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Abstract: Light element alloying in iron is required to explain density deficit and seismic wave
velocities in Earth’s core. However, the light element composition of the Earth’s core seems hard to
constrain as nearly all light element alloying would reduce the density and sound velocity (elastic
moduli). The alloying light elements include oxidizing elements like oxygen and sulfur and reducing
elements like hydrogen and carbon, yet their chemical effects in the alloy system are less discussed.
Moreover, Fe-X-ray Absorption Near Edge Structure (Fe-XANES) fingerprints have been studied for
silicate materials with ferrous and ferric ions, while not many X-ray absorption spectroscopy (XAS)
studies have focused on iron alloys, especially at high pressures. To investigate the bonding nature of
iron alloys in planetary interiors, we presented X-ray absorption spectroscopy of iron–nitrogen and
iron–carbon alloys at high pressures up to 50 GPa. Together with existing literature on iron–carbon,
–hydrogen alloys, we analyzed their edge positions and found no significant difference in the degree
of oxidation among these alloys. Pressure effects on edge positions were also found negligible. Our
theoretical simulation of the valence state of iron, alloyed with S, C, O, N, and P also showed nearly
unchanged behavior under pressures up to 300 GPa. This finding indicates that the high pressure
bonding of iron alloyed with light elements closely resembles bonding at the ambient conditions.
We suggest that the chemical properties of light elements constrain which ones can coexist within
iron alloys.

Keywords: Earth’s core; planetary core; light element; nitrogen; carbon; iron alloy; high pressure;
X-ray absorption; XANES; Advanced Photon Source

1. Introduction

The model of Earth and terrestrial planetary cores requires an iron–light element
mixture to accommodate variable observations. For Earth, the addition of light elements
reduces the density and elastic moduli from pure iron to a value close to the seismic PREM
profile [1]. The Earth’s dynamo also requires chemical buoyancy in the outer core as
an energy source. Recently, the superionic nature of ultra-high pressure iron alloys was
discovered, and this can explain the softened shear modulus of Earth’s inner core [2]. For
the Martian core, Fe-S alloys have been used to model its compositional evolution, while
the addition of other light elements is highly probable. The cores of other terrestrial planets
or rocky bodies are also likely composed of iron and multiple light elements.

The candidate light elements in the core are also life-essential elements. From the
perspective of planet habitability, it is important to maintain a suitable amount of these ele-
ments in near-surface reservoirs (upper crust, ocean, and atmosphere, if conditions permit).
During the formation of an Earth-like planet, core segregation must have incorporated a
significant amount of light elements. The relative abundance of light elements stored in the
core, is a consequence of interaction of relevant components at core formation conditions.
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These elements, with varied electronegativities, would suppress or facilitate the accom-
modation of other elements in atomic sites in either metallic melts or solids. Therefore,
the competition between staying in the silicate mantle or sinking to the core can be crucial
for planet habitability. A first step toward solving this problem will be understanding the
oxidizing/reducing trend of light elements at core formation relevant high pressures.

The associated changes in physical properties due to light element alloying are rel-
atively well understood, in terms of density, elastic moduli and viscosity (e.g., [3–7]).
However, their effects are relatively similar, originating from their ‘light’ mass. From
constraints of density, shear and compressional velocities, it is hard, if not impossible, to
determine a multicomponent Earth core model, as the light elements can be interchange-
able [8]. Alternatively, the combination of light elements could possibly be considered from
a chemical perspective. The affinity of light elements to metallic iron at high pressures has
been demonstrated in core formation processes, though mostly in Fe-X binary systems.
However, how the valence state of iron has been altered was not well understood. The vari-
ous light elements have electronegativity ranging from 1.90 (Si) to 3.44 (O). This potentially
indicates the sharing of their valence electrons, which could be related to their bonding
strengths with iron.

Meanwhile, the chemical identity of the bonding is not yet fully understood, especially
how they can be categorized as a metallic, covalent, or ionic type of bonding. The nature of
metallic planetary cores is likely to be multi-component [9]. Therefore, the compatibility
of elements coexisting in the iron alloy system needs to be considered. It seems that light
elements with close electronegativities become competitive when alloyed with iron. Yet,
how this behavior varies with pressure remains to be understood. Knowledge of the
bonding types for various light elements with iron may shed light on the behavior of
ternary and polynary iron alloy systems.

