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We present a novel method for detecting the solid-liquid phase boundary of compressed iron at high
temperatures using synchrotron Mdéssbauer spectroscopy (SMS). Our approach is unique because the
dynamics of the iron atoms are monitored. This process is described by the Lamb-Madssbauer factor,
which is related to the mean-square displacement of the iron atoms. Focused synchrotron radiation
with 1 meV bandwidth passes through a laser-heated >’Fe sample inside a diamond-anvil cell, and
the characteristic SMS time signature vanishes when melting occurs. At our highest compression
measurement and considering thermal pressure, we find the melting point of iron to be
Tv=3025 + 115 K at P=82 + 5 GPa. When compared with previously reported melting points for iron
using static compression methods with different criteria for melting, our melting trend defines
a steeper positive slope as a function of pressure. The obtained melting temperatures represent a
significant step toward a reliable melting curve of iron at Earth’s core conditions. For other terrestrial
planets possessing cores with liquid portions rich in metallic iron, such as Mercury and Mars, the higher

melting temperatures for compressed iron may imply warmer internal temperatures.

© 2013 Published by Elsevier B.V.

1. Introduction

Seismological and cosmochemical observations indicate that
Earth’s core consists of a solid inner region surrounded by a liquid
outer core, with iron as the main constituent, e.g., (Lehmann,
1936; McDonough and Sun, 1995; Stixrude et al., 1997;
McDonough, 2003). The melting temperature of iron at high-
pressure provides an important reference point for the tempera-
ture distribution within Earth’s core and affects a number of
important geophysical quantities related to this region: heat flow
across the core-mantle boundary (CMB), the temperature gradi-
ent within the thermal boundary layer above the CMB, phase
relations, and expected wave speeds of candidate phases (e.g.,
Anderson, 1990; Lay et al., 2008; Hemley and Mao, 2001). More
specifically, the melting point of iron at the boundary between
the liquid outer core and solid inner core (ICB) provides an upper
bound of the temperature at that interface, because studies thus
far indicate that all plausible outer core liquids coexist with
corresponding inner core alloy solids at or below the melting
point of pure iron (e.g., Boehler, 1992; Fei et al., 1995, 1997,
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Alfe et al., 2002a; Stewart et al., 2007; Chen et al., 2008; Andrault
et al.,, 2009; Asanuma et al.,, 2010; Terasaki et al., 2011, and
references therein). The melting temperature of iron at high-
pressure provides a similarly important reference point for
temperature distributions within the cores of other terrestrial
planets, such as Mercury and Mars, whose cores are thought to be
at least partially molten (e.g., Stevenson, 2001; Fei and Bertka,
2005; Margot et al., 2007; Smith et al., 2012).

Studies of the melting curve of highly compressed iron have
been performed dynamically in shock-compression experiments
(Brown and McQueen, 1986; Bass et al., 1987; Yoo et al., 1993;
Ahrens et al.,, 2002; Nguyen and Holmes, 2004), statically in
diamond-anvil cell experiments, and in calculations (Alfé et al.,
1999, 2002b; Laio et al., 2000; Alfe, 2009; Sola and Alfe, 2009).
Melting of iron in diamond-anvil cells was achieved by resistive
heating monitored by the resistance-temperature curves of the
heated wire (Boehler, 1986; Mao et al., 1987), and by laser
heating combined with either visual observations (Williams
et al., 1987; Boehler, 1993) or with synchrotron x-ray diffraction
analysis (Shen et al., 1998; Ma et al., 2004; Boehler et al., 2008).
At the ICB, reported melting temperatures of iron range from
4900 to 7600 K. Recently, an internally consistent thermodynamic
database was presented for iron up to 360 GPa and 7000 K
(Komabayashi and Fei, 2010), based on a newly reported phase
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boundary between the face-centered cubic (fcc or y) and hex-
agonal close-packed (hcp or €) structures (Komabayashi et al.,
2009) and existing thermochemical measurements. However, the
complete data set of melting observations does not reflect a
consensus on the melting curve of iron (see Komabayashi and
Fei, 2010, for a recent review).

