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Abstract 8 

We focus on the ferric end-member of phase H: 𝜀-FeOOH using density functional theory at the 9 

PBEsol+U level. At 300 K, we find that 𝜀-FeOOH undergoes a hydrogen bond symmetrization at 10 

37 GPa and a sharp high-spin to low-spin transition at 45 GPa. We find excellent agreement with 11 

experimental measurements of equation of state, lattice parameters, atomic positions, vibrational 12 

frequencies, and optical properties as related to the band gap, which we find to be finite and 13 

small, decreasing with pressure. The hydrogen bond symmetrization transition is neither first-, 14 

nor second-order, with no discontinuity in volume or any of the elastic moduli. Computed IR and 15 

Raman frequencies and intensities show that vibrational spectroscopy may provide the best 16 

opportunity for locating the hydrogen bond symmetrization transition experimentally. We find 17 

that 𝜀-FeOOH is highly anisotropic in both longitudinal- and shear-wave velocities at all 18 

pressures, with the shear wave velocity varying with propagation and polarization direction by as 19 

much as 24% at zero pressure and 43% at 46 GPa. The shear and bulk elastic moduli increase by 20 

18% across the high-spin to low-spin transition.   21 

 22 

Introduction 23 
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Water is an important component in the mantle, which even in small concentrations can have a 24 

large effect on properties such as the melting temperature and viscosity, and thus on thermal 25 

evolution. The amount of water stored in the largest part of the mantle, the lower mantle, is still 26 

uncertain. This is partly due to the relative inaccessibility of this region, for example few 27 

physical samples from the lower mantle are known, in contrast to the increasing number of 28 

diamond inclusions and other samples from the transition zone (Pearson et al. 2014; Tschauner et 29 

al. 2018). Our uncertainty about the water content in the lower mantle is also due to a 30 

comparative lack of understanding of hydrogen bonding at high pressure: in what phases is water 31 

crystallographically stored, and what is the effect of water on physical properties at high 32 

pressure?   33 

 34 

Water storage may be fundamentally different in the lower mantle than in the transition zone. In 35 

the transition zone, copious amounts of water may be stored in nominally anhydrous minerals, 36 

including wadsleyite and ringwoodite, which have water storage capacities exceeding 1 wt. % 37 

(Hirschmann 2006). In the lower mantle, however, the water storage capacity of the major 38 

phases (bridgmanite, ferropericalse, davemaoite), while still uncertain, appears not to exceed 39 

1200 ppm (Litasov and Ohtani 2007; Fu et al. 2019; Chen et al. 2020; Liu et al. 2021). If the 40 

lower mantle has a water concentration much higher than this, the water must be stored in 41 

hydrous phases, i.e. phases in which water is a stoichiometric component.   42 

 43 

Phase H is the hydrous phase that is found to be stable in mantle-like whole rock compositions 44 

with excess H2O (Walter et al. 2015) over most of the lower mantle pressure regime (55-125 45 

GPa). These experiments were limited in not containing iron oxide as a component, but other 46 
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studies have found stable solid solution of phase H encompassing essentially the entire ternary 47 

(Mg,Fe,Al)(Si,Fe,Al)(OOH)2 (Nishi et al. 2019), complementing studies of binary joins in this 48 

compositional space (Ohira et al. 2019, 2021; Satta et al. 2021).   49 

 50 

Our focus here is on the ferric end-member of phase H: 𝜀-FeOOH. 𝜀-FeOOH has an 51 

orthorhombic structure with P21nm space group that is stable on its own composition from 7 GPa 52 

(where it transforms from the lower pressure, goethite phase) to 70 GPa, where it transforms to a 53 

pyrite-structured phase (Gleason et al. 2008; Nishi et al. 2017; Suzuki 2017; Hu and Liu 2021). 54 

The structure is an orthorhombically distorted rutile derivative with edge- and corner-sharing 55 

FeO6 octahedra linked by hydrogen bonds (O-H∙∙∙O) that are asymmetric at low pressure (Pernet 56 

et al. 1975; Bolotina et al. 2008). The anhydrous sub-lattice (arrangement of Fe and O atoms) is 57 

identical to the CaCl2 high-pressure polymorph of stishovite.   58 

 59 

Under pressure 𝜀-FeOOH displays rich behavior undergoing two transitions: hydrogen bond 60 

symmetrization and a high-spin to low-spin transition. The 𝜀-FeOOH phase thus serves as a 61 

model system for studying two transitions that are thought to be important in many mantle 62 

phases at high pressure. Hydrogen bond symmetrization occurs in a variety of materials at high 63 

pressure, including phase H (Tsuchiya and Mookherjee 2015), phase D (Tsuchiya et al. 2005), 64 

and H2O (Holzapfel 1972; Aoki et al. 1996; Meier et al. 2018). The high-spin to low-spin 65 

transition occurs in a wide variety of ferrous and ferric oxides and silicates (Lin et al. 2005; 66 

Tsuchiya et al. 2006; Gleason et al. 2008; Badro 2014; Liu et al. 2014; Holmström and Stixrude 67 

2015). A unique feature of 𝜀-FeOOH is that the two transitions (hydrogen bond symmetrization 68 

and high-spin to low-spin transition) are thought to occur at similar pressures, and the nature of 69 
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possible interaction between these two transitions, i.e. whether one drives the other, is still 70 

uncertain (Gleason et al. 2013; Xu et al. 2013; Thompson et al. 2020).   71 

 72 

Hydrogen bond symmetrization occurs as the O-O distance of O-H∙∙∙O decreases, while the O-H 73 

bond length increases, leading to a linear symmetric O-H-O configuration and promotion of the 74 

space group symmetry to Pnnm. The symmetrization transition has been widely studied in the 75 

