graphene-based 
nanostructures are often used in designing of  
both n-layered supercapacitors and sensors 
to various agents operating without enzymes 

[71]. In such sensors graphene is only a kind of  
supercapacitor material – there are biosensors 
[72], gaze [73] and humidity [74] sensors (also 
capable of  the energy storage) based on the 
non-graphene supercapacitor membrane 
coatings. Wherein, from the standpoint 
of  the channelomics of  such membrane 
mimetic materials, it should be mentioned that 
supercapacitor sensor membranes can separate 
ions, synthetic and biological molecules [75], 
promote dissociation of  salts producing 
energy [76] due to the ion gradient (similar to 
the above cited Mitchell chemiosmotic model). 
Thus, energy supplying and sensing properties 
of  the graphene-based membrane mimetic 
materials, which are phenomenologically 
similar to a number of  fundamental properties 
inherent to the biomembranes, are provided by 
the electrophysical mechanisms (the molecule 
polarity, hydrophobicity and a number of  
properties related to the uncompensated charge 
interactions, in particular, coordination). It 
is not reasonable to consider the biosensor 
properties of  the graphene-based membrane 
mimetic materials in this section, since they will 
be considered in details below, as well as the 
chemosensor ones, but the sensor properties 
of  the supercapacitor-based membrane 
mimetic materials were discussed here for the 
reason of  extrapolation of  the ion channel- / 
membrane mimetic modeling criteria and the 
search for the general basis of  the sensor, ion-
selective and electrophysical properties of  the 
model system.

The aforementioned correlations between 
the electric and transport (ion-selective) 
properties require the example of  their 
cooperative interaction. To date there are well 
known graphene-based ion-selective field-effect 
transistors (ISFET) sensitive to the proton 
concentration [77], which clearly correlates 
to the chemiosmotic model of  the membrane 
electrogenesis, as well as with the model of  
biomembrane as the transistor structure known 
since 1960-th [78]. In such models the ion 
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transport, sensing properties and changing of  the 
sensor electric parameters are synchronized and 
interdependent. By the way, for all chemically-
selective field-effect transistors (ChemFET), 
and particularly for the ion-selective field-
effect transistors (ISFET) [79, 80], there is no 
difference between the “membrane selectivity” 
and the “sensor electric response specificity” 
[81]. In recent years the ion sensing functions in 
microfluidic and even nanofluidic chemometric 
systems (labs-on-a-chip) are performed by the 
ionic transistors based on the ion concentration 
polarization by an ion exchange membrane 
[82], capable of  performing electrogenic 
ion exchange and sensing with the electric 
response. Similar functions can be performed 
by the graphene or graphene oxide-based 
ion exchangers and composite ion-exchange 
materials [83-85], whereby the principles of  
synchronization of  various aspects of  their 
activity as multifunctional membrane mimetic 
materials can be realized using graphene and its 
analogs/derivatives applicable as FET. It should 
be noted that for performing of  the most of  
the above mentioned functions graphene-
based structures should posses only the FET 
properties, but not the whole ChemFET. There 
are sensors based on the graphene-containing 
FET structures (non-positioned as a СhemFET), 
but applied for the redox-sensing [86], 
aptasensing [87], electrochemical biosensing 
[88], metal ion sensing [89], as well as for design 
of  the components of  the bioelectronic “nose” 
[90]. This is due to the qualitative dependence 
of  the graphene-based FET response on the 
ambient liquid and vapor media conditions [91], 
which may be due to the increased mobility 
of  the charge carriers (holes), the decrease in 
the residual charge carrier concentration and 
changes in the molecular transport, induced 
by the charged defects (so-called perforation) 
near the surfaces of  the active layers. The above 
effects result from the charge transport, as well as 
the molecule orientation induced by the charge 
near the  FET surface [92], but it requires the 

presence of  the vacant pores and charge defects 
in the membrane mimetic surface similar to the 
structural and electrophysiological features of  
biomembranes with the electrogenic properties, 
ionic transport and spatial molecule orientation 
in the controlling electric field are coupled and 
colocalized [93]).

3. PORES AND ION CHANNELS 
IN GRAPHENE-BASED 
NANOSTRUCTURES
Let us consider here the question about 
the presence of  pores and the ion channel 
analogs (or the possibility of  their realization) 
in graphene and its products, precursors and 
related compounds. There are known gaze-
transport [94] and ion-transport [95] channels 
in the laminar graphene oxide and graphene-
based nanostructures of  the electrophysical 
destination used in electrotechnics for designing 
of  the lithium-ion batteries. All the phenomena 
of  the selective ion penetration  through the 
graphene structures are based on the above 
channel operation. In literature one can find 
the description of  all kinds of  the ion channels 
implemented on the basis of  the graphene 
nanopores/nanochannels [96, 97]: for alkali 
metals [98], including biomimetic (bioinspired) 
analogs of  the sodium and potassium channels  
[99] (as well as the other alkali metals, such as 
lithium, rubidium, and caesium [100-102], as 
follows from the thermodynamic calculations 
for the monovalent cations [103] and quantum 
chemical simulations for a number of  the alkali 
metal ions [104], which can also operate in 
the channelome, but their clark is too low, and 
hence, does not allow to perform any significant 
functions at the macroscopic scale at the 
organism or the whole biosphere level), for the 
chloride ions [105] (the analogs of  the known 
chloride ion channels  [106, 107]), etc.

Consideration of  the “exotic” pores and 
channels in graphene operating with the 
rubidium, gadolinium and other rare earth 
element ions [108, 109] is beyond the scope of  
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this paper for the purpose of  maintenance of  
the biomimetic functional analogy.

In the synthesis of  the biomimetic graphene-
based ISFET structures an important aspect is 
the compatibility with the channelome, since 
the carbon nanostructure-based ISFET are used 
in the electrophysical studies in neurocytology 
[110] by contact formation with the neurons, 
which serve as the ion-exchange structures 
between the channelome and FET, and are 
responsive to the extracellular medium and the 
mediated stimulation/inhibition of  the ion-
transport channel activity [111]. Recent data on 
the possibility of  the biomimetic ion channel 
function modeling and their introduction 
into the graphene capsules and membrane-
like structures, by 2015 made it possible to 
consider the graphene-based capsules with the 
ion-selective channels as the embryo protocells 
[112, 113]. Though the above interpretation is 
doubtful, given that the early protocell models 
were actually simple phospholipid membrane 
structures [114-116], a membrane mimetic 
nature of  this abstraction is clear, while it is not 
a breakthrough among the numerous non-lipid 
[117], membrane-free [118] and electrostatically-
gated [119], inorganic [120, 121] mineral [122, 
123] and other protocells, illustrating the recent 
tendency to the biomembrane substitution by its 
functional alternative.

However, it is evident that the synthetic 
functional model operates differently from its 
prototype, while providing chemical sensing 
in the vicinity of  the graphene surfaces [124]: 
selective particle transport through the graphene 
layers can be performed accordingly not 
only to the particle charge or mass [125], but 
also to its spin [126], which is fundamentally 
different from the conventional physics of  the 
biomembrane prototypes (although spin labels 
and other methods of  the spin chemistry are 
often used in biophysics and cytophysiology 
for studying the ion channel properties and 
membrane permeability [127-131]). Thus, here 
we speak about the transduction of  the physical 

agents rather than chemical (ionic) carriers of  
the QSPR/QSAR-coupled chemical parameters 
and physiological properties. In this case a model 
can be considered objective only if  it is adequate 
to the biological prototype by the formation 
mechanism; functionally different models 
are based on different principles, and hence, 
reproduce the properties of  the prototype only 
to the extent determined by the difference in 
their formation mechanisms.

 There are known works on the graphene 
nanofluidic channel formation by scrolling 
graphene layers into a tube [132]. In biological 
systems there is an analogous example of  the 
model channel formation via self-assembly 
(folding) of  the cyclic peptide nanotubes [133] 
formed directly in the course of  their interaction 
with the ligand [134] (as a supramolecular 
response [135] to the above interaction). Similarly 
occurs self-assembly of  the model ion channel 
networks based on liquid-crystalline bicontinuous 
cubic phases [136] or columnar phases based 
on crown ethers in lipid bilayers [137]. The ion 
channel assembly from dendrimers is slightly 
different due to their branched structure [138], 
but this special case can not be implemented 
using graphene membrane mimetic structures, 
and hence, is beyond the scope of  our paper. 
Another different mechanism of  the membrane 
self-assembly, and hence, the membrane 
channel assembly, occurs under the templating 
conditions, which is simulated by the formation 
of  the graphene films on various catalytic and 
ultramicrostructured surfaces (e.g. for obtaining 
FET and other ion-selective structures [139, 
140]).

Catalytic structuring of  the subsurface layer 
[141] is an inevitable condition for the on-surface 
synthesis. Templating on the inorganic catalytic 
surfaces is essential for the synthesis of  a variety 
of  inorganic catalytically-active (to a certain 
extent of  self-assembly even autocatalytically-
active) redox-surfaces [142]; similar requirements 
are in the synthesis of  the layers with channels, 
mediated by the templating metal surfaces 
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[143]. In such syntheses vacancies serve as the 
precursors (seeds) for the channel formation 
and are also involved in the determination 
and direction of  the surface structuring forms 
under the phase transitions [144]. A similar 
but qualitatively opposite role is played by the 
metal ions: surfactant templating on the molten 
salt surfaces with the metal adducts leads to the 
formation of  the metallotropic liquid-crystalline 
phases [145]. Given the applicability of  the 
catalytic templating methods for the synthesis 
of  the graphene-oxide nanostructures [146], it 
is possible to design graphene-based biomimetic 
/membrane mimetic surfaces with the ion 
channel function performed by the structures 
formed via templating and related mechanisms. 
This will correspond both to the template-
associated synthesis of  the peptide ion channel-
mimicking systems [147] and to the formation 
of  the synthetic inorganic transmembrane tubes 
and channels under the lipid templating [148], 
i.e. it will be substrate-independent from the 
biomolecular and supramolecular carriers, as well 
as from the organic/inorganic composition of  
the ion channel-mimicking structure as a whole, 
which is a prerequisite for the agent modeling of  
their functional mimetics.

Addressing the problem of  catalysis in the 
ion channel mimetic self-assembly, including 
graphene-based structures, it is necessary to 
point out the catalytic function of  the channels-
prototypes. Catalytically-active are both cationic 
(e.g. calcium channels [149], characterized by 
the coupling of  their catalytic and transport 
functions in the ATP-mediated Ca2+-transport), 
and anionic [150] ion channels and membrane 
ion pumps. Many specific regulators of  the ion 
transport and permeability, such as CFTR – cystic 
fibrosis transmembrane conductance regulator 
[151, 152], catalytic and the channel opening/ 
closing regulation functions are also coupled. 
ATP-sensitive potassium channels (sometimes 
referred to as KATP/KATP or sarcKATP 
in sarcolemma, mitoKATP in chondriome, 
nucKATP at the nucleus depending on their 

localization), also possess catalytic activity [153, 
154]. A similar situation occurs with the redox-
regulators and the iron metabolism mediators – 
ferritin-based ion channels [155], as well as with 
their synthetic derivatives and analogs made 
from nanostructures [156].

In general, synthetic catalytically-active pores 
[157] with the ion selectivity similar to their 
biological prototype are capable of  performing 
the ion channel functions with the same (bio)
catalytic function. The possibility of  the above 
principle implementation using the agent models 
is determined by several conditions. Firstly, 
both for the potassium [158] and sodium [159] 
channels with the opposite operation modes 
(potassium channels are opened while the sodium 
ones are closed, since the cell resting potential 
parameters are close to the Nernst equilibrium 
potential of  the potassium ions) catalysis plays an 
important role. Secondly, catalytic functions are 
characteristic both for the cationic and anionic 
channels (the term “chloride ion channels” in 
this case is not fully appropriate, since the same 
channels provide transport of  the HCO3

−, I−, 
SCN− and NO3

− anions). Thirdly, most of  the 
model ion-selective systems are equally sensitive 
to most of  the monovalent cations [160]. On 
the other hand, catalytic functions and the 
ligand recognition can be performed almost 
without any ion channels based on the pi-cation 
interactions [161]. At the same time coupling 
between the potential generation phases and 
catalytic cycles in the membrane can be provided 
by the lipids, e.g. by a phospholipid PI(4,5)P2 
(phosphatidylinositol 4,5-bisphosphate) [162, 
163]. Thus, the nature and structure of  the 
agent itself  are not significant for mimicking 
its function, while the adequate function 
reproduction is the key similarity criterion of  the 
biomimetic model to its biological prototype.

Another characteristic example is the 
operation of  the water channel associated with 
the catalytically-active sites [164] and their 
mimicking within the graphene layer or graphite 
surface in the form of  the water transpiration 
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channels [165, 166], which can be reproduced 
(with the presence of  the driving gradient) 
beyond the structural modeling and design/ 
synthesis of  the ion channel mimetics by means 
of  the simple passive membrane model with 
its permeability dependent on the ion size, and 
water permeability within the same channels 
and the surface features [167]. This corresponds 
to the membrane pore model and the model 
of  the non-selective independent ion channels 
with their permeability determined by the ion 
and molecule size. However, the native water 
channels – integral proteins aquaporins – also 
perform the pore functions, while some of  them 
depending on the molecular size and shape also 
allow penetration of  glycerin, ammonia, urea and 
carbon dioxide through the membrane [168].

4. CONCLUSION
In a general case, agent functional modeling 
of  the ion channels using graphene-based 
structures is not only possible, but also satisfies 
the requirement for the colocalization of  the ion-
selective and electrogenic functions, resulting 
from the analysis of  the biophysical prototype 
(membrane) functions. Good examples of  such 
structures with colocalization are the channels in 
the graphene-based ISFET – ion-selective field-
effect transistors [169, 170] considered above. 
However, there are two aspects of  electrogenesis, 
which can not be neglected during the analysis 
of  the ion channel operation in graphene-based 
ISFET. One of  them is the electrical double 
layer, which is the absolute theoretical limit of  
the nanoelectric system design, and the other 
one is the double layer nature of  the biological 
membrane as a capacitor (which is required for 
modeling its periodical discharge in the form of  
the action and breakdown potentials in the area 
of  the membrane pore formation), which should 
correspond to the double-layered structure of  
the graphene-based agent membrane mimetic 
material. Then the logic “performance” and 
the “duty cycle” of  the graphene ion channel 
operation [171] in the electrogenic medium 

– graphene bilayer – will possess a higher degree 
of  similarity with its biological prototype. A 
detailed consideration of  the electrical double 
layer as a driving force of  the electrogenic 
processes and membrane mimetic structures, 
along with the consideration of  the differences 
between the double-layered and multi-layered 
graphene-based structures and their single-layer 
analogs in the membrane mimetic aspect will be 
given in the next part of  this paper.
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Abstract. The work is aimed to solve the problem of  developing functional silver nano-ink applied 
in ink-jet technology in printed flexible electronics, as well as to demonstrate printing results and 
their discussion. The development of  functional compounds for printing is a fundamentally new 
approach to the production of  flexible electronic devices for the military and civil industry. As a 
part of  the work special attention is paid to the preparation of  aqueous and organic dispersions of  
silver nanoparticles, the study of  the various factors which affect the size and characteristics of  the 
nanoparticles, methods of  concentrating the standard dispersions to obtain nano-ink, printing the 
conductive structures by synthesized nano-ink and research of  the printed elements’ properties. 
These results give an opportunity to develop silver nano-ink and adapt it for printing on various 
substrates (including flexible polymeric ones) by specialized equipment.
Keywords: silver nano-ink, aqueous dispersions, ink-jet printing, conductive structures, polymeric 
substrate, flexible printed electronics
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technologies of  the next generation including 
ink-jet printing [1]. Nowadays major 
foreign corporations, interested commercial 
organizations and separate research groups 
are working at creation and development of  
flexible electronic devices by the method of  
precision additive printing with the use of  
specialized printers.

Intensive development of  the mentioned 
direction in microelectronics is caused by 
sharp monthly increase in the number of  
scientific publications devoted to creation of  
printing microelectronic devices.

Use of  the additive printing is urgent 
due to the following advantages: increasing 
technological capabilities to use the flexible 
electronic devices; simplification of  
technological cycle of  design and manufacture 
of  electronic circuit boards; reduction in the 
number of  technological operations; reduce 
in energy costs; significant improvement of  
the environmental safety of  the technological 
process.

Nowadays considerable work of  scientists 
and designers in the sphere of  printed and 
flexible electronics is aimed at development 
of  new functional materials – nano-ink 
which would give an opportunity to excel the 
corresponding solid state electronic analogs 
produced with the use of  the traditional 
methods in some crucial parameters. Thus, 
depending on the aim of  use, nano-ink for 
special purposes is being developed. They 
are the following: the conductive on the 
basis of  metal nanoparticles (mainly silver 
nanoparticles), semiconductive, magnetic and 
carbon ones on the basis of  graphene and 
related nanoobjects and nanotubes [2-3]. It 
should be noted that the majority of  printed 
electronic tasks require silver nano-ink.

Thus, this article presents the results 
of  developments of  the "AkKo Lab" LLC 

company and their discussion. They include 
creation of  silver nano-ink adapted for 
printing on the available high-technology 
equipment Dimatix Materials Printer 2831 
and also the results of  various structures’ 
printing on the different-nature substrates.

In terms of  chemistry, silver nano-ink 
is highly concentrated dispersions of  silver 
nanoparticles. As a rule, mass content of  
silver nanoparticles in such systems accounts 
for more than 5-10 wt%. It is obvious that 
synthesis of  dilute dispersions of  silver 
nanoparticles is quite well-developed 
nowadays, and there are a great number 
of  various methods and options to obtain 
them. However, there are some problems 
related to production of  highly concentrated 
dispersions of  silver nano-ink applied 
particularly to print the conductive lines by 
ink-jet printing method. Besides that, to use 
nano-ink in cartridges of  the ink-jet printers 
Dimatrix, the following requirements should 
be fulfilled: the used nano-ink should have 
viscosity 10-20 cP, surface tension 28-
33 dynes/cm and pH 4-9, particle size 
(preferably less than 50 nm) ensuring 
successful ink’s passage through the nozzles 
of  the size about 17 µm and also absence of  
harmful and poisonous substances in nano-
ink composition.

It is also necessary to notice that the nano-
ink use in printing on the basis of  various 
nanoobjects is justified by the precision 
microprint and the unique properties of  
nanomaterials in comparison with similar 
compact substances. It is worth noticing 
that nowadays on the world market there is 
only some simpler nano-ink (according to its 
composition), mainly silver one [4]. As a rule, 
the main difficulties at synthesis of  nano-ink 
adapted for ink-jet printing are the following: 
stabilization of  individual nanoparticles 
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at increase in their concentration in 
dispersion (up to several tens of  mass 
percentage of  the substance), achievement 
of  the required surface tension, nano-ink 
viscosity. These difficulties are being solved 
by not only selection of  the conditions for 
synthesis realization (duration, temperature, 
components concentration), but also by 
choice of  various kinds of  surfactants, 
solvents. In general, the great number of  
methods is original because nano-ink is a 
complex multi-component solution.

