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ABSTRACT

The high-pressure behavior of iron nitrides has garnered significant attention due to the potential of
deep nitrogen reservoirs within the Earth’s interior. Here, we investigate the magnetic, structural, elec-
trical, and thermal properties of Fe3N up to 62 GPa and 2100 K, using multiple probes (including syn-
chrotron X-ray diffraction, synchrotron Mössbauer spectroscopy, and electrical measurements)
coupled with the diamond-anvil cell technique. Fe3N undergoes a magnetic phase transformation from
the ferromagnetic to paramagnetic state at∼17–20GPa, 300K. The equation of state was determined as
V0/Z = 42.8(1) Å3, andK0 = 151.8(1) GPa, withK 0 fixed at 4. Additionally, Fe3N exhibits unexpectedly
low electrical and thermal conductivity under high-pressure and high-temperature conditions. This
result suggests that deep nitrogen cycling may contribute to the thermal evolution of the deep interiors
of Earth and other terrestrial bodies.

Keywords: Deep nitrogen cycling, Fe3N, synchrotron X-ray diffraction, synchrotron Mössbauer
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INTRODUCTION

Nitrogen is a highly abundant element in the Solar System
and has garnered increasing attention in the field of geoscience
(Bebout et al. 2013). Molecular N2 is the primary constituent of
the current atmosphere, but the presence and movement of nitro-
gen within the Earth’s deep interior is a topic of intense debate
(Halliday 2013). Some stony meteorites have suggested that
negligible amounts of nitrogen exist within the Earth’s interior,
with only several parts per million (ppm) detected (Sugiura et al.
1998; Allègre et al. 2001). However, carbonaceous and enstatite
chondrites, which are the primary building blocks of the Earth,
can contain more than 1 wt% nitrogen (Javoy 1997; Moore et al.
1969). Additionally, iron meteorites and mantle-derived dia-
monds in kimberlites and metamorphic rocks have been found
to contain more than 1 wt% nitrogen (Sugiura et al. 1998; Car-
tigny 2005). Nitrogen serves as a sensitive tracer of volatile
exchanges between planetary interiors and outer space (Mao
and Mao 2020). Over time, the nitrogen content of the Earth’s

surface may have varied significantly due to interactions with
the deep Earth or by escaping into outer space (Marty et al.
2013; Shi et al. 2022). Although the amount of escaping nitrogen
is still unclear, a significant amount of nitrogen is likely trapped
inside the Earth’s interior, approximately twice the current atmo-
spheric nitrogen level (Pepin 2006; Goldblatt et al. 2009).

Ammonium-bearing sediments and altered oceanic crusts are
the primary sources of nitrogen that enter the Earth’s interior. In
subduction zones with low temperatures, subducted nitrogen can
reach the depths beneath island arcs (Busigny et al. 2003;
Watenphul et al. 2010; Sokol et al. 2017a). Molecular nitrogen
is highly incompatible and is likely to be outgassed from
the deep Earth. Conversely, ammonium may play a dominant
role in some aqueous fluids in the Earth’s interior (Zerkle and
Mikhail 2017). Experiments and thermodynamic calculations
show that metallic iron Fe0 may reach ∼0.1–0.5 wt% at depths
>250 km (Frost et al. 2004; Rohrbach et al. 2007). Furthermore,
nitrogen is a siderophile element under reducing conditions, and
it is more likely to form iron nitrides through reactions between
metallic iron and nitrogen-bearing compounds in the deep Earth.
Due to the high solubility of nitrogen in iron at high pressure, the
amount of deep nitrogen in the Earth’s mantle and core could be
significantly underestimated (Litasov et al. 2017).

