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Oxygen and iron are the most abundant elements on Earth, and their compounds are key 22 

planet-forming components. While oxygen is pervasive in the mantle, its presence in the solid 23 

inner core (IC) is still debatable. Yet, this issue is critical to understanding the core-mantle 24 

co-evolution and the geomagnetic field generation. Thus far, iron monoxide (FeO) is the only 25 

known stoichiometric compound in the Fe–FeO system, and the existence of iron-rich FenO 26 

compounds has long been speculated. Here we report that iron reacts with FeO and Fe2O3 27 

at 220–260 GPa and 3,000–3,500 K in laser-heated diamond-anvil cells. Ab initio structure 28 

searches using the adaptive genetic algorithm indicate that a series of stable stoichiometric 29 

FenO compounds (with n > 1) can be formed. Like ε-Fe and B8-FeO, FenO compounds have 30 

close-packed layered structures featuring oxygen-only single layers separated by iron-only 31 

layers. Two solid solution models with compositions close to Fe2O, the most stable Fe-rich 32 

phase identified, explain the x-ray diffraction patterns of the experimental reaction products 33 

quenched to room temperature. These results suggest that Fe-rich FenO compounds with 34 

close-packed layered motifs might be stable under IC conditions. Future studies of the elastic, 35 

rheological, and thermal transport properties of these more anisotropic FenO solids should 36 
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provide new insights into the seismic features of the inner core, inner core formation process 37 

and composition, and the thermal evolution of the planet. 38 

 39 

Introduction 40 

The composition and the nature of solid phases in the Earth's core remain largely uncertain.1 While 41 

iron is the major component in Earth's liquid outer core (OC) and solid inner core (IC), seismology 42 

requires light elements to account for the IC and OC's "density deficit" relative to pure iron.2,3 S, 43 

Si, C, H, and O are the most likely light elements in the liquid core.4 Light elements may be 44 

incorporated into the solid IC as the OC continuously solidifies by forming iron-rich 45 

compounds,1,5,6 such as Fe7C3, Fe3S, and Fe3Si. High-pressure melting experiments found that 46 

eutectic Fe-FeO liquids can contain much oxygen, e.g., ~15 wt % at IC boundary conditions.7 47 

Modeling of core-mantle differentiation also indicates oxygen is a vital light element in the liquid 48 

core.8 The Fe-O system has shown rich stoichiometry under oxygen-rich conditions, e.g., recently 49 

discovered FeO2 under lower-mantle conditions.9,10 However, oxygen has been excluded from the 50 

IC because of its limited solubility in solid iron observed at low pressures and the absence of 51 

known Fe-rich Fe-O compounds.11,12 The discovery of stable solid Fe-O alloys at core pressures 52 

reported in this paper changes this view, potentially impacting our understanding of the origin of 53 

the density deficit contrast between the inner and outer core, outer core composition, inner core 54 

formation process, evolution, properties, etc..  55 

Few studies have attempted to identify such O-bearing Fe-rich solids. In particular, ab 56 

initio studies by Sherman13 and Alfè et al.14 addressed substitutional and interstitial FenO structural 57 

models that were unstable against decomposition into the end-members Fe and FeO. 58 

Weerasinghe et al.15 performed a crystal structure search on the Fe-O system and predicted the 59 

possible existence of low-enthalpy iron-rich FenO phases under core pressures. Still, none has yet 60 

been synthesized at core pressures. Previous studies have shown that FeO transforms from an 61 

insulating inverse-B8 phase to a metal with the NiAs-type (B8) structure at pressures higher than 62 

120 GPa.16,17 The latter features alternating single-species (Fe-only or O-only) close-packed layers 63 

with layered motifs similar to ε-Fe. Pure oxygen also becomes metallic at 96 GPa.18 The change 64 

of the chemical character of FeO and O at high pressures may change their solubility in solid iron 65 

at megabar pressures.19 Here, we combine high pressure and temperature (P-T) experiments and 66 

crystal structure predictions to search for iron-rich Fe-O compounds at pressures greater than 200 67 
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GPa. Because crystal structure searches identify low-temperature phases, we solve the x-ray 68 

diffraction (XRD) patterns of samples produced in P-T experiments but quenched to room 69 

temperature.  70 

 71 

Results and Discussion 72 

Experimental synthesis. We performed five high P-T experiments to synthesize FenO compounds. 73 

We carried out synchrotron XRD experiments on the Fe-FeO system under high P-T conditions 74 

using laser-heated diamond-anvil cells (LHDAC) at the Advanced Photon Source (APS) at 75 

Argonne National Laboratory, and Shanghai Synchrotron Radiation Facility (SSRF). Starting 76 

materials were mixtures of pure iron with FeO or Fe2O3 powder in a size range of submicron to a 77 

few microns (refer to details in Methods). Repetitive micro-second laser pulses were employed to 78 

heat the sample for a short period of ~1 sec. This laser heating strategy significantly reduced 79 

potential carbon diffusion from diamond anvils into the sample chamber (see Supplementary Note 80 

1). Samples were well insulated from the diamond anvils by the KCl pressure-transmitting medium 81 

and were heated up evenly on both sides to reach high temperatures readily. No reaction was 82 

observed in the first three runs at 100–200 GPa up to 2,600 K (Fig. S1), consistent with previous 83 

experimental studies of FeO.12,20 In run 4, the Fe–FeO mixture was compressed firstly to 220 GPa 84 

at room temperature. Upon laser pulse heating to 2,000–3,000 K, diffraction peaks of both ε-Fe 85 

and B8-FeO merely became sharper without the appearance of any new reflections. Further laser 86 

pulse heating to 3,000–3,200 K showed dramatic XRD pattern changes in a few seconds (left panel 87 

in Fig. S2). The integrated diffraction peak intensities of corresponding Fe and FeO phases reduced 88 

rapidly, indicating that iron reacted with FeO above 3,000 K and 220–230 GPa. A similarly rapid 89 

chemical reaction happened in run 5, starting from a Fe–Fe2O3 mixture, compressed to 200–250 90 

