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Figure S1. Unwarped diffraction mappings of the (1kl), (0kl), and (-1kl) directions for an Fe5S2 27 

crystallite exemplifying the diffuse scattering signal collected at 119(2) and 2840(180) K. The 28 

(1kl) and (-1kl) mappings also show the presence of a polytype with more closely spaced 29 

reflections oriented ~51º from the mapped crystallite. 30 
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Figure S2. Fe5As2 structure model shown with anisotropic displacement ellipsoids using the 38 

starting Pb5As2 structure model. In accordance with the Ni5As2 structural characterization 39 

(Oryshchyn et al. 2011), these sites were disordered about their position and ascribed half 40 

occupancy.   41 
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Figure S3. Comparison of the C23 and C37 structure models refined at 130 and 140 GPa, 61 

respectively. In the C23 Fe2S structure, the next nearest sulfur site to the Fe1 tetrahedral site is at 62 

a 2.963(1) Å distance at 130 GPa (dotted line). A 10% contraction of this interatomic distance 63 

and a coordination change is observed in the formation of C37 Fe2S at 140 GPa (right).  64 
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Figure S4. X-ray diffraction patterns collected upon heating in an Fe80S20 starting composition at 85 

a) 119(2) GPa and b)184(3) GPa. The miller indices for C23 Fe2S (blue), Fe3S (burgundy), and 86 

C37 Fe2S (green) are provided, and the red “H” symbols represent the observations of the 87 

formation of Fe5S2. The growth of large crystallites, along with the disorder and polytypism of 88 

this phase make for challenging powder diffraction indexing, but the lattice parameters of Fe5S2 89 

indexed in the reciprocal space after quenching from these high P-T conditions are provided.  90 

 91 



Table S1. Unit cell parameters of Fe5S2, Fe3S, and Fe2S measured upon quenching from high P-92 

T synthesis in this study. Each cell was indexed in the reciprocal space, and the DAC opening, 93 

and number of reflections obtained for each lattice are listed. For select experiments, high-94 

temperature synthesis was conducted without collecting X-ray diffraction data, and the synthesis 95 

conditions for these experiments are listed as “high T, not measured.” 96 
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Table S2. Select experimental details for crystal structure synthesis and analysis of Fe5S2, Fe3S, 114 

and the Fe2S polymorphs. 115 
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Table S3. Atomic coordinates of the Fe5S2 refinement model for the data collected at 140(2) GPa 130 

and quenched from 3070(180) K. 131 
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Table S4. Selected interatomic distances for the Fe sites measured in Fe5S2 at 140 GPa. 145 

  146 

 147 

 148 

 149 



 150 

Supplementary Text 151 

Synthesis of Fe5S2 to 200 GPa 152 

Fe5S2 was synthesized between 119(2) and 193(4) GPa with heating to temperatures 153 

between 2400–3300 K. The formation of Fe5S2 phase was first recognized in the diffraction 154 

patterns by the onset of diffuse streaks and sets of closely spaced reciprocal nodes in the powder 155 

diffraction images, suggesting a complex atomic arrangement (Figure 1, S1). With sustained 156 

high temperatures in the samples loaded in more hydrostatic pressure media (e.g. KCl vs. SiO2), 157 

large grain growth (3 – 6 μm) was observed and the diffuse streaks became less apparent. Further 158 

experiments are required to assess the role of hydrostaticity, kinetics, pressure, and temperature 159 

on the disorder of this phase.  160 

Recrystallization of hcp-Fe with the Fe5S2 crystallites at high temperatures was observed 161 

in all experiments using the Fe80S20 and Fe67S33 starting powders as evidenced by the spotty 162 

(100) and (101) hcp-Fe rings in Figure 1a. Fe-recrystallization with this high-temperature Fe-163 

sulfide establishes that the probed sample locations were in a Fe-saturated phase-field (Figure 164 

1a) and this phase is important to consider further in the context of Fe-rich planetary cores.  165 

Upon temperature quenching, rotational single-crystal X-ray diffraction scans were 166 

performed across a 37–60º omega range, depending on the DAC configuration, and grains were 167 

indexed in the reciprocal space to a hexagonal unit cell compatible with an Fe5S2 volume (Table 168 