The Fe-N binary system exhibits a complex and diverse
phase diagram, with various stoichiometries of iron nitrides such

*Co-corresponding author E-mails: jinliu@ysu.edu.cn, zhushc@mail.sysu.edu.cn
† Special collection papers can be found online at our website in the Special
Collection section.
‡Orcid https://orcid.org/0000-0002-5448-6881
§ Orcid https://orcid.org/0000-0001-8831-8555
∥Orcid https://orcid.org/0000-0002-2742-3017
# Orcid https://orcid.org/0000-0002-6679-892X
** Orcid https://orcid.org/0000-0001-5340-4170

0003-004X/25/0004–506$05.00/DOI: https://doi.org/10.2138/am-2023-9251 506

mailto:jinliu@ysu.edu.cn
mailto:zhushc@mail.sysu.edu.cn
https://orcid.org/0000-0002-5448-6881
https://orcid.org/0000-0001-8831-8555
https://orcid.org/0000-0002-2742-3017
https://orcid.org/0000-0002-6679-892X
https://orcid.org/0000-0001-5340-4170
https://doi.org/10.2138/am-2023-9251


as cubic FeN and γ-Fe4N, tetragonal α-Fe16N2, hexagonal/ortho-
rhombic Fe2N, hexagonal Fe7N3, and ε-Fe3N (Yin et al. 2014;
Minobe et al. 2015). The transformation of γ-Fe4N to ε-Fe3N0.75

occurs at 8.5 GPa and 1373 K (Guo et al. 2013). ζ-Fe2N under-
goes a structural transition to form ε-Fe3N1.5 at 15 GPa and
1600 K (Schwarz et al. 2009). Fe7N3 may be stable under
high-pressure-temperature (P-T) conditions relevant to the
core-mantle boundary (Kusakabe et al. 2019; Sagatov et al.
2019), and Fe3N can be stable at 1473 K and 30 GPa (Litasov
et al. 2017). It is noteworthy that ε-Fe3N can accommodate up to
2.5 wt% carbon at 1600K and 7.8 GPa (Sokol et al. 2017b), indi-
cating the possibility of substitutional solid solutions of iron
nitride and carbide in the Earth’s interior (Johnson and Goldblatt
2015; Sagatov et al. 2019). ε-Fe3N is a crucial nitrogen-bearing
phase, and understanding its phase relation, compressibility, and
conductivity properties at high pressure is essential to decipher-
ing the coevolution of nitrogen and carbon cycles in the deep
Earth. However, the high-P-T behavior of Fe3N, including its
magnetic, thermal, and electrical conductivity, has not been
extensively studied.

In this study, we systematically investigated the magnetic
transition, equation of state (EoS), and electrical conductivity
(EC) of Fe3N up to 62 GPa and 2100 K using diamond-anvil
cell (DAC) techniques in combination with synchrotron
X-ray diffraction (XRD), synchrotronMössbauer spectroscopy
(SMS), and the four-probe method of electrical measurements
(van der Pauw 1958). Our results indicate a ferromagnetic-
paramagnetic phase transition of Fe3N at 17–20 GPa. Addi-
tionally, similar to other iron-light element alloys, such as
Fe3C and Fe3Si, the incorporation of N significantly reduces
the density and conductivity of Fe. These findings highlight
the crucial role of Fe3N in the deep interiors of Earth and other
terrestrial planets.

EXPERIMENTAL METHODS

The polycrystalline ε-Fe3N sample (Lot#: RA191101) was procured from
Antechnology Co., Ltd, Beijing. In situ angular-dispersive XRD experiments were
conducted on Fe3N at room temperature at the 13BM-C beamline of the GeoSoilEn-
viroCARS (GSECARS) at the Advanced Phonon Source (APS). A tungsten foil was
utilized as the gasket, which was pre-indented to a thickness of ∼50 μm. A sample
chamber was created by drilling a 100 μm center hole. The sample powder was
ground and pre-compressed into a platelet of dimensions ∼10 (T) × 50 (W) × 50
(L) μm3 and then placed into the 200 μm culet DAC chamber. Neon gas was selected
as the pressure medium and introduced into the chamber. To ensure the pressure, a
ruby sphere and Au were placed near the Fe3N sample. The pressure was obtained
via the shift of ruby R1 emission line with pressure and the EoS of Au (Mao et al.
1986; Ye et al. 2018). The pressure uncertainty was <1 GPa.

