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The biintercalation of the layered GaSe semiconductor is carried out by ferroelectric and ferromagnetic guest
components. Due to the separation of guest components, the GaSe<NaNO,+FeCl; nanohybrid has a spatial-scale
hybridity, which is due to the alternation of nanoscale regions of one phase with meso- or microdimensions of
another. The results of electrical conductivity studies by impedance spectroscopy indicate a 250-fold increase af-
ter biintercalation of the GaSe single crystal, due to delocalized current carriers. Confirmation of a significant
change in the impurity energy spectrum after biintercalation was obtained by the method of thermally stimulated
discharge — GaSe nanohybrid <NaNO,+FeCl;> is characterized by a quasi-continuous spectrum in the entire
temperature range of measurements and relaxation of the heterocharge. The GaSe<NaNO,+FeCl;> nano-hybrid
is characterized by a high dielectric constant while a tangent of the dielectric loss angle is less than 1 in the high-
frequency region of the spectrum. That opens the prospect of its use for the manufacture of high-quality radio-
frequency capacitors. Changes in the impurity energy spectrum are investigated for low temperatures in the vir-
tual crystal model, taking into account the Fivazov dispersion law both for the conductivity band and for the
two impurity bands. The appearance of an additional gap in the spectrum of impurity states is established and
its shift is investigated depending on the concentration of intercalants of different nature — intercalant-acceptor

type and donor.

Keywords: biintercalation, layered crystal, nanoscale, nanohybrid, virtual model.

Introduction

The formation of functional materials at the level of
nanoscale objects is a powerful tool for purposeful altera-
tion of their properties, and it often provides the ability to
obtain extraordinary effects and phenomena. Studies of
nanostructured materials with the structural element di-
mensions in the nanometer range reveal completely new
properties and approaches in material science and the study
of substances. Materials with anisotropy of physical proper-
ties are of great interest to researchers. Such materials in-
clude layered crystals of the A’B® group (InSe, GaSe),
which allow researchers to search for unique (2D) elect-
ronic properties such as high electron mobility, quantum
Hall effect, anomalous optical response, or induced zero-
resistance states [1, 2].

Due to the peculiarities of the structure, layered crystals
of A’B® group are potential thermoelectric materials with
high PF (power efficiency) [3], they can be used in various
fields of electronics [4, 5] and can serve as matrices with
2D guest positions. “Construction” on their basis of certain
inorganic/organic nanostructures by intercalation crystal
engineering allows, on the one hand, to expand the range of
new compounds, and on the other hand, to enrich unique,
uncharacteristic properties, such as boson peak [6] or struc-
tural, magnetic properties and low-temperature impedance
behavior [7] in Ni,InSe intercalates. Layered single crystals
intercalated by foreign atoms of different nature allow the
formation of nanostructured materials, so-called biinter-
calates [8, 9]. The formation of clathrate complexes on the
basis of the mentioned single crystals of different complexity

© F. O. Ivashchyshyn, V. M. Maksymych, T. D. Krushelnytska, O. V. Rybak, B. O. Seredyuk, and N. K. Tovstyuk, 2021



F. O. Ivashchyshyn, V. M. Maksymych, T. D. Krushelnytska, O. V. Rybak, B. O. Seredyuk, and N. K. Tovstyuk

with supramolecular guest component allows to realize
quantum amplification of sensory sensitivity to external
physical fields [10] and the fundamental possibility of stor-
ing electricity at the quantum level [11, 12].

A study of the conditions of thermodynamic advantage
of biintercalation and the kinetic properties of biinter-
calates remains relevant. The important parameters of the
observed phenomena are the structure and energy struc-
ture, relaxation time and electron scattering, conductivity
and polarization. All these parameters will be determined
mainly by the density of electronic states in the vicinity of
€. The corresponding change in thermodynamic parame-
ters gives us an understanding of the conditions when
biintercalation is energetically advantageous and on what
microscopic parameters it depends.

Materials and research methods

A photosensitive quasi-two-dimensional gallium selenide
semiconductor was selected as the host material (GaSe) [13],
and sodium nitrite (NaNO,) with ferric chloride (FeCls)
were selected as ferroelectric and magnetoactive guest,
respectively.

The formation of intercalate structures was carried out ac-
cording to the intercalation technique described in [14, 15].

X-ray diffraction spectra were obtained on a diffractometer
under Cuk, radiation monochromatized by reflection from the
LiF monocrystal (200) planes, mounted on the primary beam,
in a symmetrical 620 scanning.

