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A theoretical discussion on the stability of (O 2 ) - and (S 2 ) -species in KCl and KBr salts: luminescence spectra and defect energy formation

In the present manuscript we unambiguously demonstrate from first-principles calculations that superoxide (O2) -and supersulfide (S2) -anions play the role of luminescence centers in chalcogen doped potassium halides. Calculations fully account for emissions peaking at about 530 nm in KCl:O, 545 nm in KBr:O, 620 and 492 nm in KCl:S, and 635 and 508 nm in KBr:S and confirm assertions proposed at the very first time in the sixties. Indeed, the experimental emission spectra of KCl:O, KBr:O, KCl:S and KBr:S in the visible range are confidently reproduced via quantum calculations using vibronic coupling and considering isolated (Q2) -(Q= O, S) molecular species in vacuum. Moreover, the stability of single charged O2 and S2 dimers in the KCl host lattice is definitely established from defect formation energy calculations.

I. INTRODUCTION

Alkali halides crystallize with the well-known rock salt cubic structure and are common case studies to set out and clarify the role of intrinsic point defects in solids. In particular, these ionic compounds are used as model to exemplify the impact of defects on optical properties. Naturally, they contain anionic and cationic vacancies 1 but can also be intentionally doped by transition metals or rare earth elements [START_REF] Bron | Rare-Earth Ions in the Alkali Halides. I. Emission Spectra of Sm 2 + -Vacancy Complex[END_REF] , and more breathtakingly, by poly-sulfide and poly-oxide anionic species [START_REF] Schulman | Luminescent Sulfur Centers in Alkali Halides and Other Inorganic Solids[END_REF][START_REF] Baba | Absorption, Luminescence, and Coloration in Sulfur-Doped KCl and KBr Crystals[END_REF] . Hence, when alkali halides are grown or heated in oxygen or sulfur rich atmospheres, O and S-doped materials are formed [START_REF] Schulman | Luminescent Sulfur Centers in Alkali Halides and Other Inorganic Solids[END_REF][START_REF] Baba | Absorption, Luminescence, and Coloration in Sulfur-Doped KCl and KBr Crystals[END_REF][START_REF] Rolfe | Optical Absorption and Fluorescence of Oxygen in Alkali Halide Crystals[END_REF] . Emission bands are then observed in the 400 nm to 800 nm range, more precisely at 530 nm in KCl:O, 535 nm in KBr:O, 625 and 490 nm in KCl:S, and 631 and 514 nm in KBr:S at 77 K [START_REF] Schulman | Luminescent Sulfur Centers in Alkali Halides and Other Inorganic Solids[END_REF][START_REF] Baba | Absorption, Luminescence, and Coloration in Sulfur-Doped KCl and KBr Crystals[END_REF][START_REF] Rolfe | Optical Absorption and Fluorescence of Oxygen in Alkali Halide Crystals[END_REF] . From the sixties, it is hypothesized that luminescence originates from the presence of (O2) -and (S2) -dimeric entities, even though the chemical intuition might suggest at the very first sight that those were highly unstable and unlikely [START_REF] Schulman | Luminescent Sulfur Centers in Alkali Halides and Other Inorganic Solids[END_REF][START_REF] Baba | Absorption, Luminescence, and Coloration in Sulfur-Doped KCl and KBr Crystals[END_REF] . This assumption was based for Odoped materials first on EPR measurements [START_REF] Känzig | Paramagnetic Resonance of Oxygen in Alkali Halides[END_REF] , second on the structured feature of the emission band with vibronic lines separated by about 1100 cm -1 , and third the absence of this active mode in the infra-red spectra of KCl:O and KBr:O suggesting a centrosymmetric species as luminescent center [START_REF] Rolfe | Optical Absorption and Fluorescence of Oxygen in Alkali Halide Crystals[END_REF] . The occurrence of (S2) -pairs in sulfur doped variants were hypothesized by analogies with O doped potassium halides due to strong similarities of the luminescence spectra [START_REF] Schulman | Luminescent Sulfur Centers in Alkali Halides and Other Inorganic Solids[END_REF] . In this article we bring theoretical confirmation of this hypothesis with the specific study of the KCl and KBr cases. Hence, we evidence the presence of (O2) -and (S2) -species in doped KX (X= Cl, Br) through both the simulation of emission spectra and molecular vibrations with TDDFT and DFT tools, respectively. Moreover, we fully strengthen these hypotheses on the basis of thermodynamics considerations via first principles calculations of the formation energy of intrinsic and extrinsic defects. To the best of our knowledge this report is the first to gather the thermodynamic approach of defect formation enthalpy study with luminescence and vibration simulations. After introducing the theoretical background and the numerical procedure of our approach, we confront the luminescence simulations to measured spectra from literature. We then focus our interest on the defect formation enthalpies of O2 and S2 dimers in KCl taking into account native defects that govern the dopability domain and subsequently the charge of (Q2) dumbbells (Q= O, S).

