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A B S T R A C T

Elastic and plastic properties of Fe-light element alloys and compounds are needed to determine the compositions
and dynamics of planetary cores. Elastic strength and plastic deformation mechanisms and their relationship to
electronic properties of ε-Fe7N3 and γ’-Fe4N mixture were investigated by x-ray diffraction and x-ray emission
spectroscopy in the diamond anvil cell from 1 bar up to 60 GPa. X-ray diffraction shows that ε-Fe7N3 reaches a
pressure of 15–20 GPa before undergoing bulk plasticity at a differential stress of 4.4–10.4 GPa. ε-Fe7N3 is
stronger than γ’-Fe4N and hcp-Fe which achieve a flow stress of 1.5–3.6 GPa at 10–15 GPa and 2–3 GPa at ~20
GPa, respectively. X-ray emission spectroscopy shows that a decrease in electronic spin moment begins before
and completes after plastic flow onset for each nitride, suggesting that pressure-driven changes in electronic
arrangement do not trigger a plastic response although they may modify the strength and plastic behavior of Fe-
N compounds. Plastic deformation in ε-Fe7N3 and hcp-Fe results in a preferred orientation of (0001) normal to
maximum compression, while γ’-Fe4N develops a maximum in the (110). These observations may be combined
with measurements of elasticity to model seismic properties of cores of small planetary bodies such as Mars,
Mercury, and the Moon.

1. Introduction

The abundances of light elements such as Si, O, S, H, C, and N alloyed
with Fe in planetary cores are expected to vary as a function of the
composition of material accreted, accretion history, and core-mantle
differentiation conditions (e.g., Poirier, 1994; Hirose et al., 2013; Lita-
sov and Shatskiy, 2016; Lv and Liu, 2022). Nitrogen has recently been
considered a potential core-forming light element due to its siderophile
nature and abundance in the solar system (e.g., Minobe et al., 2015;
Kusakabe et al., 2019). Evidence that iron nitrides are present in plan-
etary building blocks and protoplanetary cores includes observations of
iron nitrides in iron meteorites (Sugiura, 1998; Rubin and Ma, 2017).
Diamond inclusions that may sample Earth’s core-mantle boundary
have also been observed to contain iron nitrides (Kaminsky and Wirth,
2017), but the abundance and distribution of nitrogen in Earth’s interior
have been debated (Mysen, 2019; Speelmanns et al., 2019). Even fewer

observations are available to constrain the light element content within
cores of other terrestrial planetary bodies, such as limited seismic ob-
servations of the cores of the Moon andMars (Weber et al., 2011; Stähler
et al., 2021) and remote sensing of density and magnetic fields (e.g.
Smith et al., 2012). The cores of all of these bodies have been proposed
to contain weight-percent-level carbon (Steenstra et al., 2017; Steenstra
and van Westrenen, 2018; Vander Kaaden et al., 2020; Knibbe et al.,
2021), although this has been controversial (Cartier and Wood, 2019;
Yoshizaki and McDonough, 2020). Given the similar crystal chemical
behavior of carbon and nitrogen, nitrogen may also be incorporated in
iron‑carbon phases in planetary cores (Minobe et al., 2015; Sagatov
et al., 2019; Huang et al., 2021). To support the modeling of planetary
core compositions and interpretation of future mission observations,
measurements of the physical properties of iron nitrides are needed.

Multiple iron‑nitrogen alloys and compounds may be stable at
modest pressure conditions and low bulk nitrogen content relevant to
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the interiors of small (Mars-size and smaller) terrestrial planetary cores.
ε-Fe3Nx (0.75 < x < 1.4, space group P6322) is nonstoichiometric over a
wide compositional range (on the order of 10% N or more), while
stoichiometric γ’-Fe4N (space group Pm3m) forms over a narrow
compositional range (within ~1% N) (Göhring et al., 2016) and typi-
cally crystallizes with excess Fe or Fe3Nx. First principles calculations
have determined that γ’-Fe4N may be metastable under high-pressure-
temperature conditions (Wetzel et al., 2021). At pressures above
~41–56 GPa and temperatures at 1000 K, both ε-Fe3Nx and γ’-Fe4N
transition to β-Fe7N3 (Minobe et al., 2015; Breton et al., 2019). The
ε-Fe7N3 to β-Fe7N3 transition in the Fe–N system is analogous to the
hexagonal phase (h-Fe7C3) - orthorhombic phase (o-Fe7C3) transition in
the iron carbide system (Prescher et al., 2015).

The similarity and miscibility of alloys in the iron‑nitrogen‑carbon
system suggest that iron‑nitrogen alloys likely exhibit similar physical
properties to iron carbides that match observations of planetary cores
including density, seismic wave speed, and seismic anisotropy (e.g.,
Deuss, 2014). Iron nitrides and carbides tend to have similar physical
properties including hardness and corrosion resistance (Chen et al.,
2015). Like iron carbides, iron nitrides have been predicted to be highly
elastically anisotropic at 1 bar (Gressmann et al., 2007; Yang et al.,
2009). Iron carbides have been proposed as constituents of Earth’s core
based largely on their low shear wave speed and high Poisson’s ratio,
unique relative to other candidate alloys in the Fe-Si, Fe-S, and Fe-H
systems (Chen et al., 2014, 2018; Prescher et al., 2015). While previ-
ous studies have determined the elastic properties of iron carbides
(Mookherjee, 2011; Mookherjee et al., 2011) no previous studies have
measured the full elastic tensor of iron nitrides at high pressures relevant
to planetary interiors. In addition to the elastic properties, mechanisms
for the development of lattice-preferred orientation are important to
testing whether anisotropic alloys can explain the anisotropy of plane-
tary cores (Romanowicz and Wenk, 2017). Previous studies have
measured the strength and development of lattice preferred orientation
through plastic deformation of pure Fe (Miyagi et al., 2008; Merkel
et al., 2013), Fe-Ni (Reagan et al., 2018), Fe-Si (Vasin et al., 2023) and
Fe–Ni–Si (Brennan et al., 2021) alloys, but neither iron nitrides nor iron
carbides have been studied. The preferred crystallographic orientation
of elastically anisotropic ε-Fe7N3 and γ’-Fe4N may produce anisotropy
within small rocky bodies.

