N Hammou 
  
A Zaoui 
  
M Ferhat 
  
Polytypism in Calcium Oxide compound: mechanical and dynamical evidence of structural stability
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Bulk calcium peroxide (CaO2) was synthesized in 1941, where experiments assigned a tetragonal 'calcium carbide' phase. However our first-principles calculations of thermodynamic and dynamical properties evidence that the tetragonal calcium carbide phase of CaO is unstable. Therefore we revisit here the stability of the Ca-O system at ambient pressure by using evolutionary methodology for crystal structure prediction. Besides the wellknown rocksalt phase of CaO, unexpected new hexagonal nearly thermodynamically stable, and unstable tetragonal calcium carbide phases have been discovered at ambient conditions.

Computed elastic constants and phonon reveal that all polytype phases of CaO are mechanically stable; whereas rocksalt and hexagonal (tetragonal) are dynamically stable (unstable). Furthermore, the electronic, mechanical and dynamical properties of rocksalt, hexagonal and tetragonal structures of Ca-O system are examined in relation with calcium oxide polytypes.

Introduction

Calcium oxide, CaO, is one of the most abundant compounds in the Earth's lower mantle after MgO, SiO2 and FeO. As typical solid of the II-VI alkaline-earth oxide, it crystallizes in the cubic B1 NaCl structure, and knows a transition from the rocksalt to CsCl structure at 60 GPa [1].

Considerable efforts have been paid in order to find new compound in the binary system under ambient condition or at high pressures. Some examples involve binary systems such as Na-Cl [2], Zn-O [3], Ti-N [4], Ru-Si [5],Li-N [6], Fe-O [7],Ca-C [8],Mg-O [9], Cd-O [10], and Zr-N [11]. Besides, recent ab initio evolutionary method divulges suprising stability at high pressure of compounds including chemical inert noble gaz elements, such as Xenon (Xe-O system) [12] and Helium (Na-He system) [13]. In addition to those unknown binary materials, some unexpected materials were 'born', i.e., successfully synthesized (.e.g., ZnO2 [14], Ca-C [8], Na-Cl [15], CdO2 [16], and Na2He [13]).

Earlier studies show that calcium carbide structure (tetragonal distorted rocksalt structure, noted t-CaO2 of space group I4/mmm) can be synthesized experimentally [17]. The structural investigations are based on power diffraction data of poorly crystalline samples, which are not pure calcium peroxide but also contain water and/or hydrogen peroxide. They show additional weak reflection that cannot be assigned to calcium carbide structure.

Moreover, ab-initio calculations [18] showed that CaO2 in the t-CaO2 phase is energetically instable. Zhao et al. [19] used an adaptive genetic algorithm coupled with first-principles calculations to search for further structures of CaO2.This leads to new orthorhombic ground state structure of Pna21 symmetry, which is close to thermodynamics stability at zero pressure and temperature. However, quite recently, detailed ab initio random structure searching (AIRSS) [20] method based on density functional theory reveals, at p = 0 GPa, a number of CaO2 phases, which are very close (around 10 meV per pair) in enthalpy. Particularly a phase of C2/c symmetry is found to be the lowest in enthalpy at ambient conditions. This phase is 8.4 meV lower in enthalpy than the proposed Pna21-symmetry ground state phase of Zhao et al. [19]. This discrepancy between these investigations stimulates us to further re-examine the ground state behavior of CaO compound at ambient pressure.

In this paper, using evolutionary structure searches in conjunction with first-principles calculations, we perform a computational search to revisit Ca-O system at ambient conditions.

We have searched the crystal structure of Ca-O system by means of the Material project database [21], which uses data mined chemical substitution rules to propose new compounds likely to exist [22]. A new phase with hexagonal-P63/mmm symmetry was uncovered. The phase stability, electronic, mechanical and dynamical properties of this phase as well as other (rocksalt and tetragonal) obtained phases will be investigated.

Computational methods

The electronic structure and total energy were calculated using the density functional theory (DFT) within the generalized gradient approximation(GGA) [23], using projector-augmented wave (PAW) scheme [24], as implemented in the Quantum ESPRESSO Package [25]. We used a plane-wave cutoff energy of 80 Ry, and an energy cut-off of 600 Ry was included for the charge density. The Brillouin zone was sampled using a finer Monkhorst-Pack [26] mesh with a resolution of ∼2π× 0.01 Å -1 . The phonon properties are calculated using the density functional perturbation theory (DFTP). A 6 × 6 ×6 q-points MP mesh has been used to perform inverse Fourier transformation. Structural relaxations proceed until all forces on atom were less than 1meVÅ -1 . These setting ensure convergence of total energy to within 1meV per atom.

