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Studying the properties and phase diagram of iron at high-pressure and high-temperature conditions has
relevant implications for Earth’s inner structure and dynamics and the temperature of the inner core
boundary (ICB) at 330 GPa. Also, a hexagonal-closed packed to body-centered cubic (bcc) phase transition
has been predicted by many theoretical works but observed only in a few experiments. The recent coupling
of high-power laser with advanced x-ray sources from synchrotrons allows for novel approaches to address
these issues. Here, we present a study on shock compressed iron up to 270 GPa and 5800 K probed by
single-pulse (100 ps FWHM) x-ray absorption spectroscopy (XAS). Based on the analysis of the XAS
spectra, we provide structural identification and bulk temperature measurements along the Hugoniot up to
the melting. These results rule out the predicted transition to a high-temperature bec phase and allow one to
discriminate among existing equations of state models and melting curves. In particular, we report the first
bulk temperature measurement in shock compressed iron on the melting plateau at 240(20) GPa and 5345
(600) K. The melting curve resulting from our work extrapolates to a temperature of 6202(514) K at

330 GPa and represents a refined upper bound for the ICB temperature.

DOI: 10.1103/PhysRevLett.133.254101

Iron is the primary component of Earth’s and other
terrestrial planets’ cores. Its high-pressure properties and
phase diagram are closely related to Earth’s inner structure
and dynamics [1]. Although Fe is alloyed with nickel and
light elements in the core, the melting temperature of pure
Fe provides an upper limit on the temperature at the
boundary between the molten outer and solid inner core at
330 GPa. The crystallization of the inner core drives
convection in the outer core, generating Earth’s magnetic
field. Iron’s phase diagram has been extensively studied
through static and dynamic compression [2-11]. At
ambient temperature, Fe transforms from a body-centered
cubic (bce) structure to a hexagonal close-packed (hcp)
structure at 13 GPa [12-14]. Below 100 GPa, Fe adopts a
face-centered cubic structure before melting. The melting
curve from static compression has been largely debated,
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but recent studies support a high-temperature melting
curve of Fe, consistent with simulations and shock experi-
ments [9,11,15-21]. Uncertainties remain regarding the
melting temperature at core conditions (above 200 GPa).
Some theoretical and experimental studies predict a high-
temperature bce phase [3,22-25], although many confirm
the hcp phase at these conditions [6,9,11,18,26]. Above
200 GPa, most data come from shock and dynamic
compression studies using plate impacts [19-21] and laser
drivers [6—11]. Velocimetry-based hydrodynamic measure-
ments have determined Fe’s Hugoniot and indicated
changes in sound speed at 200-260 GPa, typically
interpreted as melting [27,28], though a solid-solid phase
transition has also been suggested [27,29]. Recent
advances in x-ray sources coupled with high-power lasers
have enabled in situ bulk measurements under dynamic
compression [30-34], providing insights into shocked Fe’s
structure. X-ray diffraction (XRD) studies show hcp iron
persists alone up to 242 GPa [8-11], coexisting with
molten Fe between 242 and 247 GPa [9]. Beyond this,
only molten Fe exists on the Hugoniot [9]. Although some
pyrometry measurements have been performed [19-21],
temperature is generally not directly measured in these

