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The elastic, thermodynamic, and electronic properties of fluorite RuO2 under high pressure are investigated by
plane-wave pseudopotential density functional theory. The optimized lattice parameters, elastic constants, bulk
modulus, and shear modulus are consistent with other theoretical values. The phase transition from modified
fluorite-type to fluorite is 88 GPa (by localized density approximation, LDA) or 115.5 GPa (by generalized gradient
approximation, GGA). The Young's modulus and Lamé's coefficients are also studied under high pressure. The
structure turned out to be stable for the pressure up to 120 GPa by calculating elastic constants. In addition,
the thermodynamic properties, including the Debye temperature, heat capacity, thermal expansion coefficient,
Griineisen parameter, and Poisson’s ratio, are investigated. A small band gap is found in the electronic structure
of fluorite RuOy and the bandwidth increases with the pressure. Also, the present mechanical and electronic
properties demonstrate that the bonding nature is a combination of covalent, ionic, and metallic contributions.
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1. Introduction

Attractions to study RuO, are due to its fundamental properties and potential superhard character-
istics [1, 12]. An extensive search for new superhard materials has been undertaken during recent years
and a new class of hard materials has been suggested: the transition-metal dioxides containing heavy
elements. Typically, the bulk modulus of modified fluorite (pyrite phase, Pa3) RuO, was found to be
399 GPa [3], which is the highest value except for diamond (442 GPa) [4]. RuO; has the rutile (P4,/mnm)
structure under usual conditions [3], and can be transformed to an orthorhombic (CaCl,-type, Pnnm)
structure at about 6 GPa [5] or 11.8 GPa [6] and to a pyrite structure at about 12 GPa [2,/5]. Moreover, the
theory indicates the Pa3 structure can be transformed to a fluorite (Fm3m) structure at about 89 GPa or
97 GPa [2].

Recently, elastic properties focusing on Pa3 phase of RuO, have been investigated systematically [2,/7].
Electronic structures [8-+11] and optical properties [12-14] of rutile and orthorhombic [14] RuO, have
been extensively studied. A full-potential linear muffin-tin orbital calculation on the electronic structure
and bulk modulus of fluorite RuO, has also been performed [15]. The hardness and elasticity in cubic
RuO; and Raman scattering of the rutile-to-CaCl, phase transition have been probed experimentally [16].
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Previous investigations on fluorite RuO, are not complete and some problems remain unresolved.
Many properties, such as the hardness, stabilization, elastic and thermodynamic properties etc under
high pressure, are still unknown. To reveal the superhard characteristics appropriately, a detailed theo-
retical description of the elastic and electronic properties is necessary.

2. Theoretical approaches

In this work, all the calculations have been performed with CASTEP [17,/18]. In the electronic structure
calculations, we have used the non-local ultrasoft pseudopotential [19], together with the revised Perdew-
Burke-Ernzerhof (RPBE) generalized gradient approximation (GGA) exchange-correlation function [20].
Considering the computational cost, a plane-wave basis set with an energy cut-off of 600.0 eV [2] has
been applied, and the 12 x 12 x 12 Monkhorst-Pack mesh has been used for the Brillouin-zone (BZ) k-point
sampling. Pseudo atomic calculations have been performed for Ru (45>4p®4d’5s') and O (2s?2p*), where
the self-consistent convergence of the total energy is at 5.0 x 10~/ eV/atom.

3. Results and discussion

In the equilibrium geometry calculations of fluorite RuO,, both the GGA and the LDA methods have
been used. The bulk modulus (By) and its first-order pressure derivative (B;) by Murnaghan [21] equation
of state are listed in table[]]

Table 1. The calculated lattice constants a (A), phase transition pressure P; (GPa) and elastic constants
C11, €44, 12 (GPa) by LDA and GGA methods at 0 GPa and 0 K. The bulk modulus B and shear modulus G
are calculated by the elastic constants. The bulk modulus By (GPa) and its first-order pressure derivatives
B(/) are fitted by the Murnaghan equation of state.

| | | a BO B(/] P[ C11 Cq4 C12 B G
LDA (present) || 4.7349 353 4.13 88 680.26  209.87 175.36 343.66 225.98
GGA (present) || 4.8584 287 3.77 115.5 569.09 170.20 117.35 267.93 198.16
(LDA+GGA)/2 4.7967 320 3.95 102 624.68 190.04 146.36 305.79  212.07

[1,22] 345 65
[2] 4.743 384,351 3.54.2 89
[2] 4.842 336,297 3.5,4.1 97 435 152 227 133
[15] 343
[23] 4.842 328 4.2 410.6 62 286.6 62

The LDA/CAPZ (embedded in CASTEP) calculations are performed using the same parameter input with GGA.