Results and discussions

In order to determine the equilibrium geometries, we minimized the total energy E with respect to atomic coordinates. The rocksalt phase is only characterized by one parameter (the cubic lattice constant), the independent structural parameters of hexagonal and tetragonal polytypes that need to be determined are V, and u(z) (V being the volume of the unit cell, and u, z are the dimensionless cell-internal parameter for the RS and tetragonal phases respectively). The cell volume V is characterized by the two lattice constants a and c. For a given pair (a, c), i.e., hexagonal and tetragonal cells, the internal-cell parameters are optimized. The minimum of the total cohesive energy E=E(a,c) (Figure 1, for hexagonal and tetragonal phases) is derived from the equilibrium geometry a, c together with the corresponding internal-cell parameters.

Thermodynamics stability of Ca-O system can be evaluated by constructing the thermodynamic convex hull diagram (CHD). At a given pressure CHD connects the phases that are stable against decomposition into elements and into any combination of other binary compounds. The formation energy per atom of a binary ApBq structure at T = 0 K is defined as:

∆H(ApBq) = E(ApBq)-(1-x)E(A) -xE(B)
, where E(ApBq), E(A) and E(B) are respectively the equilibrium total energy of the given binary structure and the end-points solid A and B, where = is the composition (mole fraction) of B.

The convex hulls are shown in Figure 2 where the CHD is obtained from the calculated enthalpies (i.e., formation energies) of the most stable phases for each compound at p=0 GPa.

Structure lying above the convex hulls is unstable with respect to decomposition into other compounds, and it is therefore less likely to form. However, structures lying on the convex hull are thermodynamically stable and are therefore more likely to form. In our structure search, we found several known structures in addition to a new phase of Ca-O system. The calculated phase diagram features unexpected stable or nearly thermodynamically stable hexagonal CaO phase(Fig. 3b) (space group P63/mmm, NO.194), since the enthalpy of formation of this phase is lying very close to the convex hull diagram. Moreover, the total energy differences between the RS (Fig. 3a) and hexagonal phases, is found excessively small ∼10meV, and it is with the present day computational accuracy limit. The well-known rocksalt (RS) CaO phase observed from experiments under ambient condition, is found -as expected-stable (the RS phase appears in the convex hull diagram), and has the lowest enthalpy of formation. Furthermore, our calculations show that the reported tetragonal phase of CaO2 (Fig. 3c) (space group I4/mmm, N0.139) is thermodynamically unstable (i.e., the phase is above the convex hull diagram) and do not compete for thermodynamics stability, since this phase is found ∼0.6eV higher in enthalpy than the rocksalt ground phase.

The optimized structural parameters are listed in Table 1. The calculated lattice parameter of the RS phase (∼4.82Å) is in good agreement with the measured value of ∼4.81Å [27], and with previous theoretical results [28]. Considering the t-CaO2 phase, our calculations disagree with the experimental data reported by Kotov [17]. The lattice constant a is underestimated by ∼-7%, and the c lattice constant is overestimated by∼16%; whereas our results for t-CaO2 phase agree well with DFT calculations [18]. We emphasize moreover, as already mentioned in the introduction, that the experimental data were obtained using powder diffraction techniques or poorly crystalline samples. In the light of our calculations and the uncertainties around the experimental data [17], it appears likely that CaO2 does not adopt the unstable t-CaO2 phase (i.e., the crystal structure for calcium peroxide [17] cannot be considered as reliable).

Mechanical properties including the elastic constants, bulk modulus, shear modulus, Young's modulus, Poisson's ratio are the main bases for choosing and designing materials. Therefore we also examined the influence of different polytypic phases on mechanical properties of CaO compound. The elastic constants are defined as = where σ is stress, and ε is the applied strain. The fourth-rank tensor C possesses 21 independent components. However this number is reduced when taking into account the symmetry of the crystal. Cubic crystal system have only three independent constants C11, C12

and C44, whereas hexagonal and tetragonal crystal system have respectively five and six independent elastic constants C11, C12, C13, C33, C44 (C66). The elastic constants Cij can be obtained by calculating the change of total energy (E) as a function of volume-conserving strains, since E subject to a general elastic strain (εij) can be expressed by means of a Taylor expansion in the distortion parameters truncated at the second order of strain:

( ) = + ( + 1 2 ) 
, , , , where E0 is the energy of a crystal volume V0 at equilibrium and δij is the Kronecker symbol.

