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Abstract

First-principles calculations have been used to determine the equation of state of Fe;C in both its low-pressure
magnetically ordered and high-pressure non-magnetically ordered states; at 0 K the ferromagnetic transition was
found to occur at about 60 GPa. In the high pressure, non-magnetically ordered regime at 0 K the material may be
described by a Birch-Murnaghan third-order equation of state with ¥ =8.968(7) A® per atom, K; =316.62(2) GPa
and K’ =4.30(2). At atmospheric pressure the ferromagnetic phase transition in Fe;C occurs at ~483 K; preliminary
measurements of the thermal expansion by powder neutron diffraction show that this transition produces a large
effect on thermoelastic properties. The volumetric thermal expansion coefficient in the paramagnetic phase was found
to be 4.34x 107> K~! at T~ 550 K. By applying a thermal expansion correction to the calculated equation of state at
0 K, predicted values for the density and adiabatic incompressibility of this material at core pressures and
temperatures were obtained. These results appear to be sufficiently different from seismological data so as to preclude
Fe;C as the major inner core-forming phase.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Wood [1] proposed that iron carbide (Fe;C)
might be the major phase crystallising to form
the Earth’s inner core. He based this suggestion
on cosmic abundances, thermodynamic calcula-
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tions and on an equation of state of Fe;C which
led to a density at an average inner core pressure
(338 GPa) in excellent agreement with the prob-
able range of density determined from seismic
data. The equation of state used by Wood [1]
was based on values of the incompressibility, Kj,
and its first derivative with respect to pressure, K’,
at ambient pressure and temperature, which he
estimated to be 174.0 GPa and 5.1 respectively.
Two subsequent measurements of these parame-
ters [2,3], by high-pressure X-ray powder diffrac-
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tion, are in exact agreement with each other and
with his estimates (K=175%14 GPa, K'=5.210.3
and K=17416 GPa, K' =4.8 £0.8, respectively).
It might, therefore, be considered that the case for
Wood’s proposal is significantly strengthened by
these recent measurements. However, there is, in
principle, a significant shortcoming in using these
equation of state parameters to determine inner
core properties, which we shall demonstrate in
this letter, and which we believe may weaken
the argument for Fe;C as the major inner core
phase. This weakness arises because the values
of Ky and K’ were determined for ferromagneti-
cally ordered Fe;C, but it is readily apparent from
recent thermal expansion measurements (see be-
low) that the physical properties of Fe;C can be
significantly affected by the state of magnetisa-
tion. Measurements of incompressibility made
on ferromagnetically ordered Fe;C will therefore
not necessarily be representative of the properties
of the material under core conditions where high
pressures and temperatures will ensure that there
will be no magnetic ordering.

The purpose of this letter is three-fold. Firstly,
we present preliminary neutron diffraction data to
demonstrate the effect of the magnetic phase tran-
sition on the thermal expansion of Fe;C. Sec-
ondly, we then use first-principles calculations to
determine the magnetic transition pressure and
the equations of state in both the magnetically
ordered and non-magnetic configurations. Third-
ly, we use the results of our first-principles calcu-
lations to examine the likelihood of Fe;C as a
major core-forming phase by estimating the ex-
pected values of its density and incompressibility
under core conditions.

2. The effect of magnetism on thermal expansion

Fe;C adopts the cementite structure (cohenite
in its mineral form); it is orthorhombic, space
group Pnma, with Z=4. The structure consists
of pleated layers of Fe atoms, derived from an
h.c.p. structure, with C atoms occupying intersti-
tial sites [4]. At room pressure and temperature
the material is metallic and magnetically ordered
[5,6]. The spontaneous magnetisation may be de-

