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Phosphorus (P) is considered a possible light element alloying with iron (Fe) in the Earth’s core due to 
its siderophile nature and the ubiquity of P-bearing iron alloys in iron meteorites. The sequestration of P 
by liquid metals during the core formation possibly results in the relatively low concentration of P in the 
bulk silicate Earth. In this study, we performed single-crystal and powder X-ray diffraction, synchrotron 
Mössbauer spectroscopy and nuclear resonant inelastic X-ray scattering measurements in diamond anvil 
cells to investigate the elastic and magnetic properties of Fe3P under high pressures. Our X-ray diffraction 
results suggest that there is no structural phase transition up to 111 GPa. However, a volume collapse 
was observed at 21.5 GPa in Fe3P, ascribed to a magnetic transition as evidenced by synchrotron 
Mössbauer spectroscopy results. Fitting the volume-pressure data by the Birch-Murnaghan equation of 
state gives bulk modulus KT0 = 162.4(7) GPa, its first pressure derivative K ′

T0 = 4.0 (fixed) and zero-
pressure volume V0 = 370.38(6) Å3 for the magnetic phase and KT0 = 220(7) GPa, K ′

T0 = 4.0 (fixed) and 
V0 = 357(1) Å3 for the non-magnetic phase. Sound velocities of Fe3P were determined up to 152 GPa 
by nuclear resonant inelastic X-ray scattering, demonstrating that Fe3P bears a low shear velocity and 
high Poisson’s ratio at core pressures compared to Fe and Fe3S. When forming a solid solution Fe3(S,P) 
with Fe3S at core pressures, Fe3P may favorably influence the elastic properties of Fe3(S,P) to match the 
seismic observations of the inner core.

 2019 Elsevier B.V. All rights reserved.

1. Introduction

Earth’s core is considered to consist of predominantly iron (Fe) 
alloyed with considerable amount of nickel (Ni) and one or more 
light elements, as inferred by numerous geophysical and geochem-
ical studies (reviewed by Li and Fei, 2014). Light elements in the 
core such as silicon (Si), sulfur (S), oxygen (O), carbon (C) and hy-
drogen (H) are believed to be the culprit for the “density deficit” 
and sound velocity discrepancies between the high-pressure prop-
erties of Fe or Fe–Ni alloys based on mineral physics data and 
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seismic properties of the Earth’s core from reference seismic mod-
els such as Preliminary Reference Earth Model (PREM) (Dziewonski 
and Anderson, 1981). The identity and concentration of principle 
light elements in the core are crucial for understanding the nature 
and dynamics of the core as well as the thermo-chemical evolution 
of Earth.

Compared to the likely major light alloying elements Si, S, O, C 
and H, phosphorus (P) may be a minor, but not trace, light element 
in the core. As a vital element in biological systems and metabolic 
pathways at the surface, P is present in only minute amount (0.09 
wt.%) in the Earth’s crust (Filippelli, 2008). The abundance of P in 
the mantle is also found to be well below the planetary volatility 
trend (McDonough, 2003), implying that significant amount of P 
may have entered the core during the core formation and that the 
core may be the largest reservoir of P. As a siderophile element, 
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P could have preferentially partitioned into core-forming metallic 
liquids to form the proto core, with an estimated concentration of 
0.2–0.5 wt.% in the core (McDonough, 2003; McDonough and Sun, 
1995). Furthermore, Fe–P alloy such as schreibersite, (Fe,Ni)3P, is 
commonly found in iron meteorites, which are considered to be 
fragments of the cores of planets or planetesimals.

The occurrence of P in the solid core was suggested to be Fe3P 
or Fe3(S,P) (Gu et al., 2014; Stewart and Schmidt, 2007). At am-
bient conditions, Fe3P adopts a tetragonal structure (space group 
I 4̄, Z = 8), isostructural with Fe3S (Fei et al., 2000). The structural 
evolution of Fe3P upon compression, however, remains controver-
sial. A high-spin to low-spin transition at ∼8 GPa was previously 
suggested from the change in compressibility by X-ray diffraction 
(XRD), followed by a phase transition from I 4̄ to unknown struc-
ture between 17 GPa and 30 GPa after laser annealing (Scott et 
al., 2007). However, more recent XRD and X-ray emission spec-
troscopy (XES) studies indicated a magnetic transition/spin transi-
tion at ∼17 GPa, accompanied by a volume collapse, changes in 
the c/a ratio and diminishing of the satellite peak in the XES spec-
tra (Gu et al., 2014; 2016). Gu et al. (2014) did not observe any 
phase transition at around 30 GPa but suggested a phase transi-
tion from I 4̄ to P4/mnc space group at 64 GPa and 1650 K.

