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ABSTRACT

Introduction. The refractive index n of a crystal is its fundamental characteristic. In the
presence of the experimentally obtained dispersion n(4) with high accuracy, it is possible
to determine the fundamental characteristics of single crystals using analytical relations for
the refractive index in the region of crystal transparency.

Materials and Methods. In this work, high-optical-quality rubidium sulfate (Rb2SO4)
single crystals were synthesized, crystallographic orientation was determined using a
polarization microscope and conoscopic figures, and the dispersion of the refractive indices
n, (1) was studied using the Obreimov immersion method at room temperature for different
directions of uniaxial compression with stress magnitude of g,,, ~ 100 bar.

Results and Discussion. It was found that the refractive indices dispersion of this
crystal n;(A) is normal (dn/dA < 0). As the fundamental absorption edge is approached, it
increases sharply for the three polarization directions of the electromagnetic wave. The
refractive indices satisfy the inequalities n, = n, > n, and dn,/dA > dn,/dA > dn,, /dA.

The baric changes in the molar refraction Rj, electronic polarizability « (for the
wavelength 4 = 500 nm), and crystal-optical parameters (spectral positions of the effective
centers of ultraviolet and infrared oscillators, as well as their effective strengths) of Rb2SO4
crystals at room temperature were calculated. It was found that uniaxial pressures of
o ~ 100 bar led to an increase in electronic polarizability of the crystal by an average of
(1—3)x10"26 cm?,

Conclusion. It was established that uniaxial pressures lead to an increase in
contributions from infrared oscillators by 2—-5 %, primarily due to the baric dependence of
the optical isotropic point. They also shift the position of the effective strength of the
ultraviolet oscillator A; toward the short-wavelength region of the spectrum. The change in
the effective oscillator strength in this baric range does not exceed 1 %. It was found that
the positions of effective absorption bands are more sensitive to uniaxial pressures than the
effective strengths of the corresponding oscillators.

Keywords: refractive indices, uniaxial compression, refraction, electronic polarizability,
band gap width.

INTRODUCTION
The refractive index (RI) n of a crystal, which is determined by its electronic subsystem
for a certain photon energy hw or wavelength 4, is its fundamental characteristic. The spe-

ctral dependence of the refractive index n(A) in a wide spectral region of the material's trans-
parency contains significantly more information about its optical-electronic parameters.
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The most accurate Rl is determined for transparent materials in the visible and near
ultraviolet (UV) and infrared (IR) regions of the spectrum with an error of the order of
+2x1075, but in several individual cases it can be +5x10-6 [1-8]. Transparent materials in
the specified regions of the spectrum include dielectrics and semiconductors with average
bandgap widths (E, ~ 4...6 eV). In the presence of the experimentally obtained dispersion
n(A) with high accuracy, it is possible to determine the fundamental characteristics using
analytical relations for the RI in the region of crystal transparency.

To describe the dependence of n(1), theoretical models of the atomic structure of the
crystal are used, in which there is a dependence of the polarization of the medium on the
frequency of the electromagnetic wave. If attenuation, nonlinearity, and spatial dispersion
are neglected, then we can assume that the electrons behave similarly to the influence of
the quasi-elastic force F = —qgr on their deviation from the equilibrium position:

eE
r=—— (1)

- m(w — w?)

where w is the cyclic frequency of the electromagnetic wave E = Egexp(—iat),

Wy = +/q/m — the resonant frequency.

Each electron creates a dipole moment p = er. The nuclei also contribute to the
polarization of the crystal, but since their mass is large compared to the mass of the
electron, their contribution in the first approximation can be neglected. The frequency
dependence of Rl is as follows:

n?—1 4m _ e? fx
=N Y (2)
n“+2 3 m — Wi, — W

where N is the number of electrons for the corresponding resonant frequency @y,
fx is the oscillator strength, which determines the degree of electron participation in this
oscillation.

If in relation (2) we consider only two oscillators in the near UV and IR regions of the
spectrum, then we can obtain the well-known Selmeyer formula:

BiA§i A% By, A2
2=1+101 +202 ! 3
"R R, o

Here Aot and Aoz are the spectral positions of the effective centers of the UV and IR oscillator
bands, respectively, and B1 and Bz are the effective strengths of the corresponding
oscillators.

