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On the basis of density functional theory, the structural, electronic, magnetic and thermoelectric properties of the d0 new quaternary
Heusler alloys RbCaYF (Y= C and N) have been analyzed by means of first-principles calculations. The results predict a stable atomic
arrangement in Y-type (III) phase with a ferromagnetic order. The two compounds were found to be half-metallic ferromagnets (HMFs)
with an integer magnetic moment of 2up for RbCaCF and 1us for RbCaNF. The ferromagnetism observed is originated from the
polarization of the p-Y orbitals with an sp-hybridization. In addition, RbCaCF and RbCaNF display large half metallic (HM) gaps of
0.879, 0.672 eV using Generalized Gradient Approximation (GGA), and 1.730, 1.934 eV with Generalized Gradient Approximation
Modified Becke and Johnson (GGA-mBJ) respectively demonstrating stable half metallic features. Besides, thermoelectric properties
were computed over a wide range of temperatures. The two Heusler alloys exhibit high values of electric conductivity and figure of
merit especially at high temperatures. RbCaCF and RbCaNF d0 Heusler alloys present high spin polarization, robust half-metallicity
and high thermoelectric coefficients, which makes them good candidates for spintronic and thermoelectric applications leading to
promising enhancements for embedded systems in telecommunications.
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1. INTRODUCTION

Human activities such as automotive exhaust and industrial processes, along with the emission of CO,, contribute
significantly to adverse climate changes. Thermoelectric (TE) materials are crucial in global efforts toward sustainable
energy solutions. They are being studied not only for their ability to convert waste thermal energy directly into useful
electrical energy but also for their potential to efficiently mitigate environmental pollution.

In recent years, Heusler alloys have emerged as key materials in spintronic devices [1] due to their high Curie
temperature and 100% spin polarization at the Fermi level [2-4]. They have shown promising advancement in spintronic
applications, offering strong spin transport properties and enabling efficient spin currents manipulation. The greater part of
predicted half-metallic ferromagnets (HMFs) [5, 6] are found among Heusler compounds, particularly ternary X2YZ
materials that crystallize in the L21 structure [7, 8], where X and Y represent transition metals and Z denotes a main s-p
group element. Nevertheless, in some ternary Heusler compounds, disordering effects often compromise their half-metallic
nature and impact the magneto-resistance ratio [9, 10]. In response to this challenge, recent research has focused on exploring
quaternary Heusler alloys to reduce these limitations. The new alloys can be obtained by replacing one of the X atoms in
X2YZ with another atom X', crystallizing in the LiMgPdSn-type crystal structure [11, 12] withF-43m symmetry [13]. In
these compounds, the valence of X’ is lower than that of X, and the valence of Y is lower than that of both X and X’.

Over the past few decades, quaternary Heusler alloys have garnered significant attention for their low toxicity and
unique properties, including half-metallic ferromagnetism (HMF) and high thermoelectric performance. These
characteristics placed them as promising materials for applications in spintronics and thermo-electrics devices. Many
scientists have concentrated on confirming the half magnetic characteristics in quaternary Heusler alloys that include
magnetic transition-metal elements, such as quaternary Heusler ferromagnets CoFeYGe (Y=Cr and Ti) [14], CoFeScZ
(Z=P, As, Sb) [15], CoFeCrZ (Z = Al, Si, Ga and Ge) [16]and VZrReZ (Z= Si, Ge and Sn) [17]. Additionally, Ozdogan
et al. theoretically investigated 60 quaternary Heusler alloys, finding that 41 of them exhibited half-metallic properties.
In today's spintronic research, there is rising attention in materials with high spin polarization at Fermi energy, promising
enhanced magneto-resistance and reduced signal-to-noise ratios in devices. The current trend is to explore new types of
half-metallic (HM) compounds, specifically dO or sp HM compounds, which do not include transition metal elements.
Compared with the traditional (HMF) quaternary Heusler materials containing transition metal elements that often exhibit
large stray magnetic fields, d0 materials are more practical for real-world applications due to their smaller magnetic
moments especially in embedded systems in telecommunication applications. Many d0 quaternary Heusler compounds
have been predicted, including those studied by Bouabga et al [19] who examined the structural, electronic, magnetic,
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and thermal properties of the new quaternary Heusler alloys CsSrCZ (with Z = Si, Ge, Sn, P, As, and Sb), Du et al [20, 21]
investigated the electronic structures and magnetic properties of quaternary alloys KCaCZ (Z=F and Cl) and KCaNZ
(Z=0, S, and Se) where, all the compounds were found to be HM ferromagnetic materials. Rezaei et al [22] studied
RbCaNZ (Z =0, S, and Se) quaternary Heusler compounds. These materials exhibit many interesting features, such as a
rather large HM gap and a high Curie temperature, and are robust to the change of the lattice parameter. Moreover, d0
Heusler materials have excellent thermoelectric (TE) properties [23, 24], since they convert efficiently waste heat into
electricity, offering benefits such as cost-effectiveness, abundance in nature, and environmental friendliness by avoiding
toxic elements.

