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1. Introduction

The influence of a copper impurity with various concentrations on the unit cell parameters,
band-energy structure, and refractive characteristics of potassium sulfate crystals has been
studied. The unit-cell parameters and volume of impurity-doped crystals are found to increase
almost linearly with the growth of the impurity content. At the same time, the refractive indices
ni (i = x,y,2) of doped crystals slightly decrease (by about 2.5x 1072), but the relations n, >
> ng > ny and dn;/d\ > dng /d)\ > dny/dX between them remain unchanged. The energy band
structure of crystals with a copper content of 1.7% is calculated. It is found that the forbidden
gap decreases, as the impurity concentration increases. Five localized levels corresponding to
d-electron states of Cu®" impurity ions are identified in the band gap. It is established that
the top of the valence band is formed by the oxygen p-states, and the bottom of the conduction
band by the 3s- and /s-states of the sulfur and potassium atoms. The localized 4s-states of
copper atoms are located at the bottom of the conduction band. The concentration dependences
of the density and ionic radius are analyzed.

Keywords: crystal, impurity, refractive index, birefringence, unit cell, energy band struc-
ture, forbidden gap.

B-K2SO4 phase (below 860 K), the unit cell con-

Potassium sulfate (K2SOy4) crystals (PSCs) are typ-
ical representatives of the crystals belonging to the
ABSOy4-group. The PSCs are ferroelectric insulators,
which are transparent in the visible spectral inter-
val and demonstrate a phase transition. Two their
phase modifications are known: S-K5SOy4 at temper-
atures below 587 °C and a-K5SO4 at higher tempera-
tures. The crystal lattice of the a-K5SOy4 crystal can
be described by a hexagonal basis with the following
crystal lattice parameters: a = 5.90(2) A and ¢ =
=8.11(3) A [1-4]. The corresponding spatial sym-
metry group is P63/mmec. In the low-temperature
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tains four formula units and has the parameters a =
= 0.05731 nm, b = 1.008 nm, and ¢ = 0.7424 nm. The
c-axis is pseudohexagonal. The atomic group SOi_ in
PSCs forms a rigid tetrahedron with the sulfur ion
arranging at its center and the oxygen ions at its ver-
tices [5-T7].

The PSCs are widely used in optoelectronics and
crystal optics (as sensors of temperature, pressure,
and electromagnetic radiation), as well as for acousto-
optical modulation of ultraviolet radiation. However,
the scope of their application permanently extends,
and the operating conditions become more compli-
cated. The corresponding arising problems demand
that the behavior of structural materials under ex-
treme conditions should be predicted, the available
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physical properties should be modified, or new ma-
terials with specific characteristics should be cre-
ated [8].

The most vivid example of changing the physical
properties is the creation of defects in the crystal lat-
tice as a result of radiation-chemical processes. The
knowledge of the mechanisms of their creation and
transformation makes it possible to perform a pur-
poseful search for radiation-resistant and radiation-
sensitive materials that could be used as structural
materials in various domains of technology.

One of the simplest methods to vary the optical
and dielectric properties of crystals is the application
of external factors or doping the crystals with var-
ious substitutional impurities. Transition-metal ions
are well suited for this task because they are one
of the traditional activators for studying the spectral
and radiation properties of crystals.

Earlier, the influence of impurities on the dielec-
tric parameters of PSCs was studied in works [9-
14]. It was found that the dielectric constant and
the dielectric loss coefficient for PSCs crystals with
the impurities of Cu?T and Fe** ions [9, 10| grad-
ually decrease as the frequency increases. This be-
havior was explained by the influence of polarized
Fe?T ions on the octahedral environment of the crys-
tal structure.

In the case of the Co?* impurity introduction, three
new absorption bands with maxima at 4.57, 4.96, and
5.85 eV, which are associated with activator absorp-
tion, are observed at room temperature in the en-
ergy interval of 4.0-6.2 eV [11]. The optical density
of absorption bands increases with the growing con-
centration of impurity centers [12]. The cited authors
associated the increase in the number of absorption
bands at lower temperatures with the reduction of the
optical band width, which leads to band splits that
are unobservable at higher temperatures.

The corresponding changes were detected in works
[13-15] after the introduction of Ni?*t and Mn?T im-
purities: there appeared new absorption bands at
room temperature. Irrespective of the manganese sul-
fate concentration in the initial solution — and, ac-
cordingly, the impurity concentration in the crystal —
the optical density in the impurity absorption bands
depends linearly on the specimen thickness. The im-
purity absorption centers are uniformly distributed
over the specimen volume. If the content of impurity
salt in the initial solution is higher (accordingly, the
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impurity concentration in the crystal is also higher),
the linearity becomes violated.

