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[1] High-pressure and high-temperature behavior of synthetic Ni,P has been studied in a
laser-heated diamond anvil cell up to 50 GPa and 2200 K. Incongruent melting associated
with formation of pyrite-type NiP, and amorphous Ni-P alloy was found at an
intermediate pressure range, between 6.5 and 40 GPa. Above 40 GPa, Ni,P melts
congruently. At room conditions, Ni,P has hexagonal C22-type structure, and without
heating it remains in this structure to at least 50 GPa. With a bulk modulus K, =201(8) GPa
and K’ = 4.2(6), Ni,P is noticeably less compressible than hcp Fe, as well as all previously
described iron phosphides, and its presence in the Earth core would favorably lower

the core density. In contrast to Fe,P, the ¢/a ratio in Ni,P decreases on compression
because of the lack of ferromagnetic interaction along the ¢ direction. Lack of the
C22—C23 transition in Ni,P rules out a stabilizing effect of Ni on the orthorhombic phase

of natural (Fe;_,Ni,),P allabogdanite.
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1. Introduction

[2] Our current knowledge about the chemical composi-
tion and physical properties of the deep interior of the Earth
mostly comes from seismic observations, geophysical mod-
eling, and high-pressure and high-temperature experiments
constraining the properties and behavior of constituent
minerals. Models of the Earth (1) make assumptions about
the mineral phases present in the different layers of the
interior; (2) utilize information about the experimentally
determined crystal chemical trends, as well as the pressure
and temperature evolution of physical properties of these
materials; and (3) allow derivation of sound velocities, which
can then be compared with seismic observations. It is now
generally accepted that the density of the Earth core,
estimated on the basis of seismic observations, is lower by
about 10% than the density of pure iron at the P and T
conditions of the core [Allegre et al., 1995; Birch, 1952].
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This density deficit can be explained by assuming the
presence of light element alloys in the outer core. On the
basis of the comparison of the silicate Earth model and
cosmochemical abundances of elements, several prime
candidates for the light element core constituents have been
identified, including Si, S, O, C, N, H, and P [McDonough,
2003; McDonough and Sun, 1995]. Recently, an increasing
number of mineral physics studies have been devoted to
studying high-pressure and high-temperature phase relations
and equations of state (EOS) of Fe-Ni-S-P minerals. While
the estimates of the S and P content in the Earth core are not
very high (2 and 0.2 wt %, respectively), S is suspected to
be a major component of cores of other planetary bodies in
the solar system, including Mars [see, e.g., Stewart et al.,
2007] and Mercury [Harder and Schubert, 2001; Stevenson
et al., 1983]. The Fe-S and Fe-P systems have very similar
P-T phase diagrams [Stewart and Schmidt, 2007], with
major phases in the metal-rich part of the phase diagram
representing stoichiometries of MB, M,B;, M,B, and M;B
(where M is Fe or Fe-Ni and B is S or P). Samples of these
sulfide and phosphide phases are often found in meteorites
[Britvin et al., 2002; Buseck, 1969; Nazarov et al., 1997,
1998, 2001; Pratesi et al., 2006], which provides additional
argument that Fe-Ni-S-P mineral phases are indeed constit-
uents of the cores of planetary bodies. Although reliable
information on the high P-T behavior of sulfide minerals
relevant to the planetary cores has been established recently
(see Li and Fei [2003] for review), similar information on
the analogous phosphides is far from complete.
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[3] One of the interesting phases in the Fe-P system is
di-iron phosphide (Fe,P). Fe,P occurs in nature in two
polymorphic forms, hexagonal barringerite (space group
P-62m, C22 structure type [Buseck, 1969]) and orthorhombic
allabogdanite (space group Pnma, C23 structure type [Britvin
et al., 2002]). Recently, Dera et al. [2008] studied the high-
pressure and high-temperature behavior and transformations
of synthetic barringerite Fe end-member (Fe,P) and found
that the ambient, hexagonal phase transforms to the ortho-
rhombic C23-type polymorph upon heating to 1000 K above
8 GPa. The occurrence of the orthorhombic phase in natural
meteoritic samples, which has recently been reported in the
Onello meteorite [Britvin et al., 2002], provides important
clues about the thermodynamic history of the meteorite and
the P-T conditions on the parent body [Dera et al., 2008]. In
natural meteoritic barringerite, a fraction of the iron atoms is
replaced by nickel and cobalt. The recent experiments [Dera
et al., 2008] demonstrate that the C22—C23 transformation
is intrinsic to pure Fe,P. It has also been suggested that the
nickel and/or cobalt present in the structure may have a
stabilizing effect on the orthorhombic structure [Britvin et
al., 2002].