Nevertheless, to the best of our knowledge, up to now, there is no work on RbCaYF (Y= C and N) compounds on
the basis of quaternary Heusler structure that has been done and reported. This is why, in this article, quaternary Heusler
compounds RbCaYF (Y= C and N) were predicted by means of density functional calculations. We investigated the
structural, electronic, magnetic and thermoelectric properties of the two Heusler alloys to verify the possibility of their
application in the fabrication of embedded systems for telecommunication engineering. The organization of this work is
as follows: Section 1 provides an overview of previous studies on d0 quaternary Heusler alloys. Section 2 offers a brief
description of the crystal structure and computational methods used. Section 3 presents the results and their
interpretations. Finally, Section 4 summarizes the key findings of the study.

2. COMPUTATIONAL DETAILS

The full potential linearized augmented plane-wave (FP-LAPW) [25, 26] method of density functional theory (DFT),
as implemented in WIEN2k code [27] was employed to study the different properties of the new quaternary Heusler alloys
RbCaYF (Y = C and N). The exchange and correlation potential were treated using generalized gradient approximation
within the parameterization of Perdew—Burke— Ernzerhof (GGA-PBE) [28, 29] and generalized gradient approximation
plus Modified Becke and Johnson (GGA-mBJ) [30, 31]. The muffin-tin sphere radii (RMT) were chosen equal to 2 (a.u)
for Rb, Ca, Y = (C and N), and F. The plane wave cut-off (K max) was chosen as 8.0/RMT for the expansion of the wave
functions in the interstitial region. The choice of this value is due to the fact that it is usually sufficient to converge the
total energy to few meV. The Fourier-expanded charge density was truncated at Gmax=12 (a.u)! to allow a correct
convergence of charge density and to keep a reasonable time of calculation. To achieve self-consistency, a k -points in
the irreducible wedge of the Brillouin zone generated from a 14 x 14 x 14 mesh which permit to well describe electronic
properties. The cut-off energy was limited by -6 Ry value, which defines the separation of valence and core states, this
value is the threshold energy below which states are considered core (deep core) and do not participate in chemical bonds.
The energy convergence criterion was set to 10° Ry per formula unit and the criterion for charge convergence was 10~
electrons during self-consistency cycles. These values are used to stop iterations since the system is considered as
convergent with great precision.

The thermoelectric properties are calculated with the BoltzTrap code [32], using 120000 k points.

