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Abstract. Structural properties of the B1 (NaCl-type) and B2 (CsCl-type) phases of alkaline-
earth oxides and their phase transition have been investigated with the periodicab initio linear
combination of atomic orbitals method implemented in the CRYSTAL program. The geometries
have been optimized and the bulk modulus evaluated. The calculations have been done at the
Hartree–Fock (HF) and density functional theory (DFT) levels. In this last case, the exchange–
correlation potential correcting the electronic density uses either one local or three non-local
models. The comparison of the different approaches allows us to identify a trend, in order to
obtain results in better agreement with experiment.

1. Introduction

Because the alkaline-earth oxides MgO, CaO, SrO and BaO are important constituents of
the Earth’s lower mantle, where the pressure reaches 140 GPa, several experimental and
theoretical studies have been carried out with the aim of formulating a description of their
high-pressure behaviour. A few experimental studies of the phase transitions occurring in
these oxides have been realized [1–8]. The phase transition from B1 (NaCl-type) to B2

(CsCl-type) phases has been observed experimentally at pressures of 60 [3], 65 [4] and
63 [5] (CaO), 36 [6] (SrO) and 9 [7] and 14.5 [8] (BaO) GPa. For MgO, the B1 
 B2

phase transition has been observed up to 120 GPa [1, 2] and this illustrates the experimental
difficulties encountered in the study of phases under very high pressures. The use of
theoretical methods is therefore justified in order to obtain information about the structures
of materials at high pressures.

Many calculations using different approaches have been carried out separately for each
compound. Generally speaking, it is difficult to obtain consistent results in satisfactory
agreement with experiment, particularly for MgO [9–12].

In the present paper, the structural and mechanical properties of the B1 and B2 phases
of the four compounds are investigated and the B1 
 B2 transition volumes and pressures
are deduced by considering the Murnaghan equation of state [13]. To do this, the linear
combination of atomic orbitals (LCAO) self-consistent-field (SCF) method implemented in
the CRYSTAL program [14] is used. The light elements (Mg, Ca and O) are described
with all-electron basis sets whereas an effective-core pseudopotential (ECP) is adopted to
describe heavier elements. Thanks to the CRYSTAL95 [14] code, the calculations can be
done at both the Hartree–Fock and density functional levels. In this latter approach, the
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correction of the electronic density is considered—using exchange–correlation potentials
parametrized according to one local (local density approximation: LDA) and different non-
local (generalized gradient approximation: GGA) models. Comparison of these theoretical
results with the available experimental data should enable us to select the best method(s)
for describing the structural and mechanical properties of simple closed-shell systems
satisfactorily.

2. Computational details

2.1. The ab initio program

For the present calculations, the CRYSTAL95 computer program [14] was used. We refer
the reader to previous papers [15, 16] for a description of the periodic LCAO self-consistent-
field computational scheme as implemented in such a code. The CRYSTAL95 code contains
a density functional theory (DFT) option that permits one to solve the Kohn–Sham (KS)
equations self-consistently. The exchange–correlation (XC) potential is expanded in an
auxiliary basis set of symmetrized atom-centred Gaussian-type functions (GTFs). In this
work, one local and three non-local exchange–correlation potentials have been used; they
will be indicated as follows: LP for LDA [17] (exchange) and PZ [18] (correlation); BL
for B [19] (exchange) and LYP [20] (correlation); PBE [21] (exchange and correlation); PP
[22] (exchange and correlation). Good computational conditions for the evaluation of the
Coulomb and exchange series as defined in references [15, 16] have been used, ensuring
high numerical accuracy. As regards the reciprocal-space net, a shrinking factorS = 8 has
been used, corresponding to 29 and 35k-points for the B1 and B2 phases, respectively.

2.2. Basis sets

As regards the basis set, Bloch functions are constructed from local functions (atomic
orbitals) which, in turn, are linear combinations (contractions) of GTFs each expressed as
the product of a Gaussian and a real solid spherical harmonic. For light atoms (Mg, Ca
and O), all-electron (AE) basis sets have been used, whereas for Sr and Ba, the Hay–Wadt
small-core ECPs [23] have been adopted. In order to check the quality of the ECPs adopted
and their influence on the results, the calculations for CaO have been repeated at the ECP
level. The oxygen basis set can be denoted as an 8-411-(1d)G contraction (the first shell
is of s type and is a contraction of eight GTFs, then there are three sp shells and one
d shell): this notation is similar to that used in a previous study on Cr2O3 [24] and for
many other oxides. The Mg and Ca (AE) basis sets are 8-511-(1d)G and 8-6511-(3d)G
contractions, respectively, and have been used in previous studies of MgO [25] and CaF2

[26], respectively. The ECP basis set for Ca, Sr and Ba is a 3-1(1d)G contraction (in this
case both shells are of sp type).