[4] Understanding the phase equilibria and partitioning of
nickel and cobalt between the mantle and outer core is key
to reconstructing the core formation mechanism. During the
core formation the siderophile Ni and Co are strongly
partitioned into the metallic core and become depleted in
the mantle [Chabot and Agee, 2002; Chabot et al., 2005].
The partitioning coefficients of Ni and Co determined at
ambient pressure suggest that Ni should be an order of
magnitude more depleted in the mantle than Co [Walter et
al., 2000], whereas the observed depletion is almost equal.
In order to understand this discrepancy we need to under-
stand the effects of pressure and temperature [Chabot and
Agee, 2002; Chabot et al., 2005], as well as the actual
crystallographic and chemical nature of the iron-rich phases
(with minor Ni and Co content) present in the core, which
may cause the partitioning coefficients to be different from
those for pure iron.

[5] Atambient pressure the X-T phase diagram of the Ni-P
system [ Yupko et al., 1986] is more complicated than that of
Fe-P [Zaitsev et al., 1995]. Ambient pressure studies of the
phase equilibria in the metal-rich part of the Fe-Ni-P phase
diagram [Drabek, 2006; Fruchart et al., 1969] demonstrate
complete solid solution in the hexagonal C22 structure at
900°C. To our knowledge, with the exception of Fujii and
Okamoto’s [1980] study, no other high-pressure studies
have been conducted with solid solution (Fe;_,Ni,),P
samples, making understanding of the effects of Ni on the
compression behavior of natural barringerite and allabog-
danite difficult. Only one high-pressure study on Ni,P exists
in the literature [Fujiwara et al., 1981]; the study shows that
(1) the compressibility of Ni,P is lower than Fe,P, (2) the c/a
ratio in Ni,P has an inverse compression behavior compared
to Fe,P, and (3) up to 10 GPa the volume compression is
almost linear. Furthermore, no phase transition was found in
Ni,P up to 10 GPa on cold compression (ambient temper-
ature). The study of Fujiwara et al. [1981] was constrained
to the low-pressure regime and was challenged by signifi-
cant technical limitations, leading to relatively large uncer-
tainties in the measurements (e.g., the changes in unit cell
parameters were refined on the basis of only three diffrac-
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tion peaks), and extrapolation of the determined trends to
the Earth core conditions would be unreliable.

[6] Motivated to explain the unusual effects observed in
Ni,P and elucidate the properties of (Fe;_,Ni,),P solid
solution, we performed synchrotron powder X-ray diffrac-
tion experiments with synthetic Ni,P in a laser-heated
diamond anvil cell (DAC) to 50 GPa and 2200 K. Our
experiments have been designed to address the following
pressing questions: (1) is the ambient, C22 phase stable at
high pressure and high temperature; (2) does the C22—C23
phase transition occur in Ni,P at higher pressure and/or on
heating; (3) what are the EOS parameters of Ni,P; (4) is the
inverse behavior of the c¢/a ratio real, what is its structural
explanation, and how does it affect the possible phase
transition; and (5) what are the consequences of incorpo-
rating Ni into the Fe,P structure in meteoritic samples?

