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Abstract 
The structure and properties of metal-hydrides at extreme conditions is key to the understanding of 

hydrogen-storage technologies, high-temperature superconductivity, and the dynamics of planetary 

cores. Here we investigate the phase relations and magnetic properties of iron hydrides, including two 

novel FeHx compounds, up to 63 GPa and 1800 K by Synchrotron Mössbauer Source spectroscopy and 

single-crystal X-ray diffraction. We observe the formation of a novel monoclinic iron hydride phase Fe2H3 

at 63 GPa and 1000 K, which breaks down to a stoichiometric hexagonal closed packed FeH phase upon 

decompression below 52 GPa at 300 K. The long-range magnetic order in the two newly-synthetized 

phases persists to higher pressures compared to the well-known double hexagonal closed packed and 

face-centered cubic phases of FeH. The formation of magnetic Fe-H phases with high hydrogen 

concentration may influence the magnetic behavior of planetary metallic cores. 

Introduction 
Metallic hydrides have been intensely investigated over the past years owing to their potential as 

hydrogen-storage materials1 and their link to high-temperature superconductors with critical 

temperatures even above room temperature2–5. Particularly, iron hydrides have been in the focus of 

geosciences as plausible candidate materials in the metallic cores of the Earth, Earth-like rocky planets6,7, 

and hydrogen-rich gas giants8. Hydrogen is nearly insoluble in iron at ambient conditions. Yet, its solubility 

increases dramatically with pressure, leading to the formation of the stoichiometric FeH phase with a 

double-hexagonal close-packed structure (dhcp) even at room temperature9. For a long time, close-

packed structures were the only known iron hydride phases with a hydrogen-to-iron ratio below or equal 

to one10. Over the last decade, however, evolutionary algorithms and density functional theory 

calculations have predicted new superstoichiometric iron hydrides, including FeH2, FeH3, FeH4, FeH5, FeH6, 

FeH7, FeH8, Fe3H5, Fe3H8, Fe3H13
11–13. Some of these novel binary iron hydride phases, namely FeH2, FeH3

14, 

and most recently FeH5
15

, have been synthesized and characterized in situ in high-pressure, high-
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temperature synchrotron X-ray diffraction studies (Fig. 1). However, a large fraction of the pressure-

temperature space remains unexplored to date.  

Magnetism of iron hydrides is also of particular interest16. For instance, the hexagonal closed packed (hcp) 

structure of iron has shown to be nonmagnetic17 or an extremely weak antiferromagnet18,19, while the 

dhcp iron hydride phase has a long-range magnetic order at the same pressure-temperature conditions20. 

Yet, another cubic closed-packed structure of iron hydride (hereafter referred to as fcc-FeH, Fig. 1), does 

not show long-range magnetic ordering21. Moreover, the data on pressure-induced magnetic transition in 

dhcp-FeH is currently controversial with a transition pressure ranging from 22 GPa to 65 GPa depending 

on the experimental technique16,20,22,23. 

In this study, we investigate the stability of the Fe-H system and magnetic transitions in iron hydrides up 

to 65 GPa employing Synchrotron Mössbauer spectroscopy (SMS) and single-crystal X-ray diffraction.  We 

report two novel magnetic iron hydrides – monoclinic Fe2H3 and stoichiometric FeH with hcp structure 

(Fig. 1). The anomalies in Mössbauer data of dhcp-FeH suggest the presence of ferromagnetic-

antiferromagnetic transition in this hydride. 

 

Figure 1. Phase diagram of the Fe-H system. The solid lines are the phase boundaries for the FeHx phases 

with x≤114,24,25, the shaded regions are the stability domains of the novel polyhydrides14,15. The symbols 

correspond to the phases investigated in this study, including the two new phases Fe2H3 and hcp-FeH. 

 



Results and discussion 

Magnetic transitions in dhcp-FeH 

 

Figure 2. Representative SMS spectra of iron hydrides at the indicated pressures and ambient 

temperature. (a)-(d) – the cold compression of dhcp-FeH; (f) – Fe2H3 synthesized at about 1000 K; (e) 

hcp-FeH phase obtained upon decompression. Solid lines show the theoretical fits, the percentage bars 

indicate the relative absorptions, and the residuals of the fits are indicated below each spectrum. M: 

magnetic; NM: non-magnetic; H and C: hexagonally and cubically close-packed sites respectively. 