Figure[Tlsuggests that a significant stiffer compressibility of 82.92% is obtained using LDA at 100 GPa
as compared to GGA (80.27%). The volume compressibility (about 80%) is nearly the same as the ultra-
stiff cubic TiO, at the same pressure [24]. The bulk modulus of the fluorite RuO, is 353 GPa (LDA) or
287 GPa (GGA), which is slightly smaller than that of the TiO, (282 GPa + 395 GPa). As the pressure is in-
creased to 100 GPa, the approximation value of the normalized volume of diamond, c-BN, 0sO>, and OsC,
s 85%, 83%, 80%, and 84%, respectively [25-27], which is slightly larger than the current calculations. As
a comparison, figure [I] shows the Ru-O bond length contraction with increasing the pressure. Similarly,
a smaller Ru-O bond length contraction is obtained using LDA. In a word, the current Ru-O bond length
contraction, using either LDA or GGA, is much smaller than that in volume contraction.

The calculated elastic constants of fluorite RuO, under different pressures are listed in table 2l Ac-
cording to the generalized elastic stability criteria [28] (c11 — c12 > 0, c11 +2¢12 > 0, c44 > 0) for cubic
crystals, we can demonstrate that fluorite structure is elastic stable under 120 GPa. The larger c;; and
smaller c;» indicate the inter-atomic bonding along the c-axis stronger than that along the a-axis, consis-
tent with the case of the larger bulk modulus B and the smaller shear modulus G over a wide pressure
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Figure 1. Variation of the lattice volume (denoted by square and circle symbols) and the Ru-O bond length
(denoted by triangle symbols) with pressure. They are normalized by X/Xy, where X and X are the
lattice volume or Ru-O bond length at any given pressure and zero pressure at zero temperature.

range. Compared to cj2 and c44, c11 varies largely by changing the pressure, meaning that it is more
difficult to obtain the same strain from the longitudinal direction than from the transverse direction.

An estimate of the zero-temperature transition pressure between the Pa3 and Fm3m structures may
be obtained from the usual condition of equal enthalpies, i.e., the pressure P, at which enthalpy H =
E + PV of both phases is the same. Our calculated Pa3—Fm3m phase transition pressure is 115.5 GPa by
GGA and 88 GPa by LDA, as shown in figure[2] in accordance with the theoretical values of 89 GPa [2] and
97 GPa [2] but is greater than the predicted 65 GPa [1,[22].

Using the calculated elastic constants at 0 K and 0 GPa, we obtain the bulk moduli B of fluorite RuO»,
with the values of 287 GPa (GGA) and 353 GPa (LDA), respectively, which is smaller than that of diamond
(442 GPa [27]), although both of them have comparable compressibility at 100 GPa. The shear constant c44q
is 170.20 GPa (GGA), which is consistent with previous theoretical calculations 152 GPa [2], 140 GPa [16],
147 GPa [16], and experimental measurement 144 GPa [16], but is larger than the other theoretical value
62 GPa [23]. In general, the shear modulus of cubic materials is slightly lower than the value of c44 [16],
whereas our calculation indicates the opposite case.

There have been proposals that the shear modulus may be a better index of hardness [29]. Our calcu-

Table 2. The calculated (by GGA method) elastic constants c1j, c44, c12 (GPa), heat capacity Cy
g- mol~ 1K1y, Debye temperature © (K), Griineisen parameter y, thermal expansion coefficient «
(1072 K1) and Poisson’s ratio o over a wide pressure range at zero temperature.