The work innovation is in the 
development of  new, original according 
to their composition, highly concentrated 
dispersions of  functional silver nanoparticles 
which allow producing elements of  flexible 
microelectronic devices by the method of  
ink-jet printing.

Nowadays such large companies as 
“Fujifilm”, “Novacentrix”, “Ceradrop” and 
the others produce and supply the printers 
capable to print pictures of  any geometry 
using nano-ink. Moreover, refill of  the 
corresponding cartridge is possible using any 
nano-ink meeting the printing requirements; 
the substrates choice is not limited. Now 
printing accuracy of  such printers does not 
exceed several microns, and minimum size of  
an individual drop is more than 15 µm. This 
is due to the sizes of  the cartridge nozzles, 
surface tension and nano-ink viscosity, the 
adhesive properties of  the substrate and 
precision of  the stepper motors of  the printer. 
Nowadays, using such printed installations 
and nano-ink, specializing companies and 
individual research teams print the majority 
of  microelectronics’ element base: capacitors, 
accumulators, conductive lines, LEDs and 
the others [5-7]. Besides, some experiments 
on printing LEDs, transistors on the flexible 
transparent polymer substrates are described 

in literature. Large-scale production with the 
application of  printing additive technologies 
is possible using roll-to-roll technology where 
the roll of  the required material is applied as 
a substrate. This technology is suitable to 
print and carry out the following temperature 
(thermal, light, etc.) treatment of  electronic 
devices with the feed rate of  the substrate as 
several meters per a minute.

Combination of  functional nano-
ink (with characteristics of  conductors, 
semiconductors and dielectrics) with the 
modern printed installations may reduce the 
cost of  the electronic products significantly, 
increase efficiency of  their production, give 
an opportunity to produce flexible electronic 
devices.

Ink-jet printing technology differs from 
the traditional technologies of  electronic 
industry (photolithography, etc.) in the low 
production cost, possibility to work with 
any substrate type, and substrates in this 
technology do not experience significant 
impacts. Thus, the technology gives an 
opportunity to produce flexible transparent 
electronic devices with relatively low cost. 
The final product in the ink-jet printing is 
batteries, accumulators, capacitors, thin-film 
transistors, displays, sensors, antennas, solar 
batteries, the connecting elements in chips, 
etc. [8]

The problem statement in this work 
is the need to arrange mass production of  
silver nano-ink which is stable during storage 
and transportation and suitable for ink-jet 
printing of  the conductive structures on the 
various substrates (including flexible ones) 
using modern 2D printers.

The article shows how to solve the 
assigned task by the approaches and methods 
of  colloidal chemistry, gives the results 
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of  some elements’ printing, presents their 
measured characteristics.

2. EXPERIMENTAL SECTION
The initial reagents for the silver nano-ink 
synthesis were silver nitrate (chemically pure, 
«Bertuz» JSC), silver acetate (≥99.0%, CAS-
No.: 563-63-3, Sigma Aldrich), tri-sodium 
citrate 2-hydrate (99.0%, CAS-No.: 6132-
04-3, Panreac), sodium borohydride (96%, 
CAS-No.: 16940-66-2, Panreac), ethylene 
glycol (analytically pure, CAS-No.: 107-21-1, 
«Ekos-1» JSC) and deionized water.

2.1. preparation of dilute aqueous 
dispersions of silver nanoparticles

In a typical synthesis, 4 g of  sodium citrate 
was dissolved in deionized water in a flat-
bottomed flask at continuous stirring. Next, a 
solution containing 0.5 g of  silver nitrate and 
silver acetate in deionized water was added 
to sodium citrate solution in small portions 
at constant stirring. Additionally 0.2 M 
aqueous sodium borohydride solution was 
prepared. Further, freshly prepared sodium 
borohydride solution was added dropwise to 
a solution containing sodium citrate, nitrate 
and silver acetate. The obtaining dispersion 
of  silver nanoparticles acquired an intense 
dark brown color. As a result, the standard 
aqueous dispersions of  silver nanoparticles 
containing 0.03 wt% silver nanoparticles 
were obtained.

2.2. preparation of silver nano-ink

To synthesize silver nano-ink, the standard 
dispersion of  silver nanoparticles was 
centrifuged at 15 000 rpm for 20 min. 
Further the supernatant was decanted and 
the obtaining highly concentrated liquid 
of  silver nanoparticles was collected. Then 
centrifugation step was repeated again. 
Further surfactants were added to the 

resulting silver nanoparticles concentrate. 
They included ethylene glycol which is needed 
to stabilize the obtained silver nanoparticles. 
Then, the obtained highly concentrated 
dispersion of  the nanoparticles in ethylene 
glycol was passed through the filter with a 
pore size of  0.22 µm. As a result, the targeted 
silver nano-ink was obtained.

The morphology, composition and 
structure of  the obtaining nano-objects in 
the work were examined by scanning electron 
microscopy SEM (the scanning probe 
microscope Carl Zeiss Supra 40- 30- 87, 
Germany), atomic force microscopy AFM 
(the atomic force microscope Solver P47, 
«NT-MDT» Co, Russia), transmission 
electron microscopy TEM (the transmission 
electron microscope JEOL 2000FX, 
Germany), the powder X-ray diffraction 
XRD (the diffractometer Bruker Advanced 8 
at CuKλ radiation and λ=1,5418 Å), 
spectrophotometry (the spectrophotometer 
Leki SS2107UV,  «LOIP» JSC, Russia)

3. RESULTS AND DISCUSSION
It should be noted that the structure and the 
spectral properties of  nanoparticles depend 
significantly not only on composition and 
the characteristics of  the dispersion where 
they are dispersed  but also on the synthesis 
conditions, use of  one or another stabilizer, 
solvent, concentration of  initial reagents, 
etc. Due to the fact that nanoparticles are 
generated using standard methodologies, 
it is still being discussed if  it is possible to 
keep the composition, structure and specific 
optical physical characteristics of  initial 
nanoparticles when they become final product 
– highly concentrated dispersions of  these 
nanoparticles – nano-ink. The authors would 
like to confirm the possibility to prepare silver 
nano-ink from standard silver dispersions 
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in aqueous dispersion keeping their main 
characteristics and also to show and discuss 
the results of  conductive structures’ printing 
with the use of  synthesized nano-ink on the 
printer Dimatix Materials Printer 2831.

Figure 1 presents typical absorption 
spectra depending on wavelength for diluted 
samples of  standard dispersion of  silver 
nanoparticles and nano-ink produced from 
the given dispersion. Absorption extremum 
takes place at wavelength of  388 nm which 
corresponds to the average nanoparticles size 
of  10 nm, according to the literature data.

Spectral analysis shows that operations 
of  centrifugation and concentration of  
standard dispersion of  silver nanoparticles 
lead to not only increase in concentration 
of  the targeted nanoparticles in nano-ink 
but more noticeable monodispersion of  
the end product in comparison with initial 
dispersion.

According to the data of  XRD analysis, 
reflections of  crystal structure of  silver 
nanoparticles isolated both from standard 
dispersion of  silver nanoparticles  and from 
silver nano-ink and after that prepared at 
100°С are equal to the phase of  massive silver 
(the card PDF#030921, database of  the 
International Centre for Diffraction Data). 

Figure 2 gives diffraction pattern of  silver 
nano-ink produced by thermal treatment of  
silver inks’ aliquot at temperature 100°C.

Analysis of  silver nano-ink samples 
by the transmission electron microscopy 
method shows that dispersions of  silver 
nanoparticles and nano-ink consist of  
isotropic nanoparticles (Figure 3). It should 
be noticed that the particles’ shape is quite 
uniform and close to the spherical one. 
According to the results of  the electron-
diffraction pattern obtained by TEM method, 
silver nano-ink has crystal nature. Thus, ring-
shaped reflections on the electron-diffraction 
pattern identify the phase of  compact silver 
and the sample’s single-phase state.

Fig. 1. Typical absorption spectra of  diluted dispersions of  silver 
nanoparticles and nano-ink.

Fig. 2. XRD pattern of  silver nano-ink produced by thermal 
treatment of  silver inks’ aliquot at temperature 100°C for 30 min.

Fig. 3. TEM-image and electron diffraction of  silver nanoparticles 
from silver nano-ink.
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It is shown that the results obtained 
using TEM technique correspond with the 
spectrophotometry  results.

Figure 4 presents the high resolution 
transmission electron microscopy (HRTEM) 
for two silver nanoparticles. The structure 
and the shape of  nanoparticles are distinct in 
the picture.

According to the histogram (Figure 5) of  
silver nanoparticles’ distribution at sizes, it 
was stated that the average silver nanoparticles 
size accounts for 10±2 nm and the range of  

nanoparticles distribution at sizes is quite 
narrow. 

Some physical properties of  the produced 
nano-ink were investigated. Thus, viscosity 
of  synthesized silver nano-ink accounted for 
17-20 cP, surface tension – 28-30 mN/m.

Thereby, standard dispersions of  silver 
nanoparticles and silver nano-ink were 
studied and characterized. It was ascertained 
that the developed silver nano-ink met 
the requirements for 2D ink-jet printing 
completely.

3.1. ink-jet printinG with use of silver 
nano-ink

Ink-jet printing by synthesized nano-ink 
was implemented using the printer (Fujifilm 
Dimatix Inc) Dimatix DMP-2831 equipped 
with the 16-nozzles cartridge and the silicon 
MEMS printer head; a nominal drop volume 
of  every nozzle is up to 10 pl (Figure 6).

The main printing parameters are the 
volume of  the ink drop formed in the 
printer’s cartridge nozzle and the distance 
between two next drops on the substrate. 
The drop’s volume – up to 10 pl – is optimal 
due to the use of  silver nano-ink with the 
size up to 12 nm mainly. At this drop volume, 
the lateral drop size on the substrate’s surface 
does not exceed 20 µm which characterizes 
print resolution at this method.

Fig. 6. Ink-jet printing equipment – Fujifilm Dimatix-2831.

Fig. 4. HRTEM - high resolution image of  silver nanoparticles 
from silver nanoparticles’ dispersion.

Fig. 5. The histogram of  silver nanoparticles’ distribution at sizes.
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In order to obtain continuous lines, 
printing may be done in several passes. 
Figure 7 shows the lines printed using 
silver nano-ink with different number of  
layers, printing was done 3; 5; 10 and 20 
times. However, the printed line widened 
insignificantly: from 25 µm to 31 µm.

Figure 8 shows a photograph of  the 
printed silver lines on flexible polymer films. 
The width of  the narrowest line is 30 µm.

3.2. treatment of substrates in plasma

As the applied printed technology is based 
on ink-jet principle, one of  conditions for 
printing is suitable surface characteristics 
of  the substrates, particularly the contact 
wetting angle (or limiting wetting angle) 
of  the substrate surface. If  the substrate 
surface is hydrophobic, shrinking of  the 
printed structure into individual drops may 
take place which is the reason for crippling 
of  the printed structures. To solve the 
task of  the substrates hydrophilization, 

treatment of  the substrate in plasma is 
applied. Thus, experiments on plasma 
influence of  surface characteristics of  
ceramic and polyimide substrates were 
carried out using the equipment “Tantec 
VacuLAB”. At printing, nano-ink formed 
isolated drops on the substrates which had 
not been treated in plasma (Figure 9).

If  plasma influences ceramic and polyimide 
substrates, contact wetting angle of  the latter 
one increases, surface characteristics become 
hydrophilic. Figure 10 shows the printed 
lines on the plasma-treated surfaces.

Thus, the presented technology of  
the surfaces hydrophilization widens the 
range of  the substrates’ types applied in 
the technology of  ink-jet printing of  the 
electronic components.

Fig. 7. Image of  the lines with different number of  layers printed by 
silver nano-ink on the polymer film; the image was obtained using the 

optical microscope (the line width is given in brackets).

Fig. 8. The photograph of  the printed silver lines on flexible polymer 
films. The width of  the narrowest line is 30 µm. 

Fig. 9. Image of  the 200 µm-width line printed by silver nano-ink 
on the polyimide film; image is obtained by optical microscopy method. 

Fig. 10. Image of  the 200 µm-width line printed by silver 
nano-ink on the polyimide film; the image is obtained by optical 

microscopy method.
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3.3. Thermal treatment
To bond the individual silver nanoparticles 
and then to form the single metal structure, 
it is necessary to heat particles by means of  
thermal treatment or high-energy optical 
pulses.

Figure 11 presents the images of  scanning 
electron microscopy of  the lines printed 
by silver nano-ink at different annealing 
temperature.

It should be noticed that melting point of  
massive silver is 962°C. The given pictures 
show that silver nanoparticles start sintering 
between each other at 90°C. The reason 
for this is the heightened surface energy of  
nanoparticles. Taking into consideration 
that such heating (about 90°C) does not 
destroy the majority of  polymeric films, this 
technology may be successfully applied to 
create the metal conductive structures on the 
flexible polymer films.

Measurements of  resistivity of  the 
structures printed by silver nano-ink were 
carried out at different annealing temperatures 
(Figure 12).

The result is that the value of  silver 
nano-ink resistivity at annealing temperature 
400°C accounts for 0.025 Om·mm2/m. 
Meanwhile, the value of  massive silver is 
0.015 Om·mm2/m. This confirms almost 
complete sintering of  nanoparticles massive 
into the single structure.

3.4. printinG of the conductive lines on 
the ito surface with the use of silver 
nano-ink

Printing by silver nano-ink was implemented 
on the silicon substrate covered by ITO layer 
with the use of  the Fujifilm Dimatix 2831 
printer. The ITO – Indium Tin Oxide – layer 

Fig. 12. The plot of  resistivity of  the structures printed by silver 
nano-ink at annealing temperature from 100°C to 400°C.

Fig. 11. SEM-images of  silver nano-ink: a – without thermal 
treatment; b – thermal treatment at 90°C; c – thermal treatment 

at 150°C.
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consists of  90 wt% In2O3 and 10 wt% SnO2. 
The ITO layer is optically transparent and 
electroconductive.

Surface of  the given substrates and the 
structure of  the printed lines were investigated 
by the scanning electron microscopy and 
atomic force microscopy (Figures 13-16).

The width of  the printed silver conductive 
lines is from 100 µm up to 2 mm, and the 
height of  the obtained structures does not 

Fig. 13. Images of  ITO surface: a – a top view (obtained by the 
AFM method), b – a side view (obtained by the SEM method).

Fig. 14. SEM – image of  the surface cleavage.

Fig. 15. SEM-images of  the printed annealed conductive elements 
on the ITO surface: at the top – a side view, on the down – a top view.

Fig. 16. SEM - images of  the printed annealed conductive elements 
on the ITO surface which were annealed at temperature 120°C for 

15 min: at the top – a side view, on the down – a top view.
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exceed 2 µm (Figure 17). The printed lines 
were annealed at temperature 120°C for 
15 min. The printed lines resistivity is on 
average 2 Om/cm.

Thus, it was proved that the technology 
of  ink-jet printing with the use of  nano-ink 
on the basis of  conductive nanoparticles may 
be used in perspective to create conductive 
circuit wiring on the substrates covered by 
the ITO layer, particularly on solar sells.

3.5. printinG of the conductive lines 
on the silicon surface with the use of 
silver nano-ink

As nowadays silicon is widely used in the 
electronic industry, the utterly important task 

is testing of  silicon substrates (Figure 18) 
in the technology of  ink-jet printing of  the 
electronic devices’ components.

A number of  experiments on silver nano-
ink printing were carried out with the use of  
Fujifilm Dimatix DMP – 2831 equipment on 
the silicon substrates’ surface (Figures 19, 
20).

The presented above images show that 
silver nano-ink sinters into the single structure 
after thermal treatment. This confirms the 
possibility to apply the present approach to 
produce electronic devices on the silicon 
substrates.

Fig. 19. SEM-image of  the printed silver line on the silicon 
substrate (annealing temperature is 195°C, 60 min)

Fig. 20. AFM – image of  the topology of  the printed silver line’s 
surface on the silicon substrate (annealing temperature is 195°C, 60 

min).Fig. 18. SEM-image of  the silicon substrate’s surface 

Fig. 17. Image of  the printed conductive elements on the silicon 
substrate (by size 15 cm x 20 cm) covered by ITO layer.

 

 

 

 



181

RENSIT | 2016| VOL. 8 | No. 2

THE  DISPERSIONS OF NANOPARTICLES IN WATER-ORGANIC 
SOLVENTS AS THE BASIS OF THE SILVER NANO-INKS...NANOSYSTEMS

3.6. printinG of the heatinG elements 
on the polymer film

Ink-jet printing by metal-containing nano-
ink may be also applied to produce heating 
elements (Fig. 21).

The experiments showed that such 
elements printed by synthesized silver nano-
ink had resistance 30 Om. It should be noted 
that maximum heating temperature was 50ºC 
and 70ºC at voltage 12V, 18V correspondingly.

3.7. printinG of the complex-Geometry 
conductive boards on different 
substrates

Silver conductive boards were printed on 
the polymer films using the special high-
precision ink-jet printer Fujifilm Dimatix 
2831. It should be noted that the picture 
may have any geometry with the resolution 

up to 20 µm (Fig. 22, 23). Conductivity, 
in turn, is defined by the number of  
the deposited substances and annealing 
temperature. Due to the melting of  the 
flexible polymer films at temperature 
200°C, printing of  conductive elements on 
polymer substrates is possible only using 
conductive nanoparticles, because their 
melting temperature is significantly lower 
than one of  the massive analogs. Thus, 
the melting temperature of  massive silver 
is 962°C, but silver nanoparticles start 
sintering at the temperature 90°C. 

The model samples of  the RFID-
antenna (Radio Frequency IDentification) 
and conductive accumulator coverings were 
also printed (Figure 24) Polyimide film, 

Fig. 21. Image of  the sample – a heating element printed on the 
polymer film by silver nano-ink.

Fig. 22. Image of  the conductive board printed using silver 
nano-ink on the polymer film.

Fig. 23. Image of  the conductive board printed using silver nano-ink 
on the polymer film.

                 a                                          b
Fig. 24. Images of  the RFID-antenna (a) and the conductive 
accumulator coverings (b) printed using silver nano-ink on the polymer 

film.
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ceramics, glazed paper, glass were also used 
as a substrate (Fig 25, 26).

The surface of  glass and polyimide film 
was treated with solvents: isopropyl alcohol, 
acetone, chloroform and surface-active 
substances. Thus, the substrates’ surface was 
degreased and got hydrophilic properties.

Nowadays ceramics is widely used 
in the electronic industry, mainly as a 
hard substrate of  the electronic devices’ 
elements. This is the reason for the choice 
of  the ceramic surface. As ceramics has the 
porous structure, the adjacent conductive 
elements were short-circuited in ceramics 
structural pores. The problem was solved by 
supply of  voltage which is needed to burn 
such “bridges”. The possibility to solder to 
the printed structure was experimentally 
proved. This confirms the perspectives of  
realization into the existing technological 
cycles on production of  the electronic 
devices’ elements on ceramics.