The exponents of the most diffuse sp and d shells of each atom have been optimized
by searching for the minimum Hartree–Fock crystalline total energy. The results obtained
are given in table 1. The same basis set has been used for the calculations performed with
the various DFT schemes.

Table 1 gives the optimized exponents of the two most diffuse sp (α(n−1)
sp andα(n)sp ) and

d shells of each element. Generally speaking, the exponent of a given GTF of alkaline-
earth and oxygen elements does not differ significantly in phases B1 and B2 except for Mg
(the last sp and d shells) and Ca (the d shell) when described with an ECP. This result
shows that the basis set for the four oxides which have a fully ionic character in the B1
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Table 1. The exponents (Bohr−2) of the most diffuse Gaussian-type functions (GTFs) of the
AO basis sets adopted in the present study. MgO and CaO (AE) are described with all-electron
(AE) basis sets whereas the Hay–Wadt small-core pseudopotential was used for Ca (PS), Sr and
Ba. The d shell of the Ca AE basis set is described by a contraction of three GTFs whose
coefficients are given in parentheses.

Oxides α
(n−1)
sp α

(n)
sp αd

MgO B1 Mg 0.689 0.345 0.657
B2 0.683 0.280 0.611

B1 O 0.475 0.183 0.600
B2 0.480 0.184 0.600

CaO (AE) B1 Ca 0.470 0.255
3.922 (0.139)
1.095 (0.326)
0.380 (0.427)

B2 0.475 0.260

B1 O 0.473 0.166 0.600
B2 0.480 0.165 0.600

CaO (PS) B1 Ca — 0.500 0.620
B2 — 0.495 0.670

B1 O 0.435 0.145 0.600
B2 0.450 0.155 0.600

SrO B1 Sr — 0.256 0.504
B2 — 0.258 0.516

B1 O 0.488 0.163 0.600
B2 0.486 0.157 0.600

BaO B1 Ba — 0.213 0.330
B2 — 0.212 0.330

B1 O 0.478 0.155 0.600
B2 0.491 0.166 0.600

and B2 phases does not depend on the surroundings of each ion (six and eight nearest
neighbours in the B1 and B2 phases, respectively) but is rather sensitive to the ratio of the
cation (M2+) and O2− sizes, as illustrated by the ratio of the square root of the spheropole
QR(M2+)/QR(O2−) which has different values for the B1 and B2 phases only for MgO (see
table 6, later). The exponents of the two most diffuse oxygen sp shells are similar for all
of the compounds. To compare the results obtained with the use of ECP and AE basis sets,
CaO was studied using the two sets. In the case where Ca is described using the Hay–Wadt
small-core pseudopotential, the 3d shell has been represented by a contraction either of one
GTF (table 1) or of three GTFs (as for the AE set) with the following optimized exponents:
α
(1)
d = 3.713,α(2)d = 1.036 andα(3)d = 0.359, and the same coefficients as for the AE basis

set. For reasons of clarity and of homogeneity with SrO and BaO, the results obtained with
the use of this last set are not reported in the following because they are not significantly
different from those obtained with the d shell described with a unique GTF. For example,
the lattice parameter and the bulk modulus of phase B1 calculated at the HF level are 4.84Å
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Table 2. Equilibrium lattice parameters (Å) calculated at the HF and different DFT levels.
Differences (%) with respect to the experimenta are given in parentheses for the B1 phase.
Results of others’ calculations and experimental data are given for comparison. The DFT
notation corresponds to the exchange–correlation potentials used in the local and non-local
approximations: LP: LDA/Perdew–Zunger(PZ); BL: Becke/Lee–Yang–Parr; PBE: Perdew–
Burke–Ernzerhof/Perdew–Burke–Ernzerhof; PP: Perdew–Wang/Perdew–Wang.

