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Abstract

:

Density functional theory (DFT) based on first-principles calculations was used to study the high-pressure phase stability of various phases of titanium dioxide (TiO2) at extreme pressures. We explored the phase relations among the following phases: the experimentally identified nine-fold hexagonal Fe2P-type phase, the previously predicted ten-fold tetragonal CaC2-type phase of TiO2, and the recently proposed eleven-fold hexagonal Ni2In-type phase of the similar dioxides zirconia (ZrO2) and hafnia (HfO2). Our calculations, using the generalized gradient approximation (GGA), predicted the Fe2P → Ni2In transition to occur at 564 GPa and Fe2P → CaC2 at 664 GPa. These transitions were deeply investigated with reference to the volume reduction, coordination number decrease, and band gap narrowing to better determine the favorable post-Fe2P phase. Furthermore, it was found that both transitions are mostly driven by the volume reduction across transitions in comparison with the small contribution of the electronic energy gain. Additionally, our computed Birch–Murnaghan equation of state for the three phases reveals that CaC2 is the densest phase, while Ni2In is the most compressible phase.
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1. Introduction


The nature of bonding in titania (TiO2) has attracted great interest over the last few decades due to its interesting industrial applications such as photocatalysts, energy generation and storage, environmental protection, and many more [1,2]. One of the important and promising research directions in studying this dioxide is investigating the high-pressure behavior of TiO2 polymorphs, both experimentally and theoretically, due to their interesting properties [3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39]. However, much attention, using measurements and calculations, has been given to exploring the high-pressure phase stability of TiO2 phases and the transition pressures between different phases and their equation of state parameters as well as to searching for new possible phases (e.g., [3,8,11,15,18,19,21,22,29,31,32,33,37]). Over the past decades, density functional theory has become the workhorse theory for the identification of the pressure-driven phase transitions [40,41].



As mentioned above, titania can be found in many structural forms with increasing pressure. In this regard, the well-known transition sequence that is experimentally observed and theoretically predicted is as follows: Orthorhombic OI → orthorhombic cotunnite OII → Fe2P-type [3,15,29,31]. Thus, the hexagonal Fe2P-type structure (Figure 1a) is the highest-pressure phase experimentally observed for TiO2 which has been found to be stable at (210 GPa, 4000 K) using diamond-anvil experiments [31]. Recently, the tetragonal CaC2-type structure (Figure 1c) has been theoretically predicted as a post-Fe2P phase of titanium dioxide at pressures beyond 647–689 GPa [33,36]. Additionally, recent density functional theory (DFT) calculations have predicted the hexagonal Ni2In-type structure (Figure 1b) to be the post-Fe2P phase in the similar dioxides ZrO2 and HfO2 at pressures that exceed 300 GPa [42,43,44].



However, it is important to note that the three dioxides (TiO2, ZrO2, and HfO2) share obvious similarities, especially in their high-pressure behavior (e.g., see Ref. [26] and references therein). In this regard, the overlapping high-pressure phase transition sequence, experimentally observed and theoretically confirmed in the three dioxides is as follows: Monoclinic baddeleyite MI → OI → OII → Fe2P [3,15,26,29,31,46,47,48,49,50].



The obvious and close similarities of the high-pressure behavior of titania, zirconia, and hafnia have motivated us to test the stability of Fe2P-TiO2 with respect to CaC2 and Ni2In phases. In detail, until recently, the theoretical work performed on TiO2 predicted the Fe2P → CaC2 transition [33,36], while the Fe2P → Ni2In transition was predicted in ZrO2 and HfO2 [42,43,44]. Therefore, to better understand the upper part of the phase transition sequence in TiO2, we have performed DFT calculations to investigate the phase relations among Fe2P, CaC2, and Ni2In phases at megabar pressures. Consequently, the long-range target of this study is to draw the similarities and differences between TiO2 and other similar transition-metal dioxides in terms of predicting the ultrahigh-pressure phase transition sequence, which will hopefully lead to a better understanding of the high-pressure behavior of such dioxides.