Nowadays glazed paper is not used in 
electronic industry. However, the presented 

substrate has one obvious advantage: due 
to its porous structure and the glazed layer 
on the surface, silver nano-ink’ solvent is 
immediately absorbed into the structure, 
but silver nanoparticles remain on the 
surface. Thus, there is a possibility to 
draw, print conductive elements directly 
on paper without additional post-printing 
treatment.

3.8. printinG on textile Goods with the 
use of silver nano-ink

Printing on textile goods with the use of  
silver nano-ink was carried out (Figure 
27). The presence of  the final samples’ 
electronic conduction is caused by 
continuous multiple coating consisted 
from the layers of  the annealed metal 
nanoparticles on the cloth’s surface. The 
stability of  the sample’s parameters to 
bending and interaction with water is 
unsatisfactory. The reason for this is 
crippling of  the layer from annealed silver 
nanoparticles. The low adhesion degree 
is presumably caused by the significant 
number of  nanoparticles’ layers.

4. CONCLUSION
The "AkKo Lab" LLC company has 
developed the methodology of  silver 
nano-ink production. In terms of  colloid 
chemistry, the developed nano-ink 

Fig. 27. Printing on textile goods with the use of  silver nano-ink.

Fig. 25. Image of  the conductive lines printed by silver nano-ink on 
the polyimide film.

Fig. 26. Image obtained by the optical microscopy method of  the 
RFID antenna by silver nano-ink on the polyimide film.
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represents highly concentrated dispersions 
of  silver nanoparticles. According to the 
data of  transparent electron microscopy 
and scanning electron microscopy, silver 
nanoparticles in nano-ink have the shape close 
to spherical one. Besides, silver nanoparticles 
are characterized by quite the narrow range 
of  particles’ distribution at sizes – from 8 to 
12 nm.

Silver nano-ink was adapted to print 
on the high-technology printer Dimatix 
Material Printer DMP-2831. Printing of  
different conductive structures on different 
nature substrates was worked through. 
They are ceramics, glass, ITO layer, flexible 
polymer films, textile goods. It was shown 
that printing quality depends on the wide 
range of  the parameters: the substrate’s 
nature, nano-ink adhesion to the substrate’s 
surface, printing temperature, the number 
of  printing passes.

 It should be noted that printing is possible 
almost on any surface. However, to print 
successfully, it is necessary to treat printing 
surface beforehand by a physical (particularly 
by treatment in plasma) or a chemical method 
(treatment by surface-active substances, 
alcohols, etc.) in order to make the surface 
wet for nano-ink and suitable to print.

The important property of  the 
developed nano-ink is quite low sintering 
temperature of  silver nanoparticles. Thus, 
the sintering temperature of  silver nano-
ink into the conductive layer is significantly 
lower than the melting temperature of  its 
compact analog and accounts for about 
100°C.

Silver nano-ink developed by the "AkKo 
Lab" LLC company passed tests in the 
Fujifilm Dimatix Inc. company in California 
(the USA) and was highly estimated. Silver 
nano-ink is a commercial product and is 

supplied to the final customers in Russia and 
abroad.

The obtained results show the perspective 
to apply the technology of  the ink-jet printing 
by the metal-containing nano-ink to produce 
the electronic devices, including those on 
flexible substrates.

This work was partly supported by the fund of  
assistance to innovation, project number 0016302.
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1. INTRODUCTION
The problem of  wave propagation in linear-
elastic medium is of  interest in seismology and 
geophysics. With the increasing performance of  
modern computer systems and the possibility 
of  parallel execution of  the program code, it 
is possible to carry out computer modeling of  
seismic waves with great precision. The question 
is how to efficiently use the available computing 
resources.

The first solution to this problem is to use of  
technologies of  parallel programming for shared 
memory systems. The article [1] considers the 
problem of  modeling effects of  parallelization 
occurring in the ground during an earthquake, 
using OpenMP. With regard to other problems 
of  mathematical modeling, there is the paper [2] 
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about application of  OpenMP technology to 
parallelize finite element method on unstructured 
grids.

The second approach is parallelization on 
modern GPUs. There are a lot of  papers on this 
subject. For example, parallelization of  finite 
difference method on the GPU with CUDA 
technology [4] is considered in the article [3]. 
There are studies [5, 6] where the problem of  
reverse time migration is solved on a cluster of  
GPUs.

Finally, a third approach is parallelism in 
distributed memory systems. CPUs and GPUs 
may also be used in such systems. In paper 
[7], finite-difference method of  viscoelastic 
environment modeling is parallelized using MPI 
[8] technology. The work [9] considers spectral 
elements method for the simulation of  wave 
propagation in the asteroid. In addition, the work 
[10] compares the performance of  parallelizing 
on GPU with use of  CPU clusters. The study 
[11] demonstrates the use of  the hybrid OpenMP 
+ MPI systems for seismic finite-difference 
modeling.

There are also other approaches, a detailed 
consideration of  which is beyond the scope of  
this article. For example there are the use of  the 
FPGA [12] and ASIC [13].

In this paper we consider the solution of  
hyperbolic systems of  equations that describes 
the behavior of  waves in elastic solid bodies. To 
find the solution of  this system grid-characteristic 
method [14–16] is used. Calculations are 
made on the explicit scheme, because in this 
case program responds well to parallelization. 
Solution of  the problem is parallelized using 
shared memory systems with OpenMP, POSIX 
Threads technologies [17] and on GPUs using 
CUDA, OpenCL [18].

2. MATHEMATICAL MODEL
Environment behavior is described by the model 
of  an ideal isotropic linear-elastic material. We 
consider the two-dimensional problem. The 
following system of  partial differential equations 

describes the state of  the elementary volume of  
elastic material in the approximation of  small 
deformations:

,xyx xxv
t x y

σσρ
∂∂ ∂

= +
∂ ∂ ∂  

,y xy yyv
t x y

σ σ
ρ
∂ ∂ ∂

= +
∂ ∂ ∂

( 2 ) ,yxx x vv
t x y
σ λ µ λ

∂∂ ∂
= + +

∂ ∂ ∂

( 2 ) ,yy yx vv
t x y
σ

λ λ µ
∂ ∂∂

= + +
∂ ∂ ∂

,xy yx vv
t x y
σ

µ
∂ ∂ ∂

= + ∂ ∂ ∂ 

where ρ is the density of  the medium; λ, μ are 
Lame parameters; vx  and vy are the horizontal 
and vertical components of  the velocity of  
the particles of  the medium; σxx, σyy, σxy are the 
components  of   the  stress  tensor.

This system can be presented in the matrix 
form:

0,p q q
pq pq

u u u
A B

t x y
∂ ∂ ∂

+ + =
∂ ∂ ∂  (1)

where u is the vector of  5 independent variables 
u = (σxx, σyy, σxy, vx, vy)

T. The explicit form 
of  the matrices Apq, Bpq is presented in [19]. 
Hereinafter we mean summation over repeated 
indices. The eigenvalues of  matrices Apq and Bpq 
are as follows: s1 = – cp, s2 = – cs, s3 = 0, s4 =cs, 
s5 = cp, where cp and cs are the propagation 
speeds of  elastic P-waves and S-waves in the 
medium.

3. NUMERICAL METHOD
Using coordinate-wise splitting we can reduce 
the problem of  constructing a difference scheme 
for the system of  equations (1), to the problem 
of  constructing a difference scheme for system 
of  the form:

0,p q
pq

u u
A

t x
∂ ∂

+ =
∂ ∂  (2)

For hyperbolic system of  equations (2) matrix 
A can be represented as A = RΛR−1, where Λ 
is a diagonal, the elements of  which are the 
eigenvalues of  A, and R is the matrix consisting 
of  right eigenvectors of  A. We introduce new 
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variables: w = R−1u (the so-called Riemann 
invariants). Then the system of  equations (2) will 
be reduced to a system of  5 independent scalar 
advection equations.

Let’s reduce a third-order accuracy scheme  
to the numerical solution of  one-dimensional 
linear advection equation ut + aux = 0, a > 0, 
σ = aτ/h, τ is a time step, h is step on coordinate:

1 2
0 2 0 2

2

1 0 2

0 1

1 2 1

2 1

( ) / 2 ( ) / 2
( 1) ( 2 ),                           (3)

6
,

,
.

n n
m m

n n
m m
n n
m m
n n
m m

u u

u u
u u
u u

σ σ

σ σ

+

−

− −

+

= + ∆ + ∆ + ∆ −∆ +

−
+ ∆ − ∆ + ∆

∆ = −

∆ = −

∆ = −

Scheme (3) is stable to Courant numbers not 
bigger than 1. A grid-characteristic criterion of  
monotony is used, it is based on the characteristic 
property of  the accurate solutions:

1
1 1min( , ) max( , ).n n n n n

m m m m mu u u u u+
− −≤ ≤

In places where this criterion is met, the order of  
scheme falls to the second one.

Once the values of  the Riemann invariants 
on the next time step are found, the solution: 
un+1 = Rwn+1.

4. STATEMENT OF PROBLEM
Test model is shown in Fig. 1. The dimensions are 
given in kilometers. A non-reflecting boundary 
condition is set for bottom and side borders and 
free boundary is set for the top. The source of  
perturbations is a vertical force applied to the 
site from 925.7 m to 974.1 m on the day surface; 
its amplitude is set by Ricker pulse frequency of  
40 Hz. The calculation results are presented in 
Fig. 2.

5. PARALLELIZATION TEST 
CONDITIONS
All the CPU tests were carried out on the one 
test task. The two-dimensional test problem 
with the number of  nodes 4000×4000 is 
considered. 100 time steps were carried out. 
All calculations were performed both with a 
single, and a double accuracy. In this paper only 
double-precision charts are given. Each grid 
point stored 5 floating point variables. Grid size 
in memory is 305 MB for computing with single 
precision and 610 MB for the calculations with 
double accuracy.

The next compiler optimization fl were used: 
-fno-tree-vectorize to restrict vectorization, 
-fopenmp and -pthread to specify parallelization 
technology, -O2 to use standard optimizations, 

Fig. 1. Geological model of  anticlinal trap [20].
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Fig. 2. The calculation result is the wave pattern in time  
moment t = 0.38 s.
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-msse, -mavx to specify a set of  vectorization 
instructions.

Calculations were made on CPUs presented 
in Table 1. Compilers on charts are denoted as 
gcc and icc. Vector instructions sets are denoted 
as sse or avx.

All the CPU tests were carried out with 
another parameters. The two-dimensional test 
problem with the number of  nodes 4096×4096 
is considered. 6500 time steps were carried out. 
All calculations were performed both with a 
single (SP), and a double (DP) accuracy. Each 
grid point stored 5 floating point variables. Grid 
size in memory is 320 MB for computing with 
single precision and 640 MB for the calculations 
with double accuracy. Characteristics of  used 
GPUs is shown in Table 2.

6. OPTIMIZATION PROCESS
The sequential version of  the algorithm was 
written first. Recalculation of  grid nodes was 
carried out in two steps. In the step X algorithm 
bypasses the grid by the columns, then by 
the rows. In the step Y it firstly bypasses the 
grid by the rows, then by the columns. It was 

measured the number of  arithmetic operations 
in the code and using this value we obtained the 
theoretical value of  required FLOPS. It was 262 
to recalculate one grid node. On the charts, this 
version is denoted as simple.

Next, an attempt was made to optimize 
the step Y. The sequence of  nodes access was 
changed so that it coincided with the access 
order in step X. Thus the memory access 
was became sequential, leading to a more 
efficient use of  cache memory. Furthermore, 
by replacing the arithmetical operations by 
equivalent, the required amount of  FLOPS 
has been reduced to 190 for single node 
recalculation. The designation of  this version 
on the charts is cf.

Then the cycles where grid nodes are 
recalculated were vectorized. It was done with 
the help of  the OpenMP technology directives 
(#pragma omp simd), appearing in the standard 
4.0. Explicitly defined a set of  instructions to be 
used: SSE or AVX. These measurements were 
made only on Intel Xeon E5-2697.

Based on the frequency of  each individual 
processor core, its peak performance can 
be obtained. Thus, the percentage of  peak 
performance was calculated for serial version for 
each test (Fig. 3).

7. PARALLEL ALGORITHM
The algorithm has been parallelized using 
OpenMP and POSIX Threads technologies. 
Each program version has been parallelized 
separately to be able to observe the effects of  

ANDREY M. IVANOV, NIKOLAY I. KHOKHLOV, 
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Table 1
CPUs are used for parallelization tests

Name
(notation)

Clock
rate, 

GHz

Cache,
kB

Processors
and cores

Compilers Performance,
GFLOPS

AMD Opteron
6272 (a64)

2.1 2048 8 processors
with 8 cores

gcc4.4.6 1075.2

Intel Xeon
E5-2697 (i24)

2.7 30720 2 processors
with 12 cores

gcc4.4.7,
icc15.0.0

518.4

AMD Opteron
8431 (a48)

2.4 512 8 processors
with 6 cores

gcc4.4.7 921.6

GPU Cores Clock rate,
MHz

GFLOPS
(SP)

SP:DP GFLOPS
(DP)

GeForce GT 640 384 900 691 24 29

GeForce GTX 480 480 1401 1345 8 168

GeForce GTX 680 1536 1006 3090 24 129

GeForce GTX 760 1152 980 2258 24 94

GeForce GTX 780 2304 863 3977 24 166

GeForce GTX 780 Ti 2880 876 5046 24 210

GeForce GTX 980 2048 1126 4612 32 144

Tesla M2070 448 1150 1030 2 515

Tesla K40m 2880 745 4291 3 1430

Tesla K80 2496 562 2806 1.5 1870

Radeon HD 7950 1792 800 2867 4 717

Radeon R9 290 2560 947 4849 8 606

Table 2
Characteristics of GPUs

 
a48, gcc, cf 

a48, gcc, simple 
a64, gcc, cf  

a64, gcc, simple 
i24, gcc, cf 
i24, icc, cf 

i24, gcc, simple 
i24, icc, simple 
i24, icc, cf, sse 
i24, icc, cf, avx 
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Fig. 3. Percentage of  peak performance.
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sequential code optimization on the efficiency 
of  its parallelization.

Optimization of  already parallel code has 
been made. Each thread allocates memory, 
which is only necessary to recalculate nodes in 
its part of  grid. On the charts, this version is 
indicated as spl-gr. In the theory, this should 
lead to an increase in performance in NUMA 
systems, since a memory which is allocated 
on a specific thread is placed in the local 
memory of  this thread according to OpenMP 
standard. Performance is increased because 
local memory access consumes less amount 
of  time.

Separate measurements, where change of  
processor cores was forbidden for threads, 

were made. In other words a ”binding” of  
threads to specifi processor cores was made. 
This is done to reduce the time costs. Without 
this binding, the optimization where the grid 
is divided into separate parts for different 
processes ceases to make sense. The results are 
shown in Fig. 4 - 7.

Next, OpenMP version of  the code with grid 
splitting between the threads has been rewritten 
to use POSIX Threads as a parallelization 
technology.

8. GPU OPTIMIZATIONS
The CPU optimized version of  this program 
was taken as the basis for the algorithm 
implementation on GPUs. The most 
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Fig. 4. Parallelization results on AMD Opteron 8431.
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Fig. 5. Parallelization results on AMD Opteron 6272.
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computationally expensive parts of  the 
algorithm were optimized. As the spatial 
coordinate splitting was used, two steps 
were required to transfer the entire grid: on 
the X axis and Y axis. At that the number 
of  arithmetic floating point operation was 
calculated, required for the conversion of  one 
grid point in two steps – 190 Flops. Therefore, 
by knowing the number of  grid nodes, the 
number of  time steps, the theoretical amount 
of  GFlops consumed by algorithm, can be 
determined. Next, knowing the number of  
stream processors in GPU, its clock frequency 
and the number of  FMA (fused multiply-add) 
processors in a single processor, we calculated 
a peak performance for each GPU. The real 

algorithm tests on GPUs have shown lower 
values of  performance.

Fig. 8 shows a test result. The percentage 
of  the peak performance of  algorithms was 
estimated as the ratio between two values – 
theoretically required amount of  Flops for grid 
recalculation and real consumed amount of  
Flops.

8.1. Transferring implementation from CPU 
to GPU – cuda1
In the original version, the algorithm was 
redesigned for execution on GPUs using CUDA 
technology, but it is not optimized for execution 
on GPUs. In this technology, the graphic 
processor was assigned 2 times more memory 
than required to store the computational grid. 
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Fig. 6. Parallelization results on Intel Xeon E5-2697 (without affinity).
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Fig. 7. Parallelization results on Intel Xeon E5-2697 (with affinity).

ANDREY M. IVANOV, NIKOLAY I. KHOKHLOV, 
IGOR B. PETROV INFORMATION TECHNOLOGIES



191

RENSIT | 2016| VOL. 8 | No. 2

It is a standard practice when working with the 
algorithm designing technologies for GPUs. As 
a result, only the synchronization is performed 
between function calls that run on GPU 
(CUDA kernels). This was done due to the 
fact that global synchronization of  all graphics 
processor causes large time delays, so these 
delays were inserted between calls of  kernels. 
Thus, it became possible to reduce the number 
of  global synchronization up to two times by 
one time step. Architecture of  CUDA stream 
processors means that in one CUDA unit, 
flows that perform the same code on different 
areas of  memory are executed simultaneously, 
if  there are no branches in the program code. 
Therefore, a situation when all flows wait for 
completion of  one occurs only if  this flow 
executes any operations that differ from the 
rest.

All operations on the memory assigning 
on GPU and calls of  functions running on 
the graphic processor, are produced by the 
host – CPU. Operations of  memory grid 
copping from the host memory and back 
require a lot of  time, so the grid is copied 
once from the host memory to GPU memory, 
before the start of  the main computing, and 
once at the end from the GPU memory to 
host memory. Number of  steps by the time 
and computational grid size was such that the 
time required for calculations far exceeds the 
time required to copy it.

Data can be stored in grid in two ways: in the 
form of  the array of  structures and in the form 

of  arrays structure. The structure in this case 
means vector u, consisting of  5 components. In 
the original version, data in the computational 
grid were organized as an array of  structures, i.e. 
data in a particular node are stored sequentially 
in the memory. To set the boundary conditions 
of  the task, the behavior other than required by 
other flows at the boundary of  the computational 
grid was required. To handle the grid boundaries 
in the kernel code, the code section with five 
conditional blocks ”if-else” is inserted in the 
algorithm. Several options of  the unit size were 
considered for this version. It was found that the 
optimal size is 16x16, at which operation time 
was minimal.