Al-end member of phase H (𝛿-AlOOH) (Tsuchiya et al. 2008; Tsuchiya and Tsuchiya 2009; 76 

Sano-Furukawa et al. 2018) and has been predicted to occur in the MgSi- end-member (Tsuchiya 77 

and Mookherjee 2015; Solomatova et al. 2022). The pressure at which symmetrization occurs in 78 

ε-FeOOH is uncertain as neutron diffraction studies have not yet been performed on this phase at 79 

high pressure, and previous theoretical studies focused on the symmetrically bonded structure 80 

(Thompson et al. 2017). 81 

 82 

The high-spin to low-spin transition occurs as increasing crystal field splitting on compression 83 

causes d-electrons in the eg manifold to pair up with those in the t2g manifold, yielding a change 84 

in the magnetic moment of the Fe3+ cation from 5𝜇B to 1 𝜇B, and a collapse in volume. The high-85 

spin to low-spin transition has been found to occur between 40 and 60 GPa in experimental 86 

studies (Gleason et al. 2013; Xu et al. 2013; Thompson et al. 2020). The high-spin to low-spin 87 

transition in 𝜀-FeOOH has not yet been studied theoretically; part of the reason is that transition 88 

metal oxides present a challenge to conventional density functional theory, which tends to 89 

underestimate the strong correlation among the d electrons.   90 

 91 
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Here we explore the behavior of 𝜀-FeOOH at high pressure with density functional theory 92 

augmented by local electron repulsion that captures the strong correlation (DFT+U).  We study 93 

both transitions (hydrogen bond symmetrization and high-spin to low-spin) and explore the 94 

changes in properties that occur across them. We focus on physical properties that have been 95 

previously measured experimentally in this system, including the structure, equation of state, and 96 

vibrational frequencies, and on those that may be relevant to geophysical detection of phase H in 97 

the lower mantle, including elasticity, and electronic properties.   98 

 99 

Methods 100 

Our calculations are based on density functional theory (DFT), using the projector augmented 101 

wave (PAW) method (Kresse and Joubert 1999) as implemented in the Vienna ab initio 102 

Simulation Package (VASP) (Kresse and Furthmüller 1996). We use the PBEsol generalized 103 

gradient approximation (Perdew et al. 2008), which we have previously shown to yield excellent 104 

agreement with experiment in iron-bearing oxides (Holmström and Stixrude 2015). To account 105 

for strong correlation, we use the +U method (Anisimov et al. 1997). On the basis of our 106 

calculations of the dependence of the spin transition pressure and optical properties on U-J,  our 107 

previous results for the value of U-J for divalent iron (Holmström and Stixrude 2015), and 108 

expected trends with respect to iron valence state (Mosey et al. 2008), we settled on a value of U-109 

J = 3.2 eV. We use PAW potentials of 14, 1, and 6 valence electrons for Fe, H, and O with core 110 

radii of 1.16, 0.37, and 0.82, respectively. We perform spin-polarized simulations where the 111 

difference in the number of up-spin and down-spin electrons on each Fe atom is set to the high-112 

spin (5) or low-spin (1) value for both anti-ferromagnetic and ferromagnetic arrangements (Fig. 113 

1a and Fig. 1b). We also explored a mixed-spin arrangement in which half of the Fe are high-114 
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spin and the other half are low-spin (Fig. 1c). We found that sampling the Brillouin zone using a 115 

4 x 4 x 4 k-point mesh and a basis-set energy cutoff of 1000 eV was sufficient to converge 116 

energy and pressure to within 3 meV/atom and 0.1 GPa, respectively. For calculation of the 117 

electronic density of states we use the tetrahedron method (Blochl et al. 1994) and a 20 x 20 x 20 118 

k-point mesh. For phonon calculations, we use a 2 x 2 x 2 supercell and a 2 x 2 x 2 k-point mesh. 119 

 120 

We calculate the elastic constants by applying finite strains 𝜀௞௟ to the lattice and computing the 121 

resultant stresses 𝜎௜௝, yielding the components of the elastic constant tensor as 𝜎௜௝ = 𝑐௜௝௞௟𝜀௞௟.  122 

We choose a strain magnitude of 0.005 and strains (in Voigt notation): 𝜀ଵ, 𝜀ଶ, 𝜀ଷ, and 𝜀ସ + 𝜀ହ + 123 𝜀଺ appropriate for the orthorhombic case (Le Page and Saxe 2002). The isotropic bulk and shear 124 

moduli are determined using the Voigt-Reuss-Hill (Hill 1952) measure. We compute single 125 

crystal elastic wave velocities via the Christoffel equation ห𝑐௜௝௞௟𝒏௝𝒏௟ − 𝜌𝑣ଶ𝛿௜௞ห = 0 where 𝑐௜௝௞௟  126 

is the single-crystal elastic tensor, n is the propagation direction, 𝜌 is the density, v is the 127 

velocity, and 𝛿௜௞ is the Kronecker delta (Musgrave 1970). The eigenvalues yield the elastic wave 128 

velocities, and eigenvectors the polarization directions. We fit our theoretical results to the 129 

