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Al, Ga, Cr, Mn, V, Cu, Mo, Fe, Sn doped Bi;,Si0,, crystals and pure Bi,,Si0,, crystals
with varying concentration of non-stoichiometric defects have been grown. The localization
of the doping ions in the crystal lattice have been determined and the distribution
coefficients thereof have been calculated within the frame of isomorphism theory consid-
ering the energy of preference to the octahedron oxygen surrounding. The means to
improve the optical quality of the pure and doped Bi;,SiO,, crystals have been proposed,
the photochromic properties thereof have been investigated.

Brrpamensl kpucramiasr Bij,Si0,; ¢ Bapsupyemoli KommeHTpamue#l nedeKTOB HecTeXMo-
merpuu u aeruposanusie uonamu Al, Ga, Cr, Mn, V, Cu, Mo, Fe, Ag u Sn. B pamkax Teopuu
usoMopdusMa ¢ yUeTOM SHEPIUU IPEAIIOUTEHUS K OKTAdIPUUECKOMY KHCJIOPOJLHOMY OKPYKe-
HUIO OIpejielieHa JOKAJIMU3AUUs IPUMECHBIX HOHOB B KPHUCTAJINYECKON pelleTKe, HaleHbI
rosdPuIMeHTs UX pacnpejeaeHus. IIPeaIoKeHsl CIIOCOOLI OBBINIEHUS ONTHUUYECKOTO Kaue-
CTBA UMCTBIX M JIETHPOBAHHBIX KpucTamioB Bi,SiO,,, uccrnemopambl ux GOTOXpPOMHEIE

CBOICTEA.

The sillenite crystals Bij,MO,q (BMO,
with M=Si, Ge, Ti) are known as photore-
fractive materials of a high photosensitivity
(~1076 J.cm~2). Those work successfully as
functional media in different types of light-
modulating and other devices of solid-state
electronics and in holographic systems of
optical information record and storage. The
search for the ways to modification of BMO
properties and optical quality improvement
seems to be very urgent.

A series of doped sillenites have been
grown to date [1-4]. It has been shown that
the doping influences essentially their elec-
trical and optical properties. However, to
understand the role of the doping ions and
intrinsic defects, it is necessary to deter-
mine the charge state and local symmetry
thereof in BMO crystals. It is important to
improve the optical quality by optimizing
the growth conditions of intentionally un-
doped and doped BMO crystals. This work
presents the investigation results of these
problems for Bi{,SiO,q (BSO).

The BSO crystals were grown by Czo-
chralski method. The dopants were intro-
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duced to the charge according to the
stoichiometric (1, 2) and super stoichiomet-
ric (3) relations:

6(1 - X)Bi,O3 + 6 - xMe,05 + Si0, = (1)
= Bijp(-xMeq2,SiOy,

6Bi,O5 + XMeO, + (1 - X)SiO, = @
= BijgMeg;, Oz,

6Bi,O5 + XMe, O, + SiO, = Bij,Me,Si0y0,(3)

where 0.04 > x > 0.0004; Me = Al, Ga, Cr,
Fe, V, Cu, Ag, Mn, Mo, Sn as oxides: Me,O3
(Al,O3, Ga,03, Cry03, Fe;,03), MeO, (MNO,,
MOOZ, SnOZ) and Menom (CUO, V205, Agzo,
where n=1; 2; m =1 to 5). Concentration
of impurities have been determined by the
spectral emission analysis using a PGS-2
diffraction spectrograph, the variation coef-
ficient not exceeding 6.07 %. The crystal
quality was estimated basing on the pres-
ence of blocks and phases inclusions (differ-
ential thermal (DTA) and X-ray analysis),
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contents of defects and dislocations (by
microscopy), the uncontrolled impurity
concentration (spectral emission analysis),
the presence of mechanical stresses (opti-
cal polarization method), the presence of
optically and photoelectrically active de-
fects (optical absorption spectroscopy and
photoconductivity). The spectra of optical
absorption (ag(Av), aP(hv)) and photocon-
ductivity (c¢?"(hv), oPhv)) prior to (c(v),
(xOPh(v)) and after ultraviolet or blue-green ex-
posure (aP(hv), Glf’h(hv) corresponding to the
stationary (prior to the exposure) and excited
(after the exposure) states of BSO were investi-
gated in the Av = 0.4 to 3.4 eV range. The absorp-
tion change spectra AoPl(hv) = oP(hv) — oy(hv)
characterizing the photochromic effect
(PCE) were analyzed, too. The optical
transmission spectra #(A) were measured
by Cary-5E, Specord M40, Specord NIR61
spectrophotometers. The measurements were
carried out using polished plane-parallel
plates of 0.03 to 5 mm thickness and with
large (001) surfaces. The absorption spectra
were calculated using the known relation:

t = {(1 — RH)[1 + ardnn) 2]} /{exp(-ad) —
— R2exp(—20d)}, where R(\) = [(n — 1)/(n + 1)]?
are the reflection spectra. The refraction
dispersion was determined in the A = 0.4 to
0.7 um range on the prisms using a GS-5
goniometer and a MDR-12 monochromator.
For the ' = 0.8 to 0.4 and A" = 0.7 to 3 um
ranges, n(A) were calculated using the
known relation: n2(L) = A + Br2/(A2 — Lp12)
+ CA2/(A2 — hy9?), where A = 92.22 um~2, B
=0.534 um 2, ho = 0.22 pm. The photocon-
ductivity spectra in the hv = 0.5 to 3.3 eV
range have been measured in a constant
electrical field using a SPM-2 monochroma-
tor and the synchronic detection technique
on the planar samples cut out in the (001)
plane. A 600 W xenon lamp was used as the
light source. The silver electrodes were ap-
plied by vacuum burning-in. The measure-
ments were carried out at T; = 200 to 300
and T9 = 80 to 90 K. The PCE was excited
by a 400 W mercury lamp in the hAv = 2 to
3.3 eV range. The state of samples after
heating to 800 K and subsequent slow cool-
ing (for 24 hours) to T; or Ty temperature
was considered to be the stationary one.

Undoped and doped BSO crystals were
grown by the Czochralski method. The em-
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pirically selected temperature regimes were
provided by the temperature control system
to within ~0.1 K. The crystallization prob-
ability of metastable phases was lowered
due to axial symmetry of the heat field and
the lowered temperature gradient in the
melt down to 10 K/cm. Platinum crucibles
of 850 cm?3 volume were used. Platinum dis-
solution in the BSO melt was observed.
However, the spectral emission analysis has
shown that essentially no platinum was pre-
sent in the BSO crystals (less that
0.001 mass. %) if the charge has not been
used completely (less than 70 %). The opti-
mum crystal pulling rate v and the seed
rotation speed w were as follows: v = 1.6 to
4.8 mm/h, w =40 to 60 rpm. The further
v increase results in deterioration of the
crystal quality due to increasing number of
dislocations, which is connected with the
rebuilding of the short-range structure of the
melt into the sillenite structure. If the tran-
sition has sufficient time to occur in the pre-
crystalline layer (in this case, at v < mm/h),
the dislocation density decreases.

The seed rotation speed influences the
surface morphology of the BSO crystal. As
w increases from 0 to 60 rpm, the crystal-
lization front shape changes from convex
(towards the melt) to flat or concave. For
the convex front, (0T/0h)/(6T/0r) = h/r,
where 0T /0h, 0T /Or are the axial and radial
temperature gradients, respectively; 2 and
r, the height of the crystallization spherical
surface and the crystal radius, respectively.
The axial temperature gradient is not influ-
enced by the melt mixing, but 0T/or de-
creases with the increasing w and crystal-
lization front becomes plane. The crystal di-
ameter stability depends upon w, too.

The BSO single crystal structure depends
on the accuracy of the seed crystallographic
orientation. Therefore, the BSO crystals have
been oriented in the direction [100], [110] or
[111] to within 5-8' using an X-ray diffrac-
tometer. The most perfect BSO crystals with
a low dislocation density (Ng < 102 cm™2)
have been grown in the [100] direction. At
other growth directions, the dislocation
density increases, e.g. Ny~ 103  and
~10% ¢cm~2 at growing in the [111] and [100]
directions. When w is less than 20 rpm, the
crystal cross section is almost circular. At
40-60 rpm, the crystallization front is flat
at the [001] growth direction. The pulling
speed v in its optimum limits does not in-
fluence the dislocation density. The homo-
geneity region of sillenite phase in Bi,Ox—
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Table 1. Non-stoichiometry influence on BSO crystal properties and homogeneity