Impedance measurements were performed in the direc-
tion of the crystallographic C axis in the frequency range
10°-10° Hz using the AUTOLAB measuring system from
Eco Chemie (Netherlands), equipped with computer pro-
grams FRA-2 and GPES. The removal of ambiguous
points was performed by a Dirichlet filter [16, 17]. The
frequency dependences of the complex impedance Z were
analyzed by the graphoanalytical method in the environ-
ment of the software package ZView 2.3 (Scribner Associ-
ates). The approximation error did not exceed 4%. The
adequacy of the constructed impedance models of the ex-
perimental data package was confirmed by the completely
random nature of the frequency dependences of the residu-
al differences of the first order [16, 17].

In order to determine the local energy levels, the ther-
mally stimulated depolarization currents were measured.

Results and discussion

A biintercalate GaSe <NaNO,+FeCl;> was formed by
the method of intercalation crystal engineering with ferro-
electric guest components. The formation of this nano-
structured biintercalate was carried out by the method of
direct exposure of the original matrix first in sodium nitrite
and then in iron trichloride. This process can be represent-
ed in the following sequence:

GaSe + NaNO, — GaSe<NaNO,> (IV separation stage) +

FeCl; — GaSe<NaNO,+FeCl;> (Il separation stage).
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The formation of intercalates proceeds not by the simul-
taneous occupation of all available “guest” positions but
by the mechanism of “separation” [18, 19]. The formation
of the fourth stage separation (GaSe<NaNO,>) intercalate
phases, and biintercalate of the second stage separation
(GaSe<NaNO,+FeCl;>) occurred with a significant exother-
mic effect, indicating a covalent bond between the introduced
guest content and the matrix. The structure of the obtained
biintercatelate nanohybrid is schematically shown in Fig. 1.

Separation in the process of intercalation formation of
biintercalate nanohybrid GaSe<NaNO,+FeCl;> leads to
the emergence of a spatial-scale hybridity due to the alter-
nation of nanoscale regions of meso- or microdimension
phases. This is confirmed by the results of x-ray diffracto-
metry, the spectra of which are presented in Fig. 2. Based
on the analysis of the diffraction maximum profile (004), it
can be seen that:

(1) As a result of intercalation modification, there is a
shift of the angular maximum of the curves towards small-
er scattering angles. It is also interesting to select an addi-
tional maximum for a biaterlate nanohybrid, which indi-
cates the existence of two pronounced structures with two
different distances between the layers. According to the
Wolf-Bragg formula d;, =%/2sin® (A = 1.5418 A is
the wavelength of Cuk, radiation), this result is due to an
increase in the interplanar distance d 4, and, accordingly,
the distance between the layers in the unexpanded packets
of GaSe single crystals.

The value of the Bragg angle allows to determine the
parameter ¢ of the GaSe unit cell:

¢ =1d ) = 4d 004

The parameters ¢ of the experimental samples are pre-
sented in Fig. 2. It is noticeable that there is a pronounced
tendency of the increase of the cell parameter ¢ in the di-
rection perpendicular to the layers of the single crystal,
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Fig. 1. (Color online) A schematic structure of a biintercalate
nanohybrid GaSe<NaNO,+FeCl;>.
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Fig. 2. X-ray diffractometry spectra for GaSe (/) (¢ = 15.917 A),
GaSe<NaNO,> (2) (c = 16.2651 A), and GaSe<NaNO,+FeCly> (3)
(¢=16.072, and 15.977 A).

especially for the sample after 4-fold expansion with iter-
calated NaNQ,. In contrast, for the biintercalate there is not
such a large increase in the cell parameter ¢, but there is an
additional maximum, which indicates the existence of two
structures with corresponding interplanar distances.

(i1) In addition to the displacement of the angular posi-
tion of the Bragga maximum, there is also an increase in the
half-width of the diffraction reflection curves compared to the
original sample. According to the Wolf-Bragg formula,

A_d= —ctgOAb.
d

Thus, the extension of the reflection curves is propor-
tional to the relative change in the interplanar distance,
which indicates the presence of fluctuations in the distance
between the layers in single crystals.

The results obtained for samples with different degrees
of the hierarchy are well correlated. Intercalation of NaNO,
has been found to form the intercalant phase of the fourth
stage of separation and, at the subsequent biintercalation of
FeCl;, of the second stage one.