II. COMPUTATIONAL DETAILS

Luminescence spect ra simulations

To validate the origin of the luminescence spectra in Q doped KCl and KBr, we started an investigation on the emission properties of the (S2) -and (O2) -species isolated molecular species using first principles methods. All the (Q2) dumbbells were relaxed at their ground and excited states and checked to be minima on their potential energy surfaces by diagonalizing their Hessians (frequency calculations). DFT and TDDFT [START_REF] Massuyeau | New Insights To Simulate the Luminescence Properties of Pt(II) Complexes Using Quantum Calculations[END_REF][START_REF] Stoliaroff | Accurate Computations to Simulate the Phosphorescence Spectra of Large Transition Complexes: Simulated Colors Match Experiment[END_REF][START_REF] Schira | TDDFT vs. TDA to Simulate Phosphorescence Spectra of Pt-and Ir-Based Complexes[END_REF] computations were performed with the B3PW91 functional and the very large aug-cc-pvtz basis set, using the Gaussian 16 suite of programs 10 . To simulate the luminescence spectra, the state of the art Adiabatic Hessian (AH) model was used [START_REF] Barone | Fully Integrated Approach to Compute Vibrationally Resolved Optical Spectra: From Small Molecules to Macrosystems[END_REF][START_REF] Barone | Implementation and Validation of a Multi-Purpose Virtual Spectrometer for Large Systems in Complex Environments[END_REF] . It allows the inclusion of the mode-mixing effects upon a decent treatment of the potential energy surfaces of both ground and excited states. The specific choice of an adiabatic model is also based on our previous studies on Ir and Pt based complexes [START_REF] Massuyeau | New Insights To Simulate the Luminescence Properties of Pt(II) Complexes Using Quantum Calculations[END_REF][START_REF] Stoliaroff | Accurate Computations to Simulate the Phosphorescence Spectra of Large Transition Complexes: Simulated Colors Match Experiment[END_REF][START_REF] Schira | TDDFT vs. TDA to Simulate Phosphorescence Spectra of Pt-and Ir-Based Complexes[END_REF] and recently on the solid state study of the scapolite in which we demonstrated the impact of S2 -in an aluminosilicate cage [START_REF] Blumentritt | Unravelling the Origin of the Yellow-Orange Luminescence in Natural and Synthetic Scapolites[END_REF] .