stroyed either by temperature, 7. =483 K [5], or
by pressure, P.~ 60 GPa (see below). Recently,
we have carried out a pilot study of the structure
of Fe;C as a function of temperature by time-of-
flight neutron powder diffraction using the PO-
LARIS diffractometer at the ISIS spallation neu-
tron source at the Rutherford Appleton Labora-
tory, UK [7]. The sample used was prepared from
mixtures of 90 wt% Fe, 10 wt% C, following the
procedure of Tsuzuki et al. [6]. The mixtures were
pelleted under 50 MPa pressure and packed in
pyrex glass capsules which were then loaded into
3/4-inch talc-pyrex piston-cylinder assemblies and
sintered at 1.5 GPa and 1200-1250°C for 30 min.
Each synthesis experiment yielded approximately
0.85 g of Fe;C plus a small excess of graphite,
which was separated after grinding. Representa-
tive diffraction patterns at room temperature (fer-
romagnetic phase) and 550 K (paramagnetic
phase) are shown in Fig. 1. Unit cell dimensions
were obtained by simultaneous Rietveld refine-
ment of the data from all three detector banks
on the POLARIS instrument using the program
GSAS [8]. Graphite and iron impurities, where
present in the sample, were also included in the
refinement model. Fig. 2 shows how the cell vol-
ume of Fe;C varies with temperature between 300
and 650 K. Even with the relatively low resolution
of the POLARIS diffractometer, it is clear that
the magnetic transition at ~483 K greatly affects
the thermal expansion coefficient of the material.
There is no a priori reason to suppose that other
physical properties will not be similarly affected
by the state of magnetisation. In particular, the
question of whether the application of pressure
produces commensurately large changes in K
and K’ needs to be addressed. First-principles cal-
culations provide an excellent tool with which to
investigate this aspect of the material’s behaviour
since the pressure required to destroy magnetic
order is expected to be sufficiently high to make
experimentation extremely difficult.

In the remaining sections of this letter, we
present the results of first-principles pseudopoten-
tial calculations on Fe;C in both the magnetically
ordered and non-magnetic states. We find that
there is indeed a significant difference in the elas-
tic properties of the non-magnetic and ferromag-



L. Vocadlo et al. | Earth and Planetary Science Letters 203 (2002) 567-575

2 T T T T
(=3
= 300K Detector Bank
Z 20 = 145°
k=
=)
£ o ’
< 3
ff w
=
Z
3| ¢ | M M\ ‘
2 hd 'MUJ U gu‘xJUuUu UJ UU S W
S of mMmmblbid 7
z ' ‘i \F
| | L 1 |
0.5 1.0 1.5 2.0 2.5 3.0
d—spacing/A
. T T
g 300K Detector Bank ~
E ' 26 =90°
=
02
o \
Q 87 ‘ 1 }
7wl w‘ “' ‘ ,;ﬁ I | m\ N ;}
E o WU S| J
S O i Lot oy , ) \ )
“ H\M " ’\ "y e
) / .
| L L
1.0 2.0 3.0 4.0
d-spacing/A
=Y T T T T
2 300K "‘ Detector Bank |
£ 2 ‘ 20 =35°
5 8 N l
£ I
s o il |
5 ¥ ”\ i
8 M ! i
9 2 M | il | i 4
R \ u ‘ A\“\‘f‘“\” ‘\ ‘H\
S AW \\/JH ,u‘ A I
§ =3 - NL ‘}‘4\—// J
z [=3 ittt e nds m’\’\h "
iy Py
1 1 | L
1.0 2.0 3.0 4.0

d-spacing/A

Normaised Counts Arb. Units Normalised Counts Arb. Units.

Normalised Counts Arb. Units.

569
<
g 550K Detector Bank -
20 =145°
al | |
I
Il | |1 |
S l\’u I, ul ‘rl‘
ol —* AoV J&-,Uu)nl- W L‘ ‘J-‘JI\_.w "uﬂ“" 1
yy ].ﬁ“.‘ N g

0.5 1.0 15 2.0 25 3.0
d-spacing/A
T T
550K } Detector Bank
= \ 26 =90°
il ‘ l‘ _
s ‘ Ilf‘ . )
= bl
\ 1 | i
wobupl Muh Wl W |
ol Un UL U NS ) 'L__/\__/ B
S B e ‘
Bt i 1 R
it :
| 1
1.0 2.0 3.0 4.0
d-spacing/A
T T T T
= S50K | Detector Bank
% w‘ 20=35°
- |
%* -
= |
=3 LAY )
= I
& | 7
o.— H ’ | -
(= i ‘)J.L‘ " ' i
1 L 1 1
1.0 2.0 3.0 4.0

d-spacing/A

Fig. 1. Neutron powder diffraction patterns of Fe;C at 300 and 550 K (ferromagnetic and paramagnetic phases respectively). Ex-
perimental data are shown as points, the line giving the calculated pattern from the Rietveld refinement. The lower trace shows
the difference between the observed and calculated values, and the tick marks (from bottom to top) give the expected positions
of the Bragg reflections from Fe;C, C (graphite) and Fe. The 26 values shown (35°, 90° and 145°) refer to the ‘low’, ‘90°” and

‘high’ angle detector banks respectively.

netic material. We then apply a thermal expansion
correction to the 0 K equation of state and cal-
culate density and incompressibility values for a
range of pressures and temperatures to re-examine
Wood’s suggestion [1] that the properties of Fe;C
are consistent with those observed for the Earth’s
inner core.

