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Abstract. We use ab-initio Quantum Mechanics to study the zero temperature phase diagram of BaO. We calculate zero temperature Equations of State of different crystalline phases [B1 (NaCl), B8(NiAs), B2(CsCl), and
distorted B2] using Density Functional Theory (DFT) with the generalized gradient approximation (GGA). We
find the B1 structure to be the thermodynamically stable one at zero pressure; followed by three pressure induced
phase transitions. We find that at P = 11.3 GPa BaO transforms from B1 to B8; at P = 21.5 GPa from B8 to
distorted B2. The distorted B2 phase continuously approaches the B2 structure, the phase transformation occurs
at P = 62 GPa. We also study the band structure of BaO in its high pressure (B2) phase. For P = 60.5 GPa, we
find a band gap of 3.5 eV in agreement with experimetal value. We find metallization at P = 230.6 GPa.
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1. Introduction
BaO is a well-known alkaline-earth oxide. The high pressure behavior of this oxide is important from the point of view of geophysics; it is an important component of the earth’s
lower mantle (few kilometers depth) where pressures reach up to 140 GPa. BaO is also a
constituent of the ferroelectric material BaTiO3 with great technological importance. Undertanding and modeling the mechanical and electronic properties of BaO (including pressure
induced structural phase transformations) is, thus, of great importance.
The alkaline-earth oxides, MgO, CaO, SrO, and BaO, are known to be found in B1 (NaCl)
phase at zero stress [1–9]. Most of them undergo a pressure induced phase transition from B1
phase to B2(CsCl). On the other hand, for BaO the low pressure (B1) structure and the high
pressure one (B2) are separated by other intermediate crystalline phases. Experiments show
a phase transition from the B1 phase transforms to B8 (NiAs) at a pressure of 9.2 GPa [10,
11]. The B8 structure then transforms to distorted B2; experimental pressures for this phase
transition are 18 GPa [10] and 14 GPa [11]. Experiments also show that the distorted B2 phase
approaches B2 with increasing pressure but the perfect B2 phase was never obtained.
To date, the theoretical studies (to best of knowledge) have covered the phase transformations in BaO as B1 phase to B2 phase. As pointed above, the transition pathway follows the
sequence B1-B8-distorted B2-B2. In this work, we present the first study of the full transition
path in detail. We have especially analyzed the transition zone by pointwise optimization with
c/a ratio and the distortion are used as parameters (explained in the next section).
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Figure 1. Energy as a function of volume for B1, B8, distorted B2 and B2 phases of BaO from ab initio
calculations using DFT-GGA.

Figure 2. Pressure as a function of volume for B1, B8, distorted B2 and B2 phases of BaO from ab initio
calculations using DFT-GGA.

In the following, we present the zero temperature full EOS of BaO which is obtained using
the ab initio program CASTEP. Furthermore, we have investigated the metallization of BaO
under high pressure. Finally, in Section 3, we discuss our results.
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Figure 3. (a) Enthalpy as a function of pressure for the DFT-GGA calculations between the pressure range 0–20 at
0 K. (b) Enthalpy as a function of pressure for the DFT-GGA calculations between the pressure range 15–30 GPa at
0 K. (c) Enthalpy as a function of pressure for the DFT - GGA calculations between the pressure range 20–70 GPa
at 0 K.

