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IONIC CHARACTER, PHASE TRANSITIONS,
AND METALLIZATION IN ALKALINE-EARTH METAL
OXIDES AND CHALCOGENIDES UNDER PRESSURE

The structural and thermodynamic properties of the alkaline-earth metal oxides and chalco-
genides (AEMOCs) with the cubic structure (CaX, SrX, and BaX, where X =0, S, Se, and
Te) and the parameters of the pressure-induced B1-B2 structural phase transitions in them
have been calculated from the first principles. The crystalline and ionic radii in the AEMOCSs
are studied including the dependences of the ionic radii in the B1 and B2 structures on the pres-
sure. The magnitudes of interband transitions and the band gaps in the examined compounds
are calculated in the framework of the first-principles approach of the density functional theory
and using the method of pseudopotential. The first-principles band calculations are carried out
to determine the metallization pressures for the researched compounds.
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1. Introduction

A lot of papers have been devoted to the study of the
alkaline-earth metal oxides and chalcogenides (AE-
MOCs), especially those of them which crystallize
in the cubic structure. Most of such researches con-
cerned the structural parameters of the AEMOCs and
the parameters of the B1-B2 structural phase transi-
tion that occurs in them under the action of a pres-
sure. The other characteristics were not calculated
so extensively, especially for the MeX compounds,
where Me stands for an alkaline-earth metal and X
for oxygen or chalcogen. For instance, interband tran-
sitions have been studied much more comprehensively
in the B1 structure, which is easier to study exper-
imentally, especially at zero pressure. On the other
hand, only some theoretical results are mainly known
for the high-pressure structure B2. In general, the
number of researches of the AEMOCS in the B2 struc-
ture at moderate and high pressures is few (there are
almost no data on selenides and tellurides).
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The cubic AEMOCs MeX, where Me denotes the
Ca, Sr, or Ba atom, demonstrate an ionic character
in a wide interval of pressures, because they have the
ionic crystal structure B1. If the pressure increases,
they undergo a structural phase transition into an-
other ionic crystal structure, B2. If the pressure in-
creases further, they lose their ionic character and
undergo the metallization.

In many cases, the approaches that are used to cal-
culate the physical properties of the AEMOCs do
not allow one to accurately calculate the parame-
ters of their band structure and the related quan-
tities. This fact also concerns the case of cubic mod-
ifications of the AEMOCs, which are studied in this
work. In particular, the method of density functional
theory (DFT) [1], which is widely used in plenty of
researches, including this one, distorts the band struc-
ture and leads to an underestimation of gap magni-
tudes and, perhaps, to an underestimation of metal-
lization pressure values.

This work was aimed at the first-principles study
of the ionic properties of the AEMOCs with the cu-

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 11



Ionic Character, Phase Transitions, and Metallization

bic structures under the pressure, p, action till their
metallization. For this purpose, calculations of the
structural properties of the B1 and B2 lattices were
performed, the B1-B2 structural transition was ana-
lyzed, and the corresponding ionic radii at p = 0 were
determined. By analyzing the volume changes under
the pressure, the corresponding changes of ionic radii
were found. The band structure parameters for the
B1 and B2 lattices and the metallization pressures
for the examined compounds were determined.

2. Calculation Technique

The first-principles calculations of the thermody-
namic parameters of the AEMOCs with the B1 and
B2 cubic structures were carried out in the frame-
work of the DFT formalism making use of the Quan-
tum ESPRESSO software package [2]. In so doing,
the exchange-correlation effects were taken into ac-
count according to work [3]|. Besides that, the ultra-
soft Vanderbilt pseudopotential [4] was used for all
elements, except for tellurium, for which the Rappe—
Rabe-Kaxiras—Joannopoulos pseudopotential [5, 6]
was applied.

The results of calculations were fitted to the third-
order Birch-Murnaghan equation of state [7]. The
Monkhorst—Pack mesh points were used for the in-
tegration over the Brillouin zone. Proceeding from
the convergence condition for the results obtained
that the calculation accuracy for total energies should
not be less than 1 x 10~% Ry, the choices of the
Monkhorst—Pack mesh poins were as follows: for
CaO, 12 x 12 x 12 for B1 and 16 x 16 x 16 for B2;
for CaS, 20 x 20 x 20 (for both structures); for CaSe,
12 x 12 x 12 for B1 and 20 x 20 x 20 for B2; for
CaTe, 12 x 12 x 12 for Bl and 28 x 28 x 28 for B2;
for SrO, 12 x 12 x 12 for B1 and 16 x 16 x 16 for
B2; for SrS, SrSe, and SrTe, 20 x 20 x 20 (for both
structures); for BaO, 12 x 12 x 12 (for both struc-
tures); for BaS, 20 x 20 x 20 (for both structures); for
BaSe, 12 x 12 x 12 for B1 and 16 x 16 x 16 for B2;
and for BaTe, 20 x 20 x 20 (for both structures). The
cut-off energy for the wave function expansion was
E.yt = 200 Ry, and the cut-off energy for the charge
density was put equal to 10E.y; in all calculations.

3. Structural Parameters of AEMOCs

There is a large number of works devoted to the study
of structural parameters of both the alkaline-earth
metals (AEMs) and the AEMOCs. At the early stages
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of the research of those compounds (in 1970-1980s),
MgO and CaO were mainly studied. Empirical and
semiempirical methods were often used to calculate
physical quantities at that time. In the next years,
calculations of physical properties were also made
for other AEMOCs, including those possessing non-
cubic structures. Recently, more complicated AE-
MOC compounds — namely, Me—-Me—X and Me—X—
X — have been widely studied.