The influence of copper impurity with various con-
centrations on the optical parameters (the refractive
indices and the birefringence) of PSCs was analyzed
in works [16-19]. It was found that the introduction
of impurities leads to the reduction of the absolute
values of refractive indices but does not affect the
character of their dispersion. It also modifies the ab-
solute values of birefringence and leads to a stronger
temperature dependence An;(7T') in comparison with
the pure crystal.

At room temperature, the PSC is optically biax-
ial. However, as the temperature changes in the inter-
val of 300-850 K, it twice undergoes transitions into
an optically uniaxial state (which corresponds to the
appearance of isotropic points) not associated with
structural transformations. It was revealed that the
introduction of impurities shifts the isotropic points
towards lower temperatures in comparison with the
pure crystal [19]. The structure of PSCs with a copper
impurity concentration of 3% was studied by means
of X-ray powder diffraction. It was found that this
structure can be considered as a result of multiple
(two potassium atoms per copper atom) heterovalent
substitution of two K ions in the structure by the
Cu?* ion [17].

However, there is a lack of information in the liter-
ature concerning clear dependences of the dielectric
parameters of PSCs on the concentration of intro-
duced impurities. The aim of this work was to analyze
the dependence of the unit cell parameters, the band
gap width, and the crystal optical characteristics of
PSCs on the concentration of introduced copper im-
purities in order to enable the production of crystals
with predetermined properties.

2. Results and Their Discussion

2.1. Unat cell parameters
and band-energy structure
of impurity-doped crystals

The crystal structure of PSCs doped with copper (to a
concentration of 1.7% or 3%) was studied using the X-
ray powder diffraction (XRPD) method. The analysis
of the results obtained showed that for the indicated
impurity concentrations, the spatial symmetry group
does not change and equals Pnma, Z = 4. For PSCs
with a copper impurity concentration of 1.7%, the

285



V.Yo. Stadnyk, P.A. Shchepanskyi, M.Ya. Rudysh et al.

T 434,85
10,0740

10,0735
10,0730
10,0725 -
10,0720 |-

434,80

- 434,75

434,70

10,0715 + - 434,65
< 100710 ©
s 10 C | 434,60 <C
< 74780 F | 434,55 =
5 -
© 74775 [
7.4770 L a I 434,50
57720 F 0 laws
57715 - b A
57710 [ / [ 434,40
57705 | 4 - 434,35
5,7700 r T T
0,0 15 30

C, %
Fig. 1. Concentration dependences of the unit cell parameters
for impurity-doped K2SOy4 crystals
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Fig. 2. Energy band structure of K2SOy4 crystals with a cop-
per admixture content of 1.7% calculated using the GGA-PBE
method

obtained unit cell parameters are a = 7.4777(4) A,
b = 5.7716(3) A, ¢ = 10.0732(5) A, and the unit
cell volume is V = 434.74(7) A3. For PS speci-
mens with a copper impurity concentration of 3.0%,
the corresponding parameters are a = 7.4778(4) A,
b = 5.7717(3) A, ¢ = 10.0734(6) A, and V =
=434.76(7) A3 [16].

In Fig. 1, the concentration dependences of the
unit cell parameters and volume are shown for doped
PSCs. One can see that they increase almost linearly
with the increasing impurity concentration. However,
the general metric of the crystal structure remains
undeformed. These dependences, as well as the coor-
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dinates of corresponding atoms, were used to calcu-
late, by means of the DFT-GGA-PBE method [20-23]
the electronic band structure E(k) of the PSC with
the 3%-admixture of copper ions Cu?* and plot it at
special points and along the high-symmetry lines in
the Brillouin zone (BZ). The resulting band structure
turned out very similar to that reported for the pure
crystal [24, 25| and for isomorphic crystals [26, 27].

