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Lead halide perovskites have attracted considerable attention as one of the most promising materials for optoelectronic applications.
The structural, electronic, and optical properties of the cubic perovskite CsPbF; were studied using density functional theory in
conjunction with plane waves, norm-conserving pseudopotentials, and Perdew-Berg-Erzenhof flavor of generalized gradient
approximation. The obtained structural parameters are a good agreement with the experimentally measured and other’s theoretically
predicted values. The obtained electronic band structure revealed that cubic CsPbF; has a direct fundamental band gap of 2.99 eV at
point R. The calculated energy band gaps at the high symmetry points agree with the other available theoretical results. The GW method
is adapted to correct the underestimated fundamental energy gap value to 4.05 eV. The contribution of the different bands was analyzed
from the total and partial density of states. The electron densities show that Cs and F have strong ionic bonds, whereas Pb and F have
strong covalent bonds. The optical properties of CsPbF3 were calculated using the density functional perturbation theory and Kramers-
Kronig relations. The wide and direct bandgap nature and the calculated optical properties imply that cubic CsPbF3 can be used in
optical and optoelectronic devices for high frequencies visible and low frequencies ultraviolet electromagnetic radiation.
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1. INTRODUCTION

Based on first principles approaches, several computational techniques have been developed to investigate the
properties of materials. Using these first principles techniques, it is possible to predict many of the physical and chemical
characteristics of the condensed matter with acceptable accuracy.

Perovskites have become extremely important from both a technological and science due to their commonly
observed characteristics, such as high thermoelectric power, spin-dependent transport, superconductivity, ferroelectricity,
charge ordering, colossal magneto-resistance, and the interplay of magnetic, structural and optical properties [1], [2].
These materials are often employed as substrates, sensors, and catalytic electrodes in fuel cells, and they also represent
interesting optoelectronics material choices [3]-[6]. Inorganic halide-based cubic perovskite structures have also been
researched and shown to have excellent absorption and low reflection coefficients as used in solar cells and optoelectronic
devices [7]. Besides that, the progression of the perovskite solar cells' efficiency rose by more than 6% in the range of 10
years, as a result of their lowering costs and friendly environment [8], [9].

Perovskite fluorides are widely used as antireflective and protective coatings due to their distinctive optoelectronic
characteristics. They are recognized for having fast ion conduction. In CsPbF3, rapid fluoride ion conduction has been
recognized [10], [11]. The single crystal of CsPbF3 is a useful perovskite for studies of ionic diffusion due to its chemical
bonding, relatively simple crystal structure, and excellent fluorine diffusivity throughout a wide temperature range [10].
CsPbF; has a cubic perovskite (Pm3m), according to a preliminary analysis of the diffraction pattern at room
temperature [12]. CsPbF;, which has a direct bandgap and is good in optical characteristics, may be employed successfully
in photonic and optoelectronic devices despite being a possible compound for high-frequency optical systems.

There have been some theoretical studies written on CsPbF3, which, reported by many researchers, who has been
computed the Cubic Perovskite structural, and optoelectronic properties, which used the DFT method to analyze the
Kohn-Sham equations, together with the full-potential linearized augmented plane-wave (FPLAP-W) approximation
within the Wu-Cohen generalized gradient approximation (GGA)[3]. [13] another researcher applied projector augmented
wave (PAW) Potentials under the PBEsol functional to study the structural properties of CsPbFs.

Other studies have been published, by utilizing the DFT and the PAW method with (PBE-GGA) Perdew-Burke-
Ernzerhof generalized gradient approximation, which calculated bandgap in cubic phase with Pm3m space group and
rhombohedral phase with R3¢ space group of CsPbF3; and polarizability, Rashba parameters for optoelectronic
applications [14].

Also, first principle calculations have been used to calculate the structural and optoelectronic properties of
CsPbFs-yly (y =0, 1, 2), and the exchange and correlation were handled by both the GGA and HSEO06 functionals [15].

Also, the structural and optoelectronic properties of Cs-based fluoroperovskites CsMF; (M = Ge, Sn or Pb) were
studied and used (DFT) method with (GGA-PBE)[16].
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The aim of this study is the investigation of the structural, electronic, and optical properties of cubic perovskite
CsPbF; theoretically in the context of (DFT) by using ab initio calculations, by ABINIT code. Accordingly, all
calculations were conducted using the plane waves with the norm-conserving pseudopotentials (PW-PP) schemes.
Specifically, we compute a Kohn Sham gap in the frame of a known (PBE-GGA). Furthermore, Green’s function and
screened Coulomb-interaction (GW) approximations have been used to update band gap values (Eg). The current study
will present a better aid in understanding the possible applications of the chosen candidate, CsPbFs.