Exper-
HF LP BL PBE PP iment Other calculations

MgO B1 4.20 4.16 4.27 4.24 4.24 4.20a — 4.21b 4.30c

(0.0) (−1.0) (+1.7) (+1.0) (+1.0) 4.21d

B2 2.60 2.60 2.67 2.65 2.65 — — —

CaO (AE) B1 4.86 4.71 4.87 4.83 4.82 4.81a — 4.71b 4.82c

(+1.0) (−2.0) (+1.2) (+0.4) (+0.2) 4.81d,e,f

B2 2.95 2.86 2.97 2.94 2.93 — — —

CaO (PS) B1 4.87 4.75 4.89 4.86 4.85 4.81a — 4.71b 4.82c

(+1.2) (−1.2) (+1.7) (+1.0) (+0.8) 4.81d,e,f

B2 2.95 2.87 2.97 2.94 2.94 — — —

SrO B1 5.22 5.06 — — — 5.16a 5.23g 5.06b 5.13c

(+1.2) (−1.9) 5.16d,h

B2 3.14 3.04 — — — — — —

BaO B1 5.65 5.46 — — — 5.52a — — 5.49c

(+2.4) (−1.1) 5.54d

B2 3.39 3.27 — — — — — —

a Reference [33].
b Reference [9].
c Reference [10].
d Reference [34].
e Reference [3].
f Reference [35].
g Reference [27].
h Reference [36].

and 124 GPa, respectively and compare favourably with the values of 4.87Å (table 2) and
121 GPa (table 4—see later) obtained with a unique GTF for the Ca d shell. CaO is however
less stable by 8.6 mHartree with this last set.

2.3. TheB1
 B2 transition

The total energies of the four systems in the B1 and B2 phases has been evaluated at 25
different volumes, and fitted with the Murnaghan [13] equation of state:

E(V ) = BV0

[
1

B ′(B ′ − 1)

(
V0

V

)B ′−1

+ 1

B ′
V

V0
− 1

B ′ − 1

]
+ E0 (1)

whereE0, V0, B andB ′ are the equilibrium energy, the equilibrium volume, and the bulk
modulus and its pressure derivative. The pressure versus volume relationship is easily
obtained by differentiation of the above equation.
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Table 3. Binding energies (au) expressed with respect to the atomic references. Differences (%)
with respect to the experimenta are given in parentheses for the B1 phase. The symbols HF,
LP, BL, B, PBE, PP are defined in table 2: P91 indicates Perdew and Wang (1991) [32].

Exper-
HF LP BL HF+ PZ HF+ B HF+ PBE HF+ PP HF+ P91 imenta

MgO B1 0.276 0.435 0.351 0.338 0.370 0.357 0.357 0.360 0.38
(−27.4) (+13.1) (−7.9) (−11.0) (−2.6) (−6.0) (−6.0) (−5.3)

B2 0.208 0.380 0.292 0.270 0.306 0.293 0.293 0.296 —

CaO (AE) B1 0.281 0.466 0.381 0.348 0.375 0.364 0.364 0.367 0.40
(−30.0) (+16.5) (−4.7) (−12.5) (−6.2) (−9.0) (−9.0) (−8.2)

B2 0.238 0.434 0.343 0.306 0.341 0.327 0.327 0.330 —

SrO B1 0.255 — — 0.321 0.353 0.336 0.337 0.339 0.38
(−32.9) — — (−15.5) (−7.1) (−11.6) (−11.3) (−10.8)

B2 0.219 — — 0.287 0.322 0.308 0.308 0.311 —

BaO B1 0.224 — — 0.289 0.315 0.306 0.306 0.309 0.37
(−39.4) — — (−21.9) (−14.9) (−17.3) (−17.3) (−16.5)

B2 0.193 — — 0.259 0.297 0.283 0.283 0.286 —

a Deduced from theJanaf Thermodynamical Tables(reference [37]).

As we are working atT = 0 K, the transition pressure corresponds to the point where
the enthalpy

H(p) = E0+ pV = E0+ BV0

B ′ − 1

[(
B ′

B
p + 1

)1−1/B ′

− 1

]
(2)

of the B2 phase is equal to the corresponding quantity for the B1 phase.