Parameter y, Characteristics 10 10.5 10.9 11.5 18.5
o,P", Qrem™! 10710 210710 2.8.10710 3.1.10710 1.310710
(hv = 2.6-2.4 eV)
Qs em1 137-49 127-40 117-33 151-41 265-118
(hv = 2.8-2.0 V)
Microscopic heterogeneity ## ) ; O oo .o oo
Light transmission in 40-50 30-50 25-30 25-30 40-50
crossed polaroids, ¢, a.u.
A(xph, cm—1 7-10 5-8 10-12 15-20
(hv = 2.6-2.4 V)

Notes: )) — fine cracks; 0 — blocks; ##, #— coarse inclusions of about 1072 c¢m size in the crystal
bulk; ee — inclusions of about 1073 cm size in crystal bulk and separate.

SiO, system is 13.2-5.7 mol %. SiO, [5].
The stoichiometric mixture consists of
14.83 % mol. of SiO, and 85.7 mol %. of
Bi;O3. The crystal is not homogeneous along
the crystal growing axis in the homogene-
ous region of the charge. This heterogeneity
is caused by the difference between the
evaporation rates of Bi,O; and SiO, from
the melt, the replacement of Si ions by Bi
ions with the formation of y-phase Bi,Os
(BiyyBiz + Big + O4q) which is isomorphic and
isostructural to the BSO phase, and the ad-
sorption of CO, with Bi,O3-CO, formation.
We have investigated the influence of the
charge composition variation vy from
stoichiometry (y =12) ranging in 10 <y <
13.5 upon the BiYSiO1_5Y+2 crystal quality.
The optical homogeneity, the photoconduc-
tivity and the optical absorption in the blue-
green spectral region (where the optical infor-
mation is recorded on sillenite crystals) and
PCE were the quality criteria. The optimum
is y = 10.9-11.5 (Table 1).

To obtain high quality erystals, a specific
method of the charge preparation is to be
used. It comprises the Bi,O; and SiO, pow-
ders dispersion to the grain size of 1-5 um,
homogenization of their mixture with alcohol
by grinding and mixing in an agate mill,
pressing of the homogeneous mixture into
tablets and sintering of the tablets. The
DTA of the charge and the optical control
of microscopic heterogeneities in the crys-
tals has shown that a considerable improve-
ment of BSO ecrystal optical quality is pro-
vided by the following conditions: the
charge grinding time 3.5 to 4 h; synthesis
temperature 1020 K; synthesis duration 10
to 20 h. The purification procedure by crys-
tallization is as follows. After the 1st crys-
tallization, the BSO crystals (y = 10.9-12)
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were used to prepare a melt and the 2nd
crystallization was effected. Similarly,
melts of BSO crystals obtained after the
2nd and 3rd crystallizations were used in
the 3rd and the 4th crystallizations. We have
found that the best purification of the erystal
from the uncontrolled impurity is achieved,
being accompanied by enrichment of the slag
which remains in the crucible. The 2nd crys-
tallization provides the optimum combination
of the optical homogeneity, high photocon-
ductivity, low optical absorption, and PCE in
the blue-green region of the spectra (Table 2).

Regular striate microheterogeneity in
longitudinal section similar to that studied
before in PbsGe3;044 is a typical optical het-
erogeneity of BSO crystals. But unlike
PbsGe;04¢, it appears in BSO crystals only
after annealing in air (for 48 h at
T, ~ 900 K) or in nitrogen (for 10-15 h at
T,~ 770 K). It is weakened in the crystals
annealed in oxygen or in air at T, < 800 K.
The monotonous heterogeneity resulting
from mechanical stresses is more substan-
tial. It was examined by light transmission
in crossed polaroids (the stresses cause bire-
fringence in BSO crystals). The crystal fac-
eting is the main cause of this heterogene-
ity in BSO ecrystals. We have observed that
it provides a characteristic distribution of
the stresses due to anisotropy in the growth
rate and impurity distribution coefficients.
It is most pronounced in BSO:Cr crystals,
while being weaker for undoped BSO crys-
tals. We have established that the post-
growth annealing in air at T, = 770-970 K
for 24 h followed by a slow temperature
decrease down to room temperature during
10-15 h considerably relaxes both the ra-
dial and axial stresses the ones. In spite of
the stresses resulting from faceting, the
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Table 2. Influence of crystallization purification on the properties and homogeneity of BSO