Published by the American Physical Society
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experiments due to the low emissivity of Fe. Instead, it is
typically inferred from thermodynamic calculations. Existing
pyrometry studies have measured the thermal emission of
shocked Fe at interfaces with various transparent crystalline
windows (e.g., Al,Os, diamond, or LiF). However, these
measurements depend on a thermal conduction model
between the shocked Fe and the shocked window, leading
to estimated errors of 10%—20% in the derived tempera-
ture [20]. Beyond providing information on the electronic and
local atomic structure around absorber atoms, x-ray absorp-
tion spectroscopy (XAS) holds significant potential as a bulk
temperature probe. The temperature (7°) can be derived from
the extended x-ray absorption fine structure (EXAFS) signal,
where the oscillations are dampened by the Debye-Waller
factor [35]. This approach has been employed at the OMEGA
and National Ignition Facility laser facilities using a laser-
induced x-ray source to study dynamically driven iron [36]
and copper [37]. Additionally, single-pulse synchrotron XAS
measurements of laser-shocked platinum and iron have been
performed at advanced photon source dynamic compression
sector [38] and ESRF [6]. Ping er al. [36] extracted bulk
temperatures for shocked Fe at pressures below 150 GPa and
for multishocked Fe up to 560 GPa in the hcp phase, although
they did not reach the melting line. Torchio et al. [6] identified
a melting signature in the XAS signal at an estimated shock
pressure of 270 GPa but could determine temperatures for hcp
Fe only up to 80 GPa. As a result, the melting temperature of
shocked iron remains undetermined with this method.

In this study, we present single-pulse (100 ps) synchrotron
K-edge XAS measurements of laser-driven shocked Fe at
pressures ranging from 100(15) to 270(18) GPa. Our XAS
data reveal that shocked Fe retains an hcp structure up
to the melting line, with no evidence of a high-temperature
bce phase, consistent with recent XRD results [9,18].
Additionally, analysis of the EXAFS data provides bulk
temperature measurements of shocked Fe along its solid
Hugoniot up to the melting line, indicating a melting temper-
ature of 5345(600) K at 240(20) GPa. These temperature
measurements align with theoretical predictions [39,40] and
extrapolations of high-temperature melting curves from static
compression studies [2], providing important experimental
constraints on the melting curve of Fe above 200 GPa.

The experiment was conducted at the European
Synchrotron Radiation Facility (Grenoble, France) on the
High Power Laser Facility (HPLF) at the ID24-ED beam
line [33]. A schematic of the experimental setup is shown in
Fig. 1. We used the HPLF drive laser to shock-compress
multilayered targets consisting of a 25-pm-thick parylene-
N ablator and a 3.5-pm-thick Fe sample deposited on an 80-
or 100-pm-thick diamond window. A thin Al coating was
applied to the laser side of the ablator to enhance laser-
matter coupling. The ablation was achieved by focusing
10 ns flattop pulses at a wavelength of 1053 nm onto
250-100 pm diameter focal spots with hybrid phase plates.
The drive laser energy was varied to probe the Hugoniot of

H Al Fe
HPLF drive (1005 nm) (3.5 pm)

Diamond
(80-100 pm)

J

10 ns

/\ / —>

100 ps k
Ablation
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FIG. 1. Scheme of the experimental setup. The HPLF laser
which drives the shock and the ESRF-Extremely Brilliant Source
broadband x rays are focused on the target with +15° angle
relative to the normal of the target plane. The XAS absorbance
spectrum pL is obtained by collecting the intensity of a single
x-ray pulse transmitted through the sample during the shock
[/;(E)] and by normalizing it to a reference intensity profile
without sample [I,(E)].

to XAS

| === XH detector

r ;- to VISAR

Shock front

Fe across the pressure range of 100(15)-270(18) GPa. A
line-imaging velocity interferometer system for any reflec-
tor (VISAR) operating at 532 nm was employed to measure
shock timings as it entered and exited the diamond window,
as well as the diamond’s free surface velocity. These data
were used to determine pressure values in the Fe layer via
ESTHER hydrodynamic simulations [41] (detailed in
Supplemental Material [42]).

Time-resolved single-bunch XAS was performed at the
Fe K edge (7.112 keV) using an energy-dispersive setup in
the 16-bunch timing mode of the ESRF. The ID24-ED pink
x-ray beam was dispersed and focused onto the sample to a
6 pm x 6 pm spot using an elliptically bent Si(111) crystal
(polychromator) [33]. The beam then diverged and was
captured by a 1D position-sensitive detector (XH) [49],
enabling collection of a full XAS spectrum in a single
100 ps x-ray pulse synchronized with the shock, with an
energy resolution of 1 eV. The delay between the drive laser
and the x-ray single bunch was precisely tuned to capture
the fully shocked Fe when the shock reached the Fe-
diamond interface. Potential target preheating by x-rays
from the coronal plasma was ruled out by verifying the
XAS spectrum at early times, before the shock wave had
reached the Fe layer (see Supplemental Material [42]).

