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[1] The nature of light element(s) in the core holds key to
our understanding of Earth’s history of accretion and dif-
ferentiation, but the core composition remains poorly con-
strained. Carbon has been proposed to be a major constituent
of the inner core, with broad implications for the global
carbon cycle, the budget of volatiles in the Earth and origin
of carbon-based life in the Solar System. However, existing
estimates of the inner core’s carbon content remain highly
controversial because of poor constraints on the behavior of
compressed iron carbides. Here we investigated the struc-
ture, elasticity, and magnetism of Eckstrom-Adcock carbide
Fe7C3 up to core pressures, using synchrotron-based single-
crystal X-ray diffraction and Mössbauer spectroscopy tech-
niques. We detected two discontinuities in the compression
curve up to 167 gigapascals (GPa), the first of which cor-
responds to a magnetic collapse between 5.5 and 7.5 GPa
and is attributed to a ferromagnetic to paramagnetic transi-
tion. At the second discontinuity near 53 GPa, Fe7C3 softens
and exhibits Invar behavior, presumably caused by a high-
spin to low-spin transition. Considering the magneto-elastic
coupling effects, an Fe7C3-dominant composition can match
the density of the inner core, making the core potentially the
largest reservoir of carbon in Earth.Citation: Chen, B., L. Gao,
B. Lavina, P. Dera, E. E. Alp, J. Zhao, and J. Li (2012), Magneto-
elastic coupling in compressed Fe7C3 supports carbon in Earth’s
inner core, Geophys. Res. Lett., 39, L18301, doi:10.1029/
2012GL052875.

1. Introduction

[2] Carbon is considered a candidate light element in the
Earth’s iron-rich core mainly because it partitions strongly
into molten iron (Fe) during core-mantle differentiation and
helps explain the density deficit of the core [Wood, 1993;
Lord et al., 2009; Nakajima et al., 2009]. On the basis of
thermodynamic calculations, Wood [1993] predicted that
under relevant conditions Fe3C would be the first phase to
crystallize from the Earth’s molten core to form the solid

inner core. Recent studies found that at pressures above
7 GPa, Eckstrom-Adcock carbide Fe7C3 replaced Fe3C to
become the liquidus phase of the Fe-C binary system and
hence the new candidate for the inner core [Lord et al., 2009;
Nakajima et al., 2009]. Evaluating the scenario of Fe7C3-
dominant inner core has broad implications for understand-
ing the global carbon cycle, the budget of volatiles in the
Earth, and how the planet accreted and differentiated
[Dasgupta et al., 2004]. Moreover, knowledge of the Earth’s
carbon content would provide unique ground-truth data to
test models describing the origin of carbon in various stellar
systems, its pathways from stars to Earth-like planets, and
the role of carbon in the origin of life on exoplanets [Swain
et al., 2010].
[3] The hypothesized model of an Fe7C3-dominant inner

core has been tested by comparing the density of Fe7C3 with
that of the inner core, but existing studies reached inconsistent
conclusions: An experimental investigation up to 71.5 GPa
showed that Fe7C3 provides a good explanation for the den-
sity of the inner core [Nakajima et al., 2011] whereas an ab
initio calculation estimated that the volume fraction of Fe7C3

in the inner core is at most 18% [Mookherjee et al., 2011].
The discrepancy arose from uncertainties in the nature and
consequences of pressure-induced magnetic transitions. The
experimental data revealed a pressure-induced ferromagnetic
to paramagnetic transition at 18 GPa and 300 K, as indicated
by anomalies in isothermal compression and thermal expan-
sion behavior [Nakajima et al., 2011]. On the contrary, the
theoretical investigation found that Fe7C3 undergoes a high-
spin to low-spin transition near 67 GPa and 0 K, with asso-
ciated elastic softening [Mookherjee et al., 2011]. Resolving
the effects of magneto-elastic coupling is crucial for esti-
mating the density of Fe7C3 under core conditions.
[4] To investigate the structure and elasticity of com-

pressed Fe7C3, we carried out X-ray diffraction (XRD)
measurements on single crystals of Fe7C3 immersed in a neon
pressure-transmitting medium using synchrotron radiation
and diamond-anvil cell techniques (Figure 1a and Figure S1
in Text S1). A parallel study was conducted to examine its
magnetic properties using the synchrotron Mössbauer spec-
troscopy (SMS) method.

2. Experimental Methods

[5] An Fe7C3 sample was synthesized in a multi-anvil
apparatus from an iron (Fe) wire placed in a graphite capsule
at 7 GPa and 1623 K for 7 hours. A few grains of approxi-
mately 20 � 20 � 10 mm in size were handpicked and veri-
fied as single crystals of Fe7C3 through synchrotron XRD
analyses. High pressure was generated using symmetric
diamond anvil cells (DAC). In situ single-crystal XRD
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measurements were carried out at beamlines 13-BM-D, 13-
ID-D and 16-BM-D of APS. The XRD patterns were recor-
ded on an MAR345 image plate detector or a charge coupled
device (CCD) detector while the sample was rotated over an
omega range of �13–16�. Typical exposure time is 30 s per
degree in the step scan mode and 600–900 s in the wide scan
mode. Parallel SMS measurements were carried out on the
same samples at beamline 3-ID-B of APS, with the storage
ring operating in a top-up mode with 24 bunches separated by
153 ns. The X-ray energy was 14.4125 keV, corresponding
to a wavelength of l = 0.8603 Å. The focused X-ray beam
was less than 10 mm in diameter with an energy resolution of
1 meV. Data were collected with an avalanche photodiode
detector (APD), which was placed along the beam in the
forward direction. Typical data collection time varied from
0.5 to 3 hours. Detailed methods are available in the auxiliary
material.1

