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In order to optimize the conditions for dissipative-free electric current transport, the influence of chemical composition,
temperature and magnetic field on phase transitions in model HTSC objects — granular high-temperature superconductors
YBa:Cu307-5 and DyBaxCu307.5 — was studied. The work investigated the peculiarities of magnetic field penetration into granular
high-temperature superconductors of the 1:2:3 type, depending on the presence or absence of magnetically active atoms in their
crystal lattice.Large-scale measurements of specific electrical resistance were carried out under conditions of continuous temperature
change and discrete change in the external perpendicular magnetic field strength at a constant value of the transport current density.
The influence of the nature of filling the electron shells of the central atoms (Y or REM) in the 1:2:3 HTSC crystal lattice on the
occurrence of phase transitions in superconducting granules and in the Josephson medium was investigated. It is shown that the
presence of a magnetoactive Dy atom in the HTSC crystal structure has a weak effect on the critical temperatures of phase transitions
in superconducting granules, but leads to a significant decrease in the critical temperatures of phase transitions in the Josephson
medium. Thus, it is shown that from a wide class of granular superconductors of the 1:2:3 type, only granular superconductors based
on HTSC YBaxCu307.5 can be used as the main material for dissipative-free transfer of electric current at the boiling point of liquid
nitrogen.

Keywords: YBa:Cus3O7.5, phase transitions, two-level granular high-temperature superconductors, HTSCs, Josephson medium,
external magnetic field, internal magnetic fields, magnetically active atoms, nature of filling the electron shells, dissipation
processes.
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M. O. Azarenkov, T. V. Sukhareva, M. S. Sunhurov, Y. M. Shakhov

1. INTRODUCTION

For modern physics, the twentieth century was marked
not only by the discovery of a qualitatively new
phenomenon of superconductivity from the point of view
of classical electrodynamics in 1911 [1], but also by such
important milestones as the emergence and development
of the concept of the existence of type II superconductors
in 1934 [2, 3] and the discovery of high-temperature
superconductivity in 1986 [4]. The development of new
ideas and the discovery of new superconductors meant not
only a quantitative change in the values of the critical
parameters of superconductivity — critical temperatures
T., critical fields H. and critical currents /., but also a
qualitative change in the nature of the phase T-H-I -
diagrams. As is known, the phenomenon of high-
temperature superconductivity was discovered in 1986
while studying the electrical properties of granular
samples of the metal oxide compound La,«Ba,CuO4 [4].
This discovery had two important aspects: firstly, a
superconductor with a critical temperature 7. twice as
high as those previously obtained on metal compounds
was synthesized and studied for the first time; secondly,
the existence of a previously unknown class of
superconductors was discovered — the so-called two-level
superconductors ( see, for example, [5—8]).

As has been established [5, 6], the behavior of a new
class of superconducting materials — granular high-
temperature superconductors (HTSCs) — can be described
within the framework of a two-level critical state model.
In this model, granular HTSCs are considered as a
combination of two subsystems of type II
superconductors [2, 3]: three-dimensional
superconducting granules (size ~1 pm) with strong
superconductivity and two-dimensional intergranular
boundaries — Josephson “weak links” (size ~ several nm)
with weak superconductivity. In the two-level model for
superconducting granules (indices “g”) and intergranular
boundaries — Josephson “weak links” (indices “J”):

Hclg(T) > Hcl](T);
Hepg(T) > Hepy (T), (1)
Icg(T' Heyt) > Ic](T: Hexe),

where H.i; and H.iy are the critical fields for starting the
process of penetration of a magnetic field into the
subsystems of a granular superconductor; He, and Hey
are the critical fields of complete penetration of a
magnetic field into the subsystems of a granular
superconductor; /., Ic; are critical currents.

System of equations (1) quite adequately describes the
processes of penetration of a magnetic field into both
subsystems of a two-level granular superconductor, as
well as the destruction of the superconducting state.

Penetration of an external magnetic field He into
granular high-temperature superconductors is realized, in
contrast to “classical” type Il superconductors (including
HTSC single crystals), due to Abrikosov vortices into
granules at Hey > Hc1; and Josephson vortices into “weak
links” at Hex > Hcy. Naturally, the features of the
penetration of a magnetic field into granular high-
temperature superconductors to a very significant extent
determine the behavior of their magnetic, electrophysical
(transport and galvanomagnetic), etc. properties in a wide
range of temperatures, magnitude and orientation of the
magnetic field H and other external parameters.

It should be recognized that in the 37 years that have
passed since the discovery of the phenomenon of high-
temperature  superconductivity, two problems of
paramount importance have not been fully resolved: the
fundamental one - establishing the nature of the
phenomenon, and the applied one - the creation of
technical superconductors for high-current technology
based on HTSC. And although the macroscopic theory of
high-temperature superconductivity has not yet been
constructed, high-temperature superconductors (HTSC)
are widely used in modern technology. HTSCs are
actively used in low-current technology: in
microelectronics and computer technology (devices based
on Josephson junctions), as detectors of weak magnetic
fields for use in medicine (magnetoencephalography,
MEG), in geology and geophysics (search for minerals,
study of the geological structure of the earth’s crust,
earthquake forecast), in materials science (non-destructive
testing of materials and structures); in high-current
technology: creating powerful magnetic fields by passing
a strong current through a superconducting coil (this
effect is used, for example, in nuclear magnetic resonance
(NMR) imaging). The use of HTSC in high-current
technology also includes the creation of electrical power
devices and systems that generate, transmit and convert
electricity on an industrial scale. This direction is based
on the high current-carrying capacity of superconductors
even in strong magnetic fields at temperatures below
critical. On the basis of HTSC, powerful superconducting
magnets and superconducting wires have been created,
which are used, for example, in the Large Hadron
Collider; magnetic levitation trains (electrodynamic
suspension, EDS) have been actively used in Japan for
quite a long time. Despite the fact that HTSCs have
already found their wide application in modern
technology, the search for new superconducting materials
with higher critical parameters and further research into
the applied and fundamental properties previously
discovered of oxide HTSCs do not stop. Since the
discovery of the phenomenon of high-temperature
superconductivity, a large number of different high-
temperature superconductors with different crystal lattices

Journal of V. N. Karazin Kharkiv National University. Series Physics. Iss. 41, 2024
8 BicHuk XapkiBcbKoro HaLioHanbeHoro yHisepcuteTy imeHi B. H. KapasiHa. Cepis «®isuka». Bun. 41, 2024



Optimization of conditions for dissipation-free transfer of electric current using two-level granular HTSCS
of various compositions

have been synthesized: type 214 (for example, La,CuOy),
type 123 (YBa,Cu3O7.5), type 124 (YBa,CusOs:s), type
2212 (BizSr,CaCu,y0ss+5), type 2223 (BizSr2CarCuszOigss),
as well as ThBayCan.1CunO2ni4 (n = 2, 3), MgB,, etc. In
terms of potential applications of such superconducting
materials (such as high-capacity power cables for modern
power lines, generators, superconducting magnets, low-
resistance and high-efficiency transformers, electrical
energy storage devices, as well as other superconducting
electrical equipment operating under liquid nitrogen
cooling), HTSC type Rel123 (ReBa;Cuz07.5), where Re is
yttrium or trivalent rare earth metal, are most actively
used. Comparing with other cuprate superconductors,
conductors based on ReBCO are the most promising
materials due to their high superconducting current
density and the ability to carry current in strong magnetic
fields. On the contrary, in BSCCO (Bi;Sr,CaCu;0s+5) the
critical current drops very quickly with increasing
external magnetic field strength and, despite the relative
ease of manufacture, bismuth-based HTSCs with Bi-2212
and Bi-2223 structures have fairly low irreversibility
fields, which imposes significant restrictions on their use
in strong magnetic field at the boiling point of liquid
nitrogen.

Against the backdrop of today's threats facing
humanity, it is necessary to solve the problem of
minimizing the use of hydrocarbons in the energy sector.
One of the most important elements of energy security is
the transfer of electricity from producer to consumer
without loss. High-temperature superconductors can carry
out just such dissipative-free transmission, which makes
their use effective in high-current technology, for
example, in the architecture of second-generation high-
temperature superconductors (2G HTS). Therefore, the
analysis of HTSC properties, which are critical for
application purposes, is relevant and necessary in this
context.

In fact, our work is a fundamental study, but it is
aimed primarily at optimizing the conditions for non-
dissipative transfer of electric current using two-level
granular HTSCs of various compositions. The concept of
“optimization” in this case is quite broad. This refers to
both environmental protection and the simplicity and
relative cheapness of manufacture and use. As for
environmental protection, this is associated not only with
the reducing to use hydrocarbons in the energy sector and,
for example, in steel production, but also with the
reduction of helium production in the world, due to the
depletion of its reserves. In this regard, the most
accessible, safe to use and environmentally friendly
cryogenic liquid is liquid nitrogen. Large-size granular
superconductors are excellent current leads and can
displace blast furnaces operating on solid fuel.
Polycrystalline superconducting films, which have the

same properties as bulk granular HTSCs, are much easier
to manufacture than single-crystalline ones, and therefore
their use in the architecture of second-generation high-
temperature superconductors (2G HTS) is also an element
of optimization.

In this regard, the goal of this work is to optimize the
conditions for the non-dissipative transfer of electric
current from producer to consumer using two-level
granular HTSCs of various compositions.

Specifically, we are talking about establishing the
influence of magnetically neutral yttrium atoms and
magnetically active rare-earth atoms in the structure of
1:2:3 HTSC on the occurrence of phase transitions in two-
level granular high-temperature superconductors, using
the example of HTSC YBa,Cu3;075 and DyBa,Cu3O7.5
under the influence of an external magnetic field and
transport current when the temperature changes. To
achieve the goal of this work, large-scale studies of the
influence of the chemical composition, temperature and
external magnetic field strength on the crystal structure,
electrophysical and magnetic properties of two-level
granular high-temperature superconductors YBa,CusO7.;
and DyBa,Cu307.5 are needed.

One of the objects of study is the high-temperature
superconductor YBa,CuzO7.5. An essential fact is that the
filling of the electronic shells of the central yttrium atom
(1s%2s22p®3s23p®4s23d'%4p®5s?4d') is  fundamentally
different from the filling of the electronic shells of rare
earth atoms, since in Y the “magnetic” 4f shell is vacant.
This means that in the case of HTSC YBa,Cu3;O7.5, there
are no sources of internal magnetic field, Hin = 0. The
second object of study is DyBa;Cus3O75, in which the
central rare earth atom Dy has a filled 4f shell
(1s22522p%3523p°4s23d'%4p®5524d'°5p®6s241!%) and Hin >
0. Note that quite numerous studies of the crystal structure
and electromagnetic properties of HTSC DyBa,Cu307.5
were started back in the late 80s of the twentieth century
(see, for example, [9-20]), but were limited mainly to
establishing the influence of the crystal structure on
macroscopic superconductivity parameters. However, the
question of the influence of filling the electronic shells of
central atoms (Y or REM) in the 1:2:3 HTSC crystal
lattice on the phase transitions in superconducting
granules and in a Josephson medium has still remained
open.

Obviously, the most effective way to study phase
transitions (PTs) in a magnetic field is to conduct
experiments in a wide range of temperatures at several
fixed values of the external magnetic field strength. To
establish the thermodynamic features of the phase
transition caused by the interaction of the magnetic field
with both subsystems of granular HTSC, electrical
resistance was measured at fixed values of the magnetic
field with increasing temperature.
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2. METHODOLOGICAL ASPECTS OF RESEARCH

2.1 Samples for research

The objects of study were samples of granular high-
temperature superconductor of the 1:2:3 type -
YBa,Cu307.5 and DyBa,Cu307.5. The choice of research
objects was determined by several circumstances. Firstly,
YBa,CuszO7.5 is a typical representative of metal oxide
granular HTSCs and is often a model object of research;
secondly, YBa;Cuz0O7.s and DyBa,Cu3O7.5 have the same
orthorhombic structure and similar crystal lattice
parameters; their critical superconducting transition
temperatures differ slightly; and thirdly, despite all the
similarities, the objects of study have a fundamental
difference: the absence of a magnetically active atom in
the structure of YBa,CuzO;5 and its presence in
DyB32CU3O7_5.

Samples of the granular  high-temperature
superconductor YBa,Cu3O7.5 were synthesized using
standard “ceramic technology” [21, 22] from powders
produced at the STC ISC of the NAS of Ukraine,
Kharkov. The dimensions of the samples were = 2 x 2 x
20 mm?. Current and potential contacts were made by
deposition of silver vapor in a vacuum. The final
annealing of the samples in an oxidizing environment at
500 °C followed by slow cooling was carried out after the
deposition of Ag contacts, which led to a significant
decrease in the contact resistance at the YBa,Cu3O7.5/Ag
interface.

The synthesis of DyBa,Cu3075 samples was carried
out according to the following scheme: the initial
components — Dy,03;, BaCOs; and CuO taken in a
stoichiometric ratio, are carefully ground in an alcoholic
environment. The alcohol is then evaporated and the
composition is placed in a muffle furnace for synthesis.
Synthesis is carried out at a temperature of 7 = 950 °C.
Synthesis time ¢ = 24 hours from the moment the
temperature is reached. Upon completion, the
composition cools down with the oven to room
temperature. The heating/cooling rate was ~ 5 °C/min.
The resulting mixture is again ground in an alcoholic
environment; then the alcohol evaporated.

Next, samples of the required shape and size are
pressed from the mixture under a pressure of 650 kg/mm?.
The dimensions of the samples were = 2 x 2 x 20 mm>.
Current and potential contacts were made by deposition of
silver vapor in a vacuum. The final annealing of the
samples in an oxidizing environment at 500 °C followed
by slow cooling was carried out after the deposition of Ag
contacts, which led to a significant decrease in the contact
resistance at the DyBa,;Cu307.5/Ag interface.

To certify HTSC samples, methods of X-ray
diffraction analysis, resistive and magnetic measurements
of the critical temperature 7. were used. To carry out X-
ray diffraction studies, the obtained samples of granular

high-temperature  superconductors YBa,Cu3;O75 and
DyBa,Cu307.5 were crushed into powder. X-ray studies
were carried out using a stationary X-ray instrument
DRON UM-1 in the Bregg-Brentano focusing scheme;
CuKa radiation was used. Diffraction patterns were
recorded in the angle range 26 = 15-75 degrees, with an
accuracy of 10" degrees. To determine the parameters of
the crystal lattice, the positions of the triplet of diffraction
lines (006), (200), (020) were recorded with an accuracy
of A28 ~ 10-2 deg. To resolve the triplet components, the
diffraction profile components were analyzed using the
Gaussian function. The accuracy of determining crystal
lattice parameters is 10 A.

In the diffraction patterns of YBCO and DyBCO
powder samples, characteristic systems of diffraction
lines YBa;Cu3075 (Y-123) and DyBa,Cu3O7.5 (Dy-123)
corresponding to the orthorhombic structure of
perovskite, space group Pmmm, are observed. There are
practically no lines of extraneous phases.

Table 1 presents the crystal lattice parameters (which
are close to the data of other authors, [23, 24]), the
volumes of the unit cell, and the degree of rhombicity of
the samples A =2 x (b —a) / (b + a), where a, b are the
lattice parameters in the basal plane. As can be seen, the
parameter A for Dy-123 is less than for Y-123. The
change in A can be explained by the removal of oxygen
atoms from the Cu—O chains, which are located along the
b axis of the orthorhombic DyBa,Cu307; lattice [25-27].

Table 1
Lattice parameters, unit cell volume, degree of
rhombicity of YBCO and DyBCO samples after

annealing in an oxidizing environment

ReBCO(Re=Y,Dy)|a,A |b,A |c, A v, A3 A, arb. units
Y-123 3.828 |3.894 [11.728 |174.86 |0.0172
D-123 3.834 |3.898 [11.721 |175.17 |0.0165

2.2. Experimental setup and determination of the
critical temperature of the superconducting transition

As mentioned above, methods of resistive and
magnetic measurements of the critical temperature 7
were used to certify the samples. The temperature of the
middle of the superconducting transition, determined
from the maximum derivative dp/dT(T), was
92.6+0.01 K for YBa;CuzO7.s and 90.5+0.01 K for
DyBa;Cu3075. As can be seen, in the absence of an
external magnetic field, the resistivity curve [p(7)aex=o]
has a classical o-type character, described with high
accuracy by the Boltzmann function, widely used in the
theory of phase transitions accompanied by jumps in the
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corresponding physical quantities [28, 29]. For a jump in
electrical resistance during a superconducting transition,
the Boltzmann equation takes the form:

ARy

where AR is the resistance in the normal state near 7.

To measure the temperature dependences of the
electrical resistivity of granular HTSCs YBa,Cu30O7.5 and
DyBa;Cu3O75 in a transverse magnetic field, we used a
previously developed setup [30, 31, 32], in which a
system of pairs of permanent magnets made of a high-
coercivity Nd>Fe 4B alloy was used to create a magnetic
field. The FC mode of applying a magnetic field (cooling
in a magnetic field) was used. This regime, as we showed
earlier [30], ensures the achieving maximum equilibrium
between the granular HTSC under study and an external
magnetic field; the achievement of the equilibrium was
also facilitated by the use of very low cooling and heating
rates of the samples (=0.002-0.004 deg/s). All
measurements were carried out at a constant transport
current density (j = 2 A/cm?), which corresponded to a
transport current value of 7 = 10 mA.

3. RESULTS

3.1. Temperature dependences of the electrical
resistivity of granular HTSC YBa:Cu30O7.5 in external
magnetic fields

The temperature dependencies of electrical resistivity
for one of the series of measurements under heating
conditions for samples of granular HTSC YBayCusO75
are presented in Fig.1.

600 -
500 | YBaZCu:‘O7 -

400 +

w

(=]

=}
T

P, uQ*cm
N
8

100 -

70 75 80 85 90 95

Temperature, K

Fig. 1. Temperature dependences of electrical resistivity
in external perpendicular magnetic fields Hex: (from
bottom to top): 0; 10; 25; 50; 100; 250; 500; 1000;
1400; 1900 Oe.

As can be seen, with increasing Hex, the p(T)rex=const
curves regularly shift towards higher values of electrical

resistivity. In the absence of an external magnetic field,
the resistivity curve has a classical o-type character.
When an external magnetic field Hex is applied, the
behavior of the electrical resistivity curves changes
significantly: the curves “swell” towards low
temperatures; the temperature of zero resistivity
noticeably decreases with increasing field; at Hey > =~ 100
Oe, a characteristic feature appears on the p(7) curves — a
“bend” containing an inflection point which turns into a
clearly defined maximum as the field grows. As an
example, Fig. 2 shows a typical temperature dependence
of the electrical resistivity of a granular HTSC
YBa,Cu307;5 in an external magnetic field Hex = 250 Oe;
on the resistivity curve, arrows indicate special points
corresponding to three phase transitions (the inset shows
the dp/dT(T) curve in the vicinity of the phase transition
temperature Tcig).

800

600

dpfdT, (ma/K)

70 75 80 8 90 95 100
Temperature, (K)

Fig. 2. Temperature  dependence  of  electrical
resistivity at Hexe = 250 Oe. The inset shows a jump in
the derivative dp/dT in the vicinity of the phase
transition temperature 7ciq.

3.2. Temperature dependences of the electrical
resistivity of granular DyBa:Cu307s in external
magnetic fields

The temperature dependences of electrical resistivity
for one of the series of measurements under heating
conditions for samples of granular HTSC DyBa;Cu307.s
are presented in Fig. 3.

First of all, attention is drawn to the noticeable
expansion of the region of existence of the Josephson
medium 7ey(7)=0) — Tcig and a noticeable shift in the
temperature of appearance of resistivity 7,- to the region
of lower temperatures in the granular HTSC DyBa,Cu30-.
s compared to YBa,CusO7.s (see Fig. 1) with a slight
increasing the external magnetic field strength He.. When
the field value Hexx > = 50 Oe, a characteristic feature
appears on the p(7) curves — a “bend” containing an
inflection point, which turns into a clearly expressed
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maximum as the field grows.

700 -

600 -

DyBa,Cu,0,

50 55 60 65 70 75 80 85 90 95

Temperature, K
Fig. 3. Temperature dependences of electrical
resistivity in external perpendicular magnetic fields
Hey: (from bottom to top): 0; 10; 25; 50; 100; 250;
500; 1000; 1400; 1900 Oe.

95

3.3. Phase transitions in granular
HTSCSemperature dependences of the electrical
resistivity of granular YBa:CuzO7-s and DyBa:Cu3O7-s
in external magnetic fields

Based on the temperature dependences of electrical
resistivity in various external perpendicular magnetic
fields (see Fig. 1 and Fig. 3), the field dependences of the
critical temperatures of phase transitions (Fig.4) were
determined in both subsystems of two-level granular
YB3.2CLI307_5 and DyBazCu3O7_g HTSCs.

Critical temperatures of phase transitions (Fig. 2 and
Fig. 4):

a. Toy=T,~ (the criterion — is the appearance of
resistance with increasing temperature) is the critical
temperature of the beginning of magnetic field
penetration into the “weak links” subsystem. There is a
tendency for Ty to decrease with increasing external
magnetic field strength Hex:.

b. Teig (the criterion — is the appearance of a maximum of
the derivative dp/dT) is the critical temperature of the

-e o e o .
90 [ ¥ YBaLuO,, |l wl @wo o o o o
é % DyBaCuD, ¢ . r
B[ Tk ¢
&
&1 * <
. 80 -
or * = s o 0o o o YBagCuo,,
75 k-4 » DyBa,Cu,O,
g t x ¢ YBaCu0 x ysa,Lu,L.,
o 70 - # ®70 * U Yrs -, 70 f
l_'E @ o 5] > DyBa,Cu0, [~
60 - 60 60 -
551 *® 0%
t
50 L 1 L L 1 50 1 L I 1 50 L 1 L I I
0 500 1000 1500 2000 500 1000 1500 2000 0 500 1000 1500 2000
H_ ., Oe H,. Oe H . Oe
a b c

Fig. 4. Dependencies of critical temperatures of phase transitions (a) 7Tcy(7,~0), (b) Tcig and (c) Tc at
0 < Hext <1900 Oe in granular HTSC YBa,;Cu3O7.5 and DyBa;CuzO7.s.

beginning of magnetic field penetration into the
subsystem of superconducting granules. Tci, slightly
decreases with increasing Hex:.

c. T¢ is the critical temperature of the superconducting
transition, which is practically independent on Hey:.

4. DISCUSSION
As is known, (see Introduction) a description of the
behavior of granular high-temperature superconductors is
possible within the framework of a two-level critical state
model, when granular HTSCs are considered as a

combination of two subsystems of type II
superconductors:  three-dimensional  superconducting
granules with strong superconductivity and two-

dimensional intergranular boundaries — Josephson “weak
links” with weak superconductivity. In accordance with
existing concepts, at temperatures below 7¢:

1. In the range of 0 < Hex < Hciy, both subsystems of a
two-level  granular  superconductor are in a
superconducting state.

2. In the range of H.y < Hex < Heoj, Josephson vortices
begin to penetrate into the “weak links” subsystem (in this
case, the appearance of resistance is not observed [33,
34)).

3. In the range of Heyy < Hext < Heig, resistance appears.
For granular HTSCs, the effect of the appearance of non-
zero electrical resistance at Hex > Hcoy can be due to
various mechanisms: this may be associated with the
formation of an extended Josephson junction of one type
in the “weak links” subsystem, i.e. at Hex ~ Heoy, there is
no final transition of all “weak links” to the resistive state,
but the process of breaking all percolation paths for the
flow of superconducting current is completed [35-37].
The appearance of resistance is a consequence of a
“classical” second-order phase transition in a system of
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“weak links” at Hext = Hcoy. The main argument in favor of
this point of view is the appearance of a maximum in the
dependence of the complex magnetic susceptibility [38] —
the second derivative of thermodynamic potentials. The
appearance of resistance is due to the destruction of the
coherent connection between superconducting granules
and thermally activated phase slip in the resulting
Josephson junctions [39—41].

4. In the range of Hciy < Hext < Heog, Abrikosov vortices
penetrate into the subsystem of superconducting granules.
5. At Hew > Hepg, the granular superconductor completely
transforms into the normal state.

As already noted in the Introduction, the peculiarities
of the penetration of a magnetic field into granular high-
temperature superconductors to a very significant extent
determine the behavior of their magnetic, electrophysical,
galvanomagnetic and other properties in a wide range of
temperatures, the magnitude and orientation of the
magnetic field H and other external parameters. From a
purely applied point of view, the influence of an external
magnetic field on critical temperatures and currents
comes down to a relatively weak decrease in the critical
temperature 7. and a fairly strong decrease in the values
of critical currents /. with an increase in the external
magnetic field strength Hex (see, for example, [42]). As
was shown earlier [37], the main contribution to the
electrical resistance of two-level HTSCs is made by
dissipation processes at Josephson “weak links”. A
necessary condition for turning on the dissipation
mechanism, naturally, is the presence of an external
magnetic field [42].

As can be seen (Fig. 4), with an increase in the
external magnetic field strength Heq, the critical
temperature 7oy of the phase transition, when the external
magnetic field begins to penetrate into the “weak links”
subsystem, noticeably shifts to the region of low
temperatures.

Moreover, if in the HTSC YBa,Cu3O75, the critical
phase transition temperature 7T; (the temperature at
which the resistivity of the Josephson medium appears) is
higher than the liquid nitrogen boiling point even at the
maximum strength of the external magnetic field Hex =
1900 Oe (Fig.4a), then for HTSC DyBa,CusO7.s, the
critical temperature 7co; becomes 70.5 K, i.e. lower than
the boiling point of liquid nitrogen already at Hew = 250
Oe. That is, the presence of sources of internal magnetic
field in the structure of granular HTSC DyBa,CuzO7;
enhances dissipation processes and thereby leads to a
significant decrease in the critical temperatures of phase
transitions in the region of existence of the Josephson
medium. Thus, since there are no sources of internal
magnetic field in the crystal structure of granular HTSC
YBa,Cu307.5, dissipation processes are caused exclusively
by the influence of the extermal magnetic field. For

DyBa,;Cu307.5, which has a magnetically active Dy atom
as a source of internal magnetic field, the effects of a
significant expansion of the “transition region” T)-o — T
and a noticeable increase in electrical resistance with
increasing He may mean the combined influence of
external and internal magnetic fields on dissipation
processes in both subsystems.

5. CONCLUSION

Studies of phase transitions in two-level granular
HTSCs with different the chemical composition in an
external magnetic field with a change in temperature
allowed us to conclude that the presence or absence of
magnetically active atoms in the crystal structure is
critically important for the practical application of HTSC
in high-current technology, in particular, in the
architecture of second-generation high-temperature
superconductors (2G HTS) and the use of large-sized
granular superconductors as current leads, which can
displace solid fuel blast furnaces in the steel industry. It
has been shown that the nature of filling the electron
shells of central atoms in the crystal structure of 1:2:3
type HTSC has the strongest influence on the occurrence
of phase transitions in the Josephson medium of granular
high-temperature superconductors. It has been established
that for DyBa,Cus07.5, which has a magnetically active
Dy atom as a source of internal magnetic field in its
crystal structure, dissipation processes in both subsystems
are caused by the combined influence of external and
internal magnetic fields; this leads to a significant
decrease in the critical temperatures of phase transitions
in a Josephson medium. In contrast, there are no
magnetically active atoms in granular YBa;Cu3O7.s;
therefore, the influence of an external magnetic field on
the occurrence of phase transitions in both subsystems
does not lead to a significant change in the critical
temperatures of phase transitions.

Based on fundamental studies of phase transitions in
two-level granular high-temperature superconductors of
various compositions, the main result of this work from
an applied point of view is following: as the main material
for the dissipation-free transfer of electricity from
producer to consumer at the boiling point of liquid
nitrogen, conductors predominantly based on HTSC
YBa,Cu307.5 can be used.
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of various compositions

ONTUMISALUIA YMOB BE3AUCUTNTATUBHOIO TPAHCINOPTYBAHHA
ENEKTPUYHOIO CTPYMY 3A JOMNOMOIoro ABOPIBHEBUX
NPAHYJIbOBAHUX BUCOKOTEMIMNEPATYPHUX HAAMNPOBIAHUKIB
PI3HOIO CKNnALQY
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3 MeToro onTuMizanii yMoB Oe31HCUIIaATHBHOTO TPAHCIIOPTYBAHHS €JIEKTPUYHOTO CTPYMY JOCII/PKEHO BIUIUB XIMIYHOTO CKIIAY,
TEMIIepaTypH Ta MarHiTHOro mojs Ha (a3oBi mepexoan B MoaenbHuX BTHII 00’ekTax — rpaHyiIsIpHHX BHCOKOTEMIIEPATYPHHUX
HagnpoBinHukax YBaxCu3O7.s Ta DyBaxCu3O7.5. Y poOOTi 10CHimKeHO 0COOIMBOCTI MPOHMKHEHHSI MarHITHOTO MOJISL B TPaHyJISIpHI
BHCOKOTEMIIEpaTypHi HAANPOBIAHUKK TUITy 1:2:3 3a1exHO BiJ HasBHOCTI abO BiJCyTHOCTI B X KpHCTaNiuHil PEeIIiTLi MarHiTHO-
akTHBHHX aroMiB. IIpoBemeHo MacmTaOHI BHMIPIOBaHHS IHTOMOTO EJIEKTPHYHOTO OIOPY B yMOBaxX Oe3lepepBHOI 3MiHH
TEMIIEpaTypu Ta JAUCKPETHOI 3MiHHM HANpPYKEHOCTI 30BHILIHBOIO MEPIIEHANKYJISPHOrO MAarHiTHOTO IOJIS NP TOCTIHHOMY 3Ha4YeHHI
TYCTUHH TPAHCIOPTHOTO CTPyMy. JIOCIIi/KEHO BIUIMB XapaKTepy 3alOBHEHHS €IeKTPOHHUX 00OJOHOK IeHTpanbHUX aToMiB (Y abo
P3M) y kpuctaniuniit rpatui BTCII 1:2:3 Ha npotikanHs (a30BUX NMEpexoiB y HAANPOBIIHUX I'paHyJIaX Ta PKO3E(COHIBCHKOMY
cepenosumii. [Toka3aHo, O HAsSBHICTH MarHiTOAaKTUBHOTO aToMa Dy y kpucramiuyniid ctpykrypi BTHII cnabo BrmmBae Ha KpUTHYHI
Temrepatypy (a3oBHX MEpeXOJiB y HAIIPOBITHHUX TIpaHysax, aje NPH3BOJUTH [0 3HAYHOTO 3HIDKEHHS KPUTHYHUX TEMIlepaTyp
(ha3oBUX TepexoiB y K03e(COHIBCBKOMY CEpeloBHINi. TakuM YHHOM, MOKa3aHO, IO 3 MIMPOKOTO KIacy TrpaHySIpHUAX
HaJINpOBiMHUKIB TUmy 1:2:3 nmmie rpaHymspHi HaanpoBigHuku Ha ocHoBi BTHIT YBa:Cu3O7.5 MoXyTb OyTH BHKOPHCTaHi SIK
OCHOBHHH Marepiai Juisi 6e3AUCUIIaTUBHOTO IIEPEHECEHHS eJIEKTPUYHOrO CTPYMY IPH TeMIepaTypi KUITIHHS PiIKOTO a30Ty.

