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Half-Heusler compounds pose unusual behavior because of their variable band gap and as well as both metallic and semi-metallic
nature. These compounds can be used in different applications on the basis of band gap tenability. We have discussed the structural,
electronic, elastic and magnetic properties of CoVZ (Z = Pb, Si, Sn, Ge) by using WIEN2k simulation code based on density
functional theory (DFT). We have optimized the all-possible structural configuration of each compound and considered which
optimized with lowest energy and lowest equilibrium volume. For determination of electronic exchange correlation energy, the
generalized gradient approximation (GGA) is used in both platforms. We have also obtained the individual elastic constants, shear
modulus, Young's moduli, B/G ratio and Poisson's ratio, which shows that these compounds are ductile except CoVGe shows little
ductility. Debye temperatures are calculated by compression wave velocity, shear wave velocity and with their average value.
KEYWORDS: Half-Heusler compounds, structural properties, electronic properties, mechanical properties

The structure of Half Heusler compounds is a combination of rock salt and zinc blend type sublattices. This class
of compounds can be represented as XYZ (Pb, Si, Sn, and Ge) type. Half-Heusler compounds, crystallize in the face-

centered cubic having structurbericht designation Clb with the space group F-43 m [1]. These compounds can be
111

viewed as Co and V form zinc blend sublattice arranged in a primitive cell at Wyckoff positions (0, 0, 0) and (Z a ’Z)
whereas NaCl sublattice is formed by V and Z at (% ,% ,%). We can also mention the ordering by interchanging above said
Wyckoff positions, but the preferred atomic arrangements have a dependency on the size of involved atoms and the
inter-atomic interaction between them [2-4]. Nevertheless, the size dependence on the transition metal configuration is
the predominant influence over the inter-atomic interaction formed by the electronegativity of atoms. One can study the
properties of such compounds simply by knowing the number of valence electrons per formula [5]. The properties of
these XYZ compounds are highly dependent on the concentration of the number of valence electrons (ny) in the primary
cell, which predict the band structure and physical properties of the compounds [6].

The half Heusler compounds can be used to decrease electric power consumption by using them in photovoltaic
devices. The most efficient way to do so is by transforming sunlight into electrical energy using semiconductor-based
materials products. It is found that compounds with eight valence electrons are likely to be classic semi-conducting
behaviors such as GaAs, Si. As with a K-shell, these valence electrons are tightly bound, as a result of which some gap
separates the conduction and valence band. Similarly, the half Heusler compounds demonstrate the same behavior with
the composition of the first, second and fifth group elements and can be used as traditional semiconductors to replace
classical ones. The same behavior, however, is observed in compounds with 18 and 24 valence electrons.

In this study, we have 18 valence electrons compounds and it has been observed that this particular valence
electrons count alloys shows the semiconducting behavior in both majority and minority spin states. The alloy's elastic
constants are important mechanical properties, as well as correlated with other thermodynamic properties such as Debye
temperature specific heat and heat of expansion. In addition, the elastic constants also provide useful information about
the anisotropic bonding as well as mechanical stability. We have obtained the individual elastic constants, shear
modulus, Young's moduli, B/G ratio and Poisson's ratio, which shows that these compounds are ductile [7,8]. The
Debye temperatures obtained from the average sound velocity and have been discussed. In this paper, we have used the
first-principles calculations to systematically examine structural, mechanical, electronic and magnetic stability to
explore the potential properties of these compounds.

COMPUTATIONAL DETAIL

In order to explain the interaction between atomic core and valence electrons, the first principles calculations are
made using the full potential linearized aungumated plane wave (FP-LAPW) method implemented in the WIEN2k
simulation code [9,10]. The electronic wave function is extended keeping in mind the valance electrons. Generalized
gradient approximation (GGA) is used at Perdew-Burke-Ernzerhof (PBE) to define the energy of exchange-
correlation [11-13]. To optimize the geometry of the electronic structure; we have used the FP-LAPW method, which is
the part of the spin-polarized density functional theory (SDFT). The value of I is taken as 4 to extend the spherical
harmonics in the atomic sphere. In the central region, the charge density and the potential were developed as Fourier series
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with a wave vector up to Gmax = 12. The muffin-Tin radii of a particular atomic sphere as per the alloys studied and are
listed in Table 1 [14]. The RKnx value are 6.68, 6.85, 6.84, 6.86 for CoVZ (Z= Si, Ge, Sn, Pb). Core states are considered
relativistic and valence states are considered semi-relativistic, and the energy between these two states has been set -
6.0 Ry. The SCF cycle are considered to be converged; when the energy difference and the integration of absolute charge
density difference between subsequent iterations is less than 10 Ry and 0.001 Coulomb/formula unit respectively. Total
numbers of K - point are kept 1000 for irreducible Brillouin zones in Wien2k. ElaStic 1.0 based on ab initio total-energy
and/or stress calculations is used to calculate the full second-order elastic stiffness tensor for crystal structures. The
maximum absolute value for Lagrangian strain is considered to be 0.5 with number of distorted strain structure are set to
value 11.