XRD measurements at 300 K were performed using a highly monochroma-
tized X-ray beam with a wavelength of 0.434 Å. The X-ray beam was focused
to a beam size of ∼15 μm (full-width at half maximum, FWHM) at the sample
chamber. The calibration of the sample-to-detector distance, rotation angle with
respect to the X-ray beam, and tilt angle were carried out using LaB6 powder. Dif-
fraction patterns were recorded using a MAR CCD detector with an exposure time
of 120 s. XRD images were obtained at intervals of 1–3 GPa. The XRD pattern at
33.1 GPa and 2000 K was obtained at the beamline ID15B of the European Syn-
chrotron Radiation Facility (ESRF). The energy of the monochromatized X-ray
beam is 88.54 KeV with a wavelength of 0.140 Å and beam size of ∼10 μm in
diameter. Diffraction data sets were collected on a large area EIGER2 X 9M CdTe
flat panel detector with the omega scan range from –10° to �10°. Pressure was
determined by calibrating the ruby fluorescence line shift in an offline ruby system.
The lattice parameters and volumes of the sample were determined from the dif-
fraction lines using the Dioptas and Unit Cell programs (Prescher and

Prakapenka 2015). The pressure-volume (P-V) profile of the sample was fitted
using the third-order Birch-Murnaghan EoS with the EosFit7-Gui procedure
(Gonzalez-Platas et al. 2016):
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where P represents the pressure, K0 represents the isothermal bulk modulus at
1 bar, and K 0 represents the pressure derivative of K0 at ambient pressure. V0
denotes the unit-cell volume at ambient pressure, and V represents the volume
at high pressure. When K 0 is fixed at a value of 4, the equation can be simplified
to the second-order Birch-Murnaghan EoS.

High-pressure time-domain SMS experiments were conducted at beamline
16-IDD, APS, Argonne National Laboratory (ANL) at room temperature. Amono-
chromatic X-ray beam with an energy of 14.41 keV, a band width of 2 meV, and a
FWHM of 5–7 μm was employed to excite the 57Fe nucleus in the Fe3N sample
(Sturhahn 2004; Liu et al. 2019). The time-delayed SMS spectra were recorded
using an avalanche photodiode detector (APD) in the forward direction. Each
SMS signal was collected for ∼2 h. The pressure values were determined using
the ruby fluorescence pressure scale before and after each measurement (Akahama
and Kawamura 2010).

We conducted electrical resistance measurements using symmetric DACs with
culets of 260 μm.To collect the resistance data, we employed aKeithley 2400 source
meter and a Keithley 2182A nanovoltagemeter. The output current ranged from 1 to
5mA. Prior to the experiment, the tungsten gasket was pre-indented to a thickness of
∼50 μm. Subsequently, we utilized a laser drilling system to create a 200 μm hole at
the center of the pre-indentation. The boron nitride-epoxymixture (in a ratio of 10:1)
was then inserted into the 200 μmhole and pre-indented to a pressure of∼15GPa, as
determined by the ruby fluorescence pressure standard. Next, we employed the laser
drilling system to create a hole with a diameter of 100 μm at the center of the boron
nitride-epoxy inset gasket, which served as the insulating sample chamber. To estab-
lish electrical contact with the sample, we utilized four Pt foils with a thickness of
<4 μm as electrodes. The four-terminal method, as described by van der Pauw
(1958), was employed to minimize the influence of sample shape and contact
resistance on electrical measurements under high pressure. For high-temperature
experiments, the sample chamber had a diameter of ∼30 μm, and the sample was
sandwiched between two NaCl layers. High-temperature conditions were achieved
using a double-sided laser heating system at the Center for High Pressure Science
and Technology Advanced Research (HPSTAR). The system was equipped with
two ytterbium CW fiber lasers operating at a wavelength of 1070 nm. The thickness
of the sample was determined using a simple interpolation approach, as detailed in
the methods section of Hou et al. (2021) and Zhuang et al. (2022).