8.2. Structure of  arrays and sequential 
memory access – cuda2
Shared memory was used in the next 
optimization of  CUDA block. This is due to 
the fact that the latency during the interaction 
with this memory is less than the interaction 
with the global memory. Optimization means 
there is only one reading from the global 
memory at each step along X and Y at the 
beginning of  a function call that is running 
on the GPU and the data is copied in total 
memory. Immediately after that all the flows 
are synchronized in the block; after that, all 
calculations are performed on the data in the 
shared memory block. At the end of  kernel, 
the result is written to the second copy of  
the computational grid in the global memory. 
Another optimization was the selection of  a 
different storing method of  the calculated grid 
in GPU memory – array structure. After that, 
calls to the global memory become coalesced 
which led to the increase in performance. The 
above mentioned optimizations reduced the 
number of  if-else blocks for grid boundaries 
processing up to 2.

8.3. Kernel call parameters – cuda3
Before that, additional information, such as grid 
size, material, variables values, resulting from 
intermediate calculations valid along all time 
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steps were passed to the structure in the GPU 
global memory as a pointer. All flows constantly 
addressed the same memory section. Such 
data were calculated on the CPU in CUDA3 
algorithm version once before the execution of  
code on GPU and were transferred through the 
parameters of  kernel call. It was expected that 
each flow would create a local copy of  these 
values.

8.4. Block sizes – cuda4
It was important to choose the dimensions of  
the blocks so that the graphics processor would 
be constantly loaded, that is, there were no 
part-time loaded flow processors. It was also 
important to choose the block sizes multiple 
of  the warp sizes, as the sequential access to 
memory is carried out within a warp. Another 
reason is that the flows of  a warp can execute 
code simultaneously on different memory 
sections, if  there are no branches.

In CUDA4 version, block sizes are selected so 
as to satisfy the above mentioned requirements 
and minimize the number of  nodes which 
require memory exchanging between the 
memory blocks. At the step on X axis to convert 
each node of  the computational grid, values in 
two adjacent nodes on the X axis are required, 
and at step on Y-axis, two adjacent nodes on 
the Y-axis are required. Therefore, one should 
choose the block sizes so that the number of  
nodes that require values in the adjacent blocks 
would be smaller. It was necessary, since the 
adjacent blocks of  nodes require more memory 
in a general memory block.

If, for example, we take a block of  M×N 
times, then in step X for storage of  nodes 
of  adjacent blocks 4N, additional nodes are 
required, and in step Y – 4M. Therefore, in step 
X, the size equal to 256×1 has been selected, as 
a result, block required only 4 additional nodes 
in memory. In step Y, the block size was set 
as 16×16 to reach a compromise between the 
number of  additional memory (64 grid nodes) 
and the requirements for the serial memory 
access.

8.5. Using opencl1
The next step was to create the OpenCL 
implementation of  this algorithm. Optimized 
version of  the CUDA4 algorithm was taken as 
the basis for this. Acceleration test results for 
all implementations are shown in Fig. 9. The 
maximum obtained acceleration compared with 
a single CPU on one graphic CPU – 55 times on 
the GeForce GTX 780 Ti in the computations 
of  single precision and 44 times at Tesla K80 in 
double precision computations.

It good results for AMD devices should be 
noted, in spite of  the fact that cheap desktop 
card were used, they showed good results 
on implementations of  single-precision and 
double-precision.

9. MULTIPLE GPUs
The algorithm has been parallelized to run 
on multiple graphics processors. The most 
optimized version was used to perform several 
unused GPU. At that the computational grid 
was divided into several equal-sized rectangular 
areas. The division was made on the Y axis, due 
to the selected size of  the block on X axis.

Tests with multiple GPUs were carried out 
only for the same GPUs. This was made due 
to the fact that by using GPUs of  different 
performance, faster processors will cause 
downtime of  slower graphics processors, and 
the effect of  their simultaneous use may be less 
noticeable. Synchronization of  computational 
grid between GPUs was carried out by sharing 
through host memory (CPU). Moreover 
synchronization was performed only once at each 
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Fig. 9. Acceleration on GPU compared to CPU core.
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time step before the step on Y axis. If  the grid 
size is M×N, and the number of  processors is 
D, the number required for the synchronization 
of  grid nodes equals 4M(D − 1).

Also, the version based on GPUDirect 
was implemented. The main advantage of  
GPUDirect technology in problem solution is 
the ability to transfer data, which is located in 
GPU memory directly without the involvement 
of  the host via PCI Express bus, i.e., there is 
no need to copy data from the first graphics 
processor to the host, and then from the host 
to the other GPU. Test results are shown in 
Fig. 10.

The result of  using CUDA technology does 
not differ significantly, when host memory isused 
as an exchange buffer. The result for OpenCL 
technology is a little worse.

10. CONCLUSION
This paper shows how the capabilities of  CPU 
are involved in the solution of  problems with 
seismic grid-characteristic method.

Highest percentage of  peak performance 
of  the processor has been obtained in 
sequential version. It was 22% for the 
calculations in single precision and 17% for 
double precision computations with cache 
memory access optimizations and use of  
AVX instruction set.

The maximum speedups was on AMD 
Opteron 6272 – up to 37 times with 64 cores, 
on AMD Opteron 8431 – up to 25 times on 48 
cores, and on Intel Xeon E5-2697 – up to 1710 
times on 24 cores.

Thus, we demonstrated, that in systems 
with shared memory, the main limitation to the 
growth of  speedup with the increase of  number 
of  threads is the maximum speed of  interaction 
with the memory. Separation of  memory 
between threads allows processor cores to 
access only local memory, so memory access is 
faster. Binding threads to specific cores reduces 
the number of  memory used to maintain the 
coherence of  cores cache, which is also leads 
to increased performance. It should be noted 
that the implementation of  a parallel version 
using POSIX Threads is more complicated 
than using of  OpenMP, but does not provide a 
significant performance increase or efficiency of  
parallelization.

In addition, we described methods that 
allow achieving the highest performance of  
the algorithm when computing on the GPU. 
The problem of  effective GPU memory use 
both in case of  using one GPU, and in case of  
multiple GPUs is also studied. The influence of  
different optimizations on the performance of  
the algorithm was considered. The maximum 
acceleration obtained on graphic CPU 
compared with a single CPU – 55 times on 
GeForce GTX 780 Ti when computing with a 
single precision and 44 times at Tesla K80 at 
double precision computations. We managed 
to achieve the performance of  460 GFlops for 
single accuracy, and the maximum performance 
of  138 GFlops for double accuracy was 
obtained. Maximum achieved acceleration of  
the graphics processors is 7.1 times for 8 GPUs 
for double precision. GPUDirect technology 
raised acceleration to 10% of  what has been 
achieved without the calculations with a single 
precision.

Based on these results we can draw come 
to a conclusion that GPUs can be used for 
the solution of  such problems. The results 
are similar for other tasks, which use similar 
numerical methods (finite volume method, 
finite difference methods). It is also worth 
noting that there are good results for the AMD 
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processors and OpenCL technology, while 
CUDA technology for NVidia GPUs is used in 
most works.
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1. INTRODUCTION
In our previous studies [1-6] various radiative 
processes that accompany the cavitation of  
liquid jet exiting under pressure from a narrow 
channel were considered. At the time of  these 
studies we have observed non-trivial physical 
processes during the interaction of  this jet 
with the target. In particular the excitation of  
shock waves in this target and generation of  
pulsed X-ray and high-frequency (in the range 
70-90 MHz) radiations from the opposite 
surface of  the target have been observed. 

High-frequency radiation were recorded by 
an acoustic sensor at a distance of  2 m from 
the target. This fact is paradoxical since it is 
well known that the absorption coefficient of  
hypersound in air in normal conditions is
δ(ω) ≈ 10-12 ω2sm-1         (1)
and in this frequency range is equal to a very 
large value δ(ω) ≈ 104 cm-1, while the path length 
does not exceed a few microns. In addition 
as a sensor wideband acoustic detector with 
a resonant frequency of  1-2 MHz was used, 
which sensitivity in the hypersound range 
ω >> 1MHz is low. Herewith we had taken 
every precaution to make it impossible any path 
of  signal from source to detector, except the 
direct propagation in the air. Further analysis 
has shown that the registered radiation is not 
the hypersound, but the thermal (temperature) 
radiation, which has a non-damped character. 
The physical mechanism of  excitation and 
propagation of  such waves is discussed below.
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2. THE THERMAL DIFFUSIVITY 
EQUATION AND ITS SOLUTIONS FOR 
SYSTEMS WITH MEMORY
Let’s consider the background, rationale, and 
"weak" places of  the classical heat equation, the 
solution of  which leads to the thermal waves.

For decades in the analysis of  heat conduction 
problem the classical Fourier hypothesis was used, 
according to which the non-stationary heat flow 

( , )q r t   is proportional to the temperature gradient
( , ) ( ( , )),q r t grad T r tλ= −
    (2)

and extends in the direction of  reduction of  this 
gradient (eg., [7-9]). Here, λ is the coefficient of  
thermal conductivity.

If  we combine (2) with the energy conservation 
law for the local area (the continuity equation) in a 
medium with a volume density ρ  and heat capacity cv

( , ) ( , ),v
T r tc divq r t

t
ρ ∂

=
∂



 

 (3)
we can get a classic parabolic equation for the 
temperature field

( , ) { [ ( , )]}.v
T r tc div grad T r t

t
ρ λ∂

=
∂





 (4)
In the one-dimensional case the solution of  

this equation is a superposition of  colliding plane 
waves 

( ) ( )

( ) ( )

( , , )

,

(1 ), Re / 2 , Im / 2 .

i t kx i t kx

x i t x x i t x

T x t A e B e

A e e B e e

k i k G k G

ω ω
ω ω

δ ω κ δ ω κ
ω ω

ω

κ κ ω δ ω

− +

− − +

= + ≡

≡ +

= − = = = =  (5)
Here, / vG cλ ρ=  – thermal diffusivity 

coefficient
This solution shows that the temperature 

waves, produced on the basis of  the system of  
equations (2-4) are characterized by a very strong 
damping with a factor / 2 ,Gδ ω=  which is exactly 
equal to the wave number κ .

It is obvious that the solution (5) with such ratio 
of  wave number and the absorption coefficient 
at which virtually complete absorption of  wave 
occurs on a spatial interval of  the wavelength can 
be called wave only with great approximation.

Such "standard" solutions are well known. 
They, in particular, are regarded as illustrations 
in any textbook on mathematical physics and 
are used for solving of  some applications (in 
particular, the problem of  propagation of  
extremely low-frequency temperature wave in soil, 

which is caused by seasonal temperature variations 
with a period of  1 year). Analysis of  the initial 
equations (2)-(4) shows that at least two important 
conditions are used there: the principle of  local 
thermodynamic equilibrium and the principle of  
locality. The principle of  locality allows to use 
the energy conservation equation in differential 
(local) form instead of  the conservation of  energy 
equation in integral form. The principle of  local 
thermodynamic equilibrium justifies the possibility 
of  describing of  non-equilibrium system, in which 
there is a temperature gradient, concentration 
gradient, etc., through the introduction of  local 
equilibrium states of  smaller subsystems. These 
very important principles are valid only for slow 
processes, when the relaxation time of  subsystems 
to equilibrium state τ is much shorter than the 
characteristic time of  the process (eg, the duration 
of  the heat front for pulse impact or oscillation 
period for harmonic thermal effects).

In the 50s of  the 20th century in the works 
of  Cattaneo and Vernotte attempts to consider 
non-stationary heat transfer processes have 
been made, which has led to the hyperbolic 
equation for the temperature field [10, 11]. 
Hyperbolic and nonlinear parabolic models of  
heat transfer for the purpose of  the analysis 
of  the new heat transfer modes, including the 
mode with escalation were also considered [12]. 
Unfortunately, these and similar "incomplete" 
methods and models do not allow to use the 
thermal processes for the efficient processing of  
the experimental data, related to the interaction 
of  fast particles with the environment (for 
example, crystalline targets).

This issue is discussed in details in our works 
[13-16]. Methods discussed below show that more 
correct and adequate is the revision of  the basic 
ratios and initial concepts, which are used without 
limits of  obtaining the "standard" initial relations 
(2-4). The main of  them relates to the hypothesis 
of  the use of  locally equilibrium (thermalized) 
environment for the receiving of  these relations. 
To make this circumstance correct we need to 
evaluate a real time of  thermal relaxation in 
different environments [17, 18].
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In plasma the time of  formation of  equilibrium 
(Maxwellian) distribution within the electronic 
subsystem in a small area equals

( ) 3/2 4( ) / 4 ,ee
e B e em k T n eτ π≈ Λ  (6)

where ne, me, Te – respectively, the electron 
concentration, mass of  electron and electron 
temperature, Λ ≈ 15 – "coulomb" logarithm.

For the ionic subsystem in plasma the relaxation 
time equals ( ) ( )/ii ee

i em mτ τ≈ .
Close to this value relaxation time, which 

determines the "maxwellization" of  electron gas 
on the levels of  energy in the conduction band, 
adjacent to the Fermi level, approximately equals  
τ ≈ 10-14-10-12 seconds.

In the air the relaxation time τ ≈ (1.5-2)·10-8 sec 
is defined as by the duration of  "maxwellization" 
process of  gas translational degrees of  freedom 
τmaxv as by the much longer relaxation time of  
molecules vibrational and rotational degrees of  
freedom. With the change of  temperature and, 
especially, density and composition of  the air (e.g., 
at the presence of  water vapor), the value of  τ can 
vary within a wide range (τ ≈ 10-7-10-8 s).

It is also evident that the relaxation time has 
to depend on the intensity of  the thermal wave 
and on the temperature of  medium in which the 
wave propagates. The solution of  such nonlinear 
problem is an extremely difficult problem.

It is obvious that for thermal processes, which 
occurr slowly than the given values τ, taking into 
account of  relaxation is negligible because for the 
description of  such processes it is always possible 
to use equilibrium characteristics.

The simplest account of  the temperature 
relaxation process (without nonlocality and time 
heterogeneity of  the process of  temperature 
formation) can be carried out using a modified 
equation of  continuity

( , ) ( , ),v
T r tc divq r t

t
τρ ∂ +

= −
∂



 

 (7a)
corresponding to the integral relation

( , ) ( , ) ,T
V S

W r t dV q r t ndS
t

τ∂
+ = −

∂ ∫ ∫
   

 (7b)
which has been obtained by integration of  the 
differential relation (7a) using the Gauss formula.

Here ( , ) ( , )T vW r t c T r tτ ρ τ+ = +
 

 – the volume 
density of  the thermal energy; n – normal vector 
to the surrounding the volume V surface.

Formula (7b) shows that the change in the total 
heat energy at time t + τ in the small volume V 
is determined by the energy flow ( , )q r t 

 via the 
surface S, the bounding this volume, corresponding 
to the previous point of  time t.

Substituting equation (2) to (7a), we obtain the 
thermal diffusivity equation with delay τ, which 
is in one-dimensional case in a homogeneous 
medium has the form

2

2

( , ) ( , ) .T x t T x tG
t x

τ∂ + ∂
=

∂ ∂  (8)
The solution of  equation (8) is determined by 

the superposition of  temperature waves

( ){ }
( ){ }

cos( , , ) exp exp 1 sin
1 sin

cosexp exp 1 sin ,               (9)
1 sin

cos 0, / 2 ,

T x t A x i t x

B x i t x

G

ω

ω

ωτω κ ω κ ωτ
ωτ

ωτκ ω κ ωτ
ωτ

ωτ κ ω

 = − − + + + 
 + + + + 

≥ =

obtained for the first time in [13-16]. Each of  
these waves is fundamentally different from the 
temperature waves, corresponding to "standard" 
solution (5).

For waves determined by solution (9), the 
damping coefficient

cos cos/ 2
1 sin 1 sin

Gωτ ωτδ κ ω
ωτ ωτ

= =
+ +  (10a)

depends both on the coefficient thermal diffusivity 
G = λ/ρcv, so and on the time of  delay τ and the 
wave frequency ω. At extremely low values of  
ωτ << 1 from (10a), we can find

/ 2 (1 / 2).Gδ ω ωτ≈ −  (10b)
At τ = 0 the solutions (5) and (10a,b) coincide.

In Figure 1 the frequency dependences of  
the absorption coefficient of  the "conventional" 
thermal waves in a medium with no delay (at 
τ = 0) and the same wave with a delay (τ ≠ 0) (10) 
are presented. The absorption coefficient has a 
physical sense only when δ/κ ≥ 0 (in the upper 
half-plane of  Fig. 1). For graphics (1) the value 
of  τ is a formal parameter, which is needed for 
comparison of  (1) and (2) within the same scale.

It can be seen that for an arbitrary value τ the 
absorption coefficient of  thermal waves in an 
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environment with a delay τ ≠ 0 is always less than 
a medium without such delay. From the analysis 
of  the solution (9) follows that heat waves can 
exist only if  cosωτ ≥ 0, which corresponds to 
the physical result – the wave in the medium is 
damped in the propagation direction. Excitation of  
temperature waves with a frequency corresponding 
to the condition cosωτ < 0 in the equation (9) is 
impossible, since the existence of  such waves 
is contrary to the principle of  causality – their 
amplitude increases in the propagation direction.

To the waves with frequencies
ωn = (n + 1/2)π/τ, n = 0, 1, 2...    (11)
which correspond to conditions cosωnτ = 0, 
wave numbers 2n nk κ= ±  are real and damping 
coefficient δ (10a) is zero, and the general solution 
of  equation (9) in this case has the form of  a 
superposition of  the direct and inverse undamped 
temperature waves

( ){ }
( ){ }

( , , ) exp 2

exp 2 ,

/ 2 .

n

n

n n n

n n

n n

T x t A i t x

B i t x

G

ω

ω

ω ω κ

ω κ

κ ω

= − +

+ +

=  (12)
The physical mechanism of  formation of  

these waves is connected with the influence of  
the thermal relaxation on phase conditions, which 
determine the energy dissipation of  the thermal 
motion.

Excitation of  these waves is possible in 
different ways.

The most optimal one is connected with 
a possible use of  local periodic heating at a 
frequency (11), which correspond to one of  such 
waves. Such system can be based, for example, 
on the process of  interaction of  high-frequency 
electromagnetic wave with a frequency ωn with 
an absorbing surface. Such surface is a source of  
undamped thermal waves. It is also possible to use 
waves with a carrier frequency essentially higher 
than ωn (e.g., laser radiation), which are modulated 
by this frequency.

Another simpler case is connected with action 
on the border between the air and condensed 
matter by short acoustic pulses with duration 
Δt less than the time τ of  relaxation of  thermal 
excitation in the air. In this case in the spectrum 
of  the local thermal waves generated in the area 
of  the local heating, which is formed by the action 
of  these pulses, non-absorbing thermal waves with 
frequencies corresponding to the condition (11) 
are present. Such case is realized in the experiments 
discussed below.