3. Computational methodology

First-principles calculations now provide a well-
established methodology for the accurate predic-
tion of thermoelastic properties of materials well
beyond the pressures achieved by experimenta-
tion. The calculations presented here are based
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Fig. 2. Unit cell volume of Fe;C as a function of tempera-
ture, obtained by time-of-flight neutron powder diffraction
with the POLARIS diffractometer at the ISIS spallation neu-
tron source. The error bars (in V) are typically smaller than
the symbols. The line is merely a guide to the eye.

on density functional theory within the general-
ised gradient approximation using ultrasoft non-
norm-conserving Vanderbilt pseudopotentials, im-
plemented in the computer program VASP (Vien-
na ab initio simulation package; [9,10]). In this
method, the valence orbitals are expanded as
plane waves and the interactions between the
core and valence electrons are described by pseu-
dopotentials. When using VASP, the ground state
(T'=0) is calculated exactly for each set of ionic
positions and the electronic free energy is taken as
the quantity to be minimised. Calculations may be
performed either non-spin-restricted (NSR),
where the occupation numbers for electrons with
up and down spins are allowed to vary indepen-
dently (i.e. the atoms are allowed to have a net
magnetic moment if that corresponds to the mini-
mum energy state) or spin-restricted (SR), where
the occupation numbers of every electronic orbital
are equal for up and down spins (i.e. the net mag-
netic moment is constrained to be zero). In addi-
tion to variation in the magnetisation, relaxation
of atomic coordinates and axial ratios is allowed
during the simulation; these parameters are
changed iteratively so that the sum of the lattice
energy and electronic free energy converges to a
minimum value. It has been suggested [11] that,
for some materials, the use of pseudopotentials to
describe magnetic ordering may lead to slightly
inaccurate results. However, we do not believe

that this presents a problem in the present study,
since it is the properties of the material in its non-
magnetically ordered state which are of interest
when considering the properties of the inner core.

The calculations were carried out using a
3X3X3 k-points sampling grid, equivalent to
eight k-points in the symmetry-irreducible volume
of the Brillouin zone. Any further increase in the
number of k-points led to negligible differences in
energy (less than 1 meV per atom). Convergence
in the atomic motions was assumed to have oc-
curred when the energy differences between sub-
sequent iterations were less than 107 eV per cell.
We used VASP to determine the equations of
state by calculating the internal energy (E) of
the crystal at a set of chosen volumes (V). The
resulting E-V data were then fitted to an inte-
grated third-order Birch-Murnaghan equation of
state (see, e.g. [12] for details).

4. Results and discussion
4.1. The magnetic transition

Fig. 3 shows the calculated variation of mag-
netisation with volume. It can be seen that there is
a magnetic phase transition at a volume, V¢, of
approximately 7.9 A3 per atom, corresponding to
a pressure of ~ 60 GPa. There are no experimen-
tal data available with which to compare this pre-
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Fig. 3. Spontaneous magnetisation of Fe;C as a function of
unit cell volume. The dashed line is merely a guide to the
eye.
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dicted transition pressure. However, our calcu-
lated magnetic moment at ¥y of ~1.88 pp per
Fe atom is in reasonable agreement with experi-
mental values of 1.72-1.78 g [13,14] and with the
value from previous calculations of 1.82 pg [5].