3. RESULTS AND DISCUSSIONS
3.1. Structural properties
The quaternary Heusler compounds are adopted in LiMgPdSn-type crystal structure designated as Y (space group
216). There are three possible different types of atom arrangement in the quaternary Heusler compound XX’YZ: Y-
type(I): X (0, 0, 0), X” (0.25, 0.25, 0.25), Y (0.5, 0.5, 0.5), and Z (0.75, 0.75, 0.75); Y-type(Il): X (0.25, 0.25, 0.25), X’
(0,0,0),Y(0.5,0.5,0.5), and Z (0.75, 0.75,0.75); Y-type(Il]): X (0.25, 0.25, 0.25), X’ (0.75, 0.75, 0.75), Y (0, 0, 0), and
Z (0.5, 0.5, 0.5). The crystal structures are shown in Fig. 01.

() (b) (©)

Figure 1. Visualization of unit cell structure of the RbCaYF (Y = C and N) compounds for (a) Y-type(I) (b) Y-type(Il) and (c) Y-
type(I1l) structures using VESTA package

In other to verify the structural and magnetic ground states of the three configurations, the total energies of the non-
magnetic (NM) and ferromagnetic (FM) states as a function of the volume were calculated and fitted to the Birch-
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Murnaghan’s equation of state [33]. The obtained curves are shown in Figures 2 and 3. The results show that Y-type (I1I)
phase is the most favorable structure for both RbCaCF and RbCaNF due to the lowest total energies of equilibrium states.
Additionally, the two compounds have the lowest energy in the ferromagnetic state (FM), which indicates that RbCaCF
and RbCaNF compounds are most stable in the ferromagnetic state (FM) with the LiMgPdSn-type (IIT). The energy
differences make obvious the significant FM coupling under normal conditions.
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Figure 2. Total energy as a function of unit cell volume for the RbCaCF (a) and RbCaNF (b) compounds in the type-I, type-II,
and type-III structures
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Figure 3. Total energy as a function of unit cell volume in the type-III structures for non-ferromagnetic and ferromagnetic
structure for the RbCaCF (a) and RbCaNF (b) compounds

In Table 1, we report our calculated equilibrium lattice constant @0, along with bulk modulus B, derivative of bulk
modulus B’ and the total energies Etot in their different structural and magnetic configurations. As we can see, the
obtained equilibrium lattice constant increases with the increase of the atomic radius of anion: 6.49 and 6.74 A, for
RbCaNF and RbCaCF respectively. Moreover, the highest calculated bulk moduli for RbCaYF (Y = C and N) compounds
in FM- Y-type (III) configuration confirm the stability of this structure.

Table 1. The calculated bulk parameters, including lattice parameter ao (A), bulk modulus B (GPa), derivative of bulk modulus B’, and
the total energies Etot (in Ry) per formula unit, of RbCaYF (Y = C and N) compounds in Y-type(I), Y-type(Il) and Y-type(I1l) structures

Alloy Structure Phase ao(A) B(GPa) B Eot(Ry)
Y-type(l) FM 6.76 31.36 4.78 -7599.471666
Y-type(Il) FM 6.67 28.06 549 -7599.428816
RbCaCF Y-type(tIl) FM 6.74 36.09 427 7599.645574
yp NM 6.69 3832 423 7599.605348
Y-type(l) FM 6.51 44.53 510 7632.951160
Y-type(Il) FM 6.52 42.43 4.97 -7632.910680
RbCaNF Y-type(lIl) FM 6.49 49.14 4.52 7633.151506
-type NM 6.48 50.20 4.47 7633.138173

3.2. Electronic properties
Using GGA and GGA-mBJ approximations, the spin-polarized electronic band structures of RbCaCF and RbCaNF
for both spin-up and spin-down with equilibrium lattice parameters considered in the high symmetry directions of the
first Brillouin zone are calculated and shown in Fig. 4 and 5, the Fermi level is set to 0 eV. We can see clearly, that the
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spin-up electronic bands exhibit a semiconducting behavior with an indirect band gap where the top of the valence bands
is at X point and the bottom of conduction bands is at I" point. The spin down energy bands have an overlap with the
Fermi level and show a metallic characteristic. The two approaches give a similar band structure form with a difference
in the gap value. The results obtained, illustrate that the two Heusler alloys are d0 half-metallic ferromagnetic materials
with 100% spin polarization and the spin-specific carriers should be sufficiently mobile.
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Figure 4. The spin-polarized band structures at the equilibrium lattice parameter of RbCaCF(a) and RbCaNF (b)by using PBE-
GGA. Black and red solid lines represent spin-up and spin-down channels, respectively. The dashed line at zero eV indicates the
Fermi energy (Er)