Here we present a new approach for detecting the melting
point of compressed iron using the physical principle of recoilless
absorption of x-rays by nuclear resonances (Maossbauer,
1958)—the basis of both conventional Mdssbauer spectroscopy
and synchrotron Mdéssbauer spectroscopy (SMS). In these techni-
ques, the observed signal strength is sensitively related to the
thermal motion of the resonant nuclei, >’Fe in our case. This
phenomenon is quantitatively described by the Lamb-Md&ssbauer
factor, f, which is known to vanish when melting occurs. In this
study, we show that the solid-liquid phase boundary of com-
pressed iron can readily be monitored by the disappearance of the
SMS signal upon melting. The obtained melting temperatures
represent a significant step toward a reliable melting curve of iron
at Earth’s core conditions. Furthermore, with iron being a domi-
nant component of candidate alloys in Earth’s core and a main
constituent in the mineralogy of Earth’s mantle, this method
should provide a unique complement to existing methods for the
determination of melting curves of iron-bearing phases under
high-pressure conditions.

2. Methods
2.1. Melt detection using Méssbauer spectroscopy

The physical principles of synchrotron Mossbauer spectro-
scopy (SMS) have been studied previously in great detail (e.g.,
Sturhahn, 2004, and references therein). The observed time-
delayed signal is caused by the coherent elastic scattering of
synchrotron x-rays while traversing a sample containing >’Fe or a
similar resonant isotope. The emission of the SMS signal occurs
into the direction of the incident x-rays, the forward direction,
and is therefore independent of the spatial configuration of
atoms. The strength of the SMS signal is primarily determined
by the “effective thickness” of the sample traversed by the x-rays.
The effective thickness, #, is a dimensionless number given as
the product of the numerical density of the *’Fe nuclei, p, the
physical thickness of the sample, d, the nuclear resonant
cross-section, ¢ =2.56 x 10722 m?, and the dimensionless Lamb-
Mossbauer factor f

n=fopd. M

The relation between SMS intensity and effective thickness is
complex but can be numerically calculated in every detail
(Sturhahn, 2000). Here our strategy is to determine all relevant
parameters that influence the SMS signal strength with the
exception of the Lamb-Mossbauer factor.

Typical values for the Lamb-Mdssbauer factor for solids at
room-temperature range from 0.05 to 0.9 (Sturhahn and
Chumakov, 1999). A value of 0.796 + 0.002 has been reported
for body-centered cubic (bcc or o) iron at ambient conditions
(Toellner et al., 1997), and an increase with pressure is commonly
observed (Murphy et al, 2011b; Mao et al, 2001; Giefers
et al.,, 2002). With increasing temperature, f typically decreases
(Sturhahn and Chumakov, 1999; Bergmann et al., 1994; Shen
et al., 2004). However at the solid-liquid phase transition a
discontinuous drop to zero has been observed for tin metal at
ambient pressure (Boyle et al., 1961). Mechanisms for this abrupt
change in f upon melting have been discussed (Singwi and
Sjolander, 1960), and may be best understood by expressing the

Lamb-Méssbauer factor as f = exp[—k* (u? >, where k is the wave
number of the resonant x-rays and <(u?) is the mean-square
displacement of the nuclear resonant atoms. In this expression, it
is implicitly assumed that the time scale for the positional
averaging is determined by the lifetime of the nuclear state
excited in the SMS scattering process. For example, the lifetime
and the energy of the first excited state for ®>’Fe are 141 ns and
14.4 keV, respectively. If the iron atoms stray from their equili-
brium positions much farther than 1/k=0.14A during the
nuclear lifetime, the value of f becomes exponentially small. This
rarely happens for solids, but in the liquid state atoms are very
mobile and move 10’s of A during 100ns. For all practical
purposes, the Lamb-Maossbauer factor therefore becomes zero
for liquids leading to zero effective thickness and a collapse of the
SMS signal.

