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Abstract Based on cosmochemistry evidence and element partitioning experiments, phosphorus is
thought to be present in the iron-rich cores of Earth and Moon. Phosphorus has a similar effect as silicon
and sulfur on the electrical and thermal transport properties of iron at core conditions. However, the
magnitude of the impurity scattering caused by phosphorus, the temperature dependence of iron
phosphorus compounds, and the change across melting all have not been intensively investigated. We
measured the electrical resistivity of Fe;P, Fe,P, and FeP using a four-wire method at 1.3 to 3.2 GPa and
temperatures up to 1800 K. We also identify the melting temperatures of FeP, Fe,P, and Fe;P by sudden
changes in resistivity upon heating. The present experimental results demonstrate that phosphorus can
enhance the electrical resistivity of iron more effectively than silicon. The resistivity of iron phosphides
decreases with increasing pressures and decreasing phosphorus content. The resistivity of Fe-P alloys obeys
the Matthiessen's rule, which describes the positive linear correlation between resistivity and phosphorus
content. This finding is comparable to previously observed atomic order-disorder in Fe-Si and Fe-C systems.
Furthermore, the resistivity of liquid Fe,P and Fe;P shows a negative linear correlation with temperatures.
Different from pure iron, the calculated thermal conductivity of Fe;P increases by 33% upon melting. It

is speculated that the thermal conductivity of the lunar solid inner core may be much lower than that of the
liquid outer core when ordered iron light element compounds (e.g., Fe;C and Fe;P) are present in the
solid core.

1. Introduction

Addition of light elements, such as Si, S, C, and O, can dramatically increase the electrical resistivity of iron.
Therefore, they must be accounted for in estimating the thermal conductivity of iron-rich planetary cores (de
Koker et al., 2012; Kondpkova et al., 2016; Ohta et al., 2016; Pozzo et al., 2012, 2013). Electrical resistivity
measurements on solid Fe, Fe-Ni, and Fe-Si alloys at high-pressure and room temperature environment
revealed that different types and content of alloy elements have different magnitude influence on the
resistivity of Fe-L alloys (L, light elements; Gomi et al., 2013, 2016; Gomi & Hirose, 2015; Seagle et al.,
2013). Recently, Suehiro et al. (2017) suggested that sulfur has a weaker influence than silicon by measuring
the electrical resistivity of Fe-S-Si alloy (3 wt% S and 3 wt% Si) at pressures up to 110 GPa at 300 K. Zhang
et al. (2018) reported the electrical resistivity of FegoC; alloy (1 at.% C) and iron carbides (Fe;C, Fe,C3) at
pressures up to 80 GPa and at 300 K, demonstrating that carbon has a stronger effect than Si, S, and Ni in
reducing the electrical and thermal conductivity of the Earth's core. Despite the studies on solid phase,
high-temperature and high-pressure experiments (Pommier, 2018; Silber et al., 2018) and first principles
calculations (Wagle et al., 2018; Wagle & Steinle-Neumann, 2018) are all used for the resistivity of liquid
Fe and liquid Fe-S system also provides precious constraints on the thermal conductivity of liquid cores.

Owing to its siderophile character and depletion in the mantle compared with CI chondrites, phosphorus is
thought to be mainly stored in the Earth's core as a potential candidate light element (Newsom, 1990, 1995;
Newsom & Drake, 1983; Newsom & Taylor, 1989; Righter, 2003). Partition coefficient experiments also
confirmed that phosphorus preferred the metallic core in the terrestrial planets (Newsom & Drake, 1983;
Righter, 2002; Righter et al., 1997, 2010; Righter & Chabot, 2011; Steenstra et al., 2016; Wood et al., 2006).
According to cosmochemistry studies, phosphorus content in the core of the Earth, Mars, and Moon are
estimated as 0.2 wt% (McDonough, 2003; McDonough & Sun, 1995), 0.3 wt% (Sha, 2000), and 0.1 wt%
(Drake, 1987), respectively. Iron-nickel phosphide minerals, such as allabogdanite-(Fe, Ni)P,
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' I I I nickelphosphide-(Ni, Fe),P, schreibersite-(Fe, Ni);P, and mellinite-(Fe,
FesP Ni),P are common phosphorus-bearing minerals in the iron meteorites
st irsm (Britvin et al., 2002, 2015; Pratesi, 2006), which suggests phosphorus
E P rmrn e may alloy with iron in the terrestrial planet cores. Structural properties
z W of three Fe-P compounds (iron phosphides, FeP-35.68 wt% P, Fe,P-21.71
£ \ \ wt% P, and Fe;P-15.60 wt% P) at high-pressure and high-temperature con-
| T T [N ' ditions have been done by experimental and theoretical methods. Like
FeP other well-investigated Fe-L system (e.g., Fe-C, Fe-S, and Fe-Si), These
N Fe-P compounds has similar chemical structure and crystalline structure
et e oo rrmr e ' (e.g., FesC, FesS, FeSi) at core pressure condition (Dera et al., 2008; Gu
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Figure 1. X-ray diffraction patterns for the synthesized iron phosphide
phases. Vertical bars represent peak positions for standard iron-phosphide
(PDF-# 89-2746 for FeP, PDF-# 89-3680 for Fe,P, and PDF-# 89-2712 for