2. Experimental Procedure

[7] Commercial synthetic Ni,P, purchased from Sigma-
Aldrich (98% purity and —100 mesh), was used in the
experiments without further purification. Unit cell parame-
ters of the synthetic sample, determined at ambient con-
ditions (a = 5.855(2) A, ¢ = 3.823(7) A), are in good
agreement with literature data [Rundqvist, 1962]. No impu-
rity peaks were detected in the X-ray diffraction patterns of
the starting sample. Two polycrystalline fragments (herein-
after referred to as S1 and S2) of the synthetic material with
approximate size of 20 x 20 x 5 mm® were selected under
the microscope and mounted in a diamond anvil cell.
Diamond anvils with 0.3 mm diameter culets were mounted
on cubic boron nitride backing plates. Re metal foil with
initial thickness of 0.25 mm, preindented to 0.030 mm, was
used as a gasket. A 0.185 mm diameter hole was electro-
drilled in the preindented gasket using an electrical dis-
charge machine. Three ruby spheres were mounted in the
sample chamber, next to the samples. The DAC was loaded
with Ne gas to 25,000 psi (~0.2 GPa) using the Geo-
SoilEnviro Consortium for Advanced Radiation Sources
(GSECARS)/Consortium for Materials Properties Research
in Earth Sciences gas-loading apparatus [Rivers et al., 2008],
and pressure was increased to 3.9 GPa inside the gas-loading
vessel. After reaching the target pressure inside the gas
vessel, the gasket hole diameter decreased to approximately
0.080 mm, but its size and shape did not change signifi-
cantly upon further compression up to the highest pressure
reached. The samples in the DAC at pressure of 12.5 GPa
are shown in Figure la.

[8] X-ray diffraction data were collected at the insertion
device station 13IDD of the GSECARS facility at the Ad-
vanced Photon Source, Argonne National Laboratory. The
monochromatic incident beam wavelength was 0.3344 A,
and the beam was focused using a pair of Kirkpatrick-Baez
mirrors to a focal spot of approximately 0.005 by 0.008 mm.
A MARI165 charge-coupled device (CCD) detector, placed
approximately 240 mm from the sample, was used to record
the diffraction images. The sample was kept still during the
exposure, with a typical exposure time of 5 s. The data were
processed using FIT2D software [Hammersley, 1998]. The
pressure inside the DAC was determined by means of the
ruby fluorescence method and calculated using the Mao et
al. [1986] pressure scale. Integrated diffraction patterns
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Figure 1.

Samples used in the two independent high-pressure laser-heating experiments. (a) In the first

experiment two polycrystalline aggregates of Ni,P are mounted inside a hole drilled in the Re gasket,
directly on the surface of the diamond anvil, with Ne pressure medium (shown at 12.5 GPa). (b) In the
second experiment the Ni,P samples are mounted on top of single-crystal MgO (transparent slabs
underneath the black aggregates), which serve as thermal insulator and pressure gauge (shown at 3.6 GPa),

also with Ne as pressure medium.

were analyzed with the GSE_shell software [Dera, 2008],
including multiphase Le Bail refinements.

[v] The sample was pressurized in approximately 5 GPa
steps. At each pressure step the S2 sample was heated from
both sides of the DAC using two diode-pumped fiber lasers,
operating at a wavelength of 1.064 um [Prakapenka et al.,
2008]. The thermal emission spectra from the heated spot
were measured with a pair of spectrometers with CCD
detectors, and the temperature on either side of the heated
spot was determined by fitting the blackbody radiation
spectrum [Shen et al., 2001]. The maximum temperature
reached in the heating experiments was approximately 1800 K
at most pressure points.

[10] In order to verify the intriguing observations from
the laser heating experiment, which are described in detail
in section 3, we performed a second laser-heating experi-
ment with a new sample. This time, in order to optimize the
heating efficiency, the polycrystalline Ni,P sample was
mounted in a DAC on top of a slab of single-crystal MgO,
as shown in Figure 1b. The thicknesses of both the MgO
crystal and the Ni,P aggregate were chosen to be thin enough
(~0.005 mm each) to assure that the MgO-Ni,P stack did not
bridge the two diamond anvils, leaving enough space for the
Ne pressure medium. The MgO crystal served both as a
thermal insulator and as an additional pressure calibrant. The
sample was pressurized to 15 GPa and then heated for
approximately 30 min at increasing temperature, ranging
from 1300 to 2200 K, with diffraction data collected during
the heating, as well as after the temperature quench.

