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Equation of state and high-pressure stability of Fe;P-schreibersite:
Implications for phosphorus storage in planetary cores
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[1] We have collected in situ X-ray diffraction patterns of
end-member Fe;P-schreibersite in a diamond anvil cell to
pressures of 30 GPa at 300 K. Some samples of Fe;P were
also laser heated at high pressure to temperatures of ~2000 K
and examined following thermal quench. Below 8 GPa,
variation of the schreibersite unit cell delineates a smooth
pressure-volume curve corresponding to a second order
Birch-Murnaghan equation of state with bulk modulus, Koz
of 159(1) GPa. Above 8 GPa, however, the schreibersite
structure shows substantial stiffening, and an unidentified
structure develops between 17 and 30 GPa; upon
decompression to ambient pressure the schreibersite
structure returns. Therefore, although ubiquitous in iron-
rich meteorites, it is unlikely that schreibersite is the stable
phosphorus-bearing phase in deep planetary cores.
Citation: Scott, H. P., S. Huggins, M. R. Frank, S. J. Maglio,
C. D. Martin, Y. Meng, J. Santillan, and Q. Williams (2007),
Equation of state and high-pressure stability of FesP-schreibersite:
Implications for phosphorus storage in planetary cores, Geophys.
Res. Lett., 34, 1.06302, doi:10.1029/2006GL029160.

1. Introduction

[2] (Fe, Ni);P-schreibersite is a component of nearly all
iron meteorites [Wasson, 1974]. It has been used to assess
both the origins and thermal history of host meteorites and the
possible incorporation mechanisms for phosphorus in Earth.
The characteristic amount of P in such meteorites varies
between 0.2 and 1.1 wt% [Buchwald, 1975]. The exsolution
rate of (Fe, Ni);P from «a-(Fe, Ni)—kamacite has long been
used as a proxy for the cooling rate of iron meteorites and
their parent bodies [e.g., Randich and Goldstein, 1975;
Hewins and Goldstein, 1977]. The P content in solid and
liquid phases in the Fe-Ni-P, Fe-Ni-S and Fe-Ni-P-S-C
systems has also been used to assess the partitioning of
siderophile and light elements during the formation of iron
meteorites [Chabot and Jones, 2003]. For differentiated
meteoritic parent bodies, the ubiquity of schreibersite in
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iron-rich meteorites implies that P partitions strongly into
iron-rich material at modest pressures and high-temperatures.
Moreover, schreibersite is far more abundant in meteorites
than oxidized P-bearing minerals such as Cag(Mg, Fe)
(PO4)s(POsOH)—whitlockite and Cas(PO4);(OH, F, Cl)—
apatite.

[3] If iron-rich meteorites are representative of the non-
volatile composition of Earth’s core, then the amount of P
within iron-rich meteorites may represent a lower bound on
the amount of P in this region. Thus, P may represent a
minor, but not trace, constituent of Earth’s core, with the
most likely major components alloying with Fe in the deep
Earth being H, C, O, Si and/or S [e.g., Birch, 1952;
Ringwood, 1979; Poirier, 1994; Williams and Kanittle,
1997; Scott et al., 2001; Li and Fei, 2003]. The crucial
uncertainty in such bulk Earth compositional estimates lies
in the amount of “volatile” elements likely to be present
within Earth’s core. The possible importance of minor
constituents such as P is illustrated by the amount of lighter
component sequestered in Earth’s inner core.

[4] Seismic data and theoretical calculations suggest that
Earth’s inner core is composed of iron with ~5% of a lighter
Fe-alloy component [Jephcoat and Olson, 1987; Stixrude et
al., 1997]. Thus, the light-alloying components in Earth’s
inner core comprise only 0.5% of the total mass of Earth’s
core, or an amount comparable to those of minor constitu-
ents like P [e.g., Adler and Williams, 2005]. Fe;P-type
phases could thus be important in solid iron-alloy systems,
such as Earth’s inner core, at high pressures. For example,
an additional light alloying phase, FesS, is isostructural with
Fe;P and has been shown to form in the Fe-FeS system at
temperatures >1000 K at 21 GPa [Fei et al., 2000]. It is
possible that a solid solution may exist between these two
isostructural compounds. However, since tetragonal Fe;P-
schreibersite has not been investigated under deep Earth
conditions, it is unknown whether this phase is stable at
high pressures and temperatures; moreover, its elasticity is
unconstrained. Here we investigate end-member Fe;P-
schreibersite using synchrotron based X-ray diffraction to
determine its isothermal equation of state. Furthermore, we
have collected high pressure diffraction data following
double-sided laser heating both to thermally anneal stress
gradients and also to investigate its high-temperature, high-
pressure stability.