Knrouogi cnosa: YBa:Cus3O7.s, ¢hazosi nepexoou, 08opisHesi epanyisipHi eucokomemnepamypHi Haonpogionuxu, BTHII,
0orcozeqhcoHiscvke cepedoguiye, 308HIUHE MASHIMHe NoAe, GHYMPIWHI MASHIMHI NOAA, MASHIMHO-AKMUGHI AMOMU, XAPAKmep
3aNOBHeHHs eNeKMPOHHUX 0DONOHOK, Npoyecu OUCUNAayii.
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COEPUYHO-CUMETPUYHI PO3B’AA3KN 3ATAlTbHOI TEOPII
BIAHOCHOCTI 3 PAOIANIBHUM PYXOM

O. 0. OpnsaHcbkuin! 2 B. A. KosaunHa?

I Tninpoecoxuii nayionarsnuii ynisepcumem imeni Onecsa Ionuapa, npocnexm Hayxu, 72, 49000 Juinpo, Ykpaina
2 TOB « TEXHIYHHM YHIBEPCUTET « METIHBECT IOJIITEXHIKA», ITiedenne woce, 80, 69008 3anopidcocs, Yrpaina
E-mail: v.kozachyna@gmail.com
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VY pobGoTti mobynoBaHa MOJEb paiajbHOrO PyxXy MMIONOAiOHOT MaTepii Mt chepuuHO-CUMETPUIHOTO BUMAAKY Yy 3aranbHiid
teopii BigHocHocTi (3TB). Monens Moxxe OyTn BUKOpUCTaHa, 30KpeMa, JUIsl ONUCY TaaKTHYHUX Taio 3 TeMHOI Martepil. [InTanus npo
SIKICHMH 1 KiJIbKICHUI CKJIaZ TeMHOI MaTepii € BKpail Ba)dJIMBUM sIK AJIsl PO3yMiHHs cydacHol OymoBu BceecBity, Tak i ais BuGopy
HaWOIIBII peaicTHYHOTO CIieHapiro Horo eBomromii. OCKUIBKM TeMHa Martepis e()eKTHBHO IpOsBIIsie cebe Jumie rpaBiTariiHo, il
THCKOM MOJKHa 3HEXTYBaTH, a pPIBHSAHHSA CTaHy, He3Baxarouu Ha ii (isnuHy npupomy, BBaxatu mwionoaionuM. HasBHicTh
HAJIMACHBHUX YOPHHUX Jip Y HEHTpaxX rajJakTHK 1 MacIITaOH sIBUII 0OyMOBIIOIOTH BHKOpUCTaHHS piBHAHD 3TB. Chepuuni ¢popmu
raJakTHYHUX TaJl0 00YMOBIIIOIOTH BUKOPUCTAHHS chepryHoi cuMeTpii. MeTolo po6oTH € MOJeNoBaHHs PaliallbHOTO PYXy TEMHOT
Mmarepii 11 cdepudHo cumeTpuuHoro iHreppany 3TB 3 ypaXyBaHHAM MOXINBOI LEHTpanbHOI MacH. TeMHa MaTepisi BBaKA€ThCS
MIMJIONOAIOHOIO 1 TaKOI0, IO PYXa€eThes SIK O IEHTPY, TaK 1 BiJ HbOro. Y poOOTI JOBEIEHO, 0 TAKOMY CTallioOHAapHOMY BHIIAIKY
BIJINIOBiIa€ CTATUYHUI IHTEPBAJ IPOCTOPY-4acy y KoopArHaTax KpuBu3H. Cuctema piBHsIHb EffHIITEliHA 1715 IHOTO BUIIAAKY CYTTEBO
CHpolleHa ¥ po3B’s3aHa 4YHCeNbHO. [paHMyHMMH yMoBamMu oOpaHo ymoBu JlixaepoBnuya-/lapMya 3IIMBKH IIPOCTOpPY-4acy
3aIPOIIOHOBAHOT MOZEMI 13 30BHIIIHIM c(hepUIHO-CUMETPUIHUM MpocTopoM-dacoM IIBaprmmiasaa. Y po3pobiieHiii Mozieni BUHUKAE
TOPH30HT MOAIM, PY HAGIIKEHH] 0 SKOr0 PyX YaCTHHOK HEMOB «3aBMHPAE», aHAIOTIYHO PyXy MMOOIM3Y FOPH30HTY MOIIN y moi
HIBapummnpna. TakuM 4MHOM MOZENb TAaKOXK BPAaXOBYE HAsBHICTH YOPHOI IipH y LEHTPI, SKa Maja YTBOPHUTHCS BHACIIIOK
PO3IIISTHYTOTO pyXy Matepii. 3anponoHOBaHy MOJIE]Ib MOYKHA 3aCTOCYBATH JI0 CHEPHYHUX TalaKTHYHUX CKYYEHb 1 HAaBiTh 10 30pSHUX
CHCTEM B IIPOCTOPI 11032 30PEI0, SKIIO IPHITYCTHTH ICHYBaHHS HAaBKOJIO HHUX TaJlo 3 YaCTHHOK XOJIOAHOI TEMHOI MaTepii.

Knrwuosi cnosa: 3azanvua meopis gionochocmi, pigusanns EliHuwmetina, memMHa mamepis, wopHa 0ipa, 2a1akmuyHe 2ao.

Ax mutyBatu: O. FO. Opnancekui, B. A. Kozauuna. Cghepuuno-cumempuuni po3e’sasxu 3a2anvroi meopii gionocHocmi 3 padianoHum
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O. IO. Opasancokuil, B. A. Kozauuna

BCTYII

Y crampaptHiii kocMmonoriuHiii momemi ACDM
omu3pko 5/6 Bciel matepii y BceecBiTi mpumamae Ha
HeOapioHHY TemHy Matepio [1]. Jlokazamu icHyBaHHs
TEMHOi Matepii € 3Ha4YHa KUIBKICTh HE3AJICHKHUX
ACTPOHOMIYHHMX CIHOCTEpEXEHb, 10 SKHX, 30KpeMa,
BITHOCATBCS: JOCHI[HKEHHS TPaBiTAIlIfHOTO JiH3YBaHHSI
MaCHBHUMHU TUIaMM, TajlaKTUKaMH a00 CKyM4YEeHHSIMHU
TalakTUK [2]; [JOCHiMKeHHS pPOTAmiMHUX  KPHUBHUX
obepranHs TamakTuK [3]; IDOCHiMKEHHA aHi3OTpOIii
PEIiKTOBOrO BUITPOMiHIOBaHHs [4] ToI110.

TemHa Matepist € OCHOBOIO, Ha SKiii (QopMyIOThCA,
€BOITIOI[IOHYIOTh, 3JUBAIOTHCS TAIAKTUKHA. 3 EBOJIOIIEI0
BcecBity TemHa Marepis  BHCTyNajlla  CBOEPIIHHM
«Kara;izaTopoM»  3rylleHHi  OapioHHOi  Marepii,
MTOANTBIIIOTO YTBOPEHHSAM 3 Hei 3ip Ta 3arajioM BHIANMOI
CKJIa[I0BO1 TaJIaKTHUK.

BignoBigHo, €BOJIOLIS TrajJaKTHK Ta TralaKTHYHUX
CKyITYeHb TICHO TOB'A3aHAa 3 TPaBITAllifHIM BIUINBOM Ta
pO3MOIIOM MacH B Tajgo TeMmHOI Marepil. 3 IbOro
BUIUIMBAE€ BAKJIMBICTH MaTEMaTUYHOTO MOJIEIIOBAHHS
rajakTHYHHUX Tajo, [0 MOKE OaTH BIANOBiAI SK Ha
MMUTaHHSA CTOCOBHO (pi3WKHM (pOpMyBaHHS TaJaKTHK, TaK i
MPOSICHUTH ~ BJIACTHBOCTI Ta NPUYUHM  ICHYIOHOTO
PO3MOITy TEMHOT MaTepii.

3’ACyBaHHIO TPUPOIN TEMHOI MaTepii MPUAIIAETHCS
yrmara ysara. OfiHaK, He3Ba)KalouH Ha 11i 3HaYHi 3yCHILIA,
TOYHI BIACTUBOCTI TEMHOI MaTepii 3aINIIal0ThCsl 3HAYHOIO
Miporo HeBioMuMHU. OYIKY€EThCS, IO IPaBITAII{HI XBHJII,
nepenbayeHi y 3araibpHiil Teopii BigHocHocTi (3TB) Ta
yemimHo BusiBieHi y 2015 pomi, 103BOJISATH IPOJUTH
CBITJIO Ha JaHy IPOOIeMy, 30KpeMa, IUIIXOM (DiKCyBaHHS
BIUIMBY LIUJILHOTO Tajlo TEMHOI Marepil Ha IMOBEIIHKY
rpaBiTAIlifHAX XBUIIb [5].

Hespaxkaroun Ha Te, IO MpHpOJAa TEMHOI MaTepii
HeBioMa, ii rpaBiTaliifHUi BIUIMB Ta pPyX IOBHICTIO
BH3HAYarOThCs piBHsSHHAMU 3TB BHacHIigok Toro, mio, 3a
BCiMa ICHYIOUMMH JaHWMH, BOHA €()EKTHBHO MPOSBIISIE
cebe TUTBKHU y TpaBiTaniifHiil B3aeMoIii.

META TA 3AJJAYI JOCIKEHHSA

MeTor0 maHOi poOOTH € MOJCIIOBAHHS PaIiaibHOrO
pPyXy TeMHOI Matepii B chepuvHO CUMETPHYHOMY TTOJIi.

Ockinbku 3TB MiATBEpKEeHA Gararpma
CIIOCTEPE)KEHHAMH Ta BXKE W JaHHUMHU EKCIICPUMEHTIB, a
rajJlakKTUK{ MICTSTh y CBOiX LEHTpax HaJMacUBHI YOpHi
JipH, 715 OIIMCY PyXy TEMHOI MaTepii B raJTaKTHYHUX Talo
CITiJ] BUKOPHCTOBYBATH piBHAHHA EifHIITEHHA.
Slka mpupoaa TeMHOI Marepil OCTaTOYHO e HE BiJIOMO,
aJle, OCKUIBKM BOHa JyXe CJIabKO B3a€MOJI€E EJIEKTPO-
MarHiTHO 3i 3BUYAHHOI0 PEYOBHHOIO, ii MOXHA BBa)KaTH
nuonoaioHoro [1].

MATEPIAJIU TA METOAU JOCJILJKEHDb
Onuc mopeni

BBaxkaemo, 110 TeMHa MaTepis Ma€ MHJIONOIOHE PiBHAHHS
cTaHy, To0TO ii THCKOM MOXHa 3HEXTYyBaTH.
CriocTepeskeHHsI 3a TaJlaKTHYHUMH TaJI0 CBIJT4aTh, IO
HaBiTh HABKOJO CHIpaJbHUX TaJaKTHK Tajo 3 TeMHOI
Matepii maroTe chepmuni dopmu [2]. [Ipu yTBOpeHHI
rajJaKkTUK 3BHYaliHa Marepist 3a paxyHOK
€JIEKTPOMATHITHOI B3a€MOZIl 1 HAasSBHOCTI MOYAaTKOBOTO
KyTOBOTO MOMEHTY, a TaKOX MEXaHi3MiB Horo mepenadi
BiJI LEHTPAJBHUX JI0 NepudepiiiHux odnacreii [6] 3 yacom
3MIHIOE CBilf PO3MOJiJ, YTBOPIOIOYHM JIUCKONOAIOHY
ckinangoBy. OCKUIbKM Ui  TeMHOI Marepii MOXHa
3HEXTYBATH IHIIUMHA TUIIAMH B3aeMOJIi  KpiM
rpaBiTaniiinoi, ii npuOMM3HO CEPUIHO-CHMETPUIHHUN
MMOYATKOBHH PO3IONLN 30epiraTUMETbcss NOBIHMA dac, a
YACTHMHKU PYyXaTUMYThCS Yy HampsMKax OJM3bKHX [0
panianbHUX. PosrisHemMo Taky cCTamioHapHy MOJENb,
po3B’s3aBmu  piBHAHHS EitHmTediHa misa  chepuuHo-
CUMETPUYHOTO IHTEPBaJy MPOCTOPY-4acy B KOOpAWHATAX
KPHUBU3H, SIKWA € 3arajlbHAM Uil BHUINAAKY CheprHIHOl
cumertpii [7]:

ds* =¢""di* —&""dr’ —1* (d0” +sin’ 0dg’ ), (1)

Jie MIBUKICTB CBITJIA ¢ IPUHAHSATA 33 OJJUHHMITIO.

Ten3op eHeprii-iMITyIECY TEMHOI MaTepil K igeanbHOl
PIAMHH B 3arajJlbHOMY BHUIJISIII 3alUCY€THCS HACTYITHHUM
YUHOM:

T =(e+p)U"U,-5"p, ()

ne &(r) — posnoain rycrunu eneprii, p(r) — tuck, U, ,U" —
BIZIMOBITHO KOBapiaHTHI Ta KOHTpaBapiaHTHI KOMIIOHEHTH
4-MBUIKOCTI.

BBaxkaTimMeMo, 1110 YaCTHHKHU PyXarOThCsl palialibHO, TX
PYX HampaBJIeHUH SIK 0 IEHTPaIbHOI MacH, TakK 1 Bij Hel,
TOMY JUIS 3pYYHOCTI pPO3IUITMMO Marepiro Ha 1Bl
KOMIIOHEHTH 3 OJIHAKOBUMHU PO3MOJUIAMH T'yCTHHU
eHepril, ska € (QYHKIE paaiycy, a pyX 4YacTHHOK
BiJIPiI3HSITUMETHCS HATIPSIMKOM:

€(1>(r):5(2)(’”):5(”):55

p(l)(r)zp(z)(”)zp(’”)z(),

dt dr
0 0 0 1 1 1
Uy =Up =U :_ds’U(” =-U,, =U =
do do
2 2 3 3
Uy =Up :Z’L(n =Ug s
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Cohepuuno-cumempuuni po3e s13xu 3a2aibHoi meopii 6IOHOCHOCHI 3 PAJIALHUM PYXOM

JIe B {y’KKaX BKa3YEThCS HOMEP KOMIIOHCHTH.
OCKIJIBKH pyX € pamiaibHuM, & i ¢ KOHCTAHTH, TOMY

6 =¢ =0, 1e TyT i AaJ1i TOYKOIO [M03HAYAETHCS OXIHA 10

YacoBilf KOOpOWHATI f, a INTPUXOM — TMIOXiHA TIO
pamianpHIH KoopaWHATI 7. BpaxoByrounm 1e, MaeMo
HACTYITHI HEHYJIbOBI KOMIIOHEHTH 4-IIBUAKOCTI:

U(’—ﬁ——1 3
ds o' —eii?’ (3)
v 4
ds e —e'ri? “)

Ternsop eneprii-imoynscy (2) maHoi mnHIOMOAIOHOT
JBOKOMITOHEHTHOT MaTepii Mae BUTIISA:

TH = 8(r)U(’1’)U

"
aw +E(MULUG,,

Ty = (U Uy, + U Uy, ) = 26U°U, =

v

e
=26———,
e —e'r

1 1 1 1
T =&(UWUpy + U Uy ) = 26U'U, =
A2
e'r
=26
e’ —e'r
Jns HemiaroHadbHOI KOMIIOHEHTH TEH30pa EHeprii-
immynscy T maemo:
0 _ 0 0 _ 0 0 _
0 = (U Uy + U Uy, ) = (U°U, +U° (-U,)) =0.
Anayoriuno 7, =0. Bci iHmi koMnoHeHTH TeH30pa

€HEeprii-IMIYJIbCY TAKOXX TOTOKHO JIOPIBHIOIOTH HYJIIO.

CraTn4HicTs MoaeJi

Cucrema piBHsSHb EWHmMTElHA IS [EHTpAIBHO-
CUMETPHYHOTO IHTEPBATY 3alUCYETHCS Y HACTYIHOMY
Burysiai [7]:

(A 1Y 1 ¢
g rpsamsen s )
_eil i = 8717/T(1) = O, (6)
r

(v 1
e l(—+—2J——2:—87z7/T11 =
roor r

i (7
er

=167Z7/8ﬁ,
e —er

7

l—/l(n V, ’ ’ 1/ /j
——e | V'+—=(v' - A)+—-(v'=-1") |=
ST G A K ) EN
=8myT; =0,

Ile y — TpaBiTamiiiHa ctana i B (§) Oyio BpaxoBaHO, IIO
3rigHO (6) 3HAXOAUMO, ITI0 A=0 , TOOTO A 3aJI€KHUTh JIUIIIC
BiJl pajianbHOi koopauHaty. Bigussum (7) Bixg (5) Maemo:

e’ (7’—‘/7,} = 16717/5+2(e’}‘ —1)%2.

OCKUIBKH € 14 3a11eXaTh JIMIIE BijJ palialibHOT KOOPHHATH
¥, 3 OCTAHHBOTO DIBHSHHS 3HAXOIMMO, 0 V' Mae OyTu
¢byukiiero tineku r, T06T0 V' = g(r), ne g(r) — meska

¢yHKUis paxgianbHOi KoopauHatu. [IpoinTerpyBaBiiu,

OTPUMYEMO:
v=f)+]g(rar

IarepBan (1) 3anumae MOXJIMBICTH HEPETBOPEHHS
4aCOBOI KOOPAWHATH Bixm ¢ jo 7. d7 = e’ Vdt . Tox, 6e3
BTPaTH 3arajbHOCTi, MOXXHa BB&XaTH, IO V TEX €
(yHKIi€0 JUIIe pagiadbHOI KOOPAWHATH 1 HE 3aJC)KUThH
Bix dyacy. HacmiigkoM IpOTO € CTaTHYHICTH CHEpUIHO-
CHUMETPUYHOTO iHTEPBaIY, [0 € MPOSBOM CTAI[IOHAPHOCTI
nmaHol 3amayi.

He3spaxxaroun Ha HasBHICTh paialbHOTO PyXy MaTepii,
3aBISIKM  OJHAKOBOMY Il IEpPEHOCY Y NPOTHIECKHHUX
HampsMKaXx, Bil CHCTEMH PIBHSIHb B YACTUHHHX MOXITHUX
BIAJIOCSl MEPEHTH 10 3aJeXKHOCTI HEBIIOMUX (YHKIIN
JUIIe Big onxHiel KoopawHATH. PamiajgbHa IIBHIKICTH
Marepii Ha BiZICTaHi 7 Bil LEHTPY TaKOX HE 3aJIe)KUTH Bl
yacy 1 € (QYHKII€0 JHIIe paJiabHOI KOOpAMHATH:
7 =7 (r) , wo Butikae 3 (5) a6o (7).

OTmxe MaeMo cucteMy Tphox piBHAHB (5), (7), (8) 3
gotupMa HeBimommmu ¢(yHKmisMu A(r),v(r),e(r),7(r) .
Mu HiYOTO HE 3HAEMO NP0 TEMHY MaTepiro, KPiM TOro, 10
il YaCTHHKM B3a€EMOJIIOTH TUIBKH I'paBiTaliiHo (chepryHa
(hopma raJlakTHYHHUX Tajlo TOMY OIIOCEPEIKOBaHUH 0Ka3).
SKmo ka3aTé KOPEKTHINIe Ta TOYHINIE, iHIMTUMH BUIaMHU
B3a€MOJIii YACTHHOK TEMHOI Marepii MH MOXXEeMO
3HEXTYBaTH, PO3TILINAIOYH X PYX SK PyX I€0Je3UIHUMI.
Ile mo3BOJIsiE NOMIOBHUTH cUCTeMY piBHSHB (5), (7), (8) i
OTPUMATH BCi HEBITOMI QYHKITII.

PiBHSIHHS pyXY
3anuiemMo piBHAHHS [€0Ie3UUHHX !
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dZ i )
Kf+F’HU"U’ = 0.

HenynboBi cumBonu Kpucrodens, HeoOXimHi y
namomy sunanky (U’ =U° =0) e mactynaumu [7]:
v' v' A
e =r° =—,F1 :_ev—l’l—d -~
10 01 2 00 2 11 2

PiBHAHHA TIeONE3UYHMX O X2, X° 3BOLATHCA JIO
totoxkHocTi 0 = 0, a 1y1s x°, x' HaOyBaOTh BUrMIALY:

du’

A)

+220" =0, (9)
2

dd—lfﬁ’?’ewi vy +%(U1 J=0. (10
IIpoinTerpyemo (9):
du’ +V'U°ﬂ: 0,
ds ds
dé]oo =—v'dr,

U° = Ae™, ne A= Const.

Tonmi Bupa3 mias pamiadbHOI MIBUAKOCTI YaCTHHOK
Mmarepii 3 ypaxyBaHHsAM (3) Moxe OyTH 3amucaHuii y

BUIIISL:
eV
=t 1- yellk

TakuM 4MHOM, MaeMO Taki HEHYJIbOBI KOMIIOHEHTH 4-
LIBHJIKOCTI:

(11)

U° = e, (12)

U' =sgn(i)Je”’ (Aze’v —1), (13)

a BIAMOBIIHI KOMIIOHCHTH TCH30pa CHEPrii-IMIYyIbCy 3

ypaxyBanusM (11)—(13) cnpomryroTses:

T =2eg, (U') =24, (14)

T =2¢g,(U') =2(1-42¢")e.  (15)

Bpaxosyroun (14), (15), 3anmmemo piBHSIHHS
ElinmireliHa HaCTYITHUM YHHOM:
A1 1
y 2 v
e’ ——|+—==1bryde’¢, 16
( ror j r 7 (16)

(v o
eﬁ(v_+_2j__2=—16;zy(1—A2e )e.  (17)

r

(18)

3a3HauuMo, 10 piBHAHHA Teomesnunol (10) 3
ypaxyBauH:aM (12) i (13) BUKOHY€ETBCS TOTOXKHO, a 3aMICTh
(18) MOXHa BUKOPHCTATH 3aKOH 30€pEeKEHHS TEH30pa
EHeprii-IMITyIIbCY AT pafialbHOT KOMIIOHEHTH:

T, =T!, +T“ TF ~T7,T =0,

L lu ~o

SKMH y Halloro BHNAAKy, 3 ypaxyBaHHSM CHMBOIIIB

Kpucrodens T, =T}, = 1 [7], naOyBae BurIsIY:
r

(19)

r(v2 v’
T) 4+ —+=|T' -——T, =0.
(T) (2 r) boa?

SIK1I0 KOMIIOHEHTH TEH30pa EHEePTil-IMITyIIBCY T(? i T
y 3aransHomy Burisiai 3 (5) 1 (7) nigcrasuru B (19), micns
ckopoueHHst oTpumyemo (18), ane Ha Binminy Bix (18)
piBasHHS  (19) BXe 3rpynHoBaHO 3py4YHUM  JUIs
IHTerpyBaHHs YHHOM. J1JIs1 1[bOTO TO0 BHUPa3UMO 4yepe3 Tl1 ,
TOJIUTHBIIH (14) Ha (15), i Mi/ICTaBUMO
Tg = Tll/(A’zev —1) B (19). OTpumyemo piBHSHHS:

(1)

@+i+z+ 1V—’=—+v +

T 2 r 21-4%" T ro2 A —¢
SIKE JIETKO 1HTETPY€EThCS:

a _, v

T =——e'V4'-¢", (20)
r

2 -V
o ad e

To = 2 P v (21)

r A —e
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Jie a — JloJjaTHa CTaya iHTerpyBaHHs, sKa, Ha BIAMIHY BiJl

A?, € posmipHOW BenMuMHOW. I'ycTMHA  eHeprii
BU3HAYAETHCS Yepe3 MeTpHUHui Koediient e’ :
a
&= (22)

2r2m.

3HAXO/KEHHST MeTpuuHuX Koebimientie €' 1 e
p

JO3BOJIMTH PO3paxyBaTd BcCi IHON (i3WYHI BETHYHUHHU.
Ocratouno, miacraBuBmm (20), (21) y piBHSIHHS
EifHmiTelina Ta BBiBIIM 3MiHHY ) = € *%, OTPUMYEMO BIKE
CYTTEBO CIPOLICHY CUCTeMYy JAW(epeHLiaIbHUX PIBHIHB
3TB (nBa piBHSHHSA 1 Bl HEBiIOMI QyHKLIi, 10 3aeKaTh
BiJ ozHi€T pagianbHOi 3MiHHOT):

e'NA —e" (1-y') =8myad’,

y(evr)' = r(ev +8myaN A* —e" )

(23)

Hespaxkaroun Ha CyTTE€BHH MpOrpec y CIPOIICHHI
cucremu audepennianpaux piBHIHL 3TB, cucrema (23) €
HeNiHIHHOI0 1 moTpedye YncenpHOro po3B’s3aHHs. Kpim
TOTO METPHKAa 3MOJEITHOBAHOTO PalialbHOTO PO3MOILTY
TEMHOI MaTepii B TaJaKTHYHOMY Tajl0 Ma€ MEPEXOIUTH y
30BHIMHIN npocrip-uac 3TB, sikuit y Bunaaxky chepuanoi
cUMeTpil MOXKe OyTn ONHCaHHUH METPHUKOIO
[IBapimunbaa.

3muBKa

3HaXO/DKEHHS AaHAIITHYHHX PO3B’SI3KIB OTpUMaHOI
cucTeMd JIUQEpeHIiaIbHAX PIBHAHb HE € MOJKJIUBHM,
TOMY IIYKaTHMEMO YHCENbHI po3B’si3kd. [l mporo
3aliIIeMO TPaHWYHI YMOBH, SKi OTPUMAEMO 3 YMOB
Jlixueposmnua-Jlapmya [8, 9] 3muBku 1nBOX chepuaHO-
CUMETPHYHUX IHTEPBAIIB.

Juis noBiNBHUX c(hepUIHO-CHMETPUIHUX IHTEPBAIB

ds(zl) =4, (r)a’t2 —B(l)(r)a’r2 - C(l)(r)daz,

ds(zz) = m(r)dtz —B(z)(r)a’r2 - C(z) (r)az’O'2
yMmoBH 3mmBKH JlixHEepoBu4a-/{apMya piBHOCTI mepiioi Ta

Jpyroi KBajgpaTHYHUX (OPM ISl IOBEPXHi 3IIMBKU
r = R = Const MaroTh BUIJISA:

Ay(R) = 4,,(R),
C(1) (R) = C(z) (R)a
r 2 ’ 2
(ClH(R)) By (R)=(Cly(R)) By (R),
’ 2 ’ 2
(A(l)(R)) B, (R) :(A(Z) (R)) By (R).
3anuIreMo aHaJoTivHI YMOBH 3IIUBKH MIPOCTOPY-4acy

Hamioi  MoAedl 3  30BHINIHIM  MPOCTOPOM-YacoM
IIBapummibaa:

. —v(R -2
3BIOKU v'(R) = )rgR . Bu3Haunmo KoHCTaHTy A, sika

yBiiillula B OCTaTOYHUI BUpa3 piBHsAHb Eitnmreiina (23).
JIyist bOTO MiZICTaBUMO OTPHMAaHi YMOBH 3IIUBKH Y Apyre
piBHsiHHS (23) a6o (17) i Ha rpanuLi r=R:

—A(R) V'(R) 1 1 2 _—v(R)
e ———+— |-—=-16ay(1-A¢ &(R).
( R R*) R? )/( ) (®)

Jlia wacTWHA Ha TPaHWIl 3MMBKH JOPIBHIOE HYIIO
TOTOXHO:

N 11 1|1
=== PRl ey
R)|R* 1, R R'| R
R

3rigHo (22), TycTHHA €Heprii Ha TOBEpXHi 3IIUBKH
£(R) # 0, TOMy OCTaTOYHO OTPUMYEMO:

,
A= =%

=

IIBUAKICTH U Ta TYCTHHA YACTUHOK TEMHOI MaTepii p

PO3PaxOBYIOTHCS BIAMOBIIHO 32 (hOpMyIaMH:

JIe ¢ — MIBHUKICTh CBITIIA Y BAKYYMi.

PE3YJIBTATH JOC/IAKEHb

OOuKciIeHHsT MPOBOAMINCH Y MaKeTi KOMIT IOTEpHOI
anreopu MAPLE. Ilpu 3Haxo/ukeHHI pO3B’sI3KiB piBHSIHB
EifHmreiina 3MiHHMMH Tapamerpamu Oynmu R, rg, a.
Bigmitimo, 1m0 TapamMeTrp «a XapakTeph3ye BHECOK
mutonoAiOHOT MaTepii y 3araneHy Macy KoH(piryparii, 1o
SKOT MOXX€ BXOAWUTH C(HEpUYHO CHMETPUYHE IICHTpaJIbHE
tino. Ha rpadikax HaBeleHO 3aJeXKHOCTI METPUYHUX
KOeQiIlieHTiB, a TaKOX IIBHIKOCTI PaXialbHOTO PyXy
YaCTHHOK TeMHOi Matepii i ii rycTwHH Bim BimcTadi 1o
LEHTpPY. 3a3HaYMMO TaKOXK, 110 KOe(IlieHT o migoupaBcs
TaKUM YMHOM, 100 cepeHs I'ycTuHA Matepii 6yna ~10727
Kr/m>.

Pesynbrati po3paxyHKiB HaseneHi st R =103 m,
re =108 M, a = 102 kr-m/c? (puc. 1-3).