The appearance and development of first-principles
approaches in the framework of the DFT and, later,
a possibility to generate first-principles pseudopoten-
tials (norm-conserving at first and ultra-soft after-
ward) made it possible to substantially develop and
supplement the set of standard approaches aimed at
determining a broad spectrum of those physical para-
meters of the elements and compounds that are used
in modern calculations of the characteristics of cry-
stalline solids. In this work, a formalism suitable for
the DFT and pseudopotential methods was applied.
The approaches of this kind are currently well adap-
ted to calculate the structural, mechanical, ther-
modynamic, electronic, and optical properties of
crystals.

In the framework of this approach, the structural
properties of the AEMOCs — namely, the parame-
ters of the B1 and B2 structures for calcium, stron-
tium, and barium oxides and chalcogenides — were
calculated. They include the equilibrium lattice pa-
rameter ag and, accordingly, the equilibrium volume
Vo, as well as the bulk modulus By and its deriva-
tive with respect to the pressure, By, for each com-
pound. The results of first-principles calculations are
presented in Table 1 and the corresponding experi-
mental results in Table 2 for the sake of their com-
parison. In other theoretical studies, where different
computational techniques were applied, a rather good
agreement was reached, in general, between the ex-
perimental and theoretical results. In addition to the
above-mentioned DFT method (and its various imple-
mentations), which uses the plane-wave basis, other
methods using the basis of wave functions of prede-
fined types were also applied.

The calculations of the AEMOC properties are
characterized by a wide range of approaches from
various variants of the Hartree-Fock method to the
Monte Carlo and molecular dynamics methods. From
the viewpoint of further calculations, the calculation
accuracy of structural parameters obtained in those
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Table 1. Calculated equilibrium parameters of AEMOCSs in the Bl and B2 structures

Compound VOBl, A3 a(])gl, A Bgl, GPa B(’)Bl VOBQ7 A3 (1(1]327 A B(]?Q, GPa B(’)BZ
CaO 28.233 4.834 105.002 4.33 25.305 2.936 106.558 4.29
CaS 46.574 5.715 56.329 4.25 42.428 3.488 59.702 4.05
CaSe 53.086 5.966 47.909 4.08 48.699 3.652 50.703 4.07
CaTe 65.605 6.402 36.664 4.03 60.654 3.929 37.634 4.49
SrO 35.179 5.201 83.885 4.55 30.913 3.138 88.172 4.48
SrS 55.613 6.059 47.599 4.60 49.249 3.665 51.770 4.20
SrSe 62.683 6.306 41.509 4.31 55.854 3.822 46.347 3.82
SrTe 76.034 6.725 32.173 4.13 68.397 4.090 35.356 4.20
BaO 40.741 5.462 68.912 4.09 33.739 3.231 72.577 3.70
BaS 64.304 6.360 42.478 4.20 54.119 3.783 44.657 3.90
BaSe 72.037 6.605 36.342 4.32 61.319 3.943 37.301 4.30
BaTe 86.448 7.019 28.811 4.26 74.494 4.208 31.589 4.10

Table 2. Experimental equilibrium parameters of AEMOCs in the Bl and B2 structures
Compound all, A BP!, GPa BBt al?, A BF?, GPa BB2 Source

CaO 4.810 111.2 4.2 2.907 130 3.5 [9]
CaS 5.689 64 4.2 3.460 64 4.2 [10]
CaSe 5.916 51 4.2 3.612 51 4.2 [10]
CaTe 6.348 42 4.3 3.932 42 4.3 [10]
SrO 5.16 91.3 4.3 [11]
5.16 90.6 4.4 [11]

SrS 6.024 58 [12]
SrSe 6.234 45.2 4.5 46.5 4.5 [13]
SrTe 6.659 39.5 5 [14]
BaO 5.539 72 5 [15]
BaS 6.387 39.42 34.02 [16]
55.1 5.5 21.4 7.8 [17]

BaSe 6.600 [18]
6.593 [19]

BaTe 7.005 29.4 7.4 4.385 27.5 4.6 [20]

approaches can strongly affect the final parameter
values of structural phase transitions. A comparison
of the results obtained in this work with experimental
ones leads to the conclusion that the calculated lat-
tice constants are in reasonable agreement with the
experimental data. The worst results — namely, devi-
ations of 1-1.2% — were obtained for SrSe, SrTe, and
BaO. The calculated values for the bulk modulus By
are in a worse agreement with the experiment. The
corresponding deviations reach 18% for SrS and SrTe,
and 13% for CaTe; other deviations do not exceed 8%.

For the B2 structure, there are no experimental
data for some examined oxides and chalcogenides. By
analyzing the known data for B2, we obtain that the
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lattice constants were calculated with deviations not
exceeding 1%, except for BaTe, for which, on the ba-
sis of available data, the deviation equals 4%. There
are also noticeable discrepancies for the bulk mod-
ulus values. The largest deviation of 32% was found
for BaS. Thus, the bulk moduli calculated for the B2
structure correspond much worse to the experimental
data.