The viscoelastic behavior of iron nitrides, like other iron-light
element alloys, may be modified by pressure-driven changes in elec-
tronic arrangement in iron. Magneto-elastic coupling between a transi-
tion to a low magnetic moment in d-orbital electrons under pressure
results in significant elastic stiffening of Fe-alloys including Fe3S, Fe3P,
Fe3C, and Fe7N3 (Lv et al., 2020), softening of Fe7C3 (Chen et al., 2012),
but no detectable effect on the equation of state of γ’-Fe4N (Lv et al.,
2020). Constraining the conditions of the electronic change in these
materials via the dominant technique, X-ray emission spectroscopy
(XES), is challenging due to weak signal (Rueff et al., 1999; Lin et al.,
2004; Lv et al., 2020) which is sensitive to pressure gradients within the
sample. Studies of electronic behavior have typically employed non-
hydrostatic pressure-transmitting media, which have been observed to
broaden the spin transition of ferropericlase (Lin et al., 2009) and
siderite (Zhao et al., 2020). A non-hydrostatic medium may impact
conclusions about the pressure ranges of the ε-Fe7N3 spin transition and
the subsequent dependence on nitrogen content (Lv et al., 2020; Lv and
Liu, 2023).

In this study, we evaluate the strengths of ε-Fe7N3, γ’-Fe4N, and ε-Fe
(hexagonal close-packed, or hcp) and the dependence of viscoelastic
properties on pressure-induced electronic transition in ε-Fe7N3. The ef-
fects of non-hydrostatic stress on the electronic transition are assessed
by XES applied to ε-Fe7N3 under compression with variable amounts of
deviatoric stress in a diamond anvil cell (DAC). High-pressure strength,
failure, and plastic deformation are observed using radial x-ray
diffraction (XRD) on nitrides under compression with maximum

deviatoric stress in a diamond anvil cell. Results are used to assess
whether the preferred orientation of nitrides could occur in the cores of
small terrestrial bodies such as the Moon, Mercury, and Mars.

2. Methods

The starting materials in this study are synthetic ε-Fe7N3 and γ’-Fe4N
powders used in Lv et al. (2020). Spotty synchrotron XRD patterns and
diffraction peak widths confirm grain sizes on the order of the x-ray
beam size, indicating ~2-μm grain sizes. To determine the amount of
excess bcc-Fe in the γ’-Fe4N powder starting material, quantitative
phase analysis was carried out from ambient Cu-source XRD (Bruker
Davinci) with full profile refinement using MAUD (Material Analysis
Using Diffraction) (Lutterotti et al., 2014; Wenk et al., 2014). The unit
cell parameters were a = 3.797 Å for γ’-Fe4N; a = 4.744 Å and c
= 4.403 Å for ε-Fe7N3. No excess bcc-Fe was observed in the ε-Fe7N3
starting material. However, in addition to γ’-Fe4N, 11(4) at.% of the
starting material was α-Fe (body-centered cubic, bcc) and 0.21(7) at.% is

ε-Fe7N3. Observed unit cell volume of 23.53(1) Å
3
for bcc-Fe is 1%

larger than values expected for pure Fe (23.27 Å
3
, Davey, 1925), and

could be explained by the volumetric expansion due to ~1% dissolved
nitrogen (Lv et al., 2018).

XES measurements were conducted at beamline 16-ID-D, of the
High-Pressure Collaborative Access Team (HPCAT), the Advanced
Photon Source (APS), Argonne National Laboratory (ANL) in diamond
anvil cells using 200- or 300-μmflat culets. A flake of ε-Fe7N3 was loaded
into a pre-indented Be gasket with a 150- or 75-μm hole. The gasket hole
was drilled at Michigan State University using an EDM (electric
discharge machine) or the laser drilling system at HPCAT (Hrubiak et al.,
2015). The pressure-transmitting media were cryogenically loaded Ar,
solid KCl, or the sample itself with no additional medium. A 5–10 μm
ruby ball was used as the pressure standard, where the pressure was
determined by ruby fluorescence (Shen et al., 2020). Above the hydro-
static limit for each medium (Klotz et al., 2009; Uts et al., 2013), the
reported pressure should be considered a lower bound due to the pres-
sure gradient supported by the non-hydrostatic medium and the position
of the ruby near the edge of the gasket hole. For samples without a
pressure medium, the pressure was determined from the diamond edge
measured using Raman spectroscopy (Akahama and Kawamura, 2006)
at the GeoSoilEnviro Center for Advanced Radiation Sources (GSECARS)
Raman facility. The XES measurements were performed at 300 K, up to
60 GPa, with steps of ~5 GPa. The incident x-ray energy was 11.3 keV,
with a spot size of ~4 (V) by 6 (H) μm FWHM, each spectrum was
recorded for 15 s/pt. with a step size of 0.4 eV. One to three spectra were
collected and summed at each pressure step, accumulating at least
30,000 counts at the Fe Kβ1,3 peak. The experimental setup is shown in
Fig. 1a.

XRD measurements were conducted at beamlines 12.2.2, Advanced
Light Source (ALS), Lawrence Berkeley National Lab, and 16-BM-D and
16-ID-B, APS, ANL in diamond anvil cells using 200–300-μm flat culets.
A flake of ε-Fe7N3 or γ’-Fe4N was loaded into a pre-indented Be or pre-
polished ~50–60 μm thick boron kapton gasket (Merkel and Yagi,
2005). Beryllium gasket holes were drilled using an EDM at Michigan
State University or the laser drilling system at HPCAT, APS (Hrubiak
et al., 2015). Boron-epoxy gasket holes were laser drilled at 12.2.2 ALS.
No pressure-transmitting medium was added to maximize non-
hydrostatic stress for determining strength and plastic deformation
texture. A Pt, Au, or Fe foil was placed on the sample center to mark the
sample position. The XRDmeasurements were conducted at 300 K, up to
50 GPa, with steps of ~5 GPa. The incident x-ray wavelength was
monochromatic and ranged from 30 to 42 keV, dependent on the syn-
chrotron beamline. Diffraction is oriented perpendicular to the diamond
anvil cell compression direction, as shown in Fig. 1b.