Solid State Computations

First-principles computations on solids are made using the plane wave software VASP (Vienna Ab initio SimulationA Package [START_REF] Kresse | Efficient Iterative Schemes for Ab Initio Total-Energy Calculations Using a Plane-Wave Basis Set[END_REF] ) with the meta-GGA SCAN functional [START_REF] Yang | More Realistic Band Gaps from Meta-Generalized Gradient Approximations: Only in a Generalized Kohn-Sham Scheme[END_REF] , using the method of projector augmented wave [START_REF] Kresse | From Ultrasoft Pseudopotentials to the Projector Augmented-Wave Method[END_REF] and a plane wave basis limited by a cutoff of 500 eV. Host structure study are made on the two atom primitive cell. The first Brillouin zone is paved by a 7x7x7 Monkhorst-Pack grid for the relaxation and a 10x10x10 Γ-centered grid for single point computations using the SCAN functional [START_REF] Sun | Strongly Constrained and Appropriately Normed Semilocal Density Functional[END_REF] . The structure was optimized until atomic forces were under 1 meV/Å and 10 -5 eV on the SCF cycle. Single point computations were converged to 10 -7 eV residual on total energy. The ideal supercell considered for the defects was built with 64 atoms with a 12 Å cell parameter. On this supercell, optimizations containing defects were made with a 2x2x2 Monkhorst-Pack with forces being below 10 meV/Å. Accurate energy computations were performed on a 6x6x6 Γ-centered grid with an energy convergence below 10 -6 eV. In order to correctly reproduce the large band gap, severely underestimated by the SCAN functional, accurate bandgap computations using the GW ansatz were performed on top of the SCAN geometry (formally here the G3W0) [START_REF] Shishkin | Self-Consistent GW Calculations for Semiconductors and Insulators[END_REF][START_REF] Stoliaroff | Accurate Ab Initio Calculations on Various PV-Based Materials: Which Functional to Be Used?[END_REF] . All post processing computations were made with the PyDEF package [START_REF] Stoliaroff | 2.0: An Easy to Use Post-Treatment Software for Publishable Charts Featuring a Graphical User Interface[END_REF][START_REF] Péan | Presentation of the PyDEF Post-Treatment Python Software to Compute Publishable Charts for Defect Energy Formation[END_REF] .

Defect Formation enthalpies (DFE)

In order to approach the defects through a thermodynamics point of view, the defect formation enthalpies (DFE) were computed. For a given defect D at a given charge state q, its DFE is given in function of the chemical potential of electrons with the below equation:

𝛥 𝑓 𝐻 𝐷,𝑞 (𝜇 𝐸 𝐹 ) = 𝐸 𝑡𝑜𝑡 𝐷,𝑞 -𝐸 𝑡𝑜𝑡 ℎ𝑜𝑠𝑡 + ∑ 𝑛 𝑖 𝜇 𝑖 𝑖 + 𝑞(𝐸 𝑉𝐵𝑀 ℎ𝑜𝑠𝑡 + 𝜇 𝐸 𝐹 ) + 𝐸 𝑐𝑜𝑟𝑟 (𝐷, 𝑞)
where 𝛥 𝑓 𝐻 𝐷,𝑞 is the formation enthalpy of a defect 𝐷 in a state of charge 𝑞 . The 𝐸 𝑡𝑜𝑡𝑎𝑙 𝐷,𝑞 -𝐸 𝑡𝑜𝑡𝑎𝑙 ℎ𝑜𝑠𝑡 term is the total energy difference between the faulted structure in the charge state q and the ideal structure. 𝑛 𝑖 is the number of atoms of the 𝑖 th species added (𝑛 𝑖 < 0) or removed (𝑛 𝑖 > 0) from the ideal probed material. 𝜇 𝑖 is the chemical potential of the 𝑖 th species, 𝜇 𝐸 𝐹 is the chemical potential of the electronic reservoir, E VBM host is the energy corresponding to the valence band maximum (VBM) of the host which sets the 𝜇 𝐸 𝐹 reference, and 𝐸 𝑐𝑜𝑟𝑟 corresponds to various corrections of spurious effects. Those corrections include Moss-Burstein band filling correction, Makov-Payne electrostatic correction, band edges corrections using G3W0 reference and potential alignment accounting for charged cells. All of them have been extensively described in a number of reviews.

Charge Transition Level (CTL)

The charge transition level 𝜖(𝑞/𝑞′) between two charge states 𝑞 and 𝑞′ corresponds to the 𝜇 𝐸 𝐹 level at which their respective DFEs are equivalents, i.e., the populations of both 𝑞 and 𝑞′ states are identical within the material for this specific potential. Such thermodynamic quantity is expressed as: 𝜖(𝑞/𝑞′) = 𝛥 𝑓 𝐻 𝐷,𝑞 (𝜇 𝐸 𝐹 = 0) -𝛥 𝑓 𝐻 𝐷,𝑞′ (𝜇 𝐸 𝐹 = 0) 𝑞′ -𝑞 where 𝛥 𝑓 𝐻 𝐷,𝑞 and 𝛥 𝑓 𝐻 𝐷,𝑞′ are the formation enthalpies of a defect 𝐷 in the charged states 𝑞 and 𝑞′, respectively.