Table 1.
For the prevention of overlapping spheres during the SCF process, the muffin-Tin radii of the specific atomic sphere for

optimized lattice parameter of the individual alloy are shown.

Compounds CoVSi | CoVGe | CoVSn | CoVPb
Atom
Co 2.2 2.30 2.36 2.35
\Y 2.09 2.19 2.30 2.35
Z 1.82 2.19 2.36 247
RESULT AND DISCUSSION

The lattice constants were determined in the first step. The total energies are measured as a function of the lattice
constant for the said compounds with a half-Heusler structure. The constants for the equilibrium lattice were obtained
by minimizing the total energy.

Structural Properties
Half-Heusler compounds, crystallize in the face-centered cubic having structurbericht designation C1b with

the space group F-43 m. These compounds can be viewed as V and Co form zinc blend sublattice arranged in a
111
272"
Volume optimization has been performed for all possible arrangements of each compounds based on the
Murnaghan equation of state. The volume vs. energy curves is shown in Figurel and which has minimum energy

primitive cell at Wyckoff positions (0, 0, 0) and (i ,i ,i); whereas NaCl sublattice is formed by V and Z at (

and electronegativity order is to be considered [15-17].
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Figure 1. Total energy as a function of volume per formula unit corresponding to CoVSi, CoVGe, CoVSn and CoVPb alloys.
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For the each arrangement electronegativity and energy for CoVPD are tabulated in Table 2.
Table 2.

We displayed the measured values of the equilibrium lattice constant ao, equilibrium volume, the bulk modulus B
(GPa), the bulk modulus pressure derivative and minimum energy during optimization.

Co v Pb Energy (Ry) Equilibrium Band Gap
. gy (RY Volume (a.u.?) (eV)
Electronegativity 1.88 1.63 2.33
Type a (% % i (0,0,0) (% g % -46542.82 349.97 0.69
Type b Gsay) | Gag (0, 0, 0) -46542.73 389.50 0
Type ¢ 00,00 | G55 | Gias -46542.67 415.20 0

Murnaghan’s state equation [18] provides the total energy and pressure value as a function of volume and is described

as:
B BV 1 Vo\BP BV,
P = o [B—P(w,, () + 1) NS 1)]
Pw) = {27 -1}

The structural parameters values have been presented in Table 3. To predict the electronic and magnetic properties of
compounds, the optimized value of the lattice constant was used for the DOS, band structures and magnetic moment

calculations.
Table 3.

Calculated values of the equilibrium lattice constant a,, equilibrium volume, the bulk modulus B (GPa), the pressure
derivative of bulk modulus Bp and minimum energy during optimization.

Compound Lattice Parameter Equilibrium Bulk Modulus By Eneray
(A9 Volume (Vo) (GPa)
CoVSi 5.44 270.85 193.97 4.42 -5265.79
CoVGe 6.30 283.89 176.87 10.77 -8883.84
CoVSn 5.81 330.99 150.23 5.89 -17043.85
CoVPb 5.92 349.97 131.67 5.82 -46542.82

Electronic Properties
To get an in-depth analysis of the electronic structure for the CoVZ alloys (Z = Si, Ge, Sn, Pb), which have 18
valence electrons respectively, we first analysis their complete DOS configuration. Because the half-metallic band gap
is an important factor in these materials partial DOS are also shown in Fig. 2 for all the four compounds.
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Figure 2. Total and atomic spin- density of states of all the compounds at their equilibrium lattice constant. Negative of DOS axis
represents the minority spin (Continued on next page)
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Figure 2. Total and atomic spin-density of states of all the compounds at their equilibrium lattice constant
Negative of DOS axis represents the minority spin