S1, Figure 1b). Three unit-cell polytypes were observed and indexed in our experiments and are 169 

listed in Table S1. All indexed grains exhibit an a axial length of ~ 6 Å, while 3 differing c axial 170 

lengths are observed: ~ 11, 26, and 73 Å. Diffraction mappings show that the polytypism is 171 

accompanied by diffuse scattering suggesting positional disorder as the atomic arrangement 172 

along the c axis configures at high temperatures (Figure S1). Analogous polytypism has also 173 



been observed in the transition metal binary phase Pb5As2 (Saini et al. 1964). Decreased diffuse 174 

scattering from the Fe5S2 grains was observed after continued heating in the KCl pressure media, 175 

and grains with a ~ 6 Å, c ~ 11 Å were indexed, indicating that this configuration is the most 176 

positionally ordered arrangement relevant to these high P-T conditions. These measured unit cell 177 

parameters are compatible with 6 formula units per cell volume of Fe5S2. 178 

The structure of a grain Fe5S2 synthesized at 140(2) GPa and 3070(180) K was 179 

determined based on 159 observed reflections at these extreme conditions (Table S2). 180 

Assessment of the systematic absences for the structure factors reduced for Fe5S2 suggests a 181 

P63cm space group. Structural solution and positional and displacement parameter refinement 182 

converged on the Ni5As2 structure type (Table S2, 3; Figure 2) (Oryshchyn et al. 2011). The 183 

Ni5As2 structure is a slight modification of the Pb5Sb2 structure (El-Boragy et al. 1970) where the 184 

Fe6 site (Table S3) is split about its position and given half occupancy, changing its Wyckoff site 185 

from 6c to 12d (Figure 2) (Oryshchyn et al. 2011). This structural modification was initiated 186 

based on the large U22 parameter observed on the M6 site (M = metal) in Ni5As2 when 187 

anisotropic displacement parameters were refined using a Pb5As2 starting model (Figure S2). In 188 

the current dataset, a comparably large U22 value was observed on the Fe6 site resulting in an 189 

oblong displacement ellipse when refining the data against the initial Pb5As2 structure model. 190 

The Fe6 site was positionally disordered following Oryshchyn et al. (2011), and the resultant R1 191 

value was improved by around ~5%, rendering the Ni5As2 structure model more compatible with 192 

the current Fe5S2 data (Table S2). Isotropic displacement parameters showing errors > 3𝛔 were 193 

fixed to a value equal to approximately the average displacement parameter value for Fe or S 194 

(Table S2). The isotropic displacement parameter for the disordered Fe site was also fixed at an 195 

average FeUiso value (Table S2). The number of reflections collected at these extreme pressures 196 



limits the number of statistically meaningful parameters to refine, and fixing displacement 197 

parameters to reasonable values precludes overinterpretation of the current dataset. The high 198 

isotropic displacement parameter observed on the Fe4 site may represent some vacancies on this 199 

site, but the dataset is again deficient to precisely describe the site occupancy.  200 

The experimental details for the solution and refinement of Fe5S2 to the Ni5As2 solution 201 

model are provided in Table S2 and the atomic coordinates of Fe5S2 synthesized at 140(2) GPa 202 

and 3070(180) K are provided in Table S3. In accordance with previous descriptions of related 203 

M5X2 transitional-metal binary phases (e.g. (Kjekshus et al. 1973; Oryshchyn et al. 2011), Fe5S2 204 

can be viewed as an arrangement of 6 Fe sites and 3 S sites with the Fe1, Fe2, Fe4, and Fe6 sites 205 

are in 13-fold coordination, the Fe3 and Fe5 sites are in 12-fold coordination, and the S sites are 206 

in 10-fold coordination (Figure 2c). The measured bond lengths for the Fe-coordinated polyhedra 207 

are provided in Table S4.   All sites are coordinated by both Fe and S sites. A CIF file for Fe5S2 208 

is provided in Appendix A1. 209 

 Final R1 values ≃ 10% attest to the less-than ideal quality of the multigrain dataset as a 210 

possible result of the 1-2 megabar synthesis conditions and observed c axial disorder and 211 

stacking complexities in Fe5S2 (Table S2). Previous studies of isomorphic Ni5As2 and related 212 