2. Computational Details


In order to investigate the phase stability and the equations of state (EOSs) of all tested phases of TiO2, we used static first-principles computations performed within the framework of density functional theory (DFT) [51]. The projector-augmented wave (PAW) formalism [52,53] was used to treat the interactions between the titanium (Ti) and oxygen (O) atoms with the valence configuration of 3s23p63d24s2 for Ti and 2s22p4 for O. Following previous theoretical high-pressure studies carried out on TiO2 and similar dioxides [29,43,44,46,47,48], the electronic exchange and correlation effects were treated within the GGA [54]. We performed our calculations using the Quantum ESPRESSO package [55] with an energy cutoff of 80 Ry and Γ-centered k-point meshes [56]. Our calculations yielded sufficient convergence to better than 10−5 Ry in the total energies for both phases, and pressures were converged to better than 0.1 GPa. The Brillouin zone integration was performed using the following k-point meshes for the ZrO2 phases: 8 × 8 × 12 for Fe2P, 12 × 12 × 8 for CaC2, and 20 × 20 × 16 for Ni2In. For a fixed volume, all internal degrees of freedom and unit-cell parameters of the structure were optimized simultaneously during the geometry optimizations. The ground-state energy for each phase was determined for 13–16 volumes, and the EOS parameters for each phase were obtained by fitting the total energy as a function of volume to a second-order Birch–Murnaghan equation of state (BM-EOS) [57] (Table 1). Phonon dispersion calculations have not been performed and will be the scope of future studies.




3. Results and Discussion


3.1. Phase Stability and Equation of State


We computed our EOS parameters for each phase by fitting the energy-volume (E-V) data to the following second-order BM-EOS [57] for which the first pressure derivative of the bulk modulus at zero pressure (K0’) was fixed to 4 and the zero-pressure volume (V0) and the zero-pressure bulk modulus (K0) were used as fitting parameters. The determination of the EOS for the three phases allowed us to investigate their compressibilities and phase stability at high pressure as well as the volume change across different transitions.



The EOS parameters for all phases are summarized in Table 1 along with results from previous calculations [31,32]. We note that our calculated EOS for the Fe2P phase agrees well with previous studies [31,32]. On the other hand, the EOS of either Ni2In or CaC2 has not been previously obtained. In this regard, we should emphasize that the Ni2In-type structure has not been tested for TiO2, while CaC2 has been proposed for TiO2 [33,36]. Therefore, to our knowledge, we provide the EOS of the Ni2In and CaC2 phases of TiO2 for the first time (Table 1). When comparing the EOS for the three phases, we notice that Fe2P has the highest bulk modulus and thus is the most incompressible phase, followed by CaC2 and finally Ni2In that exhibits the most compressibility among all tested phases. In detail, a small bulk modus decrease (~7%) is predicted across Fe2P → CaC2, while we note an obviously large decrease (~39%) across Fe2P → Ni2In (Table 1). Furthermore, the density of CaC2 at zero pressure is higher than that of Fe2P, as expected, which is not the case for Ni2In where the density is less than that of Fe2P by ~9% (Figure 2). We should note that such predicted large changes in K0 and V0 across Fe2P → Ni2In are likely to be unexpected across transitions to higher-pressure phases, whereas the corresponding changes across Fe2P → CaC2 are much more reasonable.



To obtain the transition pressures, we calculated the enthalpy change relative to the Fe2P phase (Figure 3). First, we note that the transition from Ni2In to CaC2 or vice versa is not possible at ultrahigh pressures as their enthalpy curves are unlikely to intersect. Furthermore, although the enthalpy curves of the two phases seem to cross at lower pressures, this transition is not expected to occur within the stability field of the Fe2P phase. Our enthalpy calculations indicate that the transition pressure across the Fe2P → Ni2In transition is 564 GPa. On the other hand, our calculated transition pressure across the Fe2P → CaC2 transition is 664 GPa, in agreement with previous findings (Table 2) [33,36]. We should note that although the Ni2In phase has a lower enthalpy than the CaC2 phase, this does not necessarily mean that Fe2P → Ni2In is the favorable transition when compared to the Fe2P → CaC2 transition. Consequently, there are two possible scenarios for the transition from the Fe2P phase, and thus one must be eliminated from the transition sequence of TiO2. Therefore, in the next sections, we further explore the two transitions to predict the favored post-Fe2P phase of TiO2.




3.2. Enthalpy Difference and Volume Collapse across Phase Transitions


In this section, we discuss the enthalpy difference across the two transitions and the contribution of the volume change in this difference as well as the correlation between the volume decrease and the coordination number increase. We note that the Fe2P → Ni2In and Fe2P → CaC2 transitions are associated with a large enthalpy difference (Figure 3, Table 3) across the phase transition. Our calculations reveal that such noticeable enthalpy difference is mainly due to the obvious volume reduction across both transitions (Figure 2, Table 3), while the contribution of electronic energy gain has a minimal effect.



Although both transitions are driven by a large enthalpy change as discussed above, it has been found that the Fe2P → Ni2In transition requires a larger enthalpy change compared to the Fe2P → CaC2 transition. This result is not unexpected and can be explained in view of the coordination number change across transitions; in this regard, we notice that the Fe2P → Ni2In is related to a 2-coordination-number increase (from 9 to 11) whereas Fe2P → CaC2 is driven by a 1-coordination-number increase (from 9 to 10).