4. B1-B2 Structural
Phase Transition in AEMOCs

The results of first-principles calculations of the struc-
tural phase transitions in insulators agree rather well
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Table 3. Calculated parameters of the B1-B2 structural phase transition in AEMOCs

Compound | ppt, GPa | VPL, A3 | of1, A | VEL/VEY | VP2 A3 | of2, A | VEZ/VEY | VE2/VEBL | AV, % | AVR, %
CaO 65.238 20.639 4.354 0.731 18.526 2.646 0.656 0.898 7.49 10.24
CaS 36.103 33.837 5.134 0.727 30.898 3.138 0.663 0.913 6.31 8.69
CaSe 33.509 37.585 5.317 0.708 34.871 3.267 0.657 0.928 5.11 7.22
CaTe 29.190 45.146 5.652 0.688 42.736 3.496 0.651 0.947 3.67 5.34
SrO 37.146 27.388 4.785 0.779 24.237 2.894 0.689 0.885 8.97 11.52
SrS 17.812 44.345 5.619 0.797 39.604 3.409 0.712 0.893 8.52 10.69
SrSe 15.549 49.795 5.840 0.794 44.808 3.552 0.715 0.900 7.96 10.02
SrTe 12.348 60.087 6.217 0.790 54.830 3.799 0.721 0.913 6.92 8.75
BaO @ 13.026 35.374 5.211 0.868 29.362 3.085 0.721 0.830 14.76 17.00
BaS 6.536 57.050 6.111 0.887 48.163 3.638 0.749 0.844 13.82 15.58
BaSe 5.8165 63.720 6.340 0.885 54.368 3.788 0.755 0.853 12.98 14.68
BaTe 4.6325 76.404 6.736 0.884 66.360 4.049 0.768 0.869 11.62 13.15

“For a hypothetical B1-B2 phase transition.

Table 4. Experimental parameters of the B1-B2 structural phase transition in AEMOCs
Compound ppt, GPa Vthl, A3 \/'p]%l/\/'OB1 VthQ, A3 VIOJ%Q/\/'OB1 AV1,% AV, % Source

CaO 63 20.7 0.744 18.7 0.672 7.2 10 [21]
60-70 20.65-20.22 18.43-18.11 11 [22]

CaS 40 0.73 10.2 [10]
CaSe 38.0 36.26 0.70 7.7 [10]
CaTe 33.0 47.37 0.74 4.6 [10]
35 0.703 10.8 [14]

SrO 36 27.5 0.815 24.1 0.714 10 13 [23]
SrS 18 44.57 0.815 39.49 11.4 [12]
SrSe 14 49.28 0.813 44.00 10.7 [13]
SrTe 12 60.62 0.828 53.89 11.1 [14]
BaS 6.5 0.917 0.75 16.5 18.2 [17]
6.5 58.35 0.91 50.37 0.785 12.5 13.7 [16]

BaSe 6 13.9 [19]
BaTe 4.8 13.2 [20]

with the experimental data. The DFT method is
known to be able to substantially distort the band
structure. Nevertheless, the structural properties of
insulators are described rather well. This fact may
probably be explained as follows. The results ob-
tained for insulators, unlike those for metals, are lit-
tle affected by the levels located close to the Fermi
one, i.e. the valence band top is separated from the
conduction band bottom by a gap that does not in-
troduce additional problems when calculating sums
over the occupied states. It is also not excluded that
distortions in the band structure of both the Bl
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and B2 phases change identically with the pressure,
which obscures the problem of band energies in the
DFT and allows good results for the parameters of
the B1-B2 phase transition in the AEMOCs to be
obtained.

In this work, the following parameters were calcu-
lated for the B1 and B2 structures of the AEMOCs
(see Table 3): the phase transition pressure pp, the
lattice parameter apy and the unit cell volume V¢ at
the phase transition point, the ratio Vj/Vy between
Vot and the equilibrium unit cell volume in the B1
structure, and the relative unit cell volume reductions
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Fig. 1. Dependences of the enthalpy difference between cal-
cium oxide and calcium chalcogenides on the pressure
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Fig. 2. Dependences of the enthalpy difference between stron-
tium oxide and strontium chalcogenides on the pressure
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Fig. 3. Dependences of the enthalpy difference between bar-
ium oxide and barium chalcogenides on the pressure
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at the phase transition

VBl ym
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AV, = pt pt
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It should be noted that Table 3, as well as Tables 7
to 9 (see below), also contains the results of calcula-
tions for a hypothetical B1-B2 structural phase tran-
sition in BaO, which has not been detected experi-
mentally.

The corresponding experimental results are pre-
sented in Table 4. The unit cell volume reductions
were calculated in the cases where it was possible, and
they were verified on the basis of data from other rel-
evant works. Sometimes, it was not clear what quan-
tity the cited authors meant as the unit cell volume
reduction, which could give rise to certain inconsis-
tencies in Table 4.

In Figs. 1 to 3, the dependences of the enthalpy dif-
ference on the pressures are shown for the AEMOCs:
in Fig. 1 for calcium oxide CaO and calcium chalco-
genides CaX, in Fig. 2 for strontium oxide SrO and
strontium chalcogenides SrX, and in Fig. 3 for bar-
ium oxide BaO and barium chalcogenides BaX.

A comparison of the results of this work with the
experimental data shows their quite reasonable agree-
ment for the parameters of the B1-B2 phase tran-
sition in the AEMOCs. For example, for the phase
transition pressure p,;, the deviation is often ap-
preciably below 10%. Exceptions are calcium chalco-
genides (CaS, CaSe, CaTe) and SrSe, for which the
deviations equal 10-12%. The results of the known
theoretical works were obtained with different accu-
racies, and, sometimes, substantial deviations are no-
ticeable. But, in most cases, our results are in reason-
able agreement with the experimental data.

