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Through comprehensive density functional calculations, we predict the stability of a rheniumbased ferrite, ReFe 2 O 4 , in a distorted spinel-based structure. In ReFe 2 O 4 , all Re and half of the Fe ions occupy the octahedral sites while the remaining Fe ions occupy the tetrahedral sites. All Re ions are predicted to be at a +4 oxidation state with a low spin configuration (S = 3/2), while all Fe ions are predicted to be at a +2 oxidation state with a high spin state configuration (S = 2). Magnetically, ReFe 2 O 4 adopts an unconventional ferrimagnetic state in which the magnetic moment of Re opposes the magnetic moments of both tetrahedral and octahedral Fe ions. The spin-orbit coupling is found to cause a slight spin canting of ∼ 1.5 • . The predicted magnetic ground state is unlike the magnetic alignment usually observed in ferrites, where the tetrahedral cations oppose the spin of the octahedral cations. Given that the density of states analysis predicts a half-metallic character driven by the presence of Re t2g states at the Fermi level, this compound shows promise towards potential spintronics applications.

INTRODUCTION

Searching for and investigating exotic magnetic phases deepens our fundamental knowledge of complex functional materials and opens new horizons for novel applications [1]. Ferrites are among the most studied magnetic materials, with broad applications in spintronics [START_REF] Kotnala | Handbook of Magnetic Materials[END_REF], magnetic data storage [START_REF] Mallinson | The foundations of magnetic recording[END_REF], magnetically recoverable catalysts [START_REF] Casbeer | [END_REF][5][6][7], and microwave guides [8]. The utility of ferrites stems from their high magnetic saturation, high Curie temperatures and controllable coercivity. Ferrites, most commonly synthesised by reactions of Fe 2 O 3 with a smaller proportion of other metal oxides, encompass a wide range of chemical compositions, stoichiometries, and crystal structures. However, they mostly crystallise into cubic spinel structures, distorted spinels with lower symmetry, [9] or hexagonal structures [10]. Ferrite cations are situated between octahedral and tetrahedral voids, created through the oxygens' closed packed arrangement [11]. Alongside Fe, cation sites may be occupied by Sr, Ba, Pb, or transition metals (TMs). Generally, ferrites are ferrimagnetic where the spin of the tetrahedral cations opposes but does not cancel the spin of the octahedral cations [12]. The second cation's type and its abundance determine the magnetic hardness and saturation of the resultant ferrite, enabling the design of materials with desirable magnetic phase transition temperatures and magnetic coercivity [13].

Typically, in complex materials containing multiple magnetic cations, the magnetic ground state is stabilised through competing ferromagnetic and antiferromagnetic superexchange interactions, resulting in frustrated systems with multiple magnetic phase transitions. In ferrites with only fourth row 3d TM ions, these competitions simply stabilise the ferrimagnetic state where the cations on the octahedral site align antiparallel to the cations on the tetrahedral sites [12]. However, in other classes of complex oxides, such as double perovskites, magnetic interactions between 3d and heavier 4d and 5d elements has demonstrated substantially more complex magnetic behaviour [14,15], often deviating from the rules of thumb established by Goodenough and Kanamori [16,17], where exotic magnetic behaviours are often the result of the strong spin-orbit coupling, structural distortions and higher bond covalency between heavier TM ions and oxygen. A detailed review of Goodenough-Kanamori rules can be found in the literature [18,[START_REF] Bencini | Electron Paramagnetic Resonance of Exchange Coupled Systems[END_REF].

With all these exciting developments in perovskite magnetism, one wonders if there are any similar counterparts in ferrites. The idea of harnessing heavier 4d and 5d TM ion ferrites to control anisotropy and magnetostriction in ferrite was proposed by Hansen and Krishnan in 1977 [START_REF] Hansen | [END_REF]. However, since then, this idea has not attracted the attention it deserves. 