3. Results and discussion

3.1. Geometry and binding energy

The equilibrium lattice parameters and binding energies of the B1 and B2 phases of the
four compounds are compared in tables 2 and 3 with the results of previous calculations
and experimental data. At the HF level, the B1 lattice parameters are overestimated, as
expected, with respect to experiment. The difference ranges from zero (MgO) to 2.4%
(BaO) as a consequence of the increasing relative importance of the electron correlation
effects (disregarded at the HF level) as the cation becomes larger and the electrostatic forces
less important. Also the gradient-corrected DFT schemes (BL, PBE, PP) overestimate the
lattice parameters (although to a lesser extent than at the HF level), whereas at the LDA
level the underestimation is about equivalent to, or even larger than the HF overestimation.
The trend is similar for the B1 and B2 phases.

The agreement between our HF results and that obtained by Zupanet al [27] for SrO is
not surprising because the same computational method and computer program were used.
The LDA results reported by Kalpanaet al [9] (obtained with the tight-binding linear
muffin-tin orbital method) are also in reasonable agreement with the present ones (with the
LP functional), whereas in the case of the results of Mehlet al [10], a larger discrepancy
is observed, in particular for MgO and CaO. In the latter case, however, the potential-
induced breathing model (PIBM) method has been used, which is an improved version of
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Table 4. Equilibrium parameters obtained with the equation of state of Murnaghan at the
Hartree–Fock and density functional theory levels.V0, B andB ′ are the equilibrium volume
(Å3), the bulk modulus (GPa) and the derivative dB/dp, respectively. The symbols LP, BL,
PBE and PP are defined in table 2.

B1 B2

V0 B B ′ V0 B B ′

MgO This work HF 18.4 182 3.92 17.6 181 4.00
LP 18.0 181 3.70 17.6 170 3.66
BL 19.5 153 3.66 19.0 147 3.50
PBE 19.1 160 3.69 18.7 153 3.48
PP 19.1 159 3.74 18.6 155 3.47

Experiment — 162.0a — — — —
18.5b — — — — —

Other calculations 18.7c 167.6c — 17.6c — —
18.1d 172.0d — — — —
18.4e 146.0e — 18.1e — —

CaO (AE) This work HF 28.7 120 4.44 25.6 122 4.05
LP 26.2 135 3.97 23.3 136 4.30
BL 28.9 111 3.67 26.2 107 3.79
PBE 28.2 114 3.91 25.4 114 3.68
PP 28.0 116 3.82 25.2 113 4.25

Experiment 27.8f 111.2f 4.9f — — —
27.8g 111.2g 4.2g 24.6g 130.0g 3.5g

— 112.0h — 24.7h 115.0h 4.9h

27.8i 115.0i — 24.7i 115.0i 4.9i

Other calculations 26.1c 133.8c — 22.8c — —
26.2d 129.0d — — — —
28.0j 109.0j 4.60j 24.0j 123.0j 4.40j

the semi-empirical Gordon–Kim model [28–30] where the short-range pair interactions are
parametrized.

The binding energy BE is calculated as the difference between the bulk equilibrium
energy and the atomic energies. These latter have been obtained by adding to the basis set
of table 1 one sp shell and reoptimizing the exponents of the three most diffuse shells. The
same scheme has been adopted for oxygen. The BE values have been calculated according
to two methods in order to analyse separately the effect of the exchange and correlation
energies. In the first method, the same approaches (HF, LP and BL) are used to calculate
the bulk and atomic energies. These latter are obtained thanks to the GAUSSIAN94 [31]
code for the compounds described in AE basis sets. In the second method an ‘a posteriori’
correlation correction to the HF bulk and atomic energies has been included. It is based on
the correlation-only functional of either Perdew and Zunger (PZ), in the local approximation,
or Becke (B), Perdew, Burke and Ernzerhof (PBE) and Perdew and Wang (1991) [32] (P91),
in the generalized gradient approximation, and the corresponding results are reported in the
columns headed HF+ PZ, HF+ B, HF+ PBE and HF+ P91 of table 3, respectively. In
all cases the BE of the B1 phase is greater than that of the B2 phase indicating that B1
is the most stable phase atp = 0. Generally speaking, the theoretical binding energies



TheB1
 B2 phase transition in alkaline-earth oxides 6903

Table 4. (Continued)

B1 B2

V0 B B ′ V0 B B ′

CaO (PS) This work HF 28.9 121 4.09 25.6 132 3.95
LP 26.8 138 4.06 23.6 153 3.89
BL 29.3 114 3.75 26.1 128 3.54
PBE 28.7 117 3.72 25.5 128 3.73
PP 28.6 117 3.81 25.4 129 3.74

