ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Geo-Technical Mechanics. 2023. Ne 166 5

UDC 553.9:544.5:620.1 DOI: https://doi.org/10.15407/geotm2023.166.005

ANALYTICAL REVIEW OF ELECTRICAL PHENOMENA RESEARCH

IN COALIFICATION IN VIEW OF THE SCALE HIERARCHY
Balalaiev O.K, Bezruchko K.A., Burchak O.V., Pymonenko L.1.,
Baranovskyi V.H., Serikov Yu.A.
M.S. Poliakov Institute of Geotechnical Mechanics of the National Academy of Sciences of Ukraine

Abstract. Electrical processes in carboniferous rocks saturated with organic matter have to be considered at three
scale levels: the macrolevel of the bed, the mesolevel of the sample, and the microlevel of the point. The electrical resis-
tivity of coal is affected by rank, humidity, salinity, temperature, and other parameters. Temperature changes in the elec-
trical conductivity of coals strongly depend on the thermal history of the bed and have a complex multi-stage nature as
the sample heats up, due to multidirectional processes. Thermal activation of coals leads to an increase in the number of
charge carriers in a local continuous microregion. At the same time, the process of hollow crack formation prevents the
growth of electrical conductivity on a macroscale. During underground fires of coal beds, the electrical resistivity de-
creases significantly at the source of the fire, and an abnormally high value of electrical self-potential is recorded on the
surface of the earth. The specific electrical conductivity of a moisture-saturated coal bed can increase significantly due to
the ionic conductivity of pore electrolytic solutions. The dielectric properties of coals are highly dependent on rank, tem-
perature, and humidity. The relative dielectric constant increases with increasing temperature. The ultra-high-frequency
broadband spectrum has a complex shape with many local maxima. Dielectric losses tend to rise with increasing fre-
quency and differ significantly for coals of different ranks. Coals subjected to uniaxial compression and shear loading
can produce ultra-low-frequency electromagnetic radiation signals that correlate well with applied stress and acoustic
emission. The physical nature of the electromagnetic emission of a coal bed, caused by the movement of charges on the
surface of pores and cracks, can be explained by the large-scale effect of the microsurface self-potential of coal. Meta-
morphism can affect the surface potential of coals through the evolution of polar functional groups, distribution of surface
microstructures, micromorphology, internal connectivity, and heterogeneity.

The purpose of the work is to review, analyze, and systematize published experimental research on the electrical
properties of coals depending on the metastable structure of their carbon matrix and external factors at different scale
levels.

Keywords: coal, scale hierarchy, electrical conductivity, dielectric constant, self-potential, electromagnetic emis-
sion.

1. Introduction

By now, a large number of studies have been published devoted to the electrical,
magnetic, and electromagnetic processes in the carbonized matter of fossil fuels of
organic origin. This group of fossil fuels includes such solid combustible materials as
brown and hard coals, anthracites, and oil shale with varying proportions of ash com-
ponents and the degree of chemical maturity of kerogen. They exhibit a wide variety
of electrical properties, which are determined by the atomic-molecular and supramo-
lecular structure of the matter and significantly depend on the impact of external fac-
tors.

It is necessary to distinguish between static electrical phenomena caused by slow-
ly changing fields, as well as fast effects associated with high-frequency and micro-
wave dynamics. In addition, both unexpected phenomena that arise spontaneously
under the impact of external factors of a non-electromagnetic nature, and the reaction
of a substance to electromagnetic effects are possible. The first includes the phenom-
ena of electromagnetic emission, electric self-potential, superparamagnetism, ferro-
magnetism, piezomagnetism, the emergence of piezo-, pyro- and triboelectricity, etc.
The second includes various types of relaxation of the substance to electromagnetic
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radiation such as photoelectric effect, luminescence, absorption, reflection, re-
emission of electromagnetic waves, etc.

Theoretically, in a pure substance with an ideal structure, the electrical parameters
at the macro level should correspond to the number and mobility of charge carriers at
the micro level. However, in real natural substrates, such large-scale invariance is of-
ten not observed. The translation of electrical properties can be interrupted by numer-
ous macro- and microstructural defects of coal, foreign inclusions, developed crack-
pore space, heterogeneity of the substance, etc. Therefore, electrical and magnetic
processes in carboniferous rocks saturated with organic matter must be considered at
three scale levels: the macro level of the bed, the mesolevel of the sample, and the
micro level of the point (the atomic molecular structure of the matter).