Pe3ynbraTi yMcenbHOTO pO3paxyHKy MOKa3yloTh, 1110 B
JaHii Momeni pamiadpHOTO pPyXy TeMHOI Marepii 3a
HasIBHOCTI MacMBHOTO IIEHTPY, HAIIPUKIIAJ, YOPHOI ipu B
LEHTPI TaJaKTUKH, BUHWKAE CHHTYJSIPHICTB, IIpH
HaOMIDKEHH] 710 SKOI PyX YacTHHOK HEMOB «3aBMHPAE»,
AQHAJIOTIYHO pyXy MOONHM3y TOPW3OHTY MOAIH B TOImi
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Isapurmisaa. OCoONUBICTIO PO3MIISHYTOI MOJECTI € Te,
IO BCi YaCTHMHKM TEMHOI Marepii MaroTh OJHAKOBY
€HEeprilo, OTKEe BINAAISIOTHCS BiJl HEHTPY HAa OJHAKOBY
BIJCTaHb.
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1,x10" 14x10" 18x10"
¥

Puc. 1. 11IBuaKocTi  paaiagbHOTO

MOOJIM3Y TOPU3OHTY TOIIH.

pyXy  YacTHHOK

Fig. 1. Radial velocities of particles near the event
horizon.
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Puc. 2. 11IBuakocTi pagiaqbHOTO pyXy YaCTHHOK Ha
BiJTaJICHHI BiJ EHTPAJIFHOI MacH

Fig. 2. Radial velocities of particles at a distance from
the central mass.
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Fig. 3. Dependence of dark matter density on radius.

3aBAgKY IFOMY Ha TPaHMUIII 3MIMBKA MaeMO CBOEPiIHE
rajo, sike Harajxye cepuuHy OOOJIOHKY 3 HEUiTKOIO
BHYTPIIIHBOO TPaHUIICIO.

BUCHOBKHA

VY pobotri moOymoBaHO MOJENb pagialIbHOTO PYXY
TeMHOI Marepii y CPepHIHO-CHMETPHIHOMY MPOCTOpi-
yaci. OTpuMaHa MOJENb € CTalllOHAPHOKO 1 ONHUCYE PyX
TEeMHOI MaTepii B 000X HampsmKax. Buxomsuu 3 Toro, 1mo
pu HAONMKEHHI 0 ICHTPY BHHUKAE TOPH30HT MOIiH,
MOJIeNIb ONKCY€E YOPHY IIpY, OIS SKOT pyXaeTbCcs TEMHA
Mmarepis. Maiike HyTbOBa IIBHIKICTh YACTHHOK MOOIU3Y
TOPU30HTY TIOAIA TIOSICHIOETBCS THM, IO 3 OOKy
BIJUIAJICHOTO CIIOCTEpiraya 4acTHHKA J0CAra€ TOPHU3OHTY
YOPHOI AipH 32 HECKIHYEHHHH POMDXKOK Yacy.

3a3HauuMO, [0 JaHUH MiAXi1 MOYKHA 3aCTOCYBATH 1 0
c(epUYHNX CKYyI4YeHb TaJaKTUK, 30PSIHHX CHCTEM B
MPOCTOpl 1032 30pel0, SKIIO TPHITYCTHUTH 1CHYBaHHS
HABKOJIO HUX TaJI0 3 YACTHHOK XOJIOJHOI TEMHOI MaTepii.
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SPHERICALLY SYMMETRIC SOLUTIONS OF GENERAL RELATIVITY
WITH RADIAL MOTION

O. Yu. Orlyansky', V. A. Kozachyna?

!Oles Honchar Dnipro National University, 72 Nauky Ave., 49000 Dnipro, Ukraine
2LLC “TECHNICAL UNIVERSITY “METINVEST POLYTECHNIC”, 80 Southern Highway, 69008 Zaporizhzhia, Ukraine

E-mail: v.kozachyna@gmail.com
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Accepted for publication on November 17, 2024.

In this paper, the model of radial motion of dusty matter for the spherically symmetric case in General Relativity (GR) was
developed. The model can be used, in particular, to describe galactic halos of dark matter. The question of the qualitative and
quantitative composition of dark matter is of great importance both for understanding the current structure of the Universe and for
choosing the most realistic scenario of its evolution. Since dark matter effectively manifests itself only gravitationally, its pressure can
be neglected, and the equation of state, despite its physical nature, can be considered dusty. The presence of supermassive black holes
in the centers of galaxies and the scale of the phenomena necessitate the use of GR equations. The spherical shapes of galactic halos
require the use of spherical symmetry. The aim of this work is to model the radial motion of dark matter for a spherically symmetric
GR interval, taking into account a possible central mass. Dark matter is assumed to be dusty and moving both toward and away from
the center. It is proved that such a stationary case corresponds to a static interval of spacetime in the coordinates of curvatures. The
system of Einstein's equations for this case is significantly simplified and solved numerically. The Lichnerowicz-Darmois conditions
of crosslinking the spacetime of the proposed model with the external spherically symmetric Schwarzschild spacetime are chosen as
boundary conditions. In the proposed model, there is an event horizon, approaching which the motion of particles seems to “freeze”,
similar to the motion near the event horizon in the Schwarzschild field. Thus, the model also takes into account the presence of a black
hole in the center, which should have been formed as a result of the considered motion of matter. The proposed model can be applied
to spherical galaxy clusters and even to stellar systems in space beyond the star, assuming the existence of a halo of cold dark matter
particles around them.

Keywords: general relativity, Einstein's equations, dark matter, black hole, galactic halo.
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FEATURES OF THE ORIGIN AND DEVELOPMENT OF CRACKS
IN POLYCRYSTALLINE ALUMINUM SAMPLES

E. E. Badiyan 7, A. G. Tonkopryad ", M. R. Shurinov ““’, R. V. Shurinov

V. N. Karazin Kharkiv National University, 4 Svobody Sq., 61022 Kharkiv, Ukraine
E-mail: Evgeny.E.Badiyan@karazin.ua

Received on September 20, 2024. Reviewed on November 04, 2024.
Accepted for publication on November 15, 2024.

The study investigates the patterns of crack initiation and propagation during the plastic deformation of two-
dimensional aluminum polycrystals with different grain sizes. The high-purity (99.96%) research objects are aluminum
polycrystals containing only through grain boundaries. The samples were subjected to uniaxial tension at a constant strain
rate of ¢ = 5 x 1075¢~! at room temperature. An original method based on light diffraction on a quasi-periodic surface
structure was used, allowing real-time tracking of crystallographic orientation changes in any region of the sample during
plastic deformation and simultaneously recording the initiation and propagation of cracks leading to the destruction of
the sample.

Experimental results showed that cracks most often originate at the sample edge due to stress concentration and
structural features of the material. Their subsequent development can occur both within the grains and along their
boundaries, depending on local deformation conditions, the type, and structure of the grain boundaries. It was found that
before a crack forms in a specific region of the sample, significant crystallographic orientation changes occur, which may
play a crucial role in the initiation of fracture.

In some cases, the formation of a "torch" of orientation changes — a zone into which the crack propagates, leading to
accelerated sample destruction was experimentally recorded. This effect may be related to the redistribution of internal
tensions and the activation of plastic deformation in the zone ahead of the crack. The study also documented a rare case
of “recrystallization” during deformation, where two adjacent grains "merged into" one due to a change in the
crystallographic orientation of one of the grains as a whole during plastic deformation. The ability of entire grains to
reorient in two-dimensional samples under plastic deformation was experimentally confirmed in previous studies.

Keywords: polycrystalline aluminum samples, plastic deformation, destruction, mechanical properties.
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INTRODUCTION

It is well known that fracture is a multi-stage and multi-
scale process, and in this regard, fracture mechanisms
should be considered within an approach that accounts for
the interaction of various deformation processes at
different levels. When polycrystalline samples are
subjected to loading, structural and substructural
heterogeneity leads to a complex stress state, which can
relax in different ways, either sequentially or
simultaneously. These processes include the development
of crystallographic slip in specific regions of the
polycrystal with high Schmid factor values; the formation
and evolution of rotational structures that differ in shape,
type, and mode of initiation and development; and the
initiation and propagation of one or multiple cracks in
different regions of the polycrystal (within the grain body
or along grain boundaries).

The nature and sequence of crack initiation and
propagation during plastic = deformation remain
insufficiently studied. The aim of this work is to investigate
the patterns of crack initiation and propagation during the
plastic deformation of two-dimensional aluminum
polycrystals with different grain sizes using a highly
sensitive, original method for obtaining color orientation
maps (COM).

SAMPLES AND EXPERIMENTAL METHODS

The objects of study were two-dimensional aluminum
polycrystals (containing only through grain boundaries)
with a purity of 99.96%. As experimental results show [1],
in such objects, due to the absence of constraints in the
direction perpendicular to the sample surface, rotational
processes are most prominently manifested.

Samples with working part dimensions of
100 x 20 x 0.15 mm® were cut from aluminum foil. The
required average grain size, ranging from 5 mm to 20 mm,
was  achieved by  selecting an  appropriate
thermomechanical treatment regime. Grain boundaries
were revealed using the chemical etching method with the
well-known Keller's reagent [2]. All samples were
deformed under tensile loading conditions at a constant
strain rate of ¢ = 5 x 107°¢™1,

The absence of constraints during the plastic
deformation of two-dimensional aluminum polycrystals in
the direction perpendicular to the sample surface allowed
for the identification of specific features of crack initiation
and propagation, as well as the influence of orientation
changes on this process.

An original method [3—10], based on the effect of light
diffraction on the quasi-periodic surface structure of the
sample, was used. This structure arises as a result of
chemical etching and produces a color image of different
regions of the sample surface depending on their
crystallographic orientation. This approach makes it

possible to continuously track any orientation changes and
the patterns of crack initiation and propagation across the
entire sample surface in real-time during deformation.

RESEARCH RESULTS

The main research results are presented in Figures
(1 —5) as color orientation maps (COM), continuously
obtained during the deformation process from the entire
sample surface. The figures show only fragments of the
sample surface areas where cracks initiate and propagate,
ultimately leading to destruction. Each COM is labeled
with the total sample strain & (in percentage) and the
elapsed time At from the start of deformation. It should be
emphasized once again that any color changes in the
sample surface regions during deformation indicate
changes in the crystallographic orientation of that region
[2].

Of particular interest are the results obtained for
Sample Ne 1, shown in Figure 1. When the sample reaches
a relative strain of approximately 10%, it appears that the
strain in one of the grains has exceeded 20%. A detailed
examination of the COM reveals that this grain elongation
occurs due to the incorporation of an adjacent grain and the
disappearance of the grain boundary. Based on these
observations, '"recrystallization" occurs during sample
deformation — two grains merge into one (Figure 1b). This
effect is clearly visible in an enlarged fragment of this
sample region (Figure 1f). Thus, it can be confidently
stated that during the plastic deformation of a two-
dimensional aluminum polycrystal, "recrystallization"
takes place, leading to grain coarsening. The mechanism of
this recrystallization is the orientation change of one of the
neighboring grains, which occurs due to the absence of
constraints on rotations in the direction perpendicular to the
sample surface.

With further deformation, a well-developed rotational
structure emerges between the boundary of this grain and
the sample edge, within which a crack forms. The crack
then propagates within the recrystallized grain, changing
its propagation direction and affecting the rate of sample
destruction. From the moment of crack initiation to
complete sample destruction, approximately 4 minutes
elapse.

For the polycrystalline aluminum sample whose COM
is shown in Figure 2, crack initiation also occurs at the
sample edge. As the crack develops within the grain, this
process is preceded by orientation changes. Subsequently,
the crack propagates along the boundary of a neighboring
grain, altering its direction. The time required for this
sample to fail from the moment of crack initiation does not
exceed 2 minutes.

In Figure 3, the crack, similar to the previously
described samples, initiates in one of the grains at the
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a) At =0 min 00 sec
e=5%

b) Az =35 min 00 sec
£=10.0%

5mm

f) At=17.0 min 00 sec, £= 5%

¢) At =37 min 06 sec

DAL

d) At=38 min 22 sec ) At=40 min 43 sec

_.

g) At =35 min 00 sec, = 10.0%

Fig. 1. Fragments of COM obtained from the entire surface of polycrystalline sample Ne 1 during its deformation at

different levels of plastic strain € and elapsed time At.

10 mm

a) At=0min 00 sec  b) Ar=33 min 00 sec ¢) Ar=33 min 18 sec d) A¢=33 min 54 sec €) At =34 min 30 sec

e=0% £=9.4%

Fig. 2. Fragments of COM obtained from the entire surface of polycrystalline sample Ne 2 during its deformation at

different levels of plastic strain € and elapsed time At.

sample edge. During its propagation, it crosses two grains
and their boundary without changing direction. At a
considerable distance from the crack, orientation changes
manifest themselves in the form of a “torch”, the sharp end
of which is directed in the direction opposite to the crack.
When the specimen is deformed, this “torch” expands and
the crack moves into the area of the “torch”, which leads to
rapid fracture of the specimen. In this case, the time from
crack initiation to complete fracture is about 2 minutes. In
the next (fine-grained) sample (Fig. 4), the crack initiates
at the edge of the sample. As it propagates, it moves into a

grain where orientation changes occur. Despite the fine-
grained structure of the sample, crack propagation occurs
only within the grains. At a certain stage of crack
development, orientation changes appear in a narrow
region on the opposite edge of the sample, causing the
crack to shift into this region, ultimately leading to sample
failure. The time from crack initiation to failure is
approximately 2 minutes.

Of particular interest are the results of studying crack
initiation and propagation in polycrystalline aluminum
sample Ne 5.
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a) At=0min 00 sec ~ b) Az=30min 00 sec ¢) Ar=31min 0l sec d) At=31min 14sec e) Ar=33min 07 sec
e=0% £=8.6%

Fig. 3. Fragments of COM obtained from the entire surface of polycrystalline sample Ne 3 during its deformation at

different levels of plastic strain € and elapsed time At.

1

a) At =0 min, b) At =31.5 min ¢) At=32min 03 sec d) Ar=32min47 sec e) At=33 min 41 sec
e=0% £=8.9%
Fig. 4. Fragments of COM obtained from the entire surface of polycrystalline sample Ne 4 during its deformation at
different levels of plastic strain € and elapsed time At.

10 mm

a) At=0min 00 sec  b) Az=22 min 00 sec ¢) Ar=23 min 27 sec d) Az =24 min 32 sec
e=0% £=6.0%

f) At =22 min 00 sec, g) At =23 min 00 sec h) At =24 min 32 sec
£=6.0%
Fig. 5. Fragments of COM obtained from the entire surface of polycrystalline sample Ne 5 during its deformation at
different levels of plastic strain & and elapsed time At.
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The unique feature of this sample is that the crack
initiates and propagates in the central region of the sample
along a grain boundary. As it progresses along the
boundary, the crack eventually stops. Its further
development occurs in the opposite direction. Moving
along the boundary, the crack exits it, crosses the grain
body, the boundary, and the body of a second grain. This
ultimately leads to sample failure. Thus, in this sample, the
failure mechanism exhibits a mixed nature, with crack
initiation occurring in the central part of the sample.

CONCLUSIONS

1. Experimental studies were conducted to investigate
the patterns of crack initiation and propagation during
deformation of two-dimensional polycrystalline aluminum
specimens using the original technique of obtaining color
orientation maps for the entire specimen surface. This
approach allowed us to identify a number of features of the
fracture process of the specimens and to establish a
relationship between the initiation and development of
cracks with orientational changes in the specimens.

2. It was shown that in most samples, cracks initiate at
the sample edge; however, their subsequent propagation
behavior is unpredictable. Crack development can occur
both within the grain body and along grain boundaries, and
this propagation pattern may change during the
deformation process.

3. Crack formation is almost always preceded by
orientation changes in the corresponding region of the
sample. Such changes can also develop over a sufficiently
large area around the crack as it propagates.
Experimentally, during sample deformation, the formation
of a “torch” of orientation changes was observed at
significant distances from the crack. As the crack develops,
it always moves into the “torch” region, which expands
during the deformation process, ultimately leading to the
failure of the sample.

4. In certain cases, a crack may initiate in the middle of
the sample, most often along a grain boundary. This is
typically preceded by orientation changes near the
boundary. During sample deformation, the crack may
reverse its propagation direction, leading to failure. This
reversal is also driven by orientation changes occurring in
the newly affected region.

5.An wunusual type of ‘'recrystallization" was
discovered in polycrystalline aluminum samples, which
involves a change in the crystallographic orientation of one
of the neighboring grains, leading to the disappearance of
the boundary between them.
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OCOBbJINBOCTI BUHUKHEHHA TA PO3BUTKY TPILLWH
B NONIKPUCTANIYHUX 3PA3KAX AINTIOMIHIIO

€. 0. bagisH, A. I'. Tonkonpsag, M. P. WypiHos, P. B. lWypiHoB

Xapxiecvruil Hayionanvhuil yHisepcumem imeni B. H. Kapasina, matioan Ceo600u, 4, 61022 Xapxis, Ykpaina
E-mail: Evgeny.E.Badiyan@karazin.ua

Hapiiira o penaxiiii 20 Bepecust 2024 p. [lepernsuyro 04 nuctomnana 2024 p.
IpuiiasTo no apyky 15 mucromana 2024 p.

B poGoti mocmimkeHO 3aKOHOMIPHOCTI 3apODKEHHS Ta PO3BUTKY TPIIMH MiA Yac IUIACTUYHOI aedopmariii ABOBUMIpHHX
MIOMIKPHUCTANIB AMIOMIHIIO 3 pI3HUMH po3MmipaMu 3epeH. O0'ekTamu JociikeHHs Oymu BucokoducTi (99.96%) momikpucramm
QTIOMIHIIO, 10 MICTATh JIMIIE HACKPi3HI TPaHMIl 3epeH. 3pa3Ku MiJiaBajd OJHOBICHOMY PO3TACYBAHHIO 3 MOCTIHHOIO IMIBUAKICTIO
nedopmanii § = 5 x 1073¢~! 3a xiMHaTHOT TeMmepaTypy. BHKOPHCTaHO OpUTiHANBEHY METOIMKY, 3aCHOBAHY Ha AudpaKiii cBiTia
Ha KBa3iMepioJUYHIi CTPYKTYpi MOBEPXHi, IO J03BOJSIE B PEaTbHOMY Yaci BiICTEXKYBaTH 3MiHU KpucTaiorpadigaoi opieHTamii B
OyIb-sIKill MUISAHIN 3pa3ka MiJ 4ac IUIACTHYHOI AedopMariii Ta OJHOYACHO PEECTPYBATH 3apODKEHHS 1 MOIIUPEHHS TPIIUH IPH
pyiHyBaHHI 3pa3ka.

ExcniepyMenTanbHi  pe3ynbTaTH MOKas3aid, IO TPIMIMHM HaW9acTille 3apo/DKYIOThCS Ha Kpalo 3pas3Ka, IO IOB'SI3aHO 3
KOHIIGHTpALI€I0 HAIIPYXKEHb 1 CTPYKTYPHUMH 0COONUBOCTSIMH MaTepiainy. [Tonanbimmid iX po3BUTOK MOXE BiiOyBaTHCS SIK BCEPEANHI
3epeH, TakK 1 B3IOBXK IX I'PAaHHUIIb, 3AJICKHO BiJl JIOKAJEHUX YMOB Je)OpMyBaHHS, THUITY Ta CTPYKTYpU T'paHHUIb 3epeH. BCTaHOBIEHO,
10 Tepe] YTBOPEHHSM TPIIIMHU y BIANOBiAHIM o6nacTi 3pa3ka BigOyBaroThCs 3HA4HI 3MiHM KpucTanorpadiyHoi opieHTamil, sKi
MOJXYTh BiJIirpaBaTH BUPIIIAIBHY pOJIb B iHINIIOBaHHI PyHHYBaHHS.

V neskux BUMaaKax eKCIepUMEHTAIbHO 3aikcoBaHO (popMyBaHH «(paKeaay) OpieHTaliiHNUX 3MiH - 30HH, B SIKY HOIIUPIOETHCS
TpIIIKHA, IO IPH3BOIUTH 0 IPUCKOPEHOro pyiHyBaHH: 3pa3ka. Lleit epekt Moxe OyTH MOB'sI3aHUIA 3 IEPEPO3MOIiIOM BHYTPIIIHIX
Halpy>keHb 1 aKTHBI3alli€ro IIacTHYHOI nedopmManii B 30HI mepex TpimuHoo. B podoTi excriepuMeHTanbHo 3adikcoBaHO piAKicHUI
BHIIAJIOK “‘peKpUCTaii3amii” mig yac nedopmariii, KoM JBa CyCiIHIX 3epHa «3IHUBAIOTHCSD) B OJJHE BHACIIIOK 3MiHU KpUCTaJIOrpadiyHoi
OpieHTalii OJJHOTO i3 CYCiHIX 3epPEH SK LIOTO B MPOIIEC IIACTUYHOTO Ne(opMyBaHHs 3pa3Kka. MOKIMBICTh TIEPEOPIEHTAITIT 3epeH K
LJIOTO B JBOBHUMIPHHMX 3pa3kaXx IpH IUIACTHYHOMY naehopMyBaHHI Oyj0 BCTAHOBJIECHO EKCIEPUMEHTANIBbHO B MONEPEIHIX
JIOCIIIKEHHAX.

Knrwowuoei cnosa: nonikpucmaniuno2o 3pasku amominito, niacmudna oegpopmayis, pyiuHy8anHs, MexaniyHi 61acmueoCmi.
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In this paper, the two-dimensional one-body Casimir effect is analyzed on the example of square-shaped nanocells. In the
classical one-dimensional two-body Casimir effect a Casimir force appears between two plates as a difference of
electromagnetic pressures of zero- point quantum-vacuum oscillation on different sides of each of the plates. The plates are
pushed forwards each other by external quantum-vacuum oscillation fields, which in classical configuration exceed internal
quantum-vacuum oscillation fields. It is possible to try to create a difference of electromagnetic pressures of quantum-vacuum
oscillation on different sides of a single plate due to the difference of the geometry of vacuum resonators on different sides of the
plate. For this purpose, it is necessary to grow nanocells on one of surfaces of a smooth metallic plate. As a result, it has been found
that the formula for the force per unit area is very similar to the formula of the classical Casimir effect, except for the value of the
proportionality coefficient.

The force applied to perfectly conducting honeycombs on a plate as a result of the difference in specific energy density on its
different sides can be interpreted as the pressure of the zero-point electromagnetic oscillations. According to the formula presented in this
work, for the gold nano-honeycomb with a size of about 2 microns the force should be equal to 8.55 dynes per square meter of the panel,
which is quite an acceptable value for the practical use of the expected effect for satellite orbits correction.

Although the effect is small, an experimental confirmation could serve as a critical proof for the existence of Casimir's virtual
quantum photons.

Keywords: Two dimensional one body Casimir effect, nanocells, nanohoneycomb, Casimir thrust.
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INTRODUCTION

The introduction of half-quanta in the context of black-
body radiation by Planck in 1911 was fundamental for
discovering the Casimir effect presented by Casimir in
his seminal paper [1]. This is one of the most direct
manifestations of a quantum and relativistic phenomenon
caused by the zero-point oscillation of quantized fields.

The Casimir effect in its simplest form is the force between
a pair of neutral, parallel conducting plates resulting from the
modification of the electromagnetic vacuum properties caused
by the change in boundary conditions.

The calculation of the Casimir force is a particularly
complicated theoretical problem. Remarkably, for closed
configurations, i.e., when the Casimir effect manifests for
one body instead of two, the Casimir force can be not only
attractive but repulsive as well. As it has been shown by Boyer
[2], the latter is true for an ideal metal spherical shell.

Antipin A. V. [3] expects the appearance of the driving
force/thrust (due to the Casimir effect on one body), as a result
of the difference in the impact of virtual particles (photons) on
external and internal reflecting surfaces of pyramidal, conical
or V-shaped objects.

This work is dedicated to one-body Casimir effect for open
configuration of perfectly conducting nanohoneycomb.

TWO DIMENSIONAL CASIMIR’S
APPROACH
Let us consider a cubic cavity of volume L3 bounded by
perfectly conducting walls where perfectly conducting square
plate with side L is placed in this cavity parallel to the xy
face, and let the distance between the plate and the xy face be
sufficiently large, L/2, for example. One side of this perfectly
conducting square plate is a smooth plane and another is
covered with perfectly conducting square-shaped honeycombs

with a square side a.

On both sides of the plate the expressions ) 7@ / 2 where
the summation extends over all possible resonance frequencies
of the cavity L/2 x L x L (a large cavity: between smooth
plane and xy face) and the cavity L/2 X a x a (a small cavity,
one honeycomb cell: between the bottom of the honeycomb
and the opposite xy face) are divergent and devoid of physical
meaning but the difference between these sums on the opposite
sides of the plate, (¥ 7o), /(2V;) — (¥ ho), /(2Vy), will
be shown to have a well-defined value and this value will be
interpreted as the interaction between the plate and the both
remote xy faces.

The possible oscillations inside cavities defined by 0 < x <
L,0<y<L,0<z<L/2(alarge cavity between smooth plane
and xy face) and 0 < x < a,0<y <a, 0 <z <L/2 (asmall
cavity, one honeycomb cell) have wave vectors k, = %nx,
ky="Tny, k.= L—% n, (alarge cavity between smooth plane and
xy face), and ky = Zny, ky = Zny, k, = 77;2 n; (a small cavity,

one honeycomb cell), where ny, n,, n, are positive integers;

k= \/ki+k}+k2=/K>+kZ.

Fig.1. Cubic cavity with a plate covered by honeycomb.

Let us write the expression for the sum of zero-point
energy in general form
E=_ Zhw he ZZZk (1)
n,( ny ng
Two standing waves correspond to every ky, ky, k; but in
case when one of the n; is zero, there is only one wave.
That is of no importance in case of one honeycomb cell
cavity for k;, since for very large L/2 we may regard k.
as continuous variable, replacing summation over n, with

integration. Thus, for a small cavity consisting of one
honeycomb, we find
2
’“[ JE+2 Y ¥ [‘;’ +12| dn..
ny=1ny=1

/ 2 dk, we can find the specific energy
Vsmall =a L/ 2

Considering dn, =
density E/V, where V =

. z > 2
E=tef|YE+ 1§ |z dk.
0 ny=1ny=1
< & & 2 2
5=£2fl L L\ mindl k| dk,
0 | nx=(0)1ny=(0)1

where the notation (0) 1 is meant to indicate that the term
with n, = 0 and n,, = 0 has to be multiplied by 1/2. Thus, for
a small cavity consisting of one honeycomb, we have

v=i Y X {f 5 42 +k2dk]
ny=(0)1ny=(0)1
That is of no importance in case of a large cavity
for ky, k, since for very large L we may regard
ky, ky as continuous variables. Thus, for large

cavity between smooth plane and xy face we find
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0 0o

L= %/

Rk A+
00
+2 Z \/ Mﬁ2+k2+k

For very large L/2 the last summation may also be
replaced by an integral and, therefore, it can be seen that
energy of a large cavity is given by

dnydny.

iYL hw=nhc[ [ [\/k2+k2+k2dn.dnydn,,
000 ’
dn, = L dk,, dn, = L dk,, dn, = “2 dk,,

Now for the specific energy density E/V for a large cavity,
where V = V4. = L? /2 we can write the following sequence
of transformations:

nx 7172

5t = ’{ PoE

=(0)1ny,=(0

This expression is clearly infinite, and to proceed with the
calculation, it is convenient to introduce a regulator.

In order to receive a finite result, it is necessary to multiply
the integrands by a regularization function f(k/k,,) which is
unity for k << k, but tends to zero sufficiently rapidly for
(k/kym) — o0. Where k,, may be defined by f(1) = 1/2. The
physical meaning is obvious: our plate is hardly an obstacle
for very short waves (X-rays e.g.) and, therefore, the zero-

§E—texl ¥y ¥ w,/n)%—l—rﬂ—i—uz <
v @ {nx— (0)1 ny:(O)l.Of . /

_ 2 2 2 12 2 Y o
If @y, = c\/ni% + 032 +k2 and k = u””%5 we have
2 2 2
_ . 2 2 2 7r\/nX+ny+u o wnx«,'ly
On,ny = C oy /N5 T 05 +u sof< o == )

where the cutting frequency is wy, = ck,. Introducing function

Ty /nd +nk 4 u? "

F = n%+n§+u2f ak
m

we can write

55—"’;?{2 r

ny=(0) 1ny=(0) 1

(.ZF (u,ny,ny) du)
*0707 (;F(u,nmy) du) dnxdny}.

And at least, introducing

G (ny,ny) = /F(u,nx,ny) du (5)
0

0 00 00

fff K2 + k2 + K2 dnydn,

L)2
L3 /2 7 dk,

~ e T [f Q-] (b (b

v = o ff [f K2+ k2 +k§dkz] (4dk,) (&dky).
And ﬁnally for a large cavity between smooth plane and xy
face we can formulate the energy density as following

):2# — a%{ff [[ k§+k)2,+kz2dkz} dnydny,
00 LO

but for a small cavity, one honeycomb cell we have 22—?,‘0 =
h it it < 2 2
a0 r X p @;+@;+@&4

ny=(0)1ny=(0)1 LO

Therefore, it is obvious that the interaction energy is

determined by the following energy density difference:

kde] I {f k§+k§+k§dkz} dnxdny}. (2)
00 LO

point energy of these waves will not be influenced by the
position of this plate.

The purpose of regulator is to make the expression finite,
and influence of its specific type will be removed by a limit
transition in the end.

Introducing the variable u”> = a* kzz/ﬂtz, du = a/ndk;, we
have:

T/ +nd+u?

o ) du

(3)
eoe0 > P )
TV () dudnxdny}.
0
we have

f{ Tt Ty )

5% = oo:)(7 y= (6)
fOfOfG(nx,n)) dnxdny}

Integration of G (ny, n,) with example of regulator function
is presented in Appendix A.

To receive a way of calculating 8 (E/V), the Euler-

Maclaurin 2D formula could be considered.

EULER-MACLAURIN 2D FORMULA

According to A.Bikyalis [4] we apply Euler-Maclaurin
formula twice on n, and on n,. Starting from the following
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form of this formula

Zf( /fx)dx+ )f(b)+

+2Lp/2 sz (f(zk 1)(b)7f(2k 1)(0))+ (7)
+Rpa

Pu(x) = By (x— |x]), (8)

Ro= 0 [0 ®

since we are dealing with a very complex mathematical
problem of integrating the function, which often oscillates and
suffers discontinuities at the points of each integer value of
the argument due to the presence of the multiplier (x — [x]),
hereafter, we will use the fact that the remainder can also be
expressed in the form

(10)

b—1 /1 ) B (v)
+1 2 (p) Py
v ja/O Frv+) p!