5. Dependence of the Size of the AEM,
Oxygen, and Chalcogen Ions on the Pressure
in the B1 and B2 Structures

The AEMOC compounds, as well as the alkali metal
halogenides, are described rather well in the frame-
work of the ion model. A lot of works concerning the
properties of AEMOCs were performed in the frame-
work of models that account for the ionic character
of those compounds. The lattice of ionic crystals can
be represented as alternating distributions of charges
with different signs and close to spherical ones. In
the simplest case, they can be represented as touch-
ing spheres with the corresponding radii. Such mod-
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Table 5. Distance between the nearest neighbors (in A units) in AEMOCs

in the B1 (upper values) and B2 (lower values) structures at various pressures

p, GPa CaO CaS CaSe CaTe SrO SrS SrSe SrTe BaO BaS BaSe BaTe
0 2.42 2.86 2.98 3.20 2.60 3.03 3.15 3.36 2.73 3.18 3.30 3.51
2.54 3.02 3.16 3.40 2.72 3.17 3.31 3.54 2.80 3.28 3.42 3.64

4.6325 2.38 2.79 2.90 3.09 2.56 2.95 3.06 3.24 2.68 3.09 3.19 3.37
2.51 2.95 3.08 3.29 2.68 3.09 3.22 3.42 2.75 3.18 3.30 3.51

5.8165 2.38 2.78 2.89 3.07 2.55 2.93 3.04 3.21 2.67 3.07 3.17 3.34
2.50 2.94 3.06 3.27 2.67 3.08 3.20 3.40 2.73 3.16 3.28 3.48

6.536 2.37 2.77 2.88 3.06 2.54 2.92 3.03 3.20 2.66 3.06 3.16 3.33
2.50 2.93 3.05 3.26 2.66 3.07 3.19 3.38 2.73 3.15 3.27 3.46

12.348 2.34 2.71 2.81 2.98 2.50 2.86 2.95 3.11 2.61 2.98 3.08 3.23
2.46 2.87 2.99 3.18 2.62 3.00 3.11 3.29 2.68 3.07 3.18 3.37

13.026 2.34 2.71 2.80 2.97 2.50 2.85 2.95 3.10 2.61 2.97 3.07 3.22
2.46 2.87 2.98 3.17 2.62 3.00 3.10 3.28 2.67 3.07 3.18 3.36

15.549 2.33 2.69 2.78 2.94 2.49 2.83 2.92 3.07 2.59 2.95 3.04 3.19
2.45 2.84 2.96 3.14 2.60 2.97 3.08 3.25 2.65 3.04 3.15 3.32

17.872 2.32 2.67 2.76 2.92 2.47 2.81 2.90 3.05 2.57 2.93 3.02 3.16
2.44 2.83 2.94 3.12 2.59 2.95 3.05 3.23 2.64 3.02 3.12 3.29

29.190 2.27 2.60 2.68 2.83 2.42 2.73 2.81 2.95 2.51 2.84 2.93 3.06
2.39 2.75 2.85 3.03 2.54 2.87 2.96 3.13 2.57 2.93 3.03 3.19

33.509 2.26 2.58 2.66 3.80 2.41 2.71 2.79 2.92 2.49 2.82 2.90 3.03
2.38 2.73 2.83 3.00 2.52 2.85 2.93 3.10 2.55 2.90 3.00 3.15

36.103 2.25 2.57 2.65 2.78 2.40 2.70 2.77 2.90 2.48 2.80 2.88 3.01
2.37 2.72 2.82 2.99 2.51 2.83 2.92 3.08 2.54 2.88 2.99 3.14

37.146 2.25 2.56 2.64 2.78 2.39 2.69 2.77 2.90 2.48 2.80 2.88 3.00
2.36 2.71 2.81 2.98 2.51 2.83 2.91 3.07 2.53 2.88 2.98 3.13

65.238 2.18 2.47 2.53 2.65 2.31 2.58 2.65 2.77 2.38 2.68 2.75 2.87
2.29 2.61 2.69 2.86 2.43 2.71 2.78 2.94 2.43 2.74 2.85 2.99

els have been known since the works by Wasastjerna,
Goldschmidt, Zachariasen, and Pauling [24]. The cor-
responding radii of the spheres (the ionic radii) can be
determined from crystallographic data, both experi-
mental and theoretical, as well as by analyzing some
other properties of solids (electronegativity, polariz-
ability, ionicity, or the covalence degree). The pro-
cessing of large arrays of crystallographic data was
first implemented by Goldschmidt. Afterward, it was
used in some other works (see, e.g., work [25]). Most
of the models are based on a certain basic ionic radius
R;on inherent to a definite ion. The lattice modifica-
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tion under the pressure action raises an issue of the
efficiency of such a model, if a compression of those
ions together with a diminishing of the unit cell vol-
ume with the increasing pressure is possible. First,
when being compressed, spherically symmetric dis-
tributions of the electron density become deformed
and deviate more and more from the spherical sym-
metry. Second, both the ionic radius and the defor-
mation depend on the coordination number at the
compression. Therefore, either a correction for the co-
ordination has to be taken into account or the values
of ionic radii have to be considered depending on the
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Table 6. Tonic radii (in A units) for AEMs, oxygen, and chalcogens at p = 0

(notations for ionic radii values are taken from work [24]: P stands for Pauling and G for Goldschmidt)