Unit cell parameters for iron nitrides at high pressure were deter-
mined in MAUD (Wenk et al., 2014) (Supplementary Table S4). A full
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profile refinement was used for ε-Fe7N3 and hcp-Fe, while individual
peak fitting on (111) and (220) was used to constrain the lattice pa-
rameters of γ’-Fe4N. The pressure was calibrated based on the equation
of state for the sample (Mao et al., 1990; Lv et al., 2020) (Supplementary
Table S3) for run-run consistency and to avoid overlap between sample
diffraction lines and calibrants Pt and Au. For hcp-Fe, the pressure was
determined by the Fe equation of state. Because the Fe exhibits some
volumetric expansion probably due to N incorporation, pressure may be
systematically underestimated. Nonhydrostatic stress could produce
additional uncertainty in the pressure measurement through peak
broadening. However, previous radial XRD experiments show good

correspondence between volumes measured at the “hydrostatic angle”
under non-hydrostatic compression and the hydrostatic equation of state
(Duffy et al., 1999) (corresponding to the hydrostatic lattice parameters
obtained from the MAUD model). For γ’-Fe4N, lattice parameters ob-
tained from individual diffraction peaks vary by a few GPa at the
maximum pressure condition. When pressures are determined from both
the ε-Fe7N3 sample and a Pt reference (Fei et al., 2007), the difference in
pressures increases with pressure up to 6–7 GPa above 40 GPa. The
absolute value of the pressure difference between the two materials can
be fit as a linear function relating to pressure with a y-intercept of 0.11
and a slope of 0.14 (R2 = 0.8), which can be used to approximate

Fig. 1. Experimental setup for x-ray emission spectroscopy (XES, a) and radial x-ray diffraction (XRD, b). During an XES measurement, synchrotron x-rays enter the
diamond anvil cell axially, scatter perpendicular to the x-ray beam, and are sampled by the detector. During radial XRD measurements, the synchrotron x-rays enter
the diamond anvil cell radially, through the gasket, and diffract perpendicular to the direction of maximum stress.

Fig. 2. 2D XRD pattern and full-profile fit carried out in MAUD for ε-Fe7N3 (run # c32016r1) at a) 15, b) 21, c) 33, and d) 42 GPa. The observed phases are ε-Fe7N3,
Pt, Be (gasket), and BeO (gasket). All peaks labeled with Miller indices (hkl) correspond to ε-Fe7N3.

A. Pease et al.
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uncertainty in self-calibrated pressure for radial XRD. MAUD was also
used to quantify the elastic strain on each lattice plane and determine
the preferred texture orientation. In MAUD, the “radial diffraction in the
DAC” strain model was used to fit lattice strain for each diffraction peak
(Q(hkl)). The Orientation Distribution Function (ODF) was modeled
using the E-WIMV model (entropy-modified Williams-Matthies-Imhof-
Vinel) with a 10-degree ODF resolution and fiber symmetry.

3. Results

3.1. Stability of ε-Fe7N3 and γ’-Fe4N under non-hydrostatic stress

Observed XRD peaks under non-hydrostatic stress conditions up to
50 GPa at 300 K correspond to nitrides, metallic iron, gasket, or addi-
tional markers Pt or Au (Fig. 2 and Supplementary Figs. S1 and S2).
Radial XRD and full-profile refinement confirm that iron nitrides
ε-Fe7N3 (P6322) and γ’-Fe4N (Pm3m) persist at high pressures. Details of
experimental conditions for each run are summarized in Supplementary
Table S1. Non-hydrostatic stress does not result in amorphization or
transformation of iron nitrides at 300 K. As in quasi-hydrostatic exper-
iments by Lv et al., 2020, we assume that each iron nitride structure is
metastable at the highest pressures in this study because diamond anvil
cell studies with laser heating have shown that γ’-Fe4N and ε-Fe7N3
transform to the beta-Fe7N3 phase at 56 GPa (Breton et al., 2019) and 40
GPa (Minobe et al., 2015) respectively. Because the γ’-Fe4N starting
material also contains excess α-Fe, the high-pressure radial XRD of this
sample also exhibits coexisting Fe in XRD obtained in the diamond anvil
cell. Bcc-Fe coexisting with γ’-Fe4N transitioned to hcp-Fe gradually
above 14 GPa. Hcp-Fe overlaps with the (200) γ’-Fe4N peak (Supple-
mentary Figs. S1 and S2).