P || Vi VO C11 Cq4 C12 CV (C] Y a (o

0 1 569.0981  170.2064 117.3517 47.1572  872.0784  0.7086 4.3589 0.2124
10 0.9725  618.5525  182.6494 142.5632 42.9681  905.9000  0.6871 3.5224  0.2247
20 0.9432 672.0389 203.7597 177.3234 37.9710 948.9614  0.6643 2.7310 0.2351
30 0.9719  724.0007  214.6731 213.0271 34.9787  976.2347  0.6447 2.2390 0.2498
40 0.8957  780.0562  227.5737 254.8032 32.0164 1004.6197 0.6276 1.8230 0.2638
50 0.8759 832.5314  239.1418 287.9699  29.2934 1031.9559 0.6124 1.5240 0.2724
60 0.8583  882.1365  250.6513 326.8776  27.0493 1055.4048 0.5989 1.2880 0.2820
70 0.8426  928.6125  258.9245 359.1524 25.1941 1075.4502 0.5870 1.1170 0.2894
80 0.8278 985.5626 273.7571  401.9691 22.7703 1103.0287 0.5757 0.9278  0.2965
90 0.8153  1024.6117  279.8891  438.2222  21.7231 1115.3097 0.5663 0.8321 0.3043
100 || 0.8027 1066.3426  285.4165 469.7282  20.5262  1129.5911 0.5568 0.7442  0.3102
110 || 0.7913 1111.9641 294.8567 508.1361 19.1198 1146.9061 0.5482 0.6525 0.3159
120 || 0.7806 1156.7986  294.2600 540.1705 18.4615 1154.9119 0.5401 0.5986 0.3227
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lated values of G, 225.98 GPa by LDA and 198.16 GPa by GGA, are much greater than the theoretical values
of 133 GPa [2] and 62 GPa [23]. Even so, the current results are still incomparable with those of diamond
and c¢-BN, e.g., the recently calculated values for diamond are 550 GPa [30], 545 GPa [31], 518 GPa [31],
and 403 GPa for c-BN [30]. However, the current results are comparable to those of OsO; [31] with val-
ues of 250 GPa (LDA) and 223 GPa (GGA) ([15] suggests OsO, as a better candidate for a hard material
since their calculations confirmed that the bulk modulus of 0OsO,, 452 GPa, is only smaller than that of
diamond). Overall, it is reasonable to suggest that the fluorite RuO, is a potential ultra-incompressible
material, consistent with the suggest superhard material from [2].
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Figure 2. Enthalpy as a function of pressures for
the Pa3 and Fm3m phases of RuOy, (a) is the LDA
results and (b) is GGA ones.
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Figure 3. Pressure dependences of mechanical
quantities (by GGA method) under different pres-
sures, X represents Bulk modulus B, Shear mod-

ulus G, Young’s modulus Y, Lamé’s coefficients A.

In order to better understand the pressure responses of the mechanical behavior, we have studied the
bulk modulus B, shear modulus G, Young’s modulus Y, and Lamé’s coefficients A by increasing the pres-
sure to 150 GPa. The Young’s modulus Y and Lamé’s coefficients A are also essential for understanding the
macroscopic mechanical properties of solids and for designing hard materials. Figure [3 shows the most
significant pressure dependence of B and the least significant pressure dependence of G. In contrast to B,
the Lamé’s coefficients A increase slowly with pressure. Compared to Lamé’s coefficients A, the Young’s
modulus Y behaves much slower with the increase of pressure. At zero pressure, the relative magnitude
of the four mechanical parameters in descending order is: Y > B > G > A. However, the Lamé’s coeffi-
cient A is larger than G above nearly 30 GPa, and the B is larger than Y above nearly 150 GPa. The high Y
and B, particularly at high pressures, also suggest that fluorite RuO; is a potential ultrahard material.