COMPUTATIONAL SETTINGS

Spin-polarised collinear and noncollinear density functional calculations were performed with VASP code [21,22], using the projector augmented wave method (PAW) [23] and the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [24,25]. To improve the electronic band description, adequate intra-atomic interaction terms (U eff ), based on the Liechtenstein et al. approach [26], were added to the Fe 3d electrons. The U and J parameters were 3.5 eV and 0.5 eV, respectively, resulting in an effective U (U eff ) of 3 eV. Comparable values were reported to improve the band description accuracy of ferrites [27,28]. More specifically a U eff value of 3 eV is necessary to adequately describe the Fe 3d electrons in oxides [29]. Furthermore, our comprehensive test demonstrated the adequacy of these values (Fig. S1). Accurate electronic localisation through the GGA+U formalism is essential for obtaining reliable structures as the atomic forces are sensitive to magnetic moments borne on cations [30]. The energy cut-off was set at 650 eV. The precision key for the rest of the parameters was set ACCURATE. The noncollinear calculations were initiated with the WAVECAR files calculated with the spinpolarised collinear method to facilitate convergence.

To simulate the ReFe 2 O 4 structure, as shown in Fig. 1, two Fe ions in the primitive magnetite cell, with the chemical formula Fe 6 O 8 [31], were substituted with Re ions. As shown in Fig. 1a-j, we considered all possible rhenium placement scenarios, and for each scenario, we examined various spin alignments, searching for the most stable structure. Substitution at the octahedral sites consistently resulted in lower total energy, so we further investigated all plausible spin alignments in ReFe 2 O 4 with only octahedral Re. A dense 7 × 7 × 7 k-point mesh, generated with the Monkhorst-Pack scheme of ∼ 0.015 Å-1 spacing, consisting of 172 irreducible sampling points in the Brillouin zone, was used for geometry optimisation. For geometry optimisation, the internal coordinates and the lattice parameters were relaxed to energy and force thresholds smaller than 10 -6 eV and 0.02 eV Å-1 , respectively. No symmetry restriction was applied in geometry optimisation to allow relaxation to lower symmetry, should it be more stable. It is well-known that even the simplest of the spinel ferrites, Fe 3 O 4 , although cubic (F d 3m) at room temperature, transforms to a lower symmetry monoclinic structure (P 2 1 /c) below ∼ 125 K, through a Verwey phase transition [32].

RESULTS AND DISCUSSION

Two cation types based on coordination exist in the spinel ferrite structure: one that is tetrahedrally coordinated and another that is octahedrally coordinated with oxygen ions. The first type represents one-third, while the second represents two-thirds of the total cations in the crystal. We examined three possible rhenium placements to identify the most stable position of the Re ions in ReFe 2 O 4 . First, both Re ions were placed at the tetrahedral sites while all Fe ions were left at the octahedral site, which is the typical cationic distribution in spinels. Secondly, one Re ion was placed at the tetrahedral site, and the other Re ion was placed at the octahedral site, a configuration usually referred to as an intermediate spinel. Lastly, both Fe ions were placed at tetrahedral sites, while the octahedral sites were equally occupied with Re and Fe, which is referred to as an inverse spinel. We investigated all these cationic distributions by calculating the total energy for two possible ferrimagnetic and ferromagnetic spin alignments. In the ferromagnetic structure, all cations' spin was set parallel, while in the ferrimagnetic structure, the tetrahedral cations' spin was set antiparallel to the spin of the octahedral cations. As shown in Fig. 1a andb, when Re ions are located at tetrahedral sites, the total energy is relatively high regardless of the direction of the Re spin. However, the ferrimagnetic state is still more stable than the ferromagnetic one. For intermediate rhenium occupancy, as in Fig. 1c,d, the total energies for both spin alignments were slightly higher than the previous case of complete tetrahedral Re occupation.