RESULTS AND DISCUSSION

Magnetic transition of Fe3N at high pressure

The magnetic ordering of the iron 3d electrons in ε-Fe3N was
determined through SMS measurements conducted under high-
pressure conditions. In this study, SMS signals of Fe3N were
obtained at room temperature up to 61.9GPa (Fig. 1). The results
indicate that Fe3N maintains its ferromagnetic state, as evi-
denced by the presence of quantum beats resulting from nuclear
Zeeman splitting, until a pressure of 16.6 GPa. Beyond this pres-
sure, Fe3N enters a paramagnetic state at approximately 20 GPa,
characterized by the disappearance of multiple beats and the
emergence of single-beat spectra. The paramagnetic state of
Fe3N persists at pressures up to 61.9 GPa at room temperature.
The magnetic moment observed in ε-Fe3N is attributed to an
unbalanced charge distribution, with contributions from iron
and nitrogen atoms. The density of states (DoS) of iron is primar-
ily governed by its 3d states, which are mixed with the 2pDoS of
nitrogen. This results in electron exchange processes with a
covalent bonding nature between the Fe and N atoms (Panda
and Gajbhiye 1997). Consequently, the nitrogen content at high
pressure can influence the magnetization in the Fe-N system.
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The magnetism in Fe3N is suppressed at approximately
20 GPa, which is consistent with the behavior of γ 0-Fe4N at
24 GPa, as reported by Ishimatsu et al. (2003). X-ray magnetic
circular dichroism measurements confirmed the magnetic transi-
tion in γ 0-Fe4N, characterized by a loss of spin polarization. Addi-
tionally, Lv et al. (2020) found that Fe7N3 and Fe4N transition
from the ferromagnetic to paramagnetic state at pressures of 43
and 34 GPa, respectively. This pressure-induced ferromagnetic-
to-paramagnetic transition appears to be a common phenomenon
in iron nitrides such as Fe3N1.2 (Lv and Liu 2023). Similar mag-
netic transitions have also been observed in other iron alloys con-
taining light elements such as carbon, phosphorus, and sulfur (Lin
et al. 2004; Chen et al. 2014, 2018; Gu et al. 2016). In other words,
the incorporation of light elements into iron affects the DoS of the
material. These magnetic phase transitions occur in iron alloys at
approximately 10–50 GPa.

Compressibility of Fe3N at high pressure

XRD patterns were collected for the polycrystalline Fe3N
sample (Online Materials1 Fig. S1) under various pressures up

to 52.3 GPa (Fig. 2). The obtained XRD patterns were analyzed
using the General Structure Analysis System (GSAS) to deter-
mine the atomic positions of Fe3N (Online Materials1 Table S1
and Fig. S2). The Fe3N sample exhibited a trigonal structure
(space group: P312) both at ambient conditions and under high
pressures. Furthermore, the trigonal structure remained stable
after heating up to 2000(200) K at 33.1 GPa, demonstrating that
Fe3N may exist along the geothermal temperature. The volume
of Fe3N was measured as a function of pressure at 300 K and is
shown in Figure 3a. The P-V profile of Fe3N displayed continu-
ous compressibility with increasing pressure. Interestingly, the
pressure-induced magnetic phase transition did not cause any
visible discontinuity in the P-V profile within the 17–20 GPa
range. Therefore, a single Birch-Murnaghan EoS was fitted to
the entire P-V data from 0 to 52 GPa (Fig. 3a; Online Materials1

Table S2). The fitting parameters were determined as follows:
V0/Z = 42.8(1) Å3 (where Z is the number of formula units in
the unit cell, Z = 2),K0 = 151.78(10) GPa, andK 0 = 4. According
to the unit-cell volume at ambient conditions, the V0/Z value
was 43.2(1) Å3 for Fe3N. The V0 value of 86.4(2) Å3 for
Fe3N is comparable to the value of 86.18 Å3 obtained for
Fe3N1.26 in previous multi-anvil experiments (Litasov et al.
2017). However, the K0 value of Fe3N is ∼6.9% lower than that
of Fe3N1.26 (163 GPa), while theoretical predictions suggested a
K0 value of 214 GPa for Fe3N (Popov et al. 2015).

