Crystal Chemistry, Optical Properties and Electronic Structure

https://doi.org/10.15407 /ujpe71.9.717

N.M. BLASHKO,' 0.V. MARCHUK,' V.M. HREB,? R.L. BUKLIV,> M.YA. RUDYSH ?

! Lesya Ukrainka Volyn National University

(13, Voli Ave., Lutsk 43025, Ukraine; e-mail: blashko.nazarii@unu.edu.ua)
2 Lviv Polytechnic National University

(12, Stepana Bandery Str., Lviv 79000, Ukraine; e-mail: roksoliana.l.bukliv@lpnu.edu.ua)
3 Ivan Franko National University of Lviv

(8, Kyryla and Mefodiia Str., Lviv 7900, Ukraine; e-mail: myron.rudysh@lnu.edu.ua)

CRYSTAL CHEMISTRY, OPTICAL
PROPERTIES AND ELECTRONIC STRUCTURE
OF RsFeq1Ga, ¢S7 (R — La, Ce, Pr, Nd, Tb) SULFIDES

1. Introduction

X-ray powder diffraction data were used to determine the crystal chemical parameters of
RsFeg1Ga1.657 (R — La, Ce, Pr, Nd, Tb) sulfides, which crystallize in the Laz CuSiS7 struc-
tural type (space group (SG) P6s). The crystal structure of these compounds is formed by
an interconnected three-dimensional framework of various coordination polyhedral types, in-
cluding seven-coordinated [R S7] polyhedra, mized-occupancy [M (Fe, Ga) Ss] octahedra, and
[Ga Sa] tetrahedra. The qualitative and quantitative elemental composition of the synthesized
sulfides was confirmed by energy-dispersive X-ray spectroscopy combined with scanning electron
microscopy (EDX/SEM). Dynamic light scattering was used to characterize the particle size
distribution and degree of homogeneity in colloidal systems (dispersion in isopropyl alcohol)
to determine the polydispersity indices. The optical parameters of the sulfides were determined
using the Tauc plot method, revealing band gaps from 1.95 to 2.50 eV for direct interband
transitions and from 1.21 to 2.70 eV for indirect ones, demonstrating composition-dependent
variability of the electronic structure. For the sulfides containing La and Ce, quantum-chemical
modeling was performed within the framework of density functional theory (DFT; ab initio ap-
proach) to calculate the band structure.

Keywords: rare-earth elements (REE), energy-dispersive X-ray spectroscopy, X-ray powder
diffraction, Tauc plot method, density functional theory.

thermal, electrical, and magnetic properties deter-

Complex chalcogenide compounds with the general-
ized formulas R,3A0_45G8.1_52X7 and RgBolea1,6X7
(where R represents rare-earth ions; A represents
monovalent metals Cu or Ag; B represents 3d transi-
tion metals Mn, Fe, Co, or Ni; X represents chalco-
gens S or Se) are the objects of targeted and system-
atic studies [1-4]. The relevance of studying such ob-
jects is driven by their multifunctional physicochem-
ical profile, which includes a wide range of optical,
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mined by their complex crystal chemistry and elec-
tronic structure.

Chalcogenide materials (sulfides, selenides, tel-
lurides) currently hold an important place among
functional compounds for high-tech applications. Due
to their wide transparency window and ability to ex-
hibit significant nonlinear optical susceptibility (par-
ticularly of the second order in noncentrosymmetric
structures), they are important for IR spectroscopy,
laser technology, and the development of mid-IR
waveguides [5, 6]. In addition to their optical prop-
erties, these compounds are actively investigated as
efficient thermoelectrics and as a basis for non-volatile
phase-change memory [7-9].

Gallium-containing chalcogenides [10-14] with a
noncentrosymmetric crystal structure of the P63 type
attract particular attention, since the absence of
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an inversion center is a necessary condition for the
emergence of quadratic nonlinear optical suscepti-
bility. This, in particular, enables second-harmonic
generation, which is of key importance in laser fre-
quency doubling and parametric generation processes
[15]. Materials with such structural features are con-
sidered a promising platform for the development of
a new generation of photonic and optoelectronic com-
ponents due to their high laser damage threshold and
significant values of nonlinear optical coefficients [16].