Hydrogen incorporation into the iron structure remarkably affects its magnetic properties16. We collected 

Synchrotron Mössbauer Source (SMS) spectra of iron loaded with hydrogen upon compression up to 

61.2(1.4) GPa at ambient temperature. At low pressures, the spectra can be fitted with a single magnetic 

contribution with hyperfine parameters corresponding to body-centered cubic Fe26. Upon compression 

above 6 GPa the SMS spectrum characteristic for the double hexagonal closed pack structure iron hydride, 

FeH, arises (Fig. 2a). It consists of two well-resolved magnetic contributions with equal abundance owing 

to the two distinct crystallographic sites of Fe positions in the FeH dhcp structure20,27. The dhcp structure 

contains iron atoms with alternating cubic and hexagonal closed-packing order (ABAC), i.e. with iron sites 

resembling hexagonal closed packed and face-centered cubic local configurations, with octahedral 

interstitials between closest packed iron atoms occupied by hydrogen (Fig. 3a). The main difference 

between these sites is a coordination by hydrogen, with the octahedral and trigonal prismatic 

environment for cubic (c-site) and hexagonal (h-site) sites, respectively, and the difference in distance 

between hydrogen and iron layers. Hydrogen atoms are displaced from the centers of octahedral 

interstitials towards iron atoms in the cubic coordination28. Both iron sites have similar hyperfine 

parameters (Fig. 2a, table S1), although the site with a lower hyperfine magnetic field (Bhf) has a 

systematically lower center shift (CS). The lower center shift corresponds to the higher electron density 

on the nuclei and, therefore, the site with lower CS corresponds to the atoms with the cubic close-packing 



order. The same assignment was proposed in a previous Mössbauer study at ambient pressure and 

cryogenic temperatures based on the similarity between the hyperfine parameters of the site with higher 

Bhf and those of hexagonal closed packed cobalt hydride, CoH27. The center shift and hyperfine magnetic 

field of both components decrease with increasing pressures (Fig. 4a, table S1). 

 

Figure 3. The crystal structures of iron hydrides. The blue and pink circles show regular positions of Fe 

and H atoms, respectively. The arrows indicate the directions of displacements of hydrogen atoms from 

the centers of octahedral interstices in the dhcp structure. The letters A, B, C represent the standard 

notation for close-packed layers in the dhcp- and hcp-FeH structures, A’ and B’ for the distorted close-

packed layers in the monoclinic Fe2H3 structure. In all three structures, all octahedral interstitials are 

occupied by hydrogen. In Fe2H3, additionally, about one-fourth of tetrahedral interstitials are occupied. 

The structures are visualized using the Vesta 3 software29. 

Above 17 GPa, a new nonmagnetic component arises (Fig. 2b, Fig. 4b). Its relative abundance further 

increases with pressure at the expense of the magnetic component assigned to c-sites, which cannot be 

resolved above  30 GPa. Upon further compression, the relative abundance of the magnetic component 

assigned to h-sites starts to decrease, while the relative abundance of the paramagnetic singlet increases 

until it becomes the sole component in the spectra above  55 GPa (Fig. 2d). These observations are 

consistent with the results from a previous SMS study by Mitsui and Hirao20, which reported a residual 

weak hyperfine field decreasing sluggishly above 27.6 GPa and finally disappearing at 64.7 GPa. The 

coexistence of magnetically ordered and nonmagnetic contributions has been also observed in previous 

Nuclear Forward Scattering (NFS) studies, although the magnetic collapse was reported at about 30 GPa 

at room temperature22,30. The observed differences are unlikely caused by differences in stoichiometry. 

Badding et al.9 showed that at high pressures and room temperature, even when an excess of iron is 

present, hydrogen tends to form stoichiometric dhcp-FeH, which coexists with unreacted iron, rather than 

forming a homogeneous non-stoichiometric compound. The coexistence of iron and stoichiometric dhcp-

FeH at room temperature has been recently re-confirmed by X-ray and neutron diffraction measurements 

in FeH0.6 hydride31. 