At the same time, it is necessary to take into account the ambient temperature,
since the temperature dependence of the electrical resistivity in almost all non-metals
is due to the thermal activation of the electric charge. Charge carriers can be ions,
ionic vacancies, electrons, or quasiparticles. Every microparticle is held in its place
with a certain force and must receive enough energy to overcome the energy barrier
and become a mobile charge carrier. Temperature rise increases the energy of parti-
cles, which causes more localized particles to overcome their energy barrier and be-
come mobile.

2. Methods

Review, analysis, and systematization of published experimental research on the
electrical properties of coals in terms of their dependence on the metastability of the
carbon matrix structure and external factors at different scale levels.

3. Theoretical part

1. Electrical conductivity. On the one hand, a thermally activated increase in the
number of charge carriers leads to a decrease in the electrical resistivity of coal and
accompanying rocks symbatically with temperature. On the other hand, thermal frac-
turing prevents the growth of electrical conductivity. Various minerals of carbonifer-
ous rocks will demonstrate thermodynamic differences at high temperatures, such as
anisotropy and heterogeneity under thermal expansion. Deformations in some direc-
tions cannot occur, as a result of which thermal stress appears in the structure of the
matter. When the stress exceeds the strength limit of the rock, microcracks appear,
they connect with each other and turn into macrocracks. The emergence of cracks
leads to the growth of a fissure-porous structure, which increases the electrical resis-
tivity of the rock.

At the low-temperature stage, up to 150 °C, the number of small cracks in miner-
als with an uneven distribution of components gradually increases. Meanwhile, the
mineral expands because of high temperature and can change the shape and size of
the primary pores in the rock. As a result, the fluid permeability of the matter changes
slightly and even decreases. Thus, at this stage, an increase in the number of charge
carriers 1s the dominant factor leading to a decrease in resistivity.
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When the temperature rises to 200 °C (the threshold temperature for thermal de-
struction), many small cracks connect with each other. As a result, large cracks form,
and the fluid permeability of the rock increases sharply. At this stage, the thermal
rupture is strongest and the permeability changes most dramatically. Thermal fracture
becomes the dominant factor leading to an increase in resistivity.

Between 300 °C and 400 °C, fluid permeability begins to decrease due to the acti-
vation of physicochemical processes in the molecular structure of the matter. At this
stage, an increase in the number of charge carriers becomes the main factor, which
again leads to a decrease in resistivity. After 400 °C, although the permeability begins
to increase again, the increase in resistance caused by it can no longer compete with
the process of decrease in resistance associated with an increase in charge carriers.
Therefore, the resistivity of carboniferous rocks continues to decrease with tempera-
ture until the end of the heating process [1].

An increase in the permeability of carboniferous rocks with increasing tempera-
ture during metamorphism improves the ingress of underground salt water to the coal
bed. At the same time, due to the dehydration process, a system of cleavage cracks is
formed in coal, available for filling the pore space with aqueous electrolytes. These
processes lead to an increase in the ionic electrical conductivity of the moisture-
saturated coal bed.

Electrical conductivity is further influenced by the thermal history of the coal.
During underground fires of coal beds, a significant decrease in resistivity in the
combustion zone is observed due to the pyrolysis of coal at high temperatures. This,
in turn, leads to a higher carbon content in the semicoke.

The electrical resistivity of coal increases with the transition from brown coal to
hard one and reaches a maximum at the middle stage of coalification, and then de-
creases with an increasing degree of metamorphism. However, the electrical re-
sistance of coal for a particular grade of coal cannot be determined accurately, since it
depends on the maceral, chemical and mineral composition, as well as on humidity
and temperature. Wet coal in its original state has a resistivity of approximately 100
to 500 Ohm'm measured at a frequency of 1.0 kHz. During pyrolysis in laboratory
experiments at temperatures above ~ 650 °C, coal becomes a good conductor with a
resistivity of ~ 1 Ohm-m. At temperatures > 800 °C, coal can have a conductivity 10°
times greater than that of the original water-saturated sample, with the parameter var-
ying from 1000 Ohm-m to 0.01 Ohm-m [2].

Unlike carboniferous rocks, the electrical resistivity of bituminous coals practical-
ly does not change up to a moisture content of 0.6% by weight; further moisture re-
sults in a sharp decrease. The temperature dependence is nonlinear; in the tempera-
ture range of 0.0—80 °C, the electrical resistivity gradually decreases, and at tempera-
tures of 80—180 °C, it increases sharply; further heating leads to a smooth decline.
The electrical conductivity of coal also significantly depends on the presence of min-
eral matter. In this case, the resistivity is greater for mineral components than for coal
matters [3].