Fe3P from ICSD patterns databases).
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et al., 2011, 2014; Scott et al., 2007, 2008; Wu et al., 2011; Wu & Qin,
2010; Yan, 2015). Understanding the thermal dynamic properties and
transport properties of these Fe-P compounds is essential to constrain
the chemistry and physics of the metallic core of terrestrial planets.

The resistivity of iron phosphides has been measured at ambient pressure
in previous studies. Westerstrandh et al. (1977) reported the resistivity of
the single crystal FeP to be 3 pQ-m at 1 atm and 300 K, using the method
of van der Pauw (1958). Fujii et al. (1977) measured the resistivity of single crystal Fe,P by a standard four-
probe method with a current reversal at 1 atm and up to 600 K. It is ~4.3 uQ-m along the b axis and ~3 pQ-m
along the c axis for Fe,P crystalline at 300 K and 1 atm. Fujiwara et al. (1980) and Abliz et al. (2006) inves-
tigated the effect of pressures on the electrical resistivity of Fe,P up to 8 GPa at low temperatures (2.5-300 K).
For Fe-P alloys, the resistivity increases linearly from 0.12 to 0.37 uQ-m when the phosphorus content varies
from 0 to 2.0 wt% at 1 atm and 300 K (Weglinski & Kaczmar, 1980). These results imply that the phosphorus
can efficiently increase the resistivity of iron at ambient conditions. However, due to the absence of experi-
ments at high-pressure and high-temperature conditions, the effect of phosphorus on the iron-rich cores in
terrestrial planets has not been assessed.

In this study, we measured the electrical resistivity of three solid and liquid Fe-P compounds (FeP, Fe,P and
Fe;P) at high-pressure and high-temperature conditions, in order to quantify the effect of phosphorus on the
resistivity and thermal conductivity of iron. In addition, we estimate the thermal conductivity of solid and
liquid Fe;P at 3.2 GPa and up to 1600 K, which provide new insight on thermal conduction in the lunar solid
inner core and liquid outer core.

2. Experimental Methods
2.1. Starting Materials

The samples we measured in this study are polycrystalline Fe-P compounds (FeP, Fe,P, and Fe;P). Sample
synthesis and resistance measurement were all performed in a DS 6 X 600t cubic-anvil-type apparatus at the
Institute of Geochemistry, Chinese Academy of Sciences. A series of synthetic experiments and machining
processes prior to the resistance measurements were conducted in order to make a solid, well-defined shape
of iron phosphides. Stoichiometric amounts of iron powder (99.99%, Alfa Asear) and red phosphorus (99.9%,
Alfa Asear) powder were mechanically mixed and ground in ethanol in an agate mortar to synthesize FeP at
1 GPa and 1273 K for 4 hr in the same conditions as Gu et al. (2013). To ensure the quality of the synthesized
iron phosphides, Fe,P and Fe;P were synthesized by solid state reaction at 1273 K and 1 GPa for 4 hr, using
synthesized FeP and corresponding molar ratios of pure iron powder. All the aforementioned starting mate-
rials are synthesized in boron nitride capsules to avoid contamination in high-pressure assemblies.
Subsequently, each of the iron phosphide powder was sealed again into the boron nitride capsules and sin-
tered at 1 GPa and 1073 K for 5 hr, to obtain a smaller sample with suitable size. Then, the recovered samples
were carefully machined into cylindrical shape with a length of ~2.5 mm and a diameter of ~1.8 mm for elec-
trical resistivity measurement. Some of the synthesized iron phosphide powders were checked by X-ray dif-
fractometer with Cu-Ka radiation, and the results were illustrated in Figure 1. Their refined lattice
parameters are a = 5.186 A, b = 3.097 A, and ¢ = 5.787 A for FeP; a = 5.865 A and ¢ = 3.456 A for Fe,P; a
=9.100 A and b = 4.462 A for FesP. These results are consistent with previous reports (Dera et al., 2008;
Gu et al., 2011, 2014, Scott et al., 2007, 2008).
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Figure 2. The sketch (a) shows the cross section of the sample assemblages. Black cross on the sample represents a W-Re
thermocouple, used to control temperatures. (b) An optical microscope image for a sectioned pressure cell (Fe3P)
recovered from 2 GPa and 1575 K. Four thermocouple wires act as current leads (cross-section view along the long axis).
Black materials on the upper part of the sample in (b) are unground epoxy.