The study of baric changes in the Rl is due to the study of existing or possible phase
transitions, as well as changes in the structure during temperature changes or compression
of the crystal. Baric dependences of the Rl have recently been actively studied, although
the emphasis is on the influence of hydrostatic pressure [9 — 16].

It has been found that the Rls decrease on average by 4 % in the pressure range up
to 15 kbar [5, 6] for several crystals that are actively used in multiplet quantum laser
sources (InGaAsP, AlGalnAs, and GalnNAs). For sapphire crystals at pressures up to
190 kbar, the refractive index at a light wavelength of 514.5 nm decreases linearly [11]. For
KMgFs crystals, the refractive index increases monotonically under pressure:
dnidp = 2.46x107* bar™! for A =589.3 nm [12]. In some crystalline dielectrics, it has been
found that the Rls mostly increase during uniaxial compression [13 — 16].
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This behavior of Rl is caused by the fact that hydrostatic pressure reduces the volume
of the crystal and increases its density, which causes the growth of RI. The effect of uniaxial
pressure on the refractive properties of crystals can be similar. At the same time, in
anisotropic crystals, uniaxial compression along a certain direction will not always lead to
unambiguous changes in the volume and RI in other crystallo-physical directions.
Therefore, it is interesting to evaluate the effect of uniaxial compression on the RI of
anisotropic crystals.

MATERIALS AND METHODS

We consider the effect of uniaxial compression g, on the behavior of the Rl of a
rubidium sulfate (RS) Rb2SO4 crystal. This is a typical representative of the ABSO4 group
crystals; at a temperature of T, ~ 922 K, it undergoes a phase transition from the
pseudohexagonal paraelectric phase P-3m1 to the orthorhombic ferro-elastic phase
(symmetry space group D3¢ — Pmcn) [17, 18]. The study of their crystal structure allowed
us to clarify the lattice parameters: a = 7.82079(10) A, b =5.97778(7) A, and
¢ =10.44040(13) A, and the band-energy structure’ of the crystal has a direct-type band
gap (E; = 4.89 eV) and weak dispersion of energy levels. It was also established that for
this crystal, the top of the valence band is formed by 2p states of oxygen atoms, and the
bottom of the conduction band is formed by 4s-electrons of rubidium [17, 18].

Previously, an optical isotropic point (OIP) was found in this crystal at room
temperature: the equality of n, and n, at a wavelength of A =495 nm and room temperature
(n, = ny, = 1.51705) [19-21]. The study of the dispersion dependences of birefringence
An;(A) showed that the crystal has a small normal dispersion d(4nx)/dA < 0, and
uniaxial compressions g, do not change the character, but only the magnitude of the slope
of the curves 4n;(A) [22]. The authors also calculated the spectral dependences of the
combined piezocoefficients n?m(l) and found that they are piezocoefficients n§1 and n§’1
in the vicinity of the OIP at a wavelength of A =490 nm are equal.

The analysis of baric changes in the main Rls n;(g,,) of the RS crystal was carried
out based on previously obtained dependencies niom (A) using the formula:

1
ni(/l: T) = nio(/lv T) _Enim(/l' T)O-mniSo(/L T)' (4)

where n;, is the refractive index of a mechanically free crystal,
om is the magnitude of the mechanical load applied to the crystal,
;m are the absolute piezo-optical constants,

index i denotes the direction of light,

index m denotes the direction of compression.

This research method allows us to study the behavior of all the main RIs under the
action of pressures in a wide spectral region along different crystallographic directions
(especially the behavior of n; under the action of g;). The baric behavior of RIs n; (i = m)
can be directly investigated by the well-known direct interference-optical method [2, 3], but
only for one wavelength, and it is experimentally more complicated.

RESULTS AND DISCUSSION

Fig. 1 shows the dispersion dependences of ny at room temperature of mechanically
free and uniaxially compressed RS crystals. In general, it was established that the
dispersion of the Rl n; (1) of this crystal is normal (dn/dA < 0), and increases rapidly with
the approach to the edge of fundamental absorption, n;(4) for three directions of
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Fig. 1. Dispersion of refractive indices ny(A) of Rb,SO, crystals for different directions of uniaxial compression:
1-0,=0,2-0,=100 bar, 3 -0, =100 bar.

polarization of the electromagnetic wave. The following relations between the Rl were
found: ny =n, >n, and dn,/d1 > dn,/dA > dn,/dA. It was established that the
uniaxial pressure does not change the character of the curves n;(4), only the value of the
dispersion dn;/dA changes. Table 1 shows the corresponding values for all
crystallographic directions under the action of different pressures.