Experimental research of the electrical resistivity of coals and rocks have shown
that sediments, minerals and coals have different electrical resistivities (Fig. 1).
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Figure 1 — Electrical resistivity ranges of coals,
cemented and loose sediments, ores and ore minerals [4]

Thus, the electrical resistivity of coal is influenced by the grade of coal, the de-
velopment of the cracked-porous structure, humidity, mineralization, temperature and
other parameters of both the coal itself and the enclosing rocks. Electrical resistivity
in the metamorphism series has two trends:

a) growth with increasing quality of coal from brown to bituminous coal due to a
decrease in moisture content and humic acid ions;

b) decrease from bituminous coal to anthracite due to an increase in carbon con-
tent with delocalized electrons [4].

2. Self-potential. When coal beds are strongly heated on the surface of the earth,
an abnormally high value of electrical self-potential is recorded. The geophysical
self-potential method is used to detect coal fires. However, the origin of the thermally
stimulated self-potential is still unclear. There are three known possible sources of
self-potential anomalies associated with coal fires: thermoelectric potential, oxida-
tion-reduction potential, and flow potential. The flow potential can be neglected since
there is no pressure of water or other fluids in the coal fire area.

The temperature around the combustion source usually reaches a thousand de-
grees Celsius. However, due to the high heat capacity and low thermal conductivity
of sedimentary rocks, heat transfer to the Earth's surface is difficult. Consequently,
the temperature on the daytime surface is much lower than in the burning center.
Charge carriers in rocks diffuse predominantly from a hot region to a relatively cold
one. Thus, thermoelectric potential accumulates in a cold region near the Earth's sur-
face, and this charge separation creates a potential difference. The corresponding cur-
rent density is the input member in Maxwell's equations, which generate electric and
magnetic field disturbances.

Coal combustion involves a violent chemical reaction between combustible com-
ponents and an oxidizing agent, usually atmospheric oxygen, releasing heat, light and
reaction products. Coal oxidizes to form H,O, CO,, CO and other products:
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C4sHg5S1026 + 260, — Cy6H 17010 + 24H,0 + 2CO + 20CO; + SO, + 2,19- 107 J/kg

During the exothermic chemical process, the coal loses electrons, which will mi-
grate through the rocks to the surface, where they are recombined by a terminal elec-
tron acceptor. In this process, coal is the electron donor on the anode, and gaseous
oxygen acts as the final electron acceptor on the cathode [5].

The self-potential measured at the surface increases with increasing temperature
of the heat source and sharply decreases with increasing buriedness. In addition, the
oxidation-reduction potential reduces the total values of self-potentials on the surface.
Consequently, the self-potential values measured in the depth of the bed should be
significantly higher than those recorded on the earth's surface. However, both de-
scribed mechanisms do not fully explain the abnormally large self-potential.

3. Dielectric constant. Measurements of the dielectric constant of dry coals with-
out mineral impurities in the high-frequency range of 0.6-2.2 GHz showed that it de-
creases with increasing grade of coal. The presence of moisture and minerals can sig-
nificantly increase the dielectric constant of bulk coal. The real part of the relative
dielectric constant of coal is higher than that of most mineral components, with the
exception of pyrite. The dielectric properties of coals depend strongly on temperature
and weakly on microwave frequency. A significant decrease in the dielectric constant
of coal and the loss factor occurs between 80 °C and 180 °C and is associated with
the removal of moisture, which is in good agreement with the behavior of electrical
conductivity in this temperature range (see p. 1). Natural moisture coals of both high
and low grades have the highest values of dielectric constant and loss factor. For sub-
bituminous coals, high rates are due to the presence of water dipoles, which are
strongly connected with the molecular structure [6].

More recent research measured the relative dielectric constant and dielectric loss
of three coal samples (at 7= 0-80 °C and f = 500—-1000 MHz) by ultra-wideband die-
lectric spectrometry. The impact of ultra-wideband frequency and temperature on the
dielectric properties of coals of different degrees of metamorphism is analyzed. The
frequency spectrum of the relative dielectric constant of coals has a complex shape
(Fig. 2).