2. COMPUTATION DETAIL

In the present work, the structural, electronic, and optical characteristics of the cubic perovskite CsPbF3 have been
computed using the DFT framework. The wave functions were expanded in plane waves (PWs) as basis sets. The
interaction between the valence electrons and ions was accounted for by the optimized norm-conserving Vanderbilt
pseudopotentials [17]. The exchange-correlation term in the Kohn-Sham equations was treated by the Perdew-Berg-
Erzenhof flavor of generalized gradient approximation (PBE-GGA). All calculations were performed by the ABINIT
code [18]-20]. A cubic perovskite structure, its general formula is ABX3, has five atoms per unit cell, and belongs to the
space group Pm—3m (#221). The locations of the five atoms are considered as follows: A, B, and the three X atoms occupy
0.00.00.0,0.50.00.5,0.50.50.0,0.50.0 0.5 and 0.0 0.5 0.5, respectively (Figure 1).

Figure 1. The cubic perovskite structure ABX3 [21]

Convergence calculations have resulted in the cut-off energy of 1632.68 eV and (336) k points, which correspond
to the 14x14x14 k-point grid of Monkhorst—Pack. The structural geometry was optimized depending on the achievement
of atomic coordinates relaxation. The resulting optimized values of a and relaxed atomic coordinates were exploited to
calculate band structure. They have also been used in the calculations of the total density of states (TDOS), the partial
density of states (PTDOS), and optical properties. To correct the well-known DFT underestimation of the energy gap
value [22], the GW approximation on energies and wavefunctions was carried out.

Optical properties have been calculated using density functional perturbation theory (DFPT) [23] and Kramers-
Kronig relations[24]. The later were used to obtain the real and imaginary parts of the dielectric function. In addition,
the refractive index, extinction coefficient, reflectivity, and absorption coefficient of the cubic CsPbF; for incident
photons of energies from 0.08 eV to 40 eV have been computed. In calculating the optical properties, the interaction
between the valence electrons and ions was accounted for by the norm-conserving, separable, dual-space Gaussian-type
pseudopotentials by Goedecker, Teter, and Hutter (GTH) [25], [26].

3. RESULTS AND DISCUSSION
Structural properties
The optimization calculation produced the values of total energy, Ei, and pressure, P, for various values of a (hence,
unit cell volume). Figure (2) shows the total energy E:: plot versus lattice constant a, from which the optimized value
of a for the cubic CsPbF; was taken, see Table 1. The pressure P against the volume of the unit cell is plotted in Figure (3),
from which the unit cell volume at P =0, V,, was calculated, see Table (1).
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Figure 2. Total energy, Eot, versus lattice parameter, a, of cubic ~ Figure 3. Pressure versus the corresponding unit cell volume of
CsPbF3 cubic CsPbF;
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Table 1. Optimized structural properties of cubic CsPbF3 calculated using PBE-GGA flavor

Parameter Present work Theoretical Experimental

a(A) 4.9051866 4.80652°,4.800¢, 4.777°,4.773,4.653,4.90" 4.795%¢ 4.774°, 4.7748"¢
Ewt (eV) —4569.8241 -60201.5279 ® n.a*
B, (GPa) 39.013 52%,27.19 4,39.035f n.a
By 4.811 5.11% 5.765f n.a

Vo (A% 118.022986 109.041°,116.02f 108.864 b-¢
Bond length (A)

Cs-F 3.469 3.98° n.a
Pb-F 2.453 2.33% n.a

* Here and below the notation, “n.a.” stands for “not available”.
aRef. [29], P Ref [3], © Ref. [14], ¢ Ref. [30], ¢ Ref. [10], f Ref. [15], € Ref. [12].F Ref.[16]

The change of pressure P with the unit cell volume V of the cubic CsPbF; was fitted to the second-order Birch-
Murnaghan equation of state [27]:

Pon =2 - () [+ i o ()7 -1 M

where B, and B,’ are the zero-pressure value of bulk modulus and its pressure derivative, respectively.