Pb5As2 at ambient conditions have also reported similar quality of refinements despite obtaining 213 

significantly more reflections in the absence of a DAC (e.g. Saini et al. 1964; El-Boragy et al. 214 

1970; Kjekshus et al. 1973). Notable challenges regarding the refinement of the Fe5S2 structure 215 

model at these extreme conditions are discussed here and compared with similar difficulties 216 

reported in previous characterizations of this structure.  217 

 Thirteen violations of the P63cm systematic absence condition: l = 2n for (0kl), were 218 

flagged during the refinement of Fe5S2. The reflections associated with these systematic absence 219 



violations were examined in the raw diffraction images and all show low, diffuse intensity. 220 

Discrepancy over the presence or absence of weak reflections with (0kl), l=2n+1 has been 221 

reported in previous investigations of Ni5As2 and Pb5As2 (e.g. Saini et al. 1964; El-Boragy et al. 222 

1970; Kjekshus et al. 1973), suggesting that these studies may have also faced difficulties with 223 

space group determination. Observations of these low-intensity reflections may be a result of 224 

residual disorder in the stacking arrangement along the c direction, and longer heating cycles 225 

may be required for the atoms to arrange into equilibrium positions. It is likewise possible that 226 

varying synthesis methods for Ni5As2 and Pb5As2 in previous ambient condition studies affected 227 

the c axial atomic arrangement. Ni5As2 and isomorphic Ni5P2 also exhibits a homogeneity range 228 

of ~71.25 – 72.7 atomic % As (Kjekshus et al. 1973; Litasov et al., 2019), and slight 229 

modifications of this structure based on varying stacking arrangements result in structures such 230 

as Ni31Si12 (Frank and Schubert 1971) and (Fe, Ni)8(Si, P)3 (perryite) (Okada et al. 1991). 231 

Attempts to refine the current Fe-sulfide phase with the Ni31Si12 or perryite structure models did 232 

not improve the refinement results. Based on the presence of disorder, polytypism, anisotropic 233 

vibrational motion, and nonstoichiometry in the related M5X2 phases, additional nuances to the 234 

Fe5S2 structure model may be developed in future studies; however, the identification and 235 

characterization of the Fe5S2 crystal structure determined here to 200 GPa is novel, and the 236 

observations and challenges reported in this study align with that of previous analyses of Ni5As2 237 

and Pb5Sb2 that were not limited by microdiffraction in a DAC at extreme conditions. 238 

 239 

    240 



Other sulfides observed during heating to 200 GPa 241 

 Three experiments and 7 heating cycles were performed in this study between 100 and 242 

200 GPa and to 3400 K, and the X-ray diffraction patterns collected upon heating provide insight 243 

into the Fe-rich Fe-S phase relations at outer core pressures and to high temperatures. In each 244 

heating experiment, near melting temperatures were targeted and grains of Fe5S2 were identified 245 

upon quenching. Additional Fe-sulfides were also observed across the thermal gradient of the 246 

heated spot, providing information on the lower temperature Fe-saturated phase relations in each 247 

heating cycle. Upon quenching from high-temperature synthesis at 119(2) GPa, the other grains 248 

in the sample were identified and indexed to a tetragonal cell with a = 8.094(3) Å, c = 3.990(2) 249 

Å, compatible with 8 formula units of Fe3S (Table S1). The structure was then solved and refined 250 

to the Fe3P-type structure (I-4, Z = 8) (referred to herein as I-4 Fe3S) in agreement with previous 251 

studies (Fei et al. 2000; Seagle et al. 2006; Morard et al. 2007; Kamada et al. 2010; Kamada et 252 

al. 2012; Thompson et al. 2020). The resultant structure model for Fe3S at these conditions is 253 

shown in Figure (3a), a CIF file for Fe3S is provided in Appendix A2, and the refinement details 254 

are given in Table S2. The structure can be viewed as containing 3 tetrahedrally coordinated Fe 255 

sites (Blanchard et al. 2008): one Fe-site is coordinated only by S atoms with an average bond 256 

length of 2.083(9) Å, another Fe site is coordinated by 3 S atoms and 1 Fe atom with an average 257 

bond length of  2.146(8) Å, and the third Fe site is coordinated by 2 S and 2 Fe atoms with an 258 

average bond length of 2.137(8) Å (Figure 3). The measured interatomic distances are 259 

comparable to reports on other transition metal M3X structures (e.g. Aronnson 1955; Rundqvist 260 