3. Results and Discussion
3.1. Incongruent Melting

[11] There was no indication of the C22—C23 transfor-
mation in the S2 sample to the highest pressure reached
(50 GPa), despite heating after each pressure increase up
to and past the ambient melting temperature (melting was
indicated by the appearance of diffuse scattering; at ambient
pressure the melting temperature of Ni,P is 1383 K [Yupko
et al., 1986]). Instead, another transformation was detected.

On heating at the second pressure point (P = 6.5 GPa), after
significant recrystallization of the sample, in addition to the
hexagonal Ni,P, a new phase was observed, which was
identified as pyrite-type cubic NiP, with space group Pa-3
(a = 5.366(3) A, C2 structure type), as shown in Figure 2.
No traces of this phase were present in the sample prior to
the heating. The structures and coordination environments
of the metal atoms in the Ni,P and NiP, structures are quite
different, as compared in Figure 3. Cubic NiP, was first
synthesized by Donohue et al. [1968] from a phosphorus-
rich mixture of elements corresponding to compositions
of NiP, and NiP; at high pressure and high temperature
(6.5 GPa and 1100°C). The experiments by Donohue et al.
[1968] demonstrate that at high pressure the cubic phase of
NiP, is more stable than the ambient NiP, (monoclinic C2/c
[Larsson, 1965]). Furthermore, the formation of NiP, is
favored over a relatively wide range of compositions.
Formation of pyrite-type nitrides of noble metals at high
pressure and high temperature was recently reported
[Crowhurst et al., 2006], demonstrating the high-pressure
stability of this cubic structure in a wide range of nitride
compositions. In the first experiment, owing to difficulties
with maintaining stable heating close to the melting point, it
was hard to assess with certainty whether the transformation
occurs below or on melting; however, the fact that we see
the unambiguous signature of NiP, only in diffraction pat-
terns showing significant recrystallization suggests that the
two processes (melting and decomposition) are associated.
[12] A chemical reaction transforming Ni,P to NiP,
should result in formation of either elemental nickel or very
Ni-rich Ni-P alloy; however, no indication of fcc nickel was
observed in our diffraction patterns. There are two possible
explanations for this fact: (1) the observed cubic phase
could be in the antipyrite structure, preserving Ni,P com-
position, or (2) instead of elemental nickel, an amorphous
Ni-P glass was formed. Possibility 1 seems less likely, mainly
because of the almost twofold difference in atomic radii
between P and Ni, which would cause the antiphase structure
to have a significantly different unit cell volume than the
cubic NiP,. The ambient unit cell volume we observed,
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Figure 2. Diffraction patterns illustrating the effect of incongruent melting of Ni,P. At 3.9 GPa before
heating, the starting sample shows no indication of the cubic phase, as shown by the results of Le Bail full
pattern refinement (the blue curve shows the difference between the experimental pattern and calculated
pattern based on a single phase sample). At 6.5 GPa after laser heating in addition to the original, Ni,P
phase (yellow), cubic, pyrite-type NiP, (blue) is observed. At this pressure, Ne becomes solid and
contributes its diffraction lines as well. Because of sample recrystallization, peak intensities cannot be
analyzed quantitatively; however, a good qualitative agreement with calculated intensities (vertical bars)
is apparent. On melting above 40 GPa, NiP, is no longer detectable.

160.0(7) A3, is in good agreement with the volume deter-
mined by Donohue et al. [1968], 163.7 A®, the small 2%
difference suggesting a slight nonstoichiometry. A definite
answer to the question of whether the cubic phase observed in
our experiments has a pyrite or antipyrite structure would
require a single-crystal experiment with a sufficiently large
quenched sample.

[13] Ni-rich amorphous alloys in the Ni-P system are well
known and widely used in technological applications
[Tanaka et al., 2007]. While Ni-P metallic glasses form
with excess free volume and are expected to crystallize by
structural relaxation at high temperature [Greer, 1984],
pressure may have a stabilizing effect on the glassy state.
Nonequilibrium glass formation on rapid quench from melt
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Figure 3. Comparison of the crystal structures of (a) hexagonal Ni,P and (b) cubic NiP,. Dashed lines
indicate short Ni-Ni contacts in Ni,P and P-P contacts in NiP,.

is quite common in petrology. Earlier high-pressure studies
with Ni-P amorphous alloys demonstrate that the crystalli-
zation temperature increases on compression [[mura et al.,
1988; Linden et al., 1987]. Several examples of stable
glasses that form at high pressure and high temperature
exist in the literature, including the recent discovery of CO,
“carbonia” glass [Santoro et al., 2006]. Furthermore, Li et
al. [2007] recently demonstrated that Ni-P amorphous alloys
can be stable to significant pressures (at least 30 GPa). It is
likely that the broad, amorphous features from very minute
amounts of Ni-P glass formed in our experiments were
not detectable because of the high-scattering background in
the DAC.