SrO This work HF 35.5 101 4.12 31.1 107 4.08
LP 32.3 124 4.05 28.1 130 4.12

Experiment 34.3k — — — — —
— 91.3h,i — — — —
— 90.6l — — — —

Other calculation 32.4c 109.8c — — — —

BaO This work HF 45.0 81 4.21 38.9 92 4.07
LP 40.8 100 4.64 34.9 117 4.29

Experiment — 72.2f — — — —

a Reference [38].
b Reference [33].
c Reference [9].
d Reference [11].
e Reference [12].
f Reference [39].
g Reference [3].
h Reference [4].
i Reference [5].
j Reference [40].
k Reference [6].
l Reference [35].

are smaller than the experimental data except in the case where the atomic energies are
calculated within the DFT approach with an exchange–correlation potential parametrized
according to the local approximation (LP). As expected, the agreement with experiment is
satisfactory for MgO and CaO with the non-local DFT approach (BL) and especially with
the ‘a posteriori’ correlation correction to the HF energies described by the Becke GGA
potential. However, the quality of the agreement decreases with the increase of the cation
size, reaching 15% in the BaO case within this last approach.

3.2. The bulk modulus andB1
 B2 transition parameters

The theoretical curvesE(V ) calculated at the HF, LP, BL, PBE and PP levels and fitted
to the Murnaghan equation of state give the equilibrium unit-cell volumeV0, and the bulk
modulusB and its pressure derivativeB ′. These values are reported in table 4 for the
B1 and B2 phases with the experimental data and the results of other calculations for
comparison. Generally speaking, table 4 shows, as expected, that the changes of theB-
values are in the opposite direction to those in the correspondingV0-values. This is verified
for either a given calculation method or a given compound and phase. In the sequence
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Table 5. Transition parameters obtained at the Hartree–Fock and density functional theory
levels. P , Vtr and1Vtr/V0 (%) are the transition pressure (GPa), the transition volume (Å3)
and the volume collapse, whereV0 is the equilibrium volume of the B1 phase. The symbols
LP, BL, PBE and PP are defined in table 2.

P Vtr (B1) Vtr (B2) 1Vtr/V0 (%)

MgO This work HF 711.6 9.0 8.7 3.6
LP 511.8 9.3 8.9 4.9
BL 478.1 9.8 9.3 5.4
PBE 428.4 10.0 9.4 5.5
PP 417.8 10.1 9.5 6.2

Experiment >100a,b — — —

Other calculations 197.5c — — 5.4c

251d 11.3d 10.8d 4.3d

515.0e — — 4.7e

1050.0f — — 4.8f

CaO (AE) This work HF 68.1 21.6 19.1 11.6
LP 55.9 20.5 18.4 10.3
BL 73.7 20.6 18.7 9.3
PBE 63.4 21.0 18.8 10.6
PP 66.3 20.6 18.8 8.7

Experiment 60.0g — — —
65.0h — — 10h

63.0i 20.7i 18.7i 10i

Other calculations 55.7c — — 10.7c

55d 20.9d 19.3d 7.9d

54.2e — — 11.2e

67.9j — — —
121k — — —

B(LP) > B(HF) > B(GGA), it will be noted that the differences between the values
obtained with the three GGA models (BL, PBE and PP) are very small and lead to a
very satisfactory agreement with experiment. It can be observed that MgO constitutes
an exception, because the experimental volume is very well reproduced at the HF level,
corresponding thus to a very small correlation effect. The description of calcium either with
an AE or an ECP basis set leads to very similarB- andV0-values for the B1 phase but to
slightly different ones for the B2 phase. This result shows that the ECP can be validly used
to obtain satisfactoryB- andV0-values for these simple systems. However, the accuracy
seems to be insufficient to give a true physical meaning to the fact that there is the slight
difference between theB-values for the B1 and B2 phases of CaO, SrO and BaO whereas
they are practically identical for MgO and CaO (AE).