3. REGISTRATION AND STUDY OF 
UNDAMPED TEMPERATURE WAVES IN 
CAVITATION EXPERIMENTS
The research of  the propagation in the air of  
waves, which are not electromagnetic or acoustic, 
and the formation of  which was stimulated on the 
target surface by very short mechanical shocks, 
connected with cavitation phenomena in liquids, 
was carried out on the basis of  several systems 
used by us during the experiments on cavitation 
water jets [1, 4, 5, 17, 18].

The sceme of  such system is shown in 
Figure 2.

In this system water under pressure of  250 atm 
was pumped through channel and through nozzle 
of  small diameter into a cavitation chamber. At the 
output of  the channel cavitation cloud of  bubbles 
appeared, which was  formed by the process of  
growth of  cavitation bubbles in a moving jet water. 
The action of  this jet on the inner surface of  the 
metal target caused the formation of  intensive 
shock waves. The inner surface of  metal target is 
at a distance of  14 mm from the channel outlet 

DETECTION AND INVESTIGATION OF 
ANOMALOUS (UNDAMPED) TERMAL WAVES

Fig. 1. The frequency dependence of  the normalized absorption 
coefficient of  the temperature wave: 1 - a solution (5) of  the 
"classical" thermal diffusivity equation (4), corresponding to τ = 
0; 2 - solution (10) of  the thermal diffusivity equation (8) with an 

arbitrary delay τ.
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opening, while the space between this surface and 
the nozzle formed the cavitation chamber.

For the registration of  thermal waves in the air 
on the outer border of  the metal target broadband 
acoustic piezoceramic receiver PZT-19 with a 
diameter of  20 mm and a resonant frequency of  
1 MHz was used.

In first experiments the receiver moved along 
the installation axis in the interval from 5 mm to 
21 cm from the outer surface of  the metal target. 
Measurements were made every 1 cm. For control 
measurements the receiver was turned by 0, 20, 
90 and 180 degrees relative to the axis of  the 
experimental setup. In the experiments tungsten 
and molybdenum targets were used.

Figure 3 shows the form of  signal, detected by 
the receiver at different distances from a tungsten 
target. It can be seen that in the space behind the 
target (in the air) both low-frequency (LF) and 
high frequency (HF) signals were recorded, whose 
frequencies changed with the distance weakly.

A simple analysis shows that low-frequency 
signal with a frequency ωLF ≈ 8.3-8.9 kHz 
corresponds to a spatial acoustic resonance 
inside the cavitation chamber. This resonance 
correspond to "positive feedback loop" during 
the sequential motion of  the shock wave from the 
target through the walls of  cavitation chamber to 
the nozzle channel and corresponding modulation  
parameters of  this nozzle, affecting the speed of  
formation of  cavitation bubbles in the jet water. 
This resonance contributed to the formation of  
the regime of  periodic synchronized cavitation of  
jet liquid, in which the cavitation bubbles are arise 

and formed not sporadically, but as synchronized 
groups.

Such system is similar to the classical electron 
Van der Pol generator. A small variation of  this 
frequency can occur due to a reverse action of  
low-frequency acoustic waves reflected from the 
receiver towards the target.

The amplitude of  the low-frequency signal by 
removing the receiver from the target decreases 
and is characterized by an approximate coefficient 
of  effective wave attenuation δLF ≈ 0.05 cm-1. 
Such damping agrees good enough with the laws 
of  acoustics and is determined by the combined 
action of  two factors: a) "usual" linear damping 
of  low-frequency sound wave; b) diffractive 
extension of  the low-frequency wave front, which 
is generated by a source of  limited aperture.

Fundamentally different situation corresponds 
to the process of  registration of  the HF signal, the 
amplitude of  which increases with the increasing 
of  distance of  HF wave at removal from the target 
synchronously with a decrease of  amplitude of  the 
LF wave! These results are presented in Figure 4.

A possible explanation for this surprising 
phenomenon may be connected with a hypothetical 
transfer of  heat energy from one wave to another 
(damping and relaxation of  low-frequency 
thermal excitation leads to the generation of  high-
frequency thermal wave). The mechanism of  this 
process has not been determined.

At great distances from the target the saturation 
of  amplitude is observed. The maximum value 
of  the amplitude of  this wave corresponds to 
the distance of  21 cm. It is necessary to point 

Fig. 2. Schematic picture and photo of  setup for generating of  X-rays at cavitation of  water jet in closed chamber.
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out that both signals (both low frequency and 
high frequency) decreased in amplitude when 
the receiver was turned in vertical and horizontal 

DETECTION AND INVESTIGATION OF 
ANOMALOUS (UNDAMPED) TERMAL WAVES

Fig. 3. Low-frequency (left, ωLF ≈ 8.3-8.9 kHz) and high-frequency (right, ωHF ≈ 80-85 MHz) signals recorded by an acoustic receiver, which 
is located in the air at different distances L from the target. The amplitudes of  the recorded signals ΔU are presented near the respective plots.

planes. It proves that signals were emitted by the 
target and they were not the background.

It should be noted that the registration of  the 
acoustic signal with a frequency of  to ~ 80-85 MHz 
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at a distance of  L = 10-20 cm from the outer 
surface of  the target (opposite to the direction 
of  water jet falling in the state of  cavitation) is a 
paradox which cannot be explained on the basis 
of  "standard" acoustics. This conclusion follows 
directly from the expression for sound attenuation 
coefficient for gases and liquids (eg., [19])

2

3

4 1 1( ) ( ) ,
32 { ( )} V P

T T
c cc T

ωδ η ξ λ
ρ

   = + + −   
      (13)

where c(T) ≈ (331.3 + 1.21T°)·102 cm/sec – the 
speed of  sound, ρ – air density, cp = 1000 (J/kg·K) 
and cv = 717 (J/kg·K) – specific heat capacity of  
air at room temperature and normal pressure at 
constant pressure and volume, η = 1.9·10-5(Pa·sec) 
and ξ = 17.2·10-6 (Pa·sec) – coefficients of  the shear 
and bulk viscosity of  air, T° – the temperature in 
Celsius.

From this formula follows that the hypersound 
with the frequency ω ≈ 80-85 MHz propagation 
in the air at room temperature corresponds to a 
very large damping coefficient δ(T) ≈ 10000 cm-1. 
Path lenght of  such wave in the air is less than 
<l> ≈ 1-2 μm, which is in 10000 times (!) less than 
the experimental results.

This result becomes even more paradoxical 
taking into account that the resonant frequency 
of  the acoustic detector used was 1 MHz, which 
is 85 times lower than the frequency of  the 
detected signal and indicates a rather low detection 
efficiency. So it is evident that the real amplitude 
of  HF signal in the  location of  acoustic detector 
was very great.

The second paradox is connected with the 
discussed above effect of  spatial increas of  
amplitude of  the HF wave, which is synchronized 
with a corresponding decrease of  the amplitude 
of  the LF wave.

These paradoxes can be solved if  we assume 
that the HF wave is not the acoustic wave but the 
undamped temperature wave, which discussed 
above.

The frequency of  this wave is in good 
agreement with results of  calculation.

In the air the relaxation time is defined as by 
the duration of  the process of  "maxwellisation" 
τmax v, as by longer processes of  internal and mutual 
relaxation of  vibrational and rotational states of  
N2 and O2 molecules. The value tmaxv depends on 
the average cross-section 22 Dσ π≈  of  elastic 
scattering of  similar size molecules N2 and O2 (their 
diameter can be taken as D ≈ 3Å), which are basic 
molecules in the air, on the average velocity of  gas 
molecules 3 /v kT m=  ≈ 4.6·104 cm/s and the 
total concentration of  molecules n ≈ 3·1019 cm-3. 
Under normal conditions (normal pressure and 
room temperature) we can find

max 10 / ( ) 10 / 3 / 2 .n v v m kT n nsντ σ σ≈ < >≈ < >≈  (14)
Accounting of  the relaxation of  the rotational 

and vibrational states of  molecules allows 
to characterize the time of  local relaxation 
τ ≈ 15- 20 ns, which corresponds to the evaluation 
of  the minimum frequency of  undamped 
temperature wave in the range of  ω0 ≈ 70-90  MHz 
and varies with variations of  pressure and humidity.

Another series of  research has been carried out 
using similar experimental equipment, based on the 
installation of  the KMT setup, considered in [17, 
18]. The schematic diagram of  this setup is similar 
to setup presented in Fig. 2, and the difference is 
only in the direction of  free outlet of  water jet. 
The purpose of  this research was to examine the 
possibility of  extending the temperature waves at 
substantially greater distances.

Figure 5 shows a fragment of  panoramic 
spectrum of  registered waves in frequency range 
up to 300 MHz when L = 18.5 cm, as well as 
fragments of  registered signal at a distance 
L = 18.5 cm and L = 198 cm from the place of  
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Fig. 4. Synchronous change amplitudes of  low and high frequency 
thermal waves in the air when it changes of  the distance from the 

source to the place of  registration.
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formation of  these waves (the outer surface of  the 
tube, through which a water jet passed). A similar 
panoramic spectrum was registered and at other 
distances from the emitting surface (0.5, 18.5, 100 
and 198 cm).

The frequencies of  the signals registered by 
the acoustic detector with a resonant frequency 
of  1 MHz, are respectively ω0 ≈ 74 MHz and 
ω1 ≈ 225 MHz, and are in good agreement with 
the formula (11), which determines the spectrum 
of  undamped temperature waves. The difference 
between the lowest frequency of  these waves from 
the frequency ω ≈ 80-85 MHz, registered in the 
previous experiment, can be connected with  the 
fact that these frequencies are determined by the 
thermal relaxation time (14), which varies with the 
density, temperature of  air and air composition 
Since in this experiment a jet of  water after the 
generation of  shock waves came out into the 
free space, it has led to high humidity in the 
space around the experimental setup and, as a 
result, could change a little relaxation time (from 

τ = πω0/2 ≈ 18.4-19.6 ns at ω0 ≈ 80-85 MHz to 
τ = πω0/2 ≈21 ns at ω0 ≈ 74 MHz). It is obvious 
that similar reason (in particular, a small change of  
air temperature near the experimental equipment, 
which has worked for a long time of  the experiment 
that lasted several hours with concomitant 
rearrangement and fixing of  the detector at 
different distances, and a corresponding change 
in concentration of  molecules) explains a slight 
difference of  wave frequencies ω0 ≈ 80-85 MHz 
registered at different distances.

Despite the fact that these waves are detected 
at substantially different distances from the place 
of  formation (L = 18.5 cm and L = 198 cm), their 
amplitudes at the output of  the registration system 
were identical and were equal to Umax ≈ 1 mV, that 
confirms the absence of  their damping in the air.

4. CONCLUSION
Conducted experiments demonstrate the 
registering of  unknown before our work 
phenomenon – the generation and propagation of  
undamped HF thermal (temperature) waves with 
frequency ω0 ≥ 75-85 MHz, which are registered 
by acoustic detector at a great distance (up to 2 
meters) from the source.

It should be noted that this distance is limited 
only by the size of  the laboratory, and it is expected 
that such waves will propagate without attenuation 
at a much greater distances. These waves are 
fundamentally different from the "classic" 
hypersonic waves of  megahertz range, which can 
not propagated in the air and are damped at a very 
small distance (a units and tens of  microns) from 
the place of  excitation.

These undamped thermal waves can be excited 
and propagated only in environments with a finite 
(non-zero) time of  the local thermodynamic 
relaxation and their frequency is determined 
completely by this time.

It was shown that the frequency of  these 
waves depends on the propagation environment 
parameters (in this case – the air). Condition of  
excitation of  such waves is connected with the 
obvious requirement that in the spectrum of  
thermal excitation the spectral components at 
these frequencies were present. This condition 

DETECTION AND INVESTIGATION OF 
ANOMALOUS (UNDAMPED) TERMAL WAVES

Fig. 5. Part panoramic spectrum signals recorded by acoustic 
detector that located at a distance L = 18.5 cm from the outer 
surface of  the target, and the fragments detected signal at a distance 

L = 18.5 cm and L = 198 cm.
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These waves have a very small speed of  
propagation, which is according to estimates much 
smaller than the speed of  normal sound and does 
not exceed 50-100 m/s.

Finally it is possible to note one more potentially 
possible factor of  pulse generation of  thermal 
waves at the output (outer) surface of  screen or 
tube the inner surface of  which is affected by 
acoustic shock waves caused by cavitation of  
jets of  water. Earlier we considered the process 
of  internal reflection of  shock waves from the 
surface with the corresponding sharp "shaking" 
and the ionization of  surface atoms as the main 
mechanism of  excitation of  thermal waves near 
the outer surface (the right surface of  the target in 
Fig. 2), that leads to the generation of  soft X-ray 
radiation and very rapid heating of  the subsurface 
layer of  air.

Recent results show that there is another 
mechanism of  such pulsed heating, which is 
connected with peculiarities of  shock pulse impact 
on atoms.

In [20-22], it was shown that at rapid (pulse) 
reversible deformation of  the nonstationary 
harmonic oscillator the formation of  coherent 
correlated states of  particles takes place, when 
these particles are in nonstationary parabolic 
field of  this oscillator. The peculiarities of  this 
state leads to the synchronization of  quantum 
fluctuations in the superposition state and to the 
formation of  a giant fluctuations of  momentum 
and kinetic energy, which are on many orders of  
magnitude greater than the average values. The 
result of  this process is the sharp increase of  
the probability of  chemical and nuclear reactions 
between particles in a parabolic field and particles 
that form this field, and pulsed energy release. In 
particular, in these works it have been shown that 
under such modulating action the fluctuations of  
kinetic energy of  particles (in particular atomic 
nuclei) may reach 10-50 keV at medium thermal 
(room) energy of  target kT ≈ 0.025 eV!

Simple analysis shows that the process of  
shock wave motion through the condensed 
substance agrees with this scenario of  intensified 
energy release. During the motion of  the shock 
wave through such medium a strong compression 

limits the parameters of  thermal pulses – their 
duration should be small enough so that the needed 
frequencies were presented in the spectrum.

Used method of  excitation of  thermal waves by 
shock waves of  cavitation satisfies these conditions 
because the minimum duration of  the leading 
edge of  shock wave is equal Δtmin ≈ Δl/ vSW, where 
Δl ≈ 10d the length of  the shock wave front, which 
is determined by the average distance d between 
atoms or molecules, vSW – the speed of  the shock 
wave, that is defined by the Mach number and the 
speed of  sound in this medium.

In metals and other condensed media 
vSW ≈ (2-5)·105 cm/s, d ≈ (1.5-2)Å and Δtmin ≈ 
(0.3-0.8)·10-13 s. So in the air at normal pressure 
vSW ≈ (0.5-1)·105 cm/s, 1/3

aird n−≈ ≈ 30Å and 
Δt(air)min ≈ 10-12 s.

From these estimations follow that under 
optimal conditions corresponding to the formation 
of  shock waves the maximum frequency of  
undamped thermal waves in the air can reach 
ωmax ≈ 1/Δt ≈ 1GHz. This estimation is in very 
good agreement with the results of  the experiment 
discussed above. In Figure 6 a high-frequency 
part of  the general panorama of  the spectrum of  
registered thermal waves is presented, the low-
frequency part of  it was shown above in Fig. 5.

From the form of  this spectrum follows 
that the maximum frequency of  the undamped 
thermal waves at this method of  excitation reaches 
ωmax ≈ 1GHz, which coincides with the results of  a 
theoretical estimations.

Fig. 6. The high-frequency part of  the panoramic spectrum of  
signals recorded by acoustic detector that located at a distance 

L  = 18.5 cm from the outer surface of  the target.
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of  matter at its leading edge and the extension 
at the trailing edge takes place. For each atoms 
of  the medium, which is surrounded by close 
neighbors, that is equivalent to the unsteady pulsed 
deformation of  the harmonic oscillator, field of  
which is formed by nearest neighbors.

Such effect, which leads to the formation of  
coherent correlated states, plays the main role 
at the outside (output) surface of  the cavitation 
chamber, where the reflection of  shock waves 
from the border of  dense material of  the chamber 
and air takes place. Indirect confirmation of  
such mechanism of  the energy release consist in 
the   detection of  foreign chemical elements on 
the outer chamber surface. These elements were 
absent before the exposure on the target with the 
water jet with cavitation bubbles. Such elements 
may be a result of  pulsed nuclear reactions between 
the nuclei of  the target and the nuclei of  the atoms 
of  the air. Such process is extremely short and its 
duration is determined by the time of  existence of  
coherent correlated state [20-22].

We plan to explore this scenario doing 
additional and longer experiments.

REFERENCE
1. Vysotsky VI, Kornilova AA, Korneeva YuV, Krit 

TB. Issledovanie anomalnykh radiatsionnykh 
i teplovykh yavleniy pri kavitatsii strui 
zhidkosti. 1. Anomal'nye effekty pri generatsii 
rentgenovskogo izlucheniya, stimulirovannogo 
protsessom kavitatsii zhidkosti [The study of  
abnormal radiation and thermal phenomena in 
the cavitation jet fluid. 1. Anomalous effects 
in the generation of  X-rays, stimulate fluid 
cavitation]. Inzhenernaya fizika, 2016, 2:33-45 
(in Russ.).

2. Kornilova AA Vysotsky VI, Koldamasov AI, 
Hyun Ik Yang, Denis B. McConnell, Desyatov 
AB. Generation of  intense directional 
radiation during the fast motion of  a liquid jet 
through a narrow dielectric channel. Journal of  
surface investigation. X-ray, synchrotron and neutron 
techniques, 2007, 1(2):167-171.

3. Kornilova AA Vysotsky VI, Sysoev NN, 
Desyatov AB. Generation of  X-rays at bubble 
cavitation in a fast liquid jet in dielectric 

channels. Journal of  Surface Investigation. X-ray, 
Synchrotron and Neutron Techniques, 2009, 
3(2):275-283.

4. Kornilova AA, Vysotsky VI, Sysoev NN, 
Litvin NK, Tomak VI, Barzov AA. Shock-
cavitational mechanism of  X-ray generation 
during fast water stream cavitation. Moscow 
University Physics Bulletin, 2010, 65(1):46-50.

5. Kornilova AA Vysotsky VI, Sysoev NN, Litvin 
NK, Tomak VI, Barzov AA. Generation of  
intense x-rays during ejection of  a fast water 
jet from a metal channel to atmosphere. Journal 
of  Surface Investigation. X-ray, Synchrotron and 
Neutron Techniques, 2010, 4(6):1008-1017.

6. Vysotsky VI, Kornilova AA, Sysoev NN. 
Rentgenovskoe izluchenie pri kavitatsii bystroy 
strui zhidkosti [X-rays at a fast cavitation liquid 
jet]. Radioelektronika. Nanosistemy. Informationnye 
tekhnologii (RENSIT), 2010, 2(1-2):57-69 (in 
Russ.).

7. Shashkoff  AG, Bubnov VA, Janowski SYu. 
Volnovye yavleniya teploprovodnosti: sistemno-
strukturny podkhod [Wave phenomena of  
thermal conductivity: system-structural 
approach]. Moscow, Editorial URSS, 2004, 296 
p.