2. DFT calculations
2.1. Z ERO TEMPERATURE EQUATIONS OF STATE
We present ab-initio Quantum Mechanical calculations of the EOS of different phases of BaO
using DFT in the GGA approximation; our calculations correspond to zero temperature except
that the zero point energy of the crystal is not considered. We use DFT [12–14], using PW91 GGA for the exchange and correlation energy functional [15]. k points are sampled using
5 × 5 × 5 Monkhorst–Pack mesh. Ultrasoft pseudopotentials are used for both Ba and O [16].
In Figs. 1 and 2, we show the zero temperature EOS of the different crystalline phases of
BaO, namely B1(NaCl), B8(NiAs), B2(CsCl) and distorted B2. Fig. 1 shows energy-volume
curves and Fig. 2 shows pressure as a function of volume. We have calculated the EOS in a
wide volume range, typically between 8% expansion and 50% compression. The distorted B2
phase is tetragonal with two degrees of freedom for constant volume: (i) the c/a ratio; and (ii)
the distortion in the fractional coordinates of Ba atoms in z-direction. O atom is located at
(0,0,0) while Ba atom is located at (0,0.5,0.5 + ). To study the changes of crystal structure
at distorted B2 phase with respect to pressure, we minimized the total energy of BaO crystal
with respect to c/a and  at each volume keeping the pressure hydostatic.
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Figure 4. Variation of volume with pressure for B1, B8, distorted B2 and B2 phases of BaO.The percentage
change in volume at phase transformation points is also shown.

The EOS parameters were obtained by fitting our DFT-GGA data to Rose’s Universal
binding curve [17]:
∗

EEOS (a ∗ ) = −Ecoh (1 + a ∗ + ka ∗ 3 )e−a ,
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Here, the constants a0 , Ecoh , 0 , and B are the lattice parameter, cohesive energy, zero
pressure volume, and bulk modulus, respectively. The parameter k depends on the pressure
derivative of the bulk modulus evaluated at zero pressure.
EOS parameters, calculated zero pressure volume for B1 (V0 = 42.898 Å) and the experimental value extrapolated to zero temperature (V0 = 42.141 Å) are in good agreement
(1.7% difference). All extensive quantities in this paper are given per formula unit (BaO).
The calculated cohesive energy (Ecoh ) and isothermal bulk modulus BT and its derivative with
respect to pressure (BT ) are also in good agreement with experimental results. Table 1 shows
EOS parameters obtained in this work for the different phases, together with experimental
values and previous theoretical calculations using different models. potential-induced breathing model (Mehl et al. [3]), ionic potentials (Jog et al.[1]), DFT-LDA (Cortona et al. [7]),
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Table 1. EOS parameters, bulk modulus, B, and its pressure derivative B , and elastic constants,
CS = (C11 − C12 )/2 and C44 for the B1, B8, distorted B2 and B2 phases for BaO. The experimental values are
the values extrapolated from room temperature to 0 K. The volumes here are the volumes which correspond to
one BaO molecule
Phase

V0
(Å3 )

Ecoh
(eV)

B1 experiment
B1 (this work)
PIB-model [3]
Ionic pot. I [1]
Ionic pot. II [1]
DFT-LDA (non-Spherical) [7]
DFT-LDA (spherical) [7]
LAPW [7]
LMTO [2]

42.141 [18]
42.898
41.367
42.508
42.970
40.026
42.049
40.247
41.821

10.15 [19]
11.01
0.2532

12.4

B8 (this work)

41.651

10.45

0.2562

Dist. B2 (this work)

42.211

10.61

B2 (this work)

36.808

12.44

λ

k

B0
(GPa)

B0

CS
(GPa)

C44
(GPa)

75.6 [20]
71.22
66.33
73
91
73
68
86
70

5.67 [21]
4.52
4.55
1.51
4.17

45.5 [21] 36.0 [21]
44.85
39.78

0.0752

68.04

4.19

67.92

30.88

0.4060

0.0000

27.13

42.12

74.57

0.2837

0.1024

74.69

108.23

3.20

0.1125

11.0
10.6

4.07

Figure 5. , z-position difference from z = 0.5 position with respect to pressure in distorted B2 phase.

linearized-augmented plane-wave (LAPW) (Mehl, a private communication given in Cortona
et al. [7]), and linear-muffin-tin orbitals (LMTO) (Springborg et al. [2]).
We have also calculated the elastic constants for B1-BaO by straining the cubic B1 lattice
with volume conserving deformations.We obtain Cs = (C11 −C12 )/2 using a tetragonal strain:
aT = a0 (1 + , 0, 0),
bT = a0 (0, 1 + , 0),
cT = a0 (0, 0, 1/(1 + )2 ).