The predicted half-metallic gaps Euw are listed in Table 2. This gap is known to be essential to describe the stability
of magnetism of a half-metal [34]. RbCaCF and RbCaNF display large half metallic gaps of 0.879, 0.672 eV using GGA,
and 1.730, 1.934 eV with GGA-mBJ respectively illustrating stable half metallic features. Unfortunately, no experimental
or theoretical data for the investigated compounds are available for eventual comparison. The calculated density of states
(DOS) and partial density of states (PDOS) of RbCaCF and RbCaNF using GGA and GGA-mBJ approximations are
shown in Fig. 6 and 7. In order to understand the contribution of each orbital in these atoms we have plotted the angular
momentum decomposition of partial density of states. The two compounds have a similar structure. The DOS confirm
that majority spin states show semiconducting nature and minority spin states are metallic demonstrating 100% spin
polarization at the Fermi level, which is in a good agreement with the band structure calculations. For RbCaCF, and using
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GGA the lowest structure extended from -5 eV to -4.5 eV originates mainly from F-p states. The second region from -
2eV to 1eV is due to C-p states with a little contribution of Ca-d states.
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Figure 5. The spin-polarized band structures at the equilibrium lattice parameter of RbCaCF(a) and RbCaNF(b) by using PBE-
GGA-mBJ. Black and red solid lines represent spin-up and spin-down channels, respectively. The dashed line at zero eV indicates

the Fermi energy (Er)
Table 2. The virtual semiconducting gap Eg (eV), the half-metallic gap Ey, (eV) in quaternary Heusler compounds RbCaYF (Y= C
and N)
Alloy Approximations VBM CBM E, Eym
RbCaCF GGA -0.879 1.814 2.693 0.879
RbCaCF GGA-Mbj -2.351 1.730 4.081 1.730
RbCaNF GGA -0.672 1.966 2.639 0.672
RbCaNF GGA-Mbj -1.934 2.800 4.734 1.934

Hence, the spin polarization is mainly attributed to the contribution of p-d hybridization between C and Ca atoms.
The structure from the conduction band minima and above presents a large contribution from Ca-d states. For RbCaNF,
the same trend is observed. To realize more realistic electronic density of states, and to overcome the well-known
deficiency of DFT regarding energy gap underestimation with GGA functional, and to obtain the exact energy gaps, we
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employ the GGA-mBJ as exchange correlation potential and recalculate the spin polarization band structures. The
bandgap values computed according to GGA-PBE and GGA-mBJ are listed in Table 02. The major difference observed
between GGA-PBE and GGA-mBJ calculations is that the GGA-PBE has underestimated the band gap. By using
GGA-mBJ functional corrections, we can see clearly that F-p and C-p states in spin up channels, are shifted downwards
Valence Band Maximum (VBM) (from -0.879 eV with GGA to -2.351 eV with GGA-mBJ for RbCaCF and
from -0.672 eV with GGA to -1.934 eV with GGA-mBJ for RbCaNF) since GGA-mBJ produces better band splitting.
The conduction band still predominantly composed from Rb-d and Ca-d states.
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Figure 6. The total and orbital spin-density of states (DOSs) of ferromagnetic forRbCaCF (a) and RbCaNF (b) compounds by
using PBE-GGA. Black and red solid lines represent spin-up and spin-down channels, respectively
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3.3. Magnetic properties