GPa at room temperature, and exposed to repetitive laser pulse heating. After reaching ~3,000 K, 91 

the peak intensities of the Fe and Fe2O3 phases decreased, while a set of additional diffraction 92 

peaks emerged (right panel in Fig. S2). At least until 260 GPa and 3,500 K, they remained 93 

unaltered before the anvils shattered upon further heating.  94 

The diffraction peaks of the new phases did not change significantly after quenching the 95 

sample to room temperature (see Figs. 1 and S2). The quenched new phase(s) remain (meta)stable 96 

at room temperature upon decompression to ~160 GPa. To improve the quality of the XRD patterns 97 

of the quenched samples, we rotated the DAC by ±10° around the incident x-ray beam direction. 98 
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This procedure significantly improved the XRD peak intensities relative to the background in these 99 

polycrystalline samples (Figs. S3 and S4). The short one-second data collection time makes this 100 

procedure very challenging at high P-T, and the high-temperature XRD patterns show a relatively 101 

higher background intensity (Fig. S2). This was another reason for using the XRD patterns 102 

collected at room temperature and 220–245 GPa to identify the new phases. The new diffraction 103 

peaks from Fe+FeO and Fe+Fe2O3 reactions show consistent d-spacings (Fig. S5), indicating 104 

similar phases are produced under different experimental conditions. The new peaks could not be 105 

indexed to high-pressure phases of known oxygen-rich Fe-O compounds (e.g., Fe4O5, Fe5O6, 106 

Fe5O7, Fe2O3+δ, and FeO2 in Fig. S6),10,21-24 or iron carbides (e.g., Fe7C3 and Fe3C in Fig. S7).25-27  107 

 108 

Crystal structure prediction. To solve the XRDs, we first conducted crystal structure searches 109 

for FenO (n > 1) compounds using the adaptive genetic algorithms (AGA) at 215 GPa.28 By 110 

searching in a wide range of Fe-rich compositions (see details in Methods), several new 111 

stoichiometric FenO phases are found to be more stable than the combination of two endmembers, 112 

ε-Fe and B8-FeO. Figure 2a shows the convex hull obtained from these crystal structure searches. 113 

Four compounds with Fe3O (space group 𝑃63/𝑚𝑚𝑐), Fe2O (𝑃3̅𝑚1), Fe3O2 (𝑅3̅𝑚), and Fe4O3 114 

(𝑅3̅𝑚) stoichiometries are ground states at 215 GPa. The Fe6O5 (𝑅3̅𝑚) phase is very close to the 115 

convex hull with only 0.2 meV/atom above it. All these new Fe-rich compounds have single 116 

species (Fe-only or O-only) hexagonal close-packed layers, similar to the endmember phases ε-Fe 117 

(𝑃63/𝑚𝑚𝑐) and B8-FeO (𝑃63/𝑚𝑚𝑐) (Fig. 2b). Furthermore, most low-enthalpy compounds also 118 

have hexagonal close-packed layers, as noted by the red symbol in Fig. 2a.  119 

To study the close-packing motifs in these phases, we select structures whose formation 120 

enthalpies are within 26 meV/atom (~300 K) above the convex hull. The lattice parameter c of 121 

these structures displays nearly linear dependence on the number of layers in the primitive cell 122 

(Fig. 2c), suggesting a similar layered motif in all these structures. Examining these structures' 123 

stacking sequences, we find a simple compound formation rule. Only seven different three-layer 124 

stacking sequences out of twelve possible ones are present in these low-energy structures (see Fig. 125 

2d). The Fe-Fe-Fe layer sequence favors the ABA stacking more than the ABC, consistent with 126 

the stacking in ε-Fe. Layer sequences involving oxygen, e.g., Fe-O-Fe or Fe-Fe-O, favor the ABC 127 

stacking over the ABA. Five arrangements involving adjacent O-O layers, e.g., Fe-O-O or O-Fe-128 

O with ABA stacking are absent among these structures. Therefore, O-only layers are well 129 
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separated from each other. This stacking rule explains why previously proposed FenO models are 130 

unstable.13,14 They included oxygen as substitutional and interstitial ions. The BiI3-type (R-3) 131 

model is hexagonal,14 but the oxygen layers are not close-packed. All those atomic arrangements 132 

have high enthalpy. A previous computational search found an Fe3O hexagonal structure (P6̅m2)15 133 

more similar to the 𝑃63/𝑚𝑚𝑐 ground state revealed here. However, the enthalpy of the P6̅m2 134 

phase is still ~10 meV/atom higher than the 𝑃63/𝑚𝑚𝑐 phase (Fig. S8). Further calculations up to 135 

IC pressures confirm the stability of 𝑃63/𝑚𝑚𝑐 Fe3O against the decomposition into Fe and FeO 136 

(Fig. S8). The dynamic stability of these new phases is also confirmed at both 215 GPa and 380 137 

GPa (Fig. S9). High temperatures typical of the IC might introduce anharmonic effects that should 138 

be investigated carefully using appropriate methods for high-temperature calculations.29-31 139 

 140 

XRD solutions. We first compare the predicted XRD patterns of the computationally identified 141 

FenO phases with the experimental ones. The four FenO phases in the convex hull can partially 142 

match the XRD lines of the quenched reaction products but do not provide a complete 143 

interpretation of the diffraction patterns (Fig. S10). By including a few metastable FenO phases, 144 

the multi-phase aggregate XRD better matches the experimental data at both 220 GPa and 245 145 

GPa (Fig. S11). Considering that all these FenO phases follow the same basic stacking rule, we 146 

anticipate the entropic stabilization of disordered solid solutions at high temperatures. To clarify 147 

this point, we set up Reverse Monte Carlo (RMC) simulations of supercell structures with up to 148 

60 layers (~10 nm) to search for the Fe/O stacking sequence that best matches the experimental 149 

XRD patterns. The interlayer distances were set using the most probable spacings found in the 150 

crystal structures identified with the AGA (see Fig. 3a and refer to Methods for more details of 151 

RMC simulations).  152 

The XRD deviation, 𝐷𝑋𝑅𝐷, which is the criterion used to select preferred structures during 153 

the RMC sampling, is defined as 𝐷𝑋𝑅𝐷 = √〈(𝐼𝑒𝑥𝑝(2𝜃) − 𝐼𝑠𝑖𝑚(2𝜃))2〉 , i.e., the mean square 154 

deviation between the simulated, 𝐼𝑠𝑖𝑚, and the experimental, 𝐼𝑒𝑥𝑝, peak intensities. The 2𝜃 range 155 

analyzed is restricted to 9.2–10.2° at 220 GPa and 10.6–11.6° at 245 GPa, corresponding to the 156 

prominent peaks of the new reaction products in Fig. 1. Fig. 3b shows 𝐷𝑋𝑅𝐷 values for different 157 

supercell sizes and iron concentrations obtained in RMC simulations. The smallest 𝐷𝑋𝑅𝐷 at 220 158 