Let us consider the relationship n;(4, o) with the characteristics of the crystal, which
follow from the dispersion formula of Selmeyer and the Lorentz-Lorentz formula, which
describes refraction and electronic polarizability [1, 2]:

3 n?2-1
Q= ——-, ()
4N n2 + 2

Table 1. Baric changes in the specific refraction R; and electronic polarizability «;
for the light wavelength A = 500 nm, as well as the crystal-optical parameters of
Rb.SO;, crystals at a temperature of T=293 K

Parameters om = 0 bar ox = 100 bar oy = 100 bar oz = 100 bar
axx10%4, cm3 8.85 8.87 8.88 8.88
ayx10%4, cm3 8.83 8.85 8.85 8.86
azx10%4, cm?3 8.84 8.86 8.87 8.86
Rx, cm? 22.34 22.37 22.36 22.35
Ry, cm?3 22.30 22.31 22.32 22.33
Rz, cm3 22.31 22.34 22.33 22.33
Aox, NM 94.19 94.25 94.23 94.23
Aoy, Nm 93.41 93.43 93.45 93.46
Aoz, nm 94.18 94.19 94.21 94.22
B,x108, nm=2 141.15 141.13 141.12 141.12
Byx108, nm=2 143.83 143.81 143.82 143.80
B,x108, nm=2 141.16 141.13 141.14 141.12
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A un?—1
R=—Na=-——r0 6
4 pn?+2 ©

Here N is the number of particles per unit volume; N, is Avogadro's number; u is the molar
mass; p is the density of the crystal.

Using the obtained dependences n;(4, ¢), according to formulas (3), (5) and (6), the
parameters listed in Table 1 were calculated. The calculated refractions of the RS crystals
agree well with the sum of the individual refractions of the structural elements

R(RD,S0,) = 2R(RD) + R(S0,) = 10 + 14.5 = 24.5 cm3/mol. (7)

This suggests that Rb* cations make a significant contribution (~ 41 %) to the total
refraction of the studied crystals. If we compare the crystal-optical parameters of these
crystals with isomorphic ((NH4)2SO4, LiINH4SO4, K2SO4 and RbNH4SO4), we can see that
the cationic substitution Li*— Rb* causes an increase in the Rl on average by 3-5x10-3,
shifts the position of A.x by approximately 7 nm towards the short-wavelength, and the
position of A,z — by 3 nm towards the long-wavelength parts of the spectrum. In general, it
was established that the substitution Lit - K* — NH4 —Rb* leads to insignificant changes
in Ao1, Aoz, B1 and B2 and a decrease in n; by approximately 0.02 and 0.03.

It was found that the baric increase in the absolute value of the Rl is due to a decrease
in the effective power of the UV oscillator and a shift of the effective center of the UV
absorption band to the long-wavelength region of the spectrum with a speed of
02oi/00, =5—7 X 1073 nm/bar. If we differentiate (3), we can obtain a relation
describing the baric changes in the RI:

dn;, 1 ( 224 (dB, N 2B 22 dAg,

doy,  2n; (A2 — A%, \do, ' " A2 - 22, doy,
2, (dB, 2B,2% dg, )
220, — 22\do, " °* 22y, — A2do,, )|

It is considered that mechanical contact changes the forces of the oscillators, and this
causes a shift of the corresponding effective centers of the absorption bands.

In this work, changes dA,,/do,, and dB,/da,, are neglected, since the effective
center of the absorption band 4, of the studied RS crystal is located in the far-IR region
of the spectrum. Then, under the condition dn;/da,, > 0, we can write:

dAy; S _/101-(/12 - Aﬁi) dB; ()
dop, 2B;A*>  doy,

That is, by the nature of the baric changes in the RI, it is possible to establish the
nature of the changes in the oscillators, which are decisive for the refractive properties of
the crystal. In general, the anisotropy of electronic polarization corresponds to the
anisotropy of the refractive indices (ox > o, > ay) (Table 1).

We see that pressures o ~ 100 bar cause an increase in the parameter a; on average
by (1 — 3)x10-26 cm3. This value coincides with the baric changes in the volume and linear
dimensions of the sample along the direction of compression, which can be obtained based
on Hooke's law:
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(Al) = SimOm- (10)

Io

Here (Al/l,); are the coefficients of relative elongation, and s;,, are the coefficients of the
elastic compliance tensor.