The relative dielectric constant of coals first decreases with increasing frequency
to a local minimum and then increases to values close to the initial ones, after which a
significant decrease follows. Analysis of the given graphs shows that the dielectric
constant of a medium is connected with its polarization. Each polarization mode has
its own relaxation time. When the frequency of the electric field is high, slow polari-
zation processes may not keep up with the change in the electric field, so the relative
dielectric constant decreases with increasing frequency. The local maximum is asso-
ciated with the electronic conductivity of certain coal structures. At low frequencies,
the electrons in carbon are in a bound state with functional groups, and the micro-
wave energy is not enough to excite them to overcome the barrier. As the frequency
increases, the probability of electron delocalization grows.



10 ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Geo-Technical Mechanics. 2023. Ne 166

ol F N
1 |
TR _. 1 1 : 11]
LT, i
O | i
! e 1 = P, ', = oo
- ~ e LT e i fre, 538°%C
= Ta L | i 8 « 1027
A L . ' ' ' ' . 1570°C
= o e atiiiife, . 18.53°C
- e A N et ' ' ,
o I e fs fehit, 270
= B bl et - C
= 672 ;:;:.- : : :HI:I"‘::::!.. l,:_ ' «  I0R9%C
E B a -:_1:'.,1...., ..::[::;‘.l- ' "'=11 ' .;r . v . 5_]_:\0\,:
2 L6 SR ' 10.62°C
= i i . ot
N 1 i | T 23850
= | i : ' 50.42°C
= 624 - 1 | Ll Ty N
5 ! | MR 53.58%C
A i | aly H P
2 - , o . B0I5C
B : : 66.634%C
| i . o B0AC
LETEF i i el
i | i '} " [
1 _-I-I Py | 1 b 1 L 1 1 " 1 " 1 & 1 " 1
300 550 o0 650 700 TS0 300 GBS0 900 950 1000

Frequency/MHz
Figure 2 — Family of dielectric spectra of lean coal at different temperatures [7]

The relative dielectric constant increases with increasing temperature. Dielectric
losses increase with increasing frequency and differ significantly for different coals.
At the same frequency and temperature, the dielectric losses of lean coal are greater
than those of long-flame coal. Dielectric losses of all coals increase at temperatures >
60 °C [7].

In coals and solid residues during pyrolysis, the density of charge carriers is low
and there is practically no charge transport. Charge mobility inside a macromolecule
can only occur if the macromolecule contains systems of conjugated links. The appli-
cation of an external electric field leads to polarization of the conjugated system of
double links in the macromolecule chain and the appearance of quasiparticles induced
by external solitons, polarons, etc. These quasiparticles can be generated in coals and
their carbonized residues during thermal degradation under the impact of an applied
electric field. Which leads to a decrease in the electrical resistivity of solid residues
for sintered coals under the impact of a larger electric field.

Various types of impurities are of no small importance in increasing the electrical
conductivity of high-molecular dielectrics. In the case of hard coals, such impurities
can be low-molecular destruction products and substances such as plasticizers located
in the intermolecular space. The removal of these products from intermolecular na-
nopores at the moment of re-solidification of the plastic mass of sintered coals (at 7=
450-520°C) or their insufficient amount during the restructuring of the supramolecu-
lar structure of non-sintered coals (at 7= 380-620 °C) leads to the emergence of a
local maximum in the temperature curve of electrical resistivity.

The electrical resistivity of solid residues of both sintered and non-sintered coals
is determined by the dielectric properties of the disordered phase. The increases in
temperature of low-frequency dielectric constant (f = 0.1 MHz) for solid residues of
non-sintered coals occur due to the loosening of their structure. The temperature
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curve of the dielectric constant for solid residues of sintered coals has a characteristic
minimum in the region of the plastic state, which is determined by electronic satura-
tion. This phenomenon manifests itself in anomalies in the electrical and dielectric
properties of molecules and anisotropy of optical properties [8].

4. Electromagnetic emissions. In practice, it has been observed that deformation
and fracture of loaded rock can cause electromagnetic radiation (EMR). Marble,
granite, clays, sandstones, and other hard rocks are capable of generating it. This
phenomenon is explained by the piezoelectric effect, friction electrification, flow po-
tential, migration of electrons, holes, and polarization caused by force stresses, main-
ly at the macro- and mesoscale. From this, it follows that with the help of EMR and
acoustic emission, it is possible to control the stressed state of a coal bed [9].