The disappearance of the SMS signal is strictly based on the
dynamical behavior of the atoms in a time window comparable to
the nuclear lifetime. The spatial arrangement of the atoms such as
crystalline order is not relevant for the collapse of the SMS signal.
This is in clear contrast to the common application of x-ray
diffraction techniques to determine melting. In x-ray diffraction,
the x-ray scattering process is non-resonant and extremely fast,
i.e., of the order of 10~ '°s, and atomic motions become irrele-
vant. An x-ray diffraction pattern represents a series of snapshots
of atomic positions. Each snapshot clearly reflects the spatial order
of the sample. In this situation, the disappearance of features such
as diffraction lines and the appearance of diffuse scattering upon
melting are caused by the loss of long-range order not by a change
in atomic mobility.

In the method we present here, we observe the time-
integrated SMS signal I() which can be expressed in terms of
the theoretical time spectrum appropriate for the sample S(t,#)
107 =A™ 3

n=0

t) +nty
S’ dt’. (2)
t1 +ntg
Here t; and t, are the beginning and end of the time window
accessible in the experiment, tp is the time between x-ray pulses
(n) given by the synchrotron operation mode (where n=0 refers
to the most recent x-ray pulse), A is a scaling factor that depends
on experimental conditions such as x-ray spectral flux incident on
the sample, d is the physical thickness of the sample, and u is the
electronic absorption coefficient of the sample material. The
analysis of measured data reduces to an inversion problem with
respect to the effective thickness, . An important input to the
required modeling is the shape of S(t,) which depends on the
level splitting of the resonant nuclei. For fcc and hcp phases of
iron, it is well known that the nuclear levels of >’Fe are unsplit.
Then the time spectrum is given as
S(t,n) = 2 *t/f-@ i —

M =n-e 2 with x = /nt/t, 3)
where J; is the first-order Bessel function of the first kind and 7 is
the lifetime of the excited nuclear state (Kagan et al., 1979). The
linear behavior of the Bessel function for small arguments,
Ji(x)~x/2, is followed by a regime of aperiodic oscillations and
eventually by the asymptotic form for large arguments,
J1(x) ~ (sin x—cos x)//7x. In our data analysis, we numerically
solve the integration in (2) with the shape of the time spectrum
given by (3) for a series of reasonable effective thickness values
using the CONUSS software (Sturhahn, 2000). The effect of
electronic attenuation, the exponential in (2), is important if the
thickness of the sample changes during the heating cycle. Other-
wise, it may be assimilated into the scaling factor. In all successful
melting experiments, a continuous decrease in thickness was
observed over the duration of the heating cycle ( ~ 0.25 pm/min,
with a starting sample thickness of typically 9 um and cycle
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lasting less than 2 min). After attenuation corrections were
applied, the scaling factor A is obtained by matching calculation
and measurement near a characteristic region of the spectrum.
Alternatively, the shape of the SMS time spectrum could be
measured in detail under conditions for which the Lamb-
Mossbauer factor is well known. The physical thickness as well
as the scaling factor could then be derived by a fit of the data to
AS(t,n) with A and # as variables. Details of this procedure for a
particular melting experiment are described in Section 2.2.

2.2. Experiments

Beveled and unbeveled diamond anvils with flat culet diameters
ranging from 260 pm to 450 pm were mounted into diamond-anvil
cells (DACs). A 95% isotopically enriched >’Fe foil with a thickness of
10 um was cut into rectangular sections with an electric discharge
machine and cleaned. Dehydrated KCl was pressed into transparent
flakes and loaded together with an >’Fe foil in a sandwich config-
uration into a rhenium gasket pre-indented to a thickness of around
50 pum. The DACs were heated in a vacuum furnace before closing.
For the highest compression point, the DAC was loaded in an inert
atmosphere glove box equipped with a moisture-removal system
located at sector 3 of the Advanced Photon Source (Zhao et al.,
2004a). The KClI served as both a pressure-transmitting medium and
thermal insulation. Rubies were placed away from the sample and
used as pressure markers. The pressure was determined before and
after each melting run using the R; fluorescence line shift (Mao
et al., 1986). We report the pressure at 300 K as determined from
the average of all rubies in a given sample chamber, with an error
reflecting the minimum and maximum pressure. Thermal pressure
is discussed in Section 3.1.