From the fitting, the values of B, and B,’ were obtained and they are given in Table (1). The length of the bonds
Cs-F and Pb-F were also calculated and are given also in Table (1). The results of the bond length calculation show that
the bond Cs-F is longer than the bond Pb-F. Referring to the electronegativity of atoms [28], this agrees with the fact
that the electronegativity difference between atoms Cs and F is larger than that between Pb and F. Thus, all optimized
structural properties, calculated with GGA-PBE flavor, were obtained and are listed in Table (1).

The calculated structural properties agree well with those from experiments as well as other theoretical investigations
that have been done utilizing various DFT implementations, see Table (1).

Electronic properties

The electronic properties of the cubic CsPbF; were investigated through the computation of the band structure,
TDOS, and PDOS. The energy of the bands was computed at the high symmetry k-points from point R to I" along the
symmetry lines R-I'-X-M- I'. The computed band structure is plotted in Figure (4). The figure reveals that both the
minimum of the bottom conduction band (BCB), band 23, and the maximum of the top valence band (TVB), band 22, are
located at the symmetry point R. That is, the cubic CsPbF; has a direct fundamental energy band gap at the symmetry
point R, E,;& R, The energy gaps at k points R, T', X and M were calculated and are given in Table (2) along with other
available theoretical results.
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Figure 4. Band structure of cubic CsPbF3

Table 2. Computed energy gaps in (¢V) at some high symmetry points in the PBE-GGA approach. Results of other theoretical works
are also given.

CsPbF3 EgR-R EglT EgXX EgM—M
Present work 2.99336 7.77865 5.18326 4.71271
2.55%4,2.62°2.642 9, b b

7 oge n.a. 59 5.7
aRef. [29], ®Ref. [3], © Ref. [14], ¢ Ref. [15], *Ref[16].

Theoretical works

The present work reveals that the PBE-GGA value of the fundamental energy gap, E;8F, is 2.99336 eV, see
Table (2). It is also clear from Table (2) that the present calculated energy band gaps of the cubic CsPbF; using the PBE-
GGA method are consistent with other available theoretical studies. The calculated E;R R value using PBE-GGA suffers
from the well-known problem of the DFT’s underestimation of the energy gap. To correct this underestimated value of
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Ef R, the GW method on energies and wavefunctions was used. The obtained corrected value of E;fR was 4.052 eV,
which agrees well with other available theoretical results, see Table (3). Unfortunately, no experimental value is available
on the fundamental band gap of the cubic CsPbF3.

Table 3. Fundamental band gap E;* R computed using PBE-GGA and GW along with results of other works

EfR (eV)
CsPbF3 Actual value
PBE-GGA value GW Other methods
Present work 2.99336 4.052 -
Theoretical 2.98f 2.55%4 2.62° 26424 n.a 3.82,3.920 2.42°2.6424, 3.7079,
Experimental n.a n.a

aRef. [3],° Ref. [30],°Ref. [14]9Ref. [15],° Ref. [29],/Ref. [16].

The electronic properties can be further elaborated in terms of the density of states. That is, understanding the
electronic band structure becomes more comprehensive when enlightened by DOS. For this purpose, the TDOS and PDOS
for the cubic CsPbF; were calculated and are presented in Figure (5) and Figure (6), respectively. The PDOS is essential
to know the contributions of different atomic states to the bands.
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Figure 5. Total density of state (TDOS) of cubic CsPbF;
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Figure 6. Partial density of states (PDOS) for the atoms (a) Cs, (b) Pb, and (c) F

The band structure of the cubic CsPbF; from —10 eV to 20 eV (looking at TDOS, Fig. (5) is divided into three dense
VB regions and three dense CB regions. The three VB regions are in the energy ranges —8.5 eV to —6.0 eV, 4.7 eV
to -2.8 eV, and —2.8 eV to 0 eV. The three CB regions boundaries are 3 eV, 9 eV, 14 eV, and 20 eV. It is interesting to
investigate the amount of contribution of the atomic orbitals of the three atoms to each of these six regions. However,
because of their role in the optical response, only the upper region of VB and the lower region of CB will be investigated.
To realize the amount of the contribution of each of the atoms Cs, Pb, and F to the upper region, ~ (-2.8 to 0) eV, of VB,
the full PDOS of the three atoms corresponding to the VB have been plotted alongside, see Fig. (7).