X-ray Absorption Near Edge Structure spectrum is a powerful tool to detect the
valence structure of transition metals in their compounds. It probes the density of states
of K shell electrons by exciting electrons to the lowest empty states through X-rays with
corresponding energy. The absorption edge position is sensitive to the oxidation state, and
the position of the iron edge indicates how oxidized Fe atoms are. The valence state of iron
is defined as the difference between the 26 electrons in a neutral iron atom and the number
of electrons remaining after it loses electrons to form its current ionic state, which can be
inferred either experimentally or theoretically.

In this study, we measured iron K-edge XANES spectra of iron–nitrogen and iron–
carbon alloys at high pressures up to 50 GPa. We chose these compositions because carbon
and nitrogen are highly siderophile during core formation, with over 90% of Earth’s carbon
and nitrogen stored in the core [9]. In addition to experimental results, we also employed
Density Functional Theory (DFT) to calculate the valence of iron in iron–light element
compounds to up to 300 GPa. Theoretical methods allow us to explore higher pressures
and more compositions in the iron alloy system. We found a negligible effect of pressure
on iron alloyed with light elements. As such, the iron valence state known at ambient
conditions can be extrapolated to deep planetary conditions.

2. Methodology

High purity (99.9%) "-Fe7N3 (Fe3Nx, x = 1.33) and �0-Fe4N powders were obtained
from Kojundo Chemical Lab. Co., Ltd. (Sakado, Japan)., with an average grain size of
~1 µm [10] (Figure 1). Fe69C (Fe-0.31 wt% C) alloy was from high-pressure temperature-
treated NIST 19H basic electric steel, and Fe15C (Fe-1.37 wt% C) alloy was synthesized
at 1 GPa and 1150 �C from a mixture of pure iron powder and an NIST 5 m Cast Iron
with a 1:1 ratio. These two Fe-C alloys have very low carbon content, so the iron lattice
is isostructural to pure iron, while carbon resides in the interstitial space [11]. The low
carbon content also appears to have an indiscernible effect on the pressure range of the
bcc-hcp phase transformation [12]. Further details of the synthesis and sample charac-
terizations can be found in [12]. Our study focuses on the examination of iron valence
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state in these alloys, with structural, strength, and spin state results for the same samples
available in [10,11,13,14].
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To further explore the pressure effects beyond the highest pressures reached in ex-
periments, we performed first-principle simulations based on the density functional the-
ory (DFT) using the Vienna Ab initio Simulation Package (VASP) with the projector-

Figure 1. Crystal structure of Fe3Nx and Fe4N: Brown atoms represent Fe, while the light steel blue
atoms represent N. Iron atoms in Fe3Nx adopt the hexagonal closed packing, while, in the Fe4N
structure, their arrangement is the cubic closed packing. The structure data are from [12]. Crystal
structure visualization was constructed by VESTA software ver. 3 [15].

These iron alloys were pre-compressed to ~15–20 µm in thickness and 50–80 µm in
diameter and then loaded into sample chambers. The sample chamber is a hole of 100 µm
drilled in a stainless steel gasket pre-indented to 30–40 µm in thickness. The culet size of
diamond anvils is 300 µm in diameter. Silicone oil was loaded as a pressure-transmitting
medium and ruby spheres were loaded as pressure calibrant.

Fe K-edge XANES spectra were measured at 13-ID-E of GSECARS at the Advanced
Photon Source, Argonne National Lab. Transmission geometry was used for spectrum
collection (Figure 2). Energy was scanned from 7000 eV to 7100 eV with a step size of 2.5 eV,
from 7100 eV to 7130 eV with a step size of 0.1 eV. 7130 eV to 7200 eV with a step size of
1/Å in k-space. A total of 3–5 spectra were summed up to increase the signal-to-noise-ratio
for high-pressure datasets. X-ray energy was calibrated by an iron foil X-ray absorption
spectrum, and the peak position of the first energy derivative (E0, where dµ/dE = 0 and µ is
the absorption coefficient) was calibrated to 7112 eV. The raw XAS spectra were processed
using an XAS viewer (a module in Larch, http://xraypy.github.io/xraylarch/, accessed on
22 November 2024) for background removal and normalization.