In order to assess the influence of the copper im-
purity concentration on the energy band structure,
we additionally calculated the band structure for the
PSC with the 1.7% copper content. In general, the
electronic states are usually flat (have low dispersion)
for PSCs with various impurity contents. The disper-
sion of the levels in the conduction band is higher,
which points to a lower effective mass of charge car-
riers and their higher mobility. The valence band
was found to consist of some narrow subbands sepa-
rated by forbidden gaps (see Fig. 2). These subbands
can provide additional electron transitions between
them. Such transitions may be of interest from the
core-valence luminescence aspect. An energy value of
0 eV corresponds to the valence band maximum. The
forbidden gap is formed between the valence band
top and the conduction band bottom, the both being
located at the BZ center. The band gap widths are
E, = 5.0 and 4.92 eV for concentrations of 1.7% and
3.0%, respectively. Several electronic levels are local-
ized in the forbidden gap. They correspond to the
impurity electronic states of Cu?t ions. A detailed
analysis of the energy band structure allowed us to
reveal a narrow set of five energy levels that corre-
spond to d-electrons of copper and are located within
the energy interval of 1.09-1.9 eV and 1.06-1.8 eV for
copper impurity concentrations of 1.7% and 3.0%, re-
spectively.

Figure 3 demonstrates the partial density of states
constructed from individual contributions of one of
the atoms, which makes it possible to identify the ar-
rangement of electronic levels. One can see that the
valence band top coincides with an energy of 0 eV
formed by the oxygen p-states represented by the elec-
tronic levels within the interval from 0 to —5 eV. The
electronic levels with lower energies in the interval
from —6 to —8 €V are formed by the 2p-, 3p-, and
2s-, 3s-states of the oxygen and sulfur atoms. The
observed sharp peak at —12 eV corresponds to the
3p-states of the potassium atom. Two peaks at —18.4
and —22.3 eV are formed by the oxygen 2s-states
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hybridized with the sulfur 3p- and 3s-states, respec-
tively. At —27.6 eV, a band formed by the 3s-states of
the potassium atom is observed. The bottom of the
conduction band is formed by the 3s- and 4s-electrons
of the sulfur and potassium atoms. The localized 4s-
states of the copper atom are arranged at the bottom
of the conduction band. The splitting of the 3d-levels
of the copper atom also takes place at energies of
1.09-1.9 V.

Irrespective of the impurity concentration, the d-
levels of electrons in the tetrahedral environment are
split into two energy levels, e and t5. The level e is
double degenerate, while the t5 one is triple degener-
ate and lies by about 10 Dq above the energy level
e. Thus, the observed splitting of electronic d-states
into more than two sublevels occurs due to the degen-
eracy elimination by the low-symmetry ligand field.

In Fig. 4, the concentration dependence of the for-
bidden gap width £, of the PSC is shown. One can
see that this quantity decreases almost linearly with
the increasing concentration. This result correlates
well with previously obtained ones for the baric de-
pendence of E, [24]. The cited authors showed that
E, increases at small compressions o (the dE,/do
magnitude has an order of 1 ¢V/GPa), which corre-
sponds to the growth of the crystal density p. If we
assume that the introduction of impurity leads to in-
ternal stresses, i.e., to crystal stretching, the forbid-
den gap width will decrease.

2.2. Concentration dependences
of refractive indices and birefringence

The study of the refractive index dispersion n;(\) of
PSCs doped to Cu?*t ionic concentrations of 1.7%
and 3.0% showed that it is normal in the spectral
interval of 300-700 nm and drastically increases if
approaching the absorption edge [17, 19]. The intro-
duction of the admixture of Cu?" ions leads to a
reduction of the refractive indices n; for the three
crystallographic directions in the crystal with a max-
imum change of about 2.5 x 1072 (Fig. 5). The rela-
tions n, > ng, > n, for the refractive indices of pure
crystals and dn./d\ > dng/d\ > dn,/d\ for their
dispersion remain valid for the impurity-doped crys-
tals. The largest decrease of the refractive index is ob-
served for the direction X perpendicular to the plane
of optical axes. Accordingly, for the impurity-doped
crystals, a reduction of the magnitude and anisotropy
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Fig. 6. Impurity-concentration dependences of the birefrin-
gence in impurity-doped K2SO4 crystals

of the optical indicatrix, as well as a slight decrease
of the crystal anisotropy, takes place.

The birefringent properties of PSCs were studied
with the help of the Obreimov spectral method. The
refractive index values obtained using the Obreimov
immersion method served as reference points. All
birefringence studies were performed at room tem-
perature and in the wavelength interval of 300-
700 nm [28, 29]. It was found that the introduc-
tion of the impurity weakly changes the value of

An;(A) and does not affect the dispersion charac-

OAN, dAn, OAn,
ter |55 >‘a,\ > | 7ax

ations An;(A) in the birefringence absolute values
at a wavelength of 500 nm were revealed: in the
X- and Y-directions, it increased by approximately
5.2 x 107* and 6.8 x 10~* for impurity concentra-
tions of 1.7% and 3.0%, respectively, and decreased
by 1.4 x 107% and 2.1 x 10™%, respectively, in the Z-
direction (see Fig. 6). Furthermore, the value of %
decreased from 3.5 x 1076 nm~! for the pure PSC to
3.2 x 107% nm~! for the PSC with an impurity con-
tent of 1.7% and to 3.0 x 107% nm~! for the PSC
with an impurity content of 3.0%. The most substan-
tial variation of the dispersion, An;()), was observed
in the long-wavelength spectral section.