As illustrated in Fig. 2, their shapes are similar and the characters can be defined as follows: the low-energy
component below -4.5¢V, -3.7 eV, -4 eV, -3.5 eV is primarily the p states of the Si, Ge, Sn, Pb atom in the occupied
valence states, which hybridize the Co atoms with and d electrons and decide the degree of occupation of the p — d
orbitals. 3d metal atom states range from -0.5 to + 5.3eV, and hybridize with each other. CoVZ chemical bonding
character can be studied from the density of State. It is evident from the partial densities of the figure below that the key
mechanism of the chemical bond is the hybridization between the Co and V's d- states. Chemical bond has a covalent
and ionic character at the same time, covalent since the d states of both transition elements are strongly hybridized and
degenerate over much of their extension and ionic because the relative quantity of the 3d states of Co and V is different
below and above Fermi point, the 3d states of V dominate.

To determine the band gap, we have also calculated the band structures of Half-Heusler compounds as shown in
Figure 4. In the band structure of all half Heusler compounds, the valence band maximum (VBM) is at the W-point and
the conduction band minimum (CBM) at the X-point. Thus, the band structure shows semiconducting behavior with an
indirect energy gap. The origin of the gap is mainly attributed to the covalent hybridization between the d-states of the
Co and V atoms, leading to the formation of bonding and anti-bonding bands with a gap in between [19].
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Figure 3. Orbital projected band structure of CoVSi for Co-d, V-d & Si-p states.

The orbital projected band structures (wide bands) of CoVSi as shown in Figure 3. The nearest V coordinating
neighbors are 4 Co and 4 Si atoms. Analogous to the binaries, we have obtained in Figure 3 that the lowest bands
below -5 eV are Si - p bands, separated by a pseudo gap from seven primarily V - d bands, which in turn are separated
by an indirect gap from relatively wide Co-d bands. The relative positions of the Fe d and V d levels with respect to the
Sb p levels are summarized in Table 4. The characteristic feature of all half-Heusler compounds is a d—d gap close to
the Fermi level. All the states below this gap are occupied for the 18 valance electrons compounds; due to this the
compound with 18 valence electrons doesn’t have half metallic nature as shown by compounds with more than 18
valence electrons.

Table 4.
Indirect band gaps for hybridized d states and total energy band gaps
Compound Co M Eq T Baqg
Ed Eeg Eog Ed Eeg Eog ransition
CoVSi 0.44 0.45 0.61 0.23 0.28 0.56 0.59 W—X
CoVGe 0.51 0.53 0.71 0.28 0.29 0.64 0.69 L—X
CoVSn 0.45 0.5 0.64 0.21 0.57 0.55 0.66 L-X
CoVPb 0.47 0.48 0.71 0.16 0.28 0.49 0.69 L—X
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Figure 4. Band structure diagram of compounds corresponding to their equilibrium lattice constant.
(Continued on next page)
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Figure 4. Band structure diagram of compounds corresponding to their equilibrium lattice constant.

Elastic properties

Hardness, stress and other structural deformations caused by pressure have been examined with the help of elastic
constant. These constants play an important role in studying the Poisson ration effect, Young's modulus, Shear modulus,
Debye temperature, and melting temperature of solid. They have three distinct elastic constants for cubic crystal namely
Ci1, Ci2 and Ca4. Here the Cjj are the elastic constant tensors (in Voigt notation) resulting from the change in internal
energy deformation [20,21]. The bulk modulus B defines the resistance of the solid to volume change and the shear
modulus takes into account its resistance to shear deformation preserving volume.

Mechanical stability. Elastic structures play a significant role in the research and development of materials.
Elastic tensors of any order are characterized by Taylor's expansion of the elastic energy or stress in terms of the applied
strain. To define the dynamic and mechanical behavior of studied alloys there are three second — order elastic constants
(SOEC) Cyy, Cy12 and Cus need to be determined. According to Hooke's law, for cubic crystal structures, there are only
three distinct elastic constants Cii, Ci» and Ca4. From the symmetry of the second — order elastic constant matrix in
Voigt notation

C11=C=Cs3; C12=C13=C3; C44=C55=Ces.

None of the eigen value of elastic constant matrix is zero confirms the stability of compound.
Apart from this condition, the stability criteria based on Born’s theory given below [22]

Ci1>0; Css>0; Cii>|Cral; (Ci1+ 2C12)>0.