To further explore the pressure effects beyond the highest pressures reached in exper-
iments, we performed first-principle simulations based on the density functional theory
(DFT) using the Vienna Ab initio Simulation Package (VASP) with the projector-augmented
wave (PAW) method [16]. For the exchange-correlation functional, we used the generalized
gradient approximation (GGA) [17] with the Perdew–Burke–Ernzerhof (PBE) parameteri-
zation and applied PBE pseudopotentials in our calculation. The energy cutoff was set at
600 eV. The K-point grid used for Brillouin zone summations over the electronic states was
adjusted according to the structure size of individual iron alloys. We assessed the effect
of the K-point mesh grid on the energy of iron alloys and found that the energy differ-

http://xraypy.github.io/xraylarch/
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ences between the calculations with the chosen K-point mesh grid and denser grids were
minimal (less than 0.05 meV/atom). We calculated a range of iron compounds including
FeO, FeS, FeS2, Fe3C, Fe3S, Fe3N, and Fe3P at 60, 100, and 300 GPa. At these pressures,
these materials were expected to be non-ferromagnetic [18] so performing computation
without dealing with magnetic interactions can be considered valid. After the relaxation of
the cell parameters and the atomic positions of iron alloys at each pressure, we calculated
the atomic valence state of Fe and other light elements from the electron charge density,
following the Bader charge division scheme [19,20].

3. Results

Electrons in iron with higher valence states are bonded more strongly and require
more energy to excite. As a result, the X-ray absorption edge position is associated with
the oxidation state of iron (Figure 2). In Figure 3a, we compared the XANES data of
common iron oxides and sulfides. At ambient conditions, metallic, ferrous, and ferric iron
have distinctive edge positions (7112.5 eV, 7118 eV, and 7122 eV, respectively) though the
bonded light elements are different. Based on this finding, the measured iron–nitrogen and
carbon alloys are all 0 valence and do not show any oxidation features (Figure 3). The edge
positions of alloys with different carbon contents are also not distinguishable (Figure 3).

I0 I1

!(#) = −'() *!
*"

monochromatic X-ray

Fe  K-edge 1s

2s

2p

3s
3p

continuum

photon E= ~7.1keV
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Energy

μ(E)

X-ray Absorption Near Edge Structure

Figure 2. Schematics of principles of X-ray absorption near edge structure (XANES) and its high-

pressure measurement with a diamond anvil cell. When the energy of the incident X-rays matches
or exceeds the binding energy of a core electron (K-edge), the X-ray can be absorbed by an Fe atom,
causing the core electron to be ejected from its shell. The absorption coefficient as a function of energy
is the so-called ‘near edge structure’. For high pressure experiments, the X-ray is also absorbed by
the diamond anvils at both the upstream and downstream sides, resulting in lower data quality
compared to ambient conditions (Figure 4).
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+2 and +3 valence states, (b) iron–carbon, –nitrogen, and –hydrogen alloys at ambient conditions

(except for iron–hydrogen alloy at 4 GPa), and (c) iron carbides in comparison with metallic iron.

Iron-hydrogen alloy FeHx data and iron carbide Fe3C data were taken from [21,22]. FeHx shows a
slightly oxidized feature compared to Fe-N and Fe-C alloys, but its edge position is still far from that
of ferrous iron.
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The high-pressure datasets of Fe-C and Fe-N alloys up to 56 GPa show nearly the
same edge positions with the alloy at ambient conditions (Figure 4). Due to poor data
quality, it is difficult to comment on the pressure-induced changes in the XANES feature
other than the absorption edge. In any case, no evidence indicates that these iron alloys
became ferrous (Figure 3a) so we interpret them as metallic 0-valence iron, to the highest
pressure. The trend of unchanged edge positions under pressure was supported by our
theoretical simulations (Figure 5). This observation is also valid for Fe-P, Fe-O, and Fe-S
systems (Figure 5).
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Figure 5. Valence state of iron in iron alloys calculated using Bader charge division scheme. The
simulation results show no significant change in iron valence states up to 300 GPa. Based on the iron
valence states, the oxidizing feature of these elements can be ranked as O > S > C ⇡ N > P.
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4. Discussion

Based on our results, the oxidizing or reducing characteristics of the light elements
appear stable and can likely be extrapolated to high pressures up to Earth’s core conditions.
While planetary interiors are subject to both high pressures and temperature, previous
studies on high-temperature iron alloys have shown minimal effects on the XANES edge
feature [23]. Thus, we suggest that, to a first approximation, both pressure and temperature
exert limited influence on the charge distribution within iron alloy systems. This stability
supports our inference of consistent chemical behavior under core-like conditions. There-
fore, the behavior of high-pressure ternary iron–alloy systems can be understood using the
ambient condition chemical electronegativities.