3.2. Spin state of ε-Fe7N3 under non-hydrostatic stress

The net magnetic moment of Fe in ε-Fe7N3 under applied stress was
determined using XES. The Fe XES spectrum is composed of a main
group of peaks at 7055–7060 eV, Kβ1,3, and a second group of peaks at
7036–7050 eV, Kβ́. This latter satellite peak corresponds to 3p core-hole-
3d exchange interaction in a ferromagnetic high-spin state (Rueff et al.,
1999). With increasing pressure, ε-Fe7N3 exhibits decreasing intensity of
the Kβ́ peak, indicating decreasing magnetic spin moment (Fig. 3 and
Supplementary Fig. S3) as previously described for iron nitrides as well
as other Fe-light element alloys (Lv et al., 2020). The Kβ́ peak should
decrease until it reaches a minimum that matches the low-spin state.
Pyrite FeS2 is a common reference used in other studies on Fe alloys
(Rueff et al., 1999; Lin et al., 2004; Lv et al., 2020). However, at the
highest pressures in all experimental runs, we observe that the Kβ́ peak
falls below the intensity of the peak for FeS2 at energies greater than
~7045–7046 eV (Fig. 3 and Supplementary Fig. S3). For the sample
compressed in an Ar medium, negative relative intensity above 7046 eV
is observed at the highest pressure ~ 46 GPa, while for experiments in
less hydrostatic pressure-transmitting media negative relative intensity
at higher energies is observed as low as ~30 GPa. This relative differ-
ence in the shape of the XES suggests that FeS2 is not an accurate
reference for the low-spin state in ε-Fe7N3 due either to differences in
electronic structure or the stress applied to ε-Fe7N3. Broadening in XES
spectra due to non-hydrostatic stress and pressure gradients can result in
an underestimation of magnetic moment relative to the low-spin state
and produce a negative apparent high spin fraction above the comple-
tion of the magnetic transition. Apparent negative spin values have also
been observed in (Lin et al., 2004; Lv et al., 2020) and are likely to also
be an artifact of the analysis of difference relative to standards.

The integrated relative difference (IRD) method (Mao et al., 2014)
was used to quantify the net magnetic moment based on the magnitude
of the Kβ́ peak relative to reference spectra. This method was used in

Fig. 3. Normalized XES spectra over the range of the Kʹ
β peak for ε-Fe7N3 sample loaded with Ar. The high-spin reference is the lowest pressure measurement for each

run and may represent a mixed spin state. Low-spin reference is an ambient pressure pyrite standard measured during each run.
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previous studies XES of the Fe–N system (Lv et al., 2020; Lv and Liu,
2023) and is proposed to minimize the effects of nonhydrostatic stress
on the analysis of the total spin moment. Each spectrum was normalized
and centered about the Fe Kβ́1,3peak. The intensity difference between
the sample and FeS2 low-spin reference was integrated over the energy
range of the Kβ́ peak from 7037 to 7050 eV. Due to the low intensity of
the Kβ́ peak in alloys, it is essential to measure standards for comparison
under identical beamline configuration to obtain the integrated relative
difference. The high spin fraction was determined relative to the first
loaded pattern collected. Because initial measurements ranged from 0 to
4 GPa depending on the sample, this initial spectrum may not be fully
high spin, and calculating relative to this reference may overestimate
magnetic spin moment. The IRD at low pressure thus represents an
upper bound. The low spin FeS2 reference was re-measured at ambient
pressure for each experimental run.

Observations of the total spin moment for ε-Fe7N3 at run conditions
summarized in Supplementary Table S2 are compared to reprocessed
values using a silicone oil medium originally presented in Lv et al., 2020
in Fig. 4. The apparent onset of a decrease in the magnetic spin moment
on compression depends on the hydrostaticity of the pressure-
transmitting medium. Under quasi-hydrostatic conditions in Ar me-
dium, ε-Fe7N3 remained in the high spin state until 10 GPa. In less hy-
drostatic KCl and silicone oil as well as samples compressed in no
medium, the transition to the low spin state appears to begin at lower
pressures, as soon as stress is applied. Differences in magnetic moment
even at ~10 GPa when silicone oil medium is considered soft indicate
that the interpretation of XES data for ε-Fe7N3 is sensitive to deviatoric
stress.

Completion of the transition in the magnetic moment for ε-Fe7N3
appears delayed under non-hydrostatic stress. In an Ar medium, the data
fit a sigmoid trend, with the net magnetic moment decreasing from
~10–25 GPa and completion of the transition by ~30 GPa (Fig. 4).
Without a pressure-transmitting medium, the magnetic moment appears
to continuously decrease and crosses 0 at ~50 GPa. We interpret
apparent negative high spin fraction observations as 100% low spin.
These anomalous values for the spin state are only observed when

significant nonhydrostatic stress is present. We consider a hydrostatic
limit given a ruby standard deviation or 0.4 this corresponds to 23 GPa
for Ar medium, 11 GPa for KCl, and 9 GPa for silicone oil (Klotz et al.,
2009; Uts et al., 2013). Because both nonhydrostatic stress and
decreasing magnetic moment may decrease the calculated “high spin
fraction,” we cannot determine whether the transition is complete in
highly nonhydrostatic samples with no medium or KCl medium at the
maximum pressures in this study.

The pressure range of the high-to-low magnetic spin transition in
ε-Fe7N3 is broad, taking place over ~20 GPa under quasi-hydrostatic
stress. Under non-hydrostatic stress, this transition is broader.
Strength and high-pressure viscoelastic deformation of ε-Fe7N3 must be
observed by applying non-hydrostatic stress, so the effects of the mag-
netic transition on these deformation properties must also be assessed.
Because the onset of this magnetic transition is at very low pressures and
nitrides generally have high strength, elastic yielding is expected to take
place after the onset of the magnetic transition.

3.3. Strength and texture of ε-Fe7N3, γ’-Fe4N, and hcp-Fe

Radial XRD was used to determine the flow strength and texture
development in ε-Fe7N3, γ’-Fe4N, and hcp-Fe during high-pressure
deformation (summarized in Supplementary Table S1). XRD data were
collected up to 50 GPa in steps of 5 GPa. Sample diffraction peaks
broaden and develop anisotropic strain as a function of orientation
relative to applied non-hydrostatic stress (Fig. 2). Because the γ’-Fe4N
starting material was heterogeneous at the micron-scale of grain sizes,
all experiments on γ’-Fe4N include variable amounts of Fe co-
compressed at the same conditions ranging from nearly 100% γ’-Fe4N
to nearly 80% Fe. Initial diffraction rings are smooth-spotty consistent
with a randomly oriented powder. Note that the transformation of bcc-
Fe to hcp-Fe resets texture and strain in this phase at ~14 GPa. For
ε-Fe7N3, γ’-Fe4N, and hcp-Fe, nonrandom texture development is first
observed at 15–20 GPa, 10–15 GPa, and ~ 20 GPa, respectively.