2.2. Experimental Procedures and Data Analysis

For the resistance measurement, the assembly consisted of a cubic pyrophyllite pressure medium, an Al,O3
sleeve, a graphite cylindrical heater, and a BN sleeve which insulates the sample from the furnace
(Figure 2a). To ensure that the sample does not undergo severe deformation during the compression and
melting process, a thick layer of alundum tube was used to maintain the sample geometry. On both sides
of the sample, two thin molybdenum discs (a diameter of 3.0 mm and thickness of 0.2 mm) were used as
electrodes to ensure good electrical contact between the sample and the geometrically imperfect thermo-
couple junction. Both molybdenum and tungsten discs have been used as electrodes in recent electrical
resistivity measurements on Fe-S melts (Pommier, 2018) and Fe melts (Silber et al., 2018), respectively.
They have ultrahigh melting temperature and are chemically inert. Before the sample melts, no chemical
diffusion is measured between samples, Mo electrodes, and thermocouple. We found that the head of ther-
mocouple can accidentally penetrate the molybdenum at high pressure. The penetration may affect the
sample's geometry, but it is included in the geometry errors. The resistivity of molybdenum disc at 1 bar
is assumed to be 5.52 x 10~° Q-m at 300 K to 47.48 x 10~% Q-m at 1800 K (Desai et al., 1984). The total
resistivity contribution of the discs was estimated at ~1.5% for FezP and less than 1% for FeP and Fe,P at
high-temperature conditions. Using the methods described by Ezenwa and Secco (2017a, 2017b) and
Silber et al. (2017), four W-Re thermocouple wires (0.3-mm diameter, W5%Re-W26%Re) legs acted as elec-
trodes during the resistance measurement, fully contacting with the molybdenum electrodes. One more
thermocouple was used to monitor temperature, emplaced vertically in the center of the sample and
attached to the outer of the ceramic tube. All thermocouples were threaded via four-hole alundum tubes
for protection.

Samples were compressed to the desired pressure and then heated in steps of 50 K. The uncertainty in pres-
sure is +0.1 GPa in this study. Pressure calibration used the melting cure of NaCl and the quartz-coesite
phase transition, which are conducted at 1273-1473 K. The temperature of a sample was cycled twice to
873 K to enhance sample-electrode contact and reduce the contribution of contact resistance. To collect
the accurate resistance data for solid samples at each temperature (<1300 K), temperature was held for
3-5 min before the resistance measurement for solid specimens. During the measurement, the temperature
difference between the two sides of the samples is 3-5 K at T < 900 K and ~10 K at T' < 1600 K. We neglected
the errors caused by such temperature gradient because the data collection interval is 50 K, significantly
larger than typical temperature gradient.

In the electrical resistivity measurement mode, a constant 300-500 mA DC current was provided by a
Keithley 2400 current SourceMeter. When the constant current passes through the same leading wires
and flows through the sample, the voltage drop across the sample was collected by two other identical
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W-Re wires and recorded by the Keysight 34470 digital multimeter. The sample's electrical resistance was
calculated using Ohm's law:

R=AU/I 1)

where R is resistance, AU is the voltage drop, and I is the constant current. The resistivity (o) was later cal-
culated from the Pouillet's law:

o =RS/L (2)

where R, S, and L are sample resistance, sectional area, and length, respectively. At the pressures of 1.3 and
2.3 GPa, the maximum heating temperature reached to 1273 K for Fe;P and 1573 K for FeP and Fe,P. At 3.2
GPa, all the samples were heated over the melting temperature and the resistance was acquired rapidly. It is
generally less than 30 s to collect resistance data in liquid at each temperature. It usually takes ~1 min to
increase 50 K. After that, the power supply was switched off and the pressure was released slowly. To test
the reliability of the present experimental measurement, the resistivity of a pure iron wire (1 mm, 99.99%,
Alfa Asear) was also measured at 1.1 GPa and up to 1473 K, using the same assemblage.

The recovered samples were mounted in epoxy and polished in a section parallel to the long axis of the
cylindrical sample to obtain information of sample geometry, which is necessary for the resistivity calcula-
tion. Using the optical microscope, the diameter and length of the recovered samples were measured and
shown in Figure 2b. The thermal expansion and compressibility also affect the sample's geometry, and their
influence was included in the overall error calculations (2-4% for different iron phosphide due to their dif-
ferent resistivity level). Bulk moduli of FeP, Fe,P, and FesP used here are 250(7) (Gu et al., 2011), 165(3)
(Scott et al., 2008), and 159(1) GPa (Scott et al., 2007), respectively. We used thermal expansion coefficients
1.8 x 10~/K for FeP (Westerstrandh et al., 1977), 2 x 10 °/K for Fe;P (Gu et al., 2014). We do not find the
thermal expansion coefficient of Fe,P and used the same value with Fe;P as an approximation. Using P-V-T
calculation, integrated contributions of pressure and temperature on the specimen volume are estimated at
less than 1% during experiments.