The observed changes in the birefringence of impu-
rity-doped PSCs associated with the introduction of
Cu?* ions can considerably change the temperature
and spectral positions of two isotropic points in the
PSCs, which are observed at 617 and 700 K in the
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pure PSC (for a wavelength of 500 nm). In our opin-
ion, the origin of why the values of crystal-optical
parameters change in impurity-doped crystals is as
follows.

An inherent feature of PSCs is the ionic-covalent
bond. Covalent bond manifests itself in the tetrahe-
dral anionic groups, whereas the ionic bond is formed
by the potassium ions located at the tetrahedron ver-
tices. The K™ ions are located in PSCs in two non-
equivalent positions K1 and K2, the coordination en-
vironment of which is different. Cations K1 and K2
have a coordination environment of 10 and 9, respec-
tively, relatively to the oxygen atom.The bases of SO4
tetrahedra are in the K103 layer, and its vertices in
the K20 layer. Since the K20 layers are almost plane,
being shifted in the XY plane relatively to one an-
other, the ions in one of the layers are located oppo-
site the voids in the next K20 layer within the unit
cell. The K103 layer is sandwiched between the K20
layers with zigzag gaps. As a result and due to the
fact that the K103 plane and the K20 ones do not
match in size, if those layers are overlapped, the K103
layer becomes deformed and corrugated. Hence, the
dimensions of the orthorhombic unit cell and, accord-
ingly, the optical parameters are governed by the ion
packing in the K103 layers with and without corru-
gation, as well as by the mutual packing of the K103
and K20 layers.

Furthermore, the crystal structure of the copper-
doped K5SO4 compound can be considered as the
result of multiple (two potassium atoms per copper
atom) heterovalent substitution of two K* ions by a
Cu?* one in the structure of the KoCuSO, compound
[17] or as the stacking of columns of SO3~ tetrahedra
along the [0Y0] direction. The K atoms form zigzag
chains in the space between those columns, and the
copper atoms are located in the chains of the metal
component. The K1 atoms are located in paired tetra-
hedral voids, and the copper atoms (the Cu?* ion is
paramagnetic by its nature [15]) at the boundary be-
tween the tetra- and octahedral voids in the second
coordination environment. Bivalent copper ions ran-
domly substitute cations. They mostly occupy posi-
tions that were previously occupied by K1 ions but
slightly shifted to the base of one of the anion tetrahe-
dra. Since the ordinal number of potassium is 19 and
its atomic mass is 39 amu (for copper, these are 29
and 63.5 amu, respectively), such an increase of pa-
rameters occurs due to the atomic mass growth and
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the change of ionic radius. The ionic radius decreases
for metals if moving from left to right across the pe-
riod. Therefore, more protons are added and metals
lose their outer electron orbitals. But the outer va-
lence shell remains unchanged so that the positively
charged nucleus attracts electrons more strongly.

Using our results and the previously published ones
on optoelectronic parameters, the correlation analy-
sis of the latter was performed in order to establish a
relationship between the values of refractive indices,
birefringence, and forbidden gap width in impurity-
doped PSCs. It was found that the refractive index
decreases monotonically with the increasing crystal
density (Table). In our opinion, this occurs owing to
the polarization action of cations. In particular, as a
result of the polarizing action of copper ions on the
potassium electronic shells, the electron concentra-
tion in the interatomic space and the refractive index
decrease.

The observed variations in the refractive indices of
crystals are governed by lots of factors. In particu-
lar, these are the changes of the substance molecular
weight and density, or the changes of the interatomic
distances and hence the chemical bond strength. As
the crystal density increases, the average value of
the refractive index mainly increases. The density de-
crease can be associated with the reduction of the
ionic radii of cations. For instance, if the cation ra-
dius decreases, the refractive index of the crystal di-
minishes almost linearly.