The compressibility of iron nitride at high pressure is gener-
ally similar to that of hexagonal close-packed (hcp) iron (Adler
and Williams 2005; Fei et al. 2016; Litasov et al. 2017; Lv et al.
2020). However, Fe3N is more compressible than pure hcp-Fe at
high pressure, likely due to the softening of its lattice in the pres-
ence of light element (Fig. 3b). For example, the difference in
volume changes (ΔV/V0) between pure iron and Fe3N increases
from ∼0.022 at 17 GPa to 0.038 at 50 GPa. On the other hand,
Fe7C3 undergoes elastic softening during the pressure-induced
Invar transition before entering a stiffer paramagnetic state
(Chen et al. 2012). Similarly, Fe3C and Fe3P become less com-
pressible after the collapse of their magnetic moments (Prescher
et al. 2012; Lai et al. 2020). Therefore, the compressibility of
transition metal nitrides, carbides, and phosphides under high
pressure is influenced by both their crystal structure and the
presence of light elements.

High-pressure electrical and thermal conductivity of Fe3N

The impact of high pressure on the electrical conductivity
of Fe3N was examined up to ∼50 GPa (see Fig. 4 and Online
Materials1 Fig. S3). At 0.5 GPa and 300 K, the EC of Fe3N
was determined to be 9.75(95) × 102 S m−1 (Online Materials1

Table S3). Similar to the volume-pressure relationship, the EC
value continuously increases with rising pressure without any
abrupt changes during 17–20 GPa. The EC of Fe3N increases sig-
nificantly at ∼40 GPa, which may be induced by the spin transi-
tion of iron in Fe3N. Additionally, the EC of Fe3N was measured
under simultaneous high-P-T conditions (Fig. 4b; Online Materi-
als1 Table S4). Due to its metallic nature, the EC of Fe3N initially
decreases with increasing temperature at high pressure but then
exhibits an inverse trend at ∼2000 K, likely due to melting.

The EC values of iron nitrides are significantly lower than
those of iron-carbon, iron-nickel, iron-silicon, and iron-sulfur

FIGURE 1. Representative SMS spectra at high pressure. Fe3N loses
magnetism around 16 GPa, as indicated by the disappearance of the
multiple quantum beats. The symbols are larger than the experimental
errors (±2SD).
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alloys at room temperature, with a difference of ∼2–3 orders of
magnitude (Seagle et al. 2013; Gomi and Hirose 2015; Suehiro
et al. 2017; Zhang et al. 2018; Zhuang et al. 2021). Fe3N, in
particular, exhibits even lower EC values than pure iron at
geothermal temperatures. It can be attributed to the significant
influence of nitrogen incorporation on the electronic structure
of iron-rich alloys. The presence of nitrogen impurity in iron
leads to a resonance effect, resulting in an increase in resistance
(Fert and Campbell 1976).

Similar to Fe3C (Zhang et al. 2018), the electronic thermal
conductivity (TC) of metallic Fe3N can be determined based
on electron conduction using theWiedemann-Franz law (Stacey
and Loper 2007; de Koker et al. 2012). The equation for this
relationship is as follows:

ke = LσT (2)

where ke represents the TC derived from electrons, L is the Lorenz
number, σ represents the electrical conductivity, and T is the tem-
perature. Under high-P-T conditions, the value of L is typically
equal to 2.44 × 10−8 WΩK−2, which is known as the ideal value
of L0 (Anderson 1998; Gomi and Hirose 2015; Ohta et al. 2016).
The TC values for Fe3C and Fe7C3 range from 5–10 Wm−1 K−1,
while pure iron has a TC of∼100Wm−1 K−1 at 50GPa and 300K
(Zhang et al. 2018). The presence of light elements in iron alloys
significantly reduces the electronic TC of iron (Online Materials1

Fig. S3a). Among these light elements, nitrogen has a significant
alloying effect. The TC values of Fe3N are lower than those of
iron-carbon alloys and hcp-Fe within the investigated P-T range
(Online Materials1 Fig. S3). Nitrogen can efficiently reduce the

FIGURE 2. (a) Representative high-pressure X-ray diffraction patterns of ε-Fe3N. Pure digital labels indicate the diffraction (hkl) lines of Fe3N. The
peaks of tungsten (W) are from the gasket. The pressure-transmitting medium is neon (Ne). The X-ray wavelength (λ): 0.4340 Å. (b) High-tempera-
ture pattern of ε-Fe3N at 33.1 GPa. The pattern from 2000Kwas obtained from quenched sample at ESRF. The pressure-transmitting medium is KCl.
The X-ray wavelength (λ): 0.4102 Å.