When the mechanical stress increases, the outer electrons are excited, creating an
instantaneous dipole moment, which emits electromagnetic waves. The mechanism of
rock radiation is due to high-speed movement and collision of external electrons.
Some types of rocks in the process of destruction can emit an electron; when the ex-
ternal force reaches a certain threshold, the number of electrons increases rapidly
with a wide distribution of them across energy levels. The signal amplitude is greatest
in the crack. The frequency of the electrical and magnetic signals is not synchronized,
and the time and amplitude of the electrical signal is small.

Experiments show that coals subjected to uniaxial compression and shear loading
can produce ultra-low frequency (300 Hz—3 kHz) EMR signals that correlate well
with applied stress and acoustic emission. Ultralow-frequency signals after applying
voltage are caused, firstly, by changes in the induction field due to the movement of
charges, and secondly, by the piezomagnetic effect arising from the presence of cer-
tain iron-containing minerals such as pyrite in coals [10].

Previously, the Institute of Geotechnical Mechanics of the National Academy of
Sciences of Ukraine showed that the surfaces of coal burstings can have a stable
spontaneous potential at a constant temperature [11]. In another innovative research,
the microsurface potential of coals of different thermal maturity (R, = 0.90 % ~
2.47 %) was measured using atomic-force microscopy at five scanning scales [12].
The electrical self-potential of the coal microsurface depends on the degree of meta-
morphism and has a significant scale effect. The coal microsurface potential is heter-
ogeneous and has a Gaussian distribution. The spontaneous charge is mostly positive
and can reach more than 800 mV (Fig. 3).

The average surface potential varies from -0.73 V to +0.87 V. The potential dif-
ference between different points, measured in a certain scanning area, can exceed
100 mV. The average potential decreases with increasing scan scale, while the dis-
persion increases (Fig. 4).

The scale effect of coal microsurface potential is mainly due to its heterogeneity.
Metamorphism can affect the surface potential through the evolution of polar func-
tional groups, distribution of surface microstructures, micromorphology, internal
connectivity and heterogeneity. Accordingly, the existence of the microsurface poten-
tial of coal, especially its large-scale effect, provides a physical basis for EMR gener-
ation when charges move on the surface of pores and cracks.
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Figure 3 — The example of heterogeneity in the spatial distribution
of microsurface self-potential of coal [12]
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Figure 4 — The example of the impact of local potential inhomogeneity [12]

3. Results and its discussion

An analysis of published works has shown that most of the research is of an epi-
sodic applied nature, on the basis of which it is difficult to form a single holistic sys-
tem of hierarchy for observed electrical phenomena with a cause-and-effect relation-
ship between factors, processes, and properties for matters with a solid hydrocarbon
matrix. One factor can generate many processes for a variety of carbon matrices at
different scale levels, which accordingly exhibit different properties. In this case, it is
necessary to look for analogies and rely on fundamental knowledge borrowed from
more developed scientific fields, where the objects of research are pure substances
with a known atomic-molecular, micro- and macro-structure.
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4. Conclusions

The wide range of electrical properties of rocks saturated with organic matter is
associated with the degree of maturity of kerogen and the degree of external factors
that impact the energy state of coal, which in turn forms the electrical and magnetic
properties of the matter. This gives rise to complex temperature dependencies and
multidirectional processes from polarization of dielectrics to electronic or ionic con-
ductivity. Their scale hierarchy strongly depends on the type and proportion of geo-
polymer, its electrical properties, as well as the filling of the pore space with liquid
electrolytes.

Prospects for studying the electrical properties of coal are associated with model-
ing the corresponding processes in carbon structures with a known structure and
properties.
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AHANITUYHUI ornan AOCNIMKEHb ENEKTPUYHUX SIBULL Y BYTNE®IKOBAHIA PEYOBWHI
3 YPAXYBAHHSIM MACLUTABHOI IEPAPXII

A00&0 e [.s., AJLsSE s.¢., akzteyos LA., 3Bkl fu., a060ksen1¢d? A.4.,
g ts'Ctso 5.¢.