[14] Yupko et al. [1986] reported that at ambient pressure
Ni,P melts congruently; therefore, our observation of cubic
NiP, formation suggests two important new facts about the
phase equilibria in the Ni-P system: (1) the cubic NiP,
phase can be formed at high pressure even with significant
excess of Ni, and (2) the character of melting of Ni,P
changes from congruent to incongruent at high pressure.

[15] Melting experiments at high pressure are typically
performed with a solid pressure medium (usually NaCl),
which assures good thermal insulation of the sample from
diamond anvils. Use of Ne in our experiments provided
excellent hydrostaticity but at the same time made it difficult
to maintain uniform and stable heating close to the melting
point. Ne, which has a much lower melting temperature than
Ni,P, becomes liquid in the vicinity of the hot spot and allows
the Ni,P crystallites to move around by convection. While
we were able to observe a decrease in the diffraction signal

from the sample and growth of the amorphous scattering
signal, we were never able to sustain a completely molten
sample for long enough to observe a completely amorphous
scattering pattern. This made it impossible to unambiguously
assess the melting curve at high pressure. Despite efforts at
fully converting the sample to NiP,, we were also not able to
achieve a complete transformation, as the diffraction patterns
always revealed a mixture of the two previously identified
crystalline phases. The only diffraction pattern showing
almost exclusively NiP, and Ne crystalline contributions
was collected at 12.2 GPa during heating at 1400 K. Because
of'the recrystallization of the sample upon heating and severe
preferred orientation, it was not possible to use the peak
intensity information for structural refinement or phase
fraction analysis. Despite the chemical reaction, the unit
cell parameters of the Ni,P phase from the heated spot
remained in good agreement with the unit cell parameters
of the unheated sample, suggesting that the stoichiometry of
the remaining Ni,P does not change noticeably. Presence of
NiP, was clearly detectable on heating up to about 40 GPa;
however, on heating at higher pressures the content of the
new phase decreased significantly, suggesting that the
incongruent character of the Ni,P melting is constrained
to only a range of pressures and becomes congruent again
above 40 GPa. Interestingly, similar behavior has been
recently observed in the closely related Fe;C system (V. B.
Prakapenka, unpublished data, 2008).

[16] In order to confirm the interesting observation of the
pyrite-type NiP, phase formation we repeated the heating
experiment with a new sample, this time mounted on top of

50f 10



B03201 DERA ET AL.: HIGH-PRESSURE BEHAVIOR OF Ni,P B03201
2000 T T T T T T T T T T T T T T T T T T T T T T T
[ 1=0.3344 X :
1600 — —
10C0 — —
B 49 GPa
W 36 GPa -
0 fk_//f\ 23 GPa ~
— M’ I‘l ; -
E e I\ {r.{j\ : ?Pa ]
o) = - ~ r:v—‘ Cu] :1 = |
. | L. o o =] = a )
B N — e - ry o oy e = h M
—500 B | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 |_
4] 8 10 12 14 16
20 [deg]

Figure 4. Evolution of the diffraction pattern of the unheated, S1 sample of Ni,P on compression to

50 GPa.

a single crystal of MgO to assure good thermal insulation
from the diamond anvils during heating. Again, prior to
heating, the starting sample showed no signs of the cubic
NiP,. Heating was performed at 15 GPa between temper-
atures of 1300 and 2200 K. This time the heating was much
more efficient and uniform, and it was possible to keep
the sample at high temperature for an extended time (up to
30 min). A clear signature of NiP, formation was detected
above 1300 K and on temperature quench. Despite the
improved heating (thanks to the MgO insulation), we were
again not able to completely convert the sample to NiP,.
This observation further supports the hypothesis that the
observed phenomenon involves a chemical reaction rather
than a phase transition, since in the latter case with sufficient
heating the thermodynamically stable phase should be the
only product. The chemical reaction occurring between the
high-temperature phase and the melt, on the other hand,
could be significantly affected by fractional crystallization
(precipitation of NiP, and its removal from the hot spot by
convection), which would locally change the composition in
the system and could explain the incomplete transformation.