The azimuthal variation of lattice spacings was fit using MAUD to
obtain Q(hkl), the deviatoric lattice strain as a function of

Fig. 4. High spin fraction of ε-Fe7N3 calculated using the IRD method with the lowest pressure point for each sample used as the high-spin reference and Fe2S (pyrite)
as low-spin reference. The transition in each dataset is fit with sigmoid curves, and all negative values have been omitted from each fit. Solid symbols represent
conditions when the sample medium is believed to be quasi-hydrostatic, while open symbols are non-hydrostatic (Klotz et al., 2009; Uts et al., 2013). Red corresponds
to Ar, green corresponds to KCl, blue corresponds to silicone oil, and purple corresponds to no pressure medium. The uncertainty in pressure for experiments using
Ar, KCl or silicone oil media is based on the standard deviation in pressure for rubies in these media reported in previous studies (Klotz et al., 2009; Uts et al., 2013),
while for experiments using no medium the pressure error bar is represented by the strength measured in this study. The uncertainty in the high spin fraction was
propagated given the run-run variation of the pyrite standard. Panel a-c highlight the broadening of the spin transition with non-hydrostatic pressure media, while
panel d provides run-run comparison. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

A. Pease et al.
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crystallographic orientation (Fig. 5, Fig. S4) (Singh et al., 1998). γ’-Fe4N
and ε-Fe7N3 were observed to be anisotropic under compression, as
indicated by the variation in Q(hkl) (Supplementary Fig. S4). We iden-
tify changes in Q(hkl) by visual inspection which we interpret as the the
transition from elastic to elastic-plastic regimes. The range of Q for
different hkl increases up to the elastic yield point, above which the
anisotropy in strain remains approximately constant. At the same con-
ditions as this change in anisotropy of strain, we also observe a change in
the average Q(hkl), <Q>, to a smaller slope of increase with pressure.
For ε-Fe7N3, we observe a change in slope in <Q > with applied pres-
sures at ~15–20 GPa in two different runs (Fig. 5a, Supplementary
Fig. S4a,b) (e.g Hemley et al., 1997). The onset of plasticity at 15–20
GPa is also supported by the development of systematic nonrandom
texture above ~20 GPa (Fig. 8). For γ’-Fe4N, the sample deformed
elastically up to 10–15 GPa, after which it deformed plastically in two
different runs (Fig. 5b, Supplementary Fig. S4 e,f). For hcp-Fe mixed
with Fe4N, the sample deformed elastically after the bcc-hcp transition,
then above 20 GPa deformed by a combination of elastic and plastic
strain (Fig. 5c, Supplementary Fig. S4 c). Yielding occurs at similar Q for
different runs, with run-run differences in yield pressure up to 5–6 GPa.

Although we carried out experiments using two different gasket
materials, we observed consistent results for elastic strain between runs.
Strain in ε-Fe7N3 samples in a Be gasket is the same or higher than that in
the B gasket (Fig. 5a), while, there is no significant difference between
runs for γ-Fe4N (Fig. 5b). However, when Fe is present in a greater
concentration than the nitride phase we observed lower Q(hkl) values
below the yield point (Fig. 5, c32021r1). Similarly, recent studies such
as Perreault et al., 2022 also show that differential stress measured for
strong metal tantalum is consistent for axial and radial experiments
using different gasket materials, but some earlier studies (Lin et al.,
2003; Miyagi et al., 2009) had suggested that observed rheology may
depend on the gasket material. Miyagi et al., 2009 measured the yield
stress for perovskite-structured CaSiO3 compressed in a B gasket ~2×

the value measured by Shieh et al., 2004 in a Be gasket, in contrast to our
observations for the Fe-N system. The consistency of stress conditions in
different gaskets should also depend on the strength of the sample.
Because the Fe–N sample in this study is much stronger than both
gaskets, it should control deformation. We note that run–run differences
in stress due to changes in the shape of the sample and gasket hole also
contribute to uncertainty in measurements of strain by radial XRD in the
diamond anvil cell.

When deformation is purely elastic under uniaxial loading, the stress

difference between the compression axis and sample plane or differen-
tial stress, t, is limited by the strength of the sample. The average < Q
(hkl)>, together with the shear modulus, can be used to quantify t as
follows (Singh et al., 1998).

t = 6GR < Q(hkl) > (1)

Eq. 1 assumes continuity of stress across grain boundaries, allowing
us to use the shear modulus defined as the Reuss average of elastic
moduli, GR.

To convert strain to stress, GR(P) is required, but there has been no
high-pressure experimental measurement or theoretical prediction for
the shear modulus of ε-Fe7N3 and γ’-Fe4N. We estimate differential stress
for ε-Fe7N3 and γ’-Fe4N based on elastic constants predicted by density
functional theory (DFT) using the generalized gradient approximation at
1 bar (Chen et al., 2015). We extrapolate the 1 bar shear modulus using
bulk incompressibility, and an assumed range of variation in the ratio of
K
G based on the elasticity of iron and analogous iron alloys with carbon
and hydrogen (Fig. 6). K0, the 1 bar bulk modulus for each material, is
fixed based on volumetric compression from Lv et al. (2020) below the
spin transition onset under quasi-hydrostatic conditions. The experi-
mental K0 value is significantly lower than the value predicted by DFT
(Fig. 6), so we fix GR0 based on the experimental value and the predicted
1 bar K

G ratio from DFT. For alloys face-centered-cubic (fcc) Fe,
hexagonal-close-packed (hcp) Fe, Fe3C, Fe7C3 (nonmagnetic), Fe7C3
(magnetic), and fcc-FeHx, published elasticity data (Söderlind et al.,
1996; Steinle-Neumann et al., 1999; Crowhurst et al., 2004; Mookherjee
et al., 2011; Caracas, 2015; Thompson et al., 2018) indicate that K

G is
constant or changes slightly with pressure up to 50 GPa with a slope of
−0.007–0.013 GPa−1. Using this range as an envelope for K

G for each iron
nitride, the range of expected values for GR is shown in Fig. 6. At 15–20
GPa, for ε-Fe7N3, we estimate GR between 94 and 131 GPa, corre-
sponding to a strength of 4.4–10.4 GPa. For γ’-Fe4N at 10–15 GPa, GR
could be 47–80 GPa, and strength is estimated to be 1.5–3.6 GPa (Fig. 7).