Of particular interest are sulfides of the
RsFeg.1Gaq 657 type, in which the combination of
rare-earth elements with partially filled d- and
f-electron states and a statistical mixture of cations
in the crystal lattice results in high sensitivity of the
electronic structure to compositional changes. This
provides opportunities for the targeted control of
their optical and electronic characteristics, which
is crucial for creating functional materials for
optoelectronics.

2. Experimental

The synthesis of sulfides was carried out by direct am-
poule synthesis using simple substances of semicon-
ductor purity in quartz containers evacuated down to
10~2 Pa. The weighed portions of the starting batch,
weighing 1.0 g each, were subjected to heat treatment
according to the following regime: heating to a tem-
perature of 400 °C at a rate of 30 °C/h (holding for
4 h); heating to a temperature of 1100 °C at a rate of
12 °C/h (holding for 4 h); slow cooling (6 °C/h) to a
temperature of 500 °C. At this temperature, homog-
enization annealing was performed for one month to
achieve phase homogeneity of the synthesized sam-
ples. To preserve the achieved structural state, the
annealed samples were quenched in water at room
temperature (~22 °C).

Structural investigations were performed using X-
ray powder diffraction method on a DRON 4-13
diffractometer using CuK, radiation. Crystal struc-
ture refinement was carried out by the Rietveld
method using the WinCSD software package [17], and
the visualization of the structural model was per-
formed using the VESTA software package [18].

The hydrodynamic sizes of RgFep1Gay ¢S7 parti-
cles dispersed in isopropyl alcohol were determined
by dynamic light scattering (DLS), based on measure-
ments of random changes in the intensity of light scat-
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tered by the suspension, using a DynaPro NanoStar
(Wyatt Technology, USA) with noninvasive backscat-
tering technology at a temperature of 298 K. The con-
centration of the samples was 5 mg/cm?. Before the
measurements, the suspension was subjected to ul-
trasonic dispersion for 10 seconds. For this purpose,
a high-frequency ultrasonic homogenizer UZDN-1A
(Sumy, Ukraine) with a frequency of 22 kHz and a
power of 40 W was used.

For the analysis of the suspensions, three series of
measurements were performed at five-minute inter-
vals. Each series included ten consecutive measure-
ment cycles, the results of which were automatically
averaged and processed using the built-in software
of the measuring instrument. This approach allowed
the effect of random fluctuations to be minimized
and representative data on the stability of the system
to be obtained. The average hydrodynamic diameter
indicates a relatively narrow distribution and homo-
geneity of the particles in the system.

Particle polydispersity (polydispersity index, PDI)
was calculated using the formula:

PDI = (SD)%/(Dy)?, (1)

where SD is the standard deviation of particle sizes,
nm; Dy, is the mean hydrodynamic diameter deter-
mined by DLS, nm.

The diffuse reflectance spectra of the synthe-
sized sulfides were recorded using a Shimadzu 3600i
Plus spectrophotometer equipped with an MPC-603A
multipurpose sample compartment and an integrat-
ing sphere in the wavelength range of 200-1500 nm
at a temperature of 293 K. Barium sulfate was used as
a white reference standard for the spectral measure-
ments. To analyze the obtained diffuse reflectance
spectra, the Kubelka—Munk mathematical model [19]
was applied, which relates the absorption K and scat-
tering S coefficients to the reflectance function of the
material, F'(R):

F(R)=K/S=(1-R)?/2R (2)

and the Tauc function [20], which was used to esti-
mate the band gap energies of the investigated poly-
crystalline sulfides. The Tauc function is expressed by
the equation:

(a-hv)" =A-(hw— Ey), (3)
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where « is the absorption coefficient proportional
to the Kubelka-Munk function F(R), R is the dif-
fuse reflectance, h is Planck’s constant, v is the pho-
ton frequency, F, is the band gap energy, and A is
a material-dependent constant. The exponent n de-
pends on the nature of the electronic transition and
equals n = 2 or n = 1/2 for direct and indirect al-
lowed transitions, respectively.