2.3. Analytical Techniques

Microstructure was analyzed by scanning electron microscopy using a Scios electron microscope operating
at a voltage of 30 kV and a current of 0.2 nA at the Institute of Geochemistry, Guiyang, China. Chemical
composition of the recovered samples was analyzed using Energy Dispersive X-ray Spectrometry in
Geophysical Laboratory. We found that all the recovered samples (FeP, Fe,P, and Fe;P) were contaminated
with molybdenum, tungsten, and rhenium after melting (see Figures S1-S3 in the supporting information)
which is consistent with high-pressure studies of liquid Fe-S (Pommier, 2018). Before melting, no diffusion
of Mo, W, and Re element is detected in specimens recovered from high pressure and temperature
(Figure S2). Although studies demonstrated that the effect of molybdenum on the bulk electrical resistivity
of the samples appears to be small (Pommier, 2018), we only use three resistance data after melting (100 K),
in order to decrease the influence of contamination on data analyses.

3. Results and Discussions

The measured resistivity of a pure iron wire at 1.1 GPa is shown in Figure 3a, along with the ambient pres-
sure data (Chu & Chi, 1981) and previous high-pressure results (Kiarasi, 2013; Secco & Schloessin, 1989;
Silber et al., 2018). An inflection of the curve of the iron's resistivity is found around 1043 K, which is within
a couple degrees of the Curie temperature (T¢) of pure iron at 1 atm (Chu & Chi, 1981). At T < T, the elec-
trical resistivity of solid iron exhibits the expected T> dependence, which is in good agreement with the pre-
vious study (Yousuf et al., 1986). The resistivity of y-Fe decreases with increasing pressures (Figure 3a).

3.1. Effects of T and P on the Resistivity of Iron Phosphide

As reported in previous high-pressure studies using diamond-anvil-cell techniques, no phase transition is
observed for these three iron phosphides below 3 GPa (Dera et al., 2008; Gu et al., 2011, 2014). Thus, we only
considered the effect from temperatures on the electrical resistivity at 1.3 to 3.2 GPa. The temperature depen-
dences of electrical resistivity for three solid iron phosphide minerals (FeP, Fe,P, and Fe;P) at the pressures
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Figure 3. (a) The temperature dependence of electrical resistivity of solid iron at 1.1 GPa compared with 1 atm by Chu and Chi (1981), 2 GPa by Kiarasi (2013), 2.48
GPa by Secco and Schloessin (1989), and 3 GPa by Silber et al. (2018). (b) The temperature dependence of electrical resistivity of solid FeP at 1.3 to 3.2 GPa
compared with 1 atm for single crystalline FeP with different axis reported by Westerstrandh et al. (1977). (c) The temperature dependence of electrical resistivity of
solid Fe,P at 1.3 to 3.2 GPa. Black solid lines are the resistivity of b and c axis of Fe,P single crystalline at 1 atm (Fujii et al., 1977). (d) The electrical resistivity of solid
FesP at 1.3 to 3.2 GPa.

up to 3.2 GPa are shown in Figures 3b-3d, respectively. FeP had the highest resistivity as 4 to 7 uQ-m at
temperatures up to 1600 K. With increasing temperature the resistivity of FeP increases rapidly to the
highest value and decreases slightly at high T condition (>1200 K). A small negative slope for the trend of
resistivity of solid Fe,P was observed in this study, which is consistent with a previous result reported at 1
atm (Fujii et al., 1977). The resistivity of solid Fe;P at 1 to 3 GPa is very similar to that of pure iron. It first
increases rapidly with increasing temperature till the Curie temperature, and then increase linearly with a
small slope (Figure 3d). As for the influence from phosphorus content on the resistivity, Fe;P has the
lowest electrical resistivity among three iron phosphides at 1.5 to 2.5 pQ-m. It indicates that higher
phosphorus content will lead to higher electrical resistivity in Fe-P system.

Previous studies indicate that the electrical resistivity of the solid metal and iron alloys (Fe-Si, Fe-C)
decreases linearly with increasing pressures (Deng et al., 2013; Ezenwa & Secco, 2017a, 2017b; Kiarasi &
Secco, 2015; Silber et al., 2017; Zhang et al., 2018). Similar behavior was also observed for iron phosphides
in this study (Figure 4). More specifically, pressure has different influence on the resistivity for three iron
phosphides at the pressure range of 1.3-3.2 GPa. Pressure coefficients for the electrical resistivity of three
iron phosphides, (dlnp/dP)r were calculated from the p versus P slopes. We used the data from 573 to
1273 K. Fe,P has the largest pressure coefficient, while the resistivity of Fe;P is slightly affected by pressure.
The pressure coefficients for FeP, Fe,P, and Fe;P at 1273 K were —0.053(1), —0.086(2), and
—0.036(1), respectively.