When Re ions are located at octahedral sites (Fig. 1ej), the compound's total energy generally decreased significantly, indicating greater stability. For instance, the aforementioned ferrimagnetic spin alignment of Fig. 1e was more stable than the counterparts with tetrahedral Re (Fig. 1a) and the mixed Re (Fig. 1c) configurations by approximately 2 eV per unitcell. The stability of the octahedral Re warranted further investigations of other possible spin alignments of ReFe 2 O 4 with octahedrally coordinated rhenium. Accordingly, we calculated all different possible ferrimagnetic spin alignments for this ferrite compound with octahedral Re [see configurations (g) and (h)]. In particular, configuration (h) was the most stable among all. In this ferrimagnetic configuration, the Re ions' spin direction is antiparallel to the spins of both octahedral Fe and tetrahedral Fe ions. In this case, the spins of the octahedral Fe and tetrahedral Fe ions were parallel. Configuration (e), with similar spin alignment to a conventional ferrimagnetic inverse spinel such as magnetite, was higher in total energy relative to configuration (h) by 0.4446 eV/u.c. (u.c. is unitcell). Configuration (g), representing the other possible realisation of the ferrimagnetic alignment, also had higher total energy than configuration (h) by 2.1606 eV/u.c. Likewise, the ferromagnetic state in configuration (f) had higher total energy of 1.1251 eV/u.c.

To unambiguously confirm the stability of configuration (h), we further calculated the total energy of configuration (i), which is quite similar to configuration (h) except that the spins of the two Re ions were set antiparallel to examine the strength of the magnetic coupling among Re ions. We also examined configuration (j), which is antiferromagnetic; that is, every cation has an antiparallel spin to the one adjacent. Both configurations (i) and (j) had total energies higher than that of configuration (h) by more than 1 eV/u.c. The stability of configuration (h) relative to configurations (i) and (j) demonstrates that pairs of Re Oct , Fe Oct and Fe Tet ions have a strong tendency towards parallel spin alignment among themselves.

For the most stable placement of Re which can be expressed as Fe Tet (ReFe) Oct O 4 , configuration (h), which represents the magnetic ground state, is remarkably stable as flipping to even the second most stable spin configuration (e) has an energy cost of 0.4446 eV/u.c. This level of stability is likely to correspond to an ambient Curie temperature in ReFe 2 O 4 . This prediction is based on a comparison with CoFe 2 O 4 's stability margin. A spin-flip from ferrimagnetic to ferromagnetic order in CoFe 2 O 4 costs 0.536 eV/u.c. [33], resulting in a Curie temperature (T C ) of 793 K in bulk cobalt ferrite [34]. Furthermore, the mean-field approximation can estimate the Curie temperature based on the magnetic exchange between Fe and Re sublattice systems as follows [START_REF] Anderson | Solid State Physics[END_REF]:

3 2 k B T C = i =j J ij , (1) 
in which k B is the Boltzmann constant and J ij is the pair exchange coupling parameter between sites i and j. Assuming the nearest neighbour interaction between Re and Fe to be the most significant, Equation 1 yields T C = 734.9 K, which is close to the comparison made earlier.

Given that Re is a relatively heavier sixth-row transition element, we anticipate that the role of spin-orbit coupling (SOC) is potentially significant in ReFe 2 O 4 [START_REF] Assadi | [END_REF]. To examine the significance of SOC, we re-optimised the most stable configuration (h) with spin-orbit coupling taken into consideration. The structural relaxation was minor as none of the internal coordinates and the lattice parameters changed by more than ∼ 1%. However, the total energy was lowered to -107.7975 eV/u.c., indicating that SOC accounts for ∼ 0.67% of the total energy. Similarly, SOC is not anticipated to change the magnetic alignment in ReFe 2 O 4 as other competing configurations are also estimated to have their total energy lowered by approximately the same amount when SOC is considered (Table S1). SOC brings about magnetic noncollinearity by coupling the spin to the orbital degrees of freedom, of which the latter depends on the lattice environment. The noncollinear magnetic alignment of ReFe 2 O 4 is shown in Fig. 2a. More precisely, the spins of the Re ions formed a tight angle of 1.329 • between each other, i.e., nearly parallel; and the net spin of the Re ions formed an angle of 177.593 • with the net spin of the Fe ions, i.e., nearly antiparallel. It can be seen that the degree of noncollinearity is relatively small as the spin directions are to a great extent similar to that of the collinear alignment of configuration (h). The net magnetisation of the whole compound was calculated to be 6.090 µ B /f.u. (f.u. stands for formula unit), which is approximately 1.5 times larger than that of the saturation magnetic moment of magnetite [START_REF] Banerjee | Magnetite biomineralization and magnetoreception in organisms[END_REF]. A more qualitative description of the effect of the U eff choice on the total magnetisation and the local magnetisation of the Re and Fe ions in this configuration is given in Table S2.