Iron-nickel sulfide and phosphide have been ubiquitously found 
in iron meteorites, typically coexisting with each other (Osadchii 
et al., 1981; Wasson, 2012). (Fe,Ni)3(S,P), the solid solution be-
tween schreibersite (Fe,Ni)3P and its isostructural S-bearing iron 
alloy (Fe,Ni)3S is a likely S- and P-bearing phase in the inner 
core, as Fe3(S,P) solid solutions have been found in the liquidus 
phase relations of the Fe–S–P system from high-pressure and high-
temperature experiments (Gu et al., 2016; Stewart and Schmidt, 
2007). High-pressure studies on the magnetic and phase transi-
tions, and elastic properties of Fe3P can provide us with essen-
tial mineral physics data to evaluate the possibility of a P- and 
S-bearing core. To date, no elastic properties of Fe3P have been 
reported after its magnetic transition and no sound velocity mea-
surements have been performed for Fe3P. In this study, single-
crystal and powder XRD measurements at high pressures were 
conducted in the diamond anvil cells (DACs) to determine the den-
sities, bulk moduli, as well as the plausible phase transitions of 
Fe3P. Synchrotron Mössbauer Spectroscopy (SMS) and Nuclear Res-
onant Inelastic X-ray Scattering (NRIXS) measurements were con-
ducted to investigate the magnetic transition and sound velocities 
of Fe3P up to core pressures, respectively.

2. Materials and methods

Fe3P samples were acquired from Alfa Aesar Company (99.5% 
purity) or synthesized using a large volume press. The synthe-
sis of Fe3P sample was carried out in the 2000-ton Walker-type 
multi-anvil apparatus at the University of Hawai‘i at Mānoa (UHM). 
Starting materials were well mixed normal Fe (99.9+% purity, 
Aldrich Chemical Company) or 57Fe (purity 98%+, #FLM-1812-0, 
Cambridge Isotope Laboratories Inc.) and P powders (98.9% pu-
rity, Alfa Aesar Company) with a stoichiometric 3:1 ratio. For 
each synthesis, the starting material (with normal Fe or 57Fe) 
was loaded in a MgO sample capsule of COMPRES 10/5 cell as-
sembly and cold compressed to 9 GPa. The sample was heated 
above its liquidus to 1873 K for 1 min, in order to melt and 
homogenize the sample. The temperature was then slowly de-
creased to 1423 K and kept at 1423 K for 27–31 h (Table S1). 
XRD measurements showed the commercial Fe3P samples were 
pure large single crystals with lattice parameters a = 9.110(1) Å, 
c = 4.4630(4) Å, and V = 370.43(5) Å3 , and the synthetic sam-
ples were pure and polycrystalline Fe3P with lattice parameters 
a = 9.107(2) Å, c = 4.463(2) Å, and V = 370.13(23) Å3 (Fig. S1). 
The lattice parameters of the commercial and synthetic Fe3P sam-

ples at ambient conditions agree with each other within uncertain-
ties. Scanning Electron Microscope (SEM) and Energy Dispersive 
X-Ray Spectroscopy (EDS) measurements on those polished grains 
at the UHM also showed the samples belong to Fe3P without any 
impurity. For synthetic 57Fe3P samples, trace amount of Fe was 
found in the sample charge. We screened the 57Fe3P samples to 
make sure the purity by XRD at the X-ray Atlas laboratory at the 
UHM before they were loaded to the DACs. The commercial Fe3P 
was directly used for the single-crystal XRD experiments (run-1) 
and was ground for powder XRD (run-3). The synthetic Fe3P and 
57Fe-rich Fe3P were used in run-2 of the XRD experiment and all 
the NRIXS and SMS experiments, respectively.

2.1. Synchrotron-based single-crystal and powder XRD experiments

BX90-type and symmetric DACs with pairs of diamonds (250 
µm or 100 µm culet sizes) were utilized in three runs of XRD ex-
periments (Table S2). For the single-crystal XRD measurements, 
Boehler-Almax diamonds were used to maximize angular access 
to reciprocal space. Rhenium (Re) gaskets with initial thickness 
of ∼270 µm were pre-indented to ∼35 µm, where 150 µm 
and 60 µm-diameters holes were drilled as sample chambers for 
250 µm and 100 µm culets, respectively. In run-1, a piece of single-
crystal Fe3P with a thickness of ∼10 µm and a ruby sphere as a 
pressure calibrant were loaded in the sample chamber. In run-2, 
the synthetic Fe3P sample with a thickness of ∼10 µm was stacked 
on a piece of KCl pellet, which served as the pressure calibrant. In 
run-1 and run-2, neon was loaded into the sample chamber as 
the pressure transmitting medium using the gas loading system at 
GeoSoilEnviroCARS of the Advanced Photon Source (APS), Argonne 
National Laboratory (ANL). In run-3, ground Fe3P were compressed 
into pellet and sandwiched by two pieces of 10-µm KCl pellets, 
which served as the pressure calibrant and pressure transmitting 
media. Due to its highly hygroscopic nature, KCl pellets were dried 
on a hot plate at 400 K for several hours before being loaded into 
the sample chamber. After the sample loading, the DAC with the 
sample chamber slightly exposed to the open air was placed in a 
vacuum oven at 383 K before being compressed to high pressure, 
in order to minimize the amount of the moisture introduced into 
the samples.