1979).  261 

 After temperature quenching from 131(2) GPa and 3050(140) K, grains of Fe3S were not 262 

observed across the heated spot. Instead, orthorhombic lattices were also identified with 263 



parameters a = 4.869(2) Å, b = 3.256(2) Å, c = 6.139(2) Å, compatible with 4 formula units of 264 

Fe2S. Structural solution and refinement indicate that the Fe2S grains adopt the C23 structure 265 

(Co2P type, Pnma, Z = 4) in agreement with previous structural analyses at lower pressures 266 

(Zurkowski et al. in press). Refinement details for the structure model are given in Table S2 and 267 

a CIF file for C23 Fe2S is provided in Appendix A3. The structure is composed of columns of 268 

FeS4 tetrahedra and columns of FeS5 square pyramids linked along edges in the b direction 269 

(Figure 3b). The average Fe–S bond lengths are 2.213(8) Å and 2.011(2) Å in the square 270 

pyramids and tetrahedra, respectively. These values are comparable with that observed in C23 271 

Fe2S at 90 GPa (Zurkowski et al. in press).  272 

Upon compression and heating at 140(2) GPa and 3070(180) K, orthorhombic grains 273 

were identified in the sample chamber with a = 4.667(2) Å, 3.289(1) Å, 6.186(4) Å. This unit 274 

cell is similar to the C23 Fe2S observed at 130 GPa, but exhibits a 4 % contraction of the a axial 275 

length, a 1% extension of the b and c axial lengths, and a 2% volume decrease. Structural 276 

solution and refinement using the measured structure factors establish that Fe2S adopts the C37 277 

structure (Co2Si-type, Pnma, Z=4) at these conditions (Figure 3c). A CIF file for C37 Fe2S is 278 

provided in Appendix A4 and the analysis details are given in Table S2. In agreement with the 279 

proposed C23–C37 Fe2S phase transition around 140 GPa that is accompanied 1.6% volume 280 

decrease (Zurkowski et al., in press), this work confirms that the C23–C37 transition in Fe2S 281 

occurs between 130 and 140 GPa with a similar volume change. Inherent to the C23–C37 282 

transition is coordination change from the 4-fold Fe1 coordination polyhedra in the C23 structure 283 

to the 5-fold dipyramid polyhedra in the C37 structure (Figure 3b, c). Comparing the C23 and 284 

C37 structure models determined at 130 and 140 GPa, respectively, a 10% contraction of the 285 

interatomic distance involved in the coordination change is observed (Figure S3). The average 286 



Fe–S bond lengths measured in C37 Fe2S are 2.196(2) Å and 2.165(3) Å in the square pyramids 287 

and dipyramids, respectively. These values are comparable with C23 Fe2S. 288 

 289 

Fe-rich sulfide phase relations at core-mantle boundary pressures 290 

 The presented single-crystal derived structures of Fe5S2, Fe3S, C23 Fe2S and C37 Fe2S 291 

were then used to inform the changes in diffraction patterns collected during heating between 292 

110 and 200 GPa and to ~3300 K. Beginning at 112 GPa, diffraction signal from C23 Fe2S 293 

coexisting with Fe was first identified upon heating of the Fe80S20 starting material to ~2000 K. 294 

With continued heating, peaks associated with tetragonal Fe3S were observed over a limited 295 

temperature range (≲ 2400 K) until diffuse scattering signal and Bragg reflections from Fe5S2 296 

first appeared. Crystallization of the Fe5S2 grains with iron occurred with continued heating to 297 

119(2) GPa and 2840(180) K. Upon heating beginning at 120 GPa, C23 Fe2S was observed 298 

coexisting with Fe to 122(1) GPa and 2290(120) K, above which the onset of diffraction from 299 

the Fe5S2 phase was identified and Fe5S2 crystallites formed coexisting with hcp-Fe to 131(2) 300 