The density of states (DOS) in ReFe 2 O 4 , calculated considering SOC, are presented in Fig. 3. Here, DOS is projected onto the axes of an orthogonal frame of which the z axis is parallel to the c p direction of the ReFe 2 O 4 primitive cell. First, we notice that the DOS magnitude along the x and y axes is ∼ 3% of the DOS magnitude along the z axis, indicating a slight deviation from linearity and corroborating the magnetic moment orientations obtained in Fig. 2a. Along the z axis, (Fig. 3c), we can see that both Fe Tet and Fe Oct are in high-spin and +2 oxidisation states as one spin channel, comprising of five electrons per Fe, for both Fe Tet and Fe Oct , is fully occupied while the other spin channel is only partly occupied. Therefore, the electronic configuration for Fe 2+ Tet is e 2 ↑ t 3 2 ↑ e 1 ↓, while for Fe 2+ Oct , the electronic configuration is t 3 2g ↑ e 2 g ↑ t 1 2g ↓. Moreover, Re is in low-spin state with +4 oxidation. According to its partial DOS, Re has a fully occupied t 2g ↑ states, which are immediately followed by its empty t 2g ↓ states. The Fermi level crosses the tail of t 2g ↑ states, giving rise to half-metallic conduction, as no states are available at the Fermi level with opposing net spin direction. Moreover, because of the larger crystal field acting on Re's 5d states, Re's empty e g states are located at ∼ 4 eV above the Fermi level (Fig. S2). The ReFe 2 O 4 half-metallicity can be utilised for magnetoresistive response [START_REF] Bratkovsky | [END_REF]39] or near-perfect spin-polarised current injection [40,41].

As shown in Fig. 3, the Fe 3d states are spread through the conduction band, hybridising extensively with O, while Re 5d states are mainly concentrated within 2 eV below the Fermi level. Nonetheless, in the region of -2 < E -E Fermi < 0, the spin-down Re and Fe states and O 2p states hybridise together, facilitating the magnetic superexchange interactions that stabilise the magnetic ground state. Furthermore, the net magnetic moments borne on all cations, as shown in Fig. 2, are smaller than ideal ions. For high spin Fe 2+ (3d 6 ), either in tetrahedral or octahedral coordination, the magnetic moment should have been 4µ B . For octahedral Re 4+ (5d 3 ), the magnetic moment should have been 3µ B . However, since Fe-O or Re-O bonds are not purely ionic but possess a degree of covalency, the magnetisation of transition metal ions is expected to be lower than the purely ionic values [42]. The reduction in magnetisation is more profound in heavier transition metal ions are their bonds are more covalent [33]. A more quantitative description of the electronic localisation function is provided in Fig. S3.