(6)
(7)
(8)
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√
Figure 6. The c/a ratio for the distorted B2 phase as a function of pressure. The value of 1/ 2 which corresponds
to the B2 structure is shown by a straight line.

Figure 7. The c/a ratio for the B8 (NiAs) phase as a function of pressure.

Cs is obtained from the deformation energy,
E = E0 + 6V0 Cs  2 .

(9)

Here, a0 is the zero stress lattice constant of the system, and aT , bT , and cT are the tetragonal
strained cell vectors;  is the applied strain, E0 is the energy of the unstrained system and V0
is the zero stress volume.
For C44 , we use an orthorombic strain:

(10)
aO = a0 ( 1 +  2 , 0, 0),

(11)
bO = a0 (0, 1 +  2 , 0),
2
(12)
cO = a0 (0, 0, 1/(1 −  )).
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Figure 8. Bond distance between Ba and O atoms as a function of pressure at experimentally stable phases B1,
B8, distorted B2 and B2 of BaO.

aO , bO and cO are the orthorombic strained lattice vectors. C44 is obtained from the following
deformation energy relation:
E = E0 + 2V0 C44  2 .

(13)

Table 1 also shows the calculated elastic constants which are in very good agreement with
experimental values.
2.2. P RESSURE INDUCED PHASE TRANSITIONS IN BAO
Two experiments performed at ambient temperature [10, 11] show that phase transitions occur
from B1 phase to B8 phase at the a pressure P = 9.2 GPa and from B8 phase to distorted B2
phase at the pressures 18 GPa and 14 GPa, respectively. The phase transition from distorted B2
structure to B2 structure has not been observed experimentally up to pressure P = 60.5 GPa.
Figs. 3a–c show the calculated enthalpy H = U + P V , for the different phases in different
pressure ranges which allow the identification of the phase transformations. Our DFT-GGA
calculations show the B1-B8 transitions at P = 11.3 GPa (Fig. 3a). B8 transforms to distorted
B2 at P = 21.5 GPa. (Fig. 3b). Finally we find that distorted B2 continuously transforms to
B2 at P = 62.1 GPa (Fig. 3c). Table 2 summarizes the our results regarding the transition
pressures together with experimental values. Our DFT-GGA data predicts the correct order of
phases as the pressure is increased and overestimates the transition pressures. The differences
of the transition pressures between the experiments and theory may be due to: (i) our calculations correspond to T = 0 K whereas the experiments were done at room temperature; (ii)
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Table 2. Experimental and theoretical phase transitions from B1 phase
to B8 phase, from B8 phase to distorted B2 phase and from distorted
B2 phase to B2 phase. Theoretical results are 0 K results, and the
experimental results are room temperature results.
Phase transition

B1 to B8
(GPa)

B8 to Dist. B2
(GPa)

Dist. B2 to B2
(GPa)

Experiment I [10]
Experiment II [11]
Theory (this work)