Figure 2(a) shows the normalized Fe K-edge XAS
spectra collected at increasing pressure and temperature
conditions along the Hugoniot curve. The black-colored
spectrum of unshocked Fe corresponds to the ambient
bce phase. For the shock-driven spectra, the pressure in Fe
was derived using an experimental-theoretical approach
where the 1D-hydrodynamic ESTHER simulations [41] were
combined with the experimental travel times from VISAR
and laser pulse shape (see Supplemental Material [42]).
The high data quality allows to detect fine changes in both
the x-ray absorption near edge structure (XANES) and
EXAFS regions. These changes are related to structural
transitions (XANES and EXAFS modification), lattice
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FIG. 2. Top left: normalized single-pulse K-edge XAS spectra
of iron collected under laser-driven shock compression along the
Hugoniot curve. The spectra are vertically shifted and ordered for
increasing pressure and temperature for a better visualization.
The ambient spectrum is the average of ten acquisitions, whereas
the spectra at shocked conditions are single bunch acquisitions
(100 ps). The error propagation on the P-T conditions is
described in Supplemental Material [42]. Top right: simulated
K-edge XAS spectra of iron at the similar conditions of pressure
and temperature done with FEFF 10 code and combined
with density-functional theory—molecular dynamics (DFT-MD)
Vienna ab initio simulation (VASP) package code for the liquid
(green) and the solid hep (dotted green) at 260 GPa and 5600 K.
The dotted spectrum at 240 GPa simulates the bce phase instead
of hep at the same conditions. Bottom: XANES region of the
spectra at the two highest pressure experimental points (left) and
simulated ones (right).

compression (EXAFS oscillations shifted to higher energy),
and thermal disorder (broadening of EXAFS oscillations).

XAS spectra at 100(15) and 140(18) GPa have char-
acteristic fingerprints of hcp Fe. This is confirmed by
comparison with static compression data [50] and by
simulations of XAS spectra from Fe hcp structure using
FEFF10 software [43,44,51] [Fig. 2(b) and see Supplemental
Material [42]]. The spectrum at 240(20) GPa is also
compatible with the hcp structure, but it shows partial
flattening of the postedge at about 7130 eV. In the
spectrum at 270(18) GPa, the edge shape also flattens
and EXAFS oscillations are lost, see bottom panels in
Fig. 2. These changes have been previously identified
with occurrence of melting in laser-heated DAC experi-
ments [5,45,52] in milder conditions (around 100 GPa).

Taking advantage of EXAFS sensitivity to thermal
disorder, we extracted the temperature from the fit of the

EXAFS signal y performed with the ARTEMIS package [46].
In the harmonic approximation, the EXAFS equation for
polycrystalline samples reads [53]

fi(k)
kR?

x(k) =S¥ N, Sin[2kR; + 5;(k)]e~2Ri/4i(k) g=2k%e]

(1)