As shown in Fig. 2a, the primitive cell of ReFe 2 O 4 is substantially transformed by geometry optimisation. The lattice parameters of the optimised primitive cell do not conform to the high symmetry of the initial structure as its lattice parameters asymmetrically changed and its volume expanded. The initial structure volume, which was based on magnetite, was 155.225 Å3 , while the optimised structure had a volume of 163.025 Å3 . The ionic radius of Fe can explain the expansion of the volume upon Re substitution at the tetrahedral site. The radius of high-spin Fe 2+ Tet in ReFe 2 O 4 is 0.63 Å. In magnetite, the tetrahedral site is occupied by Fe 3+ with a smaller radius of 0.49 Å. The Re 4+ radius in octahedral coordination is 0.63 Å which is quite close to the replaced Fe 3+ radius (0.65 Å) and is not expected to be a substantial drive in the structural transformation.

We examined the optimised ReFe 2 O 4 primitive cell's symmetry to investigate the magnetic exchange among all cations. A triclinic symmetry was detected through the FINDSYM symmetry detection algorithm [43] with a tight tolerance of 0.00001 Å for lattice parameters (CIF provided in the supplementary information). The conventional cell with triclinic symmetry is shown in Fig. 2b. Detecting all possible magnetic exchanges that stabilise the predicted ground state magnetism-configuration (h) re-optimised with SOC considered-is easier in the symmetry-imposed structure. The TM-O-TM bond angles for this structure are all listed in Fig. 2. The TM-O-TM bond angles between cations on tetrahedral and octahedral sites are obtuse and thus dominate the magnetic exchange interactions, as the superexchange interaction magnitude is proportional to cos 2 ( TM-O-TM). The higher total energy of configuration (g) indicates the superexchange between Re 4+ Oct and Fe 2+ Tet is antiferromagnetic, while the higher total energy of configuration (e) indicates that the superexchange between Fe 2+ Oct and Fe 2+ Tet is ferromagnetic. The TM-O-TM bonds among tetrahedral sites are all nearly right angles, indicating a minimal orbital overlap favouring weaker ferromagnetic superexchange. The strength of this ferromagnetic exchange can be estimated from the total energy of configurations (g) and (h) of Fig. 1, showing that setting adjacent cations to antiferromagnetic coupling raises the total energy. Finally, we examine the stability of ReFe 2 O 4 in competing metallic and oxide phases. The compound's formation enthalpy (∆H metallic ) was calculated relative to the metallic Re (hexagonal paramagnetic) and Fe (bodycentred ferromagnetic) phases, and gaseous O 2 was calculated as

∆H metallic = E t (ReFe 2 O 4 )-E t (Re)-2E t (Fe)-2E t (O 2 ).
(2) Here, E t is the density functional total energy. ∆H metallic ) ) Fig. 3. Partial density of states of ReFe 2 O 4 at its most stable magnetic state [configuration (h) of Fig. 1], calculated with spin-orbital coupling considered. The density of states is projected along an orthogonal frame having the x, y, and z axes. The z axis of this frame coincides along the lattice parameter c p of the primitive lattice parameter, shown in the lower row of Fig. 1. was found to be -5.1924 eV/f.u. The formation enthalpy relative to the competing oxide phase ( ∆H oxide ) was calculated as

t
∆H oxide = E t (ReFe 2 O 4 ) -E t (ReO 2 )-2E t (FeO). (3)
Here, ReO 2 was the most stable Re 4+ oxide in orthorhombic structure (materials project identifier mp-7228 [44]), and FeO was the most stable Fe 2+ oxide in monoclinic structure (materials project identifier mp-1279742 [44]). ∆H oxide was found to be -1.1903 eV/f.u. Given the negative ∆H values, we can conclude that ReFe 2 O 4 is stable against decomposition to oxides of its constituent elements and Re 4+ and Fe 2+ . For the future synthesis of ReFe 2 O 4 , one can draw inspiration from the recently developed green fabrication methods for ferrites [45].