III. LUMINESCENCE

Let first discuss the luminescence properties of sulfur doped potassium halides. Baba et al 4 observed in the visible range two luminescence bands for KCl:S and KBr:S centered respectively at ~ 620 nm (16129 cm -1 ) and ~ 492 nm (20325 cm -1 ), and ~ 636 nm (15723 cm -1 ) and ~ 508 nm (19685 cm -1 ). The former are excited at around ~ 350 nm, the latter at ~260 nm. These bands are not vibrationnally resolved and exhibit a Gaussian shape. On the opposite, the luminescence spectra of KCl:S and KBr:S reported by Schulman and Kirk 3 at 77K under excitation at 365 nm display bands at ~ 600 nm (16661 cm -1 ) and ~ 633 nm (15790 cm -1 ) that are well vibrationnally resolved with lines separated by an average value of 588 cm -1 and 582 cm - 1 for the chloride and the bromide variants, respectively. In order to fully assign the observed bands, we started a (TD)DFT study on isolated S2 species. Our simulations on (S2) -entities nicely fit the finely resolved spectrum of KBr:S (Figure 1a), i.e. with a calculated position centered around 15200 cm -1 (659 nm) and a separation of the fine vibronic pattern of about 585 cm -1 comparing well with 15723 cm -1 and 582 cm -1 , respectively. The ~70 meV difference in the positioning of the emission band maximum is in the standard error of TD-DFT calculations. Therefore, we can assign confidently the low energy emission of KBr to the presence of (S2) -. This emission process is issuing from the excitation transition from the π to π* orbitals of the (S2) - entity. By analogy, conclusions related to the KBr emission band can be extrapolated to the band observed at 16129 cm -1 in KCl. Let us notice that the calculated emission of single charged S2 dimers is also in the same region than the one observed for scapolite around 16500 cm -1 . [START_REF] Blumentritt | Unravelling the Origin of the Yellow-Orange Luminescence in Natural and Synthetic Scapolites[END_REF] This suggests that luminescence properties of (S2) -supersulfide anions in solids are almost not perturbed by their coordination sphere (tetraedron, square and octahedron in Na4(Al3Si3O12)Cl, Na4Al3Si9O24Cl and KCl materials, respectively). Consequently, such entity has to be regarded, at least at the first sight, both as a flexible and a rigid entity that accepts different chemical environments but imposes to the solid in which it is embedded its constraints to relax towards its natural ground state with an oscillator frequency of ca. 570-600 cm -1 as commonly assigned to such a dimer. Calculations can also account for the high energy luminescence bands of KCl:S and KBr:S (492 and 508 nm, respectively with an identical gaussian spectral shape).

Formally, the calculated emission band around 20400 cm -1 is in good agreement with the observed ones, i.e. 20325 cm - 1 and 19685 cm -1 and results then from an electronic excitation of the * to the σ* levels of the (S2) -pair. The shoulder observed around 600 nm in Figure 1b is likely due to the emission band depicted in Figure 1a but at low intensity due to a different excitation energy. Let us now discuss the luminescence spectra of KCl:O and KBr:O recorded by Rolfe et al. at 4.2 K that both displays a single band located around 535 nm (18868 cm -1 and 18349 cm -1 , respectively) with vibronic lines spaced by ca. 1065 cm -1 on the high energy side and by ca. 950 on the low energy side probably due to a probable anharmonicity. Our simulation of discrete (O2) -entities satisfactorily reproduces the observed luminescence spectrum of KCl:O (Figure 1c) with a maximum centered at 18500 cm -1 with 1200 cm -1 between each vibrational maximum. To sum up, we confirm for O-doped and S-doped potassium halide the long-time hypotheses that the observed emissions in the visible range are due to the presence of (S2) -and (O2) -. Nevertheless, in order to get some insights on the origin of the stability of superoxide (O2) -and supersulfide (S2) -species, we initiated a thermodynamic investigation on the stability of native and (Q2) x-(Q= O, S; x = 0, 1, 2) dopants in KCl via calculations of defect formation energies to probe both the ability of the KCl host lattice to entrap O2 and S2 pairs.