Texture development in ε-Fe7N3, γ’-Fe4N, and hcp-Fe is a result of
slip and twin activity during deformation at extreme pressure. Signifi-
cant texture development is expected to begin at pressures above the
change in slope of elastic strain Q(hkl) with pressure. In each of the
experiments on ε-Fe7N3, during compression, a maximum develops near
(0001) in the inverse pole figure (IPF). At high pressure, a weaker sec-
ondary maximum develops at (0110) and by 42 GPa at (1120) in the IPF
(Fig. 8). Alignment of (0001) planes at high angle to compression with a
secondarymaximum at (1120) is consistent with basal slip for hexagonal
metals (e.g. Miyagi et al., 2008). Due to the overlap between γ’-Fe4N and
hcp-Fe, lattice-preferred orientation could only be obtained from a sin-
gle diffraction line, (111). For this phase texture is characterized by the
alignment of {110} at high angles to compression. This is a typical
compression texture for fcc structure and is attributed to dominant slip
on {111}〈110〉 (e.g. (Miyagi et al., 2008)). Lattice preferred orientation
in hcp-Fe is consistent with previous studies conducted on hcp-Fe that
report (0001) maximum (Merkel et al., 2004, 2013). The (0001)
maximum might be the result of basal slip and/or tensile {1012}<1011
> twinning (Miyagi et al., 2008), confirming that co-compression with
γ’-Fe4N and possible up to ~1% N impurity in the metallic Fe do not
significantly impact the deformation texture of hcp-Fe.

4. Discussion

During a magnetic transition, the transition is a mechanism for ac-
commodating deformation and is typically expected to result in elastic
softening relative to pre- or post-transition states. Under non-hydrostatic
stress, magnetic transitions in ε-Fe7N3 began below the flow stress of
15–20 GPa. The magnetic transition initiates as the Fe-nitrides deform
elastically and do not immediately trigger flow. Under hydrostatic
stress, ε-Fe7N3 remains in the high spin state until at least 10 GPa.
Previous experiments (Lv et al., 2020) observed the onset of the

Fig. 5. Average Strain on diffraction peaks < Q > with pressure for all runs in
this study. The uncertainty in < Q > is based on the average standard deviation
in all Q(hkl) peaks, this corresponds to 0.003, 0.001, and 0.0008 for ε-Fe7N3,
γ’-Fe4N, and hcp-Fe respectively. The elastic transition point occurs at 15–20
GPa for ε-Fe7N3, 10–15 GPa for γ’-Fe4N, and ~ 20 GPa for hcp-Fe.
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magnetic transition at lower pressures, 10 GPa for ε-Fe7N3 and 5 GPa for
γ’-Fe4N, due to different stress conditions in the silicone oil pressure
transmitting medium. Because no first or second-order discontinuity was
observed in the equation of state of either material at these conditions,
no difference could be distinguished between elastic properties of a high
spin state relative to a mixed spin state for either ε-Fe7N3 or γ’-Fe4N (Lv
et al., 2020). With a revision of the spin transition onset to higher
pressures, the lack of an effect of the onset of the transition on bulk
compressibility remains robust. However, to accurately determine the
equation of state for nitrides in high, mixed, and low spin states, the spin
transition conditions observed in a quasi-hydrostatic medium should be
used to determine the pressure ranges for these electronic configura-
tions. The updated 3rd-order Birch-Murnaghan equation of state pa-
rameters obtained for high and mixed spin/magnetic ε-Fe7N3 and low
spin/nonmagnetic ε-Fe7N3 are listed in Supplementary Table S3.

The completion pressures of magnetic transitions in ε-Fe7N3 under
non-hydrostatic stress are higher than the pressures of flow. Different
stress conditions affect the breadth of the spin transition. Relative to the
samples compressed in a quasi-hydrostatic Ar medium, samples com-
pressed with no medium are observed to undergo the transition over 10s

of GPa. Given that the maximum pressure of radial diffraction mea-
surements in this study is around 50 GPa, we cannot assess whether a
change in deformation texture or effective strength takes place after the
magnetic transition. Previous work identified a stiffening in elastic
incompressibility for ε-Fe7N3 as well as Fe3S, Fe3P, and Fe3C (Lv et al.,
2020). In this study and previous studies (Lin et al., 2009; Zhao et al.,
2020), non-hydrostatic pressure media have been observed to broaden
spin transitions in multiple materials. The experimental conditions used
may impact the interpretation of the effects of magnetic transitions on
the incompressibility of materials, especially Fe alloys.

Whether the magnetic moment of electrons in iron alloys has a sig-
nificant effect on observable density and seismic wave speeds of plan-
etary cores also depends on the conditions of electronic transitions
relative to planetary interiors. Throughout the Earth’s core, iron nitrides
may be inferred to adopt a low spin configuration unless the extreme
high temperatures of the core promote mixed excited states. The spin
transition for iron nitrides observed in this study (1 bar to ~50 GPa) at
300 K corresponds to the pressures found in the mantle and core of Mars
(~1–40 GPa), the moon (~1–6 GPa), and Mercury (~1–40 GPa)
(Trønnes et al., 2019). At planetary interior temperatures, electronic

Fig. 6. Published data on G and K for ε-Fe7N3 and γ’-Fe4N extrapolated to high pressure. K0, the 1 bar bulk modulus for each material, is fixed based on volumetric
compression from Lv et al. (2020), values in Supplementary Table S3. The 1 bar KG ratio from (Chen et al., 2015) was used to determine G0 and extrapolate to higher
pressures, to determine the differential stress of each material.