The magnetic transition in dhcp-FeH appears to be more complicated than an ordinary continuous 

ferromagnetic-paramagnetic transition. On one hand, x-ray magnetic circular dichroism (XMCD) 

measurements show a decrease of the integrated XMCD intensity and the collapse of the ferromagnetic 

state above around 30 GPa16,23, consistent with Nuclear Forward Scattering (NFS) investigations at room 

temperature22,30. On the other hand, the total local spin properties related to the local magnetic moments 

probed by Fe Kβ x-ray emission spectroscopy (XES) gradually decrease with pressure and show an anomaly 

in relative weights of the ordered magnetic moments only above 43 GPa30. Moreover, the resistivity of 

the anomalous Hall effect, which is present in dhcp-FeH, decreases dramatically in the 25-30 GPa pressure 

range but does not reach zero, which indicates the magnetic order is not completely suppressed at high 

pressure30. The ab initio simulations show that the magnetic ordering temperature in dhcp-FeH crosses 

the room temperature only around 60 GPa32. The latter observations are in line with our data (Fig. 2c,d, 

Fig. 4a) and the earlier data of20. Furthermore, at temperatures below 200 K, the coexistence of 

magnetically ordered and paramagnetic contributions identified by the NFS technique persists to 

pressures above 50 GPa30. 

 

Figure 4. Effect of pressure on the hyperfine parameters of iron hydrides at room temperature: (a) 

hyperfine magnetic field, (b) relative abundance of the components. Dashed lines displayed in (a) are a 

fit to 𝐵ℎ𝑓(𝑃) = 𝐵ℎ𝑓0(1 − 𝑃𝑃𝑐)𝛽 in the 0-35 GPa range and in (b) are guides for the eyes. The shaded 

areas in (a) indicate the ferromagnetic (FM), antiferromagnetic (AFM), and paramagnetic (PM) pressure 

regions for dhcp-FeH. M: magnetic; NM: non-magnetic; H and C: hexagonally and cubically close-packed 

sites respectively. 

The coexistence of nonmagnetic and magnetically ordered sites within the same substance across a large 

pressure range observed here (Fig. 2b,c, Fig. 4b) and in refs.20,30 is very unlikely in ferromagnetic materials 

with extremely similar environments of the crystallographic sites, such as in dhcp-FeH (Fig. 3a). We, 

therefore, suggest that the discrepancies in the magnetic behavior of dhcp-FeH are related to a pressure-

induced ferromagnetic-antiferromagnetic transition33. It is evident that the hyperfine magnetic field on c-

sites decreases faster than that on h-sites and it cannot be resolved above about 30 GPa (Fig. 2c, Fig. 4a). 

The hyperfine magnetic field on h-sites exhibits a sudden kink above 35 GPa (Fig. 4a). The discontinuous 

change of the Bhf is also observed across one of the best-known ferromagnetic-antiferromagnetic 

transitions in Fe-Rh alloys34. If the magnetic moments of the h-sites arrange in an antiferromagnetic order 

after 30 GPa, their influence on the c-sites would be canceled so that c-sites become paramagnetic. The 

ferromagnetic-antiferromagnetic transition would explain the absence of the XMCD signal in dhcp-FeH 

above 30 GPa16,23, while the residual magnetic signature will be still consistent with the XES30, earlier 



SMS20, and our data (Fig. 2c, Fig. 4a), as well as with the reported anomalous Hall effect30. The SMS 

technique is indeed more sensitive to the presence of components with low relative abundance compared 

to the NFS technique. The room temperature Mössbauer spectrum in the 30-50 GPa range is dominated 

by the nonmagnetic component and thus, the magnetic contribution could be easily overlooked by 

NFS22,30, but clearly detected by SMS (Fig. 2c). 