GPa points to a 42-layer structure with chemical composition Fe28O14 shown in Fig. 3c. This 159 

structure's XRD matches all additional experimental peaks of reaction products. Ab initio 160 
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calculations show the formation enthalpy of this phase is only 28 meV/atom above the convex hull. 161 

This supercell's calculated equation of state agrees well with the experimental one (see 162 

Supplementary Note 2 and Fig. S12), confirming that this structure and composition are a 163 

reasonable solution for the experimental XRD. A similar RMC was performed to solve the XRD 164 

of the reaction products of Fe and Fe2O3 at 245 GPa (Fig. S13). A 38-layer structure solution with 165 

composition Fe25O13 can match the experimental data well, as shown in Fig. S3. Analyses of these 166 

structural models indicate they represent structures lacking long-range stacking or chemical order. 167 

However, they display medium-range structural order (MRO), i.e., domains with preferred 168 

stacking order at the scale of ~20 atomic layers (~30 Å) (see Supplementary Note 3 and Figs. S14-169 

S16). Some short-range-order domains are also observed, e.g., the 5-layer sequence FeOFeOFe 170 

appears several times in Figs. S15c,d and S16a,b. The combination of and interference between 171 

the MRO domains give rise to the multi-peak patterns in the experimental XRD. The new reaction 172 

products likely consist of a disordered alloy with compositional fluctuation in the structure. The 173 

rapid temperature quench of these entropically stabilized high-temperature phases retains the 174 

disordered nature of the high-temperature phase. The high inner core temperatures may favor the 175 

stabilization of these high entropy phases. On the other hand, the long geological time scale may 176 

equilibrate an aggregate also containing the stoichiometric FenO phases predicted on the convex 177 

hull. The formation of a single disordered phase vs. an aggregate containing the stoichiometric 178 

FenO compounds depends on the entropy versus enthalpy competition in FenO which will define the 179 

high P-T Fe-FeO phase diagram at relevant conditions. 180 

 181 

Electronic density of states. Figure 4 shows the electronic density of states (DOS) of ε-Fe, Fe3O, 182 

Fe2O, and B8-FeO at 215 GPa and Tel = 3,000 K. All FenO phases discovered are metallic. In ε-183 

Fe, the Fermi level falls on a valley (Fig. 4a), while in B8-FeO, it falls on a peak. Consistently, in 184 

FenO the carrier density increases systematically with increasing oxygen content. In Fe2O, the 185 

Fermi level falls on a shallow valley, and the DOS has features resembling those of ε-Fe and FeO. 186 

Fe3O has two kinds of iron: those with (Fe1, Fe2, Fe4, Fe5) and those without (Fe3, Fe6) oxygen 187 

first neighbors (see Fig. 4). Fe3-type iron's contribution to the DOS (red area in Fig. 4b) resembles 188 

that of ε-Fe, while Fe1-type iron's contribution (blue area in Fig. 4b) resembles Fe2O's.  189 

The chemical bonding nature in FenO phases is analyzed using electron localization 190 

function (ELF) and Bader charge transfer.32-34 Figure 5 shows the ELF cross-sections in the (110) 191 
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plane containing both Fe and O atoms for ε-Fe, Fe3O, Fe2O, and B8-FeO. In ε-Fe, the ELF is 192 

relatively uniform. In B8-FeO, valence electrons are more concentrated near oxygens, while Fe 193 

layers maintain a relatively uniform electron density. In Fe3O and Fe2O, adjacent Fe-Fe layers 194 

show similar ELFs as in ε-Fe, while adjacent Fe-O layers have ELFs like those in B8-FeO. Table 195 

1 shows Bader charge transfers in these compounds. Approximately 0.97 electrons transfer from 196 

Fe to O in B8-FeO. In Fe3O and Fe2O, O ions gain roughly the same number of electrons, but the 197 

electron loss per Fe in Fe2O is 0.47, i.e., half of that in FeO. In Fe3O, Fe without O neighbors 198 

(Fe3/Fe6) shows almost no electron loss, while Fe with O neighbors (Fe1/Fe2/Fe4/Fe5) shows an 199 

electron loss of 0.45, similar to Fe in Fe2O. Therefore, electronic DOS, chemical bonding, and 200 

charge transfer in FenO phases can be interpreted by recalling those in the endmember phases, i.e., 201 

ε-Fe and B8-FeO. This seemingly simple and sort-of-short-range interaction between Fe and B8-202 

FeO suggests several stoichiometries are possible in the Fe-FeO system, i.e., FenO phases 203 

containing O-only and Fe-only close-packed layers stacked in different ways that depend on n. An 204 

entropically stabilized alloy with stacking disorder is likely to form at high temperatures. 205 

 206 

Geophysical implications. Our high P-T experiments show that Fe and FeO/Fe2O3 react at 220–207 

260 GPa at temperatures higher than 3,000 K. At the same time, our ab initio crystal structure 208 

prediction identifies several stable FenO phases with n > 1 at similar pressure conditions. These 209 

newly identified phases differ from previously suggested FenO models,13,14 and consist of single 210 

species (Fe-only or O-only) close-packed layers in various stacking sequences with O-only single 211 

layer always separated by Fe-only layers. The best solutions for the experimental XRD peaks of 212 

the new phases quenched to room temperature point to structures lacking long-range chemical or 213 

stacking order. Still, with average compositions close to Fe2O, i.e., that of the most stable phase 214 

identified computationally in the Fe-FeO system. With this in mind, the new high-temperature 215 

reaction products are likely entropically stabilized solid solutions whose intrinsic disorder is 216 

retained upon quenching. Notably, these high entropy phases may be favored over stoichiometric 217 

compounds (e.g., Fe2O and Fe3O) at high inner core temperatures. In general, the presence of 218 

oxygen layers should make FenO alloys more anisotropic from the elastic and thermal transport 219 

points of view compared to pure iron. These properties must be carefully investigated since they 220 

are essential for understanding the core's thermal evolution and seismic features, including the 221 

inner core's age, energy source powering the geodynamo, and seismic heterogeneities.35,36  222 
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In addition, this layered alloy structure could also exist in other Fe-light elements, such as 223 

hydrogen and carbon.37 (THIS IS SPECULATIVE AND I DON'T THINK IT BELONGS 224 

HERE)  225 

Oxygen has been proposed to be a likely light element alloyed with Fe in the liquid OC.8 226 