3.2. Curie Temperatures of Fe;P

An inflection point for the Fe;P resistivity curve was found at T = 723 + 25 K which is likely T of this com-
pound. Previous reports for T of Fe;P at 1 atm is 716 (Meyer & Cadeville, 1962) and 686 K (Fruchart et al.,
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1964) where Fes;P changes from ferromagnetic to paramagnetic. Usually,
the resistivity of magnetic materials is made up of three terms associated
with phonons, residual resistivity, and magnetic resistivity (Pepperhoff
& Acet, 2001). The resistance from phonons (lattice vibrations), pp, is
temperature dependent and linear at high temperatures (above the
Debye temperature). In magnetic metals, scattering of the conduction
electrons occurs from the unpaired d-electrons, which are the carriers of
the magnetic moment. The magnetic resistivity ppn,e is maximum and
constant in the paramagnetic state where the spins are randomly
oriented. In Figure 3d, the electrical resistivity of FesP above the Curie
temperature behaves like paramagnetic metal, which has linear
temperature dependence on the resistivity, and the slope equals to the
pph- Different from pure iron, no typical T> dependence of resistivity is
seen in Fe;P below the Curie temperature. They have different magnetic
structure (Goto et al., 1977; Liu et al., 1998) and result in different pp,,g.
Single crystalline FesP has a tetragonal structure that will result in
different resistivity along with ab axis and c axis. Our samples are
polycrystalline. The anisotropy and orientation will lead to nontypical
T dependence of resistivity in ferromagnetic FesP (Figure 3d).

3.3. Electrical Resistivity of FeP and Fe,P Compared With 1 atm

It is noted that the resistivity of FeP and Fe,P measured in this study at
room temperature and 1.3 to 3.2 GPa is higher than that of single crystal
obtained at ambient conditions (Figures 3b and 3c). The slightly higher
resistivity for iron phosphides in this study is perhaps due to the synthe-
sized polycrystalline samples. For crystalline iron phosphides samples,
they have extraordinary high anisotropy along with different axis in the
paramagnetic region (Figures 3b and 3c). Also, the grain size of samples
may affect the resistivity. Our starting materials are sintered under high
pressure and the average grain size is <5 um measured by scanning elec-
tron microscopy (Figure S4). It is hard to investigate the grain average
axial orientation on the samples, but the anisotropy and grain size in
the synthesized samples may lead to higher resistivity than crystalline
samples. Another factor that may affect resistivity is hydrostaticity during
compression. We used a similar pressure medium as Silber et al. (2017,
2018): hard Al,O3 plus boron nitride. Notably, the Curie temperatures
and the pressure derivative of the resistance for Ni in Silber et al. (2017)
are larger than the results from Sundqvist (1988) and Decker and Chen
(1992) who used liquid pressure medium (petroleum ether and silicone
oil, respectively) to provide hydrostatic condition. Decker and Chen
(1992) argued that nonhydrostatic pressure environment or quasi-
hydrostatic solid medium may lead to a higher slope on the Curie tem-
perature versus pressure. For electrical resistivity of solid iron at high

pressures, different results are observed in different works (Silber et al., 2018), which may be attributed to
the different pressure medium used in their experiments.

Whereas the electrical resistivity of FesP and pure iron increase steadily above Tc (Figures 3a and 3d), the
electrical resistivity of both FeP and Fe,P decreases after reaching a peak in the high-temperature region.
FeP and Fe,P are antiferromagnetic and paramagnetic at ambient conditions (Fujii et al., 1977;
Westerstrandh et al., 1977), respectively. A first-order transition from metal to semiconductor takes place
at Curie temperature (208.6 K) for Fe,P at 1 atm (Figure 3c, Fujii et al., 1977). For semiconductor Fe,P,
the carrier concentration reaches saturation at high temperature and results in decreasing of electrical resis-
tivity. FeP is also a semiconductor and has similar behavior with Fe,P at high temperature.
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3.4. Electrical Resistivity of the Fe-P Melts

At the melting temperature, a distinct drop in the resistivity happened to
FeP, Fe,P, and Fe;P, marked with arrows in Figure 5a. Thereafter, the
resistivity for the Fe,P and Fe;P melt continuously decreased linearly with
increasing temperatures. The same trend was also observed for iron sili-
cide at 1 atm in the previous study (Baum et al., 1967; Figure 5c). Baum
et al. (1967) also suggest that covalent bond between Fe and Si in the solid
is broken at high temperatures, releasing Fe bound electrons which con-
sequently decrease the resistivity. Although iron phosphides have differ-
ent crystal structures than iron silicide, phosphorus atoms in the FeP,
Fe,P, and Fe;P are also bonded covalently to iron. Hence, the resistivity
decreases on melting may be due to the breaking of covalent bonds.