The electronic structure of RgFey 1 Gay 657 (R —La,
Ce) sulfides was investigated using density functional
theory within the Kohn-Sham formalism [21]. The
practical implementation of this theory was carried
out using the CASTEP software package [22, 23]. The
crystallographic data for RsFeg1GaiS7 (R — La,
Ce) obtained in this work by the XRD method were
used as initial parameters for the calculations of ma-
terial properties. Crystal structure modeling with a
statistical distribution of certain chemical elements
was carried out using the mixed atom method within
the virtual crystal approximation [24]. No geome-
try optimization was performed prior to the calcula-
tions. The total energy of the system was obtained
from a self-consistent solution of the Kohn-Sham
equations. The wave functions of the valence elec-
trons were expanded in a basis of Bloch-type plane
waves. The electronic configuration of the valence
electrons was as follows: La — 5d' 6s%; Ce — 4f!
552 5p% 6s2; Ga — 3d'0 4s? 4p'; Fe — 3s? 3pS 3d°
452, S — 352 3p*. The plane-wave cutoff energy was
set to FEeyy = 900 eV. The norm-conserving pseu-
dopotential method [25] was used to describe the
core electrons. The exchange-correlation interaction
was treated within the generalized gradient approx-
imation (GGA) parameterized by Perdew—Burke—
Ernzerhof (PBE). Brillouin zone integration was per-
formed over a 4 x 4 x 6 k-point grid generated accord-
ing to the Monkhorst—Pack scheme [26].

3. Results and Discussion

The RsFeq 1 Gay 657 sulfides were synthesized by tar-
geted modification of R3Gay ¢7S7 compounds [27-29],
whose crystal structure belongs to the LazCuSiS7
structural type (SG P63) [30]. The structural modifi-
cation involved the partial substitution of Ga atoms
at the 2a site by divalent iron atoms. As a result, a
statistical mixture of M (Fe + Ga) atoms forms at
the 2a site, which ensures charge compensation and
helps reduce local structural stresses associated with

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 9

Nd,Fe, ,Ga, ¢S,

Intensity (a.u.)

A A . (W 3 Tk e
Y i s

e
‘-
8
1
3

20 30 40 50 60 70 80 90
206 (degrees)
Fig. 1. Observed, calculated, and difference XRD patterns of
NdsFep.1Ga1.657

Table 1. Atomic coordinates
and isotropic displacement parameters
in the structure of NdsFeq.1 Ga1.6S7

a=9.9071(5) A, ¢ = 6.0690(6) A, V = 515.87(9) A3,
Ry = 0.0747, Rp = 0.2148
Atoms | site z/a y/b z/c Bieo A2
Nd | 6c¢ | 0.3777(2) | 0.1488(4) | 0.234(2) | 0.26(6)
M 2a 0 0 -0.014(8) | 0.8(5)
Ga | 2b 1/3 2/3 0.159(2) | 0.3(4)
S1 6 ¢ | 0.0938(10) | 0.511(3) | 0.009(4) | 0.6(5)
S2 6 c | 0.1366(11) | 0.242(2) | 0.290(3) | 0.4(4)
S3 2b 1/3 2/3 0.531(7) | 0.3(8)

deviations from the ideal stoichiometry of the initial
compounds. The crystallographic features of individ-
ual members of this series are described in detail in
our previous work [3].

The observed, calculated, and difference XRD pat-
terns for the iron-containing sulfide Nd3Gaq g7S7
based on NdsFey1Gaq 6S7 are presented in Fig. 1.

The refined atomic coordinates and isotropic dis-
placement parameters for the sulfide structure are
presented in Table 1.