It has been suggested that an oxygen-rich liquid OC adjoining an oxygen-deprived solid IC might 227 

account for global seismic observations of the density jump across the IC-OC boundary.11 The 228 

successful syntheses of solid Fe-rich FenO phases here suggest that the solid IC may also 229 

incorporate a significant amount of oxygen. The result is a less drastic oxygen partitioning between 230 

the OC and the IC and, consequently, a more complex origin of this density deficit contrast, with 231 

other elements also playing a significant role.8 In addition, forming solid Fe-rich FenO phases via 232 

IC nucleation and growth would affect the associated latent heat release from the IC to power the 233 

geodynamo through geological time.46 234 

Oxygen has been present in every stage of Earth's formation and evolution, and chemical 235 

interactions in the deep Earth involve oxygen transfer between the core and mantle.38-40 It has been 236 

suggested that the precipitation of MgO, FeO, and SiO2 in the OC could have provided 237 

gravitational energy to drive early core convection and the Earth's ancient magnetic field before 238 

the formation of the Earth's solid inner core.41-45 Incorporation of oxygen in solid FenO phase(s) 239 

extends the deep oxygen cycle to the IC and impacts this precipitation process. Future studies of 240 

multiple element partitioning, including oxygen, between solid and liquid Fe will help clarify the 241 

relative abundances of the light elements, the origin of the density deficit in both regions, and 242 

many other processes involving the Earth's core evolution.  243 

 244 

Methods 245 

Sample preparation and characterization. Starting materials of pure iron (C.A.S. # 7439-89-6) 246 

mixed with FeO (C.A.S. # 1345-25-1) or Fe2O3 (C.A.S. # 1309-37-1) powders with grain sizes 247 

ranging from submicron to a few microns were prepared in the Fe/O ratio ~3:1. Each of the two 248 

mixtures was mechanically ground for 90 minutes in a glove box filled with Ar. Pairs of single or 249 

double-beveled diamond anvils with culet sizes of 50–300 or 60–180–300 μm were used for laser-250 

heated diamond anvil cell (DAC) experiments. The sample disk of each Fe-O mixture was 251 

compressed to ~3 μm thick and 14–16 μm across was selected and loaded into a sample chamber 252 

measuring 20–25 μm across consisting of a pre-indented Re gasket. Each sample platelet was 253 
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sandwiched between two dried KCl platelets used as the pressure-transmitting medium and 254 

thermal insulation layers. The whole DAC sample assembly was sealed in a vacuum using a high-255 

pressure gas loading system after being evacuated for 30 minutes before each sample chamber was 256 

compressed to high pressures. Before reaching a target pressure, XRD patterns were collected at 257 

~30 GPa to confirm the presence of both iron and iron oxide. 258 

Synchrotron x-ray diffraction experiments. XRD measurements were conducted at beamlines 259 

13-IDD of the Advanced Phonon Source (A.P.S.), Argonne National Laboratory (A.N.L.). A 260 

highly monochromatized x-ray source with an energy of 42 keV (0.2952 Å) was used as the 261 

incident x-ray beam and focused down to a 2–5 μm spot size (full width at half maximum (FWHM)) 262 

at the sample position. Each DAC was compressed to high pressure at room temperature to prepare 263 

for laser heating experiments. The pressure was determined from lattice parameters of hcp-Fe and 264 

B2-KCl, generally with an uncertainty of 2–5 GPa.47 At targeted pressures, two infrared laser 265 

beams were focused on 20–30 μm spots (FWHM) on both sides of the sample. They were co-266 

axially aligned with the incident x-ray beam using the x-ray-induced luminescence on the sample 267 

and/or ruby. We estimate the temperature of the heated samples by fitting measured thermal 268 

radiation spectra with the gray-body assumption function. The temperature uncertainty was within 269 

100–200 K based on multiple temperature measurements on both sides. 270 

Adaptive genetic algorithm search. We searched for crystal structures of Fe-rich FenO using the 271 

adaptive genetic algorithm (AGA),28,48,49 which combines ab initio calculations and auxiliary 272 

interatomic potentials described by the embedded-atom method in an adaptive manner to ensure 273 

high efficiency and accuracy. The structure searches were only constrained by the chemical 274 

composition, without any assumption on the Bravais lattice type, symmetry, atom basis, or unit 275 

cell dimensions. A wide range of different Fe-rich compositions (i.e., 2:1, 3:1, 3:2, 4:1, 4:3, 5:1, 276 

5:2, 5:3, 5:4, 6:1, 6:5, 7:1, 8:1, 9:1) were selected with up to 25 atoms in the unit cell to perform 277 

the search. Each AGA run contains a genetic algorithm (GA) loop accelerated by interatomic potential 278 

and a density functional theory (DFT) calculation loop to refine the potential. The candidate pool in 279 

the GA search contained 64 structures. In each GA generation, 16 new structures were generated from 280 

the parent structure pool via the mating procedure. The structures in the pool were updated by keeping 281 

the lowest-energy 64 structures. The structure search with a given auxiliary interatomic potential 282 

sustained 1,000 consecutive GA generations. After one GA loop, 16 structures were randomly 283 
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selected for static DFT calculation to refine the potential. This process was repeated 80 times, followed 284 

by DFT structure optimization on unique crystal structures. 285 

Ab initio calculations. We carried out ab initio calculations using the projector augmented wave 286 

(PAW) method within DFT as implemented in the VASP code.50-52 The exchange and correlation 287 

energy are treated with the generalized gradient approximation parameterized by the Perdew-288 

Burke-Ernzerhof formula.53 PAW potentials with valence electronic configurations 3d74s1 and 289 

2s22p4 were used for Fe and O atoms, respectively. The hard-core PAW potential with 3p63d74s1 290 

for Fe is also tested. Both Fe PAWs show consistent results (see Supplementary Note 4 and Fig. 291 