However, regardless of the coordination number increase (either 1 or 2), the calculated volume collapse across both transitions does not show a large difference (3.7% for CaC2 vs. 5.6% for Ni2In), where Fe2P → Ni2In is expected to show a much larger volume reduction due to the large coordination increase across this transition. In detail, it has been previously found that for TiO2, the 2-coordination increase (from 7 to 9 in OI → OII transition) results in an ~ 8% volume reduction [29] compared to a 5.6% reduction for the same coordination increase in Fe2P → Ni2In. On the other hand, the 3.7% volume decrease in Fe2P → CaC2 transition looks more appropriate for a 1-coordination increase and agrees well with previous studies that reported values of 3.3–3.4% [33,36]. Therefore, based on the interplay between the volume reduction and coordination number change, the Fe2P → CaC2 transition is likely favorable in TiO2 when compared to the Fe2P → Ni2In transition.




3.3. Band Gap Calculations at the Transition Pressures


To further investigate the proposed ultrahigh-pressure phases of titania, we explored the pressure dependence of the band gap by analyzing the band structure of each phase at different pressures (Figure 4 and Figure 5). Often, DFT calculations systematically underestimate band gaps; however, they accurately describe the pressure dependence [58,59]. We speculate that such analysis might be helpful in gaining a deeper insight into the Fe2P → Ni2In and Fe2P → CaC2 transitions to better determine the favorable phase transition. Our band gap calculations show that the band gap of the Fe2P-type structure at zero pressure is ~0.94 eV and decreases as pressure increases, where the drop in the band gap becomes more obvious at megabar pressures (Figure 4). However, regardless of such band-gap collapse, we should note that the Fe2P phase remains a semiconductor up to multi-megabar pressures before its metallization begins at pressures greater than 650 GPa (Figure 4), in good agreement with previous predictions obtained for Fe2P-TiO2 [33,36].



Additionally, our analysis of the band structures of the Ni2In and CaC2 phases reveals that both structures have metallic characteristics (band gap = 0 eV) at their predicted transition pressures from the Fe2P phase (Figure 4 and Figure 5, Table 2). In this regard, we note that the band gap difference (Table 2, Figure 4) across Fe2P → CaC2 transition is zero (0 eV → 0 eV) compared to a ~0.04 eV difference across Fe2P → Ni2In transition (0.04 eV → 0 eV). Consequently, our band gap calculations likely provide further evidence that supports the Fe2P → CaC2 transition being the favorable transition when compared to the Fe2P → CaC2 transition. Thus, we confirm previous theoretical findings that predict CaC2 to be the post-Fe2P phase for TiO2 [33,36]. Finally, it should be noted that such confirmation is important since the Ni2In phase was a highly possible scenario for TiO2 as it has been predicted to be the post-Fe2P phase in the similar dioxides ZrO2 and HfO2 [42,43,44]. In this regard, we should emphasize that the three dioxides undergo the same transition sequence at high pressures (MI → OI → OII → Fe2P), but the post-Fe2P phase in TiO2 (i.e., CaC2-type) is predicted to be different from that of ZrO2 and HfO2 (i.e., Ni2In-type).





4. Conclusions


In conclusion, we employed DFT computations to investigate the ultrahigh-pressure phase stability of the Ni2In and CaC2 structures with respect to the Fe2P structure of titania. We explored the Fe2P → Ni2In and Fe2P → CaC2 transitions to better predict the favored post-Fe2P of TiO2. These transitions were thoroughly studied in terms of the volume decrease, the coordination number increase, and the band gap reduction. Our analysis favored the Fe2P → CaC2 transition, and thus we predict that the CaC2-type structure is likely the post-Fe2P phase of TiO2, and therefore the most stable phase of titania at pressures that exceed 664 GPa. This result is also evidenced by a similar conclusion we recently obtained for ZrO2, where the Fe2P → CaC2 transition was predicted to be more favorable than the Fe2P → Ni2In transition (unpublished), thus emphasizing the close similarities of the high-pressure behavior of titania and zirconia. Finally, our equation of state determination shows that CaC2 is the densest phase with a high bulk modulus that is comparable to that of the experimentally observed Fe2P phase, while the Ni2In phase reveals a low density and high compressibility.
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Figure 1. Crystal structures of TiO2 phases (generated using XCrySDen software [45]). The green spheres represent the titanium atom, while the alloy orange spheres represent the oxygen atom. (a) Fe2P-type: crystal structure: hexagonal, space group:   P  6 ¯  2 m  , coordination number: 9, lattice parameters: a = b = 5.3274 Å and c = 3.1234 Å, atomic coordinates: Ti1 (1/3, 2/3, 1/2), Ti2 (0, 0, 0), O1 (0.262, 0, 1/2), O2 (0.601, 0, 0). (b) Ni2In-type: crystal structure: hexagonal, space group: P63/mmc, coordination number: 11, lattice parameters: a = b = 3.2632 Å and c = 6.0335 Å, atomic coordinates: Ti (1/3, 2/3, 1/4), O1 (0, 0, 0), O2 (1/3, 2/3, 3/4). (c) CaC2-type: crystal structure: tetragonal, space group: I4/mmm, coordination number: 10, lattice parameters: a = b = 2.7407 Å and c = 6.7179 Å, atomic coordinates: Ti (1/2, −1/2, 0), O (1, −1, 0.152). 
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[image: Crystals 13 00009 g001]