Eulerian finite strain expansion (Stixrude and Lithgow-Bertelloni 2005): 130 

 131 

𝑐௜௝௞௟ = (1 + 2𝑓)ହଶ  ൜𝑐௜௝௞௟௟଴ + ൫3𝐾଴𝑐ᇱ௜௝௞௟଴ − 5𝑐௜௝௞௟଴൯𝑓
+  ൤6𝐾଴𝑐′௜௝௞௟଴ − 14𝑐௜௝௞௟଴ − 32 𝐾଴𝛿௞௟௜௝(3𝐾ᇱ଴ − 16൨ 𝑓ଶൠ 

(1) 132 
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where 𝑓 =  ଵଶ ൤ቀ ௏௏బቁିଶ/ଷ − 1൨, 𝑐௜௝௞௟   is the elastic tensor, the subscript 0 refers to the reference state 133 

(P = 0 GPa, T0 = 300 K), and 𝛿௞௟௜௝ = −𝛿௜௝𝛿௞௟ − 𝛿௜௟𝛿௝௞ − 𝛿௝௟𝛿௜௞. 134 

 135 

We calculate the phonon vibrational frequencies via density functional perturbation theory 136 

(DFPT) (Gajdoš et al. 2006). Phonon frequencies and eigenvectors are computed in the harmonic 137 

limit from the second-order force constant matrix 𝛷ఈఉ(𝑗𝑙, 𝑗ᇱ𝑙ᇱ), the elements of which are the 138 

change in the force in the α Cartesian direction acting on atom j in unit cell l, in response to the 139 

displacement of atom j’ in unit cell l’ in the β direction (Wilson et al. 1980). The phonon 140 

frequencies are the eigenvalues of the dynamical matrix at a given wavevector q: 141 

 142 𝐷ఈఉ௝௝ᇲ(𝒒) =  ଵඥ௠ೕ௠ೕᇲ ∑ 𝛷ఈఉ(𝑗𝑙, 𝑗ᇱ𝑙ᇱ) 𝑒𝑥𝑝[𝑖𝒒  ∙ (𝒓(𝑗ᇱ, 𝑙′) − 𝒓(𝑗, 𝑙))]௟ᇲ    (2) 143 

where mj are the atomic masses and l and l’ are the unit cells of the two atoms.  144 

 145 

The long-ranged Coulomb interactions lead to non-analytic corrections in the limit 𝒒 → 0, that 146 

cause splitting of longitudinal optic (LO) and transverse optic (TO) modes (Pick et al. 1970; 147 

Gonze and Lee 1997): 148 

 149 

𝐷ఈఉ௝௝ᇲ(𝑞 → 0) = 𝐷ఈఉ௝௝ᇲ(𝑞 = 0) + ଵට௠ೕ௠ೕᇲ ସగఆబ ቂ∑ ௤ം௓ംഀೕം ቃ൤∑ ௤ംᇲ௓ ംᇲഁೕᇲംᇲ ൨∑ ௤ഀఌഀಮഁ ௤ഁഀഁ     (3) 150 

 151 
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where 𝑍ఈఉ௝  is the Born effective tensor, 𝜀ஶ is the macroscopic dielectric tensor, and Ω଴ is the 152 

volume of the cell.  153 

 154 

We compute infrared (IR) intensities from the eigen-displacements around the gamma-point, 155 

where the atom’s change in polarizability with respect to atomic displacement is captured by the 156 

Born effective-charge tensors (Giannozzi and Baroni 1994):  157 

 158 

𝐼ூோ(𝑠) =  ∑ ฬ∑ 𝑍ఈఉ௝ 𝑾(௦,௝)ඥ௠ೕ௝ఉ ฬଶఈ      (4) 159 

 160 

where W(s,j) is the eigenvector of the dynamical matrix corresponding to mode s.  161 

 162 

We compute Raman intensities from the change in the polarizability tensor 𝜶 along the mode 163 

eigenvectors in terms of the macroscopic high-frequency dielectric constant (Skelton et al. 2017), 164 

via a central finite-difference scheme: 165 

 166 

𝐼ோ௔௠௔௡(𝑠)  𝜕𝜶𝜕𝑄(𝑠) ≡ 𝜕𝜀ஶ𝜕𝑄(𝑠) ≈ Δ𝜀ஶΔ𝑄(𝑠)  
 167 

𝐼ோ௔௠௔௡,ఈఉ(𝑠) = Ω4𝜋 ቈ− 12 𝜀ఈఉஶ (−𝑠)Δ𝑄(𝑠) + 12 𝜀ఈఉஶ (+𝑠)Δ𝑄(𝑠) ቉ 

(5) 168 
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where Q is the normal-mode coordinate at the Γ-point and is defined by 𝒖(𝑠, 𝑗) = 𝑄(𝑠) 𝑾(௦,௝)ඥ௠ೕ , 169 

where 𝒖(𝑠, 𝑗) is the atomic displacement. The unpolarized Raman intensity takes the form: 170 

 171 

𝐼ோ௔௠௔௡ = 45 ൤13 (𝐼௫௫ + 𝐼௬௬ + 𝐼௭௭൨ଶ
+ 72 ൣ(𝐼௫௫ − 𝐼௬௬)ଶ + (𝐼௫௫ − 𝐼௭௭)ଶ + (𝐼௬௬ − 𝐼௭௭)ଶ +  6(𝐼௫௬ଶ + 𝐼௫௭ଶ + 𝐼௬௭ଶ )൧ 