S17). The Mermin functional is employed.54,55 A plane-wave basis set was used with a kinetic 292 

energy cutoff of 650 eV. During the AGA search, the Monkhorst-Pack sampling scheme was 293 

adopted for Brillouin zone sampling with a k-point grid of 2π × 0.033 Å−1,56 and the ionic 294 

relaxations stopped when the forces on every atom became smaller than 0.01 eV/Å. The energy 295 

convergence criterion is 10−4 eV. Phonon calculations were performed using density functional 296 

perturbation theory implemented in the VASP code and the Phonopy software,57,58 with a k-point 297 

grid of 2π × 0.033 Å−1 and supercells of 3 × 3 × 2 for Fe2O (54 atoms), 2 × 2 × 2 for Fe3O (64 298 

atoms), 2 × 2 × 2  for Fe3O2 rhombohedral lattice (40 atoms) and 2 × 2 × 2  for Fe4O3 299 

rhombohedral lattice (56 atoms). 300 

Reverse Monte Carlo (RMC) simulations. The RMC simulations were performed by randomly 301 

changing the chemistry (Fe/O ratio) and layer stackings in the supercells of the hexagonal lattice. 302 

There is no restriction of overall Fe/O concentration in the supercell. The only criterion to select 303 

preferred structures during the random sampling is based on the XRD deviation 𝐷𝑋𝑅𝐷 =304 

√〈(𝐼𝑒𝑥𝑝(2𝜃) − 𝐼𝑠𝑖𝑚(2𝜃))2〉, which is the mean square deviation of intensities between simulated, 305 

𝐼𝑠𝑖𝑚 , and the experimental, 𝐼𝑒𝑥𝑝 , XRDs. The smaller 𝐷𝑋𝑅𝐷 , the better the agreement with the 306 

experimental data. The acceptance rate during the RMC simulation follows the typical Metropolis 307 

acceptance rule as 𝑝 = 𝑒−𝛽∆𝐷, where ∆𝐷 is the change of XRD deviation between two MC steps. 308 

𝛽 is a scaling factor that makes the overall acceptance rate around 20%. The structure is updated 309 

if the stacking changes during the R.M.C. simulation. The interlayer distances were set using the 310 

most probable spacings shown in Fig. 3a. According to Fig. 2d, only seven out of twelve stacking 311 

sequences appeared in the low-energy structures found with the A.G.A. search. Stackings other 312 

than the seven preferred ones in the R.M.C. simulations were discouraged by assigning large ∆𝐷s. 313 
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The R.M.C. simulations used supercells containing 20 to 60 layers. Each simulation was repeated 314 

independently 30 times. 315 

 316 
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  480 

Figure 1 | Typical X-ray diffraction patterns of quenched samples collected before and after 481 

the reaction of Fe with FeO at 220 GPa and Fe2O3 at 245 GPa at high temperatures. Left 482 

panel: B8-FeO has lattice parameters a = 2.3480(17) Å and c = 4.7901(41) Å; hcp-Fe has a = 483 

2.1792(19) Å and c = 3.4865(32) Å; hcp-Re has a = 2.4733 (23) Å and c = 3.9944(47) Å; cubic 484 

B2-KCl has a = 2.7292(53) Å at 215-220 GPa and room temperature; B2 denotes B2-FeO. Right 485 

panel: Starting materials were a mixture of iron and hematite; hcp-Fe has a = 2.2195(81) Å and c 486 

= 3.5220(115) Å at 190 GPa, and a = 2.1489(68) Å and c = 3.4391(95) Å at 245 GPa and room 487 

temperature; Fe2O3 has a = 2.2903(57) Å, b = 7.3913(116) Å and c = 5.5172(81) Å at 190 GPa, 488 

and a = 2.2412(45) Å, b = 7.2328(103) Å and c = 5.3989(81) Å at 245 GPa and room temperature; 489 

cubic B2-KCl has a = 2.7705(64) Å at 190 GPa and a = 2.7024(71) Å at 245 GPa at room 490 

temperature. Vertical ticks: ε-Fe (black), B2-FeO (red), B8-FeO (magenta), post-perovskite Fe2O3 491 

(orange), B2-KCl (olivine), and Re gasket (grey). Blue shaded areas highlight some of the new 492 

diffraction peaks that emerged at the expense of Fe and FeO/Fe2O3 peaks when the temperature 493 

reaching 3,000-3,200 at 220 GPa and 3,300-3,500 K at 245 GPa, respectively (see Figs. S3-S4 for 494 

the indexing to the reaction products).   495 
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 496 

 497 

Figure 2 | Crystal structure of identified FenO compounds at 215 GPa. (a) The formation 498 

enthalpy of AGA-searched compounds referenced by the dashed line shows their relative stability 499 

relative to the decomposition into ε-Fe and B8-FeO. The solid line indicates the convex hull 500 

formed by the thermodynamically stable compounds. Red symbols show structures with hexagonal 501 

close-packed layers. (b) Crystal structures of four Fe-rich compounds in the ground states. Gold 502 

and red circles represent iron and oxygen, respectively. (c) Lattice parameter c of low-energy 503 

close-packed crystals as a function of the number of layers. (d) Frequency of structural and 504 

chemical order in the nearest neighbor layers of the low-energy close-packed crystals. 505 

 506 
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 507 

 508 

Figure 3 | Reverse Monte Carlo simulation of Fe28O14 structure. (a) Distribution of middle 509 

layer spacings with different neighboring layers. Legends indicate chemical elements in the first 510 

and second nearest neighbor layers, e.g., "OFe-FeO" denoting that Fe layers are the first nearest 511 

neighbor and O layers are the second nearest neighbors. The red curve is a Gaussian distribution 512 

fitting. (b) Oxygen concentration and XRD deviation (DXRD) of supercell structures from RMC 513 

simulation. Each point represents the final structure from one R.M.C. simulation. The color bar 514 

indicates the number of atoms in the supercell. (c) The comparison between diffraction patterns 515 

by experiments at 220 GPa and the Fe28O14 supercell XRD produced by RMC simulations. The 516 

incident x-ray wavelength (λ) is 0.2952 Å. Vertical ticks: Fe28O14 (black), B2-FeO (orange), B8-517 

FeO (green), B2-KCl (magenta), and hcp-Re (blue). The lower panel shows the simulated crystal 518 

structure of Fe28O14. 519 

  520 
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 521 

 522 

Figure 4 | Projected DOS of Fe 3d electrons in Fe and FenO compounds at 220 GPa and Tel = 523 

3,000 K. (a) ε-Fe. The dashed line indicates the Fermi level. (b) Fe3O (space group 𝑃63/𝑚𝑚𝑐). 524 