The next step was to study the conductive and polariz-
ing properties of the biintercalate obtained by impedance
spectroscopy method. In Fig. 3 shows Nyquist charts of
layered GaSe single crystals and GaSe<NaNO,+FeCl;>
biintercalate. In the case of layered GaSe single crystals, a
single arc (Fig. 3, curve /), characterized by the current
flow across the layers, is observed. On the other hand, for
the biintercalate case, the Nyquist chart transforms and
obtains a pronounced two-arc character (Fig. 3, curve 2).
In this case, the high-frequency arc represents the current
flow through the unexpanded packages of the semiconduc-
tor matrix, and the low-frequency arc reflects the transfer
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Fig. 3. Nyquist charts measured for the layered GaSe single crys-
tals (1) and GaSe<NaNO,+FeCl;> biintercalate (2).

of electric charge through the intercalated areas. An inser-
tion of biintercalate guest component leads to the 250-fold
increase in conductivity.

The represented experimental data show that biinter-
calation leads to significant physical changes in the inter-
nal matrix properties.

Even the simplest theoretical models of strongly aniso-
tropic layered structures with staged ordering give good
qualitative results.

In particular, according to [20], a model is proposed where
the consideration of the electrons energy spectrum is limited
to electronic states, which in the strong bond approach are
formed by nondegenerate orbitals localized on atoms.

So, the electron subsystem is described by Hamiltonian,
which takes into account the electron transfer between
nodes within the layer, between the layers within the
sandwich and between the sandwiches.

The sandwiches are divided by extended areas that can
be considered as potential barriers. With increasing distance
between sandwiches, the electron transfer between them
decreases. That’s why the studied system can be considered
as a set of sequentially placed two-dimensional planes.

In this case, the electron density of states contains loga-
rithmic divergence, typical for two-dimensional structures.
It means that a twofold increase in the distance between
sandwiches leads to the significant decrease in the electron
transfer in this direction, as well as to a rebuilt electron
density of states.

The increase in the electroconductivity of GaSe after
biintercalation is caused by delocalized carriers and de-
monstrates the significant transformation of the intercalant
energy spectrum and its dominant role in the current flow
processes.
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Fig. 4. Currents of thermaly stimulated discharge in the case of
single GaSe (/) and biintercalated GaSe<NaNO,+FeCl;> (2).

To study energy spectrum of intercalant levels, the cur-
rents of a thermally stimulated discharge were measured in
the case of single and biintercalated GaSe <NaNO,+FeCl,>
(Fig. 4). In both cases relaxation of heterocharge is typical.

For a single-layer GaSe crystal, a local narrow band-
energy spectrum is observed. The higher the temperature
(above the room), the more the spectrum transforms to qua-
si-continuous one. On the other hand, for the biintercalate
GaSe<NaNO,+FeCl;> the spectrum is quasi-continuous in
all temperature region. The received result is in good agree-
ment with the results of impedance spectroscopy.

Nyquist charts have a typical pattern reflecting the trans-
fer of electric charge through unexpanded GaSe packets and
potential barriers introduced by the biintercalant (Fig. 3,
curve 2).

The impedance studies at simultaneous action of light
were carried out to reveal the effect of the ferroelectric
guest on the conductive flow.

The measurements were performed under normal con-
ditions, in a constant magnetic field (2.75 kOe), and under
illumination (a simulator of solar radiation with a power of
65 W). Re Z is significantly reduced compared to the orig-
inal GaSe matrix. A weak magnetoresistive effect was re-
vealed at the lowest frequencies and the maximum of pho-
tosensitivity reaches ~2.5 times (Fig. 5).

It should also be noted that, under illumination, the be-
havior of Re Z(®) reaches an independent frequency cha-
racter in the wide frequency region, which is not inherent
in the original unexpanded GaSe matrix. This result can be
explained if we assume that the actual condition of the
proximity of the host conduction zone and the filled band
of states of guest content in the forbidden zone is realized
during the biintercalation. Thus, when illuminated with
white light, the energy will be enough to delocalize the
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Fig. 5. Frequency dependences of the real component of the specific
complex impedance perpendicular to the GaSe<NaNO,+FeCl;>
nanolayers, measured under normal conditions (/), in the magne-
tic field (2) and under illumination (3)

main current carriers, which will cause an increase in the
concentration of free carriers, i.e., the observed increase in
conductivity in a fairly wide frequency range.