8. Telegin AS, Shwydkiy VS, Yaroshenko YuG. 
Teplomassoperenos [Heat and mass transfer]. 
Moscow, Akademkniga Publ., 2002.

9. Sobolev SL. Local non-equilibrium transport 
models. Physics Uspekhi, 1997, 40:1043-1053.

10. Cattaneo CR. Sur une forme de l'équation de la 
chaleur éliminant le paradoxe d'une propagation 
instantanée. Comptes Rendus, 1958, 247:431-433.

11. Vernotte P. Les paradoxes de la theorie 
continue de l'équation de la chaleur. Comptes 
Rendus, 1958, 246:3154-3155.

12. Samarsky AA, Galaktionov VA, Kurdyumov 
SP, Mikhaylov AP. Rezhimy s obostreniem [The 
sharpening regimes]. Moscow, Nauka Publ., 
1987.

13. Vysotskii VI, Vassilenko VB, Vasylenko AO. 
Propagation of  temperature waves in medium 
with internal thermal relaxation. Bulletin of  
Taras Shevchenko National Univ. of  Kyiv, Series 
Rafiophysics, 2013, 1:11-14.

DETECTION AND INVESTIGATION OF 
ANOMALOUS (UNDAMPED) TERMAL WAVESNON-LINEAR THERMODYNAMICS



206

No. 2 | Vol. 8 | 2016 | RENSIT

14. Vysotskii VI, Vassilenko VB, Vasylenko AO. 
Periodic heat transfer regimes in active medium.   
Bulletin of  Taras Shevchenko National Univ. of  Kyiv, 
Series Physics & Mathematics, 2013, 2:255-260.

15. Vasylenko AO, Vysotskii VI, Vassilenko VB. 
Heat transfer equation with delay for media 
with thermal memory. Intern. J. of  Sciences: 
Basic and Applied Research (IJSBAR), 2015, 
12(1):160-166.

16. Vysotskii VI, Vasilenko AO, Vassilenko VB,  
Vysotskyy MV. Nonequilibrium thermal 
effects during pulsed action on conducting 
medium. Inorganic Materials: Applied Research, 
2015, 6(3):199-204.

17. Vysotskii VI, Kornilova AA, Vasilenko AO. 
Observation and investigation of  X-ray and 
thermal effects at cavitation. Current Science, 
2015, 108(4):114-119.

18. Vysotsky VI, Kornilova AA, Vasilenko   AO, 
Tomak VI. Detecting and investigation of  
undamped temperature waves excited under 
water jet cavitation. Surface Investigation. X-ray, 
Synchrotron and Neutron Techniques, 2014, 
8(6):1086-1192.

19. Gurbatov SN,  Rudenko OV. Akustika v 
zadachakh [Acoustics in problems]. Moscow, 
Nauka Publ., 1996.

20. Vysotskii VI, Vysotskyy MV. Coherent 
correlated states and low-energy nuclear 
reactions in non stationary systems. European 
Phys. Journal. A., 2013, 49(8):1-12.

21. Vysotskii VI, Adamenko SV, Vysotskyy MV. 
Acceleration of  low energy nuclear reactions 
by formation of  correlated states of  interacting 
particles in dynamical systems. Annals of  
Nuclear energy, 2013, 62:618-625.

22. Vysotskii VI, Vysotskyy MV. The formation 
of  correlated states and optimization of  the 
tunnel effect for low-energy particles under 
nonmonochromatic and pulsed action on a 
potential barrier. Journal of  Experimental and 
Theoretical Physics, 2015, 121 (4):559-571.

NON-LINEAR THERMODYNAMICSVLADIMIR I. VYSOTSKII, ALLA A. KORNILOVA, ANTON O. VASILENKO, 
MIKHAIL V. VYSOTSKYY, EFIM I. HAIT, NAILIA A. VOLKOVA



207

RENSIT | 2016| VOL. 8 | No. 2
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Abstract. The study of  the Fourier-images properties was made by numerical methods for the family of  flat 
triadic geometric prefractals with generator in the form of  symmetric four-stage broken line with an arbitrary 
angle at the apex between the central units and the initiator in the form of  a straight line (Koch curve) 
or in the form of  an equilateral triangle (the Koch snowflake). To obtain the Fourier images the pictures 
of  fractals were approximated by a grid function on a uniform grid with cells small enough for adequate 
mapping of  high generation prefractal details, and then were digitized in order to use fast Fourier transform 
for determination the values of  the squared modules of  the Fourier component, that is, the spectral intensity 
distribution of  diffraction maxima in the Fraunhofer region. An analysis showed that for the values of  the 
vertex or base angles equal to the integer fraction of  180 degrees, Fourier images are the same as for the 
perfect crystals with the symmetry axes of  the 2-nd, 3-th, 4-th and 6-th order, or as for parcuet mosaics or 
quasicrystals with the axes of  quasisymmetry of  any order. Really in the Fourier images of  the Koch curves 
with the initiator in the form of  a straight line was observed axis of  quasisymmetry from 3rd to 9 th and 11-th 
order. Similar to the above-described properties are also inherent to Fourier images of  the Koch snowflake 
with the initiator in the form of  an equilateral triangle. The configuration of  the observed Fourier images 
can be approximately regarded as a radial-annular, at that in the peripheral ("lattice") of  the images is 
dominated by the radial nature of  the frequency distribution of  diffraction reflections along the radius, and 
in the central ("fractal") – a ring with self-similarity. The lattice part has a kind of  clustering: all the rays 
have a strong central chain of  reflexes along the radii and parallel to it the weaker satellites on both sides. 
All Fourier images had the center of  symmetry, which is an integral attribute of  the diffraction patterns in 
the Fraunhofer zone for any objects, however, the rotational symmetry was not perfect: the positions of  the 
diffraction reflexes when rotating images at angles that correspond to the order of  the symmetry axis remain 
unchanged, but their intensity could vary. The cause of  the observed features is that prefractals, unlike 
crystals, are not a continuum of  point objects but two-dimensional set of  equal length line segments with 
different orientation in space. In this set for the considered configurations of  the generator it is possible to 
allocate several two-dimensional subsets with equally oriented segments, each of  which contains a number 
of  partial one-dimensional diffraction gratings formed by segments located along the same line. These 
parallel lattice in the general case contain a different number of  segments, and the degree of  filling and 
the distance between adjacent segments, determining the intensity and diffraction reflections distribution 
structure along the line, depend on the orientation of  the lattice and the generation number of  prefractal.

Keywords: digital methods, Fourier image, Fraunhofer diffraction, generator, initiator, Koch curve, Koch 
fractal, Koch snowflake, parquet mosaic, prefractal, quasiqristal, quasisymmetry, scaling invariance, self-
similarity, symmetry.
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1. INTRODUCTION
Fractal ideology, originally considered only as the 
basis of  exotic branches of  abstract mathematics, 
at the present stage is widely used not only to 
describe and analyse the various material objects 
and phenomena [1-4], but persistently intrudes 
into many areas of  human activity. Engineering 
and technology [5, 6], biology and medicine [7], 
economics [8, 9], art (music, painting, literature, 
linguistics, architecture) [10-14] – this list could 
easily be continued. However, from the point 
of  view of  the science of  fractals priority areas 
continue to be math and physics [15].

At the end of  XX century there was a 
marked interest in the study of  Fourier-images 
of  flat fractals (i.e., a diffraction pattern in 
the Fraunhofer zone) (see eg. [16-18]), which 
remaines unabated to this day.

In particular, this is due to the fact that 
by using Fourier images one can fairly easy 
determine Hausdorff  dimension of  the studied 
objects [16]. Authors of  papers [17-18] for 
the first time performed experiments on the 
scattering of  light by microphotographs of  the 
Koch snowflake in order to get the Fourier-
image of  it and compared obtained data with 
the theory using the analytical description of  a 
fractal. The features of  Fraunhofer diffraction 
for other fractal objects (Vicsek fractal, Cantor 
bar, Sierpinski carpet, etc. [19-24]) were also 
investigated.

The diffraction method of  Df determination 
is widespread, as it is applicable to any objects 
including real fractals which are not subject 
to any geometrical or analytical description. 
However, the utilitarian usefulness of  the Fourier 
transform images is not limited by this, because 
they can be used to obtain information about the 
structure and symmetry of  abstract fractals, and 
about phase transitions in real media.

For example, the Fourier images analysis of  
nonuniform magnetization distributions allowed 
to detect the phenomenon of  biperiodic domain 
structures amorphization in quasi-uniaxial 
magnetic films with critical thickness [25], and 

the presence of  phase transitions of  "devil's 
staircase" type in magnetic films with modulated 
structure [26]. It is not necessary to ignore the 
aesthetic factor: often talk about the beauty of  
fractals [27], but the beauty of  their Fourier 
images is just as impressive [28].

2. OBTAINING A FOURIER-IMAGES 
OF THE KOCH CURVES AND 
SNOWFLAKES
To obtain Fourier images we used numerical 
algorithm, the essence of  which is as follows. 
Images of  studied fractals are approximated by a 
uniforn grid function with cells small enough for 
adequate reproduction of  the high generations 
pre-fractals details. For digitized pictures using 
fast Fourier transform we determined the values 
of  the Fourier component squared modules, 
i.e. the spectral distribution of  intensity I of  
diffracted radiation in the zone of  Fraunhofer. 
To display the intensity I of  the diffraction 
maxima on the 2D-plane, we use representation 
of  I values in a form of  circles with radii 
proportional to logarithm of  I, where coefficient 
of  proportionality is chosen for reasons of  
optimal illustrativity of  images. With the same 
purpose Gaussian blur of  displaying circles was 
additionally applied.

The described above procedure of  the 
Fourier images determining was for the first 
time described and applied by us [29] to study 
the fractal-like domain structures in opaque 
magnetic films (see [30-32]), wfs later set forth 
in public periodicals [25] and tested on the 
probe objects (mono- and biperijdical domain 
structures in transparent magnetic films), where 
these objects and diffraction patterns created 
by them could be observed visually in the 
transmission mode and photographed [25, 26]. 
Using digitized images were obtained Fourier 
images for many flat geometric and algebraic 
fractals: the Sierpinski carpet, H-fractals, Peano 
curves, bifractals, L-system fractals, Mandelbrot 
sets [28, 32, 33-35].

FRACTALS IN PHYSICSGALINA V. ARZAMASTSEVA, MIKHAIL G. EVTIKHOV, 
FEODOR V. LISOVSKY, EKATERINA K. MANSVETOVA.



209

RENSIT | 2016| VOL. 8 | No. 2

In this article the study of  the Fourier-
images properties was made by numerical 
methods for the family of  flat triadic geometric 
prefractals of  generation  with generator in 
the form of  symmetrical relative to the middle 
four-stage broken line with an arbitrary angle 
0° < α < 180° at the apex between the central 
units (Fig. 1a) and the initiator in the form of  
a straight line (Koch curve) or in the form of  
an equilateral triangle (the Koch snowflake); 
(see Fig. 1b). As an example, in Fig. 1c a 
view of  second generation Koch prefractals 
is given. To preserve the self-similarity of  
prefractal by iterations all the segments of  
generator in a form of  broken line must have 
the same length / 3 gNL . When α → 0°, the 
broken line becomes delta-shaped, when α → 
180°, it merges with a initiator line; case  α = 
60° corresponds to the classical Koch curve.

An analysis showed that for α = 180°/kα or 
γ = 90° – α/2 = 180°/kγ, where kα and kγ – any 
integer numbers, Fourier images are the same as 
for the perfect crystals with the symmetry axes 
of  the 2-nd, 3-rd, 4-th and 6-th order, or as for 
parcuet mosaics [36] or quasicrystals [37] with 

the axes of  quasisymmetry of  any order. Really 
among the Fourier images of  the Koch curves 
with the initiator in the form of  a straight line 
were observed axis of  quasisymmetry from 3-rd 
to 9 th and 11-th order. High quality Fourier 
image with the axis of  quasisymmetry of  10-th 
order failed to obtain; the reason for this will 
be discussed next. For integer values of  kα only 
axes quasisymmetry of  odd order exist (3-rd to 
11-th inclusive), while for integer values of  kγ – 
any axis with the order in the range of  3 to 9. In 
Fig. 2 Fourier images of  6-th generations Koch 
prefractals for α = 36° – (a), α = 25.743° – (b), 
α = 20° – (c), α = 16.2637° – (d) are shown.

3. CONFIGURATION AND SYMMETRY 
OF THE FOURIER-IMAGES
The configuration of  the observed Fourier 
images can be approximately regarded as a 
radial-annular, and, as was first noted by the 
authors of  [17] for a classic example of  Koch 
snowflake, in the peripheral ("lattice") of  the 
images the radial nature of  the frequency 
distribution of  diffraction reflects is dominated, 
and in the central ("fractal") – a ring nature with 
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Fig. 1. Generator (a), initiators (b) and prefractals of  the 
2-nd generation for Koch curve and snowflake (c).

Fig. 2. Fourier images of  Koch curve prefractals with 
quasisymmetry axis of  5-th (a), 7-th (b), 9-th (c) and 11-th (d) order.
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self-similarity. It was found that the diameter of  
the central region after each iteration increasing 
in m times, where m = 2[1 + sin(α/2)] is the scale 
factor for the considered fractals.

The lattice part has a kind of  clustering: all the 
rays have a strong central chain of  reflexes along 
the radii and parallel to it the weaker satellites on 
both sides (see Fig. 2b-d). Similar features can be 
traced also in Fig. 3, where Fourier images for 
prefractal of  the Koch curves of  6-th (a), 5-th 
(b) and 4-th (c-d) generations for the values kγ = 
3, 4, 6 and 8 are shown.

All Fourier images had the center of  symmetry, 
which is an integral attribute of  the diffraction 
patterns in the Fraunhofer zone for all objects, 
including non-centrosymmetrical (see eg. [38]), 
however, the rotational symmetry was not 
perfect: when one rotates the image around the 
axis with order of  kα for angles that are multiples 
of  180°/kα, only the positions of  the diffraction 
reflexes coincide, but their intensity could vary. 
Part (Fig. 2b) or full (Fig. 2c-d) attenuation of  the 
reflex intensities along some rays (similar to the 
extinction of  the reciprocal lattice nodes in x-ray 
analysis [39]).

The cause of  the observed features is that the 
objects under consideration, unlike crystals, are 
not a continuum of  point objects (atoms), but a 
two-dimensional set of  line segments with the 
same length / 3 gNL , but with different orientation 
in space.

In this set for the integer values of  kα or kγ 
one can stlect consisting of  equally oriented 
line segments two-dimensional subsets, each 
of  which contains a some number of  partial 
one-dimensional diffraction gratings formed 
of  located along the same line segments. In 
the general case these parallel latticies contain a 
different number of  segments, and the degree 
of  filling and the distance between adjacent 
segments, which determine the intensity and 
structure of  the dis-tribution of  diffraction 
reflects along the line, depend on the orientation 
of  the lattice and the generation number of  
prefractal Ng.

The presence in each of  the two-dimensional 
subsets of  equally oriented segments together 
several spaced relative to each other parallel one-
dimensional lattices leads to a two-dimensional 
diffraction pattern with reflecs not only along 
the lattices, but on either side of  them (the satel-
lites in Fig. 2 and 4).

4. SCHEME OF THE LATTICE AND 
FRACTAL PARTS OF THE FOURIER-
IMAGES FORMATION
The scheme of  formation of  the lattice part 
explains shown in Fig. 4 the example for 
Fourier image of  4-th generation prefractal 
with α = 36° having pentagonal quasisymmetry. 
The numbers 1-5 in the image of  prefractal 

Fig. 3. Fourier images of  Koch curve prefractals with 
quasisymmetry axis of  3-rd (a), 4-th (b), 6-th (c) and 8-th (d) order.
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Fig. 4. The scheme of  formation of  the lattice part in Fourier 
image of  4-th generation Koch curve prefractal with α = 36° 

having pentagonal quasisymmetry.
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marked 5 orientations of  the segments; 
the inset on the right shows the possible 
directions of  partial diffraction gratings, and 
the inset on left in the pull – direction of  the 
rays (compare with Fig. 2). The number of  
partial lattices and the extent of  their filling 
depends on the prefractal generation number. 
So, it follows from Fig. 4, that the number 
of  partial sublattices in the subset with the 
direction of  the segments of  the 1-st type (see 
right inset) is 21, and three of  them contain 6, 
7 and 8 segments, two – 4 four – 3, four – 2, 
and eight – 1.

When α = 180°/kα or γ = 180°/kγ, where   
kα and kγ are any integers, the number of  
possible orientations of  the segments Ns in 
the prefractal is determined by the generation 
number of  the latter g. When one initiates 
there are only three allowable orientations 
defined by the generator (Fig. 1a), each 
subsequent iteration adds two more.

In the case of  even values of  kα or kγ on 
the step of  the iteration, after which there are 
no segments with new orientations (i.e., when 
Ns = kα or kγ is added only one line segment, 
oriented perpendicular to the initiator. In 
subsequent iterations, the new directions of  the 
segments are already not formed.

It was found that for even values of  kα there 
are 2kα orientations of  the line segments, and, 
accordingly, 2kα rays in the lattice region of  the 
Fourier image. For example, if  α = 22.5° instead 
of  8 rays 16 is formed. We were not able to 
watch some of  the rays due to a small popula-
tion of  the relevant partial sublattices even in 
prefractals of  hightst accessible (for technical 
rea-sons) generations. For the same reasons, 
attempts failed to get quality Fourier image with 
decag-onal quasisymmetry.

Similar to the above-described properties 
are also inherent to Fourier images of  the Koch 
snowflakes (with the initiator in the form of  an 
equilateral triangle) shown in Fig. 5 for some 
prefractals of  6-th generation with α = 120° – 
(a), α = 22.5° – (b), α =  30° – (c), and α = 12° 

– (d). Note that obtained in this case Fourier 
images are not a simple superposition of  images 
from three sides of  triangle initiator, as in the 
case of  diffraction waves are summed taking 
into account phase difference between them.

As can be seen from Fig. 5, using triangle 
as initiator greatly enhances the filling of  the 
partial sublattices and actually eliminates the 
difference in the intensity of  diffraction spots 
in symmetry equivalent positions in all the 
rays of  the lattice part of  the Fourier image. 
In addition, in the Fourier images of  the 
Koch snowflake one can more clearly trace 
the difference in structure of  the central and 
peripheral parts. It is seen for example, that 
quasisymmetry of  high orders manifests itself  
in the central part in a form of  isolated spots, 
located on concentric circles.

Possessing self-similarity fractal part, the 
size of  which enlarges with increasing angle 
(under rest equal conditions), is formed by the 
sum of  the central diffraction maxima of  all 
fractal ele-ments. At L → ∞ and Ng → ∞ the 
lattice contribution to the Fourier transform 
of  the image disappears, as, in the first, the 
distance between the forming the lattices line 
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Fig. 5. Fourier images of  Koch snowflakes prefractals with 
quasisymmetry axis of  6-th (a), 9-th (b), 12-th (c) and 15-th (d) order.
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segments tends to zero, and, in the second, 
the line segments transforms in the points, 
the diffraction pattern from which has radial 
symmetry.