The blue area shows the partial DOS of Fe ions with oxygen neighbor layers (i.e., Fe1, Fe2, Fe4, 525 

and Fe5 shown in the crystal structure), while the red area shows the partial DOS of Fe ions without 526 

oxygen neighbors (Fe3, Fe6). The green area shows the partial DOS of O. (c) Fe2O (𝑃3̅𝑚1). (d) 527 

B8-FeO. Gold and red spheres represent iron and oxygen ions, respectively. The DOS is 528 

normalized by dividing the total number of atoms in the cell. 529 

  530 
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 531 

 532 

Figure 5 | Electron localization function. (a) ε-Fe, (b) Fe3O (space group 𝑃63/𝑚𝑚𝑐), (c) Fe2O 533 

(𝑃3̅𝑚1), and (d) B8-FeO. Gold and red spheres represent iron and oxygen, respectively. 534 

  535 
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Table 1 | Bader charge analysis of the FenO phases. The indices of Fe in Fe3O correspond to 536 

those in Figs. 4b and 5. 537 

Phase Fe O 

ε-Fe 0 \ 

Fe3O (𝑃63/𝑚𝑚𝑐) 
Fe1/Fe2/Fe4/Fe5: +0.45 

Fe3/Fe6: +0.01 
-0.91 

Fe2O (𝑃3̅𝑚1) +0.47 -0.94 

B8-FeO +0.97 -0.97 

  538 
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Supplementary Note 1 | Experimental XRD patterns and the examination of Fe-C solution. 567 

We employed repetitive laser pulses to reduce the likelihood of breaking diamond anvils 568 

significantly. Short heating durations of a few µs in each pulse reduce carbon diffusion and 569 

contamination from the sample chamber by the diamond anvils. A few XRD patterns obtained 570 

from different experimental conditions and post-analysis are shown in Figs. S1−S7. Fig. S1 shows 571 

the XRD without reaction at 183 GPa and 2,000 K. Fig. S2 shows high-pressure and high-572 

temperature XRDs at ~200−260 GPa, 2,200−3,500 K. Figs. S3 and S4 show room-temperature 573 

XRDs with the Fe25O13 and Fe28O14 solutions, respectively. Fig. S5 shows the room-temperature 574 

XRD of quenched samples in d-spacing units. Fig. S6 shows the comparison between room-575 

temperature XRD and known oxygen-rich FeO compounds. 576 

To rule out the possibility of a reaction between Fe and C from the DAC, we compare in 577 

Fig. S7 XRD patterns of known Fe-C compounds with the experimental XRD data at room 578 

temperature and 220 GPa and 245 GPa. Fe3C (Pnma) and Fe7C3 (Pbca) are the two main Fe-C 579 

compounds stable under high P-T conditions relevant to our experiments.25-27 At 220 GPa, neither 580 

Fe3C nor Fe7C3 can explain the prominent unrecognized diffraction peaks in the 9.6 to 10.2 degrees 581 

range. At 245 GPa, Fe3C or Fe7C3 cannot explain the unrecognized diffraction peaks in the 11.0 to 582 

11.3 degrees range either. These factors exclude the two Fe-C phases as the main reason for the 583 

additional XRD peaks in the current data. 584 

 585 

Supplementary Note 2 | Equation of states of the close-packed FenO phases. 586 

To further validate the supercell model of Fe28O14, we compared its static equation of state 587 

(EoS) with the experimental data collected upon decompression at room temperature (Fig. S12). 588 

The comparison demonstrates the current model well describes the compressive behavior of the 589 

reaction product. The slightly smaller calculated volumes of Fe28O14 are expected owing to the 590 

absence of vibrational effects in the calculation.59 The Fe28O14 model is too large and anisotropic 591 

to perform phonon calculations with the frozen phonon method or density functional perturbation 592 

theory. Therefore, to evaluate the vibrational contribution, we use the Fe2O ground state structure 593 

(𝑃3̅𝑚1 phase in the main text) and compute the static and the 300K EoSs using the quasiharmonic 594 

approximation (QHA).60 The vibrational effect on the EoS of Fe2O at 300 K is shown in Fig. S12. 595 

A similar effect is anticipated in the EoS of Fe28O14, which improves agreement between calculated 596 

and measured volumes at 300 K. The difference between the static volumes of the Fe28O14 structure 597 
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model and Fe2O can be attributed to the disordered nature of Fe28O14. The remaining difference is 598 

typical of ab initio calculations. 599 

 600 

Supplementary Note 3 | Chemical and structural orders in the FenO close-packed hexagonal 601 

lattices. 602 

We analyzed the chemical and structural orders of the supercells obtained from Reverse 603 

Monte Carlo (RMC) simulations (Fig. 3 in the main text and Fig. S13) to explore the meaning of 604 

these solutions. We smeared the iron density profile along the c direction using a Gaussian with 605 

FWHM of 9.0 Å, corresponding to ~6-layer spacings. Figure S14 shows that the Fe28O14 and 606 

Fe25O13 structures have significant compositional variations in the nanometer scale ranging from 607 

Fe5O2 to Fe3O2. Although the average Fe/O ratio of the initial Fe-FeO sample mixture was 3:1, the 608 

laser-heated spot centered around a FeO-rich area and the main reaction product appears to have a 609 

composition of Fe2O or nearly so. This is not surprising since Fe2O is the most stable (with the 610 

lowest formation enthalpy) composition in the convex hull. Still, without knowing the phase 611 

diagram in detail, it is impossible to predict if the reaction would have followed to completion to 612 

produce a phase with an average composition of Fe3O had the sample been heated longer. The fast 613 

reaction process likely causes compositional fluctuations during the short laser heating period. 614 

Rapid quenching of an entropically stabilized high-temperature phase also contributes to the 615 

observed disorder. 616 

A characteristic feature of the XRD patterns at 220 and 245 GPa is their multi-peaks 617 

structure in a small 2θ range. To explore the origin of these peaks, we plot the corresponding lattice 618 

planes in the supercell. As shown in Fig. S15a and b, the three main XRD peaks at 220 GPa 619 

correspond to the Miller indices (0,1,18), (0,1,-17), and (0,1,16). The main peaks at 245 GPa 620 

correspond to indices (0,1,14), (0,1,-13) and (0,1,-11). The corresponding lattice planes are shown 621 

in Fig. S15c and d. Visual examination of these structures reveals multi-layer domains with distinct 622 

stacking types. They are more easily distinguished by tilting the paper and examining these figures 623 

horizontally with the line of sight parallel to the lines specifying the crystalline planes. In both 624 

cases, two major domains can be identified in Fig. S16a and b. In Fe28O14, domain A is Fe16O8, 625 

while domain B is Fe12O6. They contribute differently to the peak intensities. As shown in Fig. 626 