crystals
Physical characteristics Charge 1st 2nd 3rd 4th
crystallization | crystallization | crystallization | crystallization
Uncontrolled impurity, 8.7.1072| 1.2.107% 4.5.1073/ 51073/ 5.7-1073/
p.c.mass., crystal/slag 9.5.102 7.8.10°8 6.510°3 7.10°3
Microscopic homogeneity — .o O O oo
Light transmission in crossed — 15-20 7-10 10-15 20-25
polaroids, ¢, a.u.
PCE, AaPh em™! — 5-12 0-0.5 5-8 8-15
(hv = 2.6-2.4 V)
cPh, rlem™! — (2-8)-10710 (2-8)-10710 (2-5)-10710 (2-5)-10710
(hv = 2.6-2.4 eV)
g, cm ! (kv = 2.8-2.4 €V) — 117-33.8 103.8-27 150-40 160-46
Notes: O, homogeneous crystal; ee, inclusions of about 1073 c¢m in the crystal bulk.
face growth is preferable because it mini- where AH; is the melting heat; T,,, the crys-

mizes such heterogeneities as blocks, coarse
inclusions, and dislocations. In general, the
optimum conditions make it possible to grow
by the Czochralski method the undoped BSO
crystals of 40x40x120 mm3 size which can be
used as active optoelectronic media.

We have used the optimal growing condi-
tions to grow doped BSO crystals, too. It
has been shown [6] that a considerable num-
ber of sillenite phases of BiyyM3*M5*O,q and
Bi,yM2*M8*O,, type can be obtained using
the M ion substitution. But the authors [6]
have not investigated the possibility of the
Bi3* ions substitution by doping ions and
the doping ion preference energy Epr to the
octahedral symmetry of the oxygen environ-
ment. The Epr defines the of the total en-
thalpy variation with the change of the co-
ordination polyhedron from tetrahedron to
octahedron. The E, values were obtained
by experimental calorimetry technique. It
has also been shown that those are of impor-
tance for oxide crystals [7] and that E ,
should be taken into account when the local-
ization of the doping ions in the lattice sites
of doped spinels and in a number of laser
crystals doped with transition metal ions.

The inclusion probability of the doping
ions in BSO octa- and tetra-sites has been
estimated taking into account E,.. In the
frame of isomorphism theory, the impurity
distribution coefficient K; for a low impu-
rity concentration is described by the ex-
pression [8]:

InK, ~ (4)

~ Rl [AHKT;} - T7Y - Q(1.2T,} - t71)],
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tallization temperature; Ty, the melting tem-
perature of the dopant; ¢ = 1059 K, empirical
constant, R = 8.8314 J-(mol-K)™1, the gas con-
stant; @, the mixing energy for the matrix/ac-
tivator system [9]: @~Q; » = a(Ar/ R )* +
b(Ais)2, where a and b are constants; Ar, the
ion radius difference for ions substituting
one another, R*1,2 = 2.48 and 1.65 A, the
mean Bi-O and Si—-O bond lengths, respec-
tively; Als, the difference of the ionicity
degrees in the metal ion-oxygen ion system.
The s values have been estimated using the
ratio [9]: s ~ (y — Xo)/ Gy + Xo)» Where yx
and yo, = 3.1 are the electro-negativity of
the doping N-ion and oxygen ion 0%, re-
spectively. The influence of Ar/R* and Als
on the @; 5 value is of a considerable inter-
est. We have used the known for BSO K,
AHf, T.r Tf values and K; = 0.2 (BSO:Al),
0.13 (BSO:Ga) [1] to estimate a~4.254-109,
b~1.7107 J-mol !, and then @ and @, ener-
gies corresponding to the cases of Bi®* and Si**
substitution by the impurity ions (Table 3).
Taking inEo account of energy *Epr, the val-
ues of Q" =@ + Epr and Q"9 = @y +Epr
have been o btained. The probability
evaluation for the inclusion of impu-
rity ions into the octa- and tetra-sites
(WBI ~ Q*l_l, WSI ~ Q*2_1, respec-
tively) has shown that the crystal-chemical
situation is energetically favorable for the
inclusion of Cr3*, Mn4* and V2* ions in octa-
sites. Cr2*, Mn3*, Mn2*, V3* V2+ Fe2+
Cu?*, Cu*, Ag3*, Ag?*, Ag*, Sn**, Sn2* ions
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Table 3. Characteristics of impurity ion localization in BSO crystals