High-pressure single-crystal and powder XRD experiment (run-1
and run-2) were conducted at beamline 13-BMC, APS, ANL. The 
typical size of the focused monochromatic X-ray beam (λ =
0.4340 Å) was 16 × 11 µm2 . A MAR165 charged coupled de-
vice (CCD) detector was used to collect the diffraction patterns. 
For the single-crystal XRD measurements (run-1), the X-ray ac-
cessible opening angle of the DAC was 59◦ . The rotation axis for 
the single-crystal diffraction experiment was placed horizontally, 
perpendicular to the incident X-ray beam. A series of 10◦ wide-
angle exposures and 1◦ step exposures from −30◦ and 29◦ were 
collected at four different detector positions for each pressure 
point. The powder XRD experiment up to 111 GPa (run-3) were 
conducted at 13-IDD, APS, ANL. The typical size of the focused 
monochromatic X-ray beam (λ = 0.3344 Å) was 2.5 × 3.5 µm2. 
Double-sided laser heating system at beamline 13-IDD was used 
to anneal the sample to facilitate the potential phase transition 
and mitigate the deviatoric stress applied to the sample. The sam-
ple was gradually heated up to 2000 K with a heating duration of 
6 to 9 mins and quenched to room temperature before the XRD 
patterns were collected. The temperature uncertainty is typically 
less than 100 K.

We utilized the ATREX software package for peak fitting and in-
tensity corrections for the analysis of the single-crystal XRD data 
(Dera et al., 2013). The unit-cell parameters and orientation ma-
trix were determined by the CELL_NOW software (Bruker AXS 
Inc.). Lattice parameters were refined by least-squares fitting in the 
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RSV software (Dera et al., 2013). The structure refinement of data 
at ambient conditions was performed using SHELXL (Sheldrick, 
2008). Powder XRD patterns were integrated using Dioptas soft-
ware (Prescher and Prakapenka, 2015). Synchrotron-based XRD 
patterns were fitted by PDindexer (Seto, 2010) and GSAS-II soft-
ware (Toby and Von Dreele, 2013).

2.2. SMS and NRIXS measurements

A panoramic DAC containing diamonds with a 300 µm tip, 8◦

bevel angle, and 150 µm culets was used to generate pressure for 
the NRIXS and SMS measurements. Another symmetric DAC with 
300 µm diamonds was also utilized for the SMS experiments. For 
the NRIXS and SMS measurements, a polycrystalline 57Fe3P sample 
with the thickness of ∼30 µm was sandwiched between two thin 
KCl pellets and loaded into the sample chamber of a pre-indented 
beryllium gasket with a boron nitride epoxy insert. The boron ni-
tride epoxy insert helps to reduce the axial pressure gradient and 
maintain sample thickness. A ruby sphere was placed next to the 
sample and served as a pressure calibrant (Mao et al., 1986). The 
Raman spectra of the diamond anvils were used as the pressure 
calibrant when the fluorescence of ruby became weak at >1 Mbar 
(Akahama and Kawamura, 2006). For the other SMS measurements, 
a ∼15 µm-thick polycrystalline 57Fe3P sample was loaded into the 
sample chamber of a pre-indented Re gasket with the thickness of 
35 µm. Neon as transmitting media and ruby spheres as pressure 
calibrant were also loaded into the sample chamber (Mao et al., 
1986).

The NRIXS and SMS measurements were carried out at beam-
line 3-IDB, APS, ANL with the storage ring operating in the top-up 
mode with 24 bunches separated by 153 ns to obtain appreciable 
signal rates (Sturhahn, 2004). The X-ray energy was tuned around 
the nuclear resonance energy of 57Fe at 14.4125 keV, and then 
NRIXS spectra were collected using three avalanche photodiode de-
tectors (APDs) within the range from −70 to 130 meV with a step 
size of 0.25 meV and a collection time of 3–5 s per energy step. 
Multiple NRIXS spectra were collected until sufficient counts were 
obtained at each pressure. The SMS measurements were conducted 
using an APD placed downstream in the forward scattering direc-
tion. The PHOENIX program package was used to derive partial 
phonon density of state (PDOS) and extract Debye sound velocity 
(Sturhahn, 2000).

3. Results and discussion

3.1. Magnetic transition and compressibilities of Fe3P up to Mbar 
pressures

Fe3P adopts a close-packed crystal structure with a space group 
of I 4̄ at ambient conditions (Fig. 1). Three runs of XRD measure-
ments were carried out at high pressures. Run-1 was a single-
crystal XRD experiment (Figs. S2A, S2B and S2C). Samples of run-2 
and run-3 were polycrystalline and their XRD patterns could be in-
tegrated into 1-D spectra like powder XRD (Fig. S2D). In run-3, it 
was noted that a substantial impurity peak likely belongs to hcp
Fe at high pressures (Fig. S2D). The majority of the peaks can be 
indexed as Fe3P. The possible Fe peak does not overlap with the 
sample peaks and thus would not cause any bias to phase identi-
fication and equation of state. No structural phase transition was 
observed in this study, even after repeated laser annealing up to 
the highest pressure of 111 GPa. This is not consistent with the 
report by Gu et al. (2014), which suggested a phase transition in 
Fe3P at 64 GPa and 1650 K after laser annealing. The cause of the 
inconsistency remains unclear, but the factors such as recrystalliza-
tion of the sample after laser heating might cause some changes in 
XRD patterns that may not result from a phase transition.

Fig. 1. Crystal structure of Fe3P at ambient conditions refined by single-crystal XRD 
data in this study. Purple balls in polyhedra represent the P atoms and brown balls 
represent Fe atoms. Each P atom was surrounded by 9 Fe atoms to form nine-folded 
coordination polyhedron. (For interpretation of the colors in the figure(s), the reader 
is referred to the web version of this article.)