It is clear from Fig. (7) that the bands in this range, ~ (2.8 to 0) eV, arise mainly from the F-p orbital. The Pb-s
orbital contribution is small, namely, one-third of F-p, the contribution of Pb-p is very small, and Pb-d and F-s
contributions are almost insignificant. It is clear from Fig. (6) that the lower region of the CB, (14 to 200) eV, arises
mainly from Cs-d, Pb-p, and F-p orbitals, which nearly contribute equally, while the contribution of F-s is less, namely,
about one fifth. The contribution of F-d is small, that of Cs-s, Pb-d, and Pd-f are very small and Cs-p, Cs-f, and F-s
contribute almost insignificantly.

Figures (5) — (7) reveal that the top most four states in VB, above —4.7 eV, arise mainly from F-p orbital and much
less from Pb-s. The bottom most nine states of CB, below 9 eV, arise mainly from the orbitals Cs-d, Pb-p, and F-p, which
equally contribute. It is also clear that the lower edge of the fundamental band gap is determined by the F-p orbital,
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Fig. (7), while the upper edge of the fundamental band gap arises from the Pb-p orbital, Fig. (6b). This implies that the
fundamental band gap arises from the higher occupied orbital of the F atom and the higher occupied orbital of Pb, which
are F-2p> and Pb-6p?, respectively. Accordingly, one realizes that the fundamental band gap can be tuned by changing
the atoms F and/or Pb, provided the new structure be stable.

In summary, see Fig. 6, the formation of VB is mostly due to the contribution of the s state of Pb and p states of Cs
and F, while CB is mostly due to the contributions of the f state of Cs and p states of Pb and F. The calculated DOS is in
good agreement with the previous theoretical results [3], [15].
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Figure 7. Partial density of states (PDOS) of VB for the atoms (a) Cs, (b) Pb, and (c) F.

Optical properties
To predict a material's possibilities for use in photovoltaic devices, the investigation of its optical properties is
crucial. The most important frequency-dependent optical properties are the refractive index n(w), extinction coefficient
k(m), reflectivity R(w), and absorption coefficient a.(w). These characteristics can be calculated using [31]:

/2
/ 2 2 1
n(w) — I:Slgw) + gl(‘”) 2+82(w) (2)

41/2
2 2 1
k(w) = [el(w) _ Ja(@?te @)

. . | 3
2
R(@) = |5 O
and
a(w) = )
respectively, where g1(®) and &,(®) are the real and imaginary components of the dielectric function &:
£(w) = & (w) +ig(w) Q)

The real component ¢; of the dielectric function indicates the retaining ability of the material while the imaginary

component &, determines its absorptive ability. As much as solar cells are concerned, €; determines the ability of the cell
to store energy, and &, determines its absorption limitations and, thus, capability to gain energy [32].
It is clear from Egs. (2)—(5) that if the real and imaginary components of the dielectric function are known, it is possible
to compute those optical properties. Using DFPT [18] and Kramers-Kronig relations [33], the real and imaginary
components of the dielectric function were computed for incident photon energies from 0.08 eV to 40 eV. Then, the
frequency-dependent optical properties were calculated using Egs. (2)—(5). The computed real and imaginary components
of the dielectric function, n, k, R, and a spectra are shown in Figure (8).

Figure (8a) reveals that the value of the zero-frequency limit £,(0), known also as the static dielectric constant, for
cubic CsPbF; is 3.14. The knowledge of the value of the static dielectric constant is important in optoelectronic and
photovoltaic technology. The higher the €(0) value, the greater the potentiality of the material for designing
optoelectronic devices [34]. The figure shows that starting from the zero-frequency limit €1(0), &1(w) begins to rise and,
after a few peaks, reaches its maximum value of 5.42 at 4.65 eV beyond which gradually declines passing through many
peaks and becoming negative in the energy range (15.10-17.71) eV. Thus, the cubic CsPbF; has a dielectric behavior
(e1(w) > 0) in response to the most investigated photon spectra except for the energy range 15.10 — 17.71 eV for which it
has a metallic characteristic (gi1(®) < 0). The negative €i(®) in an energy range indicates the attenuation of the incident
photon in that range, thus, a metallic behavior of the material [35].
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Figure 8. Optical properties versus the energy of cubic CsPbFs: (a) Real €1 and imaginary &2 parts of the dielectric function,
(b) Refractive index n and extinction coefficient k, (¢) Reflectivity R, and (d) Absorption coefficient a.