The dielectric constant shows an abnormal behavior (g
increases with increasing frequency in high-frequency re-
gion) for GaSe<NaNO,+FeCl;> biintercalate (Fig. 6). It is
important to note that in this range the tangent of the die-
lectric loss angle takes values less than 1. In this case, this
structure can be used to manufacture a high-capacity radio-
frequency capacitor.

Polarization characteristics also behave in a usual way:
the tangent of the angle of electric losses has a value of not
less than 1 only in the high-frequency region (o > 10° Hz),

1.0
10k L |
e i
N\ 0.8
° ]
SN
4 [ ]
10 & -10.6
F o
€ [ 1 o0
i 104
10° ]
H02
5 ‘ee?
10 e e 0
4 5 6
10 10 10
o, Hz

Fig. 6. Frequency dependences of the tangent of the angle of
electric losses and dielectric constant for GaSe<NaNO,+FeCl;>
biintercalate.
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Fig. 7. Current-voltage characteristic of GaSe<NaNO,+FeCl;>
under normal conditions.

in which the dielectric constant has the values typical for
ferroelectric polarization (10°-10%). The presence of areas
of anomalous dispersion on g(®) is invariable with respect
to the type of host-guest interaction (Fig. 5).

Current-voltage characteristics show the accumulation
of charge (which is typical for the nitrite-sodium encapsu-
lates of gallium selenide), but it is not visualized in a mag-
netic field. Spin emf is not visible on the plot (Fig. 7).

The fact of «bending» of the /-V branches at U= 0.44 V,
not at zero voltage, is interesting and still unclear.

Most likely, such /-V behavior is governed by a special
condition of the electron subsystem, namely redistribu-
tion of charge carriers between nanoclusters in the de-
formation field.

Model and calculation

A special condition of the electron subsystem, namely
redistribution of charge carriers caused by biintercalation,
is studied in the virtual model crystal.

Layer crystals like GaSe belong to the strong anisotropic
crystals, which can be described by a set of sandwiches con-
nected by weak van der Waals interactions along the anisot-
ropy axis. Each of these sandwiches consists of four cova-
lent bonded Se-Ga—Ga—Se atomic planes. Such discrimi-
nation in chemical bonds causes an anisotropic electron
energy spectrum, so-called Fivaz [21]:

(x.k) =0 x* +1, (1-cosk.d), (1)
where x =(ak.,b k), k., =k, a=1/2m; , (m;, is the
effective mass of an electron in the atomic plane within the
sandwich), it is electron mixing between the nearest sand-
wiches along the anisotropic axis; 7i=1. The effective
mass approximation is used to describe the electron within

the sandwich (the Se—In—-In—-Se monoatomic XOY planes)
and strong bond across the layers (along the anisotropy
axis) in the nearest-neighbors approximation. Such energy
law takes into account the different chemical bonds in dif-
ferent crystallographic directions of the layered crystal.

Two different types of guest atoms with corresponding
average concentrations p; and p, are inserted in the van
der Waals gap. The case of interacting layer GaSe single
crystal and two different types of guest atoms is considered
within the frame of virtual model crystal [22].

Subbands of electrons localized on corresponded guests
are described by energy laws

e, (k) = oy +1,(1-cosd k. ) +20L )
p]

&,(K) = ayy? +1,(1—cosd.k. ) +-2 . 3)
123

The bottoms of the corresponding subbands are measured
from g, /p;, where g, is the energy of the ground state of
corresponding intercalant with average concentrations p;.
The distinguishing of the nature of corresponding guest
atoms is included through different energies €, and gy,
(€01 # €02)-

The Hamiltonian of biintercalate electron subsystem
with inserted N,, guest atoms of two types is built on the
quantum function

Z Can ¥ r)+ZP1 a, 0y, (r)
+ZP2

where summation is over all cells, y,, (r) is the wave func-
tion of an electron localized on the node of a layer crystal,
@y, (r) are a wave functions of an electron localized on
the atom of intercalant of the 1st and 2nd type; probability

)ba®2, (1), “

1, when in nth node intercalant
of the ith type is present,
pi(n)= . . (5)

0, when in nth node intercalant

of the ith type is absent.

The Hamiltonian in the pulse approximation is

H :zgc (k)C;Ck +P12281( axay + p3 282 bkbk
K K K
+plel(k)ClJ(rak +P22V2 (k)cltbk
X K
+\ D1 P2 ZVU (k)aﬁbk +h.c. (6)
K

In Eq. (6), the dispersion laws are given by Egs. (1)-(3), V;
describes the electron hybridization between ith intercalant
subband and conductive band, and V|, describes the electron
hybridization between different intercalant subbands.