Computation of elastic properties. The elastic constants of the cubic crystals are assumed to be compatible with
the above stability conditions, so studied XYZ compounds are mechanically stable. Different elastic properties based on
SOEC’s have shown in Table 5, 6 and 7 in Voigt, Reuss and Hill averaging scheme from elastic constants [23, 24]. The
Shear constant Cs and elastic stiffness constant Cy. are expressed in terms of SOECs as

C11—C C11+C12+2C
Cs= 112 12’ CL= 11 122 44

Bulk modulus (B), the measure of compressibility resistance have measured using the expression

N 3

The bulk modulus for a cubic structure is same for Voigt, Reuss and Hill averages [25].Shear modulus (G) is the
deformation caused by force applied on any parallel face by keeping opposite face fixed by applying opposite forces,

C11—C12+3C. 5C44(C11—C
Gy = 11—C12+3Cyq and Gp = 44(C11—C12)
5 4Cy4+3(C11-C12)

The Young’s modulus (E) and Poisson’s ratio (1) are calculated by the following relation [26]

9BG 3B-E
E = and 1=
3B+G 6B
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To quantify the anisotropy of these cubic crystals Zener’s anisotropy index (A) can be calculated as

A=
Cll_C12

The degree of elastic anisotropy (A*) has some practical importance. If A" has value zero or A=1 crystal represent
elastic isotropy and A" gives relative magnitude of the actual elastic anisotropy possessed by crystal.

_ 3(4 —1)?

T {3(4—-1)% + 254}

Kleinman parameter () and Lame’s coefficient (1) for cubic crystals can be obtained as:

A*

_ C11+8Cq2 .
T 7C1142C10°

A

A=Cop— 5

Hardness of a material is determined by Vickers hardness factor (Hy) followed by relation [27]
HV — 2[(K2G)0.585 _ 3]

Where K is the Pugh ratio define as [28]; K = %

Table S.
Elastic constants of CoVSi,CoVGe,CoVSn and CoVPb in the units of GPa.
Compounds CoVSi CoVGe CoVSn CoVPb
Cu 295.10 294.20 223.60 204.60
Cu 135.70 113.30 108.80 106.90
Cu4 89.00 119.30 92.70 82.60
Table 6.

Voigt bulk modulus(Bv), shear modulus(Gv), Young modulus (Ev), Poisson ratio(ny), Reuss bulk modulus(Br), shear
modulus(Gr), Young modulus (Eg), Poisson ratio(ny), Hill bulk modulus(Bg), shear modulus(Gy), Young modulus
(En), Poisson ratio(nn) and B/G ratio calculated from ElaStic 1.0.

Compounds CoVSi CoVGe CoVSn CoVPb
Bv= Br= Bu 188.84 173.60 147.07 139.47
Gv 85.25 107.78 78.58 69.09
Gr 85 105.83 74.39 64.72
Gu 85.13 106.81 76.48 66.90
Ev 222.30 26791 200.11 177.89
Er 221.73 263.87 190.96 168.14
En 222.02 265.89 195.55 173.04
nv 0.30 0.24 0.27 0.29
MR 0.30 0.25 0.28 0.30
M 0.30 0.24 0.28 0.29
Bu/Gu 2.22 1.63 1.92 2.09
Table 7.

Values of Zener anisotropy index (A), degree of elastic anisotropy in percentage (A"), Kleinman parameter ({), Lame’s
coefficient (A), Pugh ratio (K) and Vickers hardness of material.

Compounds CoVSi CoVGe CoVSn CoVPb
A 1.12 1.32 1.62 1.69
A (%) 0.15 0.92 2.75 3.27
4 0.59 0.53 0.61 0.64
A -0.05 -0.14 -0.13 -0.12
K 0.45 0.62 0.52 0.48
Hvy 4.61 11.4 5.77 3.9

Thermodynamic Properties
Many physical properties of solids such that acoustic velocity, specific heat capacity, thermal expansion
coefficient, elastic constants and melting temperature are related to Debye’s temperature [29]. At low temperature, the
vibrational excitation is induced solely by the acoustic vibrations, so that Debye temperature derived from elastic
constants is the same as that determined by specific heat measurements. From the data of elastic properties of the
materials, we have calculated the wave velocity Vs, longitudinal wave velocity Vp and average wave velocity Vy, and
obtained from Navier’s equation given below listed in Table 8 [30, 31]
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1 . % 2 1
V _ Gy 2, V _ BH+§GH . V _ VS3 VP3
S = s P — 5 m —
P P 3

Another method to calculate Debye temperature is to estimate it from average elastic wave velocity Vi, is represented as

_ h[3n (Np>]1/3
P klan\M/] ¥
here i, K, N, n, M are plank’s constant, Boltzmann’s constant, Avogadro’s number, number of atoms per formula unit,
molecular mass per formula unit respectively, p=M/V is the density of compound.
Table 8.
Thermodynamic parameters shear wave velocity (Vs), compression wave velocity (V,), average wave velocity (Vm),
molecular mass (M), crystal volume (V), density (p).