We can see that it consists of 4 parts:
the integral [ = [}* f(x)dx,
(Fxa) + £ (0)) /2,
the sum of Bernoulli polynomials
Z Zkh/Q l;ik' (f(2k71)(xb) _f(2k71)(xa))’
and the remainder
Ry = (=DP VL) o 0 (vt i) P v

When applying it to G twice on n, and on n, we should
have the following summands which can be represented as the
table:

X
the half sum Hy =

B
JJG [HyG [YX G [R,G
ny Ny ny ny ny Nx ny ny
B
Hy [G HyHyG HyY G HyR,G
n)é Ny nl}g ny n)B an n}é Ny (11)
Yy /G Y HG Y Y G Y R,G
ny  ny Ny ny ny Ny Ny  ny
B
R, /G R,HyG R,Y. G R,R,G.
ny Ny ny Ny ny Mx ny ny

Taking into account that the function G is symmetric on its
ny and n, arguments, so the two-dimentional Euler-Maclaurin
marix presented above is symmetric too.

SUMMARY OF EULER-MACLAURIN 2D

Taking value of parameter p = 1 we have:

b)'b)c
J [G= [ [G(ny,ny)dn.dn,
Ty Ny ay a,\

fH):Gf 5 fG (ay,ny) dn,

ny nx

/' G6=0

ny Nx

JR,G="% ff (290, = )G (i + oy ) dva,dny
ny ny ]x—axa\

Hy fG— 5 fG(nx7aV) dn,

Vly Ny
HszG— ZG(ax,ay)
ny Ny
B
HyY G=0
ny My
by—1 | 1 —
HZRPG: Z 4 f(2v7lx - 1)Gl (jnx +an7ay> dvnx
ny ny Jny=ax 0
B
Yy [G=0
Ny ny
B
Y HyG=0
Ny ny
B_B
Y Y G6G=0
ny ny
B
Y R,G=0
My ny

Jt*”\a\ 0
by—1 1

RyHsG= ¥ [} (2, —1)G' (ax,jn, +vn, ) dvny

n) Ny

ny Ny Jn y=dy 0
B

R,Y, G=0

ny Mx

b) lbt

111
Yy 2vy—1)(2v,—1)-
R R G— ]\*av]x*axgoj ( . )( * )

ny G (Jx/wL\wc,])/Jr\vy) dvydvy

A WAYOF CALCULATING § (E/V)

Let us consider the expression
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by—1 by 1 —
Ry [G= L [ [3@vn,=1)G (Jitvnmy ) dvn,dny

Z Z Gf//G dnydn, (12)
ny=(0) 1ny,=(0) 1 00
Firstly, we can see, that
Z Z G (nxa ny) -
ny=(0) 1ny=(0)1
%G(0,0)*% ZOG(Ovn})f (13)
ny=
% Z G(nxa0)+ Z Z G(n)C7nV)
n,y=0 ny=0ny=
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Casimir honeycomb drive:

on the force on perfectly conducting honeycomb on a plate.

Therefore, we have
s

o

Z Z G(nxvny)_

ny=(0) 1ny=(0) 1

.({.({G(nmny) dl’lxd}’ly =

1G(0,0)— % z G(O ny) —

ZO Z (”xa”y) ffG(”m”y) dnxdn)"
ny n‘f 00

On the other hand, we have found that

Z G (ny,0) +

Y X Glreny)— [ [Glneny) dnydny, =
ny=0ny=0 00
. B .
JHy G +/Y G +[R,G
ny ny ny Ny ny ny
. B
+Hy [G +HyHyG +HyY G +HyR,G
ny ny ny  ny ny Ny ny Ny
B B B _B B
+Y [G +Y HyG +Y Y G +Y R,G
Ny ny Ny ny My Iy My ny
B
+R, [G +R,HyG +R,Y, G +R,R,G,
ny nx ny ny ny Ny ny Ny
where Hy Hy G, [ Hy G and Hy [ G are:
ny ny ny ny ny Ny

by by
%G(ax,ay) , % fa; G (ay,ny) dny, % fa); G (ny,ay) dny.
Now using 1D Euler-Maclaurin formula in the form (7) we
can see that

1

1 G(0,0) — Z G(0,ny) Z G (ny,0)
will be equal to
HyHy G
ny ny
18 1
—[HyG —HyHyG —3Y G —3R,G/2
y Ny ny Ny ny ny
; ) 18 1 ;
—Hy [ G —HyHyG ——Z G —3R,G/2.
ny Ny ny ny Ny

Now we can find expression (12) by using the following
summation

+/Y'G  +[R,G

ny Ny ny ny
B
+HZZ G +H):RPG
ny Nx ny Ny
B_B B
+Z /G +): HyG +Yy ¥ G +Y R,G
ny  ny ny ny ny ny  ny
B
+R, [ G -l—RpHZG +R,Y. G +R,R,G
ny Ny ny Ny ny Tx ny ny
1B
ﬂz G —3iR,G
ny
): G lR G.

It is easy to see that the sum of all summands without
remainder

. _B
+/Y G
ny Ny
"~ _B
—|—sz G
ny Mx
B _B
+Y Y G
ny ny
1B
,fnz G
"B
1
_Enz G
is 0. And, therefore, any possible non zero result
of express10n (12) should be attributed to the remainder

Z Z G (ng,ny) — ij(nx,nv)dnrdny
ny=(0) 1ny=(0) 1

+Y' G +Y HyG

Ny ny ny  ny

+[R,G

ny ny
+HyR,G

ny  ny

B

+Y R,G

B Ny ny
+R, [ G +R,HyG +R,Y G +R,R,G

ny Ny ny Ny ny x ny ny

1
~1R,G
ny

'y
1
~IR,G.

Ny
Or using symmetric properties of G, we can rewrite the
resultmg formula

Z Z G (ny,ny) — ffG(nX,n))dnxdny—
n,=(0) 1ny=(0) 1
+2-R, [ G+2-RyHyG+2-R,Y G+
ny nx ny Ny ny Mx
+R,R,G— R, G
ny Ny ny

with the following summands:

be—1 by 1 .
2R, [G= Y S @2v,, —1)G (jx—l-vnx,ny) dvy, dny;
n) Ny Jx=axay 0
by—1 1 1 o
ZRPH):G = Z f (Vny - j) G (amjn‘- +an) dvny;
ny ny Jny=ay 0 ’ ’

by—1 1
ZRZ G=2 Y deV,,)—O

ny x Jn y=ay 0

S I

Yy v Vi— 5

RPRPG_ Jy=ay jx=ax 0 v 2

Ty -G" (jx—l—vx,]y—i-vy) dvydvy;

by—1 1 o
RyG=- z Jm=De (s s 9, ) v

n

Considerlng that RPZ G should be 0 because derivative
ny Ny

with respect to ny, forn, =0is 0, and 2-R, Hy G— R, G gives

ny Iy ny

0 in summation, we can simplify the result in the form
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Y Y Glun)— ffG(nx,ny)dnxdn)_ZR [ G+ RyR,G (14)
©

ny=(0) 1ny=(0) 1 ny Ny ny nx

or in detailed form

- o o 1 o
Yy ¥ G- fdenany— Yy [ (2an—1)G/(jx+v,1x7ny)dvnxdny+

n=(0)1ny=(0)1 o Jvl (in‘ =0v,=0 - (15)
+ B E 0= D0 D)6 (T b 70) v,
Jy=0/x=00 0
HOW G (E/V)
DEPENDS ON aky, ? P f f G
01 o1
Casimir in his original work [1] has provided his formula ° . ok
in assumption that ak,, >> 1. But now we can investigate 0.0004 3 : c . m
how the expression (12) depends on aky,. ~0.005 1
Thus, for the energy density difference per cm?® we find ~0.010
—0.015 4
L L F(nny) e
0 ( ne=(0)1ny=(0)1 ~0.025 4
—ffF(nX,ny)dnxdny}du. 00301
00
Fig.2. How Z 021_ /]G depends on a - ky,.
Table 1. e
The result of evaluating the expression (12).
According to our calculation we can see that
a-ky —[[G € fma < z 2
«%1(02)1 gof / g{ 72(101 ;( lF(”m”y)
025 | 000108989 | 4.99660¢-07 | 2 O =) (17)
0.5 0.00322377 7.99836e-07 6 — [ [ F (ny,ny) dnydny, 3du = R (aky),
0.75 0.00440392 8.72173e-07 11 00
ig 5 _%%%31(‘):;813175 ??2??2282 i; where R (ak,) is a function depended on material
1'5 -0.00870823 3.672716-06 18 properties with well defined limit at ak,,~ 1. So
1.75 -0.0172279 6.80405e-06 18 h o
2.0 -0.0251746 | 9.98944e-06 | 19 5 v = Rlakn) — (18)
2.25 -0.0308341 9.37033e-06 | 23
25 -0.0332867 1.42819¢-05 23 For the energy density difference per cm? (in the limit at
2.75 -0.0324363 2.09102e-05 23 aky — 10) we find that 1
3.0 -0.0289864 | 2.96151e-05 | 23 8¢ =hen s = 00136 7 dyne/em’
3.25 -0.02404795 4.07897e-05 23 where ay, is a square side of honeycombs measured in
35 -0.0183092 8.56118e-06 | 45 microns.
3.75 -0.0135918 2.185368e-05 | 36 Can this difference of specific energy density & (E/V)
4 -0.00973151 1.46105e-05 45 be interpreted as the cause of the force F applied to
4.5 -0.00634270 1.93298¢-05 48 perfectly conducting honeycomb on a plate? For example,
5 -0.00732334 2.32423e-05 52 my investigations of the configuration used by Casimir have
6 -0.0124360 2.37328e-05 66 shown that for the geometric configuration of two perfectly
7 -0.0142094 3.85332e-05 | 69 conducting plates F /S = —3- 6 (E/V). But what can be said
8 -0.0136610 3.29375e-05 87 about honeycomb configuration? Research of this question
9 -0.0137827 3.58598e-05 | 99 presented in appendixes B and C shows that F /S~ 6 (E/V).
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CONCLUSION

Therefore, the following conclusions can be drawn: there
is a force applied to perfectly conducting honeycombs on a
plate as a result of the difference in specific energy density
on its different sides. This force depends on the material of
the plate. This force depends on the cutoff frequency w,
of the honeycomb plate material at least. This force can be
interpreted as the pressure of the zero-point electromagnetic
oscillations.

Although the effect is small, an experimental confirmation
seems not unfeasible and might be of a certain interest.

Tuo Qu, Fang Liu, Yuechai Lin, Yidong Huang [5]
have reported the production of gold nano-honeycomb with
a size of about 2 microns. According to the formula
presented in this work that honeycomb should have Casimir
energy density difference about & (E/V) = 0.0136/(2*%) =
0.0008555 dyne /cm* = 0.0008555 - 10* = 8.55dyne/m?, that
is 8.55 dynes per square meter of the panel, which is quite an
acceptable value for the practical use of the expected effect for
satellite orbits correction.

It is important to point out, that according to the proposed
method, the 6 (E/V) is calculated not for the total surface area
of the honeycombs, but for a part of the panel occupied by
cavities (minus the area of the honeycomb walls).

That does not mean, the honeycomb walls should be
made as thin as possible, because with a decrease in the wall
thickness, the value of k,, will also decrease.

For simplicity of calculations, square-shaped nanocells

have been analyzed, but the obtained result can be used, with
some correction unknown so far, to estimate the Casimir effect
in honeycombs of a different shape (hexagonal, cylindrical,
etc.). Such honeycombs are simpler to be manufactured,
but require much more complex calculations to estimate
the Casimir effect exactly. In addition, the bottom of the
honeycomb is not necessarily flat, but spherically concave, for
example, which does not fundamentally affect the magnitude
of the thrust.

In addition, the appearance of Casimir thrust is expected
not only in metal honeycombs, but in dielectric honeycombs as
well, because the Casimir effect in dielectrics is well known.

It has been assumed that the height of the the walls of the
honeycombs is L/2, while the real height of the walls & will
be much smaller (say about a).

At the same time, by using the Antipin approach (see
Appendix D) it can be shown that the effect should be
observed at a smaller height of the ribs, although the
dependence of the effect on the height may be the subject of
further research.

To answer Hrvoje [6] who considers the Casimir effect as
not a consequence of the existence of virtual quantum photons,
but as manifestation of the London-Van der Waals dispersion
forces, I would like to note that setting up an experiment to
measure the thrust produced by nanocells grown on metal plate
could serve as a critical experiment to find out which points of
view on the nature of the Casimir force corresponds to reality.

APPENDIX A. INTEGRATION DETAILS

Let us use the regularization function in the form

k 1
()=
m w1

m

(A1)

Starting from (4) and by introducing a variable n,, =

\/n3+n}andn = \/n§+n§+u2 = \/n}(y—i-uz, we have
\/ 13 +u?

4 (n%y +u? ) 2
akf}l

F(Manxyvakm) - (AQ)

+1

And using this variable, we can make the following
substitution

— 2 2 2 2 _ 2 du _ n
U=,/n Ny —ny =/ 1 Wys an = 2 2°

—nyy

du=

ndn

2

n 7nx)72

And now we can rewrite integral (5) in form

Ty /nd, +u?
V) (A.3)

G:/ }’l)zcy+l/l2f akm
0

changing the integration variable from u to n

o e 2 > ﬂ./n%ﬁruz n
G= [ /n+u f( = dn\/nzin%y

Ty

o

G (ny,ny) = /nf <an> anL7
m n

—_n2
Txy nxy

(A.4)

because in this form integral can be taken analytically. So,
we have the following integrand

n2

(”4"4 —H) n? —n2

akd, xy

F (n,nyy,aky) = (A.5)

and the following limits of integration by n: n, = n,,
np — o0,
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Let us use the Abel substitution:

!
n
= (), 1=

2_ 2
n* —ny,

(A.6)

and the following limits of integration by #: t, = oo,
t, =+1.
Let us denote dependency of n from ¢

2 42 2
2_ Myl !
n :t2—17 N = Nyy ﬂ (A7)
and derivatives
dt d n n? n 1
_—= — _— = — 3 s
dn-dn n*—ng, (> —n%)? n*—ng,
dn nt— 2n2n)2{y + nf;y
T S, (A.8)

In2 — n2 02
n= — ng, i,

Now we can rewrite the integrand, making it depending on

d
F (t,nyy,aky) = F (n,nyy, aky,) - d—’Z

_ 2
= 2Ty

d n* —2n2n2, +nt \n?
F (n,nyy, aky,) - an _ ( Xy x’)

4.4
(B ) (0 ),

ninA _2n§>.12+n4 12
(,z,l)Z 2—1 xy

mnd nZ, 1
_ Tt B2 (2 —
<(r2—1)2akj‘,, + 1) (;211 "xy) (2 =1)

akfnn)%ytz
2akyt? — (n*nd, + aky,)t* — aky,

F (t,nyy,aky) = —

F (t7”zyaakzn) =

Let us extract coefficient near #* from the denominator.
Now let us move the above coefficient up to the numerator.
So, the new numerator will be

akfnnjzcyt2
mind, +aky,
Accordingly, the new denominator will be
2ak1? 4

wnd, + ak;,

ak?
44 4
mtng, + ak,,

Now we should convert this denominator to the following
form

—(aut+2+ 1) (et —1* = By),

t*— (af —2B1)1* + BE.

So, we have the following equation

2ak1?
nnt, + ak;,

4
ak,,

4 2 2, @2
—— " =1 (o] 2Bt +
wnd, + aky, (o =2B)r" + By

and its solution

ak?
pi = —F——E—, (A.9)
\/ énd, + aky,
ak?, 4/ ménd 4 aks,
o =\ 2aky, . . (A.10)

44 4
ming, + ak,,

After the conversion determined above, the integrand can
be presented as

akfnn)%ytz

(wnd, + aky,) (out +12 + Br)(out — 12— By)

Let us check determinant 0612 — 4 by using the expression
of o and B found above.

The determinant is negative and the integral can be easily
calculated:

2 arctan e
wii, ()
JF (tny, @) dt = =g | —arman
2 arctan B el
V-ai+ap ) log(ant++p;) i log(—ot+12+P)
V=244 By o o ’
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APPENDIX B. ELECTROMAGNETIC PRESSURE CALCULATION

Let us consider a rectangular resonator with size a X b X h.
For the electric mode

2

RN ) .
VE+ —5E=0 B.1
+3 : (B.1)

we have the following solution

ﬂnxx) sin (m;y y) sin (k.2)

a

E,=A,cos ( byY) sin (m;xx> sin (k;z)

TNX ) . ( TTnyy )
sin
a b

E,=A,cos (

E. = A;cos (k;z)sin (

i (—ﬂA;'n" — ﬂA;”y ) ccos () cos (22 sin (k.2)
H =—
U
with
2.2 2,2 2
2 n°n T ny [0) -
kZ + az)‘ s 0, (B.2)
by using divE = 0, we have
A TAyny,
Ak, +7r ol T“”:o. (B.3)

Field energy density <[ WdV) /Vis

E A2+ A2+ A2

and v in (B.4)
Full ( IE] |H? )
(A, —nA,n))ccos( g )cos (k.2) sm(”"‘x) ull energy density ( [ ‘g dV—I—f dv /V is
=
buw E AI+AI+A?
Vo mr (B-5)
(A k,— —)ccos (Z22) cos (k,z) sin (732) +H
Hy = — o Electromagnetic pressure ( / BetHy dS) / S on xy plate is
fs 2 A Aab*k.n, — n.zAgbzn% +2 EAyAZazkany — 71'2A§azn2 - (Af +A§)azbzkz2 (©)
s 32 (ma’bk2 + mb2n} + wa’n?) '
1o/
Their relation % WV is
f.)S  ALPbME +Ala’bPkE — 2 A A ab*kon, + TP AZDn — 2 A A a*bkony + T AZa*n] o
E/V (a®b?k2 + m2b2n? + m2a’n?) (A2+A2 +A?)

Considering solution with wave propagation in z-direction
we have H, = 0 which gives

A, bn, — A an, =0

and

2
B A.a"bk;n,

252 2,2

b ng + masny

2
A Aabkens
* nh2n2 + matn?’

In this case the relation of electromagnetic pressure per
field energy density is equal to 1,

f/S
E/V
Considering solution with wave propagation in x-direction
we have H, = 0 which gives

~1. 8)

TA b k.n,
ab?k2 + 7t2an§ '

nzAxbnxny
r akag—l—nzang’ o

In this case the relation of electromagnetic pressure per
field energy density is

f/S _
E/V

bk?
D22+ m2n2

(9)

Considering solution with wave propagation in y-direction,
Hy =0, as in x-direction

A — m2Ayanyny B TAya’kn,
Y a@bk2+ bt @bk + mbn?’
fz/S _ a’k? (10)
E/V a2+ 7m*n2
For the magnetic mode
o .
VH + H 0 (11)

, we have the following solutlon
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zny T
H, = Bj cos ( ’Z’y) cos (k;z) sin ( nxx)
T nn,
H, = B;cos ( nXX) cos (k;z) sin (ﬂ)
’ a b
T iny,
H, = B3 cos < nxx) cos (ﬂ) sin (k;z)
a b
and
. (sz - )ccos (P22 sin (722 sin (k;2)
X — ”a)
i (BlkZ - ”Bg"">ccos (F22) sin (222 sin (k,2)
E, ——
y 1o
i (% - ”Bgny )ccos (k.z) sin (Z2X) sin (722)
E.=—
i)
with
22 Pl 2
kZ + az)‘+ =) _TZ_O’ (12)
by using divH = 0, we have
B B
Bak, + o % —0. (13)

Magnetic field energy density ( Ik H+H+H~dv> / Vis

2 2 2
E_Bi+B3+B}

== 14
14 64r (14)
Full energy density (f IE[2 av+ [ AP dV) JV is
E B}+B3+Bj}
T R (15)

Vv 3=z

. H2+H}? .
Electromagnetic pressure | [ —g——=dS / S on xy plate is

f. _Bi+B 16
S 3R2r (16)
Their relation g //‘f
B? + B2
fZ/S . 1 + 2 (17)

E/V  B}+B3+B3

Considering solution with wave propagation in z-direction,

we have £, = 0 which gives

TByn,  TBiny

=0

a a

and

Bsak;n,
n + mn?

Bsak;n,
2 2"
7rnx + 7ny

By =— 5.B2 =

In this case the relation of electromagnetic pressure per
field energy density is

/s a’k?

= . 18
E/V a2+ n*n} 4 nPnl (18)

Considering solution with wave propagation in x-direction,
we have E, = 0 which gives

EZBlany
212 2,2
ackz+m n;

B ak;ny

By, =— .
a?k2 + w’n}

3=—

In this case the relation of electromagnetic pressure per
field energy density is

a’b*i} + 2 n*a®b*izn} + ntbPning + ntang
(a*b?k2 + w2b%n2 + m2a’n?) (bzkz2 + ﬂzng) .

f/S _
E/V

Considering solution with wave propagation in y-direction
Ey =0 as in x-direction

B ﬂsznan B
1= = : 3=
a’k? +mw?n?’

Byak;n,
272 2,27
a*k; + meny

a*b’k} + 2w a®b*Enk + ntb?nd + wtaPnin’
(azbzkg +m2b%n? + ﬂzazn}z,) (azk% + ﬂzn)%) '

f/S _
E/V

So, we can see that task of electromagnetic force
calculation in the nanohoneycomb configuration is quit easy,
because

s
koo E JV

=1. (19)

L/S

We can see that if we decrease a then = v
and that leads to

also decreases

> (20)

wl
<Itm

R
=hecn—.
C a4

On the other hand, the same result can be shown by using
Hamiltonian mechanics approach.
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APPENDIX C. HAMILTONIAN
MECHANICS APPROACH
Let us consider a cubic cavity of volume L3 bounded by
perfectly conducting walls where perfectly conducting square
plate with side L is placed in this cavity parallel to the xy
face, and let the distance between the plate and xy face be
sufficiently large, say [ = L/2, for example.
One side of this perfectly conducting square plate is a
smooth plane and another is covered by perfectly conducting

square-shaped honeycomb a square side a.

On both sided of the the plate the expressions 1 / 2) hw
where the summation extends over all possible resonance
frequencies of the cavity (L—1) X L x L (a large cavity
between smooth plane and xy face) and the cavity [ X a X a
(a small cavity, one honeycomb cell) are divergent and devoid
of physical meaning, but it will be shown that for the both
opposite sides the derivative d <0|<%2 |0> / dl of the vacuums
Hamiltonian of the whole system for these sums (0|.%7|0) =
1/2 (¥ ho), +1/2 (L ho),;, has a well-defined value and
this value will be interpreted as the interaction between the
plate and the both xy faces.

_________________________________

Fig.3. Cubic cavity with a plate covered by honeycomb.

The possible oscillations of the cavities defined by 0 < x <
L0<y<L,0>z>—(L—1) (alarge cavity between smooth
planeandxyface)and0<x<a 0<y<a, 0<z<l(asmall

avity, one hone ell) have the ave vectors k, =
2 7y£ ny, ? ygro (Ca ]le%rge cav1ty etween smodth anne

and xy face), andk =4 Th,, ky =+ n), k,=7 Z n, (a small cavity,
one honeycomb cell), where ny. ny, n; are positive integers;

k= \/k2+ k2 +k2 = /K> + k2.

Let us write the expression for the sum of zero-point

energy in general form

= Y ho=he; VY Yk

n,, ny ng

(C.1)

Two standing waves correspond to every k., ky, k;, but
in case when one of the n; is zero, there is only one wave.
That is of no importance in case of one honeycomb cell cavity
for k;, since for very large [ we may regard k, as continuous
variable, replacing summation over n, with integration. Thus,
for a small cavity consisting of one honeycomb we find

—f“f ViE+2 ¥ z

ny=Iny=
Considering dn, = %dkz we can find the specific energy
density E/S, where S = Ssma” =a%

nﬂ'

K2

dn,.

©° 272
Eonf| VB £ OF VAR AT v Lak,
0 ne=1 nyf
E _ hl v o nin? T 2
S=52; L L 2 + kz dk;
ny=(0)1ny=(0)1 | 0

That is of no importance in case of a large cavity for &,
ky since for very large L we may regard ki, k, as continuous
variables. Thus, for large cavity between smooth plane and xy

face we find
=K [[|\/R++
00
+ g,/ 2+k2+k2

For very large L — [ the last summation may be replaced by
an integral and, therefore, it can be seen that energy of a large
cavity is given by

(C.2)
dn,dn,.

:hc/// + k3 +k} dnydny dn, (C.3)
000
where dn, = L dk,, dny = L dk,, dn, = 2 dk..

Now for the specific (per area) energy density E£/S for a
large cavity, where § = Sj4q0 = L2 we can write the following
sequence of transformations:

Lo — hcfff,/k2+k2+k%dnxdn)Lﬂ’dk

?—Jﬁ%{k‘@+@+@ﬁ4@ﬁﬁ@ﬁﬁ

E= %hc({of [({ k§+k§+k§dkz} (Ldky) (Ldky).
Therefore, it can be seen that specific (per area) vacuum

Hamiltonian m of the whole system is given by
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w hc.{znx)?li /w\/ +n2

=(0)1ny=(0)1 |

F_ o (020)
S

. : g {0120) .
and interaction 5=-3 =g 15 is

dl

=

R dk, +L—1)Z(j /\/mdk (k) (& dk)}

=

F  hc - -
)
S an ny=(0)1ny=(0)1
Then, the formula for the force acting on a perfectly

conducting honeycomb on a plate F/S obtained by using
Hamiltonian mechanics approach is the same as formula (2)

APPENDIX D. THE DERIVATION OF THE
THRUST FORMULA FOR THE
HONEYCOMB BASING ON THE ANTIPIN’S
FORMULA FOR THE METAL ANGLE

Antipin [3] gives an estimated calculation of the thrust
of the V-shaped angle by using the Casimir formula, “with
the most general and natural approximations known as PFA
(Proximity Force Approximation) or PAA (Pairwise Additive
Approximation) calculation method [7], [8]".

Fig.4. Antipin's angle.

Casimir’s interaction energy is given by

SE/L>=h G (D.1)
T3 24%30 ) :
Casimir’s force is
372 ( -4
F.=hc—F— < ———+ 5. D.2
TS {z4><30} (D-2)

/\/n +n§ Rk // /,/k2+k2 +K2dk | dnydn, (4)
00

received for the difference of specific energy density on its
different sides 8 (E/V).

Thrust of the metal V-shaped angle is

Forus: = Z/FC sinadS, dS=bdz (D.3)
3nlheh P —4 ) sinadz
E‘hrust =2 / { } . (D4)
4 24 x 30 4
(a2))
Let us make a substitution
a(z) =2zigQ,
Zmax
—37m2hch —4 sina dz
Ehrust =2 4 / 24 % 30 e
Z;nin ” (2Z[ga)
Zmax
—3n2hch  sino —4 dz
Fihrus = 2 / 24 %30 f 4
( tg a) Zmin
) . Zmax
> 93 Tcheb  sinao i
thrust — 240 (Zl‘g 06)4 Z3 o
The following substitution can be made:
z=Ilcosa,
n2heb ina 1y |
c sin
Fthrust =-2-3 1 3 (3)
240 24(tga)* (cosar)’ \! .
n2heb a 1y |
c cos
F, =-2-3 — | =
et 240 24 (sina)* (13) .
2
neheb coso 1 1
thrust — I E— ( 3 ) . (D.5)
640 (Sll’l (X) mm lmax

Thus, the formula for the thrust for the V-shaped angle is
derived basing on the length of its wings.

Antipin indicates that the value of [,; is limited
from below by the ,cutoff level, which is determined
technologically:
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* by the accuracy of plate manufacturing (their roughness,
degree of flatness), as well as

e by the the minimum wavelength of photons that
can effectively reflect the substance from which the
V-shaped angle is made (by k,, value).

Investigating the dependence of the coefficient in the angle
thrust formula, which depends on the half angle «, it can be
seen that for a given length of the V-shape sides, it is more
efficient to make the angle as small as possible. However,
for the purposes of this work (studying the possibility of
obtaining thrust by using nanocells), it is important to note
that for a L-shaped angle with a right angle o = /4, the
coefficient (cos o) / ((sin a)4) =2+/2. Thus, by composing a
honeycomb structure from many rectangular L-shaped angles,
it can be shown that the thrust of the panel consisting of
rectangular honeycombs is not zero.

Indeed, a rectangular honeycomb with a cell size of b x b
and with the same edge height equal to b = [, can be
imagined as a combination of four L-shaped angles where
a half-angle is equal to o« = m/4. The thrust of the every
L-shaped angle

T2 hClpax 1 1
Fthrust = —W2\f2 <13 - 13)

min

(D.6)

directed along the bisector of each angle must be
multiplied by sin (/4) = /2 / 2 and, when multiplied by 4,
the thrust of such a honeycomb cell will be equal to

2
n-hceb 1 1
Fhruse = _T <l3 - b3> .

min

(D.7)

So, the formula for the specific thrust of cells obtained by
using the PFA (Proximity Force Approximation) method or
PAA (Pairwise Additive Approximation) method

Firust o n.th 1 1

S 80b lsn.n b3
is to some extent similar to the formula for the magnitude

of the two-dimensional Casimir effect on honeycombs

presented in the first part of this work. At least the value of
the exponent in the denominator is the same

(D.8)

E h
85 ~R(b-kn) nen,

- (D.9)

It should be noted, that this formula is received without
taking into account the finiteness of the cell edge height (i.e.,
in the approximation of the infinite edge height), in contrast to
the PFA version of the formula for which the edge height is
assumed to be equal to the cell width.

The approximate agreement of these formulas indicates
that the effect should also be observed at finite height of the
ribs, although the dependence of the effect on this height may
be the object of further research.

Theoretically it is possible to achieve a greater value of
thrust with a panel produced from acute-angled V-shaped
angles, but producing panels from honeycombs seems to be
technologically simpler than from V-shaped angles.
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CTINTbHUKOBUN PYLLIA KASUMUPA: MPO CUNY, WO Al€ HA COTHU
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Hapiiimua o penakuii 18 sxoBtHst 2023 p. [lepernsayTo 16 ueppus 2024,
[IpuitasaTo no apyky 18 uepsus 2024 p.