The analysis of the relation between the crystal
structure and the refractive parameters can also be
made on the basis of the following considerations. It
is known [30-33] that the density p of many minerals
containing the oxygen anion and their average atomic
mass M (this is the molecular mass of the substance
divided by the number of atoms in its chemical for-
mula) is linearly related to their average refractive in-
dex n. This relationship means that the density is re-
sponsible for the refractive index value irrespective of
the composition, phase, and crystal symmetry. This
fact testifies that the refractive index of crystals in-
creases with the growth of covalent component in the
bond. A number of dependences have been proposed
in the literature to describe the relationship between
the refractive index and the density. The most famous
are the Gladstone-Dale, Lorenz, Drude, and Allen
laws. Their applicability to interpreting data on the
density dependence of the refractive index was dis-
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cussed in work [30]. In works [32, 33], it was shown
that the formula for the refractive index dispersion
can be used to derive relations that can be considered
as the Gladstone-Dale and Drude laws. In work [33],
it was found that experimental data for the refractive
index n of most of simple inorganic compounds, ex-
cept for alkali metal halides, can be represented by
the following dependences:

n—1o CipM™™, (1)
n? — 1 oc CopM ™2, (2)
n?—1

—— x C3pM—" 3
n2t+2 3 ’ (3)

where C; are constants, and the values of the power
exponents u; are close to 0.4. Experimental data for
alkali metal halides can also be described by the above
equations.

For ABSO, crystals, it was found earlier [34] that
their parameters wu; are larger, which points to a
stronger power-law dependence between the density
and the refractive index. Again, as for alkali metal
halides [35], the coefficients C; also differ from the
mean statistical values and acquire much larger mag-
nitudes. The closest to PSCs by the parameters C; are
alkali metal bromides (C; = 0.991 and C3 = 0.547).

The refractive index can also change owing to the
modification of coordination number, and this effect
is stronger for the larger variation in the atomic co-
ordination. The refractive indices of crystals increase
together with the coordination numbers, the valence
of the anions surrounding the cation at the same co-
ordination numbers, and the concentration of binding
electrons. This also occurs due to the expected recip-
rocal dependence of the refractive indices on the unit
cell volume of any material.

The refractive indices can change not only owing
to variations in the molar volume or the character of
the chemical bond between atoms but also owing to
the possible influence of chemical composition. The

Impurity-concentration
dependences of the density and the ionic
radius of impurity-doped K2SO4

C, % Tion, A P g/cm3
0.0 8.240 2.660
1.7 8.212 2.649
3.0 8.183 2.641
289
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most practically important factor is the influence of
crystallization water on the refractive index. It is well
known that almost all crystals of the sulfate group are
grown from the aqueous solution and therefore they
contain crystallization water, which modifies the unit
cell volume. Therefore, dehydration of the substance
(i.e., the removal of the lightest and least refractive
part from the substance formula unit) brings about
the growth of the density and the refractive index.

3. Conclusions

To summarize, the influence of the copper impurity
concentration on the unit cell parameters, the en-
ergy band structure, and the refractive parameters of
potassium sulfate crystals is studied. It is found that
the indicated parameters and the unit cell volume
of impurity-doped crystals increase almost linearly
with the impurity concentration growth. However,
the general metric of the crystal structure remains
undeformed. The spectral studies of the refractive pa-
rameters of synthesized crystals showed that the re-
fractive indices n; of impurity-doped crystals slightly
decrease with a maximum change of 2.5 x 1073, but
the relations n, > ny > n, and dng/dX > dng/d\ >
> dn,/dX between them remain unchanged.

The energy band structure of the crystal with the
1.7% copper content is calculated. A comparison with
the pure crystal and the crystal with the 3% copper
impurity content showed that the band gap decreases
as the copper concentration grows: E,; = 5.2, 5.0, and
4.9 eV for concentrations of 0%, 1.7%, and 3.0%, re-
spectively.

It is found that the introduction of impurities leads
to the emergence of five localized levels in the forbid-
den gap, which correspond to the d-electron states
of impurity Cu?* ions. The levels are located within
the energy intervals of 1.09-1.9 eV and 1.06-1.8 eV
for the copper concentrations of 1.7% and 3.0%, re-
spectively. In the tetrahedral environment, the elec-
tron d-levels are split into two energy levels, e and
to. The level e is double degenerate, and the level to
is triple degenerate and, by energy, is arranged above
the level e. The variation of the impurity concentra-
tions within the examined interval of 1.7-3.0% does
not affect the positions of those levels.