From formula (10), it is estimated that the coefficients Al/l, ~ 10~ for pressures
o, ~ 100 bar and values of s;,,, ~ 10-6 bar.

From the relation (6), we can obtain the following expression:

dR n?—-1d 6n dn
(” p) +[5 | (11)
n N

do p2n? + 2do p(n?+2)2do

which allows us to find the contributions from the terms with derivatives dp/do and on/do
to the baric changes in the refraction R;, provided that the values of n and N are constant
during the corresponding experiment. If we use the known numerical data for the RS
crystal: =267 g/mol, p~3613 kg/m3, dp/0dc = sim=0.5%x10"1° Pa™', n;=1.52 and
dn/do = 5%1078 bar~'!, we can obtain that the first term is approximately equal to 2x10-4
bar~1, while the second is 4.8x107* bar~'. This indicates that the geometric factor is ~ 28 %
of the total baric increase in the refraction R.

In the case of neglecting the IR oscillator, the following contributions to the baric
changes in the refractive indices can be obtained from relation (8):

on 1 e* ( A%A5 [_.ON 0f1 . 2NfAA* 04g)
%=ﬂ'nmcg{,12—ag[ FE %]J’(AZ—A%,)Z%}‘
—003L 107 f +3. 1076520, (12)
do do

Here it is taken into account that the coefficients B; and B, have the content of
polarizabilities and are related to the oscillator strength by the following relations:

2 2
_ N01e1f1_ _ Npzezfo 13
1~ 2. % 2= 200 % " ( )
TCymy TCHm,

Here Ny is the number of active particles per unit volume, e; , and mj , — the charges and
effective masses of the oscillators, ¢y — the speed of light in vacuum. From the relation (12)
we see that the main contribution to the baric changes of the Rl is from the first term df /do.

Baric changes of the RI n;(a) make it possible to estimate the changes in the width
of the forbidden band in accordance with the Moss relation [23]:

n*E, = const. (14)
If we differentiate the last expression, we obtain:

0E 4  0On
9-__F

-y _ __r 15
oo n 9o (15)
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If we use the obtained values of the baric changes n; (dn/da ~ 1078 bar™! (Fig. 1),
n; ~1.5and E; ~ 4.9 eV), we can estimate the corresponding changes in the width of the
forbidden band 0E;/do ~ 1.31x107° eV/bar.

The work also analyzes the baric changes A,;, B;; and B,; based on the baric

dependences of the RI n; (o) of the studied crystals. For this purpose, the formula (3) was
differentiated, which allowed us to obtain the following relation:

dn;(4,0) ByiAg;A ABy;

— — . 16
. mE-By m 1o

It was established that the contributions from UV oscillators to the dispersion changes
n; (1) of RS crystals decrease with increasing wavelength, and a significant anisotropy of
the contributions from UV and IR oscillators was revealed. Thus, at room temperature, the
contributions to the dispersion changes n; from IR oscillators for A = 500 nm are 68.1 % (X-
direction) and 81.3 % (Z-direction). Under the action of uniaxial pressure, the contributions
from UV oscillators decrease, and from IR — increase. For example, in the spectral region
of 700 nm, in the case of increasing uniaxial load from 0 to 200 bar, the contributions from
IR oscillators increase from 63.1 % to 66.4 % (Z-direction) (Table 2). At the same time,
uniaxial pressures g, = 200 bar shift Aj; to the short-wavelength region of the spectrum
Alg, =0.8...1.5nm, Ay, = 1.3...1.9 nm.

The change in the effective oscillator strength in this pressure range does not exceed
1 %. Thus, the position of the effective absorption bands is more sensitive to the action of
uniaxial pressures than the effective forces of the corresponding oscillators. The application
of uniaxial pressures leads to a change in the contributions to the dispersion and
temperature dependences n;(4, T), and this change is not always unambiguous.

Uniaxial pressures cause an increase in contributions from IR oscillators by 2...5 %,
which decreases with increasing temperature. This behavior of contributions from IR and
UV under the action of different mechanical loads is due, first, to the baric dependence of
the optical isotropic point. It was previously shown that for different directions of uniaxial
compression, the optical isotropic point moves to a different spectral range, and its
existence in any case is determined by the competition of IR and UV oscillators. In general,
uniaxial pressures lead to a slight increase in contributions from IR oscillators, which
decreases with increasing temperature. With increasing temperature, the increase in
contributions from IR oscillators is insignificant — by 1-2 %. Uniaxial pressure g, leads to
an increase in contributions from IR oscillators by 2—5 %, which decreases with increasing
temperature.