[image: Crystals 13 00009 g002 550] 





Figure 2. Pressure versus volume of TiO2 phases as determined by GGA calculations using BM-EOS [57]. The dashed circles show the large volume reduction across the Fe2P → Ni2In and Fe2P → CaC2 transitions. 
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Figure 3. Change in enthalpy with respect to Fe2P phase versus pressure of one formula unit as determined by GGA calculations for TiO2. The transition pressures across transitions from Fe2P to Ni2In and CaC2 phases are shown. 
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Figure 4. Calculated band gap of the Fe2P phase as a function of pressure. The vertical dashed lines indicate the transition pressures of the Fe2P → Ni2In and Fe2P → CaC2 transitions. 
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Figure 5. Electronic band structure for: (Top) the Fe2P phase at 0 GPa, 564 GPa, and 664 GPa; (Bottom) the Ni2In and CaC2 phases at 564 GPa and 664 GPa, respectively. 
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Table 1. Calculated equations of state for the Fe2P, Ni2In, and CaC2 phases of TiO2. Our EOS is determined from GGA calculations using the second-order BM-EOS [57]. For comparison, we list other calculated EOSs for TiO2 and the similar dioxides ZrO2 and HfO2. 1σ uncertainties are given in parentheses.
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Phase

	
Equation of State

	
Reference




	
V0 (Å3)

	
K0 (GPa)

	
K0’






	
Fe2P-TiO2

	
25.7

	
272.1

	
4

	
[31]




	

	
25.53

	
287

	
4.1

	
[32]




	

	
25.59 (0.03)

	
284 (2)

	
4 (fixed)

	
This work




	
Fe2P-ZrO2

	
30.17

	
248

	
3.76

	
[42]




	

	
30.94 (0.03)

	
272 (2)

	
4 (fixed)

	
[44]




	

	
30.34

	
272

	
4 (fixed)

	
[48]




	
Fe2P-HfO2

	
29.73 (0.02)

	
282 (2)

	
4 (fixed)

	
[43]




	

	
29.69 (0.03)

	
288 (2)

	
4 (fixed)

	
[48]




	

	
29.8

	
284

	
4.2

	
[50]




	
Ni2In-TiO2

	
27.82 (0.19)

	
173 (6)

	
4 (fixed)

	
This work




	
Ni2In-ZrO2

	
29.21

	
239

	
3.86

	
[42]




	

	
31.81 (0.13)

	
200 (5)

	
4 (fixed)

	
[44]




	
Ni2In-HfO2

	
30.49 (0.14)

	
213 (6)

	
4 (fixed)

	
[43]




	
CaC2-TiO2

	
25.23 (0.04)

	
264 (3)

	
4 (fixed)

	
This work
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Table 2. Calculated transition pressures across the Fe2P → Ni2In and Fe2P → CaC2 phase transitions for TiO2. For comparison, we list other calculated results.
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	Phase Transition
	Transition Pressure (GPa)
	Reference





	Fe2P → Ni2In
	564 GPa
	This work



	Fe2P → CaC2
	647 GPa

689 GPa

664 GPa
	[36]

[33]

This work
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Table 3. Enthalpy difference, band gap difference, volume change, and coordination number change across the Fe2P → Ni2In and Fe2P → CaC2 phase transitions for TiO2.
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Phase Transition

	
ΔH/ΔP

	
Band Gap

Difference

(eV)

	
Volume Change

(%)

	
Coordination Number Change




	
eV·GPa−1 (×10−4)

	
kJ·mol−1·GPa−1






	
Fe2P → Ni2In

	
−48.102

	
−0.46411

	
0.04

	
5.6

	
2




	
Fe2P → CaC2

	
−28.135

	
−0.27416

	
0

	
3.7

	
1
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