The partial density of electronic states was calcu-
lated. It was found that the top of the valence band
is formed by the p-states of the oxygen atoms, and
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the bottom of the conduction band by the 3s- and
4s-states of the sulfur and potassium atoms. The lo-
calized 4s-states of copper atom are arranged at the
bottom of the conduction band.

The correlation analysis of the refractive, struc-
tural, and electronic parameters of the crystals be-
longing to the KoSOy4 group was performed. The re-
fractive index of PSCs was found to grow with their
average ionic radius, which is explained by the in-
crease in the polarization action of cations. It was also
revealed that the concentration growth of the intro-
duced impurity leads to the reduction of the band gap
width.

The work was fulfilled in the framework of the
project 2020.02/0211 “Experimental and theoretical
study and prediction of photoelastic properties of crys-
talline materials used in devices to control electromag-
netic radiation emission” of the National Research
Foundation of Ukraine.
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Translated from Ukrainian by O.I. Voitenko

B.J. Cmadwux, IT.A. I]enancorud,
M. 4. Pyouw, P.B. Mamsiis, P.C. Bpessin

KOHIIEHTPAIINHI 3AJTE2KHOCTI
JIEJIEKTPMTYHNX ITAPAMETPIB JOMIIITKOBUX
KPUCTAJIIB K2SO4

JocumiizkeHo BIJINB KOHIIEHTPAIil JOMIIIKY Mizi Ha mapaMeTpu
eJIeMeHTapHOI KOMipKHU, 30HHO-€HEPIeTUYHY CTPYKTYDPYy Ta pe-
dpaKkTHBHI XapaKTEPUTUKHN KPUCTAJIIB CyIbdary Kasio. Bera-
HOBJIEHO, IO IIapaMeTpu Ta 00’eM ejieMeHTapHOI KOMipKU J0-
MIIIKOBUX KPUCTAJIB MaiizKe JIHIAHO 3pocTaloTh 3i 30iJIbIeH-
HSIM KOHIIEHTPAI[il JOMIIIKNA IIOPIBHSHO 3 YUCTUM KPUCTAJIOM,
TOJ] SK ITIOKA3HUKHU 3aJIOMJIEHHS M; JOMIIIKOBAX KPUCTAJIB Je-
0 3MeHInyThes (~2,5 - 10*3)7 OJTHAK CIIIBBIIHOIIIEHHS MiXK
HEMA (N, > Ng > ny Ta dng/d\ > dng/d\ > dny/d\)
3aJIMIIAIOTHCH HE3MiHHMMH. P0o3paxoBaHO 30HHO-€HEPIreTUYHY
CcTpyKTypy KpucTamis 3 1,7% BMicToM Migi Ta BUSBJIEHO, IO
31 3pocTaHHsAM KOHIIEHTpAIlil IIUPHUHA 3a00POHEHO] 30HU 3MeEH-
IYETHCsI. BUSIBJIEHO II'SATh JIOKAJII30BaHUX PIBHIB y 3a00poHe-
Hifl 30Hi, O BiANOBIAAIOTH d-€JIEKTPOHHUM CTaHAM JIOMIIIIKO-
Bux ionis Cu?t. BcraHoBieHO, 0 BepIIMHA BAJEHTHO! 30HH
YTBOp€Ha p-CTaHaMHM KHCHIO, a JIHO 30HH IIPOBimHOCTI — 3s- Ta
4s-craHaM¥M aTOMIB CipKH 1 KaJiiro. Bijst mHa 30HM mpoBigHO-
cri pozramosani jgokasnizoBani 4s-cranu aroma wmini. IIpoana-
JII30BaHO 3MiHM MIapaMeTPiB €JIEeMEHTaPHOT KOMipKH, TOKA3HUKA,
3aJIOMJIEHHS Ta JBOIPOMEHE3AIOMIICHHSI, IINPUHA 3a00POHEHOT
30HU, I'YCTUHU KPUCTAJIIB i3 3MiHOIO KOHIIEHTPAIil JOMIMIKK Mi-
Ol y MaTpHUIll KpUCTaja CyabdarTy KaJilo, a TaKOoXK OTPUMAHO
BiIIOBiAHI KOHIIEHTPAIIHI 3aJI€2KHOCTI.

Katwwoei cao0e6a: KpUCTAJ, JOMIIIKA, OKA3HUK 3aJIOMJIe-
HHs, JBOIIPOMEHE3aJIOMJIEHHSI, eJleMeHTapHa KOMipKa, 30HHO-
eHepreTUYHa CTPYKTYpa, 3a00pPOHEHa 30HA.
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