GPa and 3050(140) K. I-4 Fe3S was not observed. With continued heating cycles between 133(1) 301 

GPa and 194(2) GPa and up to 3300 K, C37 Fe2S coexists with Fe at moderate temperatures and 302 

a phase transition to Fe5S2 occurs at high temperatures. A phase diagram satisfying these 303 

observations is proposed in Figure 4, and integrated XRD patterns for the heating cycles at 304 

119(2) and 184(3) GPa and to 3300 K are shown in Figure S4 to demonstrate the identification 305 

of C23 Fe2S, Fe3S, C37 Fe2S, and Fe5S2 coexisting with hcp-Fe. The peak intensities from the 306 

Fe5S2 lattices vary during heating up at high temperatures as a result of disorder, polytypism, and 307 

the formation of large crystallites at high temperatures (Figure 1, S1). These structural 308 



complexities render the powder diffraction patterns difficult to characterize without 309 

incorporating single-crystal XRD techniques.  310 

 311 

Discrepancies among the current and previous studies 312 

Transitional metal binary compounds with metal-to-nonmetal ratios ranging from 2.33–313 

2.66 (~70–73 atm% metal) predominantly adopt complex trigonal or hexagonal structures with 314 

considerable metal-metal bonding (Chen and Whitmire 2018 and references therein). Our 315 

observations of the disorder, polytypism, and complex coordination environments inherent to 316 

Fe5S2 demonstrate that it aligns with this systematic characterization. Interestingly, the Fe5S2 317 

atomic arrangement is thermodynamically favored at the extreme conditions of Earth’s outer 318 

core over that of I-4 Fe3S. These results are contrary to previous reports of Fe3S stability on to 319 

high temperatures in Fe-rich systems to 250 GPa (Kamada et al. 2010; Kamada et al. 2012; 320 

Ozawa et al. 2013; Mori et al. 2017). Few lines of reasoning may account for these 321 

discrepancies. Interpretation of Fe5S2 in the integrated powder diffraction patterns is difficult due 322 

to the variation in diffraction signal obtained from the Fe5S2 polytypes and the low intensity 323 

scattering from the disordered sites during its formation. Fe5S2 also forms large crystallites, 324 

limiting the orientations of the phase and rendering indexation of all diffraction angles for Fe5S2 325 

quite challenging without rotating the sample. The implementation of single-crystal X-ray 326 

diffraction techniques at high pressures was critical in the current study to accurately 327 

characterize the hexagonal unit cell geometry and complex structure of the Ni5As2-like Fe5S2. 328 

 Several studies have also reported chemically analyzed Fe3S grains in samples recovered 329 

from high temperatures in the 200–250 GPa range (Mori et al. 2017; Yokoo et al. 2019; Ozawa 330 

et al. 2013), but the difference in Fe content between Fe3S and Fe5S2 may be as few as 3%. This 331 



value is generally within 3 sigma of the atomic percent error reported for chemical analyses of 332 

samples recovered from these extreme conditions, posing another challenge for distinguishing 333 

between the synthesis of Fe3S and Fe5S2. Furthermore, based on characterizations of the 334 

isomorphic Ni5As2 and Ni5P2, these structures exhibit a homogeneity range with up to ~73 atm% 335 

metal (Kjekshus et al. 1973; Litasov et al., 2019). For example, TEM analysis of a Fe–S sample 336 

recovered from 236 GPa and 2980 K reveals sulfide grains with on average ~73 atm% Fe 337 

(Ozawa et al. 2013). This value is within 0.3–1.25 atomic percent of the possible range of Fe5S2 338 

stoichiometries and 2 atomic percent less than an Fe3S composition. The results from this 339 

previous work as well as other chemical analyses of samples recovered from outer core pressures 340 

and high temperatures therefore do not contradict the current results (Mori et al. 2017; Yokoo et 341 

al. 2019; Ozawa et al. 2013) and may reveal a previous misinterpretation of Fe5S2 as Fe3S based 342 

on measured chemistries.  343 
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