4.2. Equations of state

Fig. 4 shows how the energy varies with volume
for both non-spin-restricted (NSR) and spin-re-
stricted (SR) calculations. For V< V., the calcu-
lated points are effectively identical (although it
appears that the method stabilises the SR results
relative to the NSR results by about 10 meV/
atom); for V> V,, the imposition of spin restric-
tion allows us to calculate the energy of the non-
magnetised material in a pressure region where
this phase does not actually exist. Formally, the
behaviour of the actual material cannot be repre-
sented by a single equation of state such as the
third-order Birch—-Murnaghan equation (BM3)
since a second-order magnetic phase transition
requires that there is a discontinuity in the second
derivative of the Gibbs free energy. At constant
temperature, 0>G/OP> =0V/0P; however, a discon-
tinuity in dV/0P is incompatible with the BM3, in
which 8V/OP is a continuous function. A conse-
quence of this is that if the BM3 is fitted to either
experimental data or to the results of calculations,
the resulting EOS parameters will vary according
to the pressure range used. We illustrate this point
by comparing the parameters obtained using a
BM3 for both SR and NSR states of Fe;C
(shown as lines in Fig. 4), together with the values
from recent experimental work (Table 1).

Energy (eV/atom)

Volume per atom [,&3)

Fig. 4. Energy-volume curves for spin-restricted (solid sym-
bols) and non-spin-restricted (stippled symbols) calculations.
The lines correspond to BM3 fits as listed in Table 1: SR
(solid line), NSR: 6.25=F=10.31 A3 (dot-dashed line),
NSR: 9=V=10.31 A3 (dashed line). The inset shows the
low-pressure region in more detail (see text).

It can be seen from Table 1 that the parameters
obtained by fitting the BM3 to the calculations
depend significantly on both the magnetisation
of the material and the volume range over which
the fit has been made. In particular, EOS param-
eters obtained by fitting in the low-pressure, mag-
netised state may well be unrepresentative of the
properties of the material in its high-pressure,
non-magnetised state. This point is illustrated by
the dashed line in Fig. 4, which corresponds to
extrapolation of an EOS fitted to the low-pressure
region of the NSR graph, where the spontaneous
magnetisation changes by only a small amount; it
can be seen that the agreement of this EOS with
the calculated E-V points at high pressures is ex-
tremely poor. Similarly, although an EOS fitted to

Table 1
Equation of state parameters for Fe;C
Vo Ko K
A3/atom GPa
NSR: 6.25=V=10.31 A} 9.578(37) 173.02(8) 5.79(41)
NSR: 9= ¥=10.31 A3 9.565(4) 228.55(1) 5.36(64)
SR: 5= 1V=9.69 A3 8.968(7) 316.62(2) 4.30(2)
Li et al. [3] 9.705 174(6) 4.8(0.8)
Scott et al. [2] 9.704(9)* 175.4(35) 5.1(3)
Jephcoat [15]° 162 6.4

NSR, non-spin-restricted calculations; SR, spin-restricted calculations.

4 Experimental volume not necessarily derived from the fit.
 Data fitted to a Vinet equation of state.
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the NSR results over the full volume range ap-
pears to be in good agreement with the calculated
points and lies very close to the fitted SR EOS at
high pressures, a more detailed examination of the
graph (see inset) shows, in fact, that there is poor
agreement with the calculated E-V points at low
pressure. Conversely, the EOS for the SR results
fits the calculations well throughout.

With regard to fitting of experimental data, the
values of the parameters obtained and the accu-
racy to which the resulting EOS represents the
true behaviour of the material are likely to be
pressure dependent. The large pressure range
(P<73 GPa) used by Scott et al. [2] suggests
that their P-V curve may, in fact, give a reason-
able representation of the density at high pressure,
possibly as a consequence of their highest pressure
data point being above the magnetic phase tran-
sition. However, our argument above then implies
that their EOS may not necessarily be accurate at
low pressures. The former point is well illustrated
in Fig. 5 which shows the P-V curves predicted
by both their EOS and that from our SR calcu-
lations. It can be seen that the curves are in exact
agreement at about 120 GPa and differ by only
1% at 300 GPa. It should be noted that, since at
low pressures the SR calculations do not represent
a physically real material, we would not expect
the curves to agree in this region. Our NSR cal-
culations, however, give values of V) which are in
good agreement with experimental values (see be-
low).

4.3. Implications for the Earth’s core

It is of interest to use our calculated EOS to re-
examine the analysis made by Wood [1] of the
viability of Fe;C as a major component of the
inner core. We do this firstly by calculating the
density at his chosen representative state point of
338 GPa and 5300 K. We then extend this anal-
ysis, including also estimation of incompressibil-
ity, over the inner core pressure range given by
PREM [16] and its likely temperature range of
4000-6000 K.