(6) 172 

 173 

To compute phonon frequencies and IR and Raman intensities, we use Phonopy and Phonopy-174 

Spectroscopy (Togo and Tanaka 2015; Skelton et al. 2017).  175 

 176 

We find the pressure of the high-spin to low-spin transition as the point at which the Gibbs free 177 

energies of the two phases are equal: 178 

 179 𝐺(𝑃, 𝑇) = 𝐻(𝑃, 𝑠𝑡𝑎𝑡𝑖𝑐) + 𝐹்ு(𝑉, 𝑇) + 𝑃(𝑉, 𝑇)𝑉,    (7) 180 

    181 

where H is the enthalpy at static (athermal) conditions, G is the Gibbs free energy as a function 182 

of pressure P and temperature T, V is the volume, and FTH is the Helmholtz free energy derived 183 

from the (quasi-)harmonic phonon energy. The pressure 184 

 185 𝑃(𝑉, 𝑇) = 𝑃(𝑉, 𝑠𝑡𝑎𝑡𝑖𝑐) + 𝑃்ு(𝑉, 𝑇)    (8) 186 
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 187 

where 𝑃்ு =  − ቀడி೅ಹడ௏ ቁ் and 188 

 189 

 𝐹்ு = ଵଶ ∑ ℏ𝜔𝒒௝ + 𝑘஻𝑇 ∑ ln[1 − exp(− ℏఠ𝒒ೕ௞ಳ் )] 𝒒௝𝒒௝     (9) 190 

 191 

where 𝜔 is the phonon frequency. We have found that the thermal free energy of the 192 

asymmetrically bonded phase is nearly independent of volume, yielding essentially zero thermal 193 

pressure. This result is inconsistent with experimental measurements of positive thermal 194 

expansivity (Suzuki 2016), indicating that anharmonicity, which is not included at our level of 195 

theory, is important in the asymmetric phase. We hypothesize that the thermal free energy of the 196 

asymmetric phase can be approximated by that of the symmetric phase at the same volume. Our 197 

hypothesis could be tested by performing molecular dynamics simulations, which are beyond the 198 

scope of this study because of the much greater computational cost.   199 

 200 

Results 201 

At static conditions, we find that the ground state is high-spin anti-ferromagnetic (AFM), in 202 

agreement with a neutron diffraction study at ambient pressure (Pernet et al. 1975) (Fig. 2). The 203 

AFM state is more stable than the ferromagnetic (FM) state by 0.5 eV per unit cell (0.25 eV 204 

/formula unit) at zero pressure and 0.8 eV at 40 GPa. At 40 GPa, the lowest energy state 205 

becomes low-spin AFM. In the low-spin state, AFM is more stable than FM by 0.02 eV at 40 206 

GPa, to 0.01 eV at 100 GPa. We also find that the mixed-spin state is less stable than the high-207 
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spin state at 40 GPa by 0.4 eV. Because AFM is the most stable, all subsequent results refer to 208 

the AFM arrangement.   209 

 210 

We find hydrogen bond symmetrization to occur within the stability field of the high-spin state 211 

(Fig. 3). The transition occurs at a static pressure of 34 GPa. The symmetrization transition 212 

occurs without discontinuity in structure or volume and is therefore not first order. We also show 213 

results for the (metastable) symmetrization transition in the low spin state, which occurs at a 214 

static pressure of 5 GPa.   215 

 216 

We find excellent agreement with experimental measurements of the equation of state of the 217 

high-spin and low-spin states and the pressure of the high-spin to low-spin transition (Suzuki 218 

2010, 2016; Gleason et al. 2013; Ikeda et al. 2019; Thompson et al. 2020) (Fig. 4). We find that 219 

the high-spin to low-spin transition occurs at 45 GPa at 300 K. We find disagreement with some 220 

previous experiments, including those of Gleason et al. (2013), at pressures greater than 50 GPa, 221 

which may be due to the lack of a pressure medium in this experiment, resulting in deviatoric 222 

stress and systematic overestimation of volumes (Meng et al. 1993). The symmetrization 223 

transition has only a subtle effect on the equation of state: the symmetric and asymmetric 224 

equations of state are nearly coincident within the symmetric high spin stability field and there is 225 

no discontinuity in volume at the symmetrization transition. At 300 K, the symmetrization 226 

transition occurs at 37 GPa. All subsequent results are referred to the pressure at 300 K. 227 

 228 

Our computed crystal structures agree well with ambient structure determinations and with high 229 

pressure measurements of the lattice parameters (Fig. 5, Table 1). We find a change in relative 230 
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axial compressibilities with increasing pressure: b is the most compressible direction near 231 

ambient pressure, but the stiffest at pressures exceeding 30 GPa. This change in relative 232 

compressibility is reflected in extrema in the variation of lattice parameter ratios versus pressure, 233 

which occur at 13 GPa (b/c) and 33 GPa (a/b). The largest deviation in atomic coordinates 234 

between our results and experiment occurs for the position of the H atom, corresponding to an 235 

OH bond length of 1.02 Å for our results as compared with 0.85 Å for experiment (Bolotina et 236 

al. 2008). Overestimation of OH bond length is expected at our level of theory (Santra et al. 237 