Formation of the novel Fe2H3 phase at high temperatures 

Laser heating of dhcp-FeH at 61.2(1.4) GPa and 1800(100) K for several minutes (Fig. 1) resulted in the 

appearance of a nonmagnetic component with a slightly increased center shift relative to dhcp-FeH (table 

S1). We attribute this change to the formation of face-centered cubic FeH21. Further heating of fcc-FeH at 

moderate temperature,  1000(100) K, and 63.2(1.4) GPa for about half an hour results in the formation 

of a new iron hydride (Fig. 1). Our X-ray diffraction data show that the new compound formed as several 

single-crystal twin domains that were preserved upon temperature quench. The powder profile 

refinement yields a monoclinic unit cell with space group C2/m with a small deviation of β angle from 90 

degrees (Fig. 5a, Table S2). The structure differs from that of Fe3H5 and Fe3H8 phases predicted to be stable 

at this pressure11, and it is a monoclinic distortion of the hcp structure. The presence of other Fe-

containing phases was not observed in the sample. 

 

Figure 5. X-ray diffraction patterns of (a) monoclinic Fe2H3 (space group C2/m) and (b) hcp-FeH GPa at 

indicated pressures and room temperature. Experimental data – grey circles; Le Bail fit – black solid 

lines; difference curves – green solid lines. Ticks show predicted positions of the diffraction peaks. The 

wavelength is 0.4126 Å. 

The volume per iron atom in the new Fe hydride at 65.1(2) GPa and room temperature is 11.741(3) Å3, 

which is much higher than that of dhcp-FeH at similar conditions (Fig. 6). This is likely due to the expansion 

of the structure due to further hydrogenation. The low scattering power of hydrogen atoms prevents the 

determination of their positions and consequently the stoichiometry using X-ray diffraction. The amount 

of hydrogen in iron hydrides, x, can be estimated using the formula7,21,31: 𝑥 = 𝑉𝐹𝑒𝐻𝑥 − 𝑉𝐹𝑒∆𝑉𝐻 ,                                                                           (1) 



where VFeHx and VFe are the atomic volumes of iron hydride and pure iron respectively, and ΔVH is the 

atomic volume expansion caused by the incorporation of one atom of interstitial hydrogen. Furthermore, 

we employed the equations of state of pure hcp iron35 and stoichiometric dhcp-FeH14 to calculate the 

pressure dependence of ΔVH (Fig. 6). We determined ΔVH = 1.66 Å3 at 65.1(2) GPa and used this value in 

Eq.(1) to demine hydrogen content x in the novel monoclinic iron hydride. Our calculations yield 

x≈1.61(5), corresponding to the chemical formula Fe2H3 for the new phase. 

 

Figure 6. Third-order Birch–Murnaghan equations of state for hcp-FeH (green, this study), hcp-Fe 

(black)35, dhcp-FeH (blue), and tetragonal FeH2 (yellow)14, together with P-V data for monoclinic-Fe2H3 

(light-blue circles). Error bars do not exceed the size of the symbols. The EOS parameters are given in 

Supplementary Table 3. The inset shows the calculated atomic volume expansion caused by the 

incorporation of one atom of interstitial hydrogen according to Eq. (1). 

The SMS spectrum of the new hydride can be fitted by two components – one magnetically ordered and 

another nonmagnetic (Fig. 2f). Unlike in the original dhcp structure, the CS of the two components is 

significantly different (Table S1), indicating a distinct atomic environment, particularly the electron 

density. The increase of CS of the magnetic component relative to dhcp-FeH can be well explained by the 

expansion of the crystal lattice (Fig. 6, Fig. 7). The relatively low CS of the non-magnetic component, in 

turn, should be related to the increase of the electron density on the nuclei. In an ideal closed packed 

structure, there is one octahedral interstitial per close-packed atom, so that every octahedral interstitial 

in stoichiometric FeH is occupied by one hydrogen atom. If the hydrogen content is higher than one, 

however, hydrogen should occupy the remaining tetrahedral interstitials. Our estimates of hydrogen 

content indicate that  1/4 of tetrahedral interstitials in the new distorted hcp structure are occupied by 

hydrogen (Fig. 3c). As there are 8 tetrahedral interstitials around each Fe atom the average coordination 

number should increase by 
14 × 8 = 2. Since two different iron environments are identified, with an 



approximate ratio of 2:1 between the two sites (Fig. 4b, Table S1), we assume that the coordination 

number of  2/3 iron atoms remains unchanged, while the coordination number of 1/3 of the atoms 

increases from 6 to 12. This change of the coordination number of a fraction of iron atoms increases their 

electron density due to electrons donated by hydrogen and consequently decreases the CS. Such a distinct 

division between two types of iron sites is plausible because density functional theory calculations have 

shown the tendency of H atoms to segregate into layers even for a low Fe/H ratio in the hcp-structure12. 