For Fe,P, the slope of resistivity first changed at 1448 K, caused by the
peritectic reaction, Fe,P + Liquid < FesP. Above 1673 K, the resistivity
decreased sharply due to the full melt of Fe,P. These two changes were
consistent with the Fe-P phase diagram at 1 atm by Okamoto (1990) and
Zaitsev et al. (1995). This trend is similar with the behavior of FesSi;
(Figure 5c). Notably, the resistivity of Fe;P first jump from 2.32 pQ-m at
1323 K to 2.57 uQ-m at 1373 K which is very close to the eutectic tempera-
ture 1321 K at 1 atm (Okamoto, 1990), 1358 K at 3 GPa (Yin et al., 2019),
and 1348 K at 6 GPa (Minin et al., 2019). Above that temperature, a small
amount of melt becomes thermodynamically stable and coexists with
solid FezP. The melt is composed of ~90 wt% Fe and ~10 wt% P
(Okamoto, 1990), has a more disordered structure and higher electrical
resistivity than solid, thus causing the first jump we observe in the electri-
cal resistivity of Fe;P. Above 1448 K, the resistivity of FesP drops from 2.57
uQ-m at 1473 K to 2.07 uQ-m at 1573 K. The melting temperature of Fe;P
is 1439 K (Okamoto, 1990; Zaitsev et al., 1995) at 1 atm and 1458 K at 3
GPa (Yin et al., 2019). Thus, the drop should result from the breaking of
Fe-P bonds at its melting temperature. This behavior is consistent with
Fe;Si at its melting point (Figure 5c). The slope of the resistivity versus
temperature in liquid FesP is slightly negative (T > 1573 K). Figure 6
shows that melting temperatures are 1643+25 K for FeP, 1623+25 K for
Fe,P, and 1473425 K for Fe;P at 3.2 GPa, which are consistent with the
melting points at 1 atm (Zaitsev et al., 1995).

4. Alloying Effect of Light Elements (P, C, and Si) on
the Resistivity of Fe

The effect of carbon on the thermal conductivity of iron was reported very
recently (Zhang et al., 2018). The resistivity of Fe-C system, including
iron, FegyC; alloy (contains 0.2 wt% carbon), Fe;C, and Fe,C3, have been
measured at room temperature and up to 80 GPa by using diamond anvil
cell. Fe-C alloy performed an exceedingly stronger alloying effect than Si,
S, and Ni. When the same content of light element was added in the iron,
Fe-C alloy has the highest electrical resistivity among Fe-P and Fe-Si
alloys (Figure 7a). Pommier (2018) reported the electrical resistivity of
Fe-S mixtures and its melts, which shows extremely larger values than
pure iron. That work should not represent the accurate impurity resistiv-
ity of sulfur in the solid Fe-S alloy, because it is just a combination of two

materials. The experimentally measured resistivity of Fe-Si system exhibits two trends with increasing Si
content due to the presence of atomic order-disorder (Numakura et al., 1972; Ruiz et al., 2005; Varga
et al., 2002). One trend shows a resistivity rise with Si content and the second trend shows a significant
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B latm decrease in resistivity beginning at 10 wt% Si, reaching a minimum at 15
A 32GPa wt% Si, followed by an increase in resistivity with Si content up to 20
wt% where this trend joins the first trend (Figure 7a). Fe-P alloys seem
to have the same trend that a minimum resistivity exists at Fe;P along
with a linear relationship between iron, FeP, and Fe,P. Even though
FeP and Fe,P have ordered structures, their resistivity is still on the trend
of disordered Fe-P alloy at high phosphorus region, which is comparable
with the first trend of Fe-Si system (Figure 7b).

b |

To describe the “ideal” total resistivity of a dilute iron alloy, Matthiessen's
rule (Matthiessen & Vogt, 1864) is often used in previous studies (Seagle
et al., 2013; Zhang et al., 2018), defined as the following form:

D

Figure 6. Melting temperatures for different iron phosphides at 3.2 GPa in
this study compared with results at 1 atm (Zaitsev et al., 1995).

Resistivity (nem)

| | Pre—i (V. T) = ppe (V, T) +p; (V)xx; 3
Fe,P Fe,P where i represents the alloying elements, p; (V) is the compositional
Iron phosphide dependent unit resistivity, and x; is the content of the alloying element