6. SUMMARY
The above results convincingly show that 
the generalized triadic Koch prefractals of  
sufficiently high generations under certain 
conditions can have Fourier images with 
the axes of  quasi-symmetry any order like 
parcuet mosaics [36] or quasicrystals [37]. 
Currently, there are data on realization of  
the mosaics with the quasisymmetry axis 
of  the 5-th, 8-th, 10-th and 12-th order; in 
addition to these quasicrystals can have an 
axis of  quasisymmetry of  7-th order [40, 
41]. Amazing is the fact that unlike mosaics 
and quasicrystals Koch curves are generally 
deprived rotary axes of  symmetry, and 
the Koch snowflakes have the only axis of  
symmetry of  the 3rd order.

However, it has been noticed long ago, 
that there exist some sibling connections 
among the fractals and parquet mosaics and 
also (discovered later) quasi-crystals; and in 
establishment of  these connections, apparently, 
the decisive role played by self-similarity [40, 
42]. And as the axioms are now perceived 
assertion that mosaics are two-dimensional 
analogs of  quasicrystals, and to the last with any 
quasisymmetry can be put into correspondence 
associated fractal structures [43, 44]. Methods 
of  fractal geometry are now used to describe 
models of  quasi-crystalline structures, and 
tree-graph procedure – to originate them [44, 
45].

From the point of  view of  abstract algebra 
aperiodic structures (quasi-crystals and mosaic), 
in contrast to describing by groups ideal crystals, 
are described by algebraic systems of  "field" 
type, which may have a rotational symmetry 
and fractal ordering [46]. To describe geometric 
fractals, one can use the algorithms of  so-called 
L-systems [47].
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1. INTRODUCTION
The internal environment of  a living cell - the 
protoplasm is the subject of  intense research 
today cytophysiology. Another associate of  
Charles Darwin, Thomas H. Huxley half  a 

century ago called the protoplasm of  the 
physical basis of  life [1]. American cytologist 
Lewis V. Heilbrunn [2] argued that "if  we are 
able to decipher the mysteries of  life and 
functioning mechanisms, it is only through the 
study of  protoplasm." Extra-nuclear part of  the 
protoplasm – the cytoplasm of  the cell and its 
liquid fraction (without organelles, organelles 
and metabolites) – cytosol studied so far is not 
enough [3-5]. The use of  nonlinear analysis 
methods, new spectroscopic, NMR and other 
techniques and modern computer analysis 
allow you to implement both quantitative and 
more qualitative approaches to their problems. 
It is now known that the cytosol – divided into 
several compartments, compartments various 
membranes sol proteins, enzymes, carbohydrates, 
lipids, low molecular weight (less than 300 Da and 
1 nm [6]) of  the compounds and inorganic salts 
in water, with pH 7.0 to 7.4 [7], (= 139/4 mM, 
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Na+
in/Na+

ex = 12/145 mM, etc. [3] K+
in/K+

ex) to 
the asymmetry in the distribution of  ions outside 
the cell cytosol and, metabolites concentration 
with nonproteinaceous molecules such that 
their diffusion rate due to collisions is 4 times 
lower than in pure water [8]. The mechanism 
of  formation of  gradients of  concentrations 
and is poorly understood. [9] The structure also 
includes the cytosol ribosomes - nucleoproteins, 
synthesizing proteins.

Cytosolic proteins occupy up to 30% of  its 
volume [10], 10 up protein molecules milliardov 
about 10 to thousands of  different cell types 
[11]. They are in a state of  continuous processes 
of  synthesis and decomposition. Free globular 
proteins and fibrous tape forming colloidal 
solutions in water, which occupies 70% of  the 
cytosol [12]. At high concentrations of  the 
cytosolic macromolecules water is in a bound 
state to macromolecules [13, 14]. When this sol 
may be either non-viscous sol, or viscous, jelly-
like gel.

Sol (from the Latin solutio – the solution) 
– highly dispersed colloidal solution with 
a liquid dispersion medium in which the 
volume distributed dispersed phase of  organic 
compounds and ions – Brownian particle size 
of  10-7-10-9 m [3], not related to the spatial 
structure. When this cell is in the active state. In 
coagulation, aggregation particulate sol phase 
transition occurs in the sol gel.

Gel (from the Latin gelo – jell) – structured 
system of  three-dimensional macromolecular 
grid (skeleton), filled with a low-molecular 
solvent – dispersion medium, in a cell – water. In 
the works of  Gilbert N. Ling [13] and Gerald H. 
Pollack [14] showed that in the compartments 
of  the cytoplasm in the adsorption of  the active 
protein (eg, myosin in muscle fibers) ATP, ions and 
salt monomer actin protein due torn, folded his 
secondary structure unfolds in oriented parallel 
to the chain whose carboxyl group adsorb K+ 
and polar amino groups and NH- CO-carbonyl 
groups of  the peptide backbone is already 
polnorazvernutogo protein adsorbed layer by 

layer-oriented and polarized (with a larger dipole 
moment) water – gel, ie related and structured 
non-solvent water on nonglobular linear protein 
(Fig. 1). The multilayer structure of  aqueous gel 
is dynamic, its molecules are constantly moving, 
changing places, but all movement in her limited 
interaction between them is stronger than in 
ordinary water, the structure as a whole is stable 
and does not mix with the free cells with water, 
which is virtually non-existent, because . almost 
all of  the water cells included in ordered layers 
of  protein-ion-water complex. When this cell is 
in a resting state.

High-energy, low-entropy gel 
thermodynamically unstable: ATP hydrolysis 
leads to a redistribution of  the electron density in 
the protein molecule, its conformation changes, 
its amino acid groups are not available water, 
structural mesh spontaneously breaks down with 
the release of  the liquid phase, the recovered salt 
due curtail basic protein band in the globule –
Gel enters sol liquid colloidal solution.

Colloidal solution of  cell proteins is in 
permanent phase transitions sol-gel – the sol-gel 
[15] due to the energy of  ATP synthesized in the 
cytosol and in cell ribosomes. These transitions 
– nonlinear vibration with the ever-changing, 
varying period. the frequency range or the 
rhythms of  these phase transitions (aggregation 
rhythms) – from 10-10 sec to-second, minute, 
okolochasovyh etc. up to seasonal and annual. 
These transitions are caused by various factors 
- kosmogeliogeofizicheskimi, rhythm matching 
between adjacent compartments, a change in pH 
and salt water mode, etc., and provide dynamic 
processes and metabolic adaptation all vital cell 
cycles.
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Fig. 1. Scheme of  phase transitions sol-gel [13].
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Despite intensive research over the last time 
water and aqueous colloids of  a living cell (see, 
eg., [16-20] and many others), the evolutionary 
aspect of  these studies is left without attention. 
In this paper, this aspect is the main subject of  
study.

2. EVOLUTIONARY ASPECTS 
APPEARANCE GEL IN THE 
CYTOPLASM OF CELLS
At the final stage of  abiogenesis (probable 
variant), the transition of  the first in the world 
of  sustainable separate free energy sources 
– hydrocarbon nanodroplets aerosol open 
metabolism and emerging abiogenic organics 
from planetary autoclave anoxic subsurface air 
into the aquatic environment of  the primary 
hydrosphere, the cooling of  the planet, - lipids 
and archaic enzymes drops formed from the 
surface on a turbulent interface between air 
and water and lipid vesicles (lat vesicula -. a 
vial) containing an aqueous solution of  carbon-
containing compounds, archaic enzymes, viruses 
and ribonucleotides with traditional hydrocarbon 
droplets anaerobic metabolism mechanisms [21, 
22]. Anaerobic digestion of  glucose polymer 
glycogen and its aqueous environment of  
sufficient energy basis turned metabolic activity 
of  vesicles until mitosis. In [23-25] identified a 
physical factor leading molecular mechanisms 
of  activity and modes of  mitosis - change the 
acidity of  the internal environment of  the 
vesicle, which determines the order change 
processes and phenomena in the fission of  the 
vesicle and change their metabolism modes. The 
maximum possible capacity of  the metabolic 
processes of  groups competing for macroergs 
in vesicles was achieved in breeding of  these 
groups over time by natural acidification of  the 
internal environment in the synthesis macroergs 
and forced her alkalization at their disposal. 
Cyclical vesicles metabolic enzyme selection 
modes formed by synthesizing catalysis activity 
higher values in pH, than recycling macroergs 
catalysis. At a sufficiently high concentration 

of  peptides and ATP polypeptide structures 
with low molecular weight fraction ions in 
vesicles resulting volume pino- phagocytosis 
and from the external environment and the 
internal environment in the synthesis of  the 
aqueous solution content in the colloid vesicles 
was structured with the dynamics of  the sol-gel 
transition. Cyclical vesicles metabolism mode 
determines the rhythm of  these transitions. The 
liquid crystal gel phase - a universal acceptor 
osmotic and mechanical, electromagnetic and 
gravitational fluctuations, which has retained its 
fundamental role in the evolution and after the 
emergence of  specialized receptor proteins or 
other receptor structures.

The natural conclusion of  this development 
was the emergence of  the first simple cells, 
anaerobes, and bezhromosomnyh bezyadernyh 
prokaryotes capable of  reproduction [25, 
26]. The gradual accumulation of  oxygen in 
the atmosphere to ensure the formation and 
development in some of  the vesicles and 
anaerobic metabolism of  prokaryotes-based 
photosynthesis, ie aerobic metabolism, which 
gave rise to the development of  the simplest 
prokaryotes-aerobic. At the time of  reaching 
a partial pressure of  oxygen atmosphere at 2 
mmHg (Judging by the homeostasis of  oxygen 
levels in the cytoplasm of  the modern animal 
cells) and accumulation of  oxygen in the 
hydrosphere vesicles and archaic prokaryotes with 
a complex metabolism, including photosynthesis 
and recycling of  energy-intensive substrates 
anaerobically and aerobically, ousted virtually all 
other vesicles and have launched the formation 
and development of  eukaryotic (gr . karyon - 
nucleus) cells [25].

Colloidal structure of  compartments of  
eukaryotes, as well as prokaryotes, optimized 
whole cell metabolism kinetics of  phase 
transitions through the sol-gel, generating 
energy in a wide range of  the spectrum of  
electromagnetic and acoustic waves [27-29], 
very weak intensity of  which was seen on the 
background thermal noise [30, 31, ] – the most 
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evolutionarily ancient, apparently, the process of  
information interaction of  biosystems. Address 
information transmission methods have arisen 
in the course of  evolution only in multicellular 
organisms. Gel one cell compartments can absorb 
energy signals generated by the sol gel transition 
neighbor cell compartments, thus passing into 
the sol. Superweak interactions that determine 
these processes are currently the subject of  
intensive research [32]. Phase transitions of  
the first and second kind are determined by the 
degree of  synchronization of  rhythms sol-gel 
transitions between adjacent cell compartments 
and matching rhythms of  different periods. 
The study of  these rhythms contributes to the 
formation of  modern concepts of  fundamental 
biological problems time and time in general.

Thus the appearance of  the gel in the course 
of  evolution in the cytosol was the decisive factor 
in the optimization of  all metabolic processes in 
the emerging cellular structures.

3. EVOLUTION OF IMPROVED 
ENERGY GEL CELL METABOLISM
The presence and growth of  an electric field in 
the cytoplasmic membrane during evolutionary 
changes in the cells ensure a steady increase in 
concentration of  the active compounds [33] 
and, as a consequence, increase the intensity of  
energy metabolism. Another equally important 
factor, which used nature for the same purpose, 
became gel.

In paragraph 2 has been considered a 
possible variant of  the natural appearance of  
the gel in the internal environment protocellular 
structures and biological feasibility of  its 
operation in their processes of  life, manifesting 
itself  in the optimization of  all processes of  cell 
metabolism. Considering the energy metabolism 
of  the leading type of  cell metabolism and 
intensifying its steadfast – the general line of  the 
evolutionary development of  the cellular world 
to the very beginning of  its origin, we consider 
the evolutionary aspects of  participation in the 
process of  protein-ion-water complex cells, it 

cytosol, existing in a mode of  continuous phase 
transition sol gel – a sol-gel.

If  in the initial stages of  nucleation 
protocellular structures in the first lipid vesicles 
"primeval soup" did not exist a sufficient set of  
compounds and elements for the organization 
of  an aqueous colloidal solution of  necessary 
concentration, metabolism, which would allow 
to make stocks of  energy-intensive components, 
then with the emergence of  aerobic vesicles and 
archaic protokariotov sufficient size with the 
development of  metabolic mechanisms of  the 
processes of  accumulation of  energy reserves 
can imagine quite likely. In the cell there was 
a constant factor increase metabolism - gel. 
Because cytosol in substantially dehydrated gel 
state, the percentage of  free water in the ash 
is minimized. Accordingly, it is maximal in the 
concentration of  globular proteins that do not 
participate in the formation of  the gel. Their 
shape structure prevents water on the size level 
of  individual amino acids to the same extent 
that neglobulyarnye proteins. Because of  the 
presence on the surface of  the globules of  
hydrophobic regions these proteins have a low 
affinity for the gel has formed. These sol globular 
proteins directly involved in cellular metabolism. 
However, their concentration, molecular weight 
and metabolic rate increases significantly, as an 
inevitable consequence cytosol separation into 
two phases - the sol and gel. Increased metabolism 
in turn leads to the emergence of  a chain of  
causality: the growth of  the concentration of  
ATP in the ash, the acceleration of  the work K+/
Na+ ATP-ase, enhancement of  the electric field 
in the cytoplasmic membrane, causing asymmetry 
permeability of  lipid membranes dipole 
compounds and, as a consequence, an increase 
in water flows from the cells (Charakhch'yan 
effect [33]). These flows are offset by increases 
in osmotic flows into the cytoplasm resulting 
increase in the concentration of  osmotic sol 
particles in the gel during formation.

Thus, the growth of  the hydrocarbon supply 
and the development of  metabolic mechanisms 
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of  energetic compounds led to the division in the 
evolution of  the cell cytosol to the sol and gel, 
which, in turn, "reciprocity" has provided steady 
growth of  the intensification of  the energy 
metabolism of  cells, ie, follow the general line 
of  the evolutionary development of  the cellular 
world

4. ROLE IN THE EVOLUTION OF GEL 
CYTOSKELETON
One of  the direct consequences of  the 
intensification of  gel activation of  intracellular 
metabolism yavyalyaetsya they form the 
cytoskeleton elements in the membrane region 
protocellular formations. Evolutionary chain, 
in this case can be constructed as follows. 
The vesicles of  the first and prokaryotes 
supramolecular synthesis is quite likely, broaching 
polymeric structures consisting of  a single type 
of  polypeptide monomers which are already 
bind water and form, thereby a gel. It is likely 
also synthesis in the cytoplasm of  the primary 
structures of  actin and tubulinopodobnyh 
protofilaments of  amino acids. The sol gelation 
phase collects the remaining structure under 
the membrane over its entire area in the chain 
of  the archaic cytoskeletal microfilaments and 
microtubules, with weak non-covalent bonds 
of  their structural units. Such protein-aqueous 
matrix ion-dynamically unstable with different 
effects on cell continuously rearranged in its 
polymerization-depolymerization threads which 
are collected from the respective molecules 
and re-parsed into individual molecules. 
Polymerization and stabilize the cytoskeleton in 
the ash provide a gel membrane. Cytoskeletal 
structure distanced from the lipid membrane 
protein by bridges, which are connected with 
both-ankerinami proteins embedded in lipids 
and proteins with neglobulyarnymi constituting 
the base gel. Therefore, the gel formed on the 
cytoskeleton, does not prevent the exchange of  
cells with transmembrane surrounding aqueous 
medium or substrates of  cell metabolism or 
water molecules.

In eukaryotes, the presence of  organelles and 
cell volume compartmentation, in cytoskeleton 
network it appears the third element - 
intermediate filaments composed of  specific 
polypeptides. Actin and tubulin eukaryotic 
interact with a large number of  regulatory, 
support, and other motor proteins. It actin is a 
"champion" among eukaryotic proteins in the 
number of  partner proteins [3]. The intensity 
of  metabolism of  the actin-myosin, tubulin and 
aktinsvyazyvayuschih proteins provided by the 
rhythm of  the phase transitions of  the sol-gel – 
a gel-sol. The forces acting between the proteins 
of  the cytoskeleton and the liquid phase of  the 
gel cell cytoplasm – the van der Waals forces, 
hydrophobic interactions, hydrogen bonds, the 
Coulomb interaction between portions of  the 
charged protein networks and the surrounding 
ions in an orderly arrangement of  components 
of  the cell, forming the cell cytoskeleton that 
supports it the form and all forms of  mobility, 
transporting motor proteins its organelles 
involved in receptor function and it significantly 
increases the resistance of  cells to the damaging 
effects on them of  shear flows in the aquatic 
environment.

5. GEL TRANSPORT STRUCTURES IN 
THE CYTOPLASM
Known feature of  the cytoplasm of  eukaryotic 
cells – continuous intracellular movement 
(cyclosis) tumors and decay processes of  various 
substances, microstructures ripple, constantly 
reaching rhythms sol-gel transition, even in the 
stationary states the lack of  functional activity, 
ie, in resting cells. Transport of  substances in the 
cytoplasm is realized, as is well known, through 
the endoplasmic reticulum – a system of  long 
branching tubules penetrating the cytoplasm; 
continuous cavities which move substances 
promoting the flow of  various processes 
in different cell compartments. Involved in 
the cytoskeleton, and transport through its 
tubulin microtubule hydrophobic molecules 
provide transfer between separate intracellular 
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compartments via motor proteins and carrier 
proteins [34].

However, to explain the targeting of  
substances within cells, harmonization of  
metabolism cycles, meeting the enzyme-
substrate, etc. these paths together with the 
simple diffusion and Brownian motion of  water-
soluble molecules is impossible. Such transport 
efficiently, with minimal losses, carried out 
special channels formed gel structure [13, 14, 16], 
filled with sol, which move metabolites. Fig. 2 
from the GH.Pollack book [16] schematically 
shows the channel in a helium mass obtained 
in the experiment of  T.Hirai [17]. The channel 
is surrounded by a layer of  structured water 
in a liquid crystal state (4th phase of  Pollack), 
moves inside the channel with microspheres 
sol containing metabolites. Such channels 
will eventually provide the cells in an efficient 
transfer of  water flows of  biologically active 
substances from the places of  their synthesis in 
a remote area of  the cytoplasm, where they are 
most productive to carry out their functions.