Fig. 7. a) Differential stress for all runs for each Fe-nitride. b) uncertainty in differential stress for iron and iron nitrides associated with the uncertainty in <Q > and
the approximation of GR. Solid lines are 4th order polynomial fits to ε-Fe7N3, γ’-Fe4N and a 3rd order polynomial fit to hcp-Fe.
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transitions will be broadened, resulting in a more gradual change in
properties. For example, temperature broadens the spin transition in
ferropericlase from a 45–65 GPa range at 300 K to a 60–100 GPa range at
1700 K (Komabayashi et al., 2010). We expect that, in the iron nitride
system, extreme temperatures will also broaden the spin transition
making it even more difficult to observe a change in density or seismic
wave speed.

In addition, Lv et al., 2020‘s data on each nitride demonstrated that

the bulk moduli of γ’-Fe4N do not change significantly during the spin
transition, while for ε-Fe7N3 the change is slight. While there is no
constraint on the shear modulus with pressure during the transition for a
magnetic and non-magnetic phase of each iron nitride, studies on Fe7C3,
an analog system for the high-pressure iron nitride beta phase due to the
formation of a solid solution (Minobe et al., 2015; Kusakabe et al.,
2019), indicate that the biggest effect of the spin transition on me-
chanical properties may be seen in the shear modulus. Calculations of

Fig. 8. Inverse pole figures of the compression direction for iron–nitrogen compounds corresponding to the orientation normal to the maximum stress. Texture
development in ε-Fe7N3 (run # c32016r1) developed a maximum near (0001). Texture development in hcp-Fe (run # c32016r2) developed a maximum near (0001).
Texture development in γ’-Fe4N (run # c22022r2) developed a maximum near (110). All plots are scaled to a common color bar in multiples of random distribu-
tion (mrd).

Fig. 9. Differential stress measured at high pressures for metals and alloys under static compression at 300 K (this study, (Duffy et al., 1999; He and Duffy, 2006;
Brugman et al., 2021; Burrage et al., 2021)) and dynamic (10−2 s−1) diamond anvil cell compression at 300 K (Konôpková et al., 2015). The differential stress
increases with light element abundance for Fe (green circles), W (black stars), and Re (black squares). Light elements bearing alloy symbols are open, while pure
elements (<1 wt% light element) are represented by closed symbols. The error bars (red and blue) in this study account for the possible range in G based on the of
K
G extrapolation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the change in the shear and bulk modulus with pressure for a magnetic
and nonmagnetic phase (Mookherjee et al., 2011) find that the spin
transition for Fe7C3 results in changes in the bulk modulus by approxi-
mately 10% and the shear modulus by approximately 20%. The soft-
ening of elastic constants is significant in Fe7C3 and may indicate
softening in the iron nitride system. The magnitude of the change in the
shear modulus will determine if the spin transition significantly affects
the elastic properties of planetary cores.

The incorporation of light elements in metals has been well-known
over the history of metallurgy to result in higher hardness, elastic
moduli, and strength. In this study, we demonstrate that ε-Fe7N3 and
γ’-Fe4N are stronger than hcp-Fe under compression (Fig. 9). This is in
line with previous studies that have shown that, at ambient conditions,
metal-light element alloys and compounds are stronger at high pressure
than pure metals (Duffy et al., 1999; He and Duffy, 2006; Brugman et al.,
2021; Burrage et al., 2021). The combination of covalent and metallic
bonds strengthens alloys and compounds between metals Fe, W, and Re
and light elements N, C, or B (Fig. 9). While this study investigates Fe
and Fe–N compounds a similar trend can be observed in Fe-alloys that
may be found within planetary cores. For example, previous studies on
Fe–Si alloys observe that increasing Si content increases the strength of
hcp-Fe (Brennan et al., 2021). The differential stress observed in Fe–Si
alloys (with 9 wt% Si) is around 4–6 GPa at pressures >30 GPa
(Kolesnikov et al., 2022; Vasin et al., 2023). These Fe–Si alloys exhibit
similar differential stresses to our γ’-Fe4N experiments but are lower
than ε-Fe7N3.

Our observed strength of metallic Fe (possibly containing ~1% N) is
similar to the strength of pure Fe measured under quasi-static diamond
anvil cell compression (Miyagi et al., 2008; Merkel et al., 2013) and
systematically lower than values obtained using dynamic membrane-
driven diamond anvil cell compression (Konôpková et al., 2015)
below 50 GPa or shock compression (Ping et al., 2013) above 50 GPa
(Fig. 9). Typical strain rates during quasi-static diamond anvil cell
compression experiments such as those of Merkel et al., 2013 are on the
order of 10−5–10−4 s−1, while the fast compression of Konôpková et al.,
2015 was carried out at a reported strain rate of 10−2 s−1

. Dynamic
strength observed under rapid strain is generally higher than static
strength under gradual compression (Fig. 9). Inner core deformation has
been suggested to take place over a range of strain rates from as low as
10−18 due to slow core crystallization to as high as 10−9 s−1 due to
buoyancy and Maxwell stresses (e.g Sumita and Bergman, 2007). These
rates are outside the conditions observed in static and dynamic
compression experiments. Higher strain rates observed in fast
compression are relevant to planetary impacts but might not represent
the strain rates in the inner core. The dependence of the strengths of Fe
and Fe alloys on strain rate is thus important for modeling a range of
processes in planetary cores.

5. Conclusions

The conditions of the magnetic transitions in iron nitrides have been
determined to reassess the coupling between magnetic and elastic
behavior. The spin transition is complete for ε-Fe7N3 at ~30 GPa under
(quasi) hydrostatic stress. Under more non-hydrostatic stress, the spin
transition is observed over a broader range of pressures. The difference
in spin transition condition impacts the pressure range of data used to
determine the equation of state of iron nitrides in magnetic and non-
magnetic states, and revised equations of state are presented for high/
mixed-spin and low-spin ε-Fe7N3. Spin transitions may be expected to
be further broadened at temperatures relevant to planetary interiors (Lin
et al., 2013). Due to the low pressures of the cores of the Moon, Mars,
and Mercury relative to the spin transition completion pressure, if Fe-
nitrides are present, they are likely to adopt a mixed spin state.