2009). 238 

 239 

The elastic moduli change discontinuously at the high-spin to low-spin transition and 240 

continuously at the symmetrization transition (Fig. 6). Because the hydrogen bonds lie within the 241 

xy-plane, the difference between asymmetric and symmetric structures is reflected more strongly 242 

in c11 and c22 than in c33, and more strongly in c66 than in c44 or c55. Values of cijkl0 and c’ijkl0 243 

show that the elastic moduli are softer and vary more rapidly with pressure in the asymmetric 244 

state as compared with the symmetric state: while the elastic moduli of the asymmetric and 245 

symmetric states become identical at the symmetrization transition, the pressure-dependence of 246 

the elastic moduli changes discontinuously at the transition.  The elastic moduli are all stiffer in 247 

the low-spin state as compared with the high-spin state (Table 2). The c44 and c55 elastic moduli 248 

show a non-monotonic pressure dependence. 249 

 250 

The bulk and shear moduli increase monotonically with increasing pressure from 0 to 90 GPa 251 

and both undergo an increase of 18% at the spin transition (Fig. 7). In the low spin state, the 252 

shear modulus is nearly independent of pressure, reflecting, in part, the non-monotonic 253 
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dependence of c44 and c55 on pressure, while c66 increases with increasing pressure. Our elastic 254 

constants for the low spin state are in good agreement with previous calculations (Thompson et 255 

al. 2017) with differences (< 7%) reflecting the difference in exchange-correlation functional 256 

used in the two studies (PBE vs. PBEsol in our study). We find that 𝜀-FeOOH is highly 257 

anisotropic in both longitudinal- and shear-wave velocities at all pressures, with the shear wave 258 

velocity varying with propagation and polarization direction by as much as 24% at zero pressure 259 

and 43% at 46 GPa.  260 

 261 

The evolution of the hydrogen bond on compression is clearly reflected in the vibrational 262 

frequencies (Fig. 8). The frequencies of the A1 and B2 OH stretching modes decrease rapidly 263 

with pressure and the bending modes increase more gradually with pressure so that the 264 

frequencies of these two branches approach each other. In the symmetrically-bonded phase the 265 

OH stretching mode frequencies increase with increasing pressure while the bending mode 266 

frequencies initially continue to increase slightly with increasing pressure. These trends are also 267 

seen in 𝛿-AlOOH (Tsuchiya et al. 2008). The OH stretching and bending mode frequencies 268 

change little at the high-spin to low-spin transition; in the low spin state some of the bending 269 

mode frequencies decrease with increasing pressure. Agreement is excellent between our 270 

bending mode frequencies and experiment (Thompson et al. 2020) and our stretching mode 271 

frequencies are 1.4% smaller than the positions of peaks apparent in the experimentally reported 272 

spectrum in the OH stretching region at ambient conditions. Underestimation of OH stretching 273 

frequencies is expected at our level of theory (Santra et al. 2009). 274 

 275 
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The predicted absolute intensities of the IR- and Raman-active modes show large changes in the 276 

vibrational spectra with increasing pressure (Fig. 9). Factor group analysis for the P21nm and 277 

Pnnm structure shows that the irreducible representation of the zone center optic vibrations are 278 Γ୔ଶభ୬୫ = 7𝐴ଵ(𝐼𝑅, 𝑅) + 4𝐴ଶ(𝑅) + 3𝐵ଵ(𝐼𝑅, 𝑅) + 7𝐵ଶ(𝐼𝑅, 𝑅) and Γ୔୬୬୫ = 2𝐵ଵ௨(𝐼𝑅) +279 5𝐵ଶ௨(𝐼𝑅) + 5𝐵ଷ௨(𝐼𝑅) + 3𝐴௨ + 2𝐴௚(𝑅) +  2𝐵ଵ௚(𝑅) + 1 𝐵ଶ௚(𝑅) + 1𝐵ଷ௚(𝑅), where IR and R 280 

denote infrared and Raman active modes. In the IR spectrum, the highest frequency peak initially 281 

increases in intensity with increasing pressure, then splits as symmetrization is approached. At a 282 

pressure that nearly coincides with symmetrization (33 GPa), the most intense peaks are no 283 

longer the highest frequency peaks, reflecting mixing of stretching and bending modes. In the 284 

low-spin state, the peak at the highest frequency become the one with the highest intensity again. 285 

The Raman spectrum also shows splitting of the OH highest frequency as symmetrization is 286 

approached, as well as a vanishing intensity. This decrease in intensity is expected on symmetry 287 

grounds, and is also seen, for example, in H2O (Goncharov et al. 1999).   288 

 289 

The electronic density of states shows a finite band gap at all pressures in high-spin and low-spin 290 

states (Fig. 10). The band gap decreases with increasing pressure in both phases and increases by 291 

0.15 eV at the high-spin to low-spin transition. The band gap is narrow and comparable to that 292 

typically seen in semiconductors: 1.9 eV at ambient pressure and 1.3 eV at the highest pressure 293 

explored in this study. Consideration of +U in our study is crucial to obtaining agreement with 294 

experiment: if we assume that U-J=0 eV, we find that there is no band gap at any pressure.   295 