Tonic radius Crystalline radius
Ion This work [25] [24] (28] [29] This work [25] [30]
B1 B2 B1 B2 P G exp. exp. B1 B2 B1 B2 exp. theor.
Ca?t 1.02 1.12 1.00 1.12 0.99 1.06 1.08 1.06 1.16 1.26 1.14 1.26 1.32 1.28
Sr2+ 1.20 1.30 1.18 1.26 1.13 1.27 1.21 1.15 1.34 1.42 1.32 1.40 1.27 1.42
Ba2t 1.33 1.38 1.35 1.42 1.35 1.43 1.43 1.29 1.47 1.52 1.49 1.56 1.49 1.61
02— 1.40 1.42 1.40 1.42 1.40 1.32 1.40 1.26 1.28 1.26 1.28
S2- 1.84 1.90 1.84 1.84 1.74 1.75 1.70 1.75 1.70
Se?— 1.96 2.04 1.98 1.98 1.91 1.87 1.82 1.90 1.84
Te2— 2.18 2.28 2.21 2.21 2.11 2.02 2.04 2.12 2.07
02 The first-principles calculations allow the distances
018 r between the nearest neighbors to be determined
with a sufficient accuracy. Therefore, it is possible to
0.16 determine the ionic radii in the B1 and B2 structures
ol by neglecting a deformation under the compression
ot and study their changes under the pressure action.
g on Thus, the set of initial data for calculations includes
ol the calculation results for the distances r to the near-
est neighbors in the B1 and B2 structures, which are
0.08 quoted in Table 5 for pressures ranging from p = 0
006 to the phase transition pressure pp in CaO (it is
. s , | the largest value among the phase transition pres-
o S o Se Te | sures in the considered AEMOCs). Each intermediate
alcogen

Fig. 4. Changes in the ionic radius at the B1-B2 phase tran-
sition in the AEMOCs

coordination, i.e. different values of ionic radii for dif-
ferent coordination numbers have to be introduced.

Fumi and Tosi [26, 27] have proposed to consider
“crystalline radii”, which are more physically substan-
tiated and make allowance for the compression of
ions in the crystal lattice. In the models used ear-
lier, the radius of oxygen ion (as well as the radii
of chalcogen ions) was overestimated, because it was
taken the same as for an almost free oxygen ion. Ac-
cordingly, the radii of metal ions were underesti-
mated. In works [26,27], the ionic repulsion was pro-
posed to be taken into account in the Born form,
which led to a reasonable reduction in the radii of
both oxygen and chalcogen ions.

1028

pressure value in Table 5 corresponds to the phase
transition in a definite AEMOC (see Table 3). So, at
each pressure value from Table 5, there occur B1-B2
structural changes for one of the compounds, and,
accordingly, the change in the distances to the near-
est neighbors corresponds to this transition. Figure 4
demonstrates the changes of the distances to the near-
est neighbors Ar at the phase transition within the
CaX, SrX, and BaX series. Those dependences are
linear with a high accuracy, being almost identical for
the calcium and strontium chalcogenides.

In Table 6, the ionic and crystalline radii calculated
in this paper in the framework of the first-principles
approach are shown together with the results ob-
tained by other authors. Our calculations were car-
ried out under two assumptions: (i) according to
work [25], the ionic and crystalline radii of the oxygen
ion O? in the B1 and B2 phases are fixed; and (ii) the

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 11
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ion?

p, GPa
Fig. 5. Dependences of the ionic radii of AEMs on the pressure

radii of other ions were obtained by minimizing the
sum of squared deviations in the series of MeX com-
pounds for AEMs, oxygen, and chalcogens, respec-
tively. The calculated dependences of the ionic radii
of the AEMs, oxygen, and chalcogens in the B1 and
B2 structures on the pressure are depicted in Figs. 5
and 7, and the dependences of the crystalline radii
of the ions of AEMs, oxygen, and chalcogens in the
B1 and B2 structures on the pressure are shown in
Figs. 6 and 8. The recalculation for larger pressure
values was based on assumption (ii) and took into
account that the compressibility of ionic radii is pro-
portional to their values, both oxygen and chalcogen
ions including.

The values of the ratio between the cation and an-
ion ionic radii in the B1 structure at the zero and
phase transition pressures and in the B2 structure
under the phase transition and metallization pres-
sures are quoted in Table 7. As the pressure in the B1
structure grows to the phase transition pressure, this
ratio increases (except for BaO). At the phase transi-
tion to the B2 structure, it also increases (except for
BaTe). If the pressure increases further to the met-
allization pressure, different compounds demonstrate
different behavior of this ratio.

6. Interband Transitions
and Forbidden Gaps in the B1
and B2 Structures of the AEMOCs

The results of calculations of gaps in the AEMOCs
for the B1 structure are presented in Table 8. Here-
after, the following notations for the high-symmetry
points in the B1 structure are used: I'(0, 0, 0), X(1, 0,
0), L(0.5, 0.5, 0.5), W(1, 0.5, 0), U(1, 0.25, 0.25), and
K(0.75, 0.75, 0) (in terms of 27/a units). The values
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Fig. 6. Dependences of the crystalline radii of AEMs on the
pressure
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Fig. 7. Dependences of the ionic radii of oxygen and chalco-
gens on the pressure
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Fig. 8. Dependences of the crystalline radii of oxygen and
chalcogens on the pressure

of the direct gaps I'-I", X-X, and L-L are given at
the pressures p = 0 and p = pp¢. The minimum gaps
(min gap) and their magnitudes obtained from the
first-principles calculations of band structures in the
framework of the DFT theory are also indicated. It
should be noted that, as is known, those values are
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underestimated in comparison with the correspond-
ing experimental data.

In most cases, the minimum gaps correspond to in-
direct I'-X transitions. Exceptions include BaO, for
which the direct X-X transition was obtained in all
calculations, and SrO and BaS, for which the mini-
mum gap becomes the direct X-X gap at p = ppy.

For the B2 structure, the corresponding values are
presented in Table 9. Namely, these are the direct
gaps M—M, I'-T', and X-X, the minimum gaps (min
gap), and their values calculated for p = pp;. The
minimum gaps are more diverse for the B2 structure
of the AEMOC:s. In particular, they include both the
direct M—M and I'-T" transitions and the indirect I'-
M one. For the B2 structure, the following notations
are used for the high-symmetry points: I'(0, 0, 0),
X(1, 0, 0), M(1, 1, 0), and R(1, 1, 1) (in terms of 7/a
units).