Fig. 2. Unit-cell volume of Fe3P as a function of pressure at 300 K. Solid symbols 
represent the data in this study, and open symbols represent the data in other stud-
ies (Chen et al., 2007; Gu et al., 2014; He et al., 2018; Kamada et al., 2014; Scott 
et al., 2007). Symbols are blue for the magnetic phase of Fe3P, red for the non-
magnetic phase of Fe3P, and purple for the phase during the transition. Data below 
21.4 GPa and data above 30.5 GPa in this study were fitted by the second order 
BM-EoS (solid and dashed blue lines and red solid line). Inset shows the zoom-in 
range in which the transition occurred. Bottom figure shows the volume difference 
between the volume of Fe3P and the volume calculated using the equation of state 
of the magnetic phase.

During compression, we observed a continuous volume collapse 
in Fe3P starting from approximately 21.4 GPa by the XRD experi-
ment (Fig. 2). The P–V data up to 21.4 GPa and at 300 K (Tables S3 
& S4) can be well fitted by the 2nd-order Birch-Murnaghan Equa-
tion of State (B–M EoS). The volume difference between the actual 
volume and the calculated volume by the equation of state is al-
most zero up to 21.4 GPa (Fig. 2). It is noted that the single crystal 
XRD data are much less scattered than the powder XRD data, 
because there are significant more peaks with different hkls per-
mitting better constraining the lattice parameters. Above 21.4 GPa, 
the volume of Fe3P is lower than the calculated volume and the 
volume difference became larger up to 30.5 GPa (Fig. 2). After 
30.5 GPa, the volume difference became smaller and positive at 
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Fig. 3. Synchrotron Mössbauer spectra of Fe3P at high pressures. (A) Synchrotron Mössbauer data collected in a symmetric DAC. (B) Synchrotron Mössbauer data collected in 
the panoramic DAC along with NRIXS data collection. Magnetic moment started to diminish between 21.5 GPa and 24.8 GPa. Magnetism completely disappeared at around 
31.6 GPa.

Fig. 4. (A) Normalized axial lengths and (B) c/a ratio as a function of pressure. Solid symbols represent data from this study. The open grey symbols represent data from 
other studies (Gu et al., 2014; Scott et al., 2007) for comparison. The dashed lines represent the starting and ending pressures of the magnetic transition indicated by our 
XRD experiments.

even higher pressure due to the stiffening of Fe3P after the tran-
sition. The observed volume drop of ∼1% is consistent with 1–2% 
drop reported by Gu et al. (2014) (Fig. 2, inset). It coincides with 
the pressure-induced magnetic transition starting at 18.3 GPa re-
ported in previous XRD and XES studies (Gu et al., 2014; 2016). 
Our SMS results further confirmed the magnetic transition (Fig. 3). 
Below 21.5 GPa, the magnetic splitting is manifested as obvious 
fast oscillations in the SMS spectra (Sturhahn, 2000) (Fig. 3). Upon 
further compression to 29.3 GPa, the magnetic moment dimin-
ished substantially and completely disappeared at 31.6 GPa. The 
SMS technique is a sensitive local probe of very small transferred 
hyperfine fields. There are three different Fe sites in Fe3P and each 
Fe site may undergo its own path of magnetic transition under 
compression. As a result, the disappearance of magnetism usually 
occurs in a range of pressure (e.g. Chen et al., 2018, 2014). For 
Fe3P, we marked 21.5–24.8 GPa, where the majority of magnetism 
disappeared, as the pressure of magnetic transition; but it may 
start far earlier than the marked pressure range. Comparing the 
SMS at 11.4 GPa with the SMS at 16.5 GPa, we find that some de-

tailed features in the SMS spectra are quite different. There is an 
emerging peak at about 45 ns and 100 ns at 16.5 GPa. The peak 
intensities of the three peaks between 50–80 ns also decreases 
continuously before the sudden collapse at 24.8 GPa. These fea-
tures indicate that the magnetic transition is a continuous process 
likely due to the different transition pressures of the three Fe sites. 
The pressure range is close to that of the magnetic transition at 
18.3 GPa–40 GPa reported in previous XRD and XES studies (Gu et 
al., 2014; 2016). The normalized lattice parameters as a function 
of pressure were plotted in Fig. 4a. The linear compressibilities of 
a and c axis are quite similar at low pressures and the c axis be-
comes less compressible than the a axis at higher pressures, which 
can be explained by the magnetic transitions (Gu et al., 2014). The 
magnetic transition is reflected in the changes of the c/a axial ra-
tio with pressure (Fig. 4b). The slope of c/a ratio starts to vary at 
about 12 GPa, which might be the initiation of the magnetic tran-
sition in one Fe site. The c/a ratio increased dramatically between 
21.4 GPa and 30.5 GPa, which might be due to the subsequent 
magnetic transitions of the other two Fe sites at higher pressures 
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Table 1

Elastic properties of Fe3P and other Fe alloys with similar structures.