Compounds CoVSi CoVGe CoVSn CoVPb
M(g/mol) 137.96 182.51 228.58 317.07
V(a.u®) 160.99 250.05 367.06 543.34

p(g/ce) 5.69 4.85 7.74 10.15
Vs 3867.99 4692.83 3143.43 2567.32
Vo 7289.48 8072 5672.40 4746.48
Vi 4322.68 5206.73 4787.94 4634.16

6p 565 588 586 556

SUMMARY AND CONCLUSIONS

In this paper, we have presented first-principles calculations on cubic CoVZ (Z = Pb, Si, Sn, Ge) half Heusler
compounds including structural parameters, structural stability, band structure, density of state, elastic constants, Debye
temperature and velocity of the acoustic wave in different directions. We have observed that for structure stabilities of
these Heusler compounds, the electronegativity is an important factor to select the suitable structural arrangement.
These compounds have indirect band gap and can be used in solar cell applications over the similar compounds obey
Nowotny—Juza phase. Apart from this, these compounds also have useful aspects towards thermoelectric devices and
topological insulators. Elastic properties of these compounds show that they have ductile nature except CoVGe, which
is close to ductility. The Poisson ratio of CoVGe represent covalent character and others have metal character; which
have predicted by their narrow band gaps. The hardness of materials can be compared by arranging them in decreasing
order i.e. CoVGe>CoVSn>CoVSi>CoVPb. Debye’s temperature is also calculated with the help of compressed,
strained, average wave velocities.
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CTPYKTYPHI, EJEKTPOHHI, MEXAHIYHI I TEIIJIOBI BTJACTUBOCTI
HAMIBXEMACJEPOBUX CITOJYK
CoVZ (Z = Si, Ge, Sn, Pb)
Jlanit Moxan?, Cykxenaep?, Cyaem Kymap®, lllus P. Bxapasanx®, Axxaii Cunrx Bepma?
“@isuunuii paxyromem, banacmxani Biovanimx, Banacmxani 304022, [noia
b Ximiunuii gaxynemem, bBanacmxani Biovanimx, banacmxani 304022, Inois
“@izuunuii paxynomem, Koneoaw b.C.A., Mamxypa 282004, Indis

HamniBxeiiciepoBi CIIOIyKH JEMOHCTPYIOTh HE3BHYAHHY MOBEAIHKY depe3 iX 3MIHHY IIMPHHY 3a00pOHEHOI 30HHM, a TaKOX depe3 ix
MeTalleBy, i HamiBMeTaneBy npupony. L{i cnomykn MOKyThb BUKOPHUCTOBYBATHCSI B PI3HMX 3aCTOCYBaHHSX 3JISKHO B IIUPHHU
3a0opoHeHOi 30HHM. Mu OOrOBOPWMIIM CTPYKTYpPHI, €JIEKTPOHHI, NpPYXHI i MarHiTHi BiactuBocti CoVZ (Z = Pb, Si, Sn, Ge)
BUKOpUCTOBYIouH Kox MozemtoBanus WIEN2K, sikuii 3acHoBanuit Ha Teopii dynkiionana mineHocti (DFT). Mu onTumisyBaiu BCio
MOXJIMBY CTPYKTYpPHY KOH(QIrypaui0 KOXXHOTO 3’€[HAHHsS 1 PO3IJISIHYNH, sIka 3 HUX ONTHMIi30BaHa 3 HAMMEHIIOI EHEeprielo i
HaMEHIINM pPIiBHOBAXHMM 00’eMoMm. Jlisi BH3HA4YEHHS eHeprii Kopessiuii enekTpoHHoro oOMiHy B 000X miatdopmax
BHKOPHUCTOBYETHCS HAOMIKEHHA y3arajabHeHoro rpamieaTa (GGA). Mu Takox OTpUMaid iHAWBIAyalbHI MPYKHI MOCTiiHI, MOAYIIb
3cyBYy, moayni fOwnra, BinHomenHs B/G 1 koedimient [Tyaccona, siki mOKa3yroTs, IO I CHOIYKH IUIACTHYHI, 32 BUHATKOM CIIOJYK
CoVGe, siki MOKa3ylOTh HHU3bKY IDIaCTHUHICTh. Temmneparypu JleGast po3paxoBaHi IO IIBHAKOCTI XBHJI CTHUCHEHHS, MIBUAKOCTI
3CYBHOI XBHJIi Ta iX CEpeJHROTrO 3HAUCHHSI.
KJIIOUYOBI CJIOBA: HamniBxelciiepoBi CIIOIYKH, CTPYKTYPHI BIaCTHBOCTI, €JIEKTPOHHI BIACTUBOCTI, MEXaHIUHI BJIaCTUBOCTI