4.3.1. Density at 338 GPa and 5300 K
Wood [1] derived the density at 338 GPa and

5300 K in the following way. Using values of
Vo=9.644 Ad/atom, Ky=174.0 GPa and K'=
5.1, and assuming an average pressure for the
inner core of 338 GPa, he obtained a density of
12.94 Mg m—3 at 298 K. He then applied a cor-
rection for thermal expansion to 5300 K, which
gave a final density of 12.74 Mg m™3, which he
considered to be in agreement with the density
range obtained from seismological data.

A similar analysis based on our results leads to
rather different conclusions. We firstly calculate
the volume at 0 K and 338 GPa from our EOS
based on the SR results (Fig. 5). This leads to a
value of VIV, of 0.6542 and a density of 12.71 Mg
m > at 7=0 K which, even without correction for
thermal expansion, is already below the range of
densities for the inner core given by PREM [16] of
12.76-13.09 Mg m 3.

To obtain a numerical estimate for the discrep-
ancy between our predicted density for Fe;C at
core conditions and the PREM values, some form
of thermal expansion correction is necessary.
Although in principle possible, the cost of finite-
temperature quantum-mechanical methods for a
material such as Fe;C, with 16 atoms in the prim-
itive unit cell, is currently prohibitively high, and,
given our conclusion that the density of Fe;C is

400 — T T T T T T T T

300

200

Scott et al. [2]

Pressure (GPa)

100 —

= Present work ~——

1 s | s | s | s 1
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Fig. 5. Birch-Murnaghan third-order EOS for Fe;C corre-
sponding to (i) the results of Scott et al. [2] and (ii) the
present work, SR calculations at 0 K. For the P-V range
covered in the experiments of Scott et al., the EOS is shown
as a solid line, with its extension to higher and lower pres-
sures shown as a dashed line; the three sets of error bars do
not correspond to data points, but merely indicate typical
uncertainties in the experimental data [2].
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lower than that of the inner core is inescapable,
this was not considered an appropriate use of re-
sources. We therefore simply correct for thermal
expansion using the method suggested by Wood
in eq. 2 of his paper [1], which may be written as:

() vl )

where o is the thermal expansion at P=0 and «
is that at P =338 GPa, and where V| is the vol-
ume at P=0 and V is the volume at P =338 GPa
(see [1] for details of the values of the coefficients
used in the equation).

Our value for o for the paramagnetic state of
Fe;C, obtained from the data shown in Fig. 2, is
434x107° K~! at T~550 K. Using the above
equation, this leads to a value for o of
5.42x107° K™, which, in turn, leads to a density
of 12.35 Mg m at 5300 K and 338 GPa. This
density value is 3-5% lower than that determined
from seismology [16] and 3% lower than that re-
ported by Wood [1]. It should be noted that we
have not included in this analysis any terms to
describe the variation of thermal expansion coef-
ficient with temperature; however, such an effect
would only serve to reduce the density still fur-
ther.

As a test for the sensitivity of our method
to the chosen EOS, we repeated the analysis
but, in this case, fitted the SR E-V points in the
high-pressure region (V'<V.) to a fourth-order
polynomial so as to obtain the pressure via
P=—0ERV (T=0). This led to a density at 338
GPa and 0 K of 12.70 Mg m™3. Applying the
correction for thermal expansion as before gives
a final value for the density at 5300 K of 12.34
Mg m~3, almost identical to that which we ob-
tained using the BM3.

It is clear, therefore, that our method for deter-
mining the volume at 338 GPa is not sensitive to
the detailed EOS employed. This is attributable to
the pressure range accessible in our calculations,
which allows us to interpolate between successive
points rather than being forced to extrapolate
from low-pressure data. The only sources of in-
accuracy, apart from the correction for thermal
expansion, therefore lie in the limitations of the

first-principles calculations themselves. Some indi-
cation of the magnitude of any systematic error
may be obtained by comparing the value of Vy
from our NSR calculations with those determined
experimentally. With a thermal expansion correc-
tion to 300 K applied to the average of our values
for Vy from Table 1 (9.572 A3), we obtain a value
for V at 300 K of 9.697 A3, which differs by only
0.1% from that obtained by X-ray diffraction ex-
periments [2,3] and by 0.5% from the results of
our neutron diffraction experiment (Fig. 2). Fur-
thermore, since —0E/d) is much greater at high
pressures, it is not unreasonable to expect that
our calculations will become more accurate as
the pressure increases. It would, therefore, appear
that the difference in density between our calcu-
lated values and those determined from seismol-
ogy may be regarded as significant.