where k is the photoelectron wave number and S} is an
amplitude reduction factor that takes into account the
relaxation of the absorbing atom due to the presence of
a core hole. Here, i, N;, f;(k), 5;(k), and A;(k) represent the
scattering path index, path degeneracy, effective scattering
amplitude, phase shift, and inelastic mean free path,
respectively. For a given structure, these parameters are
calculated by FEFF, while the half-path lengths (R;) and the
mean-squared relative displacements (o;) are fitted [53].
The term ¢~2¥% is the Debye-Waller factor and acts as a
dampening term for the EXAFS oscillations. We first
performed the EXAFS fit of unshocked bec spectrum in
order to fix the amplitude reduction factor S3. Then, we
performed the EXAFS fits of all shocked spectra up to 240
(20) GPa considering a hcp structure and determined the
temperature from the mean-squared relative displacements
using the correlated Debye and the correlated Einstein
models. We chose to show the result from the Debye model
as the fit quality was better, but we included an error that
was covering also the result obtained from applying the
Einstein model (Supplemental Material [42]). Debye tem-
peratures T, were taken from Sharma [47], and the details
of the fits are reported in Supplemental Material [42]. We
checked for the anharmonic contribution to the temperature
as anharmonic effects can start to play a non-negligible role
at T/Tp > 5 [36]. The anharmonic correction given by the
third-order coefficient of the Taylor expansion for the
Debye-Waller factor was considered for the highest-pres-
sure highest-temperature spectrum we analyzed at 240
(20) GPa and found to be negligible within the temperature
uncertainty. The temperatures obtained with this approach
are provided in Fig. 3 and in Supplemental Material [42].
The two lowest pressures 100(15) and 140(18) GPa lie
within the solid region of the phase diagram with temper-
ature of 2006(244) and 3320(490) K, respectively. At these
conditions, existing experimental Hugoniot data and mod-
els are all in line, and our measurements confirm this trend.
At higher pressures, though, the models significantly
diverge, predicting different melting temperatures. Our
results at 240(20) and 270(18) GPa are key to discriminate
between these models. The comparison with FEFF simu-
lations at the measured conditions (Fig. 2, bottom panels)
indicate that these two spectra are compatible with onset
and predominant melting. Indeed, the XAS spectrum
acquired at 240(20) GPa is similar to a solid hcp phase,
but the postedge feature around 7130 eV is flatter and closer
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FIG. 3. Phase diagram of iron at high pressure and high
temperature. The black dots show the conditions investigated in
this study, with the white-edge dot corresponding to our shot on
the melting plateau. The black solid line represents the Simon-
Glatzel fit of Anzellini et al. [2] data together with our melting
point at 240(20) GPa, and the corresponding 1o error is shown
by the gray area. fcc phase boundaries are shown by the
black dotted line [2]. The black dashed line indicates the ICB
pressure at 330 GPa. The dashed red and the dot-dashed red
curves correspond to the Bushman-Lomonosov-Fortov [60] and
SESAME2150 [29] Hugoniot curves, respectively. The dotted
red line marks the ab initio Hugoniot of Bouchet er al. [17].
The recent Hugoniot curves proposed by Benedict et al.
and Wu et al. [15,16] are illustrated in pink and red solid
lines, respectively. Blue and green markers show results from
gas-gun [19-21] and static compression data [54,61,62] experi-
ments, respectively. Pink stars show EXAFS single shock
compression data from [36]. The orange band indicates the
pressure extent of the melting plateau along the Hugoniot
reported by [9,18]. The temperature of our highest pressure data
point could not be determined by EXAFS and was estimated
from Benedict er al. [15] EOS.

to a liquid shape. The XAS spectrum at 270(18) GPa shows
an important flattening of the edge slope and dampening of
the EXAFS oscillations as expected for a liquid phase.
These observations are in very good agreement with recent
laser-driven shock-compression experiments coupled to
in situ XRD, where the melting plateau has been observed
between 241.5(3) and 258(8) GPa [9,18]. The EXAFS
analysis of the shot at 240(20) GPa provides the first bulk
temperature determination on the melting plateau of 5345
(600) K. This melting point is in agreement with the
extrapolation of lower pressure melting data from static
compression experiments from Ref. [2] and from ramp-
compression experiments where the temperature was esti-
mated based on thermodynamic calculations [11]. It is
worth noting that our data disagree with the lower temper-
ature melting curve of Sinmyo, Hirose, and Ohishi obtained
from static compression and internal resistive heating [54].
According to this study, we should already have reached
the melting plateau at 140(18) GPa, which we did not. In
addition, our data validate the equation of state model of
Benedict et al. and Wu et al. [15,16], which was then used
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FIG. 4. k?>-weighted EXAFS oscillations of Fe K edge. Solid
lines correspond to experimental data, while the dotted lines refer
to the theoretical curves. (a) Shows the experimental data at
240 GPa together with the EXAFS fit using a bcc cluster of atoms
for a CN fixed to 8 (lower curve) and for a coordination number
left free (upper curve). (b) Shows the same experimental data fit
using a hcep cluster of atoms with the coordination number fixed
at 12 (lower curve), characteristic of the first shell of an hcp
structure and then left free (upper curve).