The value of the Poisson’s ratio for covalent materials is small (o = 0.1), whereas for ionic materials,
a typical value of o is 0.25 [32]. In our cases, the value of o for RuO, varies from about 0.2124 to 0.3227,
as shown in table[2] indicating a higher ionic and weaker covalent contribution to intra-atomic bonding.
Besides, the typical relation between bulk and shear modulus is, respectively, G = 1.1B and G = 0.6B
for covalent and ionic materials. In our cases, the calculated values of G/B are in the range of 0.7396 at
0 GPa to 0.3656 at 150 GPa, indicating that the ionic bonding is dominant for fluorite RuO,. To evaluate
the material ductility or brittleness, Pugh et al. introduced the B/G ratio [33]: the material is brittle if
the ratio is less than the critical value 1.75. Therefore, fluorite RuO, is brittle under ambient conditions
since the B/G is only 1.35. However, the brittleness decreases (or ductility increases) when the pressure
is increased and the B/G ratio rises to 2.4 when the pressure is up to 120 GPa.

The dependences of the Debye temperature O, heat capacity Cy, Griineisen parameter y, thermal ex-
pansion coefficient a, and Poisson’s ratio o on the pressure are calculated. As shown in table 2] when the
temperature keeps constant (7 = 0 K), ® and o increase with increasing the pressure, whereas Cy, v, and
a decrease. The five thermodynamic parameters show different pressure dependences within the range
of 0+ 120 GPa. It is obvious that the thermal expansion coefficient @ declines most significantly, corre-
sponding to an 85% compression. The heat capacity Cy and Grineisen parameter y, however, correspond
to smaller compressions with 60% and 25%, respectively. The other two parameters, Debye temperature
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0O and Poisson’s ratio o, increase with the pressure with 32% and 52%, respectively. Moreover, all the five
parameters have shown decreased dependences with increasing the pressure, indicating anharmonicity
of the vibration. Therefore, it is necessary to further investigate the electronic energy band structure and
density of states (DOS) to better understand the physical properties. Accordingly, we have made a sys-
tematic investigation of the fluorite RuO; at different pressures (0, 30, 60, 90 GPa) under 0 K, as shown in
figures[ [l and[6l

Energy(eV)

w L G X W KO 4080
Pressure (GPa)

Figure 4. Energy band structure (by GGA method) along the high symmetry points in the Brillouin zone
at the pressures of 0, 90 GPa is shown in (a) and the band gap Eg as a function with the applied pressures
is shown in (b).

DOS (States/eV)

Energy (eV)

Figure 5. (Color online) Partial density of states (by GGA method) of O and Ru states under P =0, 30, 60,
90 GPa.

Figure [ presents the pressure-induced energy level shift towards higher and lower regions. We can
see that the applied pressure has a larger effect on the energy levels far away from the Fermi level than
those in the vicinity of the Fermi level, indicating a stronger effect on the core level than on the valence
level. From the energy band structure, we find that the top of the valence band occurs at W point and
the bottom of the conduction band occurs at L point (slightly lower than X point by a value of 0.02 eV),
implying that there exists an indirect gap with width of 0.5175 eV in fluorite RuO,. The calculated band
gap at zero pressure is consistent with the other theoretical value (0.5 eV) [2], but is much smaller than
those of diamond (4.15 eV) and c-BN (4.49 eV) [34]. Moreover, it is found that the band gap increases
almost linearly with the pressure.
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Figure 6. (Color online) Total density of states (by GGA method) under P = 0, 30, 60, 90 GPa near the
Fermi level.

In figures [Bland [6] we plot the calculated DOS by GGA, where the Fermi energy is taken to be zero.
From figure[5(a), the O 2s band center is at —18.5 eV, which is consistent with those in rutile [10,14] and
CaCl,-type [14] RuO,. The valence band width is about 4 eV, which is much larger than those in rutile [14]
(2.5 eV) and CaCl,-type [14] RuO, (1.4 eV). In figure [5] (b), the calculated valence band width of O 2p is
about 8 eV, which is slightly larger than that in rutile RuO, of 5.9 eV (using an extended linear augmented
plane wave potential) and 6.8 eV (using linear-muffin-tin-orbital potential) [10], but the present calcula-
tion is consistent with that in rutile [14] and CaCl,-type [14] RuO, with the same values of about 8.1 eV.
Furthermore, the calculated conduction band width is 4 eV, which is far smaller than that of valence
conduction.