The SMS laser-heating experiments were performed at sector
3-ID-B of the Advanced Photon Source (APS) at Argonne National
Laboratory (Fig. 1). The x-rays were prepared with a bandwidth of
1 meV at the 14.4 keV nuclear resonance of >’Fe using a multiple-
crystal Bragg reflection monochromator (Toellner, 2000). The SMS
signal was recorded using an avalanche photodiode detector in
forward scattering geometry. lonization chambers were placed
before and after the sample to record the x-ray intensity loss. This
information allowed us to determine heating-induced thickness
changes of the sample and thereby, to properly include the
electronic attenuation term in Eq. (2). Thickness changes were
determined from the ion chamber and electronic absorption
coefficients of Fe and KCI. Typically, we found that the sample
thickness decreases by ~ 0.25 um/min, with a starting sample
thickness of typically 9 pum and cycle lasting less than 2 min.
Focusing of the x-rays was obtained using a Kirkpatrick-Baez (KB)
mirror system with a focal spot size measured to be 8.5 x 6.1 pm?
at the full-width half-maximum at the sample position. Newly
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installed clean-up slits positioned between the KB mirrors and the
DAC reduced the size to 5 x 5 pm? and improved the shape of the
x-ray focal spot to minimize the presence of a lower-temperature
solid in the x-ray scattering volume. The remaining tails of the
spatial x-ray distribution that may penetrate cooler regions of the
sample accounted for an estimated 10% of the total x-ray intensity.

A Nd:YLF laser operating at 1053 nm in TEMg; mode with a
focus spot size of ~40 pum at ambient conditions and somewhat
smaller in the DAC was used for double-sided heating of the iron
samples inside the DAC (Zhao et al., 2004b; Lin et al., 2004).
The system spectral response was calibrated using a standard
tungsten ribbon lamp with known radiance, and greybody tem-
peratures were determined by fitting the thermal radiation
spectrum between 670 nm and 830 nm to the Planck radiation
function (see Shen et al., 2001 for more details). It is important to
emphasize that temperatures have been measured at sector 3-ID-
B for compressed iron samples heated up to 1700 K by two
independent methods: spectral radiometry (Heinz and Jeanloz,
1987; Shen et al., 2001) and the temperature-dependent intensity
asymmetry of the nuclear resonant inelastic x-ray scattering
(NRIXS) spectra based on the detailed balance principle (Lin
et al., 2004; Shen et al., 2004; Zhao et al., 2004b; Sturhahn and
Jackson, 2007). The asymmetry of the NRIXS spectra, given by the
Boltzmann factor, is independent of the optical components of the
laser-heating system and sample properties. The results of this
procedure show that the temperature measured by the detailed
balance principle and values determined from thermal radiation
spectra are in very good agreement, resulting in an uncertainty of
+ 100 K (Zhao et al., 2004b; Lin et al., 2004; Ma et al., 2004).

Each melting run consisted of, first, aligning the x-ray and
laser-heating spot on the sample at an initial starting temperature
(T ~ 1500 K), followed by a computer-controlled sequence: the
laser power was ramped up incrementally and kept constant for 2
to 5 s with the shorter time duration used for higher pressures;
integrated SMS signal and ion chamber intensities were accumu-
lated and recorded; the temperature of the heating spot was
obtained by analysis of its light-emission spectrum. Two or three
temperature measurements were typically averaged and recorded
for each laser power level. A high-temperature run sometimes
ended by hole-burning and loss of delayed counts. In our
procedure, a hole was quantitatively demonstrated by an abrupt
change in the intensity data from the ion chambers and thus,
clearly distinct from melting. We performed measurements at
pre-heating pressures ranging from 12.5 to 70 GPa with a total
time for each melting run of typically less than 100 s.