9.2
9.2
11.3

18.0
14.0
21.5

62.1

our system is free of any structural defects, and (iii) approximations that are coming from the
calculation method such as: GGA method (PW-91) and the pseudopotentials used to replace
the core electrons.
In Fig. 4 we show the volume change during the pressure induced phase transitions. At
11.3 GPa, there is a volume decrease of 3.6% when the structure changes from B1 to B8. The
volume change is larger for the B8 to distorted B2 phase tranformation at P = 21.5 GPa (8.7%
volume reduction). The transformation from distorted B2 to B2 involves no volume change
at 62.1 GPa. Distorted B2 structure continuously transforms into B2 phase with the increase
in the applied pressure. The distorted B2 structure has two internal parameters, (see previous
section): 
√ and c/a. The B2 phase is obtained from the distorted structure with  = 0 and
c/a = 1/ 2. Pressure dependence of  and c/a ratio are plotted in Figs. 5 and 6, respectively.
We can see that the B2 structure continuously approaches B2, the phase transition occuring at
P=62.1 GPa. As already mentioned this phase transition has not been observed experimentally
up to 60.5 GPa. Weir et al. [11] suggested that BaO may adopt the undistorted B2 phase only
above 100 GPa in the absence of any intervening first-order transition by assuming a linear
extrapolation of his experimental c/a plot. B8 structure has only one internal parameter, a/c
and its pressure dependence which is almost linear as shown in Fig. 7 for completeness.
The last issue for understanding of how phase transitions occur is the bond lengths between
Ba and O and the coordination number of these phases as a function of pressure. The results
are shown in Fig. 8. The bold line shows the change of the bond distances at stable phases with
respect to applied pressure. At zero stress, the coordination number in B1 is 6. At B1 to B8
phase transition point, 11.3 GPa, there is a discontinous decrease in the bond distance of Ba
and O atoms. Thus, B8 coordination number still is 6. In distorted B2 phase, the coordination
number changes as a function of pressure. Initially it has 4 first nearest neighbors at 2.6 Å
and 4 second nearest neighbors at 2.78 Å. These two nearest neighbor shell bond distances
reach to same value at 2.56 Å. B2 to B2 phase transition point. Consequently, in B2 phase,
coordination number becomes 8.
2.3. M ETALLIZATION
Pressure induced metallization is another important process in order to characterize the high
pressure behavior of BaO. We obtained the bandgap of BaO in the high pressure phase (B2).
The results are shown in Fig. 9. At high pressure, it is seen that BaO is metallized since there
is no bandgap.
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Figure 9. Bandgap of BaO at B2 phase as a function of pressure.

Bukowinski et al. [22] examined theoretically metallization in BaO using augmented plane
wave band-structure calculation and he estimated the metallization pressure to be 100 GPa.
But Weir et al. [11] suggested that the metallization might occur well above 100 GPa because
BaO is transparent and colorless at 60.5 GPa. So, the experimentally determined bandgap
[11] is above 3 eV; our ab-initio results of 3.5 eV is in agreement with this value at the same
pressure. Our results show a continuous decrease of the bandgap with the applied pressure
and we obtain metallization at P = 230.6 GPa. We claim that there is no discontinuity in the
pressure induced bandgap of B2 phase of BaO. Besides our metallization pressure is consistent
with the value Weir expected to find (well above 100 GPa).
3. Conclusions
We have calculated the zero pressure EOS of BaO using DFT in the GGA approximation. At
zero pressure the thermodynamically stable phase is B1. We identify three pressure induced
phase transformations: (i) B1 to B8 at P = 11.3 GPa with a volume decrease (at constant
pressure) of V = 3.6%; (ii) B8 to distorted B2 at P = 21.5 GPa with V = 8.7%; the
distorted B2 phase continuously approaches B2 with a phase transition at P = 62.1 GPa. The
First Principles phase diagram is in good agreement with experimental results. The calculated
zero temperature B1 to B8 and B8 to distorted B2 transition pressures are ∼ 2 GPa higher
than the room temperature experimental values. The distorted B2 to B2 phase transition has
never been observed experimentally but extrapolation of the meassured c/a as a function of
pressure leads to an estimation of the phase transition pressure of over 100 GPa [11]; we
obtain a pressure of 62.1 GPa for this phase transition.
EOS data for different phases in a wide volume range is invaluable information to derive
accurate Force Fields to be used in large scale Molecular Dynamics simulations [9].
We have also calculated the band strucutre of BaO in the high pressure B2 phase. We
calculate pressure induced metallization at P = 230.6 GPa; in agreement with the value that
experimentalists suggested to obtain.
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