VY wiif crarti mpoananizoBaHo asoBuMipHuit edext Kasumupa oxHoro Tina Ha NpUKIaAi HAHOCOT KBajapaTHOi (opmu. VY
KJIaCHYHOMY OJHOBHMipHOMY  edekti Kasumupa nBox Ttin cwia Kasumupa Mik JBOMa IUIACTHHAMH BHHHUKAE SIK PIi3HHUIL
CJISKTPOMATHITHUX THCKIB KBaHTOBO-BaKyyMHHMX (IIYKTyalill HyJIbOBOI TOYKM MO pi3Hi OOKM KOKHOI 3 ruacTuH. [lnactuHu
IITOBXAIOThCA OJHA 0 OIHOI 30BHIIIHIMH TOJSIMH KBaHTOBO-BaKyyMHHX OCHWJIALIHN, MIITBHICTh SKAX B KIACHYHIN KOHQIrypamii
HEePeBHUILYE IIUIBHICTh BHYTPImIHIX. MOXKHAa cHpoOyBaT# CTBOPUTH pI3HUIIO €JIEKTPOMArHITHUX THCKIB KBaHTOBO-BAaKyyMHHX
OCLWIIALIN 1O Pi3HI OOKM OfHI€] TUTACTHHU 3a PaxXyHOK Pi3HMIII TeoMeTpii BAKYyMHHX PE30HATOPIB Ha Pi3HUX CTOPOHAX IUIACTHHM.
Jlnst iboro HeoOXiHO BUPOCTUTH HAHOKOMIPKH Ha OZHIH 3 TOBEPXOHb IJIaIKOT MeTaNeBol IacTuHy. B pe3ynbrari Oyiio BUSBICHO, IO
(dbopmyIa st CHIIM Ha OJMHHUIIIO TUTOIII Ty)ke cXoka Ha (opmyity knacuunoro epexry Kazumupa, 3a BUHSITKOM 3Ha4YeHHs KoedilieHTa
MIPONOPUIIHOCTI.

Cuuty, IpUKIIaieHy J0 i/1ealbHO MPOBiIHUX COT Ha INIACTHHI B Pe3yJIbTaTi Pi3HMII MUTOMOI T'YCTHHH €Heprii Ha pi3HuX Il CTOpOHaX,
MOKHA IHTEPIIPETYBATH SK THCK EJIEKTPOMArHITHHX (IyKTyariil Hyn1b0BOi TOYKH. 3TiHO 3 (OPMYIIOI0, NMPEACTABICHOIO B Iiif
po6oTi, VISl 30J0THX HAHOCOT PO3MIpOM OJM3bKO 2 MKM CHJIa Ma€ IOPIiBHIOBATH 8,55 AWH Ha KBaJpaTHUH MeTp MaHew i, o €
[ITKOM MPUIHATHAM 3HaYE€HHSM JUISl TPAaKTHYHOTO BUKOPHUCTAHHS O4iKyBaHOTO epeKTy /Ul KOpeKIii OpOiT CyITy THHKIB.

Xoua eheKT HeBEITUKHH, EKCTIePUMEHTAIbHE MiATBEPHKEHHSI MOTJIO O CIyTyBaTH BHPILIATEHUM JOKA30M iCHYBAaHHS BIpTyalIbHUX
kBaHTOBUX (oToHIB Kaznmupa.

Knrwwuosi cnosa: /[sosumipnuil echexm Kazumupa 00no2o mina, HaHOKOMIpKuY, Hanocomu, msea Kasumupa.
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CMNELIANBbHUNA NABOPATOPHUN NPAKTUKYM
3A OUCTAHLUIWHOI ®OPMU HABYAHHSA

B. M. T'opbay ", O. A. JTtoxtan =, O. B. WypiHoBa

Xapxiscokuii nayionanvhuil ynieepcumem imeni B. H. Kapaszina, maiioan Ceoboou, 4, 61022 Xapxis, Ykpaina
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Hapi#iuuta o penakuii 2 sxoBtHst 2024 p. [lepernsinyTo 15 nmucronana 2024 p.
[pwuiiasaTo no apyky 20 nucronana 2024 p.

VY cTarTi 3amponoOHOBAaHO METOMWKY IMPOBEACHHA J1abopaTopHOi poOOTH CHEUNpakTHKyMy 4 Kypcy 3a TUCTaHUIHHOI (opmu
HaBYaHHS Ha MNpPUKIAAL JlabopaTopHoi poboTn «BusHauenns Temmeparypu Kiopi 3 TemmepaTypHOI 3aJeXHOCTI TEIIOEMHOCTI
(depomarueTukiBy. 3a MUCTAHLIMHOI (OpPMH HaBYaHHS BIJCYTHS MOXMJIMBICTh MPOBEACHHS (i3UYHOTO EKCHEPHUMEHTY, TOMY
TIPOIIOHYETHCS PO3MIUPHUTH KOJIO PO3PaXyHKOBO-TpadivHHUX 3aBIaHb 10 J1abopaTtopHoi poborn. CTyneHTaM BHIA€ThCS BXE TOTOBA
TaONHUIISL eKCIIEPUMEHTAIBHUX JaHHX, Y JaHOMY BHIAJIKY, TAOIHII TEIUIOEMHOCTI HiKelro AJst iHTepBany Temmeparyp 1+1500 K.

Ilix gac BuKOHAaHHS POOOTH, CTYIEHTH, BUKOPHCTOBYIOUH OTPUMaHI eKCIIEpHMEHTaJbHI JaHI TEIUNIOEMHOCTI HIKEJI0, TIOBHHHI
noOyayBaTu rpadik 3anexsocti Cy, Bil TeMIEpaTypH, po3paxyBaTH I'PaTIaCTHH BHECOK Y CYMapHY TEIIOEMHICTH 3a Moneutio Jlebas,
OOYUCIIMTH €JNEKTPOHHY i MarHiTHy CKJIanoBi TemioemMHocTi. HeoOximHi mis po3paxyHKy Temmepatypy Mebas Op i xoediuieHT
SJICKTPOHHOI TEINIOEMHOCTI y CTYAEHTH 3HAXOJATh 3 YMOBH, IO 32 JyXe HU3bKUX TEeMIIepaTyp MarHiTHOIO CKJIAJ0BOO TEILIOEMHOCTI
MOXKHA HEXTYBAaTH, a TPaTKOBA CKJIa/I0Ba TEIJIOEMHOCTI alIPOKCUMYETHCS KyOi4HOIO 3aJI€XKHICTIO BiJ] TEMIIEPaTypu.

Touka Kiopi € Touxoro (ha30BOro nepexomy Apyroro pomay, B OKOJMI SIKOI CIIoCTepiraroTees crienudidai anomaiii. 3rigHo 3 Teopiero
TOMiBHOCTi CHHTY/IAPHA JaCTHHA TETIIOEMHOCTI XapaKTepH3yeThes TAKUMHE cTiiBBinHomennamu: C(t) = (A1/ oci)(t""ir - 1) + B%,
ne A-, B~, A*, Bt — koucrantu, a~ i at — kpuruuni iwgexcu, t = (T — Ty)/Ty. Hudepenuiroroun i norapudmyroun ui
CHiBBIJHOIICHHS, MOXHA OTPHMAaTH pIiBHAHH], 1[I0 JO3BOJSIIOTH Bu3HaunTH kputwudi iHgekcu  (log|(dC,,)/dT| =
—(a* + 1)log|T — T,| + D). OcKimbku eKcriepHMeHTaTbHE 3HAUEHHS TeMmepaTypH Kiopi 6ym10 naso 3 Tounictio + 1 K, To cTymenTH
MaroTh o0y myBatu cepito rpadikis log |(dC,,)/dT| Bin log|T — T, | nns pisuux T, (Bix 624.4 K no 628 K yepes 0.4 K). 3 tanrenca
HaxXWIy OTPUMAaHHUX MPSIMHUX BH3HAYAEThCS KPUTHYHHN iHAEKC [isi qaHoi Temmeparypu Kiopi. 3a Teopiero momiOHOCTI KpUTHYHI
ingexcu Maroth 6yTu piBuuMu. Tomy 3 nepetuny kpusux &~ (T) i at (T) MoXKHa BU3HAYMTH CHIPABKHI 3HAYEHHS KDUTUYHOTO HIEKCY
i remneparypu Kiopi.

Kniouosi cnosa: ghazosuii nepexio, macnimna mennoemuicmes, memnepamypa Kiopi, kxpumuuni indexcu, nixenv.
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B. M. I'opbau, O. A. Jloxmawn, O. B. Illypinosa

BCTYII

Jpyra nonosuHa XX cromitTs i moyarok XXI cromiTrs
MOB's3aHi 31 3HAYHMMH JOCSATHEHHSMH  HayKOBO-
TEXHIYHOIO  mporpecy, Hacammepen y  cdepi
iHpOpMaliMHMX  TEXHOJOTIH 1  HAHOTEXHOJIOTIH.
Haii6inpmmiit mporpec crascst B iH(opMauiiiHiii cdepi,
T0OTO B 30€piraHHi, onpamroBanHi, 30upaHHi, IeperaBaHHi
Ta BHKOPHCTaHHI iH(popMalii 3a IOMOMOroK 3aco0iB
oOumcroBambHOI  TexHikW.  [Iporpec y  mapwHi
iH(pOpMaIHHUX TEXHOJIOTiH, CBOEIO YEProro, MPHU3BiB 10
HOBHX BHJIIB 1 ()OpPM OCBITHBOI'O MPOIECY, 30KpeMa
IHUCTAHLINHOI OCBITH.

Y Mipy CBOro po3BUTKY AMCTaHIIHHA OCBiTa BUSBHIIA
SK TO3WTHBHI, TaK 1 HEraTUBHI CTOPOHH, SIKi CHIJIBHO
BIUTMBAIOTH Ha AKIiCTh ocBitu. [lomii, siki BiOYBatOTHCS B
VYkpaini ocTaHHIMH pokamu (TTaHAEMis KOPOHOBIpYCHOT
iHdekuii, BiliHa B YKpaiHi, emMirpaliis 4aCTHHH HaCEeJICHHS,
BISUTOBI  BIJIKIIOYCHHS  CBITJIA  TOIIO), 3MYIIYIOTh
TepeBeCTH HAaBYANBHUNA MPOIEC Ha IUCTaHIIHHY (popmy
HaBuaHHs. ToMy TOIIYK 1 BIPOBaKEHHS B HaBUAIbHY
MPaKkTUKy HOBHUX  BigjameHux ¢opM  opradizamii
HABYAJBHOTO Ta TOCIiTHUILKOTO eKCIIEPHUMEHTY ChOTOIHI
0COOJIIBO aKTyalbHI.

[Ipobnema ananTarii 1a0OpaTOPHOTO NMPAKTUKYMY 10
IHMCTaHLitHOT (OPMU HaBYaHHS BHHHKJIA NPAKTHYHO
BiZIpa3y, OIOWHO 3’ SIBMJIMCS BiINOBiMHI TexHONOTII. Ko
TEOPETHYHI AWCIMIUIIHK Ta KOHTPOJIbHO-OIIHIOBAIBHY
CKJIaJIOBY HaBYAIBHOTO MPOIECY MOXKHA JOBOJI YCHIIITHO
NPUCTOCYBATH 0 MUCTAHIHOT (OPMH HABYAHHS, TO
MIPaKTHUKYM, SIKHH TOTpeOye Oe3rnocepesiHboi B3aeMOil 3
MpriIagaMy Ta 00JaJHaHHIM, HE MOXe OyTH ITOBHOLIIHHO
MPOBEACHNH 0e3 MPUCYTHOCTI CTyIAEHTa Ha poOOYOMY
micui B Jaboparopii. SIkorock Miporo peanbHuil (i3nuHUN
eKCIIEpUMEHT NP JAUCTAHIIHHIA GopMi HaBYaHHS MOXKHA
3aMiHUTH BipTyaJIbHUMH JIAOOPATOPHIMH YCTAaHOBKAMH Ta
nporpamMaMu-TpeHaXKepamu, 10  IMITYyIOTh  IpoIec
TIPOBEJICHHS PEaJbHOTO EKCIIEPUMEHTY.

VYV THX BuIaakax, KOJIHM BipTyajbHa YCTaHOBKa He
MOBHICTIO BiANOBiTae peaqbHOMY EKCIEPHUMEHTY abo
HEMa€ MOXJIMBOCTI 3aMiHWTH pEAJbHUH EKCIIEPUMEHT
BIpTYaJIbHUM aHAJIOTOM, MOKJIMBHHN BapiaHT PO3IIUpPEHHS
KOJIa 3aBJaHb i1 Yac aHaIi3y eKCIIePUMEHTAIbHHX JaHUX,
OTpPUMaHUX TiJ{ Yac PeaJibHOr0 EKCIIepUMEHTY. Y IaHii
CTaTTi pPO3TJSHYTO TaKWM MiAXio HAa  [PUKIAIi
nabopaTopHoi pobdotu «BuzHaueHHs Temnepatypu Kiopi 3
TeMITepaTypHOi 3aJIeKHOCTI TETJIOEMHOCTI
(epomarHeTukiBy, MO BXOJUTH IO TEPEIiKy pooiT
cnennpakTukymy 4 Kkypcy ismuHOrO (PaKyIbpTETy
«®Di3uuHI BIaCTHBOCTI MarHITOBIOPSAKOBAHUX PEUOBHHY.

Y peanpHi n1a0OpaTOpHiil pOOOTI OCTIIKY€ETHCS
TEeMIIepaTypHa 3aJIeKHICTh TEIUIOEMHOCTI HIKEIIO B
temrnepatypHomy iHtepBami Big 300 K mo 800 K, mo
BKItodae Touky Kiopi, Meromom  aniabaTHYHOTO
kamopumertpa [1]. s oTpuMaHHs He0O0XiTHOT TOYHOCTI Ta

JIUCKPETHOCTI TEMIIepaTypHOI 3aJIeKHOCTi, OCOOJIMBO B
paifoni Temmeparypu Kiopi, npouec BHMipIOBaHHS
HPOBOJSTE IOCUTH IIOBIIBHO, TPHBAITICTIO HE MEHIIIE IBOX-
TpboX roiuH. [licns OTpUMaHHS eKCIepPUMEHTAJIbHUX
JIaHUX CTYJIEHTH MPOBOJSTH 00OPOOKY JaHUX, 3/1HCHIOIOTH
po3paxyHKH 1 Oynoyrore Tpadik  TeMmepaTypHOI
3aJIEXKHOCT] TEINIOEMHOCT] HIKEIIO.

3a jgucraHmiiHOT QopMH HaBYaHHS CTyAEHTaM
BUJIAETHCS BXKE TOTOBA TaONMLS JAHUX TEIIOEMHOCTI
Hikemo B iHTepBadi temmepatyp 1--1500 K. ¥V mpomy
BUIAJKY, i Yac BHUKOHAHHSA POOOTH, CTYICHT Ma€
noOyxyBatu rpadik 3aJeKHOCTI TEIJIOEMHOCTI  BilX
TeMIlepaTypu, po3paxyBaTd BHECOK TPaTKH y CyMapHY
TCIUIOEMHICTH 32  Moxewmo  Jlebas,  oOuuciIuTH
€JIEKTPOHHY Ta MarHiTHy CKJIaJIOBI TerioeMHocTi. Kpim
TOT0, OKPEMO PO3IIITHYTH O0JNACTh HU3BKHX TEMIEPATyp
(1+10K) 1 mnepekoHaTucsi, WO TpaTkoBa CKJagoBa
TEIUIOEMHOCTI  J00pe  ampoOKCHMYEThCS  KyOI4HOIO
3anexHicTio. Jnmsg  obmacti TemmepaTyp y padoHi
temrepatypu Kropi yrounutn temmeparypy Kropi Ta
pO3paxyBaTH KpUTHYHI 1HIEKCH.

EKCIHHEPUMEHTAJIBHI JAHI

Bukopucrani HaMHu 3Ha4€HHsI TEIUIOEMHOCTI HIKEIto
Ut iHTepBay Temmepatyp Big 1 mo 1500 K Oymm B3sTi 3
pobotu [2]. Y wiii poboTi HaBeeHi pe3yIbTaTi KPUTUIHOT
OLIHKK Ta aHamizy noHajg 50 poOiT 3 BHUMIpIOBaHHS
TEIUVIOEMHOCTI ~ HIKEJIO, BHUKOHAHMX Yy  TPOBLIHUX
nmabopaTopisx i HAYKOBUX yCTaHOBAX Pi3HHUX KpaiH. ABTOP
crarti € cmiBpobitHukoMm LlenTpy iHdopmaruiitHoro Tta
yuceNnpHoro aHamisy i cunresdy nanux (CINDAS), CIIA.
Buxonana poGoTa H03BONMIA aBTOPY CTaTTi CTBOPUTH
PEKOMEHJIOBaHYy TAOJUIIIO 3HAYE€Hb TEIUIOEMHOCTI HIKEII0
JuIst iHTepBaity Temneparyp 1+2000 K.

BU3HAUYEHHS TEMIIEPATYPU JIEBASI 6)p
TA KOE®IIIEHTA EJJEKTPOHHOI
TEIIJIOEMHOCTI y

3a nyke HHM3bKHX TEMIIEpaTyp BEJIMYMHH IPATKOBO,
CJIEKTPOHHOI Ta MAarHiTHOI CKJIaJOBUX TEIUIOEMHOCTI
HIKEJII0 MOXYTh OYTH HaOJMKEHO OOYMCIICH] BiJIIOBIIHO
JIO TAKUX PIBHSHb:

1. I'paTkoBa CKJIafoBa TEIDIOEMHOCTI [3]:

12m*R
C, =——=T3=pT3, 1

ne R — ra3osa crana, 8, — remneparypa Jlebas,
2. EnexTpoHHa CKJ1a10Ba TEIIOEMHOCTI [4]:

w? RkgT
== =T 2
e=3g - (2)

ne kg — crana boasimana, Ep — eHepris @epwmi,
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3. MarsiTHa CcKJIaJi0Ba TEIUIOEMHOCTI [5]:

3/2

2];:2> = ar??

Cp = 0.113kB( 3)

ne J— oOMiHHUI iHTerpa, S — CIiHOBE KBAaHTOBE YHCIIO,
a — crana KpUCTAIIYHOI TPATKH.

B obmacti nyxe Huspkux Ttemmepatyp (1-+4 K)
BEJIMYMHA  MAarHiTHOi  CKJIQJIOBOI  TEIUIOEMHOCTI
3HEBAKJIMBO MaJia TIOPIBHIHO 3 BEIMYMHAMHU I'PaTKOBOI Ta
€JIIeKTPOHHOI CKJIAOBUX TemIoeMHOCTI [3]. Y 1mpoMy
BUIAJIKY TEIUIOEMHICTh HIKEII0 MOXHA IPEICTABUTH SIK
CYMY TiTBKH JIBOX CKJIQJIOBHX: IPATKOBOI Ta EIEKTPOHHOT:

C=C,+C,= yT + BT>. 4

3'IBISIETBCS  MOXIIMBICTH PO3AUIMTH TPATKOBY Ta

€JIIEKTPOHHY CKIIQJIOBI TeIUIoeMHOCTI. L{e MoxkHa 3poOuTH

HACTYIIHUM YMHOM. PO31iTuM0o 0OMIBI YaCTHHU PiBHSIHHS
Ha T. OTpumMaemo:

=y tpre 5)
T

e piBHsHHS mpsiMoi JiHiT BULy ¥ = kx + b,
ney=C/T,x=T% b=y, k=5.

Ha puc. 1 HaBeneHo otpuMany 3anesxHicts C /T Big T2,
Tam >xe HaBe/IeHO PIBHSHHS TPEH/IA, 3 IKOTO BUILTHBAE, 1110
B =22.07x107% y = 7.018 - 1073, 3Hanus BeNUUUHU
B nae 3mory obOunciuTH Temmepatypy dedas.

0,0074 -
0,0073

0,0072

y =0,00002207x + 0,00701759

0,0071 -

Cp/T, Ox/(monb-K?)

0,007 T T T ]
0 5 10 15 20
TZ' K2
Puc. 1. EkcriepuMeHTaIbHE BHU3HAYCHHS TEMIEpaTypH
Hebass 6, Tta KoedimieHTa Y, MO XapaKTepPHU3Ye

€JIEKTPOHHY TETUIOEMHICTh METaYy.

Fig. 1. Experimental determination of the Debye
temperature 6;, and the coefficient y characterising the
electron heat capacity of a metal.

3|12m*R
= =4449K

b= |55 ©)

TEILIOEMHICTb HIKEJIIO TA ii CKJIAJOBI B
OBJIACTI HU3bKUX TEMIIEPATYP

Y wifi dgactmHi 7mabopaTOpHOI POOOTH CTyIEHTaM
MIPOIIOHYETHCSI PO3paxyBaTH W moOyayBaTH IS 00JacTi
TeMIepaTyp 1+-30K rpadiku TeMIepaTypHUX
3aJeKHOCTeH (OHOHHOI Ta ENEKTPOHHOI CKIAIOBHX
TEIUIOEMHOCTI  HIKeNI0,  CyMapHOi  TEIIOEMHOCTI
((oHOHHOT MIIIOC €JIEKTPOHHOT) HIKEIIO Ta MOPIBHATH iX 3
CKCIIepHMEHTAIBHUMU ~ JaHUMH  (puc. 2). OCHOBHHM
3aBIAaHHAM I I1i€i dacTwHH JabopaTopHOI poboTH €
3'scyBaHHS 00JacTi Temmeparyp s HIKelo, B SKil
BUKOHYEThCS 3aKOH Cp, = BT3

TennoemHictb Cp, [ /(monb * K)

0 5 10 15 20 25 30
Temnepatypa, K

Puc. 2. TemnepaTypHi  3aJI€XKHOCTI  TEIJIOEMHOCTI
HiKeJIIOo Ta 11 CKIIaZoBUX B 00J1aCTi HU3BKUX TEMIIEpaTyp.
I'patkoBa cKiagoBa TEIDIOEMHOCTI MMOOyIOBaHA B
TPUMYIIEHHI BUKOHAHHA 3aKoHy (), = BT3. Pombamu

NOKa3aHO eKCIIepUMEHTAJIbHI aHi [2].

Fig. 2. Temperature dependences of the heat capacity of
nickel and its components in the low temperature region.
The lattice component of the heat capacity is plotted
assuming fulfilment of the law C, = BT3. The

rhombuses show experimental data [2].

[lopiBHSHHS ~ TeMIEpaTypHOro  XOAy  CyMapHOIi
TEIUIOEMHOCTI 3 €KCIICPUMEHTATBPHUMU TaHUMH CBiTYUTH
mpo te, mo 10 18 K rpaTtkoBa TEIIOEMHICTD I HIKENIO
no0pe anpoKCUMYEThCS 3aKOHOM (), = BT3.

OBYMCJIEHHS IPATKOBOI TEILNIOEMHOCTI
doHOHHY TETUIOEMHICTb PO3paxoByBau B
HaOmmkeHHi [leOas. InteprnonsuiiiHa Qopmyna s
TEIUIOEMHOCTI B IIbOMY HaOJIIKCHHI Ma€ BHTIAA [6]:

Ol 0
Cpew = 3R |12 (g)g f wax - 3(7) (7)
0

ex—1 _ex—l
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Jiist oGuucneHHs iHTerpaia 3py4H0 BUKOPUCTOBYBATH
MareMaTtnyHi maketn tunmy Mapple, Mathcad, Matlab,
Matematica. [Taker MS Office Excel 3acTocoBytoTs piame
1 He Ha MOBHY cuiy. IIporte, Iieil A0AaTOK Ma€ BEIHKI
MOJKJIMBOCTI JIJIsI IHOKEHEPHUX 1 HAYKOBUX PO3pPaxyHKiB [7].
OmauM 13 TYHKTIB  NPOTOKOIY  O(OpPMIICHHS
mab0paTOPHHUX POOIT HA TAHOMY CHEHITPAKTHKYMI 4 Kypcy
€ o0OB'sI3KkOBe BHUKOpHCTaHHs makera Excel mis
pO3paxyHKiB i rpadigHIX TOOYHOB.

B Excel me mependaueHo CTaHAapTHHX 3aco0iB I
oOYMCICHHSA  iHTerpamis. Y  TOAIOHMX  BHIAJIKaX
3aCTOCOBYIOThH Pi3HI METOJH HaOIMKEHOTO (YHCEIBHOTIO)
interpyBanus [8]. YV 1poMy Bunaaky OyJo 3aCTOCOBAHO
MeTon Tpanemid. HabmkeHna ¢opmynaa meromy Mae
BUIIISIA:

b n-1
h
[ reax =5 r@+ 1) +2 2] ®)

Tounicte  OyIOb-KOTO  HAOMMIKEHOTO  METOAY
IHTErpyBaHHS 3JI€XKUTH BiJl YMCIIa TOYOK PO3OUBKH, X Mae
Oyt Oararo. 3aBOsaku (YHKIID «aBTO3AIIOBHEHHS,

PO3paxyHOK MaTPHIlb TOYOK PO3OMBKH 1 MiAIHTETPATLHIX
BHUpasiB He 3aiiMae Gararo vacy. [paTkoBa TEIIOEMHICTS,
o04YHCIIeHa JAaHUM METOJIOM i3 YHCIIOM TOYOK PO3OUTTS 25,
HEIIOTaHo BiJINIOBIJIA€ €KCIIEPUMEHTAIBHO OTPUMaHii. Ane
OCKIJIBKH TIPH IIbOMY BCE-TaKH JIOBOJUTHCS 3alIOBHIOBATH
JOCUTh 00'eMHI apkymri TaOmwimi, CTyIeHTaM OyIo
PEKOMEHI0BaHO OpaTH YMCIIO TOYOK PO3OUBKH piBHUM 10.
Ha puc.4 mnopiBHIOIOTBCS pPO3paxoBaHi TeMIIEpaTypHi
3aNIC)KHOCTI  [UIS  HIKENI0 TPaTKOBOi, EIEKTPOHHOI,
CyMapHOi  TEIUIOEMHOCTEH 3  EKCIIEPUMEHTAIbHUMU
3HAYCHHSIMHU.

Sk BUAHO 3 puC 3, TEIUIOEMHICTH HIKEIIO MIiCTUThH IIIE
OIIHy CKJIQJIOBY, TIOB'SI3aHY 3 HASBHICTIO BIIOPSAKOBAaHOL
MAarHiTHOI CTPYKTYpH.

AHOManbHAa TIOBEHiHKA TEIUIOEMHOCTI HIKEIIO B
okommmi Temrmeparypu 625 K moB's3aHa 3 pyHHyBaHHIM
MAarHITHOTO MOPSKY, 3 Temmeparyporo Kiopi. Ctynentam
y Wi yactuHi JabopaTtopHOi pPOOOTH NPOIOHYETHCS
po3paxyBaTu 1 moOyayBaTH rpadik TemmepaTypHOI
3aJI@KHOCTI ~ MarHiTHOI  CKJIQJIOBOT  TEIJIOEMHOCTI.
MarHiTHa CKJIaJ0Ba TEIUIOEMHOCTI  PO3PAaXOBYETHCS
BiIHIMAaHHS 3 eKCIIepUMEHTAIBHOT
TEMITEPaTyPHOI 3aJIeKHOCTI TEIJIOEMHOCTI TPaTKOBOI Ta
enekTpoHHOi ckmanoBux (C; + C,). OTpumaHy Takum
YHHOM TEMIIEPaTypHY 3aJIeKHICTh MAarHiTHOI CKJIaI0BOi
TEIJIOEMHOCTI HaBeJIeHO Ha pHC. 4.

IIAXOM

ExcTpemansHe 3HaUYeHHS MAarHITHOI TEIUIOEMHOCTI
Bignosigae Ttourli Kropi. 3 puHCyHKa BHIHO, IO
temneparypa Kropi Bimnosimae 625 K. Crnig 3BepHYTH
yBary, 10 MarHiTHUH nopsiok y Touni Kropi pyinyeTses
HE CTPUOKOM, a CIIOCTEPIra€ThCs JOCHTh TMPOTSIKHA

00JacTh iCHYBaHHS 001acTeH 13 3aJMIIKOBHM MAarHITHHM
TIOPSIKOM.

40 -

35 A

Cp, exp. data Cp(L)+Cple)

w
o

N
o

Cp, (L)

N
o

=
[}

Cp, (e)

Tennoemuictb, Ax/(Mmonb - K)

0 200 400 600 800 1000 1200 1400 1600

Temnepartypa, K
Puc. 3. TemnepaTypHi ~ 3aJIe)KHOCTI  TEIUIOEMHOCTI
HIKEMI0 Ta 1 CKJIAZOBUX JUIS IHTEpBAIy TeMIEpaTyp
1+1500 K. I'parkoBa cknamoBa moOyaoBaHa Ha OCHOBI
Teopii Jlebas. Komamm mokazaHO eKCIIepHMEHTAIBHI
nasi [2].

Fig. 3. Temperature dependences of the heat capacity of
nickel and its components for the temperature range
1 + 1500 K. The lattice component is constructed on the
basis of Debye theory. The circles show experimental
data [2].
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Tennoemuictb, A/ (monb-K)
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Temnepartypa, K
Puc. 4. TemneparypHa 3aJeXKHICTh MarHiTHOT CKJIaI0BOT

TEIUIOEMHOCTI HIKEJIO. Kpyxxamu MOKa3aHo
eKCIIepUMEHTaNbHI AaHi [2].
Fig. 4. Temperature dependence of the magnetic

component of the heat capacity of nickel. The circles
show experimental data [2].

TOYKA KIOPI I KPUTUYHI IHAEKCH
[Ipu HarpiBaHHI Ta MocsATHEHHI Temiepatypu Kropi
(bepoMarHeTuK NepexouTh y napamartitHui crtad. Llei
mepexin € (azoBuM mepexomoMm 2-ro poxmy. B oxomi
($a30BUX TeEpexoMdiB IPYyroro poay pi3HUX PEUYOBHH
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CIIOCTEPIraloThCs CrenudiuHi aHOMail, KpUTUYHI SIBHIIA.
3okpema, y ¢epomarneTukax B okoii Touku Kropi
CIIOCTEPITatoThCS 3POCTaHHI MAarHITHOI CIIPUIHATIMBOCTI,
aHOMaJlbHA IMOBEiHKA TermIoeMHOoCTi Tommo. 111 aHomarii
BUHHMKAIOTh 32 PaxXyHOK CHWIBHUX (UIyKTyaliil pi3HUX
(I3UYHEX BEJIMYHMH 3 HECKIHUYCHHUM PajlycoM KOpEIsIIii.