For example, for the cubic-rockslat phase of CaO, the Cij are computed for small applied tetragonal and trigonal strains (less the 5%). DFT is widely known to seriously underestimate the band gap by 50%-100%, that's why we have included the LDA-1/2 method [31]. This method competes quite well with more advanced methods such as GW quasiparticle approach [32].The band structures of rocksalt, hexagonal and t-CaO2phases within the LDA-1/2 approach are displayed in Figure 4.

The RS phase possesses indirect fundamental band gap with the valence-band maximum at the Γ point and the conduction band minimum at X point. We found a direct band gap (Γ-Γ) value of 7.16 eV, and an indirect band gap (Γ-X) of 6.19eV. The calculated direct band gap (Γ-Γ) of RS-CaO agrees well with the measured value of 7.09 [33]; whereas our calculated indirect band gap(Γ-X) of rocksalt phase of CaO is comparable with GW value of 6.47eV [34]. Furthermore, we find a semiconducting ground state for both the hexagonal and The calculated phonon frequencies at high-symmetry points (Γ, X and L points) for the rocksalt phase are given in Table 4. The calculated frequency modes for the RS phase are in good agreement with experimental values [35].

For the hexagonal phase (space group P63/mmc), there are 4 atoms in the unit cell. The optical phonon zone-center modes can be classified according to the 2E1u+2A2u+2E2g+2B1g irreducible representations. The E1u and A2u modes are infrared active (IR); whereas the E2g modes are Raman active, and finally the B1g modes are silent. The predicted phonon modes at Γ point for the hexagonal phase are summarized in Table 5. CaO-hexagonal phase has two IR(E1u at ∼9.1cm -1 and A2u at ∼257cm -1 ), and two Raman (E2g∼200cm -1 and ∼358cm -1 ) active vibrations at Γ point. The out-of plane silent polarized B1g modes were found at ∼283cm -1 and ∼362.5 cm -1 .

A fundamental quantity in the investigation of the dynamics of crystalline lattice is the Born effective charge (BEC) Z* of the ions, also known as transverse or dynamic effective charges.

In the cubic phase, the tensor of the BEC is isotropic; whereas in the hexagonal phase, the BEC tensor has two independent components: Z*⊥ and Z*||.The average BEC tensor is then given by (1/3) TrZ*.

The calculated Born effective charges, in units of electron charge of RS, hexagonal and tetragonal polytypes of CaO are listed in Table 6. Our calculated Z*(RS) match with earlier calculation (Z*∼2.4) [36]. Furthermore, we notice that the Born effective charge of CaO demonstrates relative weak dependence versus crystal polytypes.

We have also calculated high-frequency dielectric tensor for the rocksalt, hexagonal and t-CaO2 phases of CaO.ε(∞) is composed of two independent components corresponding respectively to the direction parallel to the c axis: ε||(∞), and perpendicular to c axis: ε⊥(∞).

The average dielectric constants ε(∞) = (1/3) Trε(∞) is also given in Table 6. Our calculated ε(∞) for RS phase agree reasonably with experiments (ε(∞)∼3.27 [37]). Besides it is clear from Table 6, that CaO evidence also relative weak dependence of ε(∞) versus hexagonality.

Conclusion

In summary, using ab-initio total-energy calculations and evolutionary algorithm, we explored stable and unstable compounds in the Ca-O system at ambient conditions. In for the rocksalt phase of Ca-O, compared to experimental data.

Table 5: Calculated phonon frequencies (in cm -1 ) at Γ point for the hexagonal phase of Ca-O.

Table6: Calculated Born effective charge Z* and high frequency dielectric constant ε(∞) of the rocksalt, hexagonal and tetragonal phases of Ca-O system. 

  tetragonal t-CaO2 phases of CaO. Both phases are found direct band-gap semiconductors. The LDA-1/2 gives a direct band gap (Γ-Γ) of about ∼5.83 eV for the hexagonal phase, and a direct band gap (M-M)∼3.13eV for the t-CaO2phase. Moreover our results indicate that the direct band gap manifest strong dependence on crystal polytypes. No experimental measurements are available so far for the hexagonal and tetragonal phases. The calculated phonon dispersion curves of RS, hexagonal and t-CaO2 phases of CaO are shown in Figure5. No imaginary frequencies are detected in the whole Brillouin zone, for the rocksalt and hexagonal phases, indicating the dynamical stability of the well known RS phase and the other unexpected hexagonal phase. However the tetragonalt-CaO2phase does not meet the dynamical stability criteria.