Tons Q1078 Jmol ! Qy1073, J-mol ™ E,10°3, K, K P; (crystal,
J-mol! [7] K P, references)

cré* 216 543 5.9 1.12 1.5;

Cré* 97 356 — 1.17 (BGO, 1.8; [1])

cré* 75 275 — 1.19 —

cr3* 282 203 -187+10 2.1 —

Cr2* 625 272 -29 0.84 —

Mn6* 300 610 — 0.133 0.2

Mn%* 151 416 — 0.139 —

Mn4* 158 182 -43 0.146 —

Mn3* 446 397 -50 0.14 —

Mn2* 854 474 0+4 0.137 —

V5* 1113 1627 -40.1 0.08 0.12

Vo 165 271 -43.5 0.11 —

Ve 484 402 -134 0.107 —

2+ 657 337 — 0.109 —

Fed* 87 212 -99.9+3 0.17 0.07;

Fe2* 211 164 — 0.172 (BGO, 0.05; [1]

Ccud* 167 175 — 0.276 0.3

Cu?* 371 62 -84 0.283 —

Cu* 434 89 46 0.281 —

Agdt 395 57 — 1916.9 —

Ag?* 756 16 — 18.6 —

Ag* 1298 33 4.2 14.3 —

MoS* 180 343 — 0.778 1.1

Mo#* 294 198 — 0.807 —

Mo3* 375 216 — 0.803 —

Sn4* 312 80 -59 0.34 0.5

Sn2* 1518 67 - 0.342 —

Ga®* 140 292 — 0.137 | 0.5; (BSO, 0.14;[1])

Als* 134 465 — 0.17 |0.5; (BSO, BGO, 0.2;
[1, 2]

Notes: parameters of ions: r =1.16 A, v =2 (Bi*) and r = 0.4 A, x = 1.9 (Si**); in brackets size
K %P on the data [1, 2]; BGO — crystals Bi;,GeO,,.

are more likely to be included in octa-sites
than in tetra-sites, while Cré*, V5%, Cré+,
AlR*, Ga3*, Mnb*, Mn®*, Fe3*, Mo®* ions are
preferred in tetra-sites (Table 3). These con-
clusions answer to the growing practice of
sillenites. For example, Cr-, Mn- and V-sil-
lenites with full substitution of Si by Cr, Mn
or V ions are obtainable only in hard oxidiz-
ing conditions of hydrothermal synthesis,
thus at an oxidation degree of Cr, Mn and V
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exceeding 3%, and the crystals are small in
size (about 1 mm) [10]. Using Ql* and QZ*
and expression (4), the impurity distribu-
tion coefficients K, were calculated. As is
seen, the experimentally evaluated coeffi-
cients K ;P correlate in most cases with the
calculated coefficient K, (Table 3).
Photochromic effect is considered to be
an undesirable phenomenon as the BSO
crystals are used in light-modulating de-
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Table 4. PCE characteristics in undoped and doped BSO crystals

Crystal A(hv), eV hv o €V =, a.u. K,

BSO 2-3 1.5;2.8; 2.7 7.8 0.8
BSO:Al  |0.5-1.5; 2-8.5 |0.76;2.48 2.5 0.7
BSO:Ga 0.5-1.5; 2-3.5 0.8;2.35 3.1 0.6
BSO:Sn 0.5-1.5; 2-8.5 0.61;1.15;1.85; 2.1 3.5 0.7
BSO:Fe 2-3 2.71;2.84 0,8
BSO:Cu 0.5-1; 1.4-2 0.72;0.91;1.57;1.78 0.85
BSO:Cr 1.5-3 1.5;1.56;2.23;2.83 22 0.9
BSO:Mn 1.5-1.8; 2-3 1.51;1.59;2.19; 2.48 12 0.9
BSO:V 0.5-3.2 0.5;2.98 0.5 0.6
BSO:Ag 0.7-1.5; 2-3 0.9;1.15;1.3 5 0.8
BSOMo |1.7-8.2 2.2:2.65;2.8; 3.1 10 0.9

Lnotg, LnaP”, cm™

-2

-4

hv, eV

Fig. 1. Stationary (I-4) and photoinduced
(1'-4") absorption spectra in BSO:Fe (I, 1),
BSO.Cr (a, 2, 2'), BSO:Mn (3, 3), BSO:.Cu (4, £)
crystals. Curves are displaced vertically by 3
(3, 3", 6 (4, 4') and -3 (I, 1') log units. PCE
is excited by light with quantum energy hv =
2.85 eV during 120 s. T = 80 K.