[TonmiOHiCTP KPUTHYHHX SABHII B 00'€kTax pi3HOI
(Gi3UYHOI MPUPOAM A€ 3MOTY PO3IJSIATH X 3 €IUHOT
TOYKH 30py (Teopist MACIITAOHUX TIEPETBOPEHB (CKEHITiHT-
Teopis) abo teopis moaibHOCTI) [9]. V Beix 00'ekTiB pizHOT
¢i3uuHOi mpupoan MoOJIM3y TOUOK (ha30BUX IEPEXOJliB
JPYTOro poJy CIOCTEpIraeThcsi OJHAKOBa abo Maibke
OJTHAKOBa TEMIIepaTypHa 3aJEKHICTh HU3KH (Pi3SHUHUX
BJIaCTHBOCTEH. 7151 OTpUMaHHS TaKo1 3aJIe)KHOCTI (hi3HuHy
BEJIMYMHY BHPAXAIOTh y BUIIISl CTENEHEBOI (GyHKIIT Bix
npuBenenoi  temmeparypu  t = (T —T)/T,. Hua
CHUHTYJISIPHOI YAaCTHHH TEIUIOEMHOCTI 3a IOCTiHHOTO
00'eMy B okoui Touku Kropi 3a3Bu4aii BUKOPHCTOBYIOTh
TaKi CIBBiAHOIICHHS [9]:

Ct)=(A/a)(t™* —1)+B~
C(t) = (A*/a")(t™") + B*

(T<T) 9
(T >T,), ©)
ne kouctanTu @~ iat e KPUTHYHUMU iHAeKcamMu, A~, B~,
A*, Bt — xoncrantu. Lli croiBBigHOmEHHS (AKTHYHO
ONMKCYIOTh BHECOK MAarHITHOI CKJIaJIOBOI TETUIOEMHOCTI B
3araibHy TETIOEMHICTB.

-0,5 4

log|dC,/dT|

-1,5 4
y =-0,9088x + 0,0732

22,5 -
log|T-T,|

3aJIEKHOCTI |log|de/dT| Bif
log|T — || y npumymiesHi, Mo 3HAYEHHS TEMIIEPATypPH

Kropi T, = 626 K, nus intepBany temneparyp T < T.

Puc. 5. Tlpuknan

Fig. 5. Example of the dependence of l0g|de / dT|| on
log|T — T,|| assuming that the Curie temperature value
T, = 626 K, for the temperature range T < T,.

VY mi poOOTI KPUTHYHI MMOKA3HUKH BHU3HAYAIHCS 31
criBBigHOIICHHS [10]:

dc

SIKC BUXOIWJIO 3 TOINEPEAHIX CTCIICHEBUX DPIBHSHB ITICIISA
mudepentiroBands i norapudmysanas (D — koHcTaHTa).
OCKIJTBKH  eKCIIEpUMEHTaIbHEe 3HAYCHHS TeMIepaTypH
Kroopi Bu3nagamocss 3 Tounictio + 1K, To Oymo
nobynoBano cepito rpadikis  log |(dC,,)/dT| Bin
log|T — T,| nns pisaux T, (Bin 624.4 K no 628 K uepes
0.4 K). T'pagikn sBszmm coOoro mpsMi JiHII, TaHTEHC
Haxuny skux gopisroBaB —(at + 1). Ilpuknan Takoro
rpadika HaBemeHO Ha puc. 5. KpuTwuHi iHOEKCH @~
BU3HaUanucs Ui iHtepBany temmnepatyp T <T., a
KpuTHYHI iHgexcu at — nus iarepsany temmepatyp T >
T.. 3 Teopii MoAiOHOCTI BUILIMBAE, MO OOMIBA KPUTHIHI
IHIEKCH MaloTh OyTH PiBHUMH. TOMY 3 MEpEeTHHY KPHBUX
a (T) i a™(T) (puc.6) MOXHA BH3HAUMTH CIPABKHI
3Ha4YeHHsI KpUTUYHOTO iHAEKCY 1 Temneparypu Kropi.

Sk BugHO 3 puc. 6, Touka Kropi nopiBHIOE
T, = 25.6 K, xpurnunuii ingexkc —a = 0.102.
0 ; : : S
624,5 625 625,5 626 626,5
' a+
3
-
3
s
]
X
g
En
= ~
E a
s
=
=
o
x
02 Temneparypa Kiopi, K

Puc. 6. 3anexuict, KpuTHYHHMX iHgekciB a~ i at,

pO3paxoBaHMUX Uil IHTEpBAIIB TeMIEpaTyp MO pi3Hi
0ok TOukM (a3oBOro Iepexoay, Big oOpaHOi
temnepatypu Kropi.

Fig. 6. Dependence of the critical indices a~ and a™
calculated for the temperature intervals on the different
sides of the phase transition point on the selected Curie
temperature.

BUCHOBKH

Po3pobsieHo Ta BigmpanbOBaHO MAKeT 3aBIaHb M0
nmabopatoproi pobotH «JlocTmimKeHHS TeMIepaTypHOl
3aJIKHOCTI TETJIOEMHOCTI (hepoMarHeTuKiBy
crennpakTukymy 4 Kypcy (ismuHOTO  (paKymbTeTy
kadenpu 3arampHOi (I3MKM 3a OECTAHIIHHOI (opMH
HaBuaHHs. [Taker MicTHTH y €001 B3ATY 3 JTEpaTypHHUX
JUKEpeNn TaONHLI0 JaHUX TEIUIOEMHOCTI HIKEIIo B
inTepBam Temmeparyp 1+ 500 K i mepemik HacTymHHX
3aBIaHb.

1. Busnauenns temneparypu Jedas 6 i koedimieHra
€JIEKTPOHHOI TEIIOEMHOCTI .
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2. O0YHUCIIEHHS TPATKOBOI, CJICKTPOHHOT Ta MarHiTHOI
CKJIaJTOBHX TEIUIOEMHOCTI HIKEITO.

3. YrounenHs temmeparypu Kropi Ta oOumcieHHS
KPUTUYHHX 1HICKCIB.

KOH®JIIKT IHTEPECIB
ABTOpH  TOBIIOMJISIOTH PO BIJICYTHICTH  KOHQIIIKTY
iHTEepeciB.
CONFLICT OF INTEREST

The authors declare that they have no conflict of
interests.

CITMCOK BUKOPUCTAHUX MKXEPEJI

1. 1O.A.Ilonkos, lO.A.Mawmanyii, B.H.T'opbau un
ap.. Meronuueckue yka3aHUsT K  BBIIOJIHEHHIO
nabopaTopHbIx pabor mo creukypey «duzndeckne
CBOMCTBa MarHUTOYTNOPSAOYEHHBIX BellecTBy, Y. 2,
XapbKOBCKMH  TOCYJapCTBEHHBIN
Xapskos (1983), 60 c.

2. P.D. Desai. Int. J. Thermophys. 8, 6, 769 (1987).
https://doi.org/10.1007/BF00500793

3. C.Kittel. Introduction to Solid State Physics, John
Wiley & Sons, New York (1976), 600 p.

4.  N. W. Ashcroft, N. D. Mermin. Solid State Physics,
Saunders Collage Publishing, New York (1976),
848 p.

5. C.Kittel. Quantum Theory of Solids, John Wiley &
Sons, New York (1987), 528 p.

6. L.D.Landau, E.M. Lifschitz. Statistical Physics,
V.5, P.1, Elsiver, Oxford (1967), 562 p.

7. W.J. Orvis. Excel for scientists and engineers, San
Francisco, California, Sybex (1998), 547 p.

8. T.T.IHerennk. UYwucenpHi MeTomu, JIbBIBCBKHit
HaIllOHANBHUH yHiBepcuTeT iMeHI IBana @paHka,
JIeBiB (2004), 408 c.

9. H.E. Stanley. Introduction to Phase Transitions and
Critical Phenomena, Oxford university press, Oxford
(1971), 344 p.

10. T.G.Kollic. Phys.Rev., BIl6, 4872
https://doi.org/10.1103/PhysRevB.16.4872

YHHUBEPCHUTET,

(1977).

REFERENCES

1. Y.A.Popkov, Y. A. Mamaluy, V.N. Horbach etc..
Methodological instructions for laboratory works on
the special course «Physical properties of
magnetically ordered substances», P. 2, Harkovskiy
gosudarstvennyiy universitet, Kharkov (1983), 60 p.
(In Russian).

2. P.D. Desai. Int. J. Thermophys., 8, 6, 769 (1987).
https://doi.org/10.1007/BF00500793

3. C.Kittel. Introduction to Solid State Physics, John
Wiley & Sons, New York (1976), 600 p.

4.

10.

N. W. Ashcroft, N. D. Mermin. Solid State Physics,
Saunders Collage Publishing, New York (1976),
848 p.

C. Kittel. Quantum Theory of Solids, John Wiley &
Sons, New York (1987), 528 p.

L. D. Landau, E. M. Lifschitz. Statistical Physics,
V.5, P.1, Elsiver, Oxford (1967), 562 p.

W.J. Orvis. Excel for scientists and engineers, San
Francisco, California, Sybex (1998), 547 p.

G. G. Tsegelyk. Numerical Methods, Ivan Franko
Lviv National University, Lviv (2004), 408 p.
(in Ukrainian).

H. E. Stanley. Introduction to Phase Transitions and
Critical Phenomena, Oxford university press, Oxford
(1971), 344 p.

T. G.Kollic. Phys. Rev., Bl16, 4872 (1977).
https://doi.org/10.1103/PhysRevB.16.4872

Journal of V. N. Karazin Kharkiv National University. Series Physics. Iss. 41, 2024
48 BicHuk XapkiBcbKoro HauioHanbHoro yHisepcuteTy imeHi B. H. KapasiHa. Cepis «®isuka». Bun. 41, 2024


https://doi.org/10.1007/BF00500793
https://doi.org/10.1103/PhysRevB.16.4872
https://doi.org/10.1007/BF00500793

Cneyianvhuii 1a60pamopHuil nNPaKmuKym 3a OUCmManyitinol popmu Hasuanus

SPECIAL LABORATORY PRACTICUM
IN THE DISTANCE FORM OF EDUCATION

V. M. Horbatch, O. A. Lyukhtan, E. V. Shurinova

V. N. Karazin Kharkiv National University, 4 Svobody Sq., 61022 Kharkiv, Ukraine
E-mail: v-gorbatch@ukr.net

Received on October 02, 2024. Reviewed on November 15, 2024.
Accepted for publication on November 20, 2024.

The article proposes the methodology of laboratory work of the special workshop of the 4th year at the distance form of education
on the example of laboratory work ‘Determination of Curie temperature from the temperature dependence of heat capacity of
ferromagnets’. At the distance form of education there is no possibility to carry out a physical experiment, so it is proposed to expand
the range of calculation-graphic tasks for the laboratory work. Students are given a ready-made table of experimental data, in this case,
the table of heat capacity of nickel for the temperature range 1+1500 K.

In the course of the work, students, using the experimental data obtained for the heat capacity of nickel, should plot the dependence
of C; on temperature, calculate the lattice contribution to the total heat capacity using the Debye model, and calculate the electronic
and magnetic components of the heat capacity. Students find the Debye temperature 8, and the electronic heat capacity coefficient y
necessary for the calculation from the condition that at very low temperatures the magnetic component of the heat capacity can be
neglected and the lattice component of the heat capacity is approximated by a cubic dependence on temperature.

The Curie point is the point of phase transition of the second kind, in the vicinity of which specific anomalies are observed.

According to the similarity theory, the singular part of the heat capacity is characterized by the following relations:
C(t) = (Ai/ai)(t_“i —1) 4 B*(+), where A=, B~, A*, B* are constants, @~ and a* are critical indices, t = (T — Ty)/Tx.
Differentiating and logarithmising these relations, we can obtain equations that allow us to determine the critical indices
(log|(dCy)/dT| = —(a® + 1) log|T — T,| + D). Since the experimental value of the Curie temperature was given to an accuracy of
+ 1 K, students should plot a series of graphs log |(dCy,)/dT| from log|T — T,| for different T, (from 624.4 K to 628 K through
0.4 K). From the tangent of the slope of the obtained straight lines, the critical exponent for a given Curie temperature is determined.
According to the theory of similarity, the critical indexes should be equal. Therefore, from the intersection of the curves @™ (T) and
a™(T), the true values of the critical index and the Curie temperature can be determined.

Keywords: phase transition, magnetic heat capacity, Curie temperature, critical indices, nickel.
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AHOPIA NETPOBUY LULMMKOB — MPO®ECOP XAPKIBCbKOIO
YHIBEPCUTETY, BUOATHUU OPTAHISATOP ®I3U4YHOI OCBITH,
NEQATOr, NONYNAPU3ATOP HAYKU TA TPOMACbKUW OIAY

B. . NMownga @, K. |. bBanpamoBa

Xapxiecvruil Hayionanvhuil yHisepcumem imeni B. H. Kapasina, maiioan Ceo6o0u, 4, 61022 Xapxie, Ykpaina
E-mail: volodymyr.poyda@karazin.ua

Haniiinuia no penaknii 12 sxostHst 2024 p. [Tepernsuyto 15 mucronana 2024 p.
[pwitasito 00 npyky 17 mucromana 2024 p.

V craTTi y3araJipHeHi BiOMOCTI HpO JKUTTEBHMI LUILX, HAyKOBY, IENAroridyHy Ta IPOMAJCBhKY MiSUIBHICTH BimoMoro (i3uka
A.II. lllumkoBa, 3aciyxeHoro mnpodecopa XapKiBCHKOTO yHiBepcuTeTy. [linq wac HaBuaHHA y XapKiBCBKOMY YHIBEPCHUTETI
A. I1. IluMKOB BXOJHB IO TAEMHOTO CTYJEHTCHKOTO AEMOKPAaTHIHO-PEBOJIOLIITHOIO TOBapHCTBa. byB 3aapeniTroBaHuii i THMYacoBO
yB’sa3HeHui B OnekciiBecbkomy pasenini [letponasiniBeskoi ¢opTeni. 3akiHUMB ekcTepHOM XapKiBcbkuil yHiBepcuteT y 1860 poui. ¥
1864 poui 3axucTHB Marictepcbky, a y 1868 pori — mokropcsky aucepranito. Y 1866 — 1867 pokax ycHilIHO IPOMIIOB HayKoBe
cTaxyBaHHs B yHiBepcuteTax Himeuunuu, [lseiinapii @panuii. 32 poku (3 1867 poky 10 1899 poky) ouomntoBaB kadeapy dizuku ta
kepyBaB (iznyHMM KabiHeTOM y XapKiBCBKOMY YHIBEPCHTETi. 32 CyMICHHUITBOM MpamioBaB y XapKiBCBKOMY TEXHOJOTIHHOMY
iHCTHTYTI Ta y XapkKiBCbKOMY BeTepuHapHOMy iHCTUTYTi. OmyGmikyBaB «Kypc mocnmimHOl (isukw», SKHH TpHBaIMH dac
BHKOPHCTOBYBABCSI SIK OCHOBHHI MiIPYYHUK 3 (i3UKH B yHiBepcuTeTax Pociiicbkol imrepii, a Takoxk ykiaB miapydHuk «TeopeTndHa
¢i3uka», skuil OyB HEpUIIMM MiAPYYHHKOM i3 TeopeTnuHol ¢i3uku, omyOiikoBaHMM y XapKiBcbKOMY YyHiBepcuteTi. [locTiiiHO
MpaIlOBaB HaJ IOMOBHEHHSIM KOJEKIil mpwiagiB ¢isuuHoro kabiHery. 3ampoBanuB Ha (i3UKO-MaTeMaTHIHOMY (akymIbTeTi
XapKiBCHKOTO YHIBEPCHTETY IPOIPECUBHY CHUCTEMY IIJIrOTOBKM (i3MKIB, sKa IPYHTyBaJlach Ha IO€JHAHHI TEOPETHYHOI,
eKCTIIEPIMEHTAIBHOI Ta HAYKOBO-METOAWYHOI MiArOTOBKH (axiBiiB. ByB omHuM i3 3acHOBHUKIB TOBapuCTBa MOCHIOHHUX HAayK IPH
XapkiBcbkomy yHiBepcuteTi. Haiibinbm 31i0aumu yursmu A. I1. [llumkosa 6ynu O. K. TToropinko ta M. JI. [Tunb4rkoB, Skux micis
3aKiHYeHHS XapKiBCBKOI'O yHiBepcuTeTy 3a pekomeHaaniero A. I1. [llumkoBa 3amummny Ha xadenapi GisMkd SK CTUNCHIIATIB IS
MIATOTOBKH /10 BUKJIaManbekoi podotu. IlepekiaB i BuiaB Kijlbka HAYKOBHX Ta HAyKOBO-TIOMYJISIPHHX KHUT, HAMMCAaHUX BUIATHHIMH
3apyOikHIME BueHMMH. PenaryBas sxypHanu «CBit» Ta «XyTopsiauiy». [IpoxuBaroun B Xapkosi Ta B [loiTaBi akTHBHO 3aiiMaBCsi
IPOMaJCHKOI0, TIPOCBITUTENBCHKOIO 1 OnaromiiiHO0 [isuibHICTIO. ByB wieHom XapkiBcbkoro i Ilpesmmentrom IlonrtaBchKoro
CLIIbCHKOTOCIIOAAPCHKOTO TOBAPUCTBA.

Knrwwuosi cnosa: icmopis ¢izuxu ¢ Xapkiscokomy yHnieepcumemi, cucmema QizuyHoi oceimu, niopyyHuKu 3 0OCTOHOT Qhizuxu,
Qizuunuil kabinem, nonynapuzayia HAyKU, HAyKO8a, Nedazo2iyHa ma 2pomadcovka OisibHicmy, 0.1a200TUHICMb.

Sx nuryBaru: B. I1. [Touioa, K. I. baippamosa. Andpiu Ilemposuu [llumxos — npoghecop Xapkiecokoeo ynieepcumemy, @uoamuui
opeanizamop Qizuunoi oceimu, nedazoe, nonyrapuzamMop Hayku ma epomadcvkui Oiay. Bicunk XHY imeni B. H. Kapaszina. Cepis
«Dizukay. Bum. 41, 2024, 50-60. https://doi.org/10.26565/2222-5617-2024-41-06

In cites: V. P. Poyda, K. I. Bayramova. Andriy Petrovych Shymkov — professor of Kharkiv University, outstanding organizer of
physical education, teacher, popularizer of science and public figure. Series Physics. Iss. 41, 2024, 50-60. https://
doi.org/10.26565/2222-5617-2024-41-06 (in Ukrainian).
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B. I1. Ilotioa, K. I. baupamosa

BCTYII

Cepen ¢ismkiB, sxi mnpamoBaiu B XapKiBCBKOMY
yHiBepcuTeTi B qpyTiit monoBuHI XIX CTOMTTS, 0coOIMBe
MiCIle HaJeXUTh 3aciiykeHoMy mnpodecopy AHpi0
[erpoBuuy IlumkoBy (puc. 1), skuii OyB BHIATHHM
opranizatopom ()i3W4HOI OCBITH, MAaliCTEpHIM JICKTOPOM,
TaJIAHOBUTUM IIEJaroroM, IIOMyJISIPU3aTOPOM HAyKH Ta
BiIOMHM  TpoMajchkuMm  gmisueM [l —5]. Merorw
JOCTIKCHD, Pe3yJIbTaTH SKUX BHUKIAACHI y Iill cTaTTi, €
y3araipHEHHS HasBHUX JIaHUX IIPO JKUTTEBUH IIUIAX,
HAyKOBY, TMElaroriuyHy Ta TPOMAJIChKY JisSUIBHICTh
A.II. llnmkoBa, 185 piuanng 3 J{Hs HapOJDKEHHS SKOTO
HEIIO/AaBHO Bi3HAYaIach TPOMAICHKICTIO.

NPEAMETH, OB’€EKTU TA METOANU
JOCJIIKEHb

[lpenmeramMu  fmoCHimXKeHb,  Pe3yJbTaTH  SKHX
BUKJIAJICHI Y IiH CTaTTi, OyJIM: e€Tanu >KUTTEBOTO LUIAXY,
HAyKOBa, HAaBYAJIbHO-METONWYHA, IeJaroriyHa  Ta
rpomajachka misutbHICTh A. I1. [lluMkoBa, a TakoX HOro
BHECOK B OpraHi3allil0 HaBYaJIBHOTO INPOLECY, METOIUKY
BUKIIAaHHA (PI3MYHUX TUCIHIDIIH Ta CUCTEMY HMiATOTOBKH
¢i3ukiB y XapKiBCbKOMY YHIBEPCHUTETI B APYTiil MOJIOBHHI
XIX cromiTrs.

O0’exToM gAocHipKeHb Oylia JKepenbHa 0asa, ska
CKJIaJlajiach 13 HAayKOBHX, HaBYAIBHO-METOAMYHHX Ta
HAYKOBO-TIOMYJISIPHUX npailb, oIy OJIIKOBaHUX
A.TII. lumkoBuM, mo 30epiratotecst B LleHTpanbHil
HaykoBiii  OibmioTeni  XapKiBCbKOTO  HAI[lOHAJIBHOTO
yHiBepcutery  imeni  B. H. Kapasina, a  Takox
GiorpadiyHMX BUAAHb NMPO HHOTO Ta NPO HOTO Y4HIB,
CTaTefi 3a TEeMAaTHKOIO JOCIiKEHb, OIYOJIKOBAaHHUX Y
HAayKOBHUX JKypHalaX, y MepioJMYHIX BUIAHHSX 1 B MEPEXKi
Inrepuer, Ilpanp ¢isuxo-ximiuHoi cekuii ToBapucrBa
JIOCTIMHUX HayK Ipu XapKiBCbKOMY IMrepaTtopcproMmy
YHIBEPCUTETI, MarepiajiB HAYKOBHX KOH(epeHIii,
GiorpaiyHMX KHHT i MEMyapiB BUCHUX.

LitoctpaTuBHMIA MaTepian, OyB B3ATHIH i3 JOCIIIKESHIX
JiTepaTypHUX JUKEPEJl Ta OTPUMAHHH 3aBIISIKH CKaHyBaHHS
KHUT Ta (ororpadyBaHHs 00 €KTIB  HOCIHIKECHHS,
BHUKOHAHUX aBTOPAaMH CTATTi 3 BUKOPHCTAaHHAM LU(PPOBOI
¢dorokamepu Canon PowerShot S5 IS.

PE3YJIBTATH JOCJII/UKEHb

A. II. IlnmkoB HaJIe)KaB o CTapOBHUHHOT'O
YKpPaiHCBKOTO  KO3aI[bKO-CTapIIMHCBKOro  poxy. Bin
HapoauBes 21 mucromama 1839 poky B cemi MuxHiBKa
KobGensmpkoro  mosity  IlomraBcekoi  ryOepHii y
POIMHHOMY MA€ETKY, SIKUI HaJIG)KaB HOTO i1y, CTATCHKOMY
pamunky @. A. [llumkosy. Horo Gatbko I1. ®. IllumkoB
O0yB rBapzii mopyunkom, a Matu €. A. llumkosa, Oyna 3
poauan Mapkosuui. Cesto MuxHiBka O0yJio 3acHOBaHE J10
1804 poxy. 3emus i ifoau, sIKi B HBOMY TPOXKUBAIH, Oyin
BJIACHICTIO TOMIIIINKa d. A. lllnmkosa. CuH

®. A. [llumkosa, asnpko A. I1. [llumkoBa, MmpamopIivK
CapatoBcbkoro mixotHoro mnosky [. @. [Ilumkos, OyB
nexabpucrom. Bin momep mmif gac 3aciaHHs, ke BigOyBaB
y bBarypuHchkiii cio6oai BepxXHbOYAWHCBKOTO OKpYTY
Ipxyrcekoi rybepHii [1, 4, 5]. Binomo npo Te, mo Tapac
[IleBueHko mix yac cBOro JIpyroro mpuizay B YKpaiHy Ha
moyaTKy JUmHA 1845 poKy npokWBaB y Mae€TKy MOMIIITHKA
O. A. Jlyk’sanoBu4a, sxkuii OyB 3arem @. A. Illumkosa.
Tapac IlleBueHko B OAWH i3 THIB 3aBiTaB 10 MHUXHIBKH Ta
mpoBigaB OaTbka aekabpucta. Y poxamHi IImMxoBHx
3aBXKIM TaHyBaJld i7el HaliOHaJbHOI CBiIOMOCTI, SIKi
GazyBastiicsl Ha IIaHOOJIMBOMY CTaBJIeHHI 10 ocoOu Tapaca
[lleBuenka [4, 5].

A. II. IllumkoBa
O. M. IBaninpkoro (He niznime 1905 poky) [1].

Puc. 1. Dotomoptpet poboTu

Fig. 1. Photo  portrait of  A.P.Shymkov by
0. M. Ivanitsky (not later than 1905) [1].

A.Il. HlumkxoB y 1856 pomi 3akinumB [lonmTaBchbKy
4yoJIOBiYy TiMHa3it0. Y 1856 pomi BiH BCTymuB J0
XapkiBcpkoro IMmepaTopchkoro yHiBepcuTeTy (HHHI
XapkiBCBKMI ~ HANIOHAJBPHUHA  YHIBEpCHTET  IMeEHi
B. H. Kapazina) [1]. Ilix yac HaB4aHHS B YHIBEPCHUTETI
crynent  A. Il [llumMKoB  3aXOMHUBCS  PEBOJIOMIAHOO
IisUTbHICTIO. BXOmMB 10 TaeEMHOTO  CTYIEHTCHKOTO
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Anopiu Ilemposuu [llumrxoe — npogecop Xapxiscbkozo yHisepcumemy, u0amuutl opeanizamop Qizuynoi
ocgimu, nedazoe, NONYIAPUIAMOP HAYKU MA 2POMAOCbKUL Jisy

JeMOKPaTHYHO-PEBOJIIOLIITHOT0 TOBApHUCTBA, 3aCHOBAHOT'O
B  XapkiBchbkoMy  yHiBepcureri B 1856  pomi
M. 4. Bexmanowm, i3 sixkuM A. I1. [llumkos OyB 3HaiOMUI
1ie mijJ yac HaByaHHs y [lonraBcbkill 4ooBIviil riMHa3il,
a takox M. JI. Mypascekum T1a I1. B. 3aBancekum. Unenu
[BOTO TAEMHOTO TOBAaPHUCTBA MOIIMPIOBAIN  Cepel
cTynenrcTBa inei ['epriena, Yepanmescekoro i llleBuenka,
BUCTYTAJIN 32 HACWJILHUIbKE IOBAJIICHHSI CAMOJIEP’KaBCTBA
y Pocii ta HaganHs VYkpaiHi aBTOHOMIi, a TaKOX
KPUTUKYBAJIH JisIbHICTh YHIBEPCUTETCHKOT aIMiHICTpAIlii.
9 6epesnst 1860 poky A. I1. IllumkoB OyB 3aapemITOBaHMA
i TUM4acoBo YB’si3HeHMH B OJeKCiiBCbKOMY paBeiHi
[erponasniBebkoi dopreni. 24 yepBHs 1860 poky cnpaBy
A.Tl. llumkoBa  Oymo  mepemaHo 10  «Tperboro
BiJUIUICHHSD» IMITEPAaTOPCHKOI KaHIENApii, CTBOPEHOTO 3
METOI0 OOpOTHEOM TPOTH PEBOJIOMIMHMX 1 OMO3UIIIIHIX
pyXiB Ta opranizauiii. 3a po3nopsipkeHHsM Immepartopa
Onekcanapa I A. Il IllumkoB OyB 3BUTBHEHUH Bij
TOKapaHHSI Ta TepeJaHuid A TOCTIHHUN HAarsig
JKaHIapMiB 1 moJiii [6].

Y 1860 p. A.Il IllumkoB 3akiHumB XapKiBCHKHI
yHIBEpCUTET (EKCTEpHOM), Yy SKOMYy OYB B3alHIICHHH
CTHIICHIATOM JIJIsl MIATOTOBKH JI0 TPO(ecopchKol mocaan
Ha Kadenpi ¢izuku [1].

Y 1864 pomi A. II. IInMKOB 3aXHCTHB MaricTepchKy
Jucepraiito Ha TeMmy «IIpo cTHCKYBaHICTh ra3iB y 3B’sI3Ky
3 MEXaHIYHOI0 TEOpi€0 TEeIUIOTH Ta TiNOTEe300 PO
BHYTpIIIHIO OynoBYy Tin» 1 OyB YOOCTOEHHH CTyHeHs
marictpa (izuku. TUTyIbHA CTOpPIHKA HOTO MarictepchKol
qucepTaiiii HaBeneHa Ha puc. 2. Y 1865 pomi BiH OyB
oOpaHuii Ta MpHU3HAYEHWH Ha IOcaay JOIEeHTa Kadenpu
(hisukm XapKiBChKOTO yHiBepcutety [1].

YV 1865 pomi A.II IllumkoB ompyxmBcs. Moro
npykuHa Mapist AHToHIBHA [1lnMKOBa oTprMaina ocBiTy B
MPUBATHUX IMaHCIOHaX. MalcTepHO rpaia Ha MiaHiHO Ta
3aiimanacst sxuBonucoM. IlpoxuBaroun B XapkoBi, BoHa
IUJIKOM TIPUCBSATWIIA ce0e IefaroriyHiil Ta rpoMajchbKii
nismeHOCTI. 3a ii iHimiatnBoro y 90-x pokax y XapkoBi
Oyno crBopene Omaroxiiine ToBapuCTBO JONOMOIHU
BUMTENIbKaM Ta TyBEpHaHTKaM. 3a 11 yJacTio OyJio Takox
opraHizoBaHe TOBapHCTBO KIHOK-TPYAiBHHIIE, IPH TKOMY
BOHA BJIAIITYBAJA I1aJbHIO, MAliCTEPHIO CYKOHb, LIEBCHKY,
KaIeonHy ToIo. /i 1oOyBaHHS KOMITIB Ha Oaro/iiiHi
Butpatu M. A. lllumkoBa BiamrroByBana my0sidHi Jexmii,
HikmyBanacs npo cyOcuii, micana KapTHHH Ha TIpojax. 1i
Cy4acHWKHM Bim3Hadamu, mo M. A. IllumkoBa Oyna
CEpACYHOIO 1 UyHHOIO JI0 YYXKOTO TOps i He 3Hajla BTOMH,
Komn Tpeba Oyio mATpUMATH YW JIOTIOMOTTH
HYXJIEHHOMY, 3rypTyBatH stozeii [4, 5]. Cim’s LllumkoBux
Mmana JBox Jiteil. Cuna — Ceprist AHApiiOBHYA Ta JOHBKY
— Anny AnzpiieHy. A. I1. IIUMKOB i3 ciM €0 ITPOKUBAB y
M. XapkoBi Ha By KoHropcebkiii B OyanHky min Ne 11,
SIKMA 'y TiepeOynoBaHOMY BHIJNi 30epircs i 10 IbOTo
qacy.