For a successful melting run, the evaluation proceeded in the
following order: correct the measured integrated SMS signal for
electronic attenuation (this step is unnecessary if the ionization
chamber intensity was constant during the melting run); match the
observed trend in the delayed counts vs. laser power against the

silicon
high-resolution
monochromator

diamond
premonochromator

synchrotron
X-ray source

Fig. 1. Experimental set-up for SMS melting experiments at sector 3-ID-B of the APS. The 14.4 keV X-rays are monochromatized to bandwidths of an eV and 1 meV by a
high-heat-load diamond premonochromator (located in 3-ID-A) and a high-resolution silicon monochromator, respectively. The sample in the water-cooled diamond-anvil
cell (DAC) is positioned into the x-ray focus area. An IR laser and associated optics are located above the sample area (top-tier), with the exception of the upstream (MU)
and downstream (MD) mirrors and two objective lenses (not shown) (Zhao et al., 2004b). Clean-up slits (CS) are positioned proximal to MU, and the locations of the ion
chambers (IC) are shown. Delayed photons are collected by an avalanche photodiode detector (APD). The >’Fe sample in the DAC is 80 x 80 pm?.
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Fig. 2. Delayed counts (per 2 s) as a function of laser power at P3og k=50 + 2 GPa
and the determination of effective thickness provided the time integrated
transmission intensity. The right panel displays the calculated integrated SMS
signal according to Eq. (2). The delayed counts were corrected for electronic
attenuation (Eq. (2)). The blue line is a guide to the eye. Error bars are given by the
square-root of measured delayed counts, and the grey dashed lines indicate how
the uncertainties propagate. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

calculated functional shape from Egs. (2) and (3) to obtain the
scaling factor (horizontal dotted line in Fig. 2) and the map of
effective thickness vs. laser power; replace laser-power scale with
temperature scale. The results of the last two steps are illustrated in
Fig. 3, where t;=14.2ns, t,=129ns, and tz=153ns (see
Eq. (2)). Melting is indicated by a discontinuity in the effective
thickness as a function of laser power. The small, yet smooth
changes in x-ray intensity over the course of each successful melting
run (as observed in the ion chamber data) show that the disconti-
nuity is not due to any abrupt change in physical thickness of the
sample. After melting occurs, the effective thickness remains at an
approximately constant non-zero value with increasing laser power
(Fig. 3). This behavior is explained by tails of the spatial x-ray
distribution penetrating cooler regions of the sample. For example,
10% of the total x-ray intensity penetrating sample at about 2000 K
would produce a SMS signal equivalent to an effective thickness of
four which is comparable to the observed background level.

After the melting experiments were completed, the iron foils
were extracted from the DAC and analyzed for signatures of
chemical reactions. Using SEM and NanoSIMS instruments at
Caltech, we analyzed the recovered melted foils and a pristine
foil. We compared concentrations of C, Al, Cl, O, and K impurities,
and within the detection limits of each instrument, we found no
signature of a chemical reaction in the vicinity of the molten area.

3. Results
3.1. Melting points

The melting point of iron for each experimental run is deter-
mined to be the mean of the temperature bounds of the solid and
molten states. The error in each melting point is the root-mean-
square of the convolution of two probability distributions: (1) the
rectangle-shape of the bracketing range from which the mean is
determined and (2) the Gaussian-shape of the temperature uncer-
tainty ( + 100 K). It is known that most materials that are heated in
a DAC experience some thermal pressure, with the magnitude
varying by sample and its surrounding medium (e.g., Goncharov
et al,, 2010; Poirier, 2000). For materials with positive thermal
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Fig. 3. Emission temperature and effective thickness as a function of laser
power for the melting point determined at P=61+ 2 GPa (P3pp k=50 + 2 GPa).
The duration of this experimental run was ~ 50s. After melting occurs, the
effective thickness remains at an approximately constant non-zero value which is
explained by tails of the spatial x-ray distribution penetrating cooler regions of the
sample. The melting temperature is determined by the bounds of the observed
solid and molten states (green dashed lines, see text). Red lines are guides to the
eye. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

expansion, constant volume, the “rigid wall scenario”, produces
the maximum thermal pressure the material can experience at
elevated temperatures (we note this as Pyy,). Using our recently
determined values of Py, for iron obtained from its phonon
density of states to 151 GPa (Murphy et al., 2011b), we find that
Py at our highest compression point (P3gp x = 70 GPa) is 23.5 GPa
at Ty;=3025 K. The grey symbols in Fig. 4 show examples from our
results with and without consideration of Pgy). At similar PT
conditions, recent XRD experiments performed on heated platinum
metal in an argon medium showed that the actual thermal
pressure was only about half Py, (Goncharov et al, 2010). In
our experiments, we also expect that some thermal expansion
occurred in the heated iron sample (Komabayashi et al., 2009),
resulting in a thermal pressure correction smaller than Py,y,. We
use a similar DAC loading configuration as Goncharov et al. (2010),
KCI and iron instead of argon and platinum, and therefore we find
it reasonable to assume a similar thermal pressure correction and
assign corrections of half Py, to our reported melting points
(Table 1; red symbols in Figs. 4 and 5).