in atomic percent (at.%), pr..; (V, T) is the total resistivity of the iron alloys,
and pg. (V, T) is the resistivity of pure iron as a function of pressure and
temperature. The second part of this formula (p; (V)) is called impurity
resistivity and only depends on the volume (corresponding to pressures).
Matthiessen's rule clearly demonstrates the linear correlation between the alloying element's concentration
and the alloy's resistivity at a fixed P and T condition. This rule is confirmed by experimental results from Fe-
Si, Fe-C, and Fe-P alloys at 1 atm and room temperature, as shown in Figure 7b. The resistivity for Fe-P alloy
is linear with phosphorus content (P, 0-3.4 at.%) at ambient condition (Wegliriski & Kaczmar, 1980), which
agrees with the prediction of Matthiessen's rule. In some scenarios, Matthiessen's rule will break down due
to “saturation effect” caused by chemical composition (Gomi et al., 2016), pressure (Kiarasi & Secco, 2015),
and temperatures (Pozzo & Alfe, 2016). Also, Wagle et al. (2018) observed that the temperature coefficient of
resistivity for liquid Fe-S system changes from positive to negative at high compression and high sulfur con-
centration. In that case, Matthiessen's rule is invalid to model the electrical resistivity of Fe-L alloys. But, it is
no doubt that Matthiessen rule is reasonable here to describe the electrical resistivity of solid Fe-P alloys at a
moderate pressure condition (<5 GPa).

For a-Fe, its electrical resistivity does not change a lot at room temperature and below 5 GPa (Gomi et al.,
2013; Secco & Schloessin, 1989; Silber et al., 2018; Zhang et al., 2018). Thus, we fix the pg. (V, T) at 9.44
uQ-cm measured at 1.1 GPa in this study. According to the measured resistivity for FeP and Fe,P, we

\ Fel7Si, Kiarasi and Secco, 2015,2-5GPa Fe-C alloy, 1 atm
Iron phosphides, this study, 1.3 GPa y Fe-Sialloy, 1atm g
M Iron phosphides, this study, 2.3 GPa High pressure Fe-Palloy, 1.3GPa
Iron phosphides, this study, 3.2 GPa - Fe-Palloy, 2.3 GPa 46
O Disordered Fe-Si alloy, Numakura etal., 1972 " Fe-Palloy, 3.2 GPa
&> Ordered Fe-Si alloy, Varga et al., 2002
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Figure 7. Dependence of electrical resistivity for Fe-L compounds with different contents of light elements at room temperature, (a) and (b) are weight and atomic
percent, respectively. The resistivity of Fe17Si (17 wt% Si) was measured by Kiarasi and Secco (2015) at the pressures of 2-5 GPa. Colorful solid lines in (b) represent
the fit of resistivity data for disordered alloy (Fe-C, Fe-P, and Fe-Si) according to Matthiessen's rule.
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Figure 8. Temperature dependence of thermal conductivity for y-Fe and The moon has a small metallic core according to numerous geophysical
FesP at 3-5 GPa. Error bars are smaller than symbols. Arrows indicate the ~ and geochemical studies (Righter, 2002; Weber et al., 2011; Williams

melting point. Gray region represents an estimated limit of lunar core's et al., 2001, 2014; Zuber et al., 2011). Assuming different lunar core com-

thermal conductivity.

position, the core size can be satisfied by either a ~330-km radius solid

iron core or ~460-km radius liquid eutectic Fe-FeS core (Wieczorek,
2006). The lunar core is assumed to be composed by a solid inner and liquid outer core which contains a large
range of S content of 2-20 at.% (corresponding to 1-11 wt%; Antonangeli et al., 2015; Jing et al., 2014;
Kuwabara et al., 2016; Morard et al., 2018; Righter et al., 2017; Weber et al., 2011). However, a recent study
argued that the lunar core should not be S-rich but C-rich by the evidence of light element partition between
the metal core and silicate Moon (Steenstra et al., 2017). Notably, phosphorus has large solubility (up to 10
Wt%, corresponding to ~17 at.%) in the liquid iron and liquid Fe-S-P alloys (Stewart & Schmidt, 2007; Zaitsev
et al., 1995), which means considerable phosphorus could be present in the core. A wide speculation to the
state of the lunar core gives that current temperature at CMB could be between ~1473 K (Chacko & De
Bremaecker, 1982; Scheinberg et al., 2015; Ziethe et al., 2009) and 1650 K (Spohn et al., 2001), even as high
as ~1773 K (Laneuville et al., 2014; Scheinberg et al., 2015; Zhang et al., 2013), and the core pressure could be
4.5 to 5.5 GPa (Antonangeli et al., 2015; Kuskov & Kronrod, 1998). At such temperature and pressure con-
ditions, the thermal conductivity of the lunar core has not been investigated intensively.

The thermal conductivity (k) for the iron and Fe-L alloy can be calculated by the electrical resistivity using
the Wiedemann-Franz law:

k=LT/p 4

where k, L, T, and p are the thermal conductivity (W/m-K), Lorenz number (ideal value, 2.44 X 1078
W-Q/K?), the absolute temperature, and the electrical resistivity (Q-m), respectively. The Lorenz number
is believed to be variable with the temperatures and pressures and well discussed through theoretical calcu-
lations (de Koker et al., 2012; Pozzo et al., 2013) and experimental studies on the Seebeck coefficient of iron
(Secco, 2017). However, to be comparative with previous studies (Gomi et al., 2013, 2016; Gomi & Hirose,
2015; Ohta et al., 2016; Pommier, 2018; Seagle et al., 2013; Suehiro et al., 2017; Zhang et al., 2018), we use
the ideal value here to calculate the thermal conductivity of Fe-P system.