For higher hydrogen contents, the presence of FeH12 icosahedral units has been predicted12 and 12- and 

13-coordinated iron has been observed in FeH3 and FeH5 compounds, respectively14,15. 

 
Figure 7. Volume dependence of the center shift in dhcp-FeH (blue), hcp-FeH(green), and monoclinic 

Fe2H3. The effect of volume increase well explains the higher CS of the magnetic component in Fe2H3 

(light blue) but does not explain the low-CS of the nonmagnetic component (yellow). Volumes of dhcp-

FeH are calculated using the EoS parameters reported in Supplementary Table 2. The data for fcc-FeH 

are from21. 

The magnetic behavior of the novel iron hydride could be qualitatively explained based on the Stoner 

criterion for itinerant magnetism36: 𝐼𝒟(𝐸𝐹) ≥ 1,                                                                                   (2) 

where I is the molecular field constant, which is not sensitive to pressure, and 𝒟(𝐸𝐹) the density of states 

(DOS) at the Fermi level in the nonmagnetic state. If the Stoner criterion [Eq. (2)] is fulfilled, then spin-

polarization, i.e. long-range magnetic order, occurs. Hydrogenation acts on the magnetic properties of 

iron in two major ways. First, it causes the narrowing of the electronic bands due to the reduced overlap 

between iron 3d orbitals following volume expansion. Second, hydrogen incorporation shifts the 3d band 

with respect to 𝐸𝐹  due to the electrons donated to the Fe-atom and the creation of the new electronic 

states at low energy with respect to the Fermi level16,37. In the dhcp structure, and at low pressures, the 

Stoner criterion [Eq. (2)] is fulfilled and the majority-spin 3d band of DOS is almost full. Pressure increase 

results in the broadening of the electronic band due to volume collapse and its shift to energies above 



𝐸𝐹16. This is accompanied by partial filling of the minority-spin 3d band and a decrease of the magnetic 

moment until the collapse of the magnetic order. Temperature-induced hydrogenation and structural 

transition to Fe2H3 leads to the further narrowing of the electronic bands so that Eq. (2) is fulfilled again 

for the 6-hydrogen coordinated iron atoms. Any added d electrons would reduce the magnetic moments 

because they would likely go into the minority band which presumably has a higher density of states at 

the Fermi level38. Therefore, additional electrons, donated by hydrogen to 12-hydrogen coordinated iron 

atoms should put 𝐸𝐹  above the 3d band of Fe, i.e the DOS at 𝐸𝐹  is low, similarly to nonmagnetic NiH16, 

and Stoner criterion [Eq. (2)] is not fulfilled. 

Interestingly, the temperature increase does not cause a decrease in the magnetic field Bhf (Fig. S3), table 

S1). This indicates that the temperature-induced decrease of Bhf is likely compensated by the distortion 

and expansion of the structure upon further incorporation of hydrogen. The indirect evidence of higher 

hydrogen content at high temperature is provided by the behavior of CS: while the temperature of 1000 

K should decrease the CS of Mössbauer components by  0.5 mm/s39, a very moderate decrease by  0.15 

mm/s for the magnetic component and almost no change of the CS of the nonmagnetic component are 

observed. Such behavior is consistent with the expansion of the lattice due to further hydrogen 

incorporation. 

Breakdown of Fe2H3 into hcp-FeH phase upon decompression 

Further, we performed decompression experiments of the Fe2H3 compound at room temperature (Fig. 