The &»() illustrates the absorption of incoming radiation impinging at the surface, and the excellent optical materials
absorb the incoming photons, almost entirely, within the top surface. Its values are compatible with those estimated from
the electronic band structures and are closely connected to the optical band gap.

It is noticed from Figure (8a) that the threshold point in the spectrum of &;(w) is nearly at 2.9 eV. This threshold
corresponds to the transition from the VB state that arises from the orbitals F-2p and Pb-6s to the CB state that arises from
the Pb-6p orbital, see Fig. (6). The value of the threshold is solely determined by the fundamental band gap. The figure
shows that starting from the threshold, &,(w) starts increasing and, after a few peaks, reaches its maximum value of 5.07
at 4.74 eV, then, passing through many peaks, reaches another high-value peak of 4.20 at 14.86 eV beyond which it
decreases and almost vanishes beyond 24.00 eV.

Figure (8b) shows that the variation of the refractive index n(w) and extinction coefficient k(w) follow the same
pattern as &; and &, respectively. The n(w) increases from its zero-frequency limit n(0), 1.77, and reaches its maximum
value of 2.38 at 4.65 eV. The k(w) spectrum indicates that the maximum extinction coefficient is 1.37 and occurs at
14.94 eV. Beyond 24.41 eV, k(w) almost vanishes. For incident photons having energies greater than 15.67 eV, the
refractive index n(w) becomes less than one which implies that the group velocity, vg = c/n, is greater than the speed of
light c. The conversion from n > 1 to n < 1 occurs at the same energy at which &1(w) has the largest negative value, see
Fig. (8a and 8b).

Figure (8c) represents the computed frequency-dependent reflectivity R(w). The figure reveals that the zero-
frequency limit of reflectivity, R(0), is about 0.08. The figure shows that starting from the zero-frequency limit R(0),
R(w) begins to rise and, after a few peaks, reaches its maximum value of 0.50 at 16.57 eV then decreases passing through
many peaks and approaches zero beyond 30 eV, that is, cubic CsPbF3 becomes almost transparent to photons of energies
higher than 30 eV.

One can notice, in Fig. (8a — 8c), that the maximum negative value of €i(w) and transition of n(w) value to less than
one, both, occur at the same photon energy, ~16.5 eV, and coincide with the maximum value of R(w). This implies that,
at that energy, cubic CsPbF; becomes superluminal, a common behavior in perovskites [36], [37].

The computed absorption coefficient aw) is presented in Fig. (8d). a(w) spectrum predicts how many photons of
various energies are absorbed, thus, is directly connected to the fundamental energy gap. The photons with energies lower
than the fundamental energy gap are transmitted, while photons with equal and higher energies are absorbed. Figure (8d)
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shows that the absorption starts around 2.99 eV and then increases to its maximum value of 220.23x10°m™ at 16.16 eV.
Figures (8a) and (8d) reveal that absorption is higher for energies at which €;(w) is negative and maximum absorption
occurs where £;(w) has a maximum negative value. The significant values of a(w), see Fig. (8d), cover a wide range of
energy, namely, about (2.9 — 36.5) eV and, thus, for high energies visible light and low ultraviolet, the cubic CsPbF;
perovskite is a promising material for a variety of optical and optoelectronic devices.

CONCLUSIONS

The structural, electronic, and optical properties of cubic CsPbF; have been investigated by using first-principles
computations, namely, the DFT with the PBE-GGA flavor as the exchange-correlation energy. The structural properties,
band structure, and total and partial density of states were calculated. The GW approximation was implemented to correct
the underestimated energy band gap. The optical properties were also computed using Kramer—Kronig relations.

The calculated structural characteristics, such as lattice constant, bond length, bulk modulus, and its pressure derivative,
agree well with other theoretical and experimental findings. The calculated length of the bonds Cs-F and Pb-F are consistent
with the electronegativity of the three atoms. The computed band structure reveals that cubic CsPbFs has a direct fundamental
energy band gap that is located between band 22 and band 23 at the symmetry point R. The calculated energy band gaps at
the high symmetry points R, I', X and M are in good agreement with those of other theoretical studies. The calculated value
of the fundamental energy band gap, 4.025 ¢V, suggests that cubic CsPbF3 is a wide band gap semiconductor.