vices working on the Pokkels effect. On the
other hand, it is of importace in holo-
graphic information recording. Conse-
quently, PCE is to be taken into account
with different signs when estimating the
optical quality of BSO crystals. The com-
mon concept of doping influence on PCE is
provided by family of stationary and pho-
toinduced absorption spectra (Figs.1, 2).
Ions Cr, Mn, V, Fe, Cu, Ag, Mo exhibit the
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Lnoto, LnatP™ em™

05 1.0 15 20 25

L
hv, eV

Fig. 2. Stationary (I1-6) and photoinduced
(1'—6") absorption spectra in BSO:Ga (1, 1'),
BSO:Al (2, 2, BSO (3, 3), BSO:Ag (4, 4,
BSO:Mo (5, 5'), BSO:Sn (6, 6') crystals. Curves
are displaced vertically by 0.5 (2, 2'; 4, 4'), 2
(5, 5') and 5 (6, 6') log units. PCE is excited by
light with quantum energy hv = 2.85 eV dur-
ing 120 s. T = 80 K.

intercenter absorption bands, characteristic
for their certain charge state. Further, we
shall note that ions Al, Ga, Sn, and Fe
weaken the stationary and photoinduced ab-
sorption over the whole spectrum (as com-
pared to undoped BSO). Ions Cr, Mn, Cu
amplify PCE considerably in the visible
range while it falls in IR area. Ions Sn and
Mo provide PCE in the visible spectral
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range, comparable with that in BSO crys-
tals, while ions Al, Ga, Sn, Ag give addi-
tional absorption bands in near IR range. In
crystals BSO:V, PCE is weak in the whole
spectrum. At room temperature, PCE de-
creases in the most part of erystals, but the
general view of spectra does not change.
However, in undoped BSO and BSO with
Cr, Mn and Cu, PCE remains significant.
The characteristics of practical importance:

integrated PCE E = | APho(hv)d(hv), the re-

versibility coefficient K, (the integrated
PCE ratio in two successive "record-optical
deleting”™ cycles), spectral range A(hv) and
spectral positions of PCE band maxima
hV,4x for the latter ion kinds at T'=80 K
are presented in Table 4.

The results of investigation show that a
further development of such photochromic
materials as BSO crystals doped with Cu
and Ag (the near IR range), Cr, Mn (red
bands), Mo (dark blue and near UV-range) is
of interest.

To conclude, technological growing possi-
bilities of high-quality BSO ecrystal have
been investigated. The optimum conditions
have been determined for the quality im-
provement of undoped BSO crystals and
BSO crystals doped with Al, Ga, Cr, Mn, V,
Cu, Mo, Fe, Ag, and Sn grown by Czochral-
ski method. The chare state and the local-
ization of the dopant ions in BSO crystal

lattice have been estimated in the frame of
isomorphism theory taking into account the
energy preference to octahedron oxygen en-
vironment. The distribution coefficients in
BSO crystals have been determined for a
number of doping ions. The PCE spectral
characteristics for undoped and doped BSO
crystals have been obtained.
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JleropaHi KpHUCTAJIU CHIEHITY

T.B.Ilanuwenxo, H.A.Tpyceesa, KE.JO.Cmpineuyd

Bupomeno xpucranu Bi,Si0,, is Bapiiiosanoio KoHNeHTpanieo JedexTis mHecrexiomerpii
Ta jerosaui iomamu Al, Ga, Cr, Mn, V, Cu, Mo, Fe, Ag i Sn. ¥V mesxax Teopii isomopdismy
3 ypaxXyBaHHAM €HepTrii mepeBaru A0 OKTaeApPiuyHOTO KMCHEBOT'O OTOUEHHS BUB3HAUYEHO JIOKATi-
3aIiio JOMIINTKOBUX iOHIB y KpUCTaJNiuHMX rpaTKax, 3HaijeHo koedimientu ix posmopmimy.
3ampoIoHOBAHO METOAMW IMiABUINMEHHA OINTHUYHOI AKOCTI YUMCTUX i JIETOBAHWX KPUCTAJIB
Bi;,Si0,, mocaimxeno ix doroxpomui BracTuBocTi.
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