The unit cell and coordination polyhedra charac-
teristic of the structure of R3Fep1Gai 657 (R — La,
Ce, Pr, Nd, Tb; M — 0.1 Fe+ 0.6 Ga) sulfides are
shown in Fig. 2.

An ordered arrangement of rare-earth element, gal-
lium, iron, and sulfur atoms is realized in these struc-
tures, forming a three-dimensional framework. The R
atoms are localized at the 6¢ crystallographic position
and coordinate seven sulfur atoms to form distorted
trigonal prisms [R(6¢) 63(69)1S(2%)]. These polyhedra
serve as the primary structure-forming elements of
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Fig. 2. Unit cell (a) and coordination polyhedra (b) [R(6¢) 6S(66)18(20)] [M(20) 6S(69)] and [Ga(2b) 3S(6¢)15(20)]
in the structure of RzFegp.1Gai1.6S7 (R — La, Ce, Pr, Nd, Tb; M — 0.1 Fe+ 0.6 Ga)

the cationic sublattice. The 2a site is statistically oc-
cupied by M (M — 0.1 Fe+ 0.6 Ga), with the Fe con-
tent in this statistical mixture being negligible. The
M atoms are surrounded by six sulfur atoms, form-
ing octahedral polyhedra [M®®) 6S(69)]. The octahe-
dra are characterized by a certain degree of distortion,
which arises from the statistical occupancy of the 2a
position by atoms of different chemical nature and
ionic radii.

The Ga atoms localized at the 2b site have a tetra-
hedral coordination environment of sulfur atoms and
form [Ga(?®) 35(69)1S(?%)] tetrahedra. Tetrahedral co-
ordination is characteristic of gallium in chalcogenide
structures and indicates a predominantly covalent
nature of the Ga—S bonds. The tetrahedra are spa-
tially isolated from each other and are connected to
the [R(69) 6S(618(20)] and [M(2® 63(69)] polyhedra
through shared sulfur-atom vertices.

As shown in Fig. 3, a, the LagFeq 1Ga; ¢S7 com-
pound exhibits slight polydispersity, with a particle
radius ranging from ~577 to ~733 nm and a stan-
dard deviation of £455 nm. This could be due to the
partial sedimentation of larger particles. The value of
the polydispersity index is PDI = 0.156.

For the CezFeq 1 Gay ¢Sy structure, the particle dis-
persion is stable and characterized by a unimodal dis-
tribution with a particle radius of ~138 nm, a stan-
dard deviation of £109 nm and a polydispersity index
PDI ~ 0.154 (Fig. 3, b).

The particle dispersion of the synthesized
PrsFeg.1Gay 657 sulfide (Fig. 3, ¢) is also stable
and characterized by a unimodal distribution with
a particle radius ranging from ~109 to ~139 nm, a
standard deviation of £97 nm, and a polydispersity
index PDI~0.154.
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The particle dispersion for the NdsFey1Gaj gS7
structure (Fig. 3, d) is stable and characterized by a
unimodal distribution, with a particle radius of ~139
nm, a standard deviation of £109 nm, and a polydis-
persity index PDI~0.154.

An analysis of the curves in Fig. 3, e shows that
for the ThsgFeg.1Gay 6S7 structure, as with the pre-
vious structures, the particle dispersion is stable and
characterized by a unimodal distribution, with a par-
ticle radius of ~359 nm, a standard deviation in par-
ticle size of £283 nm, and a polydispersity index
PDI~0.154.

The higher polydispersity of the synthesized
LagFeq.1Gay ¢S7 sulfide compared to RzFeg1Gay ¢S7
(R — Ce, Pr, Nd, Tb) sulfides can be explained by
the specific electronic structure of the lanthanum
atom, [Xe]|6s25d!. The other synthesized rare-earth
sulfides are characterized by the gradual filling of the
f-subshell. This causes a decrease in the orbital ra-
dius of the ions due to the f-contraction effect and,
consequently, the formation of a more unimodal par-
ticle size distribution.