Phase P range 
(GPa)

K0

(GPa)
K ′
0 V0

(Å3)
Methods Reference

Fe3Pa 0–21.4 162.1(5) 4 (fixed) 370.42(4) SCXRD This study
Fe3Pa 0–21.4 162.4(7) 4 (fixed) 370.38(6) SCXRD+PXRD This study
Fe3Pb 30.5–40.7 181(9) 4 (fixed) 364(2) SCXRD This study
Fe3Pb 30.5–111 220(6) 4 (fixed) 357(1) SCXRD+PXRD This study
Fe3P 0–20 159(10) 4.4 367.2(3) PXRD Gu et al., 2014
Fe3P 0–8 159(1) 4 (fixed) – PXRD Scott et al., 2007
Fe2.15Ni0.85P 0–50 185(1) 4 (fixed) 365.8 (1) SCXRD He et al., 2018
Fe3Sc 0–197 155.6(8) 4 (fixed) 377.0(2) (fixed)d PXRD Kamada et al., 2014
Fe3Sc 0–197 125.3(17) 5.1(1) 377.0(2) (fixed)d PXRD Kamada et al., 2014

a Magnetic phase of Fe3P.
b Non-magnetic phase of Fe3P.
c Fitting to the combined data set from (Chen et al., 2007; Kamada et al., 2014; Seagle et al., 2006).
d V0 is fixed to the value reported by Fei et al. (2000).

(Fig. 4b). The slope of the c/a ratio as a function pressure then be-
came flattened after the transition (Fig. 4b). Similar changes in the 
c/a ratio between 20–27 GPa, likely due to the magnetic transi-
tion, were also reported for Fe3S, which is isostructural to Fe3P 
(Chen et al., 2007; Kamada et al., 2014), but there is no obvi-
ous volume anomaly across the pressure interval for the magnetic 
transition in Fe3S (Chen et al., 2007; Kamada et al., 2014). From 
previous XES studies of Fe3P and Fe3S (Gu et al., 2016; Shen et 
al., 2003), the magnetic transition is highly possible pertinent to 
the spin transition of Fe. Spin transition is a first-order transition 
which will cause volume discontinuity. It may occur in a range of 
pressure (e.g. Chen et al., 2018, 2014). The deviatoric stress onto 
the sample may widen the transition pressure range, which makes 
the volume discontinuity difficult to be resolved (e.g. Weis et al., 
2017). Small volume anomaly may be not resolvable in the previ-
ous study of Fe3S from XRD measurements (Chen et al., 2007). In 
the present study, we employed the single-crystal XRD and com-
pressed the single crystal sample more hydrostatically with a small 
pressure interval, providing a more appropriate way for determin-
ing the subtle volume collapse across the magnetic transition.

The P–V data of the magnetic phase up to 21.4 GPa and at 
300 K (Tables S3 & S4) were fitted by the 2nd-order B–M EoS 
weighted by both the uncertainties in pressure and volume, yield-
ing a bulk modulus KT0 = 162.4(7) GPa, its first derivative K ′

T0 =

4.0 (fixed) and zero pressure volume V0 = 370.38(6) Å3 (Table 1; 
Figs. 2 & S3). Single-crystal data (run-1) were also fitted by the 
2nd-order B–M EoS alone. EoS parameters obtained by fitting both 
the powder and single-crystal data are consistent with those ob-
tained by fitting only the single-crystal data within uncertainties 
(Table 1).

The P–V data of the non-magnetic phase from 30.5 to 111 
GPa (Tables S3, S4 and S5) were fitted by the 2nd-order B–M 
EoS: KT0 = 220(6) GPa, K ′

T0 = 4 (fixed), and V0 = 357(1) Å3 . The 
single-crystal data from 30.5 to 40 GPa were also fitted alone by 
the 2nd-order B–M EoS (Table 1; Figs. 2 & S3), however, the ob-
tained KT0 is not well constrained due to the limited pressure 
range (∼10 GPa). We therefore used the KT0 and V0 obtained 
from the fitting of all data for comparison as well as for sound 
velocity calculations combined with our NRIXS results. KT0 of the 
non-magnetic phase of Fe3P is larger than that of the magnetic 
phase; that is, it became stiffened after the magnetic transition. 
It indicates that the magnetic transition has a non-negligible ef-
fect on the compressibility of Fe3P, especially when extrapolating 
to inner core pressures. Therefore, the extrapolation of density to 
the core pressures needs to be performed using EoS of the non-
magnetic phase. Assuming P to be the sole light element in the 
inner core and the inner core to be composed of a mixture of 
Fe + Fe3P, we calculated the P amount in the inner core (Fig. 5). 
We first calculated the densities of Fe and Fe3P at 300 K at core 

Fig. 5. The estimated P content in Earth’s inner core, assuming P is the only ele-
ment in Earth’s inner core. The estimated S content at 6000 K based on the similar 
assumption was plotted for comparison (Kamada et al., 2014). (A) The estimated 
content in atomic percent. (B) The estimated content in weight percent.

pressures based on the equation of state of hcp Fe at 300 K (Mao 
et al., 1990) and equation of state of non-magnetic Fe3P in this 
study. The densities of Fe at 5000 K, 6000 K and 7000 K at high 
pressures were then calculated by the Mie-Gruneisen-Debye equa-
tion of state (Seagle et al., 2006). Since the thermal expansivity of 
Fe3P was not available at high pressures, we estimate the density 
of Fe3P at high temperatures by considering �P thermal = αKT�T , 
using αKT = 0.011 for Fe3S (Seagle et al., 2006). By assuming that 
α of Fe3P is the same with that of Fe3S, αKT was calculated to be 
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Fig. 6. (A) NRIXS spectra of Fe in Fe3P up to 152 GPa and at 300K. (B) Derived partial density of state (PDOS) of Fe in Fe3P. Uncertainties are presented by shaded bands. 
Vertical offset is applied to the spectra at high pressures for clarity.