The thermal conductivity against temperature for Fe;P at high temperatures and 3.2 GPa are calculated and
shown in Figure 8. FesP has a low thermal conductivity of ~10 to 20 W/m-K due to its high electrical resis-
tivity. For comparison, we used the electrical resistivity for y-Fe measured by Silber et al. (2018) at 3 and 5
GPa and calculated by Gomi and Yoshino (2019) at 5 GPa to estimate the thermal conductivity of y-Fe at
1000-2000 K. The thermal conductivity calculated by Deng et al. (2013) and Pommier (2018) are also plotted
in Figure 8. It is obvious that previous measurements have a large variation within the y-Fe stability field at 3
to 5 GPa. All three studies use a four-wire method in the multianvil apparatus, to determine electrical resis-
tivity for solid y-Fe at 3-5 GPa and 1000-2000 K. The results of Deng et al. (2013) and Pommier (2018) are
very similar to each other but significantly different from the result by Silber et al. (2018). Using first princi-
ple calculation, Gomi and Yoshino (2019) calculated similar electrical resistivity for y-Fe at 5 GPa to that
measured by Silber et al. (2018). Thus, the thermal conductivity for y-Fe at 5 GPa and 1000-2000 K has a
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large range from 28 to 64 W/m-K (Figure 8). However, in many models, lunar core's thermal conductivity
was generally set at a moderate value of 50 W/m-K (Laneuville et al., 2014; Zhang et al., 2013), which was
calculated by first-principles electronic structure computations for iron and iron-silicon system (de Koker
et al., 2012). Silber et al. (2018) calculated the thermal conductivity of the lunar core as 33.5 W/m-K. That
value should be used with caution because the lower electrical resistivity for y-Fe at 5 GPa calculated by
Gomi and Yoshino (2019) supports a higher thermal conductivity for the lunar core (Figure 8).

For the accurate situation of the lunar core, these values (50 and 33.5 W/m-K) might be slightly overesti-
mated due to the amount of potential light elements stored in the core (Jing et al., 2014; Righter et al.,
2017). Assuming the lunar core has a significant amount of phosphorus, a Fe-P core (similar with Fe-Si,
Fe-C, and Fe-S alloys) has higher electrical resistivity and lower thermal conductivity than a pure iron core
model (Figure 8). With increasing pressure, the resistivity of solid iron and iron alloy decreases, yielding
higher thermal conductivity. It is hard to say their melts may follow the same rule because experiments
show that the electrical resistivity is invariant at the melting points of Fe at 6-12 GPa (Silber et al.,,
2018), Ni up to 9 GPa (Silber et al., 2017), and Co up to 5 GPa (Ezenwa & Secco, 2017b). The thermal con-
ductivity of solid FesP at ~5 GPa should be slightly higher than the calculation in Figure 8. According to
phase diagram, potential Fe-L compounds in the lunar solid inner core should be Fe;P (Chantel et al.,
2018; Minin et al., 2019; Yin et al., 2019), FesC (Fei & Brosh, 2014), and Fe;Si (Ohnuma et al., 2012).
Also, theoretical calculations demonstrate that Fe;P is stable and ferromagnetic to at least 200 GPa
(Zhao et al., 2017). The ordered compounds Fe;P and Fe;C have a close electrical resistivity and quite larger
than the ordered Fe;Si (Figure 7a) and pure iron. When we look at the boundary at the solid inner and
liquid outer cores in the Moon, a large gap or discontinuity in the thermal conductivity caused by Fe-L com-
pounds (e.g., FesP) would result in a special thermal regime at that boundary. Upon melting of the ordered
compound Fe;P, thermal conductivity increases about 33% due to the drop of the electrical resistivity
caused by breaking of Fe-P covalent bonds.

6. Conclusions

The electrical resistivity of three Fe-P compounds (FeP, Fe,P, and Fe;P) has been measured at 1.3-3.2 GPa
and up to 1800 K. Iron phosphides have higher impurity resistivity than silicon and lower impurity resistivity
than carbon, which suggests that phosphorus has a strong alloying effect on the electrical resistivity of iron.
Using the Wiedemann-Franz law, the thermal conductivity of Fe;P was calculated at 1223 to 1623 K and 3.2
GPa. Due to the breaking of Fe-P bonds at the melting point, a drop on the resistivity may result in 33%
increase in the thermal conductivity. That will lead to a discontinuity on the thermal state at the lunar solid
inner core and liquid outer core.
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