The measured diffuse reflectance spectra for the
investigated RsFep1Gaj6S; (R — La, Ce, Pr, Nd
and Tb) chalcogenide powders are presented in
Fig. 4. It is known that rare-earth metal ions ab-
sorb energy at characteristic wavelengths [31]. For the
LagFeg 1 Gay gS7 sulfide, the spectra exhibit a clear
band gap with no additional characteristic lines aris-
ing from transitions between the energy levels of lan-
thanum, since the f-levels that determine the func-
tional properties are completely empty. The band gap
energy in lanthanum compounds is determined by the
separation between the p-states of the anion and the
5d-states of La [32].
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Fig. 8. Hydrodynamic particle size distribution for syn-
thesized sulfides: LagFep 1Gaj.6S7 (a), CesFep.1Gai.6S7
(b), PrsFeo.1Ga1.6S7 (c), NdsFep.1GaieS7 (d) and
ThsFeg.1Gai.6S7 (6)

For the Pr(Nd)sFeg1Gaj 657 sulfides, the charac-
teristic lines of Pr** and Nd3* are clearly observed
within the band gap and can be assigned to the fol-
lowing transitions from the ground state: 497 nm
(3Py), 608 nm (1D3), 1020 nm (1Gy), 1385 nm (3Fy),
1405 nm (*F,) and 1485 nm (3F3) for Pr®* [33], and
to 530 nm (2K15 2, 2Gg/2, 2G7/2), 600 nm (2G7/2,
*Gs/2), 690 nm (*Fyg), 760 nm (*S3/2, *F7/2), 820 nm
(*Hy 2, *F5,2) and 890 nm (*Fj/5) for Nd** [34].

For the Ce(Tbh)sFeq 1Gay 6S7 sulfides, the spectra
do not exhibit distinct characteristic lines of Ce3*
or Th3T in the visible or near-infrared regions. This
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Fig. 4. Diffuse reflectance spectra of RgFeg.1Ga1.657 (R — La,
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is because the electronic states of Ce®* are located
in the ultraviolet region (5d-4f (*F7/2, ?F5/s) tran-
sitions at ~250-350 nm). Meanwhile, the f—f tran-
sitions of Th3* in the visible range, such as transi-
tions from one of the 7F0,1’2’3$4y5,6 ground states to
the °Dy excited state at ~488 nm ("Fg), ~543 nm
("Fs), ~584 nm ("Fy), ~622 nm ("F3), are inherently
weak and further broadened by crystal field effects in
the lattice [35, 36].

The band gap energy of the R3Feg 1Ga; 6S7 (R —
La, Ce, Pr, Nd, Th) sulfides was determined by ex-
trapolating the linear portion of the Tauc plot to the
energy axis for both direct and indirect allowed tran-
sitions (Fig. 5).

Analysis of the Tauc plots for the RzFey.1Gay 657
(R=La, Ce, Pr, Nd, Tb) sulfides shows that the
representation for direct transitions, (F(R)hv)2, ex-
hibits a longer and clearer linear region compared
to the indirect case. The obtained results indicate
that the investigated phases are characterized by a
direct allowed transition with a band gap energy of
approximately 1.95-2.50 eV. These values are close
to the characteristics of the classical nonlinear opti-
cal chalcogenide AgGaSy (=2.5-2.7 €V) [37-39], in-
dicating the potential of these compounds for appli-
cations in infrared nonlinear optics. The combination
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of a moderate band gap and the expected high po-
larizability can provide a favorable balance between
the nonlinear optical response and the laser-induced
damage threshold. It is also worth noting that among
the investigated compounds, the Ce-containing sam-
ple stands out due to significantly lower band gap val-
ues for both direct and indirect transitions compared
to other members of the studied series. No clear cor-
relation was found between the chemical composition
and the band gap energy values.