CHEMAEMOCTH

TA30BD

85 nm"m MEEZATATRCKON TROPIER TENAOTE

H ¢ CHEHOTEIAMH
.

’

0 BHYTPEHHEM'Dh CTPOEHIN T,&,‘Es:

o

Cmnmem'g A. IMumrosa ,

Puc. 2. TutynpHa CTOpiHKAa Marictepchkol aucepTanii
A. TI. ITumkoBa.

Fig. 2. Title page of A.P. Shymkov's master's thesis.

Y 1866 poui A. Il IllumkoB OyB HampaBieHHH Yy
BIIPSIDKEHHS 32 KOPHOH Ha 2 pokd 1 8 wmicsmiB [1].
[IpamtoBap y mabopaTopisix Ta CIIyXaB JICKIIHHI KypCH
TaKUX BHJATHUX BUCHHUX 1 BUKIanadiB ¢isuku: ['eHpixa
I'ycraa Marnyca 1 Emins [{ro0ya-Peiimona (y Bepuini);
Pynonsda IFOmiyca Emanyens Kiaysiyca (y Lltopixy);
I'ycraBa PobGepra Kipxropa 1 I'epmana Jlronsira
®epnunanna don [enbmronbua (y [elizensoepsi); Ky
Cenmicrena JKamena, Illapns Orrocra Anbbepa bpio,
Amntyana Anpi bekkepens (y IMapwxi) [1]. ¥V 1866 pomi
A. II. IlnmxoB y xypHaii «Annalen Physik und Chemi»
omyonikyBas crarTio «Uber das Spectrum des elektriscen
Buschel-und Glimmlichtes in der Luft» [7], y sixiif BuknaB
pe3ynpTaTH JOCHIKEHb, MPOBEACHMX HHUM TiJ Yac
3aKOPJOHHOIO  CTaxyBaHHA.  Ilicis  HOBEpHEHHA
A. TI. llnmxoBa y 1867 poti i3 3apy0i>KHOTO BiIpSPKESHHS
fioro Oyio oOpaHo Ha mocaxy 3aBigyBada Kadenpu Qizukn
XapkiBcbKkoro yHiBepcutety [1].

Y 1868 poui 3a gucepranito «Crnpoba ¢izndHoro
TOSICHEHHS  CHIBBIOHOIIEHHS MK €JCKTPHUKOI Ta
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B. I1. Ilotioa, K. 1. baiipamosa

tertorooy, y ski A. Il. llumMkoB ommcaB pe3yibTaTH
BJIACHUX EKCIIEPUMEHTAJIbHUX JOCIHIDKEHb CIIEKTpa
eIeKTPUYHOI ICKPH Ta EJNEKTPUYHHUX pO3PAMIB Y
atMoc(epi, OyB yIOCTOEHHH CTyMHEHs NOKTOpa (i3HKH.
Turynbpua CTOpiHKa JIOKTOPCHKOT Jcepranii
A.TI. lllnmkoBa HaBemna Ha puc.3. Y 1868 pomi
A. ITI. llumxoB OyB yOOCTOEHHUN 3BaHHS OPIMHAPHOTO, A B
1891 pori — 3aciyxkenoro mpogecopa [1].
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Puc. 3. TutynpbHa CTOpiHKa JOKTOPCHKOI IUCepTamii
A.II. [lInmkoBa.

Fig. 3. Title page of the doctoral dissertation of
A. P. Shymkov.

[MparHenHss ~ po3BMBAaTM  Ta  IOIYJSIPU3YyBaTH
TIPUPOTHIY1 HayKH HAUXHYIIO mpocgecopir
M. M. bekeroBa T1a A.Il IlluMKoBa CTBOPUTH IpH
XapkiBcbKOMY yHiBepcuTeTi ToBapHCTBO TOCIITHUX HAYK
i3 cekmisMa (i3MKO-XiMigYHOIO Ta Meam4yHOro. Ileprme
3aciganHs (i3UKO-XIMIUHOI CEKIlil TOBapuCTBa BiOYyOCS
19 rpymas 1872 poky. VY 1872-1887 pokax
A. IT1. ITumkoB O6yB 3acTyTHUKOM TOJIOBH, a B 1887 — 1890
pokax — rojoBow (izuko-xiMmiunoi cekiii ToBapucTBa
nmochimHuX Hayk [1, 3, 8].

Ha 3acimannsx ¢izuko-ximiunoi cexuii ToBapucrsa
nociinaux Hayk A. I1. IlluvkoB 3pobuB 12 momoBizeit 3a
takumu Temamu: «IIpo Bunainenuit A. Il. [llumxoBuM
METaJeBUI EJEKTPUYHUI TepMOMETp», «3aMiTka IIpo
«HeraTuBHy TrycTuHy»  Kapmiacekoro»  (pedepar),
«ocminn 3 xorymkoio Pymkxopday» (memoHcTpartis),
«['inpoenekrpuuna MalHa Ap™mcTpoHTa»
(meMoHcTparis), «PobGora Jlimmana Ha
eJIEKTPOKAIUIIPHUX sBUIIaxX» (pedepar), «ocmimreHns
TiHmans: ONTHYHI BJIACTUBOCTI MOBITPS IIOAO SBHII
THUTTSA 1 3apaxkeHHs» (pedepar), «Teopis ra3oBHX
IBUTYHIB» (pedepaT 13 [IEMOHCTpAIli€l0 Ta30BOTO
nsuryHa), «[Ipwrag Ilnaro asst BUBUSHHS SIBUIN i3 ABOMa
piAnHaMu, MO HE 3MIIIYIOTHCS, OJHAKOBOi I'YCTHHH TIPH
piBHOBa3i B pyci», «EnemMeHTapHe TOBEACHHS OCHOBHHX
BJIACTMBOCTEH ENEeKTPUYHMX NOoTeHianiBy, «llam'sri
Henxoscbkoro JI. C.», «3aranbHi yMOBH  ICHYBaHHS
eNeKTpHYHNX Teuiiy, «Bimmosime M. /1. [InapunkoBy 3
npuBOJY #oro noBigomieHHs «IIpo enemeHTapHi noka3n
3aKOHY Mapanenorpama cum 8, 9].

Y 1879 pomi A.II llIluMkoB mTOXEpTBYBaB BIACHI
Komtd Ha BumaHHs «[Ipams Qi3uKo-xiMidHOT CeKil
ToBapucrtBa pmocmiiHUX Hayk». THUTyJbHa CTOpiHKa
onHOro i3 BUmyckiB 1ux Ilpars HaBenena Ha puc. 4.

ITin gac xepiBauiTBa A. I1. lllumMkoBUM Kademporo
¢izukn  Ha  Qi3uKo-MareMaTHYHOMY  (aKyJbTeTi
XapKiBCBKOTO YHIBEpCUTETY, SKE TpHUBalo 32 pOKH

(1867 — 1986 pp.), PO3IOYaTHCh CHUCTEMaTHYHi
CKCIICPUMCHTANBHI  JTOCHIDKCHHS, OyJI0  pO3IIUPEHO
HaBYalbHy 0a3y Ta CTBOPEHO KOJCKTHB BHKJIAadyiB, IO
NpaloBajid HaJ BIPOBA/DKEHHSM HOBOI  CHCTEMH
MiATOTOBKK  CTyJeHTiB-(i3ukiB. CHCTeMa HaBYaHHS
CTyZeHTiB-i3uKiB, sKy 3ampoBamuB A. 1. Illumkos,
IPYHTYBAaJIaCh Ha MO€THAHHI TEOPETHYHOT,

EKCIIEPUMEHTANIBHOT Ta HayKOBO-METOJMYHOI MiATOTOBKU
(axipui [2, 3, 10]. byma 30inpmieHa KiNBKICTH TOIUH,
BiBEICHUX Ha MPAaKTHYHI Ta JaOOpaTOpHI 3aHATTS.
3pocina 3arajgbHa KiUIbKICTh 3arajJbHOOCBITHIX 1 ()axOBUX
NPE/IMETIB, SIKi BUBYAINCH CTyneHTaMH. Kpim ¢iznunnx
JUCLMIUTIH ~ CTYAEHTH IPYHTOBHO BHBYAJIM  BHILY
MaTeMaTHKy Ta Ximito. IM umtamu nexuii i3 nocnignoi Ta
TeopeTHYHOi (Di3MKH, a TAKOX PI3HOMAHITHI CHELKYpPCH.
Ax Bkazano B [2, 3, 10], Ha mepmomy Kypci (i3mko-
MaTeMaTU4HOro (aKyIbTEeTy CTyIeHTU-(DI3UKU ClyXanu
Jekuii 3 TaKuX PO3AUIB JOCHITHOT (i3UKH: MexXaHiKa,
BJIACTUBOCTI TBEPIMX T, PIAMH Ta Ta3iB, aKyCTHKa,
reoMeTpuyHa onThka. Ha mpakTuuHuX 3aHATTAX 13 Qi3uKu
BOHHM IIiJl KEPIBHUITBOM BHUKJAA4iB PO3B’SI3yBajH
GismyHi  3amadvi, O3HAWOMITIOBANIHCH 13  OyHOBOIO,
MIPUHLUIIOM Jii Ta NPU3HAYSHHSIM HU3KH BUMIipIOBAIBHUX
1 JeMOHCTpaumiiHuX (I3MYHMX TNpHIaniB, sKi Oymu y
¢ismanoMy  kaOiHeri. BoHM TakoX  BHUKOHYBaIH
nabopaTopHi poOOTH 3 TEMaTHKH BHBUYCHHX PO3ILTIB
3arajnbHOi  (Di3MKM Ta BHBYAIM METOJAUKY IIOKa3y
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HaMmpocTimmX JeKuidiHuX nemoHcrpauiid. Ha apyromy
Kypcl CTYNEHTH BUBYaIM (I3MYHY ONTHKY, TEIUIOTY,
MarHeTH3M i eIeKTPHUKY, BHKOHYBAJIX Ja00paTopHi poOOTH
3a UMK PO3ALIaMH, a TAKOX Opalld y4acTh y MiATOTOBII
JI0 TIOKa3y HOBHX JICKI[IHUX JIEMOHCTpAIlii i B TOCTaHOBII
HOBHX Ja0OpaTOpHUX pPOOIT, 30KpeMa BCTAHOBIIOBAIH 1
OCBOIOBAIM Pa30M i3 BHKIAJadaMH HOBI NPHIAAH, SKi
Oysu ipunOani s GisnyHOrO KabiHeTy.

1891, i & XIX.
1892. © FASCICULE IL S XX.
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Tunorpaoia Anoneea [lappe.
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Puc. 4. Turyneaa cropiaka «[Ipanp ¢izuko-ximMigHOL
cekuii ToBapucTBa HOCHIIHMX Hayk», B
JIPYKyBaJIUCS TOBIMOMJICHHS IIPO 3MICT JIOTIOBiieH
A. TI. Illnmxkoga.

SAKUX

Fig. 4. Title page of the “Proceedings of the Physical and
Chemical Section of the Society for Research Sciences”,
which published reports on the content of reports by
A.P. Shymkov.

Ha crapmmx Kypcax CTYJCHTH BUBYQIU TEOPETHYHY
¢i3uKy, sKa TOXI Ha3zuBajlaCh MaTeMaTH4HOK. Y Kypci
TEOPETHYHOI (DI3WKH BUBYAIACH ONITUKA, MEXaHITHA TEOPist
TEIUIOTH, TEeOpis MPYXKHOCTi, TiAPOAMHAMIKa, BCECBITHE
TSOKIHHS, TEOpis MOTEHIiany Ta i 3aCTOCYBaHHS 1O Mil
CHJIM TSDKIHHS, SIBHIIA CICKTPUKHU Ta MarHETH3MY. [3 HUMHI
TaKOX MPOBOAMIHN (paKyIbTATHBHI 3aHATTS, Ha SIKUX OLTBIIT
JETAIPHO PpO3MVIAJaNd BIZOMOCTI NP0 OKpeMi HOBI
BIJIKPUTTS Ta JOCATHEHHS B Tairy3i (Di3UKH Ta CIIOPiTHEHUX

NPUPOJHUYMX 1 TEXHIYHMX HayK. KpiMm 1poro cryaeHTH
CTapIIMX KypCiB BHBYAIM KypC 3€MHOTO MarHeTU3My Ta
icTopito ¢isuku. BoHN Takok NMPOXOAMIM MPAKTHKYM i3
MeTeopoorii Ta MAarHiTHMX BUMipIoBaHb. HaiOinbim
3MI0HKUX 3 HUX 3alTydalld 10 y4acTi B 3aCiTaHHAX (i3HUKO-
ximiuHoi cekirii ToBapucTBa gocmigHux Hayk [3, 8, 9].

BunyckHi poboTH CTyneHTIB i, 30KpeMa, Tak 3BaHi
poboTH «Ha MeJamby, MICTHIH OIHC pEe3yJIbTaTiB
EKCMePUMEHTAIPHUX Ta TEOPETUYHHX  JIOCII/KEHb,
CaMOCTIITHO BUKOHAHUX CTyACHTaMH [2].

VY npyriit monoBuHi XIX CTOMTTS CTymeHTH-(i3UKA
MOJIOALIMX KYypCiB (i3MKO-MaTeMaTu4HOro (akyJabTeTy
XapKiBChKOTO YHIBEPCHTETY BUBUYAIM JOCHIAHY (Qi3UKY
MEPEeBAXHO 3a 3acTapiiuM MigPyYHUKOM Tpodecopa
[MetepOyp3bkoro yHiBepcurery . @. [lerpymieBchkoro
«Kypc cmocrepexxnoi  ¢isukm» Ta  HiApyYHHUKaMHU
npodecopiB XKamena i Byrti (dppaniyspkoro MoBoOW0), a
CTYICHTH CTapIINX KypciB — 3a MOciOHWKaMu mpogecopa
Birna (¢paniysskoro MoBoro) i Konbpayma (HiMenbKor
MoBowo) [2, 3]. Lle moTpebyBano myke BHCOKOTO PiBHSI
MiATOTOBKHU CTYAEHTIB 13 BKa3aHUX BHIIE iIHO3EMHHUX MOB 1
YIPYAHIOBAJIO IX CaMOCTIHHY po0oTy 3
TEOPETUYHOT0 MaTepiainy.

VY 3B’s3Ky 13 HEOOXIJHICTIO OHOBJICHHS 3MICTy KypCiB
JOCTIMHOT 1 TEOpPeTHYHOI (i3UKH, a TaKOXK BHIAHHS

BHUBYCHHS

BITYM3HSIHOT HABYaJbHOI JITEPAaTypH JUIsl IiATOTOBKH
¢izukiB Ha Kadenpi ¢izukn XapKiBCHKOTO YHIBEPCHTETY
A. I1. lllumkoBUM OyJIM HaNMCaHIi Ta BUAAHI MAPYYHUKH i
miTorpad)oBaHi KOHCHEKTH JICKIi 13 JOCHigHOI Ta
TeopeTnyHOi ¢izuku. OcobimBe Miclie cepell HUX 3aiiMae
Horo 3HaMeHuTHH TiapyuHHK «Kypce mocmigHol ¢izukmy.
Ha puc. 5 HaBeneHa TUTYyJIbHA CTOPIHKA MEPIIOT YaCTHHU
LILOTO KypCY.

[lepmie BumaHHS OBOTO MiApy4YHHKa Oyiio BHIAHE B
1878 — 1881 pokax y TppOX 4YacTUHAX, a JPYre, BKE B
YOTUPHOX YacTHWHAX, Oyjo BumaHe B 1884 — 1888 pokax.
YoTupuTOMHE BHIAHHA CKJIANANOCh 13 TaKUX PO3ILTIB:
1. 3aranbHa ¢isuka 1 akycruka; 2. [Ipo cBitno; 3. Ilpo
Terioty; 4. MarneTusm 1 enekTpuka. Sk BkazaHo B [2],
Lel MiIpYyYHUK Ha TOH 4ac OyB €IMHHUM MiJPYyYHHUKOM i3
3arajbHOI Ta eKCIIEPUMEHTAIBHOT (DI3UKH, TPUIATHUM JUIS
BHUKOPHCTaHHS y BUIUX HaBYAJIbHUX 3aKianax Pocilicpkoi
iMmepii. BiH BUKOpHCTOBYBaBCS HPH MiATOTOBI (i3UKiB
ax 10 Toro yacy, konu y 1897 — 1900 pokax BuUHILIIO 3
JpYyKy miepiie BHOaHHS 3HameHuToro «Kypcy ¢isuxm»,
HanmcaHnoro npogecopom O. JI. XBoIbCOHOM.

Opnieto 3 neperar «Kypcy mociinuol ¢izukuy 0yiio Te,
mo BiH OyB HamucaHuii B ayci Marepiamismy [2].
[osicaenHs Hi3MYHOT CyTi 6araTboX PO3TISIHYTHX Y HBOMY
ABHI] 1 TporeciB Oylno BHUKOHAaHE B HHOMY Ha OCHOBI
ATOMICTHYHOI TEOPii.

Y BcTymHIH JeKmii A0 CBOTO Kypcy Qi3uku, ska
BinOynacs B XapkiBcbkoMmy yHiBepcuteTi B 1867 porii,
A.TI. lllumkoB roBopuB Tak: «Ha HaykoBi icTuHH MuH
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MOXXEMO AMBHUTHCH, SIK Ha TOYHY HAyKy IIpO IPHPOLY.
Henocrarnbo 3Hatm 3akoH. [loTpiOHO, mNpoHMKa4M
rmoIe, 3HATH TMPUYWHHUNA 3B°S30K MDK SBUIMAMH. Yu
cTOosTh (hi3UuHI Teopii Ha Mexi 3HaHb? 3BUYAIHO, IO Hi.
3HaHHA NParHyTh OXOMHUTH CBIT, MOSCHUTH yCe Te, IO B
HBOMY BiiOyBaeThCs» [2].

Puc. 5. TutynbHa

CTOpiHKa
nocmigaoi ¢isukn. Yactmna 1. 3arampHa ¢izuka i

miapyunuka  «Kypc

aKyCTHKa» 3 MIE9YaTKOIO Ta aBTorpadom
M. JI. [TunpuyukoBa.
Fig. 5. Title page of the textbook “Course of

Experimental Physics. Part 1. General Physics and
Acoustics” with the seal and autograph of
M. D. Pylchykov.

Y 1875 poui A.Il lllumkoBum OyB BuaaHHN
mitorpagiuauM  cmocobom  mimpyunuk  «Teopermdna
¢bizukay, sikuid OyB MEPLIMM MiPYyYHUKOM i3 TEOPETHYHOT
¢i3uky, HanucaHMM 1 BuAaHUM Yy  XapKiBCHKOMY
yHiBepcuTeTi. BiH Takox BHaB HaBYAJIbHUH MOCIOHUK 3
teopetnuHol  Qizuku  «Teopis  moreHmiany i
€JIeKTPOMarHeTusm» [2].

Y Berymi 0 i€l KHATH aBTOp Ja€ BHU3HAYCHHS
TeopeTHyHol (Pi3MKHM Ta BKa3ye Ha Te, 0 JoCIiaHa (i3uka
HaJIa€ OCHOBHI JaHi, Ha AKX TeopeTudHa (isuka Oymye
CBOi BHCHOBKU. Y IIEpIIOMY pPO3ALI M€l KHWUTH, SKHHA
Ha3uBaeThesl «CHila TSOKIHHS», IETaJbHO PO3IIINAIOTHCS

TaKi TEeMH: MaTEMAaTUIHUN MAasTHUK, (BI3UIHAN MasSTHUK,
TeopeMa IMpPO MOMEHT iHepIii TBEpJOro Tijla, 3aKOHH
Kemnepa, Teopis mnoTeHmiamiB. Y JAPyroMy po3nimi
«EnexkTpocratika» po3mIAAAIOThCS: 3akoH  Kynosa,
piBasHES [lyaccoma i Jlamumaca, 3amadi mpo po3MOALT
3apsiIiB HA METAJICBUX MIPOBIAHUKAX Pi3HOT (HOPMH, TEOPis
MOCTIHHUX CTPYMIB. v TPETHOMY po3zmini
«EnekTpoMarHeTu3M» Ta B U€TBEPTOMY PO3ALTI, SIKHH Mae
Ha3By «Enekrpogunamika» A. I1. [IlumkoB po3risimae
JiesiKl 3a7adi, sIKi CTOCYIOThCS B3a€MOJIII MPOBIITHUKIB 3i
CTPYMOM, a TaKOX SIBHIIA CICKTPOMArHiTHOI iHAyKLii. ¥
m’stoMmy  po3aimi  «MexaHi4HA ~ TEOpis  TEIUIOTH»
A.TI. lllnmkoBuM  c(OpMYJILOBAaHO 3aKOH 30epekeHHS
€Heprii, PO3TISTHYTI KOJOBI MPOIECH 1 OPYTHH 3aKOH
TEPMOJMHAMIKH, TEOpis iJeaJ]bHUX Ta3iB, a TaKoX
€KBIBAJICHTHICTh MeXaHi4HOi pobotu Ta Temmotu. Bci
JIOBEJICHHS BaXJIUBUX ¢dopmyn  3nuiiicHeHi 3
BUKOPHUCTAHHAM DPi3HOMAHITHUX METOAIB MaTeMAaTHIHOTO
aHaimizy. MareMaTHuyHUM  IIEPEeTBOPEHHSM  Mepenye
(bi3UYHUN PO3TIIA] TUTAHb.

3p0o3yMisio, 10 MiIPYyYHUKH 1 TOCIOHUKH 3 JTOCIIIHOT
Ta TeopernyHoi (isuku, Hamucani A. I1. [IlumkoBuM,
MaJTH TIeBHI Heomiku. BoHU MicTrim 3acTapisii ysIBICHHS
PO HU3KY (PI3MYHMX MPOLECIB, & TAKOXK AESKI TOMHIKOBI
TBEp/DKEHHs. 30Kpema, y mepuii uactuHi «Kypcey
mociimaol ¢izukm» A. I1. [IIUMKOB MOMHIKOBO BHKIIaB
NUTaHHS Mpo Mapanenorpam cwi. HaBeneHe B KHHU31
JIOBEJICHHsI BUKIMKaIO 3ayBakeHHA B M. JI. I[IunpunkoBa
Ta B IHIIMX BYCHUX 1 OyJIO MPUYNHOIO TPHBAJIOT ITOJIEMIKH
Mk M. JI. [TumpunkoBum  Ta  A. I1. llumkoBuM, sika
BinOynacs Ha 3acigaHHl  (i3MKO-XIMIYHOT  CceKuil
Toapucrtsa gocnigHux Hayk [3, 8, 9].

Bunatroto pucoro A. I1. [llumkoBa, sik enarora, 0yio
HOro nparHeHHs MiAroTyBaTH HOBE MOKOIIHHS BUKIIA1a4diB
st kagenpu ¢isukm XapKiBCBKOTO YHIBEPCHTETY Ta
IHIINX BUIIMX HaBYANBHUX 3akiafiB. Ilpamrorounm 3i
CTYJCHTaMHU Ha JICKIisX, JIA0OpATOPHHUX 1 MPAKTUYHUX
3aHATTAX, BiH BMIB BHU3HAUUTH CEpPEl HUX HAWOUIBIIT
TIaHOBUTHX, a TaKOX IOCTIHHO OmiKyBaBcs iX
npodeciiiHuM 3pocTaHHsIM Ta TypOyBaBCs Mpo 1X HAYKOBY
Ta BHKIQJANbKy Kap’epy. HalOimpmr 3mi0HUMH yIHIMU
A. II. [lInmkoBa Oymn O. K. IToropinko Ta
M. JI. TunbuukoB. Ix 060X micns ycHimmoro 3akiHueHHs
XapKkiBCbKOTO  YHIBEpCHTETY  3a  PEKOMEHJAI€l0
A.TI. lllnmkoBa 3amummin  Ha kKadenapi Qi3ukH 5K
CTHUICHIIATIB JJIsl MiATOTOBKK IO BUKJIAJalbKoi poOoTH
[1-3].

Onekcannp KoctsaTiHOBHY  [loropinko 3akiHUMB
¢i3uKo-MaTeMaTHYHUN  yHiBepcHTET  XapKiBCHKOTO
yHiBepcutery B 1870 poui. Sk mpuBar-moueHT kadeapu
¢i3uKky XapKiBCbKOTO YHIBEPCUTETY BiH YMTaB CTYAECHTAM
¢izuko-MaTeMaTHIHOTO (HAKyJIBTETy JEKMii 3 (i3uaHOl
ontukd. MaB cryninp Mmarictpa ¢isuku. Y 1878 poui
nepeOyBaB y BipskeHHI B HiMeuuunHi, e mpaitoBas i
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kepiBaunTBOM I'epmana Jlioasira ¢on ['eapmrompma i
leopra I'epmana Ksinke. [3 1885 poky mpamioBaB Ha

mmocazi am'ToHKT-TIpodecopa B XapkiBCBKOMY
texHonoriunoMy iHctutyti (XTI). UYwmrtaB mekuii i3
3arabHOl  (PI3UKH,  MEXaHIYHOi  Teopil  TEIIOTH,

TEepPMOAMHAMIKH, BUKJIAJaB TEOPil0 JUHAMO-EIEKTPUIHUX
MaIIiH, TEOPIl0 ENeKTPUKH, eNEeKTPOTEXHIKY. 3aCHYBaB i
obnamnaB y XTI ¢i3uunuii kabiHeT i METEOpOJIOTIUHY
cranmio. Y 1897 pomi Bmepme OyB oOpaHMii TTacHUM
XapkiBcpkoi Mmicbkoi gymu. 15 BepecHs 1900 poky
XapkiBcbka Mickka nayma obpama  O. K. Iloropinka
MiCBKUM TOJIOBOK0. Ha I1t0 mocaty BiH oOupaBcs 1ie Tpudi
—B 1902, 8 19061 B 1910 poxkax [1 — 3].

Mukona [ImutpoBuu IIMiBYMKOB — TeHiaJbHUA
BYEHUH CBITOBOTO piBHSI, MaiicTepHHH JIeKTop 1 menaror. Y
HOro TBOPUYOMY [IOpPOOKY IECATKH BIAKPUTTIB Ta
BuHaxoiB. IIparroBaB Ha kadeapi ¢izuku XapKiBCHKOTO
yHiBepcutety 3 1880 poky 1m0 1894 poky (3 1889 poky —
mpogecop). VY 1894-1902 pokax — mpodecop
Hogopociiicbkoro yHiBepcurety, a B 1902 — 1908 pokax —
mpodecop XTI [ilicHuii wieH HaykoBUX TOBapucTB Pocii,
®panrii, ABctpii, bemprii, Himeuunsu [1 — 3, 11].

M. [I. [InnpuukoB, mpamiooyd y ¢izngHoMy KaOiHeTi
XapKiBCbKOTO  YHIBEpCHTETYy M  KEpiBHUITBOM
A.Tl. llumkoBa, 3IOiACHIOBAaB MIATOTOBKY JICKIIHHUX
JIEMOHCTpalliil 1 BIPOBaXKyBaB HOBI JlabopaTtopHi poboTH
31 CTyOeHTaMH JABOX CTapmux KypciB. CaMocTiiiHO
CKOHCTPYIOBaB HM3KYy HOBHX HNPWJIA/iB Ta BIOCKOHAINB
KiJbka HasiBHUX npunaniB. Jlonomaras A. 1. lllumkoBy y
BiZI0Opi HOBUX (HI3MYHHMX TPWIAIIB JJIs MOMOBHEHHS IX
kousteknii. 3aBasgkn Tomy, mo M. JI. [TunbumkoB BuUTBHO
BOJIOJIB OaraTbMa MOBaMH, BIH JOCKOHAjJI0 BHBYHUB
XapaKTEepPUCTUKU O0JaqHaHHs Ta (I3MYHMUX HPUIIANIB, SKi
Oynmu BHECEHI B KaTaJlOTH BiJOMHX €BPONEHCHKUX
BupoOHuKiB. lle nmamo ¥OMy MOXKIUBICTH aKTHBHO
JMCTYBaTHCh 13 TpEACTaBHUKaMU pi3HUX (ipM Ta 3 iX
KEpIBHUKAMM 1 LUICCHIPSIMOBAHO 3JIMICHIOBAaTH 3aKyNKH

mpmnadiB g ¢QisugHOTO  KabiHeTy  XapKiBCHKOTO
yHiBepecurerty [3, 11].
A.TI. HTumxoB TaKOX HaJaBaB MiATPUMKY

O. II. I'py3unneBy, skuii mparioBaB Ha Kadenpi ¢izuku
i ioro kepiBHUITBOM [1, 2].

Ipodecop A.Il llumkoB 3aBimyBaB  (i3UIHUM
KabiHeToM XapKiBChKOTO yHIBEpCHUTETY HpoTsirom 1865 —
1900 pokie [1,2]. BiH mnpuzpiasB BemuKy yBary
TIOTIOBHEHHIO KOJIeKIii (i3nyHOro KabiHEeTy HOBUMH
MIPAIAaIaMH Ta TOMIrcs 30UIbIICHHS TAaTHAX aCUTHYBaHb
Ha ¢i3muanid kabiner. Y mel wac Oymu mpumdaHi Taki
KOIITOBHI mpuiamu: razoBudl nBuryH «OtrTo» Ta
esnekTpoauHamiuyna MamumHa Cimenca (1878 p.), mammna
Jlinme (1895 p.), CHEKTPOCKON, KOMIUIEKT ONTHIHHUX
npuwianiB - XKyns  Jro0ocka,  e€IeKTpOBHMIpIOBaJIbHI
npwiangn kommanii Hartmann & Braun. 3aramsHa
KUTBKICTh MpmiiafiB y dizmuHoMy kabiHeti mo 1874 poky

nocsrna 600 mryk [1 — 3]. HaitbinpIm yKOMIIEKTOBaHUMHI
B KoJeKIii (i3uuHOro KabiHeTy Oynu BIIJIIM ONTHKH Ta
enektpukn. Ha puc. 6 HaBemeHi 300payKe€HHS KiTBKOX
npunaziB, ski Oynu npundani mis QisudHoro kadiHeTy
A. TI. IIumxoBHM.

Puc. 6. Cnexrpockon (1), monsipuckon XKyns /robocka
(2) 1 mpoexmivtanit mixtap Kyms Hdrobocka (3),
OCHAILEHUI 1yTOBOIO JIAMIIOIO.

Fig. 6. Spectroscope (1), Jules Dubosc Polariscope (2)
and Jules Dubosc Projection Lantern (3), equipped with
an arc lamp.