6. GEL AS A MEANS OF 
DEHYDRATION CYTOPLASM
Special channels formed gel structure, work 
on the basis of  imbalance of  water flows out 
of  the cell to the outside and vice versa, from 
outside the cell in some areas cytomembranes, 
sometimes quite distant from each other. 
Intensification of  metabolic cells associated with 
the synthesis of  compounds in the membrane 
region can locally increase the osmolarity of  the 
aqueous medium in these areas and disrupt the 

balance of  water flows through the membrane 
to the dominance of  members of  the cell flows. 
On the other hand, the flow of  water balance 
displacement can be caused by a change of  
the electric field on the lipid membrane of  its 
individual areas causing asymmetry membrane 
permeability dipolar compounds and primarily 
– water (Charakhch'yan effect [33]). With 
the weakening of  the field (for example, in 
association with the membrane of  large organic 
molecules) will prevail in the incoming cell 
stream. In other areas of  the membrane free of  
associates, there may be a reverse situation. Here, 
the electric field intensity in the lipids is much 
higher than in areas with associated membranes 
larger particles. In this case the water flow will 
prevail outside of  the cell. As a consequence, it 
is possible to realize conditions where in some 
areas of  the membrane water "pumped" into the 
cytoplasm, and in other areas, sometimes quite 
remote from the first, water, on the contrary, 
"pumped" from the cytoplasm. It allows the use 
of  the phenomenon of  gel structure to form the 
transport channels for water flow [16, 34].

having cytoplasmic dewatering mechanisms 
on the basis of  the above-mentioned effects. 
Formation mode of  sporulation, which is based 
on this effect, provided a single-celled organisms 
survival in periods of  drought. Multicellular 
plants use this effect in the formation of  seeds 
and embryos. Dewatering effect gel filling and 
skin cells and their subsequent drying and 
peeling takes place during the formation of  silver 
as a layer of  human skin is normal, and in the 
development of  pathologies such as psoriasis 
and eczema.

7. CONCLUSION
This paper considers the option appears in 
the oxygen-free separation step abiogenesis 
"cytosol" First protocellular formations – lipid 
vesicles in the primary hydrosphere of  the 
planet into two phases – the sol and gel. This 
division was a decisive factor in the optimization 
of  all metabolic processes in the emerging 
cellular structures. The formation mechanisms 
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Рис. 2. Гелиевый канал в цитоплазме клетки (схема) [16].
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involving the sol-gel structures of  evolutionary 
transformations, which provided the cells 
following the general line of  the evolutionary 
development of  living systems, namely a steadfast 
intensification of  energy metabolism. Identified 
the principles and beneficial consequences of  
the actions of  such mechanisms. The role of  
the gel in the formation and functioning of  
the cytoskeleton, as well as in the formation 
of  optimal structures of  metabolite transport. 
Possible future use of  the gel structure to 
temporarily stop cell metabolism (in the 
cytoplasm dehydration modes) under conditions 
unfavorable for their livelihoods.

The analysis covers a huge period of  time - 
by visiting protocellular formation of  the first 
structures of  the gel and up to the evolutionary 
development of  peace and eukaryotes. 
This analysis is to a certain degree is more 
schematic and staging character, but this does 
not diminish its importance. The main result 
appears to identify the primary function of  early 
evolutionary structure of  the gel – optimizing 
and intensification of  the energy metabolism of  
the cell.

REFERENCE
1. Huxley TH. On the Physical Basis of  Life. 

Fortnightly Review, 1869, 5:129.
2. Heilbrunn LV. The dynamics of  living protoplasm. 

New York, Academic Press, 1956, 336 p.
3. Attwood TK, Campbell PN, Parish JH, Smith 

AD, Stirling JL, Vella F, Cammack R (eds). Oxford 
dictionary of  biochemistry and molecular biology. Oxford, 
UK, Oxford University Press, 2006, 736 p.

4. Alberts B, Bray D, Lewis J, Raff  M, Roberts K, 
Watson JD. Molecular Biology of  the Cell. Vol. 2. 
NY-London, Garland Publ., 1989, 541 p.

5. Lyuin B, Cassimeris L, Lingappa VR, Plopper G. 
(eds.). Cells. Sudbury, Jones&Bartlett Publ., 2007, 
951 p.

6. Goodacre R, Vaidyanathan S, Dunn WB, 
Harrigan GG, Kell DB. Metabolomics by 
numbers: acquiring and understanding global 
metabolite data. Trends in biotechnology, 2004, 
22(5):245-252.

7. Bright GR, Fisher GW, Rogowska J, Taylor DL. 
Fluorescence ratio imaging microscopy: temporal 
and spatial measurements of  cytoplasmic pH. 
The Journal of  cell biology, 1987, 104(4):1019-1033.

8. Verkman AS. Solute and macromolecule 
diffusion in cellular aqueous compartments. 
Trends in biochemical sciences, 2002, 27(1):27-33.

9. Weiss JN, Korge P. The cytoplasm: no longer 
a well-mixed bag. Circulation research, 2001, 
89(2):108-110.

10. Ellis RJ. Macromolecular crowding: obvious but 
underappreciated. Trends in biochemical sciences, 
2001, 26(10):597-604.

11. Luby-Phelps K. Cytoarchitecture and physical 
properties of  cytoplasm: volume, viscosity, 
diffusion, intracellular surface area. International 
review of  cytology, 2000, 192:189-221.

12. Persson E, Halle B. Cell water dynamics on 
multiple time scales. Proceedings of  the National 
Academy of  Sciences of  the United States of  America, 
2008, 105(17):6266-6271.

13. Ling GN. Life at the Cell and Below-Cell Level: the 
Hidden History of  a Fundamental Revolution in Biology. 
New York, Pacific Press, 2001, 373 p.

14. Pollack GH. Cells, Gels and Motors Life. The New 
Unifying Approach to Cell Function. Ekaterinburg, 
Tokmas-Press, 2009, 386 p.

15. Zaguskin SL, Nikitenko AA Ovchinnikov SA, 
Prokhorov AM, Savranskii VV, Degtyarev VP, 
Platonov VI. About period range microstructures 
of  living cells hesitation. Dokl. Academy of  Sciences 
of  the USSR, 1984, 277 (6):1468-1471.

16. Pollack GH. The Fourth Phase of  Water: Beyond 
Solid, Liquid, and Vapor. Seattle, Ebner & Sons 
Publ., 2013.

17. Suzuki D, Kobayashi T, Yoshida R, Hirai T. Soft 
actuators of  organized self-oscillating microgels. 
Soft Matter, 2012, 8(45):11447-11449, DOI: 
10.1039/C2SM26477C.

18. Giudice E. Del, Tedeschi A, Vitiello G, Voeikov 
V. Coherent structures in liquid water close to 
hydrophilic surfaces. Journal of  Physics: Conference 
Series, 2013, 442(012028):1-5.

19. Voeikov VL. Active oxygen, water, and organized 
processes of  life. Proc. II Intern.Congress "Low and 
super-low fields and radiations in biology and medicine" 
Saint-Petersburg, Tuscarora, 2000, p. 1-4.

20. Pershin SM, Bunkin AF. Observation of  
temperature evolution of  relative concentration 



222

No. 2 | Vol. 8 | 2016 | RENSIT

ALEXANDER R. ZARITSKY, VLADIMIR I. GRACHEV, 
GALINA V. ZAYTSEVA, MARINA N. KIRICHENKO THEORY OF EVOLUTION

ortho/para spin-isomers H2O by four-photon 
spectroscopy. Laser Physics, 2009, 19(7):1-5.

21. Zaritskii AR, Grachev VI, Vorontsov YuP, 
Pronin VS. Energeticheskie aspekty abiogeneza 
v atmosfere na nanokaplyakh uglevodorodnogo 
aerozolya [Energy aspects of  abiogenesis 
in the atmosphere on hydrocarbon aerosol 
nanodroplets]. Radioelektronika. Nanosistemy. 
Informatsionnye tekhnologii (RENSIT), 2013, 
5(2):105-125 (in Russ.).

22. Zaritskii AR, Grachev VI, Vorontsov YuP, Pronin 
VS. Abiogenez na etape perekhoda iz atmosfery 
v vodnuyu sredu: ot vesikul k protokletkam 
[Abiogenesis transition from the atmosphere 
into the hydrosphere: from vesicles to protocells]. 
Radioelektronika. Nanosistemy. Informatsionnye 
tekhnologii (RENSIT), 2014, 6(2):221-231; DOI: 
10.17725/RENSITe.0006.201412f.0221 (in 
Russ.).

23. Zaritskii AR, Pronin VS. Biophysics major 
modes of  cellular metabolism. Functional cell 
modes: a state of  rest and activity. Bulletin of  the 
Lebedev Physics Institute, 2006, 12:8-18.

24. Zaritskii AR, Pronin VS. Biophysics major 
modes of  cellular metabolism: mode of  cell 
division (mitosis). Bulletin of  the Lebedev Physics 
Institute, 2006, 12:19-27.

25. Zaritskii AR, Grachev VI, Vorontsov YuP, 
Kirichenko MN, Pronin VS. Anaerobny 
etap evolutsionnogo razvitiya zhivotnoy 
kletki [Anaerobic stage of  the evolutionary 
development of  animal cell]. Radioelektronika. 
Nanosistemy. Informatsionnye tekhnologii 
(RENSIT), 2015, 7(1):87-99; DOI: 10.17725/
RENSITe.2015.07.087 (in Russ.).

26. Doolittle WF, Zhaxybayeva O. On the Origin 
of  Prokaryotic Species. Genome Res., 2009, 
19:744-756.

27. Lepeschkin WW. My opinion about protoplasm. 
Protoplasma, 1930, 9:269.

28. Gurvich AG. Problema mitogeneticheskogo izlycheniya 
kak aspekt molekulyarnoy biologii [The problem 
mitogenetic radiation as an aspect of  molecular 
biology]. Leningrad, Medicine Publ., 1968, 240 
p.

29. Kaznacheev VP, Mikhailova LP. Sverkhslabye 
izlucheniya v mezhkletochnykh vzaimodeystviyakh 
[Superlow radiations in cell-cell interactions]. 
Novosibirsk, Nauka Publ., 1981, 144 p.

30. Burlakov AB, Burlakova OV, Golichenkov 
VA. Distantsionnye vzaimodeystviya 
raznovozrastnykh embrionov v'yuna [Distant 
interaction uneven loach embryos]. DAN, 1999, 
368(4):562-564.

31. Burlakov AB, Burlakova OV, Golichenkov VA. 
Vozmozhnost' izmeneniya individual'nogo 
biologicheskogo vremeni slabymi 
elektromagnitnymi izlucheniyami [Ability to 
change of  individual biological time by low 
electromagnetic radiations]. Proc. V Int. Congress 
"Weak and super-weak fields and radiations in biology 
and medicine" (29.6-3.7.09), St.-Petersburg, 
Russian State Hydrometeorological University 
Publ., 2009, p. 41-47.

32. Congress Website "Weak and super-weak fields 
and radiations in biology and medicine", St.-
Petersburg, Russia: http://www.biophys.ru/
congress-2015.

33. Zaritskii AR, Zaitseva GV, Grachev VI, 
Kirichenko MN. Elektricheskoe pole v 
tsitomembrane kak faktor intensifikatsii 
metabolizma kletok [Electric field in the 
cytoplasmic membrane as factor for improved 
cell metabolism]. Radioelektronika. Nanosistemy. 
Informatsionnye tekhnologii (RENSIT), 2016, 
8(1):91-103, DOI: 10.17725/rensit.2016.08.91.

34. Gitai Z. The new bacterial cell biology: moving 
parts and subcellular architecture. Cell, 2005, 
120(5):577-586.



223

RENSIT | 2016| VOL. 8 | No. 2

CHRONICLE

GRAFENIKA [GRAPHENICS]
RUSSIAN GUBIN’S SEMINAR (MOSCOW)
Elena Yu. Buslaeva
VNIIAlmaz, http://www.vniialmaz.ru/, Ltd. AkKoLab, http://www.akkolab.ru
107996 Moscow, Russian Federation
Kurnakov Institute of  General and Inorganic Chemistry, Russian Academy of  Sciences, http://www.igic.ras.ru
117991 Moscow, Russian Federation
eyubuslaeva@inbox.ru
Russian Seminar "GRAPHENE: MOLECULE AND CRYSTAL (material, physics, chemistry, elec-
tronics, photonics, biomedical applications)" under the direction of  prof. SP Gubin operates from 
November 2011. Seminar sessions are held once a month, mainly in the boardroom VNIIAlmaz in 
Gilyarovskogo str., 65 (metro station “Rizhskaya”). The seminar is supported by LLC "AkKoLab" 
and the VNIIAlmaz. Programms of  seminars are available at http://www.akkolab.ru. The seminar 
organizers see it as a discussion platform to discuss new ideas and concepts, review the results and 
the exchange of  experience of  researchers in the booming grafenika - an interdisciplinary field of  
modern science. Anticipated publication of  an annual compendium of  seminar materials, creating 
Programs of  research in this area with possible access to financing. The seminar was attended 
by officials from various scientific institutions of  Moscow - Kurnakov Institute of  General and 
Inorganic Chemistry RAS, Nesmeyanov Institute of  Organoelement Compounds of  RAS, Semenov 
Institute of  Chemical Physics RAS, Kotel’nikov Institute of  Radio Engineering and Electronics 
RAS, National Research Centre "Kurchatov Institute", Moscow State University Department of  
Chemistry, Moscow Institute of  Physics and Technology, National Research Nuclear University 
“MEPhI”, People's Friendship University of  Russia, LLC "AkKoLab", Open Joint Stock Company 
(JSC) "VNII ALMAZ", LLC "Karbonlayt", JSC NIIgrafit and others, as well as invited members 
of  scientific institutions in Russia, Commonwealth of  Independent States (CIS) and foreign 
countries. The audience for each session - about fifty participants. In the four- hour meeting with a 
break heard and discussed the 3-4 reports, news review and submitted poster presentations.
The journal RENSIT is published semi-annual reports of  this seminar: list of  reports indicating 
affiliated authors and submitted abstracts.

PACS: 01.10 Fv
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25th SEMINAR, 13.10.2016
1. Svintsov DA (PhD Phys&Math), V’yurkov VV, 
Ryzhii VI, T. Otsuji. (MIPT, FTI RAN, Tohoku Univ., 
Sendai, Japan). PROMISING DEVICES FOR 
NANO - AND OPTOELECTRONICS BASED 
ON GRAPHENE HETEROSTRUCTURES.
The unique electronic properties of  graphene and 
optical properties of  layered semiconductors can be 
successfully combined into a new composite materials 
called van der Waals heterostructures. The report 
will provide an overview of  the devices, nano - and 
optoelectronics on the basis of  heterostructures: as a 
functioning and planned for implementation. Special 
attention will be paid to devices based on resonant 
tunneling: tunneling transistors, cascade - infrared 
photo-detectors and sources of  terahertz radiation. 

The report will show how "relativistic" spectrum of  
charge carriers in graphene can dramatically improve 
the performance of  devices based on graphene 
structures are compared with counterparts based on 
compounds III-V semiconductors.
2. Amirov RKh, Isakaev EKh, Shavelkina MB 
(PhD Tech) (JIHT RAS). DIRECT SYNTHESIS 
OF HYDROGENATED GRAPHENE IN 
THERMAL PLASMA.
Shown the possibility of  direct synthesis of  
hydrogenated graphene materials in plazmotrona 
reactor. The materials obtained in the free state by 
decomposition of  hydrocarbons with the plasma 
torch constant current at a pressure close to 
atmospheric. Elemental analysis, scanning electron 
microscopy, spectroscopy Raman scattering and 
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x-ray photoelectron spectroscopy showed that 
the synthesized samples present maloletnyh 
hydrogen relative to carbon of  1:4. When heated 
samples is the release of  hydrogen, as illustrated by 
thermogravimetry in an inert gas atmosphere.
3. Glukhova OE (Dr Sci Phys&Math, Saratov 
Univ.) HYBRID 2D/3D NANOCOMPOSITES 
BASED ON GRAPHENE WITH A POSITION 
OF APPLICATION IN OPTO - AND 
EMISSION ELECTRONICS.
The optical and electronic properties of  2D 
graphene hybrid nanocomposite-nanotrubok 
material and a new topological form 3D porous 
glass-like carbon material formed by graphene flakes 
and fullerenelike fragments. Methods modeling was 
performed by the molecular mechanical method 
and the quantum method AIREBO SCC DFTB2. 
Static study conducted using the software package 
DFTB+ (http://www.dftb-plus.info), dynamic - 
with the domestic open source KVAZAR (http://
nanokvazar.ru). Installed the thermodynamically 
stable form of  2D graphene-nanotrubok composite 
structural components which are the nanotubes of  
type (n,0) located between the two monolayers of  
graphene and related covalent (n=10, 12, 14,16, 
18, 20). The calculated band structure showed that 
the composite has a conductivity characteristic 
of  metals (like graphene). The exception is the 
topological model of  composite with tubes (10,0), 
the conductivity of  which is of  a semiconductor 
character with a gap in conditioning the structure 
of  0.08-0.1 eV, depending on the step of  distancing 
tubes. Calculated the complex optical conductivity, 
dielectric permittivity showed that the 2D graphene-
nanotrubki the composite is a very high quality filter 
and a polarizer, in comparison with graphene and 
separate the individual nanotubes (see figure). It was 
also found that in the UV and optical range of  the 
composite is almost not reflected (reflection is less 
than 0.2 % for H-waves), and the absorption reaches 
8-9 %, which makes the composite promising in the 
development of  optical nanoantenna and solar cells.

For other graphene nanocomposite - porous glass-
like carbon 3D material identified ways to control 
the emission properties. Established ways of  filling 
the pores with atoms of  alkali metals, the maximum 
concentration of  these atoms reduces the work 
function by 1 eV or more. Identified as critical 
oxygen concentration, increasing the work function 
by more than 0.5 eV. All studies were performed on 
atomistic material models, built as a result of  heating 
and compressing a porous mixture of  graphene 
flakes and deformed fullerene fragments.

26th SEMINAR, 15.12.2016
1.Kuznetsova IE (Dr Sci Phys&Math, prof  
RAS, IRE RAS). HIGHLY SENSITIVE 
ACOUSTOELECTRIC SENSOR OF HUMIDITY 
WITH A LAYER OF GRAPHENE OXIDE. 
2. Chervonoborodov SP (PhD Phys&Math) 
THE MESSAGE ABOUT THE ROUND TABLE 
AT THE INTERNATIONAL CONGRESS 
"RENEWABLE ENERGY XXI CENTURY: 
ENERGY AND ECONOMIC EFFICIENCY." 
SKOLKOVO, 13 -14 OCT 2016. "CAN CARBON 
MATERIALS (GRAPHENE-BASED) IS 
FUNDAMENTALLY CHANGING THE ENERGY 
OF ANY ELECTROCHEMICAL DEVICES?
3. D'yachkova TP (PhD Chem, Tambov 
GTU). PHYSICO-CHEMICAL ASPECTS OF 
FUNCTIONALIZATION AND MODIFICATION 
OF CARBON NANOMATERIALS. 
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