The pressure of the transition between the B1 and B2 phases is deduced, as indicated
in equation (2), from the equality of the enthalpy for the B1 and B2 phases. The values
obtained in each calculation method are given in table 5 with the experimental data and the
results of other calculations for comparison. Following Mehlet al who define the collapse
volume as1Vtr/V0(B1) where1Vtr = Vtr(B1) − Vtr(B2), the values of this ratio were
also obtained, and these are also reported in table 5. When compared to the available
experimental data which are not very homogeneous except for CaO, the results given in
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Table 5. (Continued)

P Vtr (B1) Vtr (B2) 1Vtr/V0 (%)

CaO (PS) This work HF 75.1 21.2 19.0 10.4
LP 65.1 20.6 18.4 10.7
BL 80.2 20.8 18.8 9.7
PBE 87.8 19.5 18.1 7.2
PP 73.3 20.8 18.7 9.9

SrO This work HF 42.3 27.9 24.6 11.8
LP 29.2 27.4 24.0 12.3

Experiment 36l 27.5l 24.1l 13.0l

Other calculations 33.5m — — 12.8m

31.7c — — 11.4c

36d 26.3d 24.2d 7.9d

35n — — 10n

BaO This work HF 27.3 36.6 32.1 12.3
LP 17.4 36.0 31.2 13.3

Experiment 9o — — —
14.5p — — —

Other calculation 21d 34.0d 31.2d 8.3d

a Reference [1].
b Reference [2].
c Reference [9].
d Reference [10].
e Reference [11].
f Reference [12].
g Reference [3].
h Reference [4].
i Reference [5].
j Reference [40].
k Reference [41].
l Reference [6].
m Reference [27].
n Reference [42].
o Reference [7].
p Reference [8].

table 5 indicate that our values of the transition parameters are on the whole in satisfactory
agreement. However, our calculated values do not allow us to deduce the best-adapted
calculation method in order to obtain the best transition parameters. The HF approximation
gives higher values than the DFT approach in the local approximation (LP) except for the
transition volumes. Two reasons can be invoked to account for the lack of accuracy of our
theoretical results:

(i) the first one corresponds to the use of theB ′-parameter, whose values deduced from
the Murnaghan equation of state are determined with a moderate accuracy as indicated in
table 4; and

(ii) the second one is attributable to the method used for determining the transition
parameters: it requires an extrapolation of theH(p) curves of the two phases towards
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Table 6. The square roots of the atomic (M and O) spheropoles QR (au) and overlap populations
(e−) between the nearest (M–O) and second-nearest (O–O) neighbours evaluated at the HF level
according to a Mulliken partition of the charge density. The M–O and O–O distances (Å)
are given in italics atp = 0. The overlap populations at the transition pressure are given in
parentheses.

B1 B2

Mg 2.3 2.5 Mg
O 4.3 4.1 O
Mg–O 2.10 0.001 0.016 2.25 Mg–O

(−) (−)
O–O 2.97 −0.019 −0.116 2.60 O–O

(−) (−)

Ca 3.9 3.9 Ca
O 4.4 4.3 O
Ca–O 2.43 −0.037 −0.019 2.55 Ca–O

(−0.100) (−0.082)
O–O 3.44 −0.005 −0.053 2.95 O–O

(−0.019) (−0.148)

Sr 4.5 4.5 Sr
O 4.5 4.4 O
Sr–O 2.61 −0.057 −0.038 2.72 Sr–O

(−0.112) (−0.077)
O–O 3.69 −0.001 −0.036 3.14 O–O

(−0.008) (−0.088)

Ba 5.5 5.6 Ba
O 4.5 4.4 O
Ba–O 2.83 −0.063 −0.036 2.94 Ba–O

(−0.121) (−0.074)
O–O 3.99 0.000 −0.008 3.39 O–O

(−0.002) (−0.019)

pressure values rather distant from those corresponding to the calculatedE(V ) curves,
especially for MgO.

Finally, the changes of the transition pressure within the series of alkaline-earth oxides
can be related particularly well to the size of the ions and to the populations of the bond
between the nearest (M–O) and second-nearest (O–O, M–M) neighbours which lead to
the crystal compressibility. These two structural features are determined from a Mulliken
scheme for the partition of the charge density, which shows also the fully ionic character
of each compound in both phases. The size of the ions is evaluated from the square root
QR of the atomic spheropole and reported in table 6, with the bond populations only at the
HF level for reasons of clarity.

The spheropole QR2 is defined according to the following equation:∫
ρA|rA|2 dr (3)

whereρA (r) is the atomic electron charge density and|rA|2 ≈ |r − sA|2 is an operator
which is function of the positionsA at which the atom A is located. All of the methods of
calculation lead to very similar results and the largest differences are observed between the
HF and LP results. The LP atomic spheropoles are slightly larger than the corresponding
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Figure 1. The transition pressure (GPa) versus the square root of the M spheropoles QR (au)
calculated according to a Mulliken partition of the charge density. The symbols•, 4, �, × and
♦ correspond to the HF, LP, BL, PBE and PP calculations, respectively. The full and dotted
lines are the best fits for the HF and LP results.