Figure 1 :

 1 Figure 1: a) Total energy versus volume, b) Isoenergy lines of total energy E(c, a) of hexagonal polytype phase of CaO, c) Isoenergy lines of total energy E(c, a) of tetragonal polytype phase of CaO.
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 2 Figure 2: Convex hull diagram of Ca-O system at ambient pressure. Figure3: Crystal structure of the a) rocksalt, b) hexagonal and c) tetragonal phases of the Ca-O system.Figure4: Band structure of the rocksalt, hexagonal and tetragonal phases of Ca-O system.

Figure 5 :

 5 Figure 5: Phonon band structure of the rocksalt, hexagonal and tetragonal phases of Ca-O system.
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Table 2

 2 summarizes the calculated elastic constants Cij. The criteria for mechanical stability of cubic rocksalt phase are given according to Born-Huang criteria[START_REF] Born | Dynamical Theory of Crystal Lattices Oxford Classic Texts in the Physical Sciences[END_REF]:

	11 C -	12 C	> 0,

The bulk modulusB0(calculated from the elastic constants), shear modulus (G), Young's modulus (E), and Poisson's ratio (υ) are given in

Table 3 .

 3 The highest value of B0 is found for the RS phase of CaO; whereas the smallest B0 is attributed to t-CaO2 phase. Furthermore B0 is found sensitive of the crystal phases that CaO can adopt (∼106GPa (RS) versus ∼82GPa

	(tetragonal phase))
	The shear modulus (G), which measures the resistance to shape change at constant volume,
	provides a much better correlation with hardness than B0. RS phase has the largest shear
	modulus of ∼106GPa, revealing that it has relative strong resistance to compression and shear
	strain. The critical value distinguishing ductile and brittle materials is approximately B0/G
	ratio of ∼1.75. B0/G values of RS(∼1.42) and tetragonal (∼1.63) phases are smaller than 1.75,

what indicates that these phases give definitely brittle materials. For the hexagonal phase B0/G value of∼1.8 is larger than 1.75, which suggests the ductility of the hexagonal structure.

Table Captions Table 1 :

 Captions1 Calculated equilibrium structural parameters, and bulk modulus for the rocksalt, hexagonal and tetragonal phases of Ca-O system.

Table 2 :

 2 Calculated elastic constants (GPa) of the rocksalt, hexagonal and tetragonal phases of Ca-O. Previous experimental results for the RS phase are also given for comparison.

	Table3: Calculated bulk modulus B0 (GPa), Shear modulus G (GPa), Young's modulus E

(GPa) and Poisson's ratio ν for rocksalt, hexagonal and tetragonal phases of Ca-O.

Table 4 :

 4 Calculated phonon frequencies (in cm -1 ) at high symmetry points (Γ, X and L points)

Table 2

 2 

		C11	C12	C13	C33	C44	C66
	Rocksalt	202.60	57.47			76.09	76.09
		(221.89) a	(57.8) a			(80.32) a
	Hexagonal 129.12	71.38 48.52 181.35 61.31 28.86
	Tetragonal 214.47	54.53 36.35 54.05	36.12 60.94
	a:ref.[29]					

Table 3 Bulk modulus Shear modulus Young modulus Poisson ratio

 3 

	Rocksalt	105.85	74.68	181.39	0.21
	Hexagonal	86.62	48.37	122.27	0.26
	Tetragonal	81.94	50.36	125.39	0.24

Table 4 ΓTO ΓLO XTA XLA XTO XLO LTA LLA LTO LLO

 4 

	Cal	289.9	571.7	190.9	290.1	316.8	390.4	180.1	306.5	358.2 468.4
	Exp a .	302	575	216	294	314	400	195	308	473
	a:ref.[34]									

Table 5

 5 

	E1u	A2u	E2g	A2u	B1g	E2g	B1g	E1g
	9.1	17.9	200.5	257.2	283.2	357.7	362.5	363.4

Table 6

 6 

	Z* ⊥	Z* ||	Z*	ε⊥(∞) ε||(∞)	ε(∞)
	Rocksalt		2.44			3.76
	Hexagonal 2.09	1.95	2.04	3.30	3.38	3.32
	Tetragonal 2.23	2.24	2.23	3.32	3.29	3.31