Y 1881 — 1982 pokax y XapkoBi BHUXOIUB >KypHaI
«CBimy, penaktopoM sikoro 0yB A. I1. Illumkos. Y npomy
KypHaJIl BiH OITyOJIiKyBaB HHM3KY HayKOBO-TIOITYJIIPHUX
crarei [1, 2].

Y 1887 — 1888 HaBuanpHOMY poLli A0 MITaTHOI'O
po3kiany XapKiBCbKOTO TEXHOJIOTIYHOTO IHCTUTYTY OyJIo
BBEJIGHO IO0JATKOBY mocaxy mnpodecopa ¢isuxu. Ii 3a
cymicHUITBOM 00iitHAB A. I1. lInMkoB. I3 mporo gacy i 1o
1894 poky BiH YHTaB JICKIIi i3 HABYATHHOI JHUCITUILTIHI
«Mexaniuyaa Tteopis TemroTm». Y 1878 —1902 poxkax
A.Il. IluMKkOB 32  CYMICHHIITBOM  TMPaliOBaB y
XapKkiBCbKOMY BEeTepHHapHOMY IHCTHUTYTI. BiH BuKianas
3aranbHy (izuky [1, 2].

A. T1. Humxos 6pas yuacts y I (20 — 30 cepmas 1871
poky, M. KuiB) ta B VIII (28 rpyans 1889 — 4 ciuns 1890
poky, M. Cankr-IlerepOypr)  3’i3max  pociiicbkux
MPUPOAOAOCTITHUKIB ~ Ta  JikapiB. BucrtymaB i3
JIOTIOBIZISIMU, SIKi OyJin o1y OJIiKOBaHI B mpaisix 3’i3aiB. by
TaKOX YIEHOM XapKiBCHKOTO BiJJIIIEHHS
Immeparopcekoro Pociichkoro TeXHIYHOTO TOBAapUCTBA. Y
1891 porri BiH BXOAMB Y KOMICIIO 3 BiTHOBJICHHS BHIaHHS
«3arnmcok IMnepaTopchkoro XapKiBCbKOTO YHIBEPCUTETY»
[1-3].
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A. II. ITuMKOB TepeKIIaB Ta BUAAB KiJlbka HAYKOBUX Ta
HAyKOBO-TIONYJSIPHUX ~KHWT, HAIMCaHWX BHIATHUMH
3apyOikHUME BYeHHMH: Maiikmom ®@apaneem («Crmm
MPUPOIH Ta IX B3aeMO3B’s130K»); JxoHom TiHmamem
(«IIpo cBiTno 1 enekTpuky» Ta «Temmora, miO
pO3MIIANAETBC AK BUA Pyxy»; «Pisuka B TPOCTHX
ypokax», a Takox Pigapma Vermi («OcHOBH JOTIKW»),
JIOTIOBHUBIIHY X BIIACHUMHM JIOAaTKaMHU Ta MpUMITKamu [1,
2]. TUTYNBHI CTOPIHKH JESKUX i3 WX KHUT HaBEeICHI Ha
puc. 7.
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TENJIOTA, %/~

PASCNATIOMAENAS AN reny foempane
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RAOWA THINA LY

LR e,

Puc. 7. Tutyneai cropinku kHUr Jxona TiHmamsa Ta
Pivapna VYerni, nepekigajeHuX 3 aHIJIHCBKOI MOBH
A. TI. lTumMKOBUM.

Fig. 7. Title pages of books by John Tyndale and Richard
Whately, translated from English by A. P. Shymkov.

bararo gacy A. I1. lllumMkoB npuaiiss nomysspusarii
(i3uKH Ta IHIMIKUX NPUPOJHUYMX HayK. Bin OyB omHHM i3
oprauizaropiB  cepii  «IlyOmiuamx  KypciB  mpum
XapKiBCbKOMY YHIBEPCHUTETI 3 IPUPOJIO3HABCTBA Ta HOT0O
3acTocyBaHHs». UWraB myOmiuHi Jekuii i3 3arajJpbHOTO
Kypcy ¢isukm Ta yekmii Ha mATpuMKy «ToBapucTBa
JIOTIOMOTH HE3aMOXKHHUM cTyeHTam». [Ipotsarom 10 pokis

BiH OyB I"0JI0BOIO TIpaBiiHHS «XapKiBCHKOTO TOBAapUCTBa
MOIIUPEHHS] TPaMOTHOCTI B HAapOAi», 3aCHOBAHOTO B
1869 poui M. M. BekeroBum. BiH Takoxx OyB uieHOM
mikmyBanmpHoi  Pagm  «XapkiBCbKOrO — TOBapHCTBa
MIATPUMKH OE3MPUTYIBFHIX MANONMITHIX CHpIT». s mux
3uenonenux aited A. I1. ILlumMkoB opraHizyBaB mo4aTkoBy
CLIBCBKOTOCIIONAPChKY IIKOTY. Y CBOeMy OyIOMHKY Ha
Bymuiii KoHTOpchkil BiH, sIK cekperap XapKiBCBKOTO

BiJILICHHS ToBapuctBa CIPUSHHS KIHOUIH
CUIBCHKOTOCIIONNAPCHKIM  OCBITI, pa3oM 13  IHIIUMH
BHIJATHAUMH  (aXiBIsIMH  arpapHoi HAayKHd  BiJKpHB

CLTBCBKOTOCTIONAPCHKI KypCH UIA JKIHOK, SIKi TparHyid
OTpPHMATH IOYaTKOBY (haxoOBy OCBITY 3a IIUM HAIPSIMKOM
[1-5].

Ilig gac nmpoxxuBannasa B Xapkosi A. Il. [llumkos OyB
MOYECHUM MHPOBUM CyJielo XapKiBCbKOrO IIOBITY, a
TAKOXX 3€MCBKHM TJIACHUM XapKiBCHKOTO TMOBITY 1
riacHIM XapkiBcekoi Jlymu. ByB uneHoM caniTapHOT pagn
Micta XapkoBa. IliTHIMaB MUTaHHS IOMO MOKPAICHHS
fioro Omnaroyctporo. 3aBASKH ITyOJNIYHUM BHCTYyIaM
A. II. llmvkoBa Ta omyOIiKyBaHHS HUM HU3KH CTaTed B
razeri «[liBgeHHuit kpail» y wMicti OyJi0o JOCATHYTO
BaroMMx 3pyIlleHb y OyIiBHHLTBI MICHKOTO BOJIOTOHY, B
PeMOHTI Jopir i TpoTyapiB, a TakOXX y TPOKIATaHHI
OpykiBok [1, 4, 5].

VY 1895 poui micns 3akiHueHHs 30 JTHBOI CiTy)K0M Ha
mocani mpodecopa A. Il IllmvmkoB OyB 3amuIICHUIA
nparoBaty Ha Kadenpi ¢i3uxu e Ha 5 pokiB. Y ceprHi
1898 poxy BiH 3BIIBHUBCS 3 XapKiBCHKOI'O YHIBEPCHUTETY 1
mepedmoB Ha podoTy B MiHicTepcTBO 3emiiepobcTBa i
JIep’)KaBHOTO MaiiHa. byB mpu3HadeHMid Ha mnocany
YIOBHOBAKEHOT'O (iHcnekropa) o
CUTBCHKOTOCIIOAPCHKIN YacTHHI y XapKiBChKiil IyOepHii,
sSKy 3aiiMaB 10 BecHH 1904 poxy. By Unenom Pamm
XapKiBCHKOTO CITLCHKOTOCIIOIAPCHKOTO TOBApUCTBA (3
1903 poxky) [1, 4, 5].

Y 1904 pomi A.IIL IlmvmkxoB OyB mpH3HAYCHHA
JupektopoM MOCKOBCHKOTO  CiJIbCHKOTOCHOAAPCHKOTO
iHctutyTy. B KBiTHI 1907 poKy BiH 3BUIBHUBCA 3 Mi€l
nocamu [1, 4, 5].

3a BigminHy cuyxOy  A. Il IlumkxoBa  Oyio
HaropoxeHo Opaenamu Cesitoi Aunu 2-ro, Bonogumupa
3-ro cryneHniB, CramicmaBa l-ro Ta 2-rO CTymeHs 3
IMIIEpaTOPCHKOI0 KOpOHOIO [4, 5] .

Y 1907 poui A. Il IllumkoB pazom i3 pPOAWHOIO
mepeixas g0 IlonmraBm. IlpoxwuBaroum B [lonTasi,
A.TI. llumkoB ponmyumBcss 10 pobotu IlonraBckkoro
CUIBCHKOTOCIIOJAPCHKOT0 TOBAPUCTBA, YWICHOM SIKOrO OYB
i3 1895 poxky. 6 rpyanas 1909 poky A. I1. IllmmkoBa Oymo
o0OpaHo [Ipesnnentom [TonraBcbkoro
CUIBCHKOTOCIIOIAPCHKOTO TOBapuCTBa. Llfo mocamy BiH
obifimaB mo ymmHA 1918 poxy. 3a BenmmKki 3acuyrd B
po3BUTKYy  [lodTaBCBKOrO  CIIBCBKOTOCHOAAPCHKOTO
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Anopiti Illemposuuy Lllumxos — npoghecop Xapxiscvkozo yHisepcumemy, 6UOAMHUL Op2anizamop QizuyHoi
oceimu, nedazoe, NONYAAPUIAMOP HAYKU MA 2POMAOCHKULL Oisy

toBapuctBa 19 rpyans 1912 poky A. II. Illumkosa Oyio
00paHo oro [Touecanm npesuaentom [4, 5, 12, 13].
A.Il. HlumxoB (puc. 8) OyB TONOBHHM pPEIaKTOPOM
KypHay «XyTtopsaus» (1911 — 1917 pp.), sxuit BUX0auB
y Ionrasi y 1896 — 1917 pokax sik opran [lonTaBcekoro
CLIBCHKOTOCTIOIapCHKOTO TOBAPHCTBA.

Puc. 8. ®otonoptper A. Il IllumkoBa (He mi3HImIIE
1914 poxy) [4] ta #ioro aBTOrpad.

Fig. 8. Photographic portrait of A.P. Shymkov (no later
than 1914) [4] and his autograph.

TutynpHA CTOpiHKA OJHOTO 3 IUX JKYPHAIIB HaBEJCHA
Ha puc. 9.

Bin oyomoBaB 1ei xypHall ax A0 Horo 3akpurts (y
1917 pomi). Ha cropinkax «XytopsHuna» A. I1. [llnmkoB
4acTo JpyKyBaB CTATTi, IEPEKIIaIeHi HAM i3 ppaHIy3bKUX
arpapHUX BHIaHb. BiH TakoX aKTUBHO IpPYKyBaBCS Y
MONYJISIPHIK Ha ToH 4ac razeti «[lontaBcekuit [lens» [4, 5,
12 - 14].

Y Tonrasi A.II lllumkoB mposiBuB cebe 1 sK
OmaromidHUK-MeneHatr. Pasom i3 poamHOIO BiH OpaB
y4acTh y 300pi KOIITIB Ha JOIOMOIY IE€peceleHIs M, a
TaKOX JUIS IIMUATAIIO TOPAHCHUX BiICHKOBHUX, BIIKPUTOTO
B OymiBmi My3ero [lonmTaBCBKOi CUTBCHKOTOCIIONAPCHKOT
nocmianoi  cranuii.  A. 1. [llumkoB  o6iiiMaB  mocany
JMpeKTopa Li€l HAYKOBOi yCTaHOBH (i3 CiYHS IO KBITEHb
1915 poky, a 3rogom — i3 naucromana 1915 poky mo KiHIIL
1916 poxy) [4, 5, 12, 13].
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.
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[13].

Fig. 9. Title page of the magazine “Khutoryanin” [13].

IpoxuBaroun y IlomraBi, A. Il IumkoB, sk
YpOJKCHEIb I[HOTO Kparo, OyB OOpaHHH 3eMCBHKHM
macHUM BiJ KoOensapkoro moBiTy, a TakoX TITACHUM
[MonraBcekoro rydepHCEKOTO 3eMcTBa [4, 5, 12, 13].

VY 1909 poui 3a iHILIATHBOIO BIOMOTO XYIO0)KHHKa-
nepensmwkauka [.I. M'scoemoBa B IlonTtaBi  OyB
CTBOPEHUN MY3MYHUI aMaTopchbkuil rypTok. Jlo HbOro,
KpiM I'.T. M'scoenosa, BXOIWIN mma”icTKa
M. A. IllnmxoBa Ta ckpunanp @. ®. Knumentos. Toro x
poxy [I.T.M'coenoB BimBimaB camuOy mnpodecopa
A. TI. llumkoBa «Mapunui» Kobensiupkoro nosity [4, 5,
15].

A. T1. HTumkos Ta M. A. [IlumMKoBa 9acTo BiIBiAyBaIH
I'.T.M'sicoemoBa. M. A. IllumMkoBa Oyia TOJOBHOIO
MIaHICTKOI0 aHCaMOJII0 My3HMKaHTIB, SKi pa3oM 3
I'.T. M'sicoenoBuM, 110 MalCTEpPHO TpaB Ha CKpHIIL,
JlaBajM JIOMAlllHi KOHLEPTH B caaubi XyJOKHHKa B
MoJATaBCbkOMYy mepenMicTi [laBieHkax Ta CTaBUIH
OyaroiiiHi JFOOMTENbCHKI BHMCTaBHM, TaK 3BaHi <« KHBI
KapTHHW», B MiCBKOMY Teatpi [4, 15].

VY 1919 poui A. I1. IllumkoB momep. [Ipuuuna i TouHa
JlaTa Horo CMepTi, a TaKoK 0OCTaBHHH, 32 SKHUX BiIOyIOCS
HOTO 3aXOpPOHEHHS, HEBIIOMI. Horo mormma no mamoro
yacy He 30epernacs [5].

BUCHOBKH
1. V3aranbHeHO JaHl MpO JKUTTEBHH I1UIAX Ta
ciyx00By kap’epy A. I1. Illumkoga.
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2. PosrnsaayTHii HaykoBHid gopobox A. I1. Ilumkosa i

CTHCJIO TIPOAHATI30BaHMH 3MICT HOTo MiAPYyYHHKIB i3
JOCTITHOL Ta TEOPETHIHOI (Pi3UKH.

OCBITH,

3. IIpoanasizoBaHi 0COOMMBOCTI cuCTeMH (HIZHIHOT
aka Oyna BBenena A. Il IllumkoBuM vy

XapkiBCbKOMY YyHiBepcuTeTi B Apyrid momoBuHi XIX
CTOJIITTA.

4, P031"J'I$IHyTa rpomMajicbka, HpOCBiTHI/IHLKa Ta

omaromiiiga mgisuieHICTh A. I1. IIlnMkoBa.
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The article summarizes information about the life path, scientific, pedagogical and public activities of the famous physicist A.P.
Shymkov, Honored Professor of Kharkiv University. While studying at Kharkiv University, he was a member of a secret student
democratic-revolutionary society. He was arrested and temporarily imprisoned in the Alekseevsky ravelin of the Peter and Paul
Fortress. He graduated from Kharkiv University as an external student in 1860. In 1864 he defended his master's thesis, and in 1868 -
his doctoral thesis. In 1866—1867, he successfully completed a scientific internship at universities in Germany, Switzerland, and France.
For 32 years (from 1867 to 1899), he headed the Department of Physics and managed the Lab of Physics at Kharkiv University. He
worked part-time at the Kharkiv Institute of Technology and the Kharkiv Veterinary Institute. He published “Course of Experimental
Physics”, which was used for a long time as the main physics textbook in universities of the Russian Empire, and also compiled the
textbook “Theoretical Physics”, which was the first textbook on theoretical physics published at Kharkiv University. He constantly
worked on replenishing the collection of physics lab instruments. He introduced a progressive system of training physicists at the
Faculty of Physics and Mathematics of Kharkiv University, which was based on a combination of theoretical, experimental, and
scientific and methodological training of specialists. He was one of the founders of the Society of Research Sciences at Kharkiv
University. The most capable students of A. P. Shymkov were O. K. Pohorilko and M. D. Pylchykov, who, after graduating from
Kharkiv University, on the recommendation of A. P. Shymkov, were left at the Department of Physics as fellows to prepare for teaching
work. He translated and published several scientific and popular science books written by prominent foreign scientists. He edited the
magazines “Svit” and “Khutoryanin”. While living in Kharkiv and Poltava, he was actively involved in public, educational, and
charitable activities. He was a member of the Kharkiv and President of the Poltava Agricultural Society.

Keywords: history of physics at Kharkiv University, system of physical education, textbooks on experimental physics, physics lab,
popularization of science, scientific, pedagogical and public activities, charity
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IHOOPMAIIIA SIS ABTOPIB CTATEN
KypHary "BicHuk XapKiBChKOTO HamioHaIBHOTO YHiBepcuTety iMeHi B. H. Kapasina. Cepis "®iznka"

VY KypHali JPYKYIOTHCS CTAaTTi Ta CTHCII 32 3MICTOM MOBIJIOMIICHHS, B SKUX HABCJCHI OPHUTIHAJIBHI PE3YJIbTaTH
TEOPETHYHHX Ta CKCIICPUMEHTAIBHIX JOCHI/HKCHB, a TAKOXK aHATITUYHI OTJIAIH JIITSpaTypHIX JHKEPEN 3 PI3HOMaHITHHX
aKTyaJbHUX Tpo0ieM (i3uKH 32 TEMaTHKOIO BUIAHHS.

Mosa crareli — yKpaiHChbKa Ta aHIJTIHChKa.

TEMATHKA XYPHAITY

1. Teopernuna ¢izuxa.

2. di3uKa TBEPAOTO Tija.

3. ®i3uKa HU3BKHAX TEMIIeparyp.

4. ®i3uKa MarHiTHUX SIBUILL.

5. OmnTHKa Ta CIIeKTPOCKOIIis.

6. 3aranmpHi TMTaHHA QI3UKH 1 cepel HIX: METOIOJOTIS Ta icTopis (i3uKN, MaTeMaTHIHI METOIN (i3UIHUX
JIOCITIJKeHb, METO/IMKA BUKJIAIaHHs (DI3UKH y BUILIN LIKOJI, TEXHIKA Ta METO/IUKA (DI3UUHOTO EKCIIEPUMEHTY
TOIIO.

BUMOT'U JIO O®OPMJIEHH S PYKOITUCIB CTATEN

3aranbHuil 00CAT TEKCTY PYKOMHUCY CTATTi MOBUHEH 3aiiMaTH He OUTBINE HIX 15 CTOpiHOK.

Pyxonmc crarTi cKIamaeThes 3 TUTYJIBHOI CTOPIHKY, HA SKiH BKa3aHi: Ha3Ba CTaTTi, iHimiamy, npizsuma, ORCID,
aBTOPIB, MOIITOBA aJpeca YCTaHOBH, B AKii Oyna BUKOHaHa poOoTa, KiacudikariitHi ingexcu 3a cucremamu PACS Tta
YK, enekTpoHHa agpeca OIHOrO 3 aBTOPIB, AHOTAIlil 3 KJIIOUOBMMHU CJIOBAMH, BUKJIAJICHHX YKPAlHCHKOIO Ta
AHIJIIHCHKOI0 MOBaMH (QHOTAIIisi MOBOIO CTAaTTi PO3MIIILy€ThCsl HA THUTYJIBbHIHM CTOPIHII, aHOTAIlisl pa3oM 3 Ha3BOIO CTaTTI,
iHiIlaTaMu Ta MPi3BUIIAMH aBTOPiB, MOIITOBOIO APECOI0 YCTAHOBU Ta KIIOUOBHUMH CIIOBAaMH, BUKJIAJICHHUMU IPYTOIO
MOBOIO, — B KIHIII PYKOITUCY); OCHOBHOI'O TEKCTY CTaTTi, SKUH Mae OyTH CTPYKTYpOBaHHM; CIIUCKY JiTepaTypu 3
nocuianHsAME Ha DOI, SK110 BOHM IPUCBOEH]; MIANUCIB i pPUCYHKaMH; TaOJIHIb; pUCYHKIB: TpadikiB, ()OTO3HIMKIB.

BucHOBKYM He TTOBHHHI IOBTOPIOBATH aHOTAMil0. AHOTAIlis Mae OyTh 3a oOcsarom He MeHII Hixk 1800 cumBomis. B
HIill MarOTh OyTH Bi0OpaXkKeHi MOCTAHOBKA 33a4i, METOIH JOCITIHKCHHS, OCHOBHI HAyKOBI PE3yJIbTaTH Ta BUCHOBKH.

B yKkpaiHOMOBHHX CTaTTSX MiJMHCH IO PUCYHKIB 1 TaOMUIb AyOIIOIOTHCS aHTITIHCHKOI0 MOBOIO. 32 HAsBHOCTI B
TEKCTi KAPWINYHUX ab0 HEaHTIIOMOBHHMX IIMTYBaHb HaAaloThCs crmcok nitepaTypu i posmin REFERENCES. 3a ix
BizicyTHOCTI — TibKH po3zain REFERENCES.

IMpu odopmnenni y REFERENCES kupuian4Hnx Ta HEaHIJIOMOBHUX IIMTYBaHb BKa3y€ThCS aBTOPCHKHUM
(o¢iuiiHmMiA) aHMIIHCHKUN BapiaHT Ha3BM POOOTHM Ta iMEH aBTOpiB. 3a HOro BiJACYTHOCTI HAaBOIUTHCS MepeKian
AHTITIHCHKOI0 MOBOIO (3araJbHOBXKHUBAHUH y JiTeparypi, AKIIO BiH icHye). HanpukiHmi mocuaanHsS HEOOXiTHO BKa3aTh
MOBY IIEpIIODKEpPEa, 3 IKOro 3pobieHo nepekian — Hanpuknan, (In Ukrainian).

BUMOTI'M 10 EJIEKTPOHHOI'O BAPIAHTY PYKOIIMCY CTATTI

Tekcr pykonucy crarti Mae Oytn HaOpanuii y dopmari MicrosoftWord, nmounnatoun 3 Bepcii 2013 y dopmari
* docx.

®dopmart apkymia — A4. [Toxs: 3miBa ta cipasa — 2 cM, BepxHe — 2.5 cm, HikHE — 3 cM. Ipudru Times New Roman
(Cyr) Ta Arial, MixxpsaKoBuii iHTepBa — 3HaYEHHS MHOXKHHKY 1.1.

HasBa Ta mi13aronoBKu cTaTTi HAaOMPAIOTHCS BEIUKUMH JIITEpaMH, KparkKa B KiHIli 3aroj0BKa HE CTaBUTHCSL.

HazBa craTTi, aBTOpH, Ha3Ba OpraHi3alii Ta aHOTAIlisl PO3TAIIOBYIOTECS B OJHY KOJIOHKY. OCHOBHHIH TEKCT CTATTi
PO3TAIIOBYETHCS Y JBI KOJOHKH, IIMPHHA KOJOHKH — 8.25 cM, BifcraHb MK koysonkamu — 0.5 cm. JlomyckaeThbcs
poO3TalyBaHHs TEKCTY B OIHY KOJIOHKY, SIKIIIO B CTAaTTi BEJIMKI PUCYHKH, TaOHII Ta 6arato BeIUMKUX (GopMyII.

Pucynku Ta gotorpacdii MaroTs OyTH BiICKaHOBaHI 3 JOCUTh BUCOKOIO po3aiibHO0 3xaTHICTIO (300 DPI— 600 DPI)
Ta BCTaBlIeHI B TeKCT crarti. HasBHI Ha pucyHkax i ¢ororpadisx uudpu i HamuCH MOBUHHI 3a3HAYATHCS MOBOIO
OCHOBHOTO TEKCTY CTarTTi Ta JoOpe uutaTHcs. Yci (i3ndHi BEJMYMHM MOJAIOTHCS B oauHUIAX cucteMu Cl 1 MoBoOIO
OCHOBHOTO TEKCTy cTarTi. JIiTepHi mo3HaueHHsI (Pi3MYHIX BETMYAH ITOJAIOTHCS KYPCHBOM.

Jist 3anmcy Gpopmy i piBHSHB CITii BAKOPUCTOBYBATH BOYIOBaHHI PEaKTOP PiBHSAHb.

MarepiaJ cTaTTi pO3TalIOBYETHCS B HACTYITHOMY ITOPSIIIKY:

Homep ymoBHOi necsarkoBoi kiacudikamii (YIAK) ta (PACS): posmip mpudty 10 nT, HakpeciaeHHs 3BHYaliHe,



BIJICTYIIIB HEMa€, PO3TAITyBaHHS 3JIiBa.

Hasga crarti: mpudrt Arial, po3mip 14 nt, HakpecieHHs KUpHE, BIICTYIIB HEMa€E, pO3TallyBaHHs IEHTPOBAHE.

Asropu (iHimiamu, mpisuma): mpudTt Arial, po3mip 13 nT, HaKpeclIeHHs 3BHYAiHE, BIACTYIIB HEMAE,
PO3TaIllyBaHHS LICHTPOBAHE.

Hassu opranizaniii (moBHa Ha3Ba opraHizailii, MicTo, KpaiHa, eixekrponHa aapeca [lIpudr Times New Roman (Cyr),
po3Mip 9 nT, HaKpecIeHHs] KypCUBHHUI HANuC, BiACTYIIB HEMAae, pO3TallyBaHHS [IEHTPOBAHE.

Amnoraris (MoBoro ocHoBHOro Tekcry crarrti): Hpudr Times New Roman (Cyr), posmip 9 nt, HaKpecIeHHS
3BHYaliHe, BIICTYN NepIIoro psAaky aozaimy 0.75 cM, po3rairyBaHHs 110 IIHPHHI.

Knrouosi cnosa: [lIpudr Times New Roman (Cyr), po3mip 9 1T, HakpecneHHS KypCUBHHI HaIUC, BIACTYII PSIKY
a63amy 0.75 cM, po3TanryBaHHs 10 IIHPHUHI.

Texcr crarti: Hlpudgt Times New Roman (Cyr), po3mip 10 nT, HakpecieHHs1 3BHYaiiHe, BIICTYI MEPUIOTro psaKa
abzamy 0.75 cm, po3ramryBanHs 1o mupuHi. ClioBa MOBHHHI PO3AUIATHCS TLTBKH OJHUM IpoIyckoM. Henpumycrumuii
MIPOILYCK ITICJIS CJIOBA TIEpe]] PO3IIIOBIMHA 3HAKaMHU. TeKCT HaOMpa€eThCs 3 BYKUBAHHIM TIJIBKH 3HAKA M'SKOTO TIEPEHOCY
(3Hak nepeHocy B noenHanHi 3 knasimero Ctrl). Mixx 3Ha4eHHAM BEJIMYMHH Ta OAMHHIEIO i1 BUMIPY CTaBUTBCS dKOPCTKHUN
npomyck (Ctrl+Shift+mpo6in).

HaiimenyBanns ninzaronoskis: Hpupt Times New Roman (Cyr), po3mip 10 0T, HakpeclieHHsI )KUPHE, BIICTYIIIB
HeMae, po3TalllyBaHHs LIEHTPOBAHE.

Mipmuc nig pucynkom: puprt Times New Roman (Cyr), po3mip 10 nT, HakpecieHHs 3BU4YaiiHe KypCHBHE,
BIJICTYITH TIEPIIOTO Ta MOJANBIINX PAAKIB ab3arry 0.75 cM, po3TanryBaHHS IIEHTPOBAHE.

®opmynu: Ipudt Times New Roman (Cyr), po3mip 10 1T, HaKpecICHHS 3BHYAiHE, PO3TAIIYBaHHS IO IIUPHHI.
Hywmepariist popmyi y Kpyriux Jy’KKax 3 IpaBoro Kparo psaka.

Jlireparypa: Hlpudr Times New Roman (Cyr), posmip 9 nT, HakpecieHHs 3BHYalHe, BIACTYIIB HEMae,
posramnryBaHHS 10 mupuHi. He momyckaroThes mocwiaHHA Ha HeomyOiikoBaHi Matepiand. [TocnimaHHS HaBOIATHCA
MOBOIO OpHTiHATY.

MMPUKJIAJL OPOPMJIEHHS CITUCKY JITEPATYPU:
1. LII. Minkesnd, B.M. Cyrakos. Teopist TBepaoro tina, BITLL "Kuiscekuii ynisepcurer", K. (2006), 333 c.
2. M.B. T'narenko. YOX, 60, 5, 390 (2015). https://doi.org/10.1016/j.matlet.2023.135731
3. K. Janakiraman, S. Swamiappan. Materials Letters, 357, 135731 (2024). https://doi.org/10.1016/j.matlet.2023.135731
4. A.D. Ashby. Phys.Rev., A19, 213 (1985). https://doi.org/10.1016/j.matlet.2023.135731
5.D.V. Vert. In Progress in Metals, ed. by R. Speer, USA, New York (1976), v.4, p.17.
https://doi.org/10.1016/j.matlet.2023.135731

J10 PEJAKIIIT HAZTAIOTBCS

1. IBa po3apyKoBaHi MPUMipHUKH PYyKOITUCY CTATTi, SIKi MiANHCaH] ii aBTOpaMH.

2. EnekTpoHHA Bepcis PYKOIKCY Ta JaHi MO0 KOHTAKTIB JJisA CHUIKYBaHHS 3 ii aBTopamMu. Marepianu ciinx
HaJliCIIaTh eJIEKTPOHHOIO IIOIITOI0 Ha ajipecy physics.journal@karazin.ua.

3. HampaBnenHs Bix ycTaHOBW, ne Oyla BHKOHaHa po0OTa, i akTH €KCHEPTU3H Yy JBOX IPHMIpHHKaX; aapeca,
Npi3BHUIlle, MOBHE iM’sl Ta 1M0-0aThbKOBiI aBTopiB; HoMepu TenedoHiB, E-mail. HeoOXigHO TakoXX 3a3HaYUTH aBTOpA
PYKOIIUCY, BiJIIIOBIAJIEHOT'O 32 CIIIJIKYBAHHS 3 PEJIaKIi€lo )KypHaIy.

Martepianu pyKoOmUCy CTaTTi MOTPIOHO HAmpaBIATH 3a anpecoro: Pemakiis xypHamy «BicHmk XapKiBCBKOTO
HanioHaneHOTO yHiBepcutetry imMeHi B. H. Kapasina. Cepist «®izukay, XapKkiBCbKUil HalliOHANBHHI YHIBEPCUTET IMEHI
B. H. Kapasina, ¢iznunuii ¢paxynerer, maiinan Csodoau, 4, Xapkis.
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