0.016 for Fe3P (Fig. S4). To account for the density deficit of the 
inner core, the P content at 7000–5000 K in the inner core was es-
timated to be 3.9 wt.% (8.5 at.%)–6.0 wt.% (14.5 at.%) (Fig. 5). This 
estimated content is based on the simple assumption that P is the 
sole light element in the inner core.

3.2. Seismic properties of Fe3P up to 1.5 Mbar

NRIXS measurements of 57Fe3P were carried out up to 152 GPa 
and PDOS was derived from the NRIXS data at each pressure 
(Fig. 6). For harmonic solids, a parabolic fitting of the low-energy 
portion of PDOS provides an approximation to the bulk Debye 
sound velocity (VD) (Sturhahn and Jackson, 2007). The EoS pa-
rameters of Fe3P obtained by our XRD experiments (Table 1) were 
utilized as input parameters to the program to calculate density 
(ρ) at given pressure. Using the VD from the NRIXS measure-
ments and ρ and KT0 from the XRD measurements, we derived 
the compressional-wave velocity (VP) and shear-wave velocity (VS) 
of isotropic aggregate of Fe3P using the following relations:

3

V 3
D

=
1

V 3
P

+
2

V 3
S

(1)

K S

ρ
= V 2

P −
4

3
V 2
S (2)

where the adiabatic bulk modulus (K S ) is approximated by KT

(KT and K S differ by less than 1% at 300 K) (Chen et al., 2014). 
Equations (1) and (2) have general solutions (Sturhahn and Jack-
son, 2007):

VS = 0.952VD − 0.041

√

K S

ρ
(3)

VP = 0.908

√

K S

ρ
+ 0.297VD − 0.243V 2

D/

√

K S

ρ
(4)

which are accurate to better than 0.1%. From the general solu-
tions, V s is relatively insensitive to the EoS parameters and VD

determined by NRIXS weighs heavily on V s. Thus VS can be de-
rived more precisely from the NRIXS method than VP , with the 
latter weighing heavily on the equation of state. (Mao et al., 2004; 
Sturhahn and Jackson, 2007).

The sound velocities (VP and VS) and shear moduli (G) of Fe3P 
were determined up to 152 GPa at 300 K (Fig. 7). Comparing the 
parameters before and after the magnetic transition, there is an 
obvious jump in KT and VP , and a slight softening of G and VS

in Fe3P (Fig. 7). VS decreases after the magnetic transition, when 
comparing V s of the magnetic phase with extended VS of non-
magnetic phase to lower pressures (Fig. 7D). The slope of VS versus 
ρ increases obviously after the magnetic transition (Fig. 8). Fe3S 
also has a magnetic transition at 21 GPa, in which both VP and 
VS drop and the velocity-density slope decreases after the mag-
netic transition in the previous NRIXS studies (Lin et al., 2004). 
Compared to Fe3S, the magnetic transition of Fe3P appears to have 
strong but relatively different effect on its elastic properties.

The sound velocities of Fe3P, Fe3S, Fe, Fe3C and Fe7C3 as a 
function of ρ are plotted in Fig. 8, which shows that VP and ρ
of Fe3P follows the Birch’s empirical relationship (Birch, 1964): 
VP (km/s) = 1.008(21) × ρ (g/cm3) − 1.27(20) (R2 = 0.998) and 
that the VS −ρ relationship is also linear: VS (km/s) = 0.353(33) ×
ρ (g/cm3) − 0.05(32) (R2 = 0.952). Extrapolating to the inner core 
pressures by Birch’s relationship, we found that the VP of Fe3P 
are similar to that of Fe3S, but much lower than that of Fe (Mao 
et al., 2001; Murphy et al., 2013) (Figs. 7 & 8). However, VS of 
Fe3P are much lower than Fe3S and Fe (Figs. 7 & 8). Thus far 
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Fig. 7. Sound velocities and elastic moduli determined by NRIXS up to 152 GPa. The relations between VP or VS and pressure of Fe3S, Fe, Fe3C, Fe7C3 , seismic models were 
also plotted for comparison (Chen et al., 2018, 2014; Dziewonski and Anderson, 1981; Lin et al., 2004; Mao et al., 2001; Murphy et al., 2013; Tkalčić and Pha.m, 2018). 
(A) Debye sound velocity (VD) of Fe3P as a function of pressure. (B) Shear modulus (solid symbols) and bulk modulus (open symbols) of Fe3P as a function of pressure. (C) 
Compressional velocity (VP) of Fe3P, PREM and other iron or iron alloys as a function of pressure (D) Shear velocity (VS) of Fe3P, PREM and other iron or iron alloys as a 
function of pressure. Fitting lines in (C, D) are combining the linear relation between the sound velocity and the density according to Fig. 8 with their equation of states, 
and shaded areas represent 95% confidence intervals. Vertical dashed lines represent the starting and ending pressures of the magnetic transition. mag: magnetic phase; 
non-mag: non-magnetic phase.