IV. DEFECT FORMATION ENTHALPY

Study of the bulk structure

Structure and electronic structure

The KCl host crystallizes in the fcc structure type (rock-salt structure, space group Fm-3m, n°225, Figure 2) with a= 6.2952(8) Å [START_REF] Trzesowska | The Structure and Quantum Chemical Study of the Potassium Chloride[END_REF] and K-Cl distances of 3.1476(5) Å to compare with calculated values, 6.2815 Å and 3.1408 Å, respectively. Thus, it can be concluded that the SCAN functional provides accurate geometrical results with respect to experiment. As well known, KCl displays a wide band gap reported between 8.40 and 8.7 eV [START_REF] Trzesowska | The Structure and Quantum Chemical Study of the Potassium Chloride[END_REF][START_REF] Roessler | Electronic Spectra of Crystalline NaCl and KCl[END_REF] . As expected with a meta-GGA functional, the computed bandgap is too small (5.97 eV) compared to experiments. In order to correct this value and accurately position the band edges, a G3W0 calculation was performed on top of the SCAN geometry. The corrected bandgap was 8.26 eV. This mathematical treatment also down and up shifted the band edges of the valence and conduction bands by 0.87 eV and 2.01 eV, respectively.

Doped KCl by ( O2) and (S2) species

In order to fully validate our luminescence band assignments, we started to evaluate the defect formation energies of the doped structure. The KCl:S system is firstly investigated followed by the KCl:O one.

Sulfur impurities in KCl

We focused here our attention only on the S-rich condition for which the insertion of (poly-)sulfide is favorable. We introduced one sulfur in interstitial (Si) and replaced Cl by either S or S2, namely SCl and (S2)Cl. The computed defect formation enthalpies are given in Figure 3. The S-rich atmosphere is detailed in SI and corresponds to a 𝜇 𝑆 = 𝜇 𝑆 ∘ . In the S-rich atmosphere, SCl and (S2)Cl defects are accessible in the dopability domain delimited by the chlorine and potassium vacancies DFEs. In this domain, both neutral and -1 charge states are possible for SCl species, while only neutral charge is expected for (S2)Cl ones. Consequently, our previous band assignments concerning KCl:S stating that (S2) -(q = 0 for (S2)Cl) is responsible for the observed luminescence is fully confirmed. Finally, it must be pointed out that at 𝜇 𝐸 𝐹 ~ 5 eV (the expected position of the Fermi level for KCl:S), four defects exhibit so low formation enthalpies that they are likely to be formed: VK, VCl, SCl and S2Cl. Their estimated computed concentrations for KCl grown at 1000K in S-rich atmosphere and quenched to room temperature are given in Table 1 (details on the computations of concentrations can be found has already been details in several publications [START_REF] Stoliaroff | Point Defects Modeling Explains Multiple Sulfur Species in Sulfur-Doped Na4(Al3Si3O12)Cl Sodalite[END_REF][START_REF] Van De Walle | First-Principles Calculations for Defects and Impurities: Applications to III-Nitrides[END_REF] ). In these conditions, it can be seen that intrinsic vacancies will be the most common types of defects but SCl and (S2)Cl are in significant concentration. The Bader charges of (S2)Cl and its first K+ neighbors are equal to -0.85 and +0.85. It fully confirms that the central entity is (S2) -. The Cl atoms are almost not affected by the presence of the defect.