The calculated magnetic moments of Rb, Ca, Y =(C and N), and F along with total and interstitial magnetic moments
are reported in table 3. So, the total magnetic moments i, of RbCaCF and RbCaNF compounds are integer with 2pg and
1ug values respectively. The integer total magnetic moment is a characteristic of (HMFs). We can easily explain these
values from the electronic configurations of the two compounds. There are 14 (15) valence electrons in RbCaCF and
RbCaNF respectively: (Rb: 5s!, Ca: 4s%, N: 2s%, 2p3, F: 2s?, 2p° and C: 2s2, 2p?) which contribute to the magnetism and
bond formation. So, 4 valence electrons occupy the F-2s states in the lowest energy states. 6 of the remaining 10 (11)
valence electrons occupy the majority spin p states, which results in the 6 fully filled majority spin bands. The remaining
4 (5) valence electrons partially occupy the 6 lowest minority spin bands. The 2 (1) holes remaining are responsible for
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the magnetic moments of 2ug and 1ug, respectively. In addition, the total magnetic moment of RbCaYF (Y = C and N)
contains five contributions: Rb atom, Ca atom, F atom, Y atom and the interstitial region. We can see clearly from Table 3,
that the magnetic moments of the two compounds originate mainly from the p electrons of C and N atoms. The magnetic
moment of the Y atom is parallel to that of Rb atom which confirms the ferromagnetism of the 2 full Heuslers. Since the
total magnetic moments are integer, they verify the Slater-Pauling rule which is described by the following formula:
Urot = 12-Nv; where pro means the total spin magnetic moment and Nv is the total number of valence electrons per
unit-cell. The RbCaYF (Y = C and N) compounds have 10 and 11 valence electrons respectively, so the calculated Lot
for the two compounds satisfy the formula cited above.

Table 3. The calculated atomic magnetic moments M (ug) for the RbCaYF(Y=C and N) alloys

Alloy Mot MRrb Mca My Mr Mint
RbCaCF 2.00 0.048 0.047 1.169 0.039 0.699
RbCaNF 1.00 0.016 -0.004 0.794 0.009 0.184

3.4. Thermoelectric properties

Continuing research focuses on finding new Heusler structures and compositions with enhanced thermoelectric
performance, by exploring different combinations of X, Y, and Z elements, in addition to examining the effects of several
synthesis and processing techniques. Thermoelectric Efficiency is classically measured by the dimensionless figure of
merit ZT, which is given by the formula: ZT=S?cT/k where S is the Seebeck coefficient (thermo-power), ¢ is the electrical
conductivity, T is the absolute temperature, and £ is the thermal conductivity. Heusler alloys can exhibit high Seebeck
coefficients depending on their composition and the temperature range. A high Seebeck coefficient is attractive for
efficient thermoelectric materials as it indicates a large voltage for a given temperature difference. Since quaternary
Heusler materials are regarded as the alternate sources of energy because of their aptitude to convert waste heat into
electricity and are used for power generation as they are abundant in nature, and principally environmentally friendly, we
report in this study and for the first time, Seebeck coefficient: S, electrical conductivity: /1, thermal conductivity: &/t and
figure of merit ZT of the new dO quaternary Heusler compounds RbCaYF (Y= C and N) using BoltzTrap code. The
different parameters are presented on Figures 8 (a), (b), (¢) and (d).
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Figure 8. The variation of total electrical conductivity o/t (a), total thermal conductivity k/t (b), total Seebeck coefficient S (c)
and figure of merit ZT (d) as a function of temperature for RbCaYF (Y= C and N) compounds