The result of DFT calculations for the CaTe com-
pound in the B2 phase demonstrates the absence of
gap at any pressure, which corresponds to the metal-
lic state. The minimum gap also disappears at neg-
ative pressures, i.e. at volumes exceeding the equi-
librium one, and it is the direct M—M gap. Hence,
the calculated B1-B2 phase transition at 29.19 GPa
(Table 3) is also an insulator-metal transition. The
smallest Eg,p, is inherent to compounds in which the

Table 7. Ratio between the cation and anion

ionic radii in the B1 and B2 structures in AEMOCs
at various pressures: zero (p = 0), phase transition
(p = ppt), and metallization (p = pmet)

B1 B2
Compound
p=0 | p=ppt | P=Ppt | P = Pmet
CaO 0.729 0.744 0.817 0.940
CaS 0.554 0.606 0.649 0.648
CaSe 0.520 0.583 0.608 0.600
CaTe 0.468 0.530 0.546 0.491
SrO 0.857 0.867 0.931 0.910
SrS 0.652 0.679 0.713 0.748
SrSe 0.612 0.643 0.663 0.686
SrTe 0.551 0.578 0.606 0.605
BaO 0.950 0.933 0.963 0.908
BaS 0.723 0.729 0.736 0.742
BaSe 0.679 0.683 0.687 0.705
BaTe 0.610 0.625 0.619 0.633
1030

minimum FE,,;, corresponds to the direct M-M gap;
these are CaSe, CaTe, and, perhaps, SrTe. Maybe,
they have the most distorted band structures in this
approach. The largest Eg,, were calculated for com-
pounds with the direct T-T' gap (the AEM oxides
CaO, SrO, and BaO, as well as BaS).

The experimental results for the Bl phase are
gathered in Table 10. Table 11 contains known re-
sults, both experimental and theoretical, for the B2
structure. The abbreviations used in Table 11 to de-
note the applied calculation methods are as follows:
exp. stands for experimental results, TB LMTO for

Table 8. Calculated values (in €V units)

of the gaps at high-symmetry points and the minimum
gap for the B1 structure in the AEMOCs at zero
pressure and at the corresponding phase

transition pressure

Com- | Pres- ; min
pound | sure r-r X-X L-L min gap | Egp
CaO 0 4.6050 | 4.0308 | 8.1400 X-I 3.6537
ppt | 6.8256 | 3.5304 | 10.4395 X-I 3.3298

CaS 0 4.1017 | 3.1860 | 6.3322 X-I 2.3871
ppt | 3.8037 | 2.2854 | 7.6795 X-I' 1.2942

CaSe 0 3.5165 | 2.9515 | 5.6503 X-I 2.0391
ppt | 3.1597 | 1.9912 | 6.9712 X-I 0.7534

CaTe 0 2.9658 | 2.6174 | 4.7840 X-I 1.5539
ppt | 2.2114 | 1.6667 | 5.9811 X-I' 0.0437

SrO 0 3.7665 | 3.4238 | 7.4911 X-I 3.3187
ppt | 5.7751 | 2.9112 | 9.1690 X-X 2.9112

SrS 0 3.5639 | 2.9791 | 6.3586 X-I 2.5143
ppt | 4.2724 | 2.3588 | 7.3882 X-I' 1.9082

SrSe 0 3.1078 | 2.7817 | 10.3691 X-I 2.2133
ppt | 3.7509 | 2.1633 | 13.0590 X-I 1.5449

SrTe 0 2.7099 | 2.4868 | 4.8735 X-I 1.7669
ppt | 2.9639 | 1.8947 | 5.6191 X-I 1.0156

BaO 0 4.5844 | 1.9777 | 6.6912 X-X 1.9777
ppt | 5.8354 | 1.3580 | 7.5384 X-X 1.3580

BaS 0 3.8719 | 2.3719 | 6.5038 X-I 2.3179
ppt | 4.1403 | 2.0745 | 6.9628 X-X 2.0745

BaSe 0 3.4293 | 2.2320 | 5.9219 X-I 2.0732
ppt | 3.7091 | 1.9343 | 6.3477 X-I 1.8668

BaTe 0 3.0091 | 2.0142 | 5.1011 X-I 1.6937
ppt | 3.0381 | 1.7216 | 5.4414 X-I' 1.4395
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Table 9. Calculated values (in €V units) of the gaps

at high-symmetry points and the minimum gap for the B2 structure in the AEMOCs
at the corresponding phase transition pressure and parameters of AEMOC metallization