Oxygen impurities in KCl

As for KCl:S, VCl and VK DFEs determine the dopability domain of KCl:O in O-rich atmosphere (see Figure 4). From the examination of the fH(Ef) diagram, it appears that the striking feature concerns the very low enthalpy formation of (O2)Cl 0 defect, with a DFE of ~ 0.01 eV. This may be related with the existence of KO2 with a rock salt structure [START_REF] Helms | Die Struktur der sogenannten ''Alkalitetroxyde"︁[END_REF] . On the structural point of view, let us mention here that our simulations conclude that the most stable orientation of (O2) -dimer is the [110] direction in doped KCl while it is [100] in KO2 in full agreement with the observation of Känzig et al. based on EPR mesurments [START_REF] Känzig | Paramagnetic Resonance of Oxygen in Alkali Halides[END_REF] . Against all expectations, this (O2)Cl 0 defect is predominant with respect to all the others. As a matter of fact, the computation of concentrations (see Table 2) shows very high concentration of (O2)Cl defects that would make the material closer to a KCl/KO2 solid solution than a doped KCl material. Indeed, the formulation computed from these concentrations is KCl0.89O0.22 (11% of Cl sites are occupied by O2). This observation is also coherent with the fact that the O-rich atmosphere we picked is adjacent to the stability domain of KO2 (and KO2 is isostructural to KCl). Moreover, structural analysis (see Table S7) shows that (O2) -has only a marginal structural effect on its environment, again emphasizing its compatibility with the site. Nevertheless, we may anticipate that such (O2) - species could also be stabilized in less oxidizing conditions. At the end, based on the examination of Figure 4, (O2) 2- peroxide groups might appear for Ef around 3.20 eV but their formation would be exothermic in oxygen rich conditions and would lead to deterioration of the KCl host lattice. Bader charges were found for (O2)Cl similar to (S2)Cl, confirming the (O2) -entity surround by K + octahedron. 

V. CONCLUSION

Through comparison between theoretical and experimental luminescence spectra, we confirmed that (S2) -and (O2) -species can be observed in KCl bulk. Clearly, first principles calculations evidence that these species are thermodynamically stable and give rise to an easy detectable luminescence that can be used as footprint. Definitely, the existence of such exotic species have to be considered as possible anions in a large panel of solid materials (beyond of sodalite, hackmanite, scapolite, etc) against still a too spread preconceived idea. Indeed, their role cannot be limited to superchalcogenide radicals (e.g. (O2 •-) in (photo)catalytic reactions) with a surface chemical (re)activity. The consideration of those stable states could be beneficial in the future to applications of solid state chemistry where reactivity of those supposedly unstable species may have been overlooked before.

VI. SUPPORTING INFORMATION

The Supporting Information is available free of charge at the ACS website. It includes the defect formation energies and their relative concentrations in K-rich(Cl-poor) atmospheres of doped KCl:(S/O) together with the stability domains and their relative chemical potentials. The charge transition levels and the geometrical distortions are also provided.
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 1 Figure 1. Simulated spectra of the different (S2) -and (O2) - species compared a) to experimental low energy range (dashed) spectra of KCl:S (collected at RT) 4 and KBr:S (collected at liquid nitrogen temperature) 3 , b) to experimental high energy range (dashed) spectra of KCl:S (collected at RT) 4 and c) to experimental luminescence spectra at 4.5 K 5 of KCl:O (collected at liquid nitrogen temperature).
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 2 Figure 2. 3D representation of the conventional cell for KCl. Green and purple spheres correspond to chlorine and potassium atoms, respectively.
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 3 Figure 3. Defect formation enthalpies of KCl:S in S-rich atmosphere.

Figure 4 .

 4 Figure 4. Defect formation enthalpies of KCl:O in K-and O-rich atmospheres.

Table 1 . Concentration of main defects in KCl grown in S-rich atmosphere at 1000K.

 1 

	Defect	Concentration (cm -3 )
	VCl	1.1 . 10 15
	VK	1.1 . 10 15
	SCl	1.4 . 10 14
	(S2)Cl	5.5 . 10 12

Table 2 . Concentration of main defects in KCl grown in O-rich atmosphere at 1000K. Defect Concentration (cm -3 )

 2 

	VCl	1.1 . 10 15
	VK	1.1 . 10 15
	OCl	3.7 . 10 15
	(O2)Cl	1.7 . 10 21
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