Low Temperature Physics/Fizika Nizkikh Temperatur, 2021, vol. 47, No. 12 1169



F. O. Ivashchyshyn, V. M. Maksymych, T. D. Krushelnytska, O. V. Rybak, B. O. Seredyuk, and N. K. Tovstyuk

The density of electron states was calculated using
the equation of motion for corresponding retarded Green’s

functions <<ck |c; >>, <<ak |a; >> and <<bk b >>

<<ck [ >> = 2—1%{(%@1)381 )(ro-ple; ) - pipat3

+(hm—ac)(ho)—p§az)—p§V22

+(ho—s,)(ho— pe, )= pirt}, (7)

a;>>=il{(h@—gc)(m)—ﬁggz)‘P%sz}a @

(fo

b)) =5 {(o=c.) (o= pe, )= s} ©)

D= (hm—ac)[(hm—pfsl)(hw—p§82)—p1pzf/122]
+ph [—P1V1 (h(D_Pgsz)_Pz'\/MPz Van}

P2V [Pszz(hw—Plz‘gl)Jf P\ P1P2 Van]- (10)

Density of electron states

plo)=im{{a]et))  +{faat),
o{{nfp), .} (11)

Particularly,
p(©) = 4 (k)3(0= 0, (K))+ 4 (k)3(0-0, (k)
+4; (k)5 (0— o, (k)), (12)

where o, € {®;,®,,0;} energies are found as solutions of
the equation D(#) =0:
O(hw,)

4 =(ho)l-—h(oj)(hmi—hcojr). (1)

In Eq. (13) iti#j#j O(hw,) is an expression in curly
brackets (9)—(11).

As shown in [22], in the case of V;=0, the resulted
electron energy state of biintercalate has an additional gap
in the density of states caused by the intercalant nature
(value of p,e,;) and average concentrations p;.

Electron density of state of the intercalate, including
electron hybridization (V; = 0.12 eV, V, =0.012 eV, V}, =
=0.05 eV), is shown below. Zero energy is measured from
the bottom of the conductive band, and the width of forbid-
dengapis E, =2.1eV,a.=1.0¢V, 7, =0.1eV.
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Fig. 8. Density of electron states of biintercalate at a,; = —1.025 eV,
Hh=-0.1 eV, a, =0.04 eV, t,=0.04 eV, at different p, and p, =
=0.1 = const.

Calculations of GaSe biintercalate with intercalant-accep-
tor (g5, = — 1.2 eV) and intercalant-donor (gy, = — 0.2 V)
showed that:

(i) At fixed average concentration of the donor-type
intercalant p, = const, the higher the average concentra-
tion of the acceptor-type intercalant p,, the wider becomes
the addition band (Fig. 8);

(ii)) When the concentration of the donor-type inter-
calant increases (p,), the additional gap becomes more
narrow if p, rises (Fig. 9);

(iii) Calculations have shown that the smaller the aniso-
tropy (o; = t;), the narrower the additional gap.
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Fig. 9. Density of electron states of biintercalate at o, =—1.025 eV,
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=0.1 =const.

Conclusions

During the formation of the GaSe<NaNO,+FeCl;>
nanohybrid, due to separation in the process of intercalation
formation of the biintercalate clathrate, there is a spatial-scale
hybridity due to the alternation of nanoscale regions of one
phase with meso- or microdimensions regions of the other.

The increase in the electrical conductivity of the GaSe
matrix by 250 times after biintercalation is associated with
delocalized carriers and indicates a significant transfor-
mation of the impurity energy spectrum and its predomi-
nant role in the processes of current passage. For the origi-
nal GaSe single crystal, a local narrow-band character of
the energy spectrum is observed, which turns into a quasi-
continuous one at temperatures above room temperature.
Instead, for the GaSe<NaNO,+FeCl;> biintercalant, the
spectrum becomes quasi-continuous in the entire tempera-
ture range.

The dielectric constant of the GaSe<NaNO,+FeCl;>
biintercalate in the high-frequency range reaches 10° at
values of the dielectric loss angle tangent less than 1,
which opens the prospect of using this nanostructure for the
manufacture of high-capacity radio-frequency capacitor.