VS of Fe3P is the second lowest among all light element alloys 
reported after Fe7C3 (Chen et al., 2014), indicating that P can re-

duce VS effectively. VS can be derived from 
√

G
ρ , while the density 

can be obtained by the equation of state. The theory of predict-
ing G , especially its pressure dependence is not well understood. 
The reduction of VS of Fe3P may be due to the strong metal-
lic bonds in Fe3P. The covalent bonds are directional while the 
metallic bonds are not directional, thus strong metallic bonds may 
lead to smaller G . Fe3P is dominated by metallic bonds indicated 
by the metallic-type response on electrical conductivity (resistance 
increases with temperature) (Yin et al., 2019b). Theoretical calcu-
lation of Fe3P also indicates that it is dominant in metallic bonds, 
which leads to lower G and VS compared with other Fe–P alloy 
(Wu et al., 2015). From the electron density distribution map of 
Fe3P, the covalent bonds still exist in Fe–P alloy locally (Wu et 
al., 2015). There is no report about the electrical conductivity or 
bond type of Fe3S. Considering Fe3S is isostructural with Fe3P, they 
may share the similar types of bonding with Fe3P. S has higher 
electronegativity than P which may result in stronger electron lo-
calization (stronger covalent bond) in Fe3S than Fe3P, likely making 
the G of Fe3S higher than Fe3P. However, density and spin state 
also play a role in affecting the sound velocities. The data for the 
isostructural Fe3S, VP and VS , are only collected up to ∼60 GPa 
(Lin et al., 2004). With only one set of data for Fe3P and Fe3S, more 

systematic and comprehensive studies are required before we can 
provide a mechanism conclusively. Thus, there is no simple answer 
for the mechanism of reduction of V s by the addition of certain 
light element.

4. Geophysical implications

The magnetic transition of Fe3P significantly affects its elastic 
properties, that is, ρ , K , and G , as well as VP and VS . Physical 
properties of Fe3P after the magnetic transition needs to be uti-
lized for the discussion of Earth’s core. At inner core pressures 
and 300 K, the extrapolated densities of the non-magnetic Fe3P are 
lower than those of Fe and iron alloys such as Fe3S (Fig. 8). There-
fore, the presence of Fe3P in the inner core may partly account for 
the inner core “density deficit” (Fig. 8). Geochemical arguments in-
dicate that the Earth’s core is estimated to contain 0.2–0.5 wt.% P, 
whereas the estimate on the concentration of S is 1.9 wt.% (Mc-
Donough, 2003; McDonough and Sun, 1995). To account for the 
density deficit by Fe3S at core pressures, the S content was esti-
mated to be 5.1 wt.% –6.9 wt.% at 7000 K and 6000 K at inner core 
boundary pressure, respectively, assuming that S is the sole light 
element in the inner core in the form of Fe3S coexisting with Fe 
(Kamada et al., 2014). In this study, density at core pressures can 
be calculated by the EoS of the non-magnetic phase of Fe3P. To 
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Fig. 8. Sound velocities of Fe3P, Fe3S, Fe, Fe3C, Fe7C3 and seismic models as a func-
tion of density. (A) Compressional velocity (VP) and (B) Shear velocity (VS) of Fe3P 
(this study), Fe3S (Lin et al., 2004), hcp Fe (Mao et al., 2001), hcp Fe (Murphy et al., 
2013), Fe3C (Chen et al., 2018), Fe7C3 (Chen et al., 2014), PREM model (Dziewon-
ski and Anderson, 1981) and a seismic study by Tkalčić and Pha.m (2018). Solid and 
dashed lines are linear fitting lines, and shaded area represent 95% confidence in-
tervals. The solid bars represent the densities of iron alloys at inner core pressures 
and 300 K (Chen et al., 2007, 2012; Dewaele et al., 2006; Kamada et al., 2014; Mao 
et al., 1990).

Fig. 9. Pressure dependence of Poisson’s ratio of Fe3P (this study), Fe3S (Lin et al., 
2004), Fe (Mao et al., 2001; Murphy et al., 2013), Fe92Ni8 (Lin et al., 2003), Fe3C 
(Chen et al., 2018), Fe7C3 (Chen et al., 2014), FeHx (Shibazaki et al., 2012) and 
Fe85Si15 (Lin et al., 2003) at 300 K. Solid lines are fitting lines, and the shaded area 
represents the 95% confidence interval. The Poisson’s ratio of PREM is also plotted 
for comparison.

match the density of the Earth’s inner core in the PREM model as-
suming that P is the sole light element in the inner core, 3.9 wt.% 
(8.5 at.%)–6.0 wt.% (14.5 at.%) P was required. Take the densities at 
6000 K for example, 30%–32% by weight (27%–29% by mole) less P 
than S was needed to account for the density deficit. Fe3P and Fe3S 

were found to form the solid solutions at high pressures (Stewart 
and Schmidt, 2007; Gu et al., 2016). Therefore instead of consider-
ing P and S individually, a Fe3(S,P) solid solution may be a more 
realistic component for the inner core, and the addition of Fe3P 
into Fe3S can help account for the core density deficit.