CONCLUSIONS

Using density functional calculations, considering spinorbit coupling, we predict that a Re-based ferrite ReFe 2 O 4 is stable in a distorted spinel structure with reduced triclinic symmetry (P 1), and adopts an unconventional magnetic ordering in where Re spin opposes the spin of both Fe Tet and Fe Oct , while Fe Tet and Fe Oct have parallel spin alignment among themselves. The net magnetic moment of this compound is evaluated at 6.090 µ B /f.u. which is about 1.5 times greater than that of magnetite. The magnetic ground state is remarkably stable as flipping any spin incurs an energetic cost of at least 0.2223 eV/f.u., which is likely to correspond to an ambient Curie temperature. The compound is predicted to be half-metallic, which implies that this compound may be useful towards applications in spintronics where the spin polarisation of conduction electrons is desired. (II) with U eff (Re) = 1 eV, and U eff (Fe) = 3 eV, and GGA . Adding higher on-site U eff terms increase the magnetisation due to higher electronic localisation at both Re and Fe sites. However, for GGA+U (I), the band description matches the higher-level density functional calculations more consistently, as showm in Fig. S1. The total magnetisation per unit formula is accordingly larger within the GGA+U formalism. 1 a 0.00000 0.00000 0.00000 1.00000 0,0,0 Re2 Re 1 d 0.50000 0.00000 0.00000 1.00000 0,0,0 Fe2 Fe 1 f 0.50000 0.00000 0.50000 1.00000 0,0,0 Fe3 Fe 1 h 0.50000 0.50000 0.50000 1.00000 0,0,0 # end of cif
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 3162 Fig.1. The spin configurations used for determining the magnetic ground state of ReFe 2 O 4 . In configurations a and b, Re ions are at the tetrahedral sites. In c and d, one Re ion is located at the tetrahedral site while the other is located at the octahedral site. In e, f, g, h, i, and j, both Re ions are located at the octahedral sites. The density functional total energy (E t ) of each configuration is also shown. FM, FiM, and AFM refer to ferromagnetic, ferrimagnetic and antiferromagnetic, respectively.
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 S1154S2 Fig. S1. A comparison of the examined functionals for ReFe 2 O 4 is provided here. The investigated system is Re Tet (Fe Oct ) 2 O 4 , similar to configuration (a) of Fig. 1 of the Article. (A) GGA functional [S1, S2] predicts Re 5+ with nearly filled Re spin-down e states marked with brown arrows (empty Re states are marked with orange bars), and Fe 1.5+ with partially filled t 2g spin-down states. (B) MetaGGA's [S3] prediction is quite similar to the GGA's, except that Re's empty e states are shifted to higher energies. Both GGA and MetaGGA functional predict a continuous Fe spin down t 2g band across the Fermi level (cyan arrows). (C) GGA+U functional [S4] with U eff values reported in the Article still indicates Re 5+ , while also opening a gap between the filled and empty Fe t 2g in the spin-down channel similar to magnetite, as marked with blue arrows. (D) The higher level HSE06 hybrid functional [S5] essentially has a similar band description to (C) except that the bands are slightly spread out. (E) Adding U eff value of 1 eV to Re 5d states results in Re 4+ , as the Re spin-up e channel gets filled (brown circle). The energy values in green boxes are the energy difference between the ferrimagnetic and the ferromagnetic solutions. Ferrimagnetic and ferromagnetic solutions correspond to configurations (a) and (b) of Fig. 1 of the Article. Negative values indicate the stability of the ferrimagnetic state. We take the higher level hybrid functional in (D) as a benchmark in the absence of experimental data. The GGA+U with U eff values reported in the Article produces the closest band description and ferrimagnetic stability to the hybrid functional at ∼ 10% computational cost.
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 S3 Fig. S3. The electronic localisation function (η) along the Fe-O (A) and Re-O (B) bonds in configuration (h) of Fig. 1 of the Article. η describes the likelihood of a spin-like electron being in the vicinity of a reference electron [S6]. Physically, η measures the extent of spatial localisation. η peak near anionic centres indicates ionicity. Higher η values indicate higher ionicity as apposed to covalency. Maximum η value is 1 in a fully ionic bond.
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