2. Experiment

[5s] A sample of synthetic, —40 mesh, 99.5% pure (metals
basis) Fe;P-iron phosphide was obtained from Alfa Aesar.
The bulk sample contained minor phases in addition to
FesP, most notably Fe,P, but we were able to select an
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Figure 1. Representative in situ high-pressure diffraction
of Fe;P in MEW as a pressure-transmitting medium at 1.2
and 6.5 GPa. The vertical lines are the calculated diffraction
positions based on our EoS at 1.2 GPa; corresponding hkl’s
are indicated on the 6.5 GPa profile. The /#k/’s written below
the 1.2 GPa pattern were not consistently resolvable and
were not used to determine lattice parameters. These
patterns were collected at HP-CAT with a monochromatic
energy of 0.3678 A.

aliquot of nearly pure Fe;P through visual observation and
trial and error with powder X-ray diffraction. Our measured
ambient pressure lattice parameters for this tetragonal struc-
ture (space group /4, Z = 8) are as follows, with 1 -
uncertainties on the last digit shown parenthetically: a =
9. 099(2) A, ¢ = 4.463(2) A, and V, = 369.5(2) A>. These
are in excellent agreement with the Joint Committee on
Powder Diffraction Standards card #19-617: a =9.100 A,
¢ =4459 A, and V, = 369.3 A°.

[6] Diamond Anvil Cells (DACs) with 350 pm culets and
150 pm sample chambers drilled in stainless steel gaskets
were used to hold and compress samples for all X-ray
measurements. We collected data at two X-ray beamlines
of the Advanced Photon Source at Argonne National Lab:
13BM-D at GSECARS-CAT and 16ID-B at HP-CAT. Two-
dimensional diffraction images were converted to one-
dimensional profiles using FIT2D [Hammersley et al.,
1996].

2.1. 13BM-D at GSECARS-CAT

[7] We used monochromatic X-rays (A = 0.3344 A) and
an MAR345 online imaging detector. We collected data at
both ambient conditions and under compression to a max-
imum pressure of 7.4 GPa. A 16:3:1 volumetric ratio of
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Methanol:Ethanol:Water (MEW) was used as a pressure
transmitting medium for all measurements at elevated
pressures. Pressure was measured using the ruby fluores-
cence technique [Mao et al., 1978]. We detected diffraction
from the two most intense peaks of Fe,P in this experiment,
but were able to unambiguously observe at least 8§ reflections
from the following 10 Zkl’s in FesP: (211), (301), (231),
(330), (330), (112), (141), (222), (150) and (132). This data-
set is referred to as MEW-GSECARS.

2.2. 16ID-B at HP-CAT

[8] These experiments also used monochromatic X-rays
and an MAR345 detector, but utilized a slightly different
wavelength (A=0.3678 A). We conducted two compression
studies. (1) For comparison with the GSECARS-CAT data
we again used MEW as a pressure-transmitting medium, but
extended our pressure range to 14.5 GPa. (2) To reduce
shear stress above the point at which MEW is expected to
freeze (~15 GPa [Fujishiro et al., 1982]), we instead used
NaCl coupled with double-sided laser heating after each
change in pressure. We will refer to these data-sets as
MEW-HPCAT and NaCl-HPCAT, respectively.

[v] We did not detect any Fe,P in the MEW-HPCAT
data-set and were able to track at least 11 of the following
12 hkl’s for all but the two highest pressure diffraction
patterns: (211), (301), (400), (231), (330), (112), (240),
(141), (222), (151), (132) and (341). Representative diffrac-
tion patterns from 1.2 and 6.2 GPa are shown in Figure 1.
The diffraction peaks at 12.8 and 14.5 GPa were signifi-
cantly broadened and reduced our ability to resolve indi-
vidual peaks to 8 and 6 /kl’s, respectively.