 296 

Discussion 297 
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We find two distinct phase transitions: the symmetrization transition and the high-spin to low-298 

spin transition, which do not coincide, but are well separated in pressure, with the high spin 299 

symmetric phase stable over a finite pressure interval (8 GPa). Our results therefore do not 300 

support the arguments of some earlier studies that symmetrization drives the high-spin to low-301 

spin transition (Gleason et al. 2013).   302 

 303 

Our value for the pressure of the symmetrization transition (37 GPa), is much higher than the 304 

value of 18 GPa, argued for by Thompson et al. (2020). However, Thompson et al. (2020) were 305 

not able to measure hydrogen positions and relied on other lines of evidence to argue for the 306 

pressure of symmetrization. These included the location of inflection points in the variation of 307 

lattice parameter ratios with pressure. However, we do not see inflection points but instead find 308 

local extrema (a local minimum in b/c at 13 GPa, and a local maximum in a/b at 33 GPa) neither 309 

of which correspond precisely with the pressure of hydrogen bond symmetrization. We find that 310 

the lattice parameters begin to vary nearly linearly with pressure at the symmetrization transition, 311 

behavior also seen in a previous theoretical study of δ-AlOOH (Tsuchiya and Tsuchiya, 2009).    312 

 313 

The asymmetric to symmetric transition is continuous. The volume and bulk modulus (and all 314 

the elastic moduli) are continuous across the transition, so the transition is neither first order nor 315 

second order. Elastic wave velocities are also continuous across the symmetrization transition, so 316 

that no seismological signature of the symmetrization transition is expected. Our computed 317 

vibrational spectra indicate that symmetrization might be detected via IR or Raman 318 

spectroscopy: according to our results, the symmetrization transition is characterized by changes 319 

in the pressure dependence of several modes, as well as splitting, and changes in intensity. 320 
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Neutron diffraction of deuterated samples, as recently done for AlOOH (Sano-Furukawa et al. 321 

2018), could also lend further insight into symmetrization in ε-FeOOH. 322 

 323 

Our predictions of the shear and bulk modulus of 𝜀-FeOOH do not agree with the experimental 324 

measurements of Ikeda et al. (2019). The contrast in the pressure dependence of the shear 325 

modulus (G’=dG/dP) is particularly notable (G’=1.2 from our results vs. G’=4.6 from 326 

experiment). The reason for this discrepancy is unclear. It is possible that approximations to the 327 

exchange-correlation functional in our study are the cause of the discrepancy, but this seems 328 

unlikely, because previous studies have found good agreement between density functional theory 329 

and experiment for the elastic moduli of 𝛿-AlOOH (Tsuchiya and Tsuchiya 2009). The value of 330 

G’ found for 𝛿-AlOOH (1.33) is very similar to what we find for 𝜀-FeOOH. Another possibility 331 

is that the experimental sample is textured or that the degree of texture of the sample varied with 332 

increasing pressure. Texturing of the sample could change the shear modulus substantially 333 

because 𝜀-FeOOH is very anisotropic, with the shear modulus varying by 24% to 43% with 334 

propagation and polarization direction at 0 and 43 GPa, respectively. ε-FeOOH is much more 335 

anisotropic than δ-AlOOH (Tsuchiya and Tsuchiya 2009). 336 

 337 

The high spin state is likely to be remain magnetically ordered at room temperature throughout 338 

its stability field. This conclusion is based on the large enthalpy difference that we find between 339 

AFM and FM ordering. The enthalpy difference grows with increasing pressure and is similar in 340 

magnitude to the difference between the AFM and FM ordering states of hematite (0.25 eV/Fe; 341 

(Rollmann et al. 2004)), which has a Neel temperature of 950 K. We would therefore expect 𝜀-342 

FeOOH to have a Neel temperature of similar magnitude based on our results, in agreement with 343 
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neutron diffraction experiments that show that AFM ordering exists in 𝜀-FeOOH to at least 423 344 

K (Pernet et al. 1975) and an estimated Neel temperature of 570 K (Pernet et al. 1973).  The low 345 

spin state is likely to be magnetically disordered at room temperature, as the difference in energy 346 

between AFM and FM ordering is much smaller than in the high spin state (by a factor of ~25).  347 

 348 

Our results suggest possible explanations for the sharpness of the high-spin to low-spin transition 349 

as seen experimentally. The experiments of Thompson et al. (2020), show that the transition 350 

interval is irresolvably sharp and no greater than 2 GPa. This is much less than the width of the 351 

high-spin to low-spin transition at room temperature seen in other systems: for example, 10 GPa 352 

in MgSiO3-Fe2O3 (Liu et al. 2018), or 18 GPa in Mg0.5Fe0.5O (Solomatova et al. 2016). We 353 

hypothesize that the width of the high spin to low spin transition in ε-FeOOH is limited by two 354 

factors. First is the presence of non-ideal interactions between high-spin and low-spin Fe cations. 355 

We find that the mixed-spin state is much higher in energy than the high-spin or low-spin states. 356 

This unfavorable energy of interaction is not included in the widely used ideal model of the spin 357 

transition (Tsuchiya et al. 2006) and has the effect of limiting the pressure interval of coexistence 358 

of high-spin and low-spin cations. Second is the presence of magnetic order. The ideal solution 359 

model, as typically applied, assumes the high temperature limit of magnetic entropy. But this 360 

limit may not be valid in the case of 𝜀-FeOOH because the Neel temperature of the high-spin 361 

state is likely to exceed room temperature at all pressures.  362 

 363 

Our calculations are quasiharmonic and we are therefore not able explore the possibility of H 364 

disorder in ε-FeOOH. Consideration of H disorder is motivated by neutron diffraction 365 

experiments on δ-AlOOH, which have been interpreted to show disorder of H between two 366 
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symmetrically equivalent positions along the O∙∙∙O line (Sano-Furukawa et al. 2018). On the 367 