By approximating the shear moduli of iron nitrides GR, we determine
strength to range from 4.4 to 10.4 GPa for ε-Fe7N3 and 1.5–3.6 GPa for
γ’-Fe4N. This is consistent with Vickers hardness measurements and

calculations that indicate that ε-Fe3Nx has a hardness of 9.48 GPa (Chen
et al., 2015), while γ’-Fe4N is slightly softer at 6.01 GPa (Chen et al.,
2015). Strength increases with N content, with Fe being the weakest and
ε-Fe7N3 being the strongest. The combination of metallic and covalent
bonds strengthens Fe, as with other metals such as Re and W. The higher
strength of iron‑nitrogen compounds relative to pure iron at pressures
found within the cores of small terrestrial bodies such as Mars, Mercury,
and the Moon results in greater differential stresses needed to induce
yielding and lattice-preferred orientation relative to pure Fe.

Texture development for γ’-Fe4N results in (110) at a high angle to
compression, while Fe and ε-Fe7N3 develop (0001) maxima in the IPF.
This lattice-preferred orientation persists with pressure for γ’-Fe4N and
hcp-Fe. Above 30 GPa, ε-Fe7N3 gradually developed a secondary
maximum near (0110) and finally (1120). Based on the elasticity of
ε-Fe7N3 and γ’-Fe4N computed at 1 bar in previous work, this alignment
may result in anisotropic seismic wave speeds, but additional research is
needed to determine elastic anisotropy at planetary conditions. As
suggested by others (e.g Romanowicz and Wenk, 2017; Frost et al.,
2021) the development of lattice-preferred orientation at high differ-
ential stress conditions can facilitate seismic anisotropy within planetary
interiors.

Seismic waves within the Earth’s core have been observed to match
the low shear wave velocities and high Poisson ratios of iron carbides
(Chen et al., 2014, 2018; Prescher et al., 2015). Recently, experimental
studies have demonstrated that nitrogen can alloy with iron carbides
(Minobe et al., 2015). If carbides or nitrides are present within planetary
cores, they will coexist with a dominant Fe–Ni alloy. This study has
constrained the behavior of iron and iron-nitride mixtures, providing
essential support for modeling planetary core composition and inform-
ing interpretations of future missions. Future missions that place seis-
mometers on terrestrial bodies are needed to resolve outstanding
questions about the light element content of planetary cores and the
distribution of volatile light elements in the solar system.
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Konôpková, Z., Rothkirch, A., Singh, A.K., Speziale, S., Liermann, H.-P., 2015. In situ x-
ray diffraction of fast compressed iron: analysis of strains and stress under non-
hydrostatic pressure. Phys. Rev. B 91, 144101.

Kusakabe, M., Hirose, K., Sinmyo, R., Kuwayama, Y., Ohishi, Y., Helffrich, G., 2019.
Melting Curve and Equation of State of β-Fe 7 N 3 : Nitrogen in the Core? J. Geophys.
Res.: Solid Earth. 124, 3448–3457.

Lin, J.-F., Shu, J., Mao, H., Hemley, R.J., Shen, G., 2003. Amorphous boron gasket in
diamond anvil cell research. Rev. Sci. Instrum. 74, 4732–4736.

Lin, J.-F., Struzhkin, V.V., Mao, H., Hemley, R.J., Chow, P., Hu, M.Y., Li, J., 2004.
Magnetic transition in compressed Fe3C from x-ray emission spectroscopy. Phys.
Rev. B 70, 212405.

Lin, J.-F., Wenk, H.-R., Voltolini, M., Speziale, S., Shu, J., Duffy, T.S., 2009. Deformation
of lower-mantle ferropericlase (Mg,Fe)O across the electronic spin transition. Phys.
Chem. Miner. 36, 585.

Lin, J.-F., Speziale, S., Mao, Z., Marquardt, H., 2013. Effects of the electronic spin
transitions of iron in lower mantle minerals: implications for deep mantle geophysics
and geochemistry. Rev. Geophys. 51, 244–275.

Litasov, K.D., Shatskiy, A.F., 2016. Composition of the Earth’s core: a review. Russ. Geol.
Geophys. 57, 22–46.

Lutterotti, L., Vasin, R., Wenk, H.-R., 2014. Rietveld texture analysis from synchrotron
diffraction images. I. Calibration and basic analysis. Powder Diffract. 29, 76–84.

Lv, C., Liu, J., 2022. Early planetary processes and light elements in iron-dominated
cores. Acta Geochim. 41, 625–649.

Lv, C., Liu, J., 2023. The iron spin transition of deep nitrogen-bearing mineral Fe3N1.2 at
high pressure, 108, 653–658.

Lv, M., Liu, J., Zhu, F., Li, J., Zhang, D., Xiao, Y., Dorfman, S.M., 2020. Spin transitions
and compressibility of ε-Fe7N3 and γ’-Fe4N: implications for Iron alloys in terrestrial
planet cores. J. Geophys. Res. Solid Earth 125, 1–15.

Lv, Z., Fan, J., Guan, K., Wu, Z., Zhao, D., Fu, W., 2018. Effects of interstitial atoms (N/O)
in bcc Fe from first-principle calculations. Fusion Eng. Des. 137, 22–29.

Mao, H.K., Wu, Y., Chen, L.C., Shu, J.F., Jephcoat, A.P., 1990. Static compression of iron
to 300 GPa and Fe0.8Ni0.2 alloy to 260 GPa: implications for composition of the
core. J. Geophys. Res. Solid Earth 95, 21737–21742.

Mao, Z., Lin, J.F., Yang, J., Wu, J., Watson, H.C., Xiao, Y., Chow, P., Zhao, J., 2014. Spin
and valence states of iron in Al-bearing silicate glass at high pressures studied by
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