S16c, domain A mainly contributes to (0,1,18) and (0,1,-17) peaks, while domain B largely 627 

contributes to (0,1,16) and (0,1,14) peaks. Neither of the single domains can fully describe the 628 
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XRD. Interference among them is also important as it leads to the suppression of the (0,1,15) peak. 629 

Similar behavior is observed in the Fe25O13 supercell in Fig. S16d.  630 

These analyses conclude that these supercell solutions represent structures lacking long-631 

range stacking or chemical order. However, they display medium-range structural order (MRO), 632 

i.e., domains with preferred stacking order but lacking chemical order at the scale of ~20 atomic 633 

layers or ~30 Å. Similar structures have been observed in layered alloys produced from high-634 

temperature solid solutions61. The combination and interferences of the MRO domains give rise to 635 

complex multi-peak patterns in the current experimental XRD. 636 

 637 

Supplementary Note 4 | Consistency of PAW potentials. 638 

We used projector augmented wave (PAW) potentials from the VASP software with the 639 

valence electron of 3d74s1 for Fe (noted as PAW8) and 2s22p4 for O. This PAW8 potential is more 640 

efficient for the structure optimization in the crystal structure prediction algorithm with thousands 641 

of structures. PAW8 was previously used to discover FeO2 and showed predictive accuracy9.  642 

Here, we study the effect of PAW potential by comparing the enthalpy of the FenO 643 

compounds using the hard-core Fe potential with valence electron of 3p63d74s1 (noted as PAW16). 644 

Fig. S17a shows that using PAW16, the enthalpy values of the predicted lowest-enthalpy structures 645 

are systematically lower than those predicted using PAW8. However, it is the enthalpy of 646 

formation that determines relative stabilities. The formation enthalpies calculated by the two PAW 647 

potentials differ by less than ~3 meV/atom, as shown in Fig. S17b. Both PAW potentials produce 648 

similar convex hulls. Therefore, PAW8 is sufficiently accurate to describe the FenO phases at 649 

pressures of interest. 650 

   651 
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  652 

 653 

Figure S1 | Representative x-ray diffraction pattern collected at 183 GPa and 2000 K. A 654 

mixture of Fe and FeO was used as starting materials. B8 and rB1 labels denote the NiAs-type (B8) 655 

and rhombohedral (rB1) phases of FeO, respectively. The x-ray wavelength (λ) used is 0.3344 Å. 656 

Known structures explain all peaks. 657 

 658 
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  659 

 660 

Figure S2 | Representative x-ray diffraction patterns collected at simultaneously high-661 

pressure and high-temperature conditions before and after the reaction of Fe with FeO (left) 662 

and Fe2O3 (right). Left panel: The mixture of polycrstalline Fe and FeO was used as starting 663 

material. B2 and B8 labels denote the CsCl-type (B2) and NiAs-type (B8) phases of FeO, 664 

respectively. The x-ray wavelength (λ) used is 0.2952 Å. Right panel: The mixture of 665 

polycrystalline Fe and Fe2O3 was used as starting material, with KCl used as the pressure-666 

transmitting medium and pressure calibrant. The x-ray wavelength (λ) used is 0.3344 Å. The blue 667 

areas highlight some of the new diffraction peaks that emerged at the expense of Fe and FeO peaks 668 

when the temperature reached 3,000−3,200 K at pressures greater than 220 GPa. Vertical ticks: ε-669 

Fe (black), B2-FeO (red), B8-FeO (magenta), post-perovskite Fe2O3 (orange), B2-KCl (olivine), 670 

and Re gasket (grey). 671 
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 673 

 674 

Figure S3 | Representative XRD pattern of iron and hematite Fe2O3 reaction products at core 675 

pressures at 245 GPa. The pattern at 245 GPa was collected at room temperature after the laser-676 

heated sample was quenched from 3,300−3,500 K at 250−260 GPa. The red curve denotes the Le 677 

Bail refinements, whereas the gray line represents the refinement residue. Vertical ticks: hexagonal 678 

Fe25O13 (orange), ε-Fe (black), post-perovskite Fe2O3 (magenta), and B2-KCl (blue). The mixture 679 

of polycrystalline Fe and α-Fe2O3 (hematite) was used as starting material. KCl served as pressure 680 

calibrant and thermal insulation, as shown in the inset. Re is the gasket material. The x-ray 681 

wavelength (λ) was 0.3344 Å. The blue areas highlight some of the new diffraction peaks. The 682 

Fe25O13 supercell has a = 2.2082(34) Å and c = 55.082(49) Å; cubic B2-KCl has a = 2.7024(71) 683 

Å; Fe2O3 (space group: Cmcm) has a = 2.2379(45) Å, b = 7.1934(103) Å and c = 5.4094(81) Å; 684 

hcp-Fe has a = 2.1489(68) Å and c = 3.4391(95) Å. 685 
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 687 
 688 

Figure S4 | Representative XRD pattern of iron and wüstite (FeO) reaction products at 220 689 

GPa. The pattern at 220 GPa was collected at room temperature after the laser-heated sample was 690 

quenched from 3,000−3,200 K at 230−235 GPa. The new phase(s) emerged at the expense of Fe 691 

and FeO when the temperature surpassed 3,000 K. B8-FeO has lattice parameters a = 2.3480(17) 692 

Å and c = 4.7901(41) Å; hcp-Fe has a = 2.1792(19) Å and c = 3.4865(32) Å; hcp-Re has a = 693 

2.4733 (23) Å and c = 3.9944(47) Å; cubic B2-KCl has a = 2.7292 (53) Å; The Fe28O14 supercell 694 

has a = 2.2287(45) Å and c = 61.546(78) Å. The blue areas highlight some of the new diffraction 695 

peaks. 696 
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 699 

Figure S5 | Room-temperature x-ray diffraction patterns as a function of the d-spacing from 700 

the reaction of Fe with FeO (left) and Fe2O3 (right). The blue areas highlight some of the new 701 

diffraction peaks that emerged at the expense of Fe and FeO/Fe2O3 peaks when the temperature 702 

reached 3,000−3,200 at 220 GPa and 3,300−3,500 K at 245 GPa, respectively. Left panel: B8-FeO 703 

has lattice parameters a = 2.3480(17) Å and c = 4.7901(41) Å; hcp-Fe has a = 2.1792(19) Å and c 704 