to estimate the temperature corresponding to our shot at
270(18) GPa at 5800 K [Figs. 2(a) and 3]. To further anchor
the melting curve of hcp iron, we used the Simon-Glatzel
semiempirical law to extrapolate the melting temperature at
330 GPa, the pressure of the Earth inner core boundary
(ICB). We fitted the equation to a dataset composed of the
XRD data from static compression studies [2] covering the
pressure range below 160 GPa—where melting was
observed—together with our point at 240(20) GPa (black
dot with white edge in Fig. 3). More information on the fit
is provided in Supplemental Material [42]. We obtain a
melting temperature of 6202(514) K at 1o uncertainty for
pure Fe at the ICB pressure. This represents an upper bound
for the temperature at the ICB, since the outer core includes
light elements that are likely decreasing the melting
temperature [55]. Last, our data exclude the presence of
a hcp-bee transition before melting, which has been
predicted by several theoretical studies [22,24,56-59] but
supported by only a few experimental observations [3,25].
In Fig. 2(b), a simulated bcc spectrum at 240 GPa and
5345 K is shown (dotted curve) and compared with a
simulated hcp spectrum at similar conditions. The dotted
curve was produced using a bce cluster of atoms in the
compressed and hot state modeled with FEFF. Qualitatively,
the experimental spectrum is better reproduced by the hcp
structure, and the simulated bcc spectrum shows smaller
and shifted oscillations in the EXAFS region compared to
the measurement. Moreover, we demonstrate the bec phase
cannot be used to obtain a consistent fit to the EXAFS.
Figure 4(a) shows two fits of the EXAFS measured at 240
(20) GPa, both considering a bcc structure, but one with the
coordination number (CN) fixed at 8 (eight atoms degen-
eracy in the first coordination shell) as expected for a bcc
structure (bottom) and another one where the CN was a free
parameter of the fit (top). Fixing the CN does not result in a
good fit, and, when let free, CN converges to 19.8(1.6),
which is inconsistent with the expected value of 8.
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In contrast, when applying the same procedure with a hcp
structure, we obtain two equally good fits and the free CN
converges toward 11.8(1.1), close to the expected value of
12. Again, these results confirm recent XRD measurements
showing only the hcp phase is observed under shock up to
melting [9,18].

In conclusion, we present single-pulse (=100 ps) K-edge
XAS data on laser-driven shock compressed iron up to
shock melting at 270 (18) GPa and 5800 K. First, we rule
out the formation of a high-temperature bcc phase before
melting along the Hugoniot around 240 GPa. Then, we
constrain further the extension of the melting plateau by
observing the onset melting and molten iron, respectively,
at 240(20) and 270(18) GPa, showing that the recent
multiphase equation of states in Refs. [15,16] are the most
accurate, while the equation of state (EOS) in Ref. [17]
overestimates the extension of melting plateau. Most
importantly, we report the first bulk temperature measure-
ment on the melting plateau at 240(20) GPa and 5345
(600) K, which unambiguously confirms the extrapolation
of the high-temperature melting measurements in Ref. [2].
Considering the Anzellini et al. dataset and our melting
point, we provide a new melting line of hcp Fe which gives
anew upper bound for the ICB temperature of 6202(514) K
at 330 GPa.
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