[10] Our primary motivation for the laser heating exper-
iment (NaCI-HPCAT) was to thermally anneal deviatoric
stress, but this may also facilitate kinetically-impeded phase
transitions if they occur. The laser heating system has been
described previously by Meng et al. [2006]. The FesP
sample was loaded between two discs of pre-compressed
NaCl to thermally insulate the sample from the diamond
anvils. For pressure determination, we used both ruby
fluorescence and the lattice parameter of NaCl, using the
equation of state of Decker [1971]. We found that these
results agreed to within 3%. We did not begin laser heating
until the sample had been compressed to 10 GPa to avoid
melting the NaCl; accordingly, the diffraction peaks at
pressures below 10 GPa showed significant broadening
and we do not include them in our analysis. We were
careful to heat just enough to sharpen diffraction peaks
and the blackbody radiation was just barely visible.
Accordingly, temperatures were too low for reliable mea-
surement, but we estimate that they were below ~1000 K.
Notably, the ruby fluorescence profiles post laser heating
showed no peak broadening relative to the ambient pressure
spectrum. As with MEW-HPCAT, we see weak diffraction
evidence for Fe,P in this data-set in addition to NaCl.
Nevertheless, we are able to clearly fit at least 6 of the
following 7 hkl’s: (301), (231), (330), (112), (141), (150)
and (132).

3. Results and Discussion

[11] Our experimental pressures and calculated lattice
parameters and unit cell volumes are shown in Table 1.
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Table 1. Summary of Lattice Parameters and Unit Cell Volumes for Fe;P as a Function of Pressure for Three Different Experimental

Runs?

Data-Set P (GPa) a (A) ¢ (A) V (A%
MEW-HPCAT Ambient 9.099(2) 4.463(2) 369.5(2)
MEW-GSECARS 0.2(1) 9.098(1) 4.460(1) 369.2(1)
MEW-GSECARS 0.5(1) 9.092(3) 4.454(2) 368.2(3)
MEW-GSECARS 0.7(1) 9.094(1) 4.454(1) 368.3(2)
MEW-HPCAT 1.2(1) 9.080(2) 4.448(1) 366.7(2)
MEW-GSECARS 2.4(1) 9.063(3) 4.436(2) 364.4(3)
MEW-GSECARS 2.7(1) 9.056(4) 4.434(1) 363.6(3)
MEW-HPCAT 3.5(1) 9.037(1) 4.427(0) 361.6(1)
MEW-HPCAT 3.7(1) 9.032(2) 4.429(1) 361.3(2)
MEW-GSECARS 4.4(1) 9.023(1) 4.419(1) 359.8(1)
MEW-HPCAT 5.2(2) 9.013(1) 4.412(1) 358.4(1)
MEW-HPCAT 5.6(2) 9.004(1) 4.410(1) 357.6(1)
MEW-GSECARS 6.2(2) 8.994(2) 4.408(2) 356.6(2)
MEW-HPCAT 6.5(2) 8.986(3) 4.402(2) 355.5(3)
MEW-GSECARS 6.8(2) 8.988(2) 4.402(2) 355.6(2)
MEW-GSECARS 742) 8.976(2) 4.394(1) 354.1(2)
MEW-HPCAT 9.1(3) 8.959(2) 4.385(3) 351.93)
MEW-HPCAT 9.5(3) 8.943(3) 4.389(3) 351.03)
NaCI-HPCAT 9.93) 8.937(2) 4395(1) 351.1Q2)
MEW-HPCAT 10.03) 8.952(3) 4.378(4) 350.8(4)
MEW-HPCAT 11.03) 8.943(3) 4374(3) 349.8(3)
NaCI-HPCAT 12.3(3) 8.919(5) 4.379(8) 348.3(7)
MEW-HPCAT 12.4(4) 8.914(3) 4371(3) 347.3(3)
MEW-HPCAT 12.8(4) 8.905(6) 4363(8) 346.0(8)
NaCI-HPCAT 13.6(4) 8.888(5) 4.374(8) 345.5(8)
MEW-HPCAT 14.5(4) 8.919(12) 4.329(10) 344.3(12)
NaCl-HPCAT 15.5(5) 8.870(2) 4373(2) 344.1(2)
NaCI-HPCAT 16.7(5) 8.839(6) 4.350(4) 339.9(6)

*Experimental runs are described in text. 1-o uncertainties on the last digit are shown parenthetically. The ambient pressure data are labeled as MEW-
HPCAT because they are from the sample used for that run, but the data were taken prior to loading the MEW pressure-transmitting medium.