3. Results and Discussion

[6] Our ambient condition single-crystal XRD data con-
firmed that Fe7C3 adopted a hexagonal structure with the
space group P63mc and unit-cell parameters a = 6.888
(�0.006) Å and c = 4.545(�0.011) Å [Herbstein and
Snyman, 1964]. The structure remains stable up to 167 GPa
at 300 K (Figure S1 and Table S1 in Text S1), but two dis-
continuities in the compression curve were detected using the
normalized pressure (F) versus Eulerian strain (f) plot [Angel,
2001], which shows changes in the slope from negative
(corresponding to K′ < 4, where K′ is the pressure derivative
of bulk modulus) to positive (K′ > 4) near 7 GPa, and then

to negative again near 53 GPa (Figure 1b). As a result, three
distinct equations of state (EOS) are required to fit the com-
pression data over the entire pressure range (Figure 1a). The
data below 7 GPa are not fitted because of sparse data cover-
age within the narrow pressure range of this phase (Figure 1a).
The data between 7 and 53 GPa yield K0 = 201(�12) GPa,
K ′ = 8.0(�1.4), and V0 = 184.69(�0.16) Å3 from Birch-
Murnaghan (BM) EOS fitting, and those above 53 GPa are
fitted with K0 = 307(�6) GPa, K′ = 3.2(�0.1), and V0 =
182.87(�0.38) Å3 (Table S2 in Text S1).
[7] A comparison of the compression curve with the SMS

spectra reveals that the low-pressure discontinuity coincides
with a magnetic collapse, which manifests as the disappear-
ance of fast oscillations at pressures between 5.5 and 7.5 GPa
in the SMS spectra (Figure 2). A magnetic collapse may
result from a loss of magnetic ordering, or from a high-spin to
low-spin transition of Fe. Previous studies associated elastic
stiffening in Fe7C3 with ferromagnetic to paramagnetic
transition, whereas elastic softening is linked to spin transi-
tion [Mookherjee et al., 2011;Nakajima et al., 2011]. For this
reason, we attribute the observed magnetic collapse to a
transition from ferromagnetic to paramagnetic phase, result-
ing from a negative pressure dependence of the Curie tem-
perature [Nakajima et al., 2011]. The transition pressure,
determined from experiments using a fluid neon pressure-
transmitting medium and the SMS method, is significantly
lower than 18 GPa according to the previous study using a
solid MgO medium and the XRD method [Nakajima et al.,
2011]. Similar discrepancies exist among the reported pres-
sures of magnetic collapse in Fe3C, ranging from 5–6 GPa to
25 GPa [Gao et al., 2008]. Regardless of the exact nature of
the magnetic collapse, our data demonstrate that the post-
collapse Fe7C3 is significantly stiffer and lighter than the

Figure 1. Compression behavior of Fe7C3 at 300 K. (a) Unit-cell volume of Fe7C3 up to 167 GPa at 300 K determined from
the X-ray diffraction measurements (filled circles). The dashed green curve represents the 3rd–order Birch-Murnaghan equa-
tion of state (BM-EOS) of fm-Fe7C3 (1 bar to 7 GPa) according to Nakajima et al. [2011], as it cannot be constrained by the
data collected in this study. The dash-dotted blue and solid red curves represent the BM-EOS fits to the data for pm-Fe7C3

(7–53 GPa) and nm-Fe7C3 (53–167 GPa), respectively. Here fm, pm and nm refer to ferromagnetic, paramagnetic, and non-
magnetic, respectively. See text and Figure 2 for the assignment of magnetic phases. (b) Finite Eulerian strain (F) as a func-
tion of normalized stress (f). The dash-dotted lines mark the boundaries between the fm-, pm-, and nm-phases, as indicated
by abrupt changes in the slopes of the f-F plot calculated using the unit-cell volume of Fe7C3 at ambient condition (open gray
circles). Solid blue circles and red diamonds represent the f-F plots of pm-Fe7C3 and nm-Fe7C3, respectively.