other hand, another recent study based on static structural relaxations in density functional theory 368 

and nuclear magnetic resonance experiments argues against H disorder in δ-AlOOH (Trybel et 369 

al. 2021). We suggest that molecular dynamics simulations could be used to explore the 370 

possibility of H disorder in ε-FeOOH.   371 

 372 

Implications 373 

The presence of ε-FeOOH in Earth’s mantle could have significant effects on material properties 374 

due to the iron spin-transition and hydrogen bond symmetrization. The shear modulus shows a 375 

large increase at the high-spin to low-spin transition in ε-FeOOH (an 18% increase in shear 376 

modulus, or 3% increase in shear wave velocity); behavior that contrasts with other systems. For 377 

example, in ferropericlase, the shear modulus is continuous across the high-spin to low-spin 378 

transition (Yang et al. 2015; Marquardt et al. 2018). Possible seismic detection of the high-spin 379 

to low-spin transition in the mantle has therefore focused on the effect of the transition on the 380 

bulk modulus, and therefore the P-wave velocity (or bulk sound velocity) (Shephard et al. 2021). 381 

Our results show that the S-wave velocity may also be significantly affected by the spin 382 

transition in lower mantle phases other than ferropericlase. The bulk modulus anomaly 383 

associated with the high-spin to low-spin transition is caused by the volume collapse across the 384 

pressure interval of the transition. We have assumed in the case of ε-FeOOH, that the high-spin 385 

to low-spin transition is sharp, consistent with experiment, and therefore does not show any bulk 386 

modulus anomaly at room temperature, although it is possible that a narrow transition interval 387 

exists over which the bulk modulus anomaly would also exist.   388 
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Based on our results, the seismic signature of the spin transition in phase H may be more distinct 389 

than that in other systems undergoing spin transitions, including ferropericlase. In ferropericlase, 390 

the width of the transition is broader than the ideal case at all temperatures because of favorable 391 

interaction between high-spin and low-spin Fe (Holmström and Stixrude 2015), tending to mute 392 

the elastic signature of the transition. The width of the spin transition in ε-FeOOH is likely to 393 

increase with temperature. However, the unfavorable interaction between unlike spins in ε-394 

FeOOH is likely to limit the width of the transition as seen in phase H as compared with 395 

expectations based on ideal mixing of spin states.     396 

 397 

Our prediction of a narrow band gap in 𝜀-FeOOH raises the possibility that phase H may 398 

contribute to the electrical conductivity of the lower mantle as seen in electromagnetic sounding 399 

(Püthe et al. 2015). The narrow gap that we find is consistent with experimental observations of 400 

non-zero infrared transmission at all pressures measured from 23-72 GPa (Thompson et al. 401 

2020). Moreover, the experiments show increasing absorption with increasing pressure, in 402 

agreement with the decreasing band gap with increasing pressure that we find. Our results are 403 

also consistent with experimental measurements showing that the electrical conductivity 404 

increases with increasing pressure and is small in value, typical of semi-conductors (Wang and 405 

Yoshino 2021; Zhuang et al. 2022). On the other hand, the experiments show a rapid drop in 406 

transmission and a rapid increase in electrical conductivity at the high-spin to low-spin transition, 407 

whereas we find a slight increase in the band gap at the transition.  Further study of the 408 

relationship between the band structure, optical absorption, and electrical conductivity is 409 

therefore warranted.   410 
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Figure 1. The structure of the P21nm 𝜀-FeOOH phase in an (a) AFM HS state, (b) FM HS state, 607 

and (c) an AFM mixed-spin state. The solid black lines indicate unit cells, oxygen atoms are red 608 

spheres, hydrogen atoms are pink spheres, and iron atoms are gold spheres. Blue arrows 609 

represent the magnetic moment 𝜇 of the iron atoms. The arrow magnitude is related to the spin 610 

state (longer = high-spin; shorter = low-spin) and the arrow direction is related to the up/down-611 

spin of valence electrons (up = + 𝜇; down = - 𝜇). Image generated using the software VESTA 612 

(Momma and Izumi 2008). 613 

 614 

Figure 2. Enthalpy of FM and AFM states at static condition with respect to the AFM low-spin 615 

enthalpy. The arrow marks the pressure at which hydrogen bond symmetrization occurs, and x 616 

marks the AFM mixed spin enthalpy. 617 

 618 
Figure 3. O-H vs O-O bond distance in high-spin (circles) and low-spin (squares) states with 619 

pressure indicated by the color bar. The 2:1 line is shown in black. 620 

 621 
Figure 4. Pressure-volume equation of state for static and 300 K isotherms. Symbols in red, 622 

orange, and plum represent the asymmetric high-spin phase, the symmetric high-spin phase, and 623 

the symmetric low-spin phase at 300 K conditions. Dashed lines and solid lines represent the 624 

static and 300 K equations of state for each respective color. The blue line follows the stable 625 

phases. The vertical black dashed lines represent the hydrogen bond symmetrization and spin 626 

transition at 37 GPa and 45 GPa, respectively, at 300 K. Equation of state fit parameters V0, K0, 627 

and K0’ are 65.68 Åଷ, 168.55 ± 0.30 GPa, and 3.72 ± 0.01 for asymmetric high-spin, 64.48 Åଷ, 628 
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193.42 ± 0.43 GPa, and 3.51 ± 0.02 for symmetric high-spin, and 56.65 Åଷ, 236.56 ± 0.42 GPa, 629 

and 3.91 ± 0.01 for the symmetric low-spin at 300 K. 630 

 631 
Figure 5. Lattice parameter ratios with respect to pressure. Red and plum represents the AFM 632 

high-spin and AFM low-spin states, respectively, and are compared to experimental results 633 