There is excellent agreement between MEW-GSECARS
and MEW-HPCAT in the pressure range over which they
overlap (i.e. to 8 GPa), and a plot of unit cell volume as a
function of pressure is shown in Figure 2. The unit cell
volume data from MEW-HPCAT show a discontinuity near
8 GPa with a decrease in compressibility and increased
scatter above this pressure. We do not believe that this
phenomenon is related to a loss of hydrostaticity in the
MEW pressure-transmitting medium because the data from
NaCl-HPCAT agree with these volumes very well. Fur-
thermore, although it has been suggested that MEW may
freeze below the previously-published pressure of 14.5 GPa
[Fujishiro et al., 1982], a recent study indicates that the
glass transition may be near 10.5 GPa [Angel et al., 2007],
which is well above our observed discontinuity between
7 and 9 GPa.

[12] We do not have a definitive explanation for the
abrupt change in compressibility, but we speculate that it
may result from a transition in electronic state from high-
spin to low-spin. This phenomenon has been previously
documented in Fe;S [Lin et al., 2004a] and FesC [Lin et al.,
2004b] at pressures of 21 and 25 GPa, respectively. Notably,
electronic transitions have been shown to affect elasticity at
lower pressures as well; for example, an abrupt change in
dK/dP has been documented in FegsNizq at 3.1 GPa
[Decremps and Nataf, 2004]. Confirmation of this hypoth-
esis will require in situ synchrotron Mdssbauer spectroscopy
and will be the subject of a future study.

[13] Due to our observed discontinuity in unit cell volume,
we have used only the data below 8 GPa to determine the
equation of state (EoS) for Fe;P-schreibersite. We derive a
300 K bulk modulus (Ko7) of 159(1) GPa and a fit volume
of 369.5(1) A® from a 2nd order Birch-Murnaghan equation

of state [Birch, 1978]. This value is slightly lower than
that of a-Fe (163(5) GPa with a fit % of 5.5 [Takahashi and
Bassett, 1968]) and very similar to that of Fe;S (156(7) with
a fit 2’—’; of 3.8 [Seagle et al., 2006]). An attempt to fit all P-V
data (i.e., ambient to 16 GPa) with a 3rd order EoS yielded
unsatisfactory results and required an unreasonably high Z—’IE
of 8.5.

[14] The inset in Figure 2 shows the ratio of lattice
parameters, ¢, as a function of pressure. This ratio remains
nearly constant at 0.490 below 8 GPa with very little scatter.
Above 8 GPa we observe increased scatter and a slightly
positive slope for NaCI-HPCAT; ¢ approaches 0.493 by
16 GPa. A linear fit to the data in this region yields a slope of
2.9(9) x 10~%/GPa, and by extrapolation we would expect <
to reach 0.5 at ~42 GPa, and the structure to become cubic at
these conditions. Yet, this effect is not observed in MEW-
HPCAT; indeed, our highest pressure datum in MEW
(14.6 GPa) suggests a drop in ¢ to 0.485. Although we cannot
rule out a potential effect from laser heating, we attribute this
to anisotropic strain due to the freezing of MEW and believe
that the observed increase with pressure in NaCI-HPCAT is
real. We expect preferential alignment to orient crystallites
with their long axis (i.e., a) perpendicular to the principal
stress component of the DAC once the glass transition has
been reached in MEW. This should preferentially compress ¢
relative to a and accordingly produce a decrease in .

[15] We are unable to index the unit cell for Fe;P-
schreibersite above 17 GPa. All of our data in this pressure
regime are from NaCl-HPCAT and therefore include dif-
fraction lines from NaCl. Furthermore, by 25 GPa our
diffraction patterns contain both the B1 and B2 structures
of NaCl; we observe the B2 phase metastably at 25 GPa and
300 K due to its stability under laser-heating, and resultant
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