1Auxiliary materials are available in the HTML. doi:10.1029/
2012GL052875.
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lower-pressure phase when extrapolated to inner core pres-
sures (Figure 1a).
[8] The high-pressure discontinuity in the compression

curve near 53 GPa is interpreted as a result of high-spin to
low-spin transition of Fe in Fe7C3, which was predicted to
occur at 67 GPa and 0 K according to the theoretical study
[Mookherjee et al., 2011]. Across the discontinuity the
quadrupole splitting values increase considerably (Figure S2
and Table S2 in Text S1). Moreover, the pressure depen-
dence of the axial ratio a/c becomes smaller, similar to that
calculated for the spin transition from ferromagnetic to non-
magnetic phase (Figure 3a). The transition leads to elastic
softening in Fe7C3 as indicated by a drop in K (Figure 3b),
which is consistent with the recent reports on pressure-
induced Invar behavior resulting from high-spin to low-spin
transition of Fe in metal alloys [Dubrovinsky et al., 2001;
Winterrose et al., 2009].
[9] The unusual behavior of elastic stiffening followed by

softening in compressed Fe7C3, presumably caused by tandem
magnetic transitions under pressure, has not been observed
in other Fe-rich alloys such as Fe3C [Gao et al., 2008], Fe3S
[Lin et al., 2004], and FeHx [Mao et al., 2004]. The discovery
of the second transition in highly compressed Fe7C3, which
was enabled by the synchrotron-based single-crystal XRD
techniques, revealed that only the low-spin non-magnetic
phase is relevant for testing the scenario of carbon-rich inner
core. Using the derived EOS parameters of the nm-Fe7C3 and
existing data on Fe [Mao et al., 1990], we calculated the
densities of Fe and Fe7C3 under core pressures and at 300 K.
The effects of temperature were assessed using the Mie-
Grüneisen-Debye (MGD) EOS, with the parameters of hcp-Fe
from Seagle et al. [2006] and those of nm-Fe7C3 approximated
by pm-Fe7C3 from Nakajima et al. [2011]. The estimated
temperature at inner core boundary (ICB) ranges from about

5000 to 7000 K [Boehler, 1996]. At 5000 K, a mixture of 81–
95% (by volume) Fe7C3 with hcp-Fe has the same density as
the inner core [Dziewonski and Anderson, 1981]. The fraction
of Fe7C3 to match the core density is 71–84% at 6000 K, and
62–74% at 7000 K. The close match in density between Fe7C3

and the inner core hinges upon the smallK′ of the nm-phase. In
comparison, extrapolating the EOS of the pm-Fe7C3 to inner
core condition would predict a density that is >11% below the
PREM value, corresponding to a negligible amount of carbon
in the inner core (Figure 4).

4. Conclusions

[10] On the basis of the EOS parameters of nm-Fe7C3

determined at pressures between 53 and 167 GPa and existing
thermoelastic parameters [Mao et al., 1990; Seagle et al.,
2006; Nakajima et al., 2011], we estimated that the volume
fraction of Fe7C3 in the inner core ranges from 62 to 95%,
corresponding to a carbon content of 5.1–7.9% by weight. An
Fe7C3-dominant inner core would be by far the largest reser-
voir of carbon in Earth, accounting for more than 90% of the
planet’s total carbon budget [Dasgupta and Hirschmann,
2010]. Our estimate represents an upper bound because we
assumed that carbon was the sole light element in the core.
More stringent assessment of the scenario of carbon-rich inner
core awaits further studies. The nature of the discontinuities
in the compression curve of Fe7C3 requires clarification using
complementary techniques such as X-ray emission spectros-
copy, which probes the local magnetic moment of Fe.

Figure 2. Synchrotron Mössbauer spectra of Fe7C3 (open
circles) and fitting results with the best-fit parameters given
in Table S3 in Text S1 (solid curves). Note that the disap-
pearance of fast oscillations between 5.5 and 7.5 GPa indi-
cates a loss of magnetism, and the differences between the
spectra at 7.5 and 55.0 GPa reflect changes in the sample
thickness and quadrupole splitting values.

Figure 3. (a) Axial ratio a/c of Fe7C3 at 300 K as a function
of pressure (filled circles), with least squares linear fits to the
data of the pm-phase (thin blue line) and nm-phase (thick red
line). Open squares and diamonds are theoretical results for
the fm- and pm-phases, respectively [Mookherjee et al.,
2011]. (b) Isothermal bulk modulus (K) of Fe7C3 at 300 K as
a function of pressure, calculated from the fitted BM-EOS
parameters of the pm-phase (thin blue curve, this study), nm-
phase (thick red curve, this study), and fm-phase (dotted curve,
Nakajima et al. [2011]).

CHEN ET AL.: MAGNETO-ELASTIC COUPLING IN Fe7C3 L18301L18301

3 of 4



Additional measurements are also necessary to determine the
influence of the magnetic transitions on the sound velocities
and the effects of temperature on the magnetic transitions and
thermoelastic parameters. A key criterion for the scenario of
Fe7C3-dominant inner core, that it must be the major liquidus
phase to crystallize from a liquid core containing Fe and one
more lighter elements or impurities, will have to be further
examined in order to constrain the core composition and
understand the inventories and pathways of the Earth’s deep
carbon. This scenario should also satisfy with core convection
and geodynamo models. Crystallization of Fe7C3 would con-
centrate carbon in the inner core while depleting the outer core
in carbon, which disfavors the compositional convection by
chemical buoyancy in the outer core. Existence of other light
elements such as sulfur, however, could provide necessary
chemical buoyancy for the core convection [e.g.Wood, 1993].
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