The temperature variation of electrical conductivity o/t is reported in Fig. 8 (a). We observe that the electrical
conductivity of the two compounds is nearly zero at room temperature but increases exponentially with increasing
temperature, at 1000 K it attains 4.24x10' /Qms and 102.56x10'* /Qms for RbCaCF and RbCaNF, respectively, so
RbCaNF shows high electric conductivity comparing to RbCaNF which is consistent with the band structure
investigations. In Fig. 8(b), we present the variation of total thermal conductivity 4/t with temperature. It is obvious
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that k/t plots follow a similar trend as those of electrical conductivity o/t. The &/t values show a negligible variation up
to 750 k and increases at higher temperatures. It reaches 5.65x10'°/WK?ms and 77.31x10'°/WK?ms for RbCaCF and
RbCaNF, respectively. Figure 8 (c) displays the variation of Seebeck coefficient with the temperature. As we can see, the
Seebeck coefficient RbCaYF (Y= C and N) of the two Heusler compounds is positive for the entire temperature range
which explains that the holes are dominant charge carriers, therefore RbCaYF are p-type materials essential in
thermoelectric applications, such as power generation from waste heat and energy-efficient cooling devices. S decreases
exponentially with increasing temperature. The values of Seebeck coefficient are 1150 uV/K and 862 pV/K for RbCaCF
and RbCaNF at 1000 K respectively. Finally, we calculated the figure of merit ZT which is an essential parameter for
assessing the efficiency of thermoelectric materials and devices. High ZT value indicates a more efficient thermoelectric
material. A figure of merit ZT equal to 1 signifies that a thermoelectric material has achieved equilibrium between
electrical conductivity, Seebeck coefficient, and thermal conductivity [35]. The variation of ZT with temperature for the
two Heuslers alloys, is shown on Fig. 8(d), ZT decreases slightly in the large temperature range 200-1000 K, it stills close
to the unity for the two compounds. These results suggest the excellent thermoelectric performance of these two dO
Heuslers alloys signifying that they could be promising materials for applications in thermoelectric technologies in
particular at high temperatures for example in industrial processes or power plants, so these materials can convert excess
heat into electrical power which improves efficiency with reducing energy waste or in space Exploration, they can be
very benefit, where they power spacecrafts and rovers.

4. CONCLUSION

To summarize, the structural, electronic magnetic and thermoelectric properties of new d0 quaternary Heuslers
compounds RbCaYF (Y = C and N) are predicted using full-potential linearized augmented plane wave (FP-LAPW)
method of density functional theory (DFT) within the generalized gradient approximation (GGA) and generalized gradient
approximation plus Modified Becke and Johnson (GGA-mBJ). The stable type Y-type (III) configuration structure in the
ferromagnetic state (FM) was energetically more favorable due to the lowest total energies of equilibrium states. The two
systems are predicted to be HM ferromagnets with a large half metallic gap of 0.879, 0.672 eV using GGA, and 1.730,
1.934 eV with mBJ for RbCaCF and RbCaNF respectively. The use of the modified Becke—Johnson exchange potential
approximation (GGA-mBJ) improves the results found by the standard-GGA since it gives an apparent picture of the
electronic structure at the Fermi level. The total magnetic moments pi; of RbCaCF and RbCaNF compounds are integer
with 2ug and 1pg values respectively. The origin of ferromagnetism is the polarization of the p-orbitals of N and C atoms
with an sp-hybridization. Additionally, the transport properties of the two compounds predict that the two compounds
may perform well particularly at high temperatures. These materials exhibit high values of electric conductivity and figure
of merit at 1000K where their application becomes particularly interesting nevertheless, further investigations are required
to minimize thermal conductivity and enhance Seebeck coefficient at high temperatures. RbCaCF and RbCaNF d0
Heusler alloys present high spin polarization, robust half-metallicity and high thermoelectric coefficients which makes
them good candidates for spintronic and thermoelectric applications. In addition, our Heusler alloys have significant
potential for enhancing embedded systems used in telecommunications through their use in spintronics, magnetic sensors,
magnetoresistive devices and high-frequency applications. A good number of the investigated properties are reported for
the first time and are opened for experimental verification.
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MATHITHI TA TEPMOEJIEKTPHUYHI BJACTHBOCTI CILTABIB I'EMCJIEPA RbCaYF(Y = C Ta N):
HNEPCIHEKTUBHI KAHAUJATH AJI5s1 BEBYJOBAHUX CUCTEM ¥ TEJJEKOMYHIKALIAX
Xeiipa Banec*P, Cauixa Pesiuni®, Amenn A66an®?, Biccam Bencraani®?, Hypenuin Caini*?, Omap Beaap6i®P
4Jlabopamopis mexuonoeiti ma enacmugocmeti mgepoux min, Daxyivmem HAYK i mexHono2iu, Yuigepcumem Ab6oenvxamioa Ion
baoica, Mocmazanem, Anorcup