The baric variation of the refractive indices of RS crystals is caused by structural
changes in the crystal under the action of uniaxial compression. It is known that at room

Table 2. Percentage ratio between contributions from ultraviolet and infrared
oscillators to spectral and baric changes in refractive indices of Rb,SO, crystals

o = 0 bar o = 200 bar
300 nm 500 nm 700 nm 300 nm 500 nm 700 nm
uv IR uv IR uv IR uv IR uv IR uv IR

X 888 112 414 586 213 787 843 157 394 601 202 798
Y 903 97 b56.7 433 379 621 832 168 545 455 353 64.7
Z 887 11.3 554 446 369 631 817 183 558 442 336 664
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temperature, the crystal structure is described by the space group symmetry Pmcn. In this
phase, the tetrahedral SO, groups are somewhat distorted. The "average" spatial structure
of RS at room temperature can be represented as follows: the basic orientational unit cell
consists of SOﬁ' groups, each of which oscillates between three possible equilibrium
configurations, defined by the position of the "apical" oxygen atom. The probability of a
particular configuration depends solely on the oxygen atom's position, and the distortion of
the two nonequivalent ions differs significantly. In general, the structure of the RS crystal
in the paraelectric phase can be considered as a partially disordered state with respect to
small rotations of SO, groups, mainly around the pseudo-hexagonal X-axis [18, 24].

CONCLUSION

In the work, Rb2SOs4 crystals of good optical quality were synthesized, a
crystallographic setup was set up, and the dispersion of the refractive indices n, (1) at
room temperature for different directions of uniaxial compression with a value of g,,; ~ 100
bar was studied using the Obreimov immersion method. It was found that the dispersion
n;(1) of this crystal is normaldn/dA < 0 (), with an approach to the edge of the
fundamental absorption n; (1) it increases rapidly, and the following relations exist between
the refractive indices: ny = n, > n, and dn,/dA > dn,/dA > dn,, /dA.

The analysis of baric changes in the main refractive indices n;(a,,) of a rubidium
sulfate crystal was carried out and it was found that uniaxial pressure does not change the
character of the curves n;(4), but only the magnitude of the dispersion dn;/dA. It was
found that the baric increase in the refractive index is mainly due to a change in the
oscillator parameters (~ 72 %) due to a change in the band gap width E; and a long-wave
shift of the maximum of the ultraviolet absorption band and the density of effective
oscillators (~ 28 %) of the crystals, as well as a decrease in the effective power of the
ultraviolet oscillator and a shift of the effective center of the ultraviolet absorption band to
the long-wave portion of the spectrum.

The baric changes in the specific refraction R;, the electronic polarizability «; (for the
light wavelength 1 =500 nm), as well as the crystal-optical parameters (positions of the
effective centers of the ultraviolet and infrared oscillator bands, as well as the effective
forces of the corresponding oscillators) of Rb2SO4 crystals at room temperature were
calculated. It was found that uniaxial pressures o ~ 100 bar cause an increase in the
electronic polarizability on average by (1-3)x10-26 cm3, which coincides with the baric
changes in the volume and linear dimensions of the sample along the compression
direction. In general, the anisotropy of the electronic polarizability corresponds to the
anisotropy of the refractive indices (ax > oz > ).

Using the experimentally obtained values of the refractive indices, their baric changes,
and the band gap width, the baric changes in the band gap width aEg/aa were estimated
to be ~ 1.31x10°% eV/bar.

An analysis of the baric changes in the crystal-optical parameters was carried out and
it was found that uniaxial pressures cause an increase in the contributions from infrared
oscillators by 2...5 %, which is caused, first of all, by the baric dependence of the optical
isotropic point, and also shift the position of the effective force of the ultraviolet oscillator
Ap; to the short-wavelength region of the spectrum. It was found that the position of the
effective absorption bands is more sensitive to the action of uniaxial pressures than the
effective forces of the corresponding oscillators.
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Beryn. [okasHuk 3anomneHHa (M13) n kpuctany € Woro yHOAMEHTarnbHO
XapakKTepUCTUKOK. 3a HasiBHOCTi €eKCNepuUMeEHTanbHO OTPMMAaHOI 3 BUCOKOK TOYHICTHO
aucnepcii n(A) MoXHa BU3HAUUTK (DyHOAMEHTarbHi XapaKTepUCTUKN 3 BUKOPUCTaHHSIM
aHaniTM4HuX cniBBigHoLweHb Ans M3 B AinsHLI Npo3opocTi kpuctany.