If two reducing light elements are in the iron–alloy system, these two elements will be
mutually exclusive above certain concentrations. For example, Fe3C has been found not
reacting with H up to 14 GPa [24]. At higher pressure, carbon in iron carbide Fe3C was
expelled by hydrogen at 43 GPa and 1900 K, forming iron hydride and diamond [25]. In
the liquid iron–alloy system, the hydrogen in iron was also found to limit its carbon solubil-
ity [26]. The Fe-Si-H system has similar trends, but the behavior is more complicated due
to structural complexities of iron silicide. One report showed that the Fe-Si-H compound
has a composition close to Fe5Si3H3 [27], with a H/Fe ratio lower than the typical value
of �1 found in iron hydrides. This can be explained by the competing effect of Si and H
in this iron–alloy system. The immiscibility of molten Fe-C and Fe-S alloys was observed
below 5.5 GPa [28]. The mutual solubility of C and Si in solid hcp iron is also found to be
low, and the main solid phases are FeSi and Fe7C3 [29]. Similarly, S and P do not coexist in
a solid phase; instead, they form sulfide and phosphide when crystallization occurs [30].

We can also make an inference that reducing elements cannot coexist with oxygen in
large quantities in iron alloys. This means that a separate phase of the light element oxide
will crystallize from the metallic phase. Due to the significant density difference in oxides
compared to metals, this leads to stratifications and release of gravitational potential energy.
An example is the exsolution of SiO2 in Fe-Si-O system at high pressures [31], which can
gradually change the liquid core composition and provide an energy source for powering
the dynamo, especially during Earth’s early stage. In addition, Mg oxide exsolution [32,33]
from liquid outer core has also been proposed as an energy source for the early dynamo.
Because increasing the oxygen content in the core with reducing elements would drive the
exsolution of oxides from the iron–alloy system, the oxygen content becomes a critical limit
of light element’s solubility in the core.

Our XAS data provide benchmarks of the absorption edge of Fe alloys. This could
be potentially useful to determine the composition of high-pressure iron alloys during
partial melting, especially for experiments performed in diamond anvil cells. The partition
between solid and liquid phases would result in chemical gradients in light elements, which
could be potentially resolved using the XANES method, given the light elements vary in
electronegativity, and the spectra data are of high quality. The presented data here may be
also applicable to iron meteorite characterizations or spectroscopic observation of asteroids
or planets with a primarily metallic surface.

5. Conclusions

In summary, we present a combined experimental and theoretical approach, which
offers a perspective for understanding charge distribution and oxidation states in iron
alloys under extreme conditions. Specifically, we report XANES spectra of Fe15C, Fe69C,
and Fe3Nx at high pressures up to 50 GPa. The absorption edge position of iron K-edge
remains unchanged in the investigated pressure range. We further calculated the valence
state of iron alloys using first-principle density functional theory up to 300 GPa and found
nearly unchanged iron valence states. This indicates the relative electronegativity for
Fe-C, Fe-N, Fe-S, Fe-O, and Fe-P, and, hence, the bonding nature was not significantly
changed by pressure. The similar bounding nature of iron alloys at ambient conditions and
high pressures indicates the ‘oxidizing’ and ‘reducing’ features of these elements remain
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valid at high pressures and can be used to explain the ternary iron alloy behaviors at
high pressures. These insights contribute to predicting planetary core compositions and
behaviors, providing practical implications for planetary science and interior modeling.
Applying this knowledge, we illustrate the repulsive interaction of C and H in Fe-C-H
systems and the SiO2 crystallization behavior in Fe-Si-O system.

Future studies could expand on this work by examining a broader range of light
elements, taking XAS measurement on light elements C, O, or S, incorporating higher
temperatures to simulate a wider range of planetary environments, as well as exploring
ternary systems to assess multi-element interactions more directly. This approach would
help refine our understanding of core composition and the conditions that affect core-mantle
differentiation across diverse planetary bodies.
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