4. Discussion

4.1. Comparison with other studies

Our data define a different melting trend for compressed iron,
compared with several past experimental studies (Figs. 5 and 6).
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Fig. 4. Thermal pressure consideration for the melting points of iron determined
by synchrotron Mdossbauer spectroscopy (SMS). Two examples are shown here.
Squares have no thermal pressure consideration, diamonds reflect a constant
volume thermal pressure, Py, (Murphy et al., 2011b), and an arrow indicates
Py for the particular data point. Filled red circles: reported melting points
considering half Py, for the lowest and highest compression points (Table 1). See
text for more discussion.

Table 1
Pressure-temperature information for the melting points of iron determined
by synchrotron Mdssbauer spectroscopy.

P300 Tsotid Timetr Tm P

(GPa)? (K)° (K)° (K)° (GPa)*

12.5+0.5 2080 2340 2210+ 125 20+05
20+3 2200 2360 2280+110 28+3
28+3 2400 2600 2500+ 115 37+3
32+2 2270 2530 2400 + 125 40+2
40+3 2380 2740 2560 + 145 49+3
40+3 2570 2730 2650+ 110 50+3
50+2 2700 2980 2840+ 130 61+2
50+3 2750 2930 2840+ 115 61+3
70+5 2935 3115 3025 +115 82+5

2 Cold pressures (P3qq i) are those determined from ruby fluorescence.

b Measured temperatures of compressed iron for the last solid, Tsosiq, and first
melt, Trerr, Where the melting point, Ty, is determined to be the mean of these
measured values. Uncertainties in the measured temperatures are + 100 K.

¢ The pressures, P, are those that consider half Py, and are plotted as red
symbols in Figs. 4 and 5. See text for more details on PT determination and
associated uncertainties.

Considering the data around 60 GPa and lower, our melting points
fall in between and show some agreement with the shock data
for molten fcc-iron (Ahrens et al., 2002), studies based on XRD
that consider thermal pressure (Komabayashi et al., 2009;
Komabayashi and Fei, 2010), and visual observations that did
not consider thermal pressure (Boehler, 1986, 1993). The trend in
our melting data may be consistent with the melting point
reported by Ma et al. (2004) at 105 GPa and Ty =3510+ 115K
using XRD, however, thermal pressure was not considered in this
XRD study (Fig. 6). For P> 50 GPa, our melting points occur at
higher temperatures than those reported in Boehler (1986, 1993)
and Boehler et al. (2008). More specifically, our melting point at
our largest compression point is higher than most of these
aforementioned melting curves (Boehler, 1986, 1993; Shen
et al., 1998; Boehler et al.,, 2008; Komabayashi et al.,, 2009)
(Fig. 5).

The reason for these differences could originate in the criteria
for determining the melting point at high-pressures. In the

3500

3000
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1500
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@ Ty;: SMS (this study)
500

el b b e b b Y

0 20 40 60 80 100
pressure (GPa)

Fig. 5. Melting points of iron as a function of pressure determined from
synchrotron Mdssbauer spectroscopy (SMS: filled red circles, this study). Our
reported melting points consider half Py, (Table 1, see text). Literature phase
boundaries for iron are also shown. Lines are taken from experimentally reported
phase boundaries: «<«> ¢ (Huang et al., 1987), y«— ¢ (Strong et al,, 1973), y<«
(Bundy, 1965), é < liquid (Sterrett et al., 1965), y < ¢ (solid) (Komabayashi et al.,
2009), y<«¢€ (dotted, Boehler, 1986, 1993), y«<—c<«liquid (dash-dotted,
Komabayashi and Fei, 2010 using Komabayashi et al., 2009; Shen et al., 1998),
y €< liquid (dotted, Boehler, 1986, 1993; Liu and Bassett, 1975 up to 20 GPa),
and y < e« liquid triple point (black filled square, Boehler et al., 2008).