3.2. Compression Behavior and Equation of State

[17] In contrast to the heated S2 sample, the diffraction
patterns of the unheated S1 Ni,P showed only continuous
changes throughout the whole studied pressure range
(Figure 4). The compression data obtained from S1 con-
firm the observation of Fujiwara et al. [1981] that unlike
Fe,P, Ni,P exhibits a decrease of c¢/a at high pressure.

[18] The ambient temperature bulk modulus K, and its
pressure derivative K* have been calculated by fitting the
third-order Birch-Murnaghan equation of state, with the

ambient volume fixed (¥, = 100.54 A3 ) to the experimental
unit cell data. The final values of the optimized parameters
are presented in Table 1 and are compared with the bulk
moduli of Fe,P, as well as elemental Fe and Ni. Figure 5
presents a comparison of our compression data with those of
Fujiwara et al. [1981]. The two experiments show reason-
able agreement in the pressure range up to 10 GPa;
however, extrapolation of the linear trends of Fujiwara et
al. [1981] to 50 GPa leads to overestimation of the unit cell
volume by more than 10%, which is significant but typical
with extrapolation of lower-pressure data.

[19] With a bulk modulus of K, = 201(8) GPa and its
pressure derivative K* = 4.2(6), Ni,P is significantly less
compressible (by about 10%) than Fe,P (Ky = 175(8), K’ =
[Dera et al., 2008]). When fitted over a sufficiently wide
pressure range, the optimized pressure derivative of the bulk
modulus K~ has a very reasonable value, and the compression
does not exhibit quasi-linear behavior as previously observed
over a limited pressure range [Fujiwara et al., 1981]. Pure
elemental nickel in the fcc phase is less compressible than hep
elemental iron (K, = 165 GPa for Fe [Dewaele et al., 2006],
and K = 180 GPa for Ni [Chen et al., 2000]), suggesting that
replacement of Fe by Ni in (Fe; _,Ni,),P should increase the
bulk modulus only slightly. The observed magnitude of
the difference in compressibility between Fe,P and Ni,P is
larger than expected, which is not entirely surprising con-
sidering the significant departures from the Vegard rule in
(Fe,_,Ni,),P reported by Fruchart et al. [1969].

[20] The main difference between Fe,P and Ni,P at
ambient pressure is their magnetic order [Ishida et al.,
1987]. Fe,P is ferromagnetic with a Curie temperature of
209 K, whereas Ni,P is paramagnetic [Ishida et al., 1987].
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Figure 5. Evolution of (a) unit cell parameters and (b) unit cell volume as a function of pressure. Solid
line shows third-order Birch-Murnaghan EOS fit to the experimental data. Straight lines show quasi-

linear trends reported by Fujiwara et al. [1981].

In Fe,P there is a clear correlation between the ¢/a ratio and
the ferromagnetic interactions. Fujiwara et al. [1982] dem-
onstrated that uniaxial stress applied to a single crystal of
Fe,P along the ¢ axis (i.e., decreasing the c/a ratio) increases
T, and destabilizes the ferromagnetic state, whereas similar
stress applied perpendicular to the ¢ direction has an
opposite effect and decreases 7, stabilizing the ferromag-
netic state. On hydrostatic compression, 7,. decreases (as c/a
increases) and vanishes at 1.3 GPa [4bliz et al., 2006].
[21] In crystal chemistry and mineral physics, high-
pressure compression trends are often compared with
chemical compression trends (chemical substitution without
change of the crystal structure) [see, e.g., Hazen and Finger,
1982]. Several studies have been reported on the solid
solution effects in Fe,P, involving replacement of part of
the P atoms by Si, As, and B, which are worth comparing
with the high-pressure compression behavior of Ni,P and
Fe,P. On the one hand, both Si [Jernberg et al., 1984] and
As [Catalano et al., 1973] substitutions expand the unit cell
volume of Fe,P and cause c/a to decrease. The B substitu-
tion, on the other hand, causes volume contraction and
decreases the c/a ratio, exactly like high-pressure compres-