The real and imaginary parts of the dielectric function, refractive index, extinction coefficient, reflectivity, and
absorption coefficient were calculated for incident photon energies from 0.08 eV to 40 eV. In the spectrum of the
imaginary part of the dielectric function, different characteristics are seen, mostly as a result of the transitions from the
VB states that arise from Cs-p and F-p orbitals to unoccupied states in the CB. The spectrum of the real part of the
dielectric function revealed that cubic CsPbF3; has a metallic behavior in response to the incident photon energies from
15.10 eV to 17.71 eV.

The calculated absorption coefficient is appreciable in the high-frequency visible and low-frequency ultraviolet
regions, thus, indicating the feasibility of cubic CsPbF; to be used in optoelectronic devices for such regions of
electromagnetic radiation.
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NEPIIONPUHIIMIIA PO3PAXYHKY CTPYKTYPHUX, EJEKTPOHHUX I ONTUYHUX BJACTUBOCTEM
KYBIYHOI'O NIEPOBCKITY CsPbF;
303an F0. Moxammen, Capkayt A. Cami, Ixkanaa M. Camix
Jenapmamenm ¢pizuxu, Hayxoeuii koneooc, Yunisepcumem /Jyxok, Kypoucman, Ipax

[lepoBCKiTH rajoreHiiB CBUHIIO NPUBEPHYJIM 3HAUHY yBary sIK OJIMH 13 HAHOLIBII MEPCIIEKTUBHUX MaTepiaiiB Ul ONTOSIEKTPOHHUX
3actocyBaHb. CTPpyKTYpHI, eIeKTPOHHI Ta ONTHYHI BIACTHBOCTI KyOiuHOTr0 nepoBckiTy CsPbF3 Oynu BUBUeHI 3 BAKOPHCTaHHIM Teopil
(yHKIIOHANY TYCTHHH B TO€AHAHHI 3 TUIOCKMMH XBWISIMH, IICEBJONOTEHIIANAMH, IO 30epiraloTb HOPMY, 1 y3aralbHEHUM
rpagieHTHUM HabmwkeHHsM [lepapio-bepr-Epnenroda. OTpumani CTpyKTYpHI TapaMeTpu J0Ope Y3roIKYIOThCS 3 EKCIIEPUMEHTATEHO
BUMIPSIHUMH Ta HIIAMH TEOPETHIHO IIPOTHO30BAaHUMU 3Ha4eHHsIMH. OTpUMaHa eJIeKTPOHHA CTPYKTYpa 30H MOKa3asa, o KyOoiuHnit
CsPbF3; Mae npsimy QyHIaMeHTanbHY 3a00poHeHy 30HY B Toulli R 2,99 eB. Po3paxoBaHi eHepreTHuHi 3a00pOHEHI 30HH B TOYKAX
BHCOKOI CHMETpii Y3ro/[KYIOThCS 3 IHIIMMH JOCTYITHHMH TEOPETHUHHMMH pe3dyiabraTamu. Meronq GW amantoBaHO uisi KOPEKIHT
3aHM)KEHOTO 3HAUYEHHA (PyHIaMEHTAIBHOT eHepreTndHoi minHu 10 4,05 eB. BHecoK pi3HUX cMyT aHajIi3yBaBcs 3 IIOBHOT Ta YaCTKOBOT
IIiIBHOCTI cTaHiB. EnexTponHa rycruna nokasye, mo Cs i F mators MirHi ioHHI 3B’s13kH, Toai sk Pb i F MaioTs MinHI KoBaneHTHi
3B’s13ku. Ontuuni BaactuBocTi CsPbF3 po3paxoBaHo 3 BUKOpUCTaHHSIM Teopii 30ypeHb (YHKIIOHAIY TYCTHHH Ta CIIBBiJHOIIECHb
Kpamepca-Kpownira. [Iupoka ta mpsima 3a00poHeHa 30HA Ta PO3paxoBaHi ONTHYHI BIACTHBOCTI 03HAYaloTh, 1m0 KyOiunuii CsPbF;
MOXXHa BUKOPHCTOBYBAaTH B ONTHYHHX Ta ONTOECJICKTPOHHHUX IPUCTPOSAX Ui BUCOKOYACTOTHOIO BHAMMOIO Ta HM3bKOYACTOTHOTO
yIbTPadioIeTOBOTO €IEKTPOMATHITHOTO BHITPOMIHIOBaHHS.

KumwouoBi cioBa: CsPbFs; neposckim; cmpyKmypui 61acmugocmi; 3a00pOHEHA 30HA; ONMOENEKMPOHHI 6IACMUBOCMI; MEmoo
nepUOnPUHYUNIE