1). The phase remains stable down to 56.3(3) GPa (space group C2/m), although the unit-cell volume 

slightly decreases upon decompression. This observation could be explained by the gradual reduction of 

the hydrogen amount. Upon further decompression, the transition to the hcp structure occurs (Fig. 3b, 

Fig. 5b) and it is accompanied by a significant reduction of the unit cell volume (Fig. 6, table S2). By applying 

Eq.(1), the hydrogen content in the new phase is determined to be 1.09(4), i.e. close to stoichiometry FeH. 

The phase hcp-FeHx has been observed before at relatively low pressures as a paramagnetic phase but 

only for hydrogen contents of x  0.3-0.610,28,31. Stoichiometric magnetically ordered hcp-FeH was 

theoretically predicted to be the stable phase in the 37-83 pressure range40, but to the best of our 

knowledge, this is the first experimental observation of this phase. The pressure-volume data of hcp-FeH 

was fitted by the second-order Birth-Murnaghan equation of state to retrieve the volume at zero pressure 

and the bulk modulus (Table S2). Below 24.7(1) GPa the diffraction signal from hcp-FeH disappeared 

suggesting amorphization of the sample (Fig. S3). Interestingly, decompression of dhcp-FeH and non-

stoichiometric hcp-FeH does not lead to amorphization of the sample, but rather to the formation of body-

centered cubic iron31,38.  

The breakdown of Fe2H3 into stoichiometric hcp-FeH upon decompression results in a noticeable change 

of the SMS spectrum (Fig. 2e). The spectrum of hcp-FeH can be fitted with two contributions, one 

magnetically ordered and one non-magnetic, with similar CS (Table S1). Similar to dhcp-FeH, further 

decompression increases the relative abundance of the magnetic component and the Bhf without abrupt 

changes down to 31.2(5) GPa (Fig. 4). The hcp structure has only one nonequivalent iron site with 

hydrogen located in the center of the octahedral interstitials31. Therefore, we attribute the coexistence of 

magnetic and non-magnetic components within the same iron site to relaxation effects related to the 

nature of the Mössbauer technique when the characteristic time of the spin flips is of the order of the 

Larmor period41–44. We note that the same effect is likely responsible for the coexistence of magnetic and 



non-magnetic components from the same site in dhcp-FeH (Fig. 2b), but cannot explain such coexistence 

arising from different sites (Fig. 2c). 

There is a remarkable difference in the magnetic properties of dhcp-FeH and hcp-FeH at high pressures. 

At 52.3(5) GPa hcp-FeH still retains the long-range magnetic order, unlike its dhcp polymorph (Fig. 2d, 2e). 

The unit cell volumes of both polymorphs are similar at high pressures (Fig. 5) as are the center shifts of 

magnetic and nonmagnetic components (Fig. 7, table S1). Thus, the difference in magnetic properties can 

only be due to differences in their density of states, DOS, around the Fermi level. Indeed, first-principles 

calculations suggest that the Fermi level lays still at the majority-spin 3d band of hcp-FeH at 55 GPa, and 

filling of the minority spin band and proceeding collapse of magnetism happens only at higher pressures 
45. Our data anticipate that the collapse of the magnetic order should occur above 60 GPa (Fig. 4a). This 

observation concurs with theoretical studies suggesting the persistence of the magnetic order in the hcp 

structure to higher pressures than in the dhcp structure45–47. 

Conclusion 
The phase relations and magnetic transitions in the Fe-H system have been investigated up to 63 GPa and 

1800 K in laser-heated diamond-anvil cells by Synchrotron Mossbauer Spectroscopy (SMS) and X-ray 

diffraction. We report the synthesis of two novel Fe hydrides, monoclinic Fe2H3 at 63 GPa and 

stoichiometric hcp-FeH below 52 GPa, which add to the complexity of the phase diagram of the Fe-H 

system (Fig. 1). Further detailed investigations of the magnetic transitions in dhcp-FeH suggest that the 

collapse of the magnetic order proceeds in two steps: firstly, as a ferromagnetic-antiferromagnetic 

transition around 30 GPa and secondly, as an antiferromagnetic-paramagnetic transition around 50 GPa.  

The present study suggests a larger diversity of iron hydride phases in yet unexplored pressure-

temperature domains. The persistence of magnetism in hcp-FeH at high pressures and the formation of 

hydrogen-rich magnetic phases may play an important role in the magnetic behavior of the smaller 

planetary bodies, whose interior can have temperatures below the Curie temperature of iron hydrides. 