Compound M-M r-r X-X min gap g}:;‘ met Pmet, GPa Vinet /Vo
CaO 4.5444 2.6873 5.0897 I'-M 2.5084 r-r 505 0.400
CaS 0.7784 1.2435 2.6433 I'-M 0.3210 M 48.8 0.624
CaSe -0.0931 0.9072 3.1157 M-M -0.931 M-M 25.5<ppt 0.692
CaTe <0 <0 <0 M-M <0 M-M (<0)<ppt 0.925
SrO 4.9342 2.5567 5.0361 r-r 2.5567 r-r 368 0.415
SrS 1.7795 1.6262 3.9278 I'-M 1.2044 I'-M 69.5 0.547
SrSe 1.0415 1.3485 3.4593 I'-M 0.7562 I'-M 34 0.618
SrTe 0.0061 0.9993 2.7466 M-M 0.0061 M-M 13.5 0.712
BaO 4.8651 1.8691 4.4730 r-r 1.8691 r-r 129 0.455
BaS 2.6794 1.3804 3.4754 I-r 1.3804 r-r 44 0.549
BaSe 2.0211 1.1746 3.0522 I'-M 1.1639 r-r 35 0.573
BaTe 1.0894 0.9003 2.5427 I'-M 0.6405 I'-M 22 0.611
the tight-binding linear muffin-tin orbital method, | Table 10. Experimental interband
DFT for the density functional theory method, LDA | transitions (if‘ eV “n'its)’ m_i“imum .
for the local density approximation method, GGA | 82Ps and their magnitude (in eV units)
for the generalized gradient approximation method, in AEMOGs in the Bl structure
APW for the augmented plane wave method, ASW Compound | T'-T' | X-X | L-L | min gap | ESIM | Source
for the augmented spherical wave method, GW for
the GW approximation method, EV for the Engel- CaO 703 |73 |95 r-X |6.79 [31]
Vosko scheme, FP-LAPW for the full-potential lin- r-X |7.03 [32]
earized augmented plane wave method, and FP-PW r-x |7.08 [33]
for the full-potential plane wave approach. 7.085 | 7.46 | 7.16 [34]
6.875 [35]
7. Pressure-Induced Metallization 16.5 36]
of AEM Chalcogenides CaS 5.80 | 5.343 =X 14434 | [35]
o ) CaSe 4.898 r-X |385 | [35]
The result.s of first-principles calculations of th.e bafnd Sr0 589 | 6.28 |597| T-r |5896| [34]
structure in the AEMOCSs confirm the metallization 6.08 |5.79 [35]
of those compounds at high pressures. This conclu- S 5.387 | 4.831 rx | 432 [35]
sion follovx.fs from the analysis of the dependence (_)f the SrSe 4570 | 4475 X |3.813| [35]
gap magnitude on the pressure. The above-mentioned BaO 33 |3.985 [35]
underestimation of the relevant values in the DFT 3.88 [37]
approach may also result in the underestimation of 4.10 [38]
the metallization pressure value pyet. Table 9 demon- BaS 5929 | 3.941 X |3.806| [35]
strates the metallization pressure values obtained in 388 | [37]
such calculations, as well as the relative metallization 3.90 [38]
volume Vet /Vo (with respect to to the equilibrium BaSe 4.556 | 3.658 X |3421] [35]
volume in the B1 structure), and the magnitudes of 358 | [37]
the gap that disappears at the metallization. 3.60 | [38]
It should be noted that, in addition to CaTe, the BaTe 3.08 [37]
CaSe compound also has a specific feature: the cor- 3.10 [38]
responding calculated values are ppet = 25.5 GPa
ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 11 1031
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Table 11. Experimental interband transitions (in €V units), minimum
gaps and their magnitude (in €V units) in AEMOC:Ss in the B2 structure

Compound | M-M | I'I" | X-X | min gap Eg;ig Pmet, GPa | Vinet, A3 Vinet /Vo Method Source

Ca0 M-I 2.3 TB LMTO [39]
2.1 480 LDA + APW [40]
Ca$S 1.35 T 1.35 GGA [41]
2.06 r-r 2.06 85.07 0.602 GGA-EV [41]
CaSe 0.97-0.81 | =125 exp. [42]
0.65 DFT + GW [42]
0.79 M-M 0.79 GGA [41]
1.49 M-M 1.49 54.01 0.655 GGA-EV [41]
36.03 36.0 0.690 FP-LAPW [43]
CaTe 0.007 M-M | 0.00728 GGA [41]
0.55 M-M 0.55 39.87 0.834 GGA-EV [41]
35.48 41.06 0.622 FP-LAPW [44]
SrO M-T 2.4 TB LMTO [39]
SrS 90 0.53 exp. [12]
54 0.59 TB LMTO [45]
69 30.90 0.551 FP-LAPW [46]
63.3 GGA [47]
211 | 372 | M-T 1.83 GGA [48]
SrSe 24 0.656 TB LMTO [45]
41 37.94 0.600 FP-LAPW [46]
SrTe 18 0.688 TB LMTO [45]
14 55.00 0.712 FP-LAPW [46]
BaO 100 exp. [17]
BaS 62.2 0.55 exp. [17]
1.6-1.35 ~113 exp. [42]
47 37.93 0.564 FP-LAPW [44]
49.1 0.574 TB LMTO [49]
1.46 DFT + GW [50]
32 0.60 ASW [51]
32 0.62 ASW [51]
BaSe 52 0.555 exp. [52]
31 0.625 TB LMTO [49]
31.5 0.61 LAPW (53]
17 0.63 ASW [51]
17 0.66 ASW [51]
BaTe 20 0.65 exp. [20]
<27 >0.62 exp. [54]
<100 0.71 LMTO [54]
14.1 0.684 TB LMTO [49]
15.8 0.67 LAPW [19]
19.54 0.66 FP-LAPW-GGA | [55]
27.55 0.54 FP-PW-GGA [55]
19.29 0.55 FP-PW-LDA [55]
40 0.74 ASW [51]
40 0.77 ASW [51]
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Fig. 11. Fragment of the band structure of BaTe in the B2
phase at the metallization pressure

and ppe = 33.509 GPa. In other words, according to
the results of first-principles calculations made of this
work, the B1-B2 transition has to be accompanied by
the insulator-metal phase transition. Perhaps, the ab-
sence of the gap in CaTe at p = 0 in the B2 structure
may testify to the incorrectness of the first-principles
results obtained in this work for this compound.