The Ru s semi-core band, centered at —73.3 eV, displays larger relative intensity (3.6) and smaller
width (1.2 eV) with respect to those in the conduction band with smaller relative intensity (1.9) and larger
width (2.2 eV). The other Ru s electrons distribute mainly in the ranges of —21 eV + —18 eV, —8.6 eV +
—1.6 eV, —1.5 eV + 0.5 eV, have formed very weak peak with intensities less than 0.1, and thus could be
ignored as compared with the peak far away from the Fermi level. In figure[5](d), the Ru p state locates at
—43.5 eV in the valence band with width of 1.3 eV and distributes in the energy range of 6.3+27.5 eV in the
conduction band (corresponding to two sharp peaks centered at around 10 eV and 16 eV, respectively).
The relative intensity of Ru p state in the valence band is far greater than that in conduction band, and
the DOS distributed in the energy range —20+5 eV is ignored due to their subtle relative intensities (below
0.12). The Ru 4d state, shown in figure [5] (e), is distributed at —18.8 eV and around the Fermi level with
widths of 2.3 eV and 12.0 eV, respectively. Moreover, the relative intensity of the inner valence band is
considerably smaller than that in the outer valence band and in the conduction band.

The four sharp peaks of the total DOS within —7.5 + 5 eV originate from the strong hybridization be-
tween Ru 4d and O 2p, as seen in figure[6l The complete overlap of the Ru 4d and O 2p states from —8 eV
to 4 eV indicates a strong covalent interaction between them, whereas the nonzero DOS value at Fermi
level indicates a moderate metallic feature in its bonding state. Although there is a large hybridization
between Ru 4d and O 2p states, the charge transfer from Ru to O is possible in the present case. By ana-
lyzing the Mulliken population results, it is found that the charge transfer from Ru to O is as numerous
as about 1.01 electrons. Therefore, the bonding behavior between Ru-O has ionic contributions owing to
charge transfer. In a word, the bonding behavior between the Ru-0 is a combination of covalent, metallic
and ionic contributions.

To emphasize the pressure dependence of the DOS, we have investigated the DOS under different
pressures (30, 60, 90 GPa), as shown in figures[5land [6l It is clearly seen that the applied pressure causes
the energy levels shifting towards both sides of the Fermi level and thus the energy band is broadened.
Under a higher pressure, the energy level shift is decreased, implying the strong repulsion among the
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core electrons. Meanwhile, in general, the relative intensity decreases with increasing the pressure. Ac-
cordingly, the relative shift in the lower energy space is always larger than those in the higher energy
space, implying different bonding strength. The change of the DOS can be attributed to the charge trans-
fer during lattice distortion. With the increase of pressure, a higher overlap of the wavefunction results
in a stronger delocalization of electrons. Electrons transfer from the majority to minority spin band and
form broader bands. The center changes and electrons become more localized when lattice distortion
changes from negative to positive. The majority and minority bands move with respect to the Fermi
level, which affects both the spin polarization ratio and magnetic properties. The current investigations
reveal that the relative intensity of O s and p states decrease with the pressure both in the valence and
conduction bands. However, the relative intensity of Ru s state keeps almost unchanged in the semi-core
band and the main peak in the conduction band has been split into two peaks with the pressure. By
analyzing Ru p state, we find that the relative intensity decreases slightly with the pressure in the whole
valence band and in the higher-energy range from 12.5 eV to 25 eV, but increases with the pressure within
7.5 eV+12.5 eV. Interestingly, there is observed an increase of the relative intensity of Ru d state with the
pressure in the deeper-lying valence band, whereas the relative intensity of the other Ru d state decreases
with the pressure, presenting opposite variation tendencies. The different intensity variation trends have
unambiguously demonstrated that the applied pressure has induced various charge transfer tendencies.