application of x-ray diffraction techniques to determine melting,
it is noted that the x-ray scattering process is non-resonant and
extremely fast, i.e., of the order of 107'° s, and atomic motions
become irrelevant. An x-ray diffraction pattern represents a series
of snapshots of atomic positions, clearly reflecting the spatial
order of the sample. In this situation, the disappearance of
features such as diffraction lines and the appearance of diffuse
scattering upon melting are caused by the loss of long-range order
not by a change in atomic mobility. However, such criteria have
been difficult to achieve and reproduce at high compressions due
to changes in absorption properties and recrystallization of the
sample (e.g., Boehler et al., 2008). The SMS method is in contrast
to the application of x-ray diffraction techniques to determine
melting. The spatial arrangement of the atoms such as crystalline
order is not relevant for the collapse of the SMS signal. The
disappearance of the SMS signal is strictly based on the dynamical
behavior of the atoms, and therefore should help place a tighter
constraint on the melting curve of compressed iron.

4.2. Melting of iron at higher-pressures

The Earth’s core consists of a solid inner region surrounded
by a liquid outer shell, suggesting that the temperature at the
ICB corresponds to the melting temperature of core material.
The melting point of iron at the ICB provides a tight constraint on
the upper bound of the temperature at that point, because studies
thus far indicate that all plausible outer core liquids coexist with
corresponding inner core alloy solids at or below melting the
point of pure iron (e.g., see Alfé et al., 2002a; Asanuma et al.,
2010; Terasaki et al., 2011, and references therein). Past estimates
of the melting temperature of iron at the ICB have ranged from
4900 (Boehler, 1993) to 7600 + 500 K (Bass et al., 1987; Williams
et al,, 1987), which does not permit effective constraints on heat
flow and phase relations in the deep Earth (Lay et al., 2008).
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Fig. 6. Phase diagram of iron from experimental studies. The melting points from
SMS are shown as red circles (this study). Squares note melting points from hcp-
iron as reported from XRD: green (Shen et al., 1998), cyan (Ma et al., 2004), and
black (Boehler et al., 2008) (P,;, was not considered in these reports). Diamonds
note melting points reported from shock-compression studies: brown (Brown and
McQueen, 1986), orange (Bass et al., 1987), violet (Ahrens et al., 2002), and
turquoise (Nguyen and Holmes, 2004). The grey dash-dot-dot curve represents
the melting curve based on hcp-iron’s atomic displacements (Murphy et al.,
2011b) (see text). Vertical arrows indicate the pressures of Earth’s core-mantle
(CMB) and inner-core outer-core (ICB) boundaries. Other lines have the same
meaning as referenced in Fig. 5. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

At the PT conditions of Earth’s core, iron is likely to crystallize
in the hcp structure (Tateno et al., 2010). As we use a method that
probes the dynamics of the iron atoms, our results may provide
new constraints on the melting curve of hcp-iron. Recently,
Boehler et al. (2008) suggested the fcc-hcp-liquid triple point to
be at P=70 GPa and Ty=2700+ 100 K from laser-heated DAC
experiments using XRD and the appearance of diffuse scattering
to identify melting. Komabayashi et al. (2009) investigated the
fcc—hep boundary from 21 to 69 GPa using XRD in a DAC with a
resistive internal-heating technique and reported the fcc-hcp-
liquid triple point to be at P=88 + 2 GPa and T,;=2800 + 200 K.
The highest compression point obtained in this study (82 + 5 GPa)
falls between the two triple points reported above in terms of
pressure. Therefore, it is not clear if the highest compression point
that we measured in this study represents melting of hcp- or fcc-
iron. Regardless, the trend in the melting of compressed iron that
we observe indicates that iron may have a higher melting point at
higher compressions, compared to past studies using diffraction
techniques or visual observations.