sion [Chandra et al., 1980]. All of the substitutions increase
the critical temperature, in accordance with their c/a effect.
Furthermore, above a certain critical concentration, increas-
ing the Si and As component causes the orthorhombic C23-
type structure to become stable at ambient conditions,
whereas boron does not show a similar effect. Fruchart et
al. [1969] reported solid solution studies involving metal
site substitutions with Fe, Ni, Co, Mn, and Cr phosphides.
Ni-Fe-P is the only ternary system which does not exhibit
the orthorhombic phase at ambient pressure. In the other
systems, increasing Mn, Co, and Cr content causes a c/a
ratio increase and produces a C22—C23 transition at
some critical concentration; however, (Fe;_Mn,),P and
(Ni;_,Mn,),P show a more complicated behavior, with
the orthorhombic phase stable only in an intermediate range
of concentrations. In conclusion, in Fe,P the interaction
between the ferromagnetically ordered Fe atoms along the ¢
direction makes that direction less compressible than the a
direction, whereas in paramagnetically disordered Ni,P, lack
of a magnetic interaction makes ¢ more compressible than a.

[22] Since the cubic NiP, phase was observed over a wide
pressure range, we determined the pressure evolution of its

Table 1. Equation of State Parameters for Possible Light Element Alloys in the Earth Core

Compound Structure Type Ky K Vo Reference
NiP, C2 184(4) 4.2(2) 160.0(1) this paper
FeS, C2 133.5(5) 5.7(6) 159.9(fixed) Merkel et al. [2002]
Ni,P C22 201(8) 4.2(6) 100.54(fixed) this paper
Fe,P C22 175(8) 4.0(fixed) 103.16(1) Dera et al. [2008]
Fe,P C23 177(3) 4.0(fixed) 137.95(3) Dera et al. [2008]
FesP DOe 159(1) 4.0(fixed) 369.3(fixed) Scott et al. [2007]
FesS DOe 156(7) 3.8(3) 377.01 Seagle et al. [2006]
FesC cementite 175(4) 5.2(3) 155.3(1) Scott et al. [2001]
Ni,Si C23 167(5) 4.5(5) 131.05(fixed) Errandonea et al. [2008]
Fe hep 163(8) 5.3(2) 11.21(5) Dewaele et al. [2006]
Ni fee 185.4(10) 4.0(fixed) 43.7(fixed) Chen et al. [2000]
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Figure 6. Evolution of the unit cell volume of the cubic
FeP, phase as a function of pressure. Solid line shows third-
order Birch-Murnaghan EOS fit to the experimental data.

unit cell volume and performed a third-order Birch-
Murnaghan EOS fit (Figure 6). The bulk modulus of the
cubic NiP, Ky =189(9) GPaand K’=4.2(2) (K= 172(1) GPa
with K’ fixed at 4.0) is noticeably higher than the bulk
modulus of isostructural pyrite, FeS, (K, = 133.5 GPa, K’ =
5.73 [Kleppe and Jephcoat 2004]), and the refined ambient
volume V, = 160 0(7) A® is in reasonable agreement with
Vo = 163.7 A3 reported by Donohue et al. [1968)].

3.3. (C22—C23 Transition and Effect of Ni Substitution
in Meteoritic Allabogdanite