= 3.4865(32) Å; hcp-Re has a = 2.4733 (23) Å and c = 3.9944(47) Å; cubic B2-KCl has a = 2.7292 705 

(53) Å; B2 denotes B2-FeO. Right panel: Starting materials were iron and hematite (Fe2O3). The 706 

pattern is obtained by transforming 2θ in Fig. 1 to d-spacing. 707 
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 709 

 710 

Figure S6 | Comparison between experimental x-ray diffraction patterns and those of 711 

oxygen-rich Fe-O compounds. The XRD patterns were collected from (a) Fe+FeO reaction at 712 

220 GPa and (b) Fe+Fe2O3 reaction at 245 GPa at room temperature. Blue lines indicate the XRD 713 

of oxygen-rich Fe-O compounds.10,21-24 Arrows indicate extra peaks of oxygen-rich Fe-O 714 

compounds. The x-ray wavelength (λ) was 0.2952 Å for the reaction product of Fe and FeO at 220 715 

GPa, and that was 0.3344 Å for the reaction product of Fe and Fe2O3 at 245 GPa. The asterisk 716 

symbol (*) represents the diffraction peak of the new phase. No oxygen-rich Fe-O phase could 717 

match new experimental diffraction peaks. 718 
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 721 

Figure S7 | Comparison between experimental X-ray diffraction patterns and those of 722 

Fe3C/Fe7C3. The patterns were collected from (a) Fe+FeO reaction at 220 GPa and (b) Fe+Fe2O3 723 

reaction at 245 GPa. Arrows indicate extra peaks of the Fe3C/Fe7C3 phases. The x-ray wavelength 724 

(λ) was 0.2952 Å for the reaction product of Fe and FeO at 220 GPa, and that was 0.3344 Å for 725 

the reaction product of Fe and Fe2O3 at 245 GPa. The asterisk symbol (*) represents the diffraction 726 

peak of the new phases. 727 
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 730 

 731 

Figure S8 | Relative enthalpy of Fe3O models. The P-6m2 and BiI3-type (R-3) phases are from 732 

Weerasinghe et al.15 and Alfè et al.62, respectively. The relative enthalpy is referenced to the 733 

decomposition products ε-Fe and B8-FeO. The lower panel shows the atomic structures. The Fe-734 

O-Fe layer stacking in the P-6m2 phase is ABA while it is ABC in the P63/mmc phase. The dashed 735 

line shows the relative Gibbs free energy (∆G) of P63/mmc phase computed with quasiharmonic 736 

approximation (QHA). 737 
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 740 

Figure S9 | Phonon density of states of FenO ground state. The absence of imaginary phonon 741 

frequencies indicates that all phases are dynamically stable at 215 GPa and 380 GPa. 742 
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 744 

Figure S10 | Comparison between experimental X-ray diffraction patterns and those of the 745 

FenO phases in the convex hull found in the AGA searches. The data were collected from (a) 746 

Fe+FeO reaction at 220 GPa and (b) Fe+Fe2O3 reaction at 245 GPa. The XRD peak positions of 747 

starting materials are shown at the bottom. 748 
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 750 

Figure S11 | Multi-phase solution to the experimental XRD from (a) Fe+FeO reaction at 220 751 

GPa and (b) Fe+Fe2O3 reaction at 245 GPa. The major unknown peaks in the experimental XRD 752 

can be matched by a combination of multiple close-packed Fe-O phases. (a) P63/mmc Fe3O and 753 

R-3m Fe4O3 are ground state phases at 220 GPa while Fe5O2 and Fe6O are metastable phases with 754 

8.0 meV/atom and 4.5 meV/atom above the convex hull, respectively. (b) The same Fe3O and 755 

Fe2O phases are identified at 245 GPa, while Fe5O2 and Fe5O are the metastable phases with 47 756 

and 49 meV/atom above the convex hull, respectively. 757 
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 759 

 760 

Figure S12 | Experimental compression curve of products from Fe+FeO reaction and 761 

theoretical equation of state of the Fe28O14 supercell (blue) and the Fe2O ground state (P-762 

3m1) (olive). Red symbols represent experimental data from the Fe-FeO reaction product upon 763 

decompression at room temperature. The decompression data is limited to ~170 GPa because the 764 

x-ray diffraction signal of the new reaction product gradually faded away at pressures less than 765 

200 GPa when the Fe-rich FenO phase entered its unstable pressure field. 766 
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 769 

Figure S13 | Reverse Monte Carlo solution for the XRD at 245GPa. (a) Distribution of middle 770 

layer spacing in different layer sequences. The red curve is a fitting using a Gaussian distribution. 771 

(b) XRD deviation, DXRD, vs. oxygen concentration for various hexagonal supercells resulting from 772 

various RMC simulations. Each point represents a final structure achieved by the simulation. Color 773 

indicates the number of atoms in the supercell. (c) Supercell structures of Fe25O13. The XRD of 774 

Fe25O13 is shown in Fig. 1 of main text. 775 
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 777 

 778 

Figure S14 | The profile of Fe composition (xFe) along the out-of-layer c-axis direction. (a) 779 

The Fe28O14 supercell identified at 220 GPa and (b) The Fe25O13 supercell identified at 245 GPa. 780 

The right panel is the distribution of the Fe local composition. 781 
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 783 

 784 

Figure S15 | Miller indices and their corresponding lattice planes of major XRD peaks. (a) 785 

and (b) Miller indices of major peaks and (c) and (d) corresponding lattice planes of supercell 786 

solutions obtained by RMC simulations at 220 GPa and 245 GPa, respectively.  787 
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 789 

Figure S16 | Domains with different MRO identified in the supercells and their contribution 790 

to the XRD. (a) and (b) Domains in the Fe28O14 and Fe25O13 supercells. (c) and (d) The 791 

contribution of different domains to the XRD at 220 GPa and 245 GPa, respectively. 792 
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 795 

Figure S17 | Comparison between PAW8 and PAW16 potentials. (a) Scatter plot of enthalpies 796 

calculations with PAW8 and PAW16 potentials. The structures are the one with lowest enthalpy 797 

for each composition. (b) The formation enthalpy is computed using ε-Fe and B8-FeO as reference. 798 

Phases in the convex hull are then connected. 799 