4. Conclusions

The current investigations revealed that the fluorite RuO; is a potential ultrahard material. The elastic
stability criteria show that the fluorite RuO; is elastic stable up to 120 GPa. The calculated Poisson’s ratio
and Debye temperature increase monotonously with the pressure. However, the heat capacity, Griineisen
parameter, and thermal expansion coefficient decrease with the pressure. An analysis based on Poisson’s
ratio, G/B, and DOS reveals that the bonding nature in RuO; is a combination of ionic, covalent and
metallic contributions, which contributes to the hardness and fundamental properties. The energy band
investigations found an energy gap between the top of the valence band and the bottom of the conduction
band, and the gap seems to increase monotonously with the pressure. Moreover, the different intensity
variation trends of DOS have unambiguously demonstrated that the applied pressure has caused various
charge transfer tendencies.
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Elastic and electronic properties of fluorite RuO» from first principle

MpyXHi Ta enekTpoHHi BnactneocTi paooputy RuO,
3 nepwnx NnpuHUUNIiB

3.0 Ari AM. Tyd?, 1.4, ryd®, ax. N 3. Ban®, K. Niy2, P.o. Ninrxdl, XA, Ani2

L MpupoaHnunii GakynbTeT, TeXHONOTiIYHWI YHiBepcnTeT YxeusaHy, 310023 XaHuxoy, KHP

2 diznyHmii dakynbTeT, KanibopHilicbknii gepxaBHuii yHiBepcuTeT, HopTpigx, KanidopHis 91330-8268, CLLUA

3 diznunuii dakynbTeT, MeparorivyHnii yHiBepcuTeT HeldussaHto, HelussaH 641112, KHP

4 Konegx MaTepiano3HaBCTBA i XiMiYHOI iHXeHepii, XaliHaHCbKa LieHTpanbHa perioHanbHa AoCniaHa
nabopaTtopia 3 NuTaHb yTuAisauii Si-Zr-Ti, XaliHaHCbKWiA yHiBepcmTeT, Xaiikoy 570228, KHP

5 QisnuHuii dakynbTeT, YYHUMHCBKNA TeXHONOTiYHWA YHiBepcnTeT, YyHumH 400050, KHP

6 QisnunHmii dakynbTet, NMeparorivuHnii yHisepcuteT Myliuxoy, MNylisH 550001, KHP

7 IHCTUTYT aTOMHOI | MonekynspHoi ¢isnku, CuuyaHceknii yHiBepcuteT, YeHgy 610065, KHP

Mpy>XHi, TEepMOANHAMIYHI Ta enekTpUYHi BAacTneocTi Gatooputy RuOs npy BUCOKOMY TUCKY AOCIAXKYHOTLCA 3a
A0NoMOroto Teopii pyHKLiOHaNy rycTvHM 3 NN0CKOXBUALOBUM MceBAonoTeHianom. ONTMi3oBaHi napameTpu
rpaTku, MPYXHi cTani, 06'eMHWI MOAYb | MOAYNb 3CYBY Y3roAXKYHTbCS 3 iHLUMMMN TEOPETUYHMU 3HAYEHHAMU.
®azoBuin nepexig 3 moandikoBaHoro parooputy go ¢atooputy € npu 88 GPa (HabVKEHHS NOKaNbHOI yCTUHM,
LDA), un npu 115.5 GPa (y3aranbHeHe rpagieHTHe HabamkeHHs, GGA). Takox gocnigkeHo Moaynb FOHra i koedi-
LjieHTn Jlame npu BUCOKUX TcKax. CTPYKTypa € cTabinbHoto Ans TrckiB 4o 120 GPa, SKLL0 064nCAOBaTY NPYXHI
ctani. Kpim Toro, gocnigxeHo TepMoAMHaMiYHiI BNacTMBOCTI, BKAOYaOUn TeMnepaTtypy Jebas, TennoemHicTb,
KoeQiLieHT TeNN0BOro po3LMpeHHs, napaMmeTp FproHan3eHa i koedilieHT MyaccoHa. B enekTpoHHiIl CTPyKTYpi
dnooputy RuOy 3HaliAeHO Many 30HHY LUIVHY i LUMPWHA 30HM 3pOCTaE i3 TMCKOM. TakoX, NpeAcTaBneHi Me-
XaHiYHi Ta eNeKTPOHHI BNacTUBOCTI AEMOHCTPYIOTb, L0 NPMPOAA 3B'A3yBaHHA € KOMbGiHAL|iED KOBaNeHTHOrO,
iOHHOrO i MeTanivyHOro BKNAAIB.

KnrouoBi cnoBa: nepLui npuHUMnm, enekTpoHHa CTPYKTYPa, MPYXHICTb, TEPMOANHAMIYHICTb
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