(white symbols).  The vertical dashed lines represent the predicted 300 K pressure of the 634 

symmetrization transition (lower pressure) and the high-spin to low-spin transition (higher 635 

pressure). 636 

 637 
 638 
 639 
Figure 6. Elastic modulus with respect to pressure. Red and plum represent the AFM high-spin 640 

and AFM low-spin states, where closed and open symbols represent the asymmetric and 641 

symmetric states, respectively. Symbols representing stable phases are outlined in black. 642 

 643 
Figure 7. Left: Elastic properties of 𝜀-FeOOH with respect to pressure compared with 644 

experimental measurements from Ikeda et al. (2019) (white circles and squares correspond to 645 

bulk and shear modulus, respectively). Dotted plum lines are maximum and minimum values of 646 

shear modulus from single crystal wave velocities from our results. Right: vp and vs dependence 647 

on propagation direction at 3.4 GPa (solid), 23.3 GPa (dashed), and 94.4 GPa (dotted). 648 

 649 
Figure 8. Pressure dependence of optical mode frequencies compared to experimental data in 650 

white circles (Thompson et al., 2020).  651 

 652 
Figure 9. Computed IR intensities (left) and Raman intensities (right) with respect to pressure.  653 
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 654 
Figure 10. Electronic density of states at 3.4 GPa (top) and 94 GPa (bottom) with respect to s, p, 655 

and d orbitals. Inset shows the band gap dependence on pressure. 656 

 657 
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Table 1. Crystal structures of the P21nm and Pnnm phase with respect to pressure. 658 

Pressure 
(Static) 

Pressure 
(300 K) 

a (Å) b (Å) c (Å) Fe(y) H(x) H(y) O1(x) O1(y) O2(x) O2(y) 

P21nm            
 0* 4.958 4.461 3.005 0.219 0.46 0.35 0.352 0.497 0.658 0.005 

-5.88 -2.36 5.005 4.483 3.025 0.223 0.485 0.317 0.359 0.497 0.660 0.011 
0 3.44 4.936 4.403 2.987 0.227 0.486 0.303 0.357 0.490 0.656 0.014 

10 13.38 4.852 4.312 2.929 0.234 0.488 0.288 0.356 0.484 0.653 0.018 
20 23.34 4.788 4.247 2.878 0.240 0.492 0.275 0.355 0.480 0.651 0.021 
30 33.30 4.736 4.197 2.832 0.248 0.498 0.258 0.353 0.478 0.649 0.024 

Pnnm            
40 44.19 4.692 4.164 2.792 0.25 0.5 0.25 0.351 0.476 0.648 0.024 
50 54.24 4.518 3.983 2.666 0.25 0.5 0.25 0.348 0.485 0.651 0.015 
60 64.29 4.493 3.965 2.635 0.25 0.5 0.25 0.347 0.484 0.652 0.016 
70 74.33 4.471 3.948 2.605 0.25 0.5 0.25 0.347 0.483 0.653 0.017 
80 84.37 4.450 3.933 2.576 0.25 0.5 0.25 0.346 0.483 0.654 0.017 
90 94.41 4.432 3.920 2.549 0.25 0.5 0.25 0.345 0.482 0.654 0.018 

100 104.44 4.414 3.908 2.523 0.25 0.5 0.25 0.345 0.481 0.655 0.019 
* (Bolotina et al. 2008). Fe(x) = Fe(z) = H(z) = O1(z) = O2(z) = 0. 659 

 660 
 661 
 662 
Table 2. Elastic moduli cijkl0 and c’ijkl0 with reference state of P = 0 GPa and T = 300 K. 663 

 c11 c12 c13 c22 c23 c33 c44 c55 c66 
Asymmetric 

HS 
280(4) 78(5) 76(4) 234(6) 77(4) 272(3) 88(3) 73(1) 121(2) 

Symmetric 
HS 

333(3) 128(2) 97(1) 335(2) 120(2) 295(1) 95(1) 74(1) 135(1) 

Symmetric 
LS 

392(7) 147(1) 148(3) 384(2) 177(3) 319(3) 134(2) 99(2) 183(1) 

          
 c’11 c’12 c’13 c’22 c’23 c’33 c’44 c’55 c’66

Asymmetric 
HS 

6.65(8) 4.5(1) 3.01(8) 6.6(1) 3.83(8) 4.64(6) 0.67(6) 0.59(1) 2.06(5) 

Symmetric 
HS 

5.75(6) 3.85(5) 2.74(2) 4.99(5) 3.23(4) 4.19(2) 0.48(2) 0.51(1) 1.74(2) 

Symmetric 
LS 

5.92(1) 4.34(1) 3.27(3) 5.22(2) 3.53(4) 4.20(4) 0.24(3) 0.62(2) 2.24(2) 

 664 
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Figure 1 665 
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Figure 2 667 
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Figure 3 671 
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Figure 4 673 
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Figure 5 676 
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Figure 6 678 
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Figure 7 681 
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Figure 8 684 
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Figure 9 690 
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Figure 10 693 
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