Matepianu Ta metogn. Y poboTi cMHTe3oBaHo kpuctanu Rb2SOs BUCOKOI onTU4HOI
SIKOCTi, BCTAHOBMEHO KpucTanorpadiyHy OpieHTaLilo 3a [OMOMOrol nonsapusauiiHoro
MiKpockona Ta KOHOCKONIYHUX iryp, AOCMIMAXEHO AMCNEepCilo NOKa3HUKIB 3anoMIeHHS
n, (1) meTogom saHypeHHst OBpeiMoBa Npu KiIMHATHIM TeMnepaTypi ANs Pi3HUX HaNPSIMKIB
O[JHOBICHOTO CTUCHEHHS 3 BENUYUHOIO gy, ~ 100 Gap.

Pesynbtatn. BusieneHo, wo gucnepcis n;(4) kpuctany Rb2SOs € HopmarbHOW
(0n/0A < 0), oaHOBICHUIA TUCK HE 3MIHIOE XapakTepy kpusux n;(4), a nuwe BenuumHy
avcnepcii dn;/dA. BctaHoBneHo, Wo 6GapuyHe 3pOCTaHHS MOKa3HUKa 3arioMMEHHs,
ronoBHO, 3yMOBIIEHO 3MiHOI NapameTpiB ocumMnATopiB (~ 72 %) 3a paxyHOK 3MiHV LUMPUHK
3a6opoHeHOT 30HM E; | LOBrOXBUIBOBOTO 3MiLLEHHS MaKCUMYMY CMYTV YIibTPadioneToBoro
MOIMWHAHHA Ta TYCTMHWU edeKkTuBHNX ocuunatopiB (~ 28 %) kpuctanie. PospaxosaHo
6apuyHi  3miHM nuToMmOI pedpakuii Ri, €NeKTPOHHOI MONAPU30BHOCTI oy, a TaKOoX
KpVCTanoonTu4Hnx napameTpiB kpuctanis Rb2SO4 3a kimHaTHOT TemnepaTtypu. BusasneHo,
LLIO OAHOBICHI TUCKN 0 ~ 100 Gap CNPUYMHAIOTL 3POCTaHHS €NeKTPOHHOT MOMAPU30BHOCTI B
cepenHbomy Ha (1 — 3)x10726 cm®, wo cnisnagae 3 6GapuyHUMK 3MiHaMK 06'eMy Ta NiHINHMX
pO3MipiB 3pa3ka B3A0OBX HaNpPAMYy CTUCKaHHS.

BucHoBkn. Byno BCTaHOBMEHO, WO OAHOOCHLOBI TUCKU NPU3BOAATb A0 30iNnblUEHHS
BHECKY Big iH(ppayepBoHMX ocuunaTopiB Ha 2-5 %, Hacamnepen u4epe3 0OapuuHy
3aNeXHICTb ONTUYHOI i30TPOMHOI TOYKM. BOHWM TakoX 3MilLyIOTb MOMOXEHHS e(EKTUBHOI
cunu yneTpacionetoBoro ocuunsaTopa Ay; y 6ik KopoTKoXBUILOBOI 06nacTi cnekTpa. 3miHa
edeKTMBHOI cunn ocuunatopa B UboMy GapuuyHoMy gianasoHi He nepesuwye 1 %. byno
BUSIBMEHO, LLO MONOXEHHS eEeKTUBHMUX CMYr MOrMMHAHHSA YyTRMBIWI OO O4HOOCLOBUX
TUCKIB, Hi>XX ehEKTMBHI CMNK BIgNOBIOHNX OCLUNATOPIB.

Knrodyoei crsioea: nNOKasHMKM 3arOMIIEHHSl, OAHOBICHE CTUCKaHHS, pedpakuia,
eneKTPOHHA MONSPU30BHICTb, LWMPUHA 3a060POHEHOT 30HN.
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