[23] The opposite trends of the c/a ratio with pressure in
Ni,P and Fe,P suggest that the trend followed by high-
pressure compression of Ni,P does not lead into the C23
structure stability. While no experimental data exist on solid
solutions of Ni,P involving nonmetal substituents, it is
possible that such chemical substitution could lead to stabi-
lization of the C23 structure. Indeed, an orthorhombic C23-
type polymorph has been observed for Ni,Si at ambient
pressure [7oman, 1952]. The natural occurrence of allabog-
danite with significant Ni content proves that a substitution
in the metal sites of the Ni,P structure can also stabilize the
orthorhombic phase; however, the trends determined for
the pure Ni,P system make it hard to believe that Ni is the
stabilizing agent. Fujii and Okamoto [1980] demonstrated
that the introduction of Ni into Fe,P suppresses the stabiliz-
ing effect of pressure on the ferromagnetic order (decrease of
T.. on compression), and the effect vanishes at Ni concen-
trations exceeding 30 at. %. The Fe component and the
associated magnetic ordering seem essential for the stabili-
zation of Ni-containing allabogdanite. In addition to Ni,
meteoritic allabogdanite was found to contain 3% Co [Britvin
et al., 2002]. In Co,P, the orthorhombic C23 structure is
stable (or at least metastable) at ambient conditions [Ellner
and Mittemeijer, 2001], suggesting that unlike Ni, the
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presence of Co should have a strong stabilizing effect on
allabogdanite. The recent solid solution study of Drabek
[2006], however, demonstrates that the amount of Co in
their particular meteoritic sample is insufficient to stabilize
the orthorhombic structure at ambient pressure. As a con-
sequence, the barringerite-to-allabogdanite transition must
have originated at high pressure and high temperature, while
the Co content probably decreased the pressure threshold of
the transformation.

4. Conclusions

[24] We found the high-pressure behavior of the barrin-
gerite Ni end-member to be quite different from that of the
Fe end-member. Ni,P is paramagnetic and lacks the ferro-
magnetic interaction along the hexagonal 001 direction. It
shows a decrease of the c/a ratio at high pressure, in contrast
to the c¢/a increase observed in Fe,P. At high temperatures
and at pressures between 6.5 and 40 GPa, Ni,P melts
incongruently, apparently decomposing to a pyrite-type
high-pressure phase of NiP, and amorphous Ni-P alloy,
but the melting becomes congruent again above 40 GPa.
NiP, is noticeably less compressible than either pure hcp
iron or any previously studied iron phosphide phase. The
(C22—C23 phase transition does not occur in Ni,P up to at
least 50 GPa. As a consequence, the Ni content in meteoritic
barringerite is unlikely to have a stabilizing effect on the
orthorhombic allabogdanite structure and at significant
concentrations may, in fact, increase the threshold pressure
at which such a transformation is favored.

[25] In the Fe-S-P system, pressure was demonstrated to
have a rather minor effect on the X-T phase diagram
[Stewart and Schmidt, 2007], whereas the occurrence of
the NiP, phase across a wide range of compositions in the
Ni-P phase diagram at high pressure suggests that the
pressure effect in the Ni-P-S system is rather dramatic.
FeP, is not known to assume the pyrite-type structure;
instead, it crystallizes in the orthorhombic marcasite structure
[Holseth and Kjekshus, 1968]. Furthermore, heating experi-
ments with Fe,P reveal no indications of chemical reactions
[Dera et al.,2008]. As a consequence, contrary to the current
beliefs, the Ni content in planetary cores may significantly
affect the phase equilibria. While physical and chemical
properties of NiP, and Ni,P have not yet been examined
in detail, the crystal structures of NiP, and Ni,P are quite
different, with different coordination environments of the
metal atoms, and are very likely to produce notable differ-
ences in electrical and thermal conductivity as well as
diffusion and partitioning properties with regard to other
elements relevant to the core-mantle boundaries (CMB) of
planetary bodies. Chen et al. [2008] recently demonstrated
for the Fe-FeS system that pressure-controlled chemical
reactions leading to stability of different stoichiometric
compounds at varied thermodynamic conditions can affect
the shape of liquidus curves, with potentially significant
consequences for convection and precipitation processes at
CMBs. The estimated P-T conditions of the Earth’s CMB
fall outside of the incongruent melting pressure range of
Ni,P, but the conditions of the CMB on Mars and Mercury
are well within that range. It remains to be verified exper-
imentally whether the high-pressure phase diagram of Ni-S
resembles that of Ni-P, but with the significant Ni and S
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content of the Martian and Mercurian cores and the wide
compositional range of stability of NiP, (and perhaps NiS,)
it can be expected that Ni(S,P), may be an important
constituent of the cores of these planets.
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