The  calculated band  structure of the
R3Fep1Ga; 657 (R — La, Ce) sulfides was plot-
ted along the lines connecting the following high-
symmetry points of the first Brillouin zone: I' = A —
—- H > K —>T - M - L — H. The presented
band structures are plotted for the energy ranges
of —42 to 22 eV (for LasFeg1GaiS7) and —62 to
22 eV (for CegFep1GayS7). In the energy ranges
from 3 to 22 eV (for LagFey1Gay 6S7) and from —3
to 22 eV (for CesFey1GayS7), the band structure
is represented by a set of closely spaced bands
corresponding to the combined energy levels of the
constituent atoms. This part of the electronic spec-
trum is practically continuous within the specified
ranges. For the electronic structure calculations,
0 eV corresponds to the valence band maximum and

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 9
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coincides with the Fermi energy. Near this energy, | strongly bound core states. The band structure of
a distinct group of energy levels appears, indicating | these sulfides is presented in Fig. 6.

presence of localized states. At lower energies, a Near 0 €V, which corresponds to the valence band
set of narrow levels is observed, corresponding to | maximum, there is a band formed by the localized
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d-states of La, f-states of Ce, d-states of Fe + Ga
and p-states of S. The narrow bands near —40 eV,
—-16 eV, and —13 eV are formed by the s- and p-states
of Fe + Ga. At —12 eV, a high-intensity band with
a contribution from the s-states of S appears. Wi-
thin the range of 0 to 20 eV, low-intensity bands of
the p-states of La and Fe + Ga are observed. In the
Ce-containing sulfide, the s- and p-states of Ce are
located at —35 eV and —18 eV, respectively.

The electronic structure of these sulfides differs
only in the partial densities of states of the rare-earth
elements. Figs 7 and 8 show the total and partial den-
sities of states calculated using the GGA.

The obtained results indicate that the
La(Ce)sFep.1Gay 6S7 sulfides are direct band gap
semiconductors with band gap energies in the range
of ~1.95-2.50 eV, which is consistent with the nature
of the linear portions of the Tauc plots and indicates
efficient optical transitions. Calculations within
density functional theory confirm the semiconduct-
ing nature of these compounds and demonstrate
a complex structure of the valence band, formed
predominantly by the p-states of S with a noticeable
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contribution from the d-states of metals and, in the
case of Ce-containing phases, localized f-states. The
presence of separated electronic states near the
Fermi level may suggest a potential sensitivity of
the electronic structure to substitution or external
influences.

At the same time, it was established that substitut-
ing La for Ce does not alter the overall band structure
profile; however, it leads to a redistribution of the par-
tial densities of states. This effect can be utilized as a
tool for fine-tuning the electronic and, consequently,
optical characteristics. The combination of the ex-
perimental and theoretical insights obtained suggests
that the investigated sulfides are promising functional
materials for optoelectronic applications, where the
presence of a direct band gap and a complex elec-
tronic structure opens up possibilities for controlling
their properties by varying the composition.

4. Conclusions

The crystal structure of R3Feq 1Gaq 6S7 (R=La, Ce,
Pr, Nd, Tb) sulfides, which crystallize in the hexag-
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onal system (space group P63; LagCuSiS; structural
type), was investigated by X-ray powder diffraction.

The hydrodynamic particle sizes of six synthesized
sulfide powder samples were measured by the DLS
method, and their polydispersity indices were found
to lie within the range PDI~(0.120-0.155. These val-
ues indicate the high stability and homogeneity of
the powders, making them suitable for applications
in catalysis and nanotechnology.

The band gap energies were determined by optical
methods using the Tauc plot method based on the
Kubelka - Munk function for the following sulfides:

La3F€0_1G31.687 (E; = 1.59 GV; E;;* = 245 GV),
CegFeO_lGal_GS7 (E; = 1.21 eV; E;* = 1.95 GV),
PT3F60_1G8,1V6S7 (E; = 244 GV; E;* = 2.50 GV),
ngFeo‘lGal'GS7 (E; = 2.59 eV; E;* = 2.43 eV),
TbgFeo_lGal,GS7 (E* = 2.70 eV; E;* = 2.50 eV)

(E; — direct band gaps; E;* — indirect band gaps).