HF ones. For the cation, the difference changes from 6% in MgO (B2) to 0% (SrO and
BaO) whereas it is practically the same (2%) for the oxygen. This result, when compared
to the decrease of the lattice parameter calculated with the LP method compared to that
calculated with the HF method shows that a part of the electron correlation introduced in
the LP approach enlarges the overlapping of the electron clouds more than the size of the
ions. The size of a given alkaline-earth cation is the same in phases B1 and B2 except
that of Mg2+ which is expanded in phase B2 by about 10% with respect to that in phase
B1. The O2− size is nearly constant for both phases of the four compounds: it seems
however slightly smaller in phase B2 than in phase B1 especially for MgO and CaO. The
transition pressure which is dependent on both B1 and B2 structures can be related only to the
B1 (or B2) geometrical structure in view of the previous remarks. The best fit between the
alkaline-earth QR values (table 6) and its corresponding transition pressure can be described
according to a relationship which has the formP = aeb(QR), to take into account particularly
the MgO transition pressure, which however is not accurate (figure 1). The values of the
a- andb-parameters area = 22.9× 103, b = −1.51 anda = 13.4× 103, b = −1.36 for
the HF and LP results, respectively.

All of the bond populations are negative except the Mg–O one especially for phase
B2 and those corresponding to the M2+–M2+ second-nearest neighbours, which are always
null. This indicates an antibonding character of the interactions between the O2−–O2−

second-nearest neighbours and the M2+–O2− first-nearest neighbours when M≡ Ca, Sr and
Ba. As expected, the antibonding character corresponding to the O2−–O2− interaction is
enlarged when its distance is decreased, i.e. from BaO to MgO in phases B1 and B2 and from
phase B1 to phase B2 in a given compound and, of course, fromp = 0 to the transition
pressure. The cation–oxygen (M2+–O2−) interaction leads generally to a negative bond
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population whose strength increases with the M2+–O2− distance. This bond population is
more negative in phase B1 than in phase B2 but its changes versus the M2+–O2− distance
are similar for the two phases. Finally, the values of the transition pressure seem therefore
to be determined more by the repulsive O2−–O2− interaction, especially in phase B2, than
by the same interactions in phase B1 or by the M2+–O2− interactions in both phases.

4. Conclusions

A series of simple closed-shell compounds with high-symmetry structures, allowing us to
achieve high numerical accuracy, has been chosen to make a valid comparison of the trend
of the HF and different DF models to reproduce better the experimental geometries, binding
energy, bulk modulus and B1 
 B2 transition pressures and volumes. In this series, the
contribution of the electronic correlation to the calculated properties increases with the
cation size, and the efficiency of the correction to the HF charge density as a result of using
a DF model can be appreciated more easily when the cation belongs to a higher row of
the periodic table. Generally speaking, the DF method using a non-local correction ofρ(r)
seems to be of better quality than that using an exchange–correlation potential parametrized
according to a local model. That is particularly true for the binding energy and above all for
the determination of the bulk modulus. However, the correction of the HF lattice parameter
as a result of using the DF non-local models is practically null whereas that obtained as a
result of using the LDA is large and makes the calculated lattice parameter smaller than the
experimental one. In the light of these results, it is difficult to deduce the best ‘non-local’
DFT-corrected scheme among the three (BL, PBE and PP) investigated in this work, but
it seems that the non-local exchange–correlation potential of Becke and of Lee, Yang and
Parr (BL) is less well adapted for calculating the lattice parameters.

For the determination of the phase transition parameters, we must recall that the accuracy
of their values depends substantially on the derivativeB ′ which, as a general rule, is not
very accurate and on the degree of extrapolation of the enthalpy curves. These factors
explain why the phase transition parameters cannot be obtained, as a general rule, with
a great accuracy. This is verified in our work, where the calculated transition pressures
are fluctuating and the ‘non-local’ DF values are actually similar to the HF ones but those
calculated using the LDA are always smaller. Before concluding with a generalization of
these results, it would be interesting to examine other simple systems containing transition
metals which will be described with the unrestricted Hartree–Fock method and the same
DF methods.
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