The persistent magnetism at high pressure may affect the predicted superconductivity of iron 

hydrides11,15. These observations should stimulate the quest for additional (and unconventional) iron 

hydrides and the study of their magnetic properties. 

Methods 
Sample preparation. All experiments were performed on membrane-type diamond anvil cells48. 

Diamonds with 250 μm culets were employed to reach pressures above 60 GPa at 1800 K. Compression 

chambers were prepared from 200 μm thick Re gaskets pre-indented to about 30 μm thickness and laser-

drilled with a hole of 125 μm. The gaskets were lined with an Au ring to prevent chemical reactions and 
H2 embrittlement49. The Au-lined gaskets were prepared from an Au foil indented into the sample 

chamber and drilled with a hole of about 100 μm, forming a 15 µm deep recess to host the sample and 
ensure chemical insulation from the diamonds (Fig. S1). Isotopically pure (95% enrichment) 57Fe foils of 1 

μm thickness were loaded onto the gasket together with several small ruby chips for pressure 
determination50. H2 was loaded at 1.2 kbar and serves both as the reaction and as a pressure transmitting 

medium as well as a thermal insulator. 

Mössbauer spectroscopy at extreme conditions. SMS spectra were recorded at the Nuclear Resonance 

Beamline51 ID18 of the European Synchrotron Radiation Facility (ESRF, Grenoble, France) using the (111) 



nuclear reflection of a 57FeBO3 single crystal mounted on a Wissel velocity transducer driven with a 

sinusoidal waveform52. The source provides 57Fe resonant radiation at 14.4 keV within a bandwidth of 15 

neV (0.31 mm/s) which is tunable in energy. The X-ray beam was focused down to 16x12 µm2 (VxH) 

employing Kirkpatrick-Baez mirrors. The linewidth of the SMS and the absolute position of the center shift 

(CS) relative to α-iron were controlled before and after each measurement with a K2Mg57Fe(CN)6 

reference single line absorber. The velocity scale was calibrated using 25 µm thick natural iron foil. High-

temperature measurements were performed with a modified version of the portable double-sided laser-

heating system described in ref. [53]. Two infrared fiber lasers operating at 1070 nm were focused down 
to  40 μm (full width at a half maximum) at the sample position. The surface temperature was measured 
by the standard spectroradiometry method employing an IsoPlane SCT 320 spectrometer with a PI-MAX®4 

1024i ICCD camera from Princeton Instruments54. Typical collection times ranged from 30 minutes to 8 

hours depending on pressure and the desired statistics. SMS spectra were fitted using a transmission 

integral with a normalized Lorentzian-squared source line shape using the MossA software package55. 

Single crystal X-ray diffraction. The single-crystal X-ray diffraction measurements were conducted on the 

ID15B beamline at ESRF using a monochromatic beam of λ=0.4126 Å and a MAR555-image plate detector 

for collection. Sample-to-detector distance, coordinates of the beam center, tilt angle, and tilt plane 

rotation angle of the detector images were calibrated using Si powder. At each pressure step, the X-ray 

diffraction (XRD) images were collected upon continuous rotation of the cell from –32° to +32° ω; while 
data collection experiments were performed by narrow 0.5° scanning of the same omega range. Pressures 

were calculated from the lattice parameters of Au56 refined from the XRD patterns recorded in the gasket 

liner (Fig. S1). 

Diffraction data analysis (peak search, unit cell indexing, data integration, frame scaling, etc.) was 

performed with the CrysAlisPro software. A single crystal of an orthoenstatite ((Mg1.93,Fe0.06)(Si1.93,Al0.06)O6, 

Pbca, a = 18.2391(3) Å, b = 8.8117(2) Å, c = 5.18320(10) Å), was used to calibrate the instrument model of 

CrysAlisPro software (sample-to-detector distance, the origin of the detector, offsets of the goniometer 

angles and rotation of the X-ray beam and the detector around the instrument axis).  