The noncentrosymmetric structure of the obtained
phases opens up possibilities for their use in nonlinear
optical devices. Due to their ability to generate opti-
cal harmonics and exhibit self-focusing effects, these
sulfides can serve as a basis for the development of
new optical converters and functional components for
laser systems.
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KPUCTAJIOXIMIS, OIITAYHI
BJIACTUBOCTI TA EJIEKTPOHHA CTPYKTYPA
CYJIB®IIIB R3Feg 1 Gay 657 (R — La, Ce, Pr, Nd, Th)

3a pe3ysibraraMu PEHTI'eHIBChKOI TOPOIIKOBOI JudpakToMeTpil
BCTAHOBJIEHO KPHUCTAJIOXIMIYHI MMapamMerpu CyabdifiB ckiiamy
RaFep,1Ga1,657 (R — La, Ce, Pr, Nd, Tb), ski kpucramnisy-
10oTbest y crpykrypHomy tuni LazCuSiS7 (mpocroposa rpyna
(TIIT") P63). Kpucraniuna crpyKTypa X CIOIYyK chOpMOBaHa
B3a€MOIIOB’ I3aHOI0 TPUBUMIPHOIO MEPENKEI0 KOOPWHAIIHHIX
noJtie/IpiB pi3HOro THUILY, 30KPEMa CEMUKOODANHOBAHUX II0JIie-
zpie [R S7], okraenpis amimanoro sanosraenns [M (Fe, Ga) Sg|
i rerpaenpis [Ga S4|. fxicHuii i KinbKicHUI eleMeHTHUI CKag
CUHTE30BAaHUX CYJIbMI/IB MiITBEP/IKEHO METOJAMU €HEPrOJIUC-
HepCiiHOl PEHTI'eHIBChKOI CIIEKTPOCKOIIl B ITOE€AHAHHI i3 CKa-
HYBaJIbHOIO eJIeKTPOHHOI0 Mikpockomiero (EDX/SEM). Posno-
iJI pO3MipiB YaCTHUHOK 1 CTYIiHb IX OJHOPIAHOCTI B KOJIOIJTHUX
cucreMax (Aucrepcis B i3ompomnisioBoMy crmpri) oxapakTepu-
30BaHO METO/JOM JWHAMIYHOI'O PO3CiIOBAHHSI CBIT/IA, Ha OCHOBI
YOro BH3HAYEHO iHeKcH nosigucuepcHocti. Onruyni napame-
Tpu CynabdiaiB BCTAHOBJIEHO i3 3aCTOCYBaHHAM MeTody Tayra:
mupuHa 3a60pOoHEHOT 30HU CTaHOBUTH Bix 1,95 o 2,50 eB s
npsAMUX Mi2K30HHUX TrepexoiiB i Big 1,21 mo 2,70 eB mia ue-
NPsAMUX, IO CBIIYUTH IIPO BapiaTUBHICTH €JIEKTPOHHOI CTPY-
KTypH 3ajie?KHO Bif ckuany. s cynpdinis, mo mictars La i
Ce, poBeIEHO KBAHTOBO-XIMiYHE MOJEJIIOBAHHS B PaMKaxX Te-
opil dyuknionana rycrunu (DFT, ab initio migxin), y mexkax
SKOI'O PO3PAaXOBaHO 30HHY CTPYKTYDPY.

Katowoei c.ao6a: piAKiCHO3EeMEIbHI €JIeMEHTH, eHEProucC-
nepciifHuil PeHTIr'eHiBChbKUM aHaJi3, HOPOIIKOBA PEHTTEHIBChKA
nudpaxTomerpis, meron rpadikis Tayna, meTon dyukmionaa
T'YCTUHU.
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