In their discussion, Scott et al. [2] considered
extrapolation of experimental results to inner
core conditions to be highly premature. Neverthe-
less, it is of interest to repeat the above analysis
using their experimental EOS, which leads to a
density of 12.78 Mg m~3 at 338 GPa and 300 K.
Incorporating our correction for thermal expan-
sion then gives a value for the density at 5300 K
of 12.53 Mg m 3, which again is somewhat below
the allowable range of core density values.

4.3.2. Incompressibility and density at inner core
conditions

A further constraint on the viability of Fe;C as
a major phase in the inner core can be obtained
by comparison of its expected incompressibility
values with those derived from seismological
data [16]. We derived equations of state at 4000,
5300 and 6000 K by applying the pressure-depen-
dent thermal expansion coefficient (calculated us-
ing the equation in the previous section) to our
0 K BM3 EOS. We then fitted the BM3 EOS to
these modified P-V curves, obtaining values of
Vo=10.520, 11.092 and 11.417 A3, K,=154.7,
125.1 and 111.9 GPa, and K'=4.74, 4.81 and
4.84 respectively at 4000, 5300 and 6000 K. The
resulting values of AKy/AT are in the range —0.02
to —0.04 GPa K™!, in line with those previously
estimated for other iron alloys (—0.01 to —0.03
GPa K™! [17]). At high pressures the values of
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these coefficients are reduced (e.g. AK/AT=
—0.026 GPa K! for P=338 GPa and T=
5300 K). Although the method used to estimate
the effect of temperature is approximate, we be-
lieve it to be sufficiently reliable for the present
purpose since it gives reasonable values for AK/
AT, possibly producing, if anything, an overesti-
mate of the decrease in K at high temperature.
In order to make a comparison with PREM,
values for the adiabatic incompressibility, Kg,
must be obtained from our isothermal value, K.
The quantities K and Ks are related by
Ks=(1+oyT)K, where yis the Griineisen param-
eter. Calculating the thermal expansion coeffi-
cient, o, as before, and making an assumption
that y in the inner core lies between 1 and 2,
allows us to estimate the expected density, p,
and adiabatic incompressibility as a function of
temperature. The resulting values are shown in
Fig. 6 for both y=1 and y=2. In this figure, the
three isotherms are truncated at the upper and
lower pressures given by PREM for the inner
core (329 GPa< P <364 GPa) and the shaded
region indicates the Ks—p range for PREM. It is
clear that the isotherms for Fe;C all lie well out-
side the acceptable range of inner core values. For
example, at 338 GPa and 5300 K (p=12.35 Mg
m™3), Ks is 1440 and 1480 GPa for y=1 and 2
respectively, which is 5-8% greater than that ex-

1600 T T T T T T T

— 4000 K
== 5300K
++ 6000 K

1550

1500 —

1450 —

K, (GPa)

1400~y =1 Range of PREM values -

for inner core [16]

1350

| L | L | L | L
1
300 12.25 125 12.75 13 13.25

p (Mgm™)

Fig. 6. Predicted adiabatic incompressibility, Ks vs. density,
p, of Fe;C at 4000 K (solid line), 5300 K (dashed line) and
6000 K (dotted line) in the pressure range 329-364 GPa. The
upper set of lines are for y=2, the lower set are for y=1.
The shaded region shows the range of values given by
PREM for the Earth’s inner core [16].

pected from PREM (Kg~ 1365 GPa). There does
not appear to be any way in which the agreement
between our estimated values for Fes;C and the
PREM results can be improved by an alternative
choice of thermal expansion coefficient since a
lower value for o will give better agreement in
density, but will increase the discrepancy in in-
compressibility, and vice versa.

In conclusion, therefore, our calculations show
that both the density and incompressibility of
Fe;C differ from the expected values for the inner
core observed by seismology. Although this does
not preclude the possibility of other carbides
being present in the core, or of Fe;C as a minor
constituent, it does suggest that Fe;C is unlikely
to be the predominant inner core-forming phase.
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