The current-voltage characteristics show the accumu-
lation of charge, and the fact of «bending» of the /-J bran-
ches not at zero voltage but U = 0.44 V is interesting and is
still unclear.

At low temperatures, the energy spectrum of biinter-
calate is found within the framework of the 3-band model:
conductive band and two subbands formed by two types of
intercalant. It is found that for biintercalate there is a viola-
tion of the density of states which mainly depends on para-
meter A= p,g + p,e,. The conditions for which rising
concentrations of the intercalant broaden the energy region
and simultaneously significantly narrow the addition gap
are studied.
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biiHTepkanaTHa wWapyBaTa reTepoCTpyKTypa: yMOBMU
CnHTe3y Ta isuyHi BNacTUBOCTI

F. O. Ivashchyshyn, V. M. Maksymych,
T. D. Krushelnytska, O. V. Rybak, B. O. Seredyuk,
N. K. Tovstyuk

PearnizoBano OiiHTepKaJLiI0 MIAPyBATOTO HAIIBIPOBITHUKA
GaSe CErHETOCNEKTPUYHUM Ta (PEPOMArHITHUM TIOCTHOBHMHU

KOMITOHEHTaMH. 3a PaxyHOK eIIeJIOHYBaHHS I'OCTHOBHX KOMIIO-
HeHTiB HaHOTiOpua GaSe<NaNO,+FeCl;> Bonoie mpocTopoBo-
MacITabHO0 TiOPUAHICTIO, sIKa 3yMOBJIEHA YepPTryBaHHSIM HAHO-
po3mipHuX obnactedt oxHiel a3y 3 Me30- YU MIKPOPO3MIPHIMHU
iHmof. Pe3ymbraTé AOCHIDKEHb ENEKTPONPOBIHOCTI METOJO0M
IMITeJaHCHOT CIIeKTpocKoMii cBigaTh mpo 250-kparHe ii 3pocTaHHs
micnst  GiiHTepkassnii  MoHokpuctany GaSe, 10 3yMOBIICHO
JIEITOKAII30BaHUMH HOCISIMH  CTpyMy. IlinTBepIKeHHS CyTTEBOL
3MiHH JOMIIIKOBOTO €HEPreTHYHOTO CHEKTPY Micist OiiHTepKasLii
OTPHMAHO METOZOM TEPMOCTHMYJILOBAHOTO PO3pSLy — HaHO-
riopux GaSe<NaNO,+FeCl;> xapakrepu3yeTbcsi KBasiHenepep-
BHHM CIIEKTPOM Y BCilf TemmeparypHiii 00JacTi BUMIpIOBaHb Ta
pernakcauieto rereposapsay. Haworiopun GaSe<NaNO,+FeCl;>
XapaKTePU3YeThCsl BHCOKHM 3HAYCHHSAM [IICICKTPUYHOI HPOHHUK-
HOCTI TIPH TaHIeHCI KyTa JieJIeKTPUYHHUX BTPAT MeHIoMy 3a | y
BHCOKOYACTOTHII 00NacTi CHEKTpy, IO BiIKPUBAE IIEPCIECKTHBY
HOro BHMKOPHCTaHHS JUIi BHUIOTOBJICHHS BHCOKOJOOPOTHHX
Panio4acTOTHUX KOHZAEHCATOPIiB. 3MIHM JOMIIIKOBOTO €HEpreThd-
HOTO CIICKTPY AOCIIDKYIOTBCS Y BUIAAKY HU3BKHMX TEMIIEpaTyp B
MOZeli BIPTYalbHOIO KPUCTaldy 3 BpaxyBaHHSIM (DiBa3iBCHKOTO
3aKOHY IHCIepCii SK Ui 30HM MPOBITHOCTI, TaK i Vsl JBOX
JOMILIKOBHX 30H. BcTaHOBIIGHa IOsiBa JOJATKOBOI IIUJIMHH B
CIIEKTpi AOMILIKOBHUX CTaHIB Ta JOCIIDKYEThCS 1l 3MiHA 3aJI©KHO
Bil KOHIIEHTpamil pi3HUX 3a NMPUPOAOI0 IHTCPKAISHTIB — aKIe-
TOPHOT'O TUITY Ta JOHOPHOTO.

KimouoBi croBa: GliHTepKasLIis, MIapyBaTHi KpUCTaN, HAHOPO3MID,
HaHOTi0pu, BipTyajibHa MOJCIIb.
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