At the metallization of the CaO and BaSe com-
pounds, the gap undergoes changes: it transforms
from the indirect gap I'-M to the direct one I'-T". In
other AEMOCs, the minimum gaps do not vary when
changing from the phase transition pressure to the
metallization pressure. The largest values of the pres-
sure ppet were obtained for the AEM oxides, in which
the gap is the direct gap I'-T.

The values of the parameters that characterize
the metallization transition in the AEMOCs, which
were determined in other works, are gathered in Ta-
ble 11. The B2 phase was considered in very few ex-
perimental works. A comparison with the results of
experimental works points to a very low value of pyet
calculated for CaSe, its appreciable underestimation
for BaS (moreover, for this compound, various exper-
imental data differ substantially from one another)
and BaSe, and good agreement for BaTe. The avail-
able experimental data for the metallization volume
Vet agree well with the results of this work ob-
tained for BaS, BaSe, and BaTe. Sometimes there
is no agreement with the results of other theoreti-
cal works, namely, for CaS, CaSe, and CaTe, maybe
because of the lack of relevant experimental data. For
other compounds, the results of this work are in good
agreement with the results of calculations by other
authors.
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Theoretical calculations may be quite different in
detail, but they provide results comparable with the
experiment. As an example, let us consider the re-
sults of calculations for experimentally well-studied
barium telluride. The values obtained for the met-
allization volumes and pressures of BaTe are com-
parable with one another and with the experimental
data. Figures 9 and 10 demonstrate the band struc-
tures in the B1 and B2 phases of BaTe at different
pressures, which were found in this work and which
can be compared with their counterparts found in
works [49, 55]. The band structures reveal a similar
behavior at the zero pressure and the phase transi-
tion pressure. But the results of works [49, 55] clearly
demonstrate that it is the indirect transition I'-M
that undergoes the metallization at the metallization
pressure. From Fig. 10, it may seem that the metal-
lization occurs at the direct transition I'-T". However,
Fig. 11 illustrates a scaled-up fragment of the BaTe
band structure at the metallization pressure, whence
one can clearly see that the metallization occurs at
the indirect transition I'-M.

8. Conclusions

In this paper, the results of the first-principles DFT-
based calculations of the thermodynamic parameters
of the AEMOCs in the B1 and B2 structures have
been reported in order to illustrate the application
scheme of this approach while studying the properties
of AEMOCs subjected to the pressure action. The fol-
lowing results were obtained and the following conclu-
sions can be drawn.

1. Modern methods applied for the calculation of
the equilibrium structural properties of crystalline
structures can reproduce the structural characteris-
tics of the AEMOCs with a sufficient accuracy. The
corresponding calculation of the parameters of the
B1-B2 phase transition in the AEMOCs brings about
results that are in good agreement with the experi-
mental data.

2. The calculated interband transitions turn out
underestimated, if they are calculated in the DFT
framework. At the same time, there are methods,
e.g., the Hartree-Fock approximation, that substan-
tially overestimate those parameters. There are few
experimental data for the AEMOCSs in the B2 struc-
ture. This fact does not allow appropriate compar-
isons to be made in most cases.
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3. The change of the ionic radii of the AEM atoms,
oxygen, and chalcogens under pressure in the Bl
and B2 structures was found. The ratio between the
cation and anion ionic radii increases with the pres-
sure: first, at pressures up to the B1-B2 phase tran-
sition pressure; then, directly at the phase transi-
tion. Such a behavior is not observed near the metal-
lization pressure ppet-

4. The metallization pressure values pmet were cal-
culated for the AEMOCs in the B2 structure. The
results obtained were found to be underestimated
in comparison with the experimental data, but they
agree with the results of other theoretical works.

5. For some compounds (CaSe, CaTe), the first-
principles calculation of the band structure carried
out in this work leads to a premature disappearance
of the band gap and a substantial reduction of the
metallization pressure.
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Translated from Ukrainian by O.I. Voitenko

B.B. Iootcusamenro

IOHHIM XAPAKTEP, ®A30BI IIEPEXO/I1
TA METAJIIBAIIA B OKCUIOAX I XAJIBKOT'EHIJIAX
JIV2KHO3BEMEJIBHUX METAJIIB IIIJI TUCKOM

Peszmowme

Buxosian 3 mepux npuHIUIIB, IPOBEJIEHO PO3PAXYHKHU CTPY-
KTYPHUX 1 TEPMOJMHAMIYHUAX BJIACTUBOCTEN OKCHU/IIB 1 XaJIbKO-
TeHiiB JIy?KHO3eMeJIbHUX MEeTaJIiB, L0 MalOTh KyOiduHi cTpy-
krypu (CaX, SrX, BaX, ne X =0, S, Se, Te), a TakoxK xa-
PaKTEPUCTUK CTPYKTYypHUX dazoBux nepexonis B1-B2 B mux
pevoBuHax iz TuckoM. JlocitigzKeHo KpucTaJidHi i ioHHi pai-
YCH B OKCHJAaX 1 XaJbKOI€HIaX JIy?KHO3EMEJIbHUX METAJIB, y
TOMY YHCJIi PO3IVIAHYTO 3aJIE2KHICTH PaJiyciB iOHIB B CTPpYKTY-
pax Bl Ta B2 Big Tucky. O64Ync/IeHO BEJIMYUHU Mi>K30HHUX I1e-
pexoiB i 3a00POHEHUX 30H B JAHUX CIOJIYyKaX y Iiaxo/i Teopil
dyHKIIOHAIA TYCTUHNA CYMICHO 3 METOJIOM IICEB/IOIOTEHIIATY.
B pesysbrari 30oHHEX po3paxyHKIB 3HAIEHO 3HAUEHHS THUCKIB
MeTaJsti3allil B I[UX CIIOJIyKaX.
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