Due to the strong overlap between reflections no decent integration using Crysalis software was possible 

above 56 GPa. In order to address this problem and determine the correct space group, we integrated 

XRD wide images into 1-dimensional powder patterns. Then, using JANA200657 software we generated 

distorted crystal structures of hcp structure and compared the experimental powder profiles with 

calculated positions of the reflections corresponding to different subgroups. Below 56 GPa the crystal 

structure was determined by the dual space method using SHELXT58 software. After the structure solution, 

the position of an iron atom was found while the positions of hydrogen atoms were not determined due 

to its low scattering power. The crystal structures were refined against F2 on all data by full-matrix least-

squares with the SHELXL59 software. The final unit cell parameters of the structures were refined with the 

use of the Le Bail fitting of the powder patterns. 

Data availability 

Data generated during the study are available in the repository https://uni-

muenster.sciebo.de/s/kZyNiftW2GGusEN. 
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Figures

Figure 1

Phase diagram of the Fe-H system. The solid lines are the phase boundaries for the FeHx phases with
x≤114,24,25, the shaded regions are the stability domains of the novel polyhydrides14,15. The symbols
correspond to the phases investigated in this study, including the two new phases Fe2H~3 and hcp-FeH.



Figure 2

Representative SMS spectra of iron hydrides at the indicated pressures and ambient temperature. (a)-(d)
– the cold compression of dhcp-FeH; (f) – Fe2H~3 synthesized at about 1000 K; (e) hcp-FeH phase
obtained upon decompression. Solid lines show the theoretical �ts, the percentage bars indicate the
relative absorptions, and the residuals of the �ts are indicated below each spectrum. M: magnetic; NM:
non-magnetic; H and C: hexagonally and cubically close-packed sites respectively.

Figure 3



The crystal structures of iron hydrides. The blue and pink circles show regular positions of Fe and H
atoms, respectively. The arrows indicate the directions of displacements of hydrogen atoms from the
centers of octahedral interstices in the dhcp structure. The letters A, B, C represent the standard notation
for close-packed layers in the dhcp- and hcp-FeH structures, A’ and B’ for the distorted close-packed layers
in the monoclinic Fe2H~3 structure. In all three structures, all octahedral interstitials are occupied by
hydrogen. In Fe2H~3, additionally, about one-fourth of tetrahedral interstitials are occupied. The
structures are visualized using the Vesta 3 software29.

Figure 4

Effect of pressure on the hyper�ne parameters of iron hydrides at room temperature: (a) hyper�ne
magnetic �eld, (b) relative abundance of the components. Dashed lines displayed in (a) are a �t to in the
0-35 GPa range and in (b) are guides for the eyes. The shaded areas in (a) indicate the ferromagnetic
(FM), antiferromagnetic (AFM), and paramagnetic (PM) pressure regions for dhcp-FeH. M: magnetic; NM:
non-magnetic; H and C: hexagonally and cubically close-packed sites respectively.

Figure 5

X-ray diffraction patterns of (a) monoclinic Fe2H~3 (space group C2/m) and (b) hcp-FeH GPa at
indicated pressures and room temperature. Experimental data – grey circles; Le Bail �t – black solid lines;



difference curves – green solid lines. Ticks show predicted positions of the diffraction peaks. The
wavelength is 0.4126 Å.

Figure 6

Third-order Birch–Murnaghan equations of state for hcp-FeH (green, this study), hcp-Fe (black)35, dhcp-
FeH (blue), and tetragonal FeH2 (yellow)14, together with P-V data for monoclinic-Fe2H~3 (light-blue
circles). Error bars do not exceed the size of the symbols. The EOS parameters are given in
Supplementary Table 3. The inset shows the calculated atomic volume expansion caused by the
incorporation of one atom of interstitial hydrogen according to Eq. (1).



Figure 7

Volume dependence of the center shift in dhcp-FeH (blue), hcp-FeH(green), and monoclinic Fe2H~3. The
effect of volume increase well explains the higher CS of the magnetic component in Fe2H~3 (light blue)
but does not explain the low-CS of the nonmagnetic component (yellow). Volumes of dhcp-FeH are
calculated using the EoS parameters reported in Supplementary Table 2. The data for fcc-FeH are
from21.
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