CTPYKTYPHBIE, 3JIEKTPOHHBIE, MEXAHUYECKHE U TEILJIOBBIE CBOMCTBA
IOJIYXEMACJIEPOBBIX COEIUMHEHMM CoVZ (Z = Si, Ge, Sn, Pb)
Jlagut Moxan?, Cykxenaep?, Cyaem Kymap®, lllus P. Bxapasamk®, Axkaii Cunrx Bepma®
“@usuueckuti paxyrvmem, banacmxanu Buovanumx, banacmxanu 304022, Huous
b Xumuueckuii ¢axynomem, Banacmxanu Buovsnumx, banacmxanu 304022, Huous
“@uzuueckuii paxyromem, Konneosxc b.C.A., Mamxypa 282004, Hnous
[MonyxelcnepoBsl COSIUHEHHsT AEMOHCTPHPYIOT HEOOBIYHOE MOBEJCHHE M3-3a MX NEPEeMEHHOW IIUPHHBI 3alpEelIeHHON 30HBI, a
TaKKe KaK METAUIMYECKOH, TaK W IOJyMETAJUIMYECKOH HPUPOABL. DTH COEJUHEHWS] MOTYT HCIIOJb30BAaThCS B Pa3IMYHBIX
MIPUIIOKEHHSAX B 3aBUCUMOCTH OT IIMPHHBI 3aNPEIIeHHON 30HBI. MBI 00CY NN CTPYKTYPHBIE, SIEKTPOHHBIE, YIIPYTHE U MAarHUTHBIE
cpoiictBa CoVZ (Z = Pb, Si, Sn, Ge) ¢ nomorsio koga moaenuposannst WIEN2kK, ocHoBaHHOTO Ha TeOpHH (YHKIHOHANA MIIOTHOCTH
(DFT). MBI ONTUMHU3HPOBAIN BCIO BO3MOYKHYIO CTPYKTYPHYIO KOH(PHTYPALUIO KaXXI0T0 COCOMHEHHS M PACCMOTPENH, KaKas U3 HUX
ONTHMHU3MPOBAHA C HAMMEHBIIEH JHEpPruell W HAaMMCHBIINM paBHOBECHBIM 00beMOM. [l ompemeneHHs SHEPrHU KOPPeNsIuu
JIEKTPOHHOTO 0OMeHa B 00erX InIaTdopMax MCHoNb3yeTcs npudmmkeHne obodmennoro rpaguenta (GGA). Mbl Takxe IOIyqmIn
HHJIIBHyaJbHBIE YIPYTHE MOCTOSHHBIC, MOAYJb caBura, Moxyiau lOura, orHomenue B/G u xoaddumument Ilyaccona, xoTopsie
NOKa3bIBAIOT, YTO OTH COCIMHEHWS IUIACTHYHBL, 3a uckiaodeHneM CoVGe KOTOpble IOKa3bIBAIOT HU3KYIO IDIACTUYHOCTB.
Temneparypsr J{ebast paccYMTaHBI 10 CKOPOCTH BOJIHBI CXKATHSI, CKOPOCTH BOJIHBI CIIBHI'A ¥ UX CPEAHEMY 3HAYCHUIO.
KJ/IFOYEBBIE CJIOBA: nonyxeiiciepoBbl COSANHEHNUS, CTPYKTYpHBIC CBOMCTBA, SIEKTPOHHBIC CBOWCTBA, MEXaHUYECKUE CBOWCTBA