AHoTauifi. EnektpuyHi npouecy y ByrneueBMiCHUX NOPOLAaX HAaCUYEHUX OpraHiYHOK PEYOBMHOK HEODXIAHO po3r-
nsaaTi Ha TPbOX MacwTabHMX piBHSX: MAKpPOPiBEHb MiacTa, Me30piBeHb 3paska, MiKpOpIBEHb TOUKW. Ha NUTOMMI enek-
TPUYHWIA ONip BYriNNs BNMWBAE PaHr, BONONCTb, MiHEpani3ayis, TemnepaTtypa Ta iHwWi napameTpu. TemnepaTypHi 3MiHu
€NEeKTPONPOBIAHOCTI BYriNAA CUNbHO 3anexartb Big TEPMIYHOI iCTOpIi NnacTa i MalTb CknagHuin 6araToeTanHuin Xxapak-
TEp y Mipy HarpiBaHHs 3paska 3yMOBIIEHi pPi3HOCMPSMOBaHUMM npoLecamun. TepMiuHa akTvBaLis BYrinns nprusBoauTb 40
30inbLUEHHS KinbKOCTI HOCIiB 3apsiay B NokanbHii 6e3nepepsHin MikpoobnacTi. Y Ton ke Yac npoLec YTBOPEHHS NOPOX-
HUCTMX TPILLMH NEepeLLKOMKaE 3POCTaHHI0 eNeKTPONpOBIAHOCTI B MakpoMacluTabi. Mpu nig3emMHux noxexax BYriflbHUX
NnacTiB NUTOMWUIA eNEKTPUYHWIA OMip 3HAYHO 3MEHLLYETLCS B OCEPEAKY 3ailMaHHs, ane B NOBEPXHi 3eMMi peecTpyeThes
aHOMarbHO BUCOKe 3HAYEHHS eNEKTPUYHOrO camonoTeHuiana. MuToMa enekTponpoBIaHICTL BONOTrOHACUYEHOro BYriMb-
HOro NrlacTa MoXe 3Ha4yHO 3poCcTaTh 3a PaxyHOK IOHHOT NPOBIAHOCTI MOPOBUX PO34MHIB €NEKTPONITIB. [lienekTpuyHi Bna-
CTMBOCTI BYFiNns CUNbHO 3anexartb Bif paHry, TemnepaTypu Ta BONorocTi. BigHocHa AienekTpuyHa npoHKKHICTb 36inb-
LWYETLCS 3 MIABNLLEHHAM TemnepaTypu. HagBMcoKo4YacTOTHUMI LUMPOKOCMYTOBWUIA CNEKTP Mae cknagHy dopmy 3 6esniy-
YKo NIOKanbHUX MakcUMyMiB. [ienekTpuyHi BTpaTi MatoTb TEHAEHLLit0 3pocTaTy 3i 3BiNbLUEHHAM YaCTOTY | 3HAYHO Bigpi3-
HAKOTLCA N1 BYriNNS pisHUX paHriB. Byrinng, nigfaHe 0gHOBICHOMY CTUCHEHHIO Ta 3CYBHOMY HaBaHTaXEHHIO, MOXYTb
[aBaTh YNbTPaHU3bKOYACTOTHI CUrHaNN enekTPOMArHiTHOr0 BUMPOMIHIOBaHHS, Siki foOpe KOpenolTb 3 NPUKMNageHo
Hanpyroto, i akyCTMYHOK emicieto. DisnyHy npupody enekTpoMarHiTHOI emicii ByrinbHOro nnacrta, 06yMOBIEHy pyxom
3aps4iB Ha MOBEPXHi NOP i TPILLMH, MOXHA MOACHUTW MacluTabHUM eheKTOM MIKpONOBEPXHEBOrO CaMoNOTEHLiany By-
rinng. Metamopiam MOXe BNNMBaTK Ha NOBEPXHEBWIA NOTEHLAN BYriNNS 3a paxyHOK eBOSMOLLT NONSPHUX (hYHKLiOHa-
NBHUX rpyn, PO3MoAiny NOBEPXHEBUX MIKPOCTPYKTYP, MiKPOMOPEOSOrii, BHYTPILLHLOI 3B'A3HOCTI Ta reTEPOreHHOCTI.

MeTa poboTy — NPOBECTM OrNSA, aHani3 Ta cuctemaTusaliio onybnikoBaHUx ekcnepuMeHTanbHUX JOCTIMKEHb ene-
KTPUYHMX BNACTWBOCTEN BYTINNS 3anexHO Bifg MeTacTabinbHOI CTPYKTYpU iX BYrneLeBoi MaTpuLi Ta 30BHILLHIX haKkTopiB
Ha Pi3HNX MacLUTabHNX PiBHSX.

KntouoBi cnoBa: Byrinns, maclutabHa iepapxisi, NeKTPONPOBIAHICTb, AieNeKTpUYHa NPOHUKHICTb, BMIACHWI NOTEH-
Lian, enekTpoMarHiTHa emicis.
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