In an effort to constrain the melting temperature of iron at the
pressures of Earth’s core, the functional form of its melting curve
has been discussed and evaluated recently (Komabayashi and Fei,
2010; Murphy et al., 2011a, 2011b). Murphy et al. (2011b) reported
an empirical functional form, Ty = Tyo((Py—Pmo)/x+ 1), for hep-
iron’s melting curve based on combining nuclear resonant inelastic
X-ray scattering measurements of the mean-square displacement
of the iron atoms to 151 GPa, with thermal pressure and anhar-
monic effects taken into account (see Murphy et al,, 2011b for
more details). Taking a reference value for hcp-iron’s melting point
from Ma et al. (2004) (Tpo=3510+ 115 K for iron at 105 GPa, and
with full Pgyy), Prpo=133.6 GPa), Murphy et al. (2011b) found
x=158+35 and y=0.6+0.1, resulting in Ty=5700+ 150K at
the ICB pressure of 330 GPa (depth of 5150 km) (see Murphy
et al.,, 2011b, for more details) (Fig. 6). The uncertainty reported
here is the root-mean-square of the assumed error in the reference

melting temperature ( + 115 K) and melting curve shape ( + 100 K,
Murphy et al., 2011b). The predicted melting temperature of iron at
the ICB from this procedure is based on using an anchor point that
used different criteria for melting than the current study, while
assuming full thermal pressure was experienced by the hot iron
sample. Nevertheless, this particular melting curve is in good
agreement with the shock data of Nguyen and Holmes (2004),
but lower than the range reported by Brown and McQueen (1986)
and Bass et al. (1987) (Fig. 6). The ab initio melting curve based on
combining the free energy of hcp-iron (Alfe et al., 2001) with
theoretical liquid-state free energy predicts T,;=6350 + 600 K (Alfe
et al., 2002b). These values are loosely consistent with static
compression XRD experiments that report the presence of solid
hcp-iron at 377 + 10 GPa and 5700 + 250 K (Tateno et al., 2010).

5. Conclusions

We present a new method of detecting the solid-liquid phase
boundary of compressed iron by monitoring the dynamics of the
iron atoms using synchrotron Mdossbauer spectroscopy. Our
reported melting points for iron at low-pressures are in very
good agreement with past reports. However, our melting points
define a trend with pressure that is different from past studies.
In this study, we find Ty;=3025+ 115K for iron at 82 +5 GPa
(near the fcc-hcp-liquid triple point), which is significantly higher
than what has been reported based on XRD that considered
thermal pressure (Komabayashi and Fei, 2010), XRD without
thermal pressure consideration (Boehler et al., 2008), and visual
observations (Boehler, 1993). Differences could be explained by
the different melting criteria used, as discussed above. At higher
pressures than those sampled in this study, the trend in our
melting data may suggest higher melting temperatures for hcp-
iron, as reported in shock measurements (e.g., Nguyen and
Holmes, 2004), ab initio simulations (e.g., Alfé et al., 2002b), and
melting behavior based on the mean-square displacement of the
iron atoms (Murphy et al., 2011b).

The results of this study represent a significant step toward a
reliable melting curve of iron at Earth’s core conditions. Although
the Earth’s core is mainly composed of iron, the seismologically
inferred density requires the presence of light elements to
balance the density deficit. Experimental and theoretical investi-
gations suggest that light elements such as S, O, and Si alloyed
with iron could depress the melting point of pure iron by up to
~ 700K at the ICB (e.g., Alfé et al., 2002a; Terasaki et al., 2011).
Certainly, more experiments are required to fully constrain the
melting curve of hcp-iron and candidate alloys at core pressures
and temperatures. For other terrestrial planets possessing cores
with liquid portions rich in metallic iron, such as Mercury and
Mars, the higher melting temperatures we obtain for compressed
iron may imply warmer internal temperatures of these planets.
With iron being a dominant component of candidate alloys in
terrestrial cores and a main constituent in the mineralogy of most
mantles in terrestrial planets, this method should provide a
unique complement to existing methods for determining and
constraining the melting curves of such phases under high-
pressure conditions.
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