VS of the inner core from the PREM model are lower than those 
of Fe at core pressures (Mao et al., 2001). A recent work (Tkalčić 
and Pha.m, 2018) concludes that there is a “squishy” solid inner 
core with an even smaller shear modulus and 2.5% lower shear 
velocity compared with PREM, which further enlarges the discrep-
ancy (Figs. 7 & 8). The presence of melt (Singh et al., 2000), pre-
melting effect (Martorell et al., 2013), anelasticity (Vočadlo, 2007), 
texture effect (Antonangeli et al., 2004), and the presence of light 
elements such as carbon and silicon (Chen et al., 2014; Li et al., 
2018) have been proposed to explain the anomalously low VS of 
the inner core. We found that VS of non-magnetic Fe3P are among 
the lowest at inner core pressures in addition to Fe3C and Fe7C3

(Chen et al., 2018, 2014; Prescher et al., 2015) (Fig. 8), in compar-
ison with other iron alloys (Lin et al., 2004, 2003; Shibazaki et al., 
2012). If this relationship is similar at high temperatures, Fe3P may 
partly account for the shear wave velocity discrepancy of the core 
with respect to Fe. The addition of P into Fe3S may also effectively 
lower its VS . Fe3(S,P), therefore, may serve as a candidate of the 
Earth’s solid inner core.

The Poisson’s ratio (v) can be calculated using the VP and VS

ratio or K and G by equation (5):

v =
(VP/VS)

2 − 2

2[(VP/VS)2 − 1]
=

1

2
−

3

6 K
G

+ 2
(5)

v of Fe3P and Fe3S are close to each other at ambient conditions 
while they seemingly deviate at higher pressures based on the cur-
rent data coverage (Fig. 9). The slope of v versus ρ of Fe3P is 
steep before the magnetic transition and becomes flattened after 
the magnetic transition. Based on the limited data of Fe3S, it ap-
pears that v of Fe3S drops rapidly with density and the v–ρ slope 
becomes flattened after the magnetic transition. The high Poisson’s 
ratio (ν) of Fe3P is due to the large K and small G for the non-
magnetic phase of Fe3P (Table 1 and Fig. 9). The extrapolated v of 
Fe3P of 0.42 at inner core pressures, which is remarkably higher 
than those of Fe and Fe3S and close to that by PREM (v = 0.45) 
(Fig. 9), although the temperature effect still needs further investi-
gations.

The composition of the core is the key to understand the cy-
cling and distribution of volatiles in the deep Earth during the 
formation of Earth’s core. The light constituents in the core are 
considered to play an important role in sustaining the geodynamo, 
responsible for the generation of the Earth’s magnetic field and 
thus allowing our Earth to evolve into a habitable planet. Elas-
tic and magnetic properties of inner core candidate Fe3P up to 
1.5 Mbar were investigated in the DACs combined with multi-
ple synchrotron-based techniques—powder and single-crystal XRD, 
SMS, and NRXIS. Our results suggested that Fe3P bears low density, 
anomalously low VS and high Poisson’s ratio at core pressures. As 
a result, Fe3P may lower the VS and density of Fe3S when forming 
a solid solution Fe3(S,P) at core pressures, which can better match 
the sound velocity and density profile of the inner core within the 
geochemical constraints. It implies that the primordial P may have 
largely entered the Earth’s core, which also explains the deficit of 
P in the Earth’s crust and mantle. According to the phase diagrams 
of Fe–P system at 23 GPa (Stewart and Schmidt, 2007), P would be 
concentrated in liquid Fe if the P content of the core is lower than 
the eutectic composition (∼9 wt.%). Conversely, if the P content is 
higher than the eutectic composition, P would be concentrated in 
the solid phase as Fe3P during the solidification of the Fe–P liquid. 
By comparing the phase diagrams at 3 and 23 GPa, the P con-
tent in the eutectic composition appears to decrease with pressure 
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(Stewart and Schmidt, 2007; Yin et al., 2019a). If this trend per-
sists to core pressures, it is possible that at core pressure, the P 
content may fall in the right side of eutectic point. In addition, 
the introduction of S to the Fe–P system to form Fe–S–P solid so-
lutions, i.e., Fe3(S,P), may affect the phase diagram significantly, 
likely facilitating the incorporation of P in the solid inner core. 
Further investigations on the Fe–S–P phase diagram and the elastic 
properties of Fe3P, Fe–S–P alloys such as Fe3(S,P) at simultaneous 
high-pressure and high-temperature conditions should be carried 
out to constrain the composition of our Earth’s or planetary cores.
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Vočadlo, L., 2007. Ab initio calculations of the elasticity of iron and iron alloys at 
inner core conditions: evidence for a partially molten inner core? Earth Planet. 
Sci. Lett. 254, 227–232.

Wasson, J.T., 2012. Meteorites: Classification and Properties. Springer Science & Busi-
ness Media.

Weis, C., Sternemann, C., Cerantola, V., Sahle, C.J., Spiekermann, G., Harder, M., Forov, 
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