b®daxynemem nayx i mexmonoziti, BP227, Yunieepcumem A6oenvxamioa 16n Badica, Mocmazanem (27000), Ansicup
Ha ocHoBi Teopii ¢yHKIIIOHaTY TyCTHHH OYJIO IIPOAHATI30BaHO CTPYKTYPHI, SICKTPOHHI, MarHiTHI Ta TEPMOEIIEKTPUYHI BIACTHBOCTI
HOBHX 4eTBepTHHHUX ciutaBiB ['eiiciepa d0 RbCaYF (Y = C Ta N) 3a 7omomMororo po3paxyHKiB 3 HepIINX NPUHIMIIB. Pe3ynsTatn
nependavaroTh cTabinbHe po3rainyBanHs aToMiB y ¢asi Y-tumy (IIT) 3 pepomaruitaum nopsiakom. Byio BusiBIIeHO, 1110 JBi CIIOIYKH €
HaniBMertaneBumu ¢epomarHeriukamu (HMF) 3 ninouncensanm marHiTHUM MomeHTOM 2 ps Juisi RbCaCF Tta 1 pup mins RbCaNF.
CnocrepexyBaHuil pepoMarHeTH3M IMOXOAUTH BiJ] Hosipu3anii p-Y opbitainei 3 sp2-ribpuanzaniero. Kpim roro, RbCaCF ta RbCaNF
JIEeMOHCTPYIOTh Benuki HamiBmetaneBi (HM) mimmau 0,879, 0,672 eB 3a 1omomMoror y3araibHEHOTO Tpali€HTHOTO HAOIIDKEHHS
(GGA) Ta 1,730, 1,934 ¢B BiamoBiaHo 3a AOMOMOrOI0 y3araJlbHEHOI0 TPpafi€eHTHOTO HaOImKeHHs MoaudikoBaHoro Merony bekke-
Jxoncona (GGA-mBJ), neMoHcTpyIoun cTabibHI HalliBMETaIeBi XapakTepucTHKU. KpiM TOro, TepMoeneKTpHYHi BIaCTHBOCTI Oyin
po3paxoBaHi B IIUPOKOMY Aiamna3oHi Temreparyp. J[Ba cruiaBu ['eiiciepa JeMOHCTPYIOTh BUCOKI 3HAQUSHHS €JIEKTPOIPOBIIHOCTI Ta
KoedimieHTa sKOCTi, 0coOnmBO 3a BHcOkHX Temmeparyp. CruaBu ['eiicnepa RbCaCF ta RbCaNF d0 maroTe BHCOKY CHiHOBY
MOJISIPU3ALII0, CTIMKY HaliBMETaJeBICTh Ta BHCOKI TEPMOENCKTpUYHI KoedillieHTH, M0 POOHTh 1X XOPOLIMMH KaHIMAATaMH IJIs
CIIHTPOHIKM Ta TEPMOEIEKTPHYHUX 3aCTOCYBaHb, L0 HMPU3BOAUTH N0 0araTooOILSMIOUUX yIOCKOHAJeHb BOYJOBAaHUX CHCTEM Yy
TEJICKOMYHIKaIisIX.
KonrouoBi cioBa: unanismeman; d0 cnaasu Ieiiciepa; 606yo0oeani cucmemu; mepmoeneKmpuyti 81acmueocmi; meniekoOMyHiKayii;
WienZ2k