FIGURE 3. (a) The volume changes of Fe3N phases with pressure. The solid curves represent the fitting to the P-V data based on the second-order
Birch-Murnaghan. (b) Compression behavior of Fe3N compared with other iron nitrides and iron carbides. Fe7N3 (triangle): Adler and
Williams (2005); Fe3N1.26 (squares): Litasov et al. (2017); Fe4N (inverted triangle) and Fe7N3 (cross): Lv et al. (2020); Fe3N (solid circle): this study.
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thermal properties of iron under high-P-T conditions. Incorporat-
ing nitrogen into iron can alter the stable crystalline structure and
influence the magneto-elastic properties by controlling the elec-
trons in 3d orbitals around Fe atoms (Widenmeyer et al. 2014;
Sifkovits et al. 1999). These findings suggest that the presence
of Fe3N may significantly impact the thermal dynamics and evo-
lution of the interiors of Earth.

IMPLICATIONS

Fe3N exhibits a similar structure to Fe3C and can form solid
solutions with Fe3C under high-P-T conditions (Sokol et al.
2017a; Litasov et al. 2017). The presence of abundant carbon
in ε-Fe3N does not alter its structure, resulting in the formation
of iron carbonitride ε-Fe3(C,N) (Jack 1948). In Fe3C, iron atoms
adopt an hcp arrangement, while carbon atoms occupy a trigonal
prismatic site. This configuration leads to a very low solubility of
nitrogen in Fe3C under ambient conditions. However, the solu-
bility of nitrogen in Fe3C increases with temperature. At 1625 K
and 7.8 GPa, ε-Fe3N can contain 1.9–2.7 wt% carbon, whereas
the nitrogen concentration in Fe3C is 0.5 wt% under the same
P-T conditions (Sokol et al. 2017a; Lv and Liu 2022). Addition-
ally, Fe, Fe3C, and Fe3N can approach chemical equilibrium at
depths >250 km (Sokol et al. 2017a).

Furthermore, it has been observed that Fe7N3 exhibits a
nearly identical structure and elasticity to Fe7C3 (Minobe et al.
2015; Li et al. 2016). The presence of carbon and nitrogen in
metallic iron and iron carbonitrides in the deep Earth has been
extensively documented (Dasgupta and Hirschmann 2010;
Frost and McCammon 2008), indicating a coupling between
the nitrogen and carbon cycles within the Earth’s interior.
Notably, although Fe-C and Fe-N alloys share the same crystal
structures at high P-T, their conductivities should differ due to

their dissimilar electronic structures. The nonmetallic property
of N is stronger than that of C, given that the nuclear charge
of N is larger and the attraction potential for the outermost
electron is stronger with respect to C. Therefore, the conduc-
tivities of nitrogen alloys are lower than those of carbon alloys.
The presence of Fe3N can significantly reduce the electrical
and thermal conductivity of iron. The XRD experiments
conducted in our study have demonstrated the stability of
Fe3N under high-P-T conditions. This finding aligns with
the previous observations that Fe3N is a mineral inclusion in
lower-mantle diamonds from Rio Soriso, Brazil (Kaminsky
and Wirth 2017). Local enrichments of solid/molten Fe3N
may lead to thermal heterogeneity (e.g., local heating and inho-
mogeneous heat flow) in the deep Earth and other terrestrial
planets. Additionally, the high-temperature stability of nickel
nitrides, such as ε-Ni3N, which share the same structure as iron
nitrides, has been reported (Guillermet and Frisk 1991). The
introduction of nickel may have influenced the co-evolution
of nitrogen and carbon cycles in the deep Earth (Hirao et al.
2022), as the lattice of Fe3C and Fe7C3 could become unstable
with increasing nickel content (Rohrbach et al. 2014; Strong
and Chrenko 1971).
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ditions. The temperature errors were
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