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Despite extensive shock wave and static compression experiments and corresponding theoretical work,
consensus on the crystal structure and the melt boundary of Fe at Earth’s core conditions is lacking. We
present in situ x-ray diffraction measurements in laser-shock compressed Fe that establish the stability of
the hexagonal-close-packed (hcp) structure along the Hugoniot through shock melting, which occurs
between ∼242 to ∼247 GPa. Using previously reported hcp Fe Hugoniot temperatures, the melt
temperature is estimated to be 5560(360) K at 242 GPa, consistent with several reported Fe melt curves.
Extrapolation of this value suggests ∼6400 K melt temperature at Earth’s inner core boundary pressure.
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Iron is the sixth most abundant element by mass in the
Milky Way and among the most common elements in
terrestrial planets. The solid inner core and outer molten
core of Earth are predominantly composed of Fe, which
plays a decisive role in several of Earth’s attributes [1–6].
For these reasons, iron has been extensively examined at
high P-T conditions for nearly seven decades. However, the
Fe melt curve remains poorly constrained [6] and the Fe
crystal structure beyond 200 GPa up to the melt boundary is
still not unambiguously determined [7].
Shock wave compression leads to concurrent high P-T

states and has, therefore, played an important role in
examining Fe under extreme thermodynamic conditions.
Evidence for a high-P Fe polymorph was first obtained
from shock wave experiments [8], which indicated a large
volume change at ∼13 GPa along the Hugoniot (locus of
P-V states achieved in shock compression). Subsequently,
x-ray diffraction (XRD) measurements under static com-
pression confirmed the high-pressure phase to be the
hexagonal-close-packed (hcp) structure [9]. Sound speed
measurements in shock compressed Fe to higher stresses
have given conflicting results: solid-solid phase transition
and melting at 200 and 243 GPa, respectively [10], or only
melting over an extended stress range of 225–260 GPa [11].
Analysis of Fe Hugoniot data also suggested a small
volume discontinuity near 200 GPa [12]. Optical pyrometry
measurements have also been used to determine the
temperature of shocked Fe giving widely varying results
[13–15]. In situ XRD studies in laser-shocked Fe have
demonstrated the hcp structure at tens of GPa [16–19] and
at two higher stresses (100 and 170 GPa), though with poor
signal-to-noise ratio [20]. Two x-ray absorption studies on
shocked Fe were interpreted to imply melting at ∼260 GPa
(XANES) [21] and a close-packed structure [e.g., hcp, face-
centered-cubic (fcc) or double-hcp (dhcp)] under multiple

shock compression to ∼560 GPa (EXAFS) [22]. The
EXAFS results have also been interpreted as being con-
sistent with the bcc structure [7].
Static compression studies have comprehensively inves-

tigated crystal structures and melting in several regions of
the P-T plane. Figure 1 summarizes the present under-
standing of the Fe phase diagram, based primarily on static
compression studies. Some of the recently reported Fe melt
curves under static compression [23,24] and shock
compression [15] are in general agreement. However,
other reported static compression Fe melt curves
are ∼700–1000 K lower [25,26] than the results in
Refs. [15,23,24], resulting in uncertainty in the Fe melt
temperature extrapolated to the inner core boundary (ICB)
pressure. In addition to the four well established Fe phases
(α, γ, δ, and ε), analysis of static compression measure-
ments has provided evidence for several other possible high
P-T Fe structures: dhcp [27–29], orthorhombic [30], fcc
[31], and bcc [32]. Based on theoretical calculations, the
bcc structure has been proposed as possibly being entropi-
cally stabilized near the Fe melt boundary [7,33,34], but
direct experimental evidence is lacking. Experimental
results from only two static compression, in situ XRD
studies have been reported for Fe near the melting temper-
ature beyond 200 GPa and both concluded that Fe has the
hcp structure [4,26]. However, the results from Ref. [4]
have also been argued to be consistent with the bcc
structure [35]. Furthermore, the maximum temperatures
reached in both studies [4,26] were well below the melting
curve reported in Ref. [23]; the lack of diffuse liquid x-ray
scattering data [4,26] raises the question whether the actual
melting curve was reached in these static compression
experiments. Because of the conflicting inferences and
findings summarized above, direct determination of the
crystal structure of Fe beyond 200 GPa for temperatures up
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to the melt boundary remains an important need and is the
focus of the present Letter.
Shock compression results in well-defined P-V states

along the Hugoniot without the spatial stress and temper-
ature gradients present in static high P-T studies; thus,
providing a complementary approach to examine the Fe
structure beyond 200 GPa through the melt boundary. We
present in situ XRD measurements in laser-shock com-
pressed Fe along the Hugoniot through melting. A clear
coexistence of hcp Fe diffraction peaks and a diffuse liquid
Fe scattering ring are observed from ∼242–247 GPa,
establishing the stability of the hcp Fe phase through shock
melting. Also, our results better constrain the shock melting
stress (∼225–260 GPa) reported previously [10,11,21] to a
narrow stress range ∼5 GPa. Knowledge of the Fe structure
at the shock melting onset stress (242 GPa) and theoreti-
cally calculated hcp Fe Hugoniot temperatures [36–38]
provide an anchor point on the hcp-liquid Fe melt
boundary.
The experimental configuration used for the present in situ

XRD measurements to examine phase transformations in

laser-shocked Fe is shown in Fig. 2. Eleven experiments
were performed at the Dynamic Compression Sector (DCS),
located at the Advanced Photon Source, using the DCS 100 J
laser as the driver [39]. The targets consisted of a 15-μm
thick pure Fe foil sandwiched between a 50-μm thick
aluminized Kapton ablator and a ∼1-mm thick LiF(100)
window. Either a 5-ns duration or a 10-ns duration 500-μm
diameter drive laser pulse ablated the Kapton [39] generating
a shock wave which propagated through the target. Shock
stress was varied by adjusting the drive laser duration and/or
using beam splitters to reduce the energy on target. The
particle velocity histories at the Fe=LiF interface, recorded
using a velocity interferometer [40], are shown in Fig. S1 of
the Supplemental Material (SM) [41]. Shock stresses in the
Fe were determined from the measured Fe=LiF interface
velocities using impedance matching [41].
Single pulse (∼100-ps duration) XRD measurements

were performed using ∼23.56 keV x rays (see Fig. S2
[41]). The x-ray measurements were performed while the
shock wave was propagating through the Fe, with at least
86% of the Fe in the shocked state; the fraction of Fe
remaining unshocked during the XRD measurement was
determined by the intensity of the ambient ð110Þbcc peak
recorded during the shock experiment [41]. Thus, the XRD
measurements correspond to diffraction from shocked Fe
superposed with a small contribution of diffraction from
ambient Fe. More details regarding the experiments are
provided in the SM [41].
Figure 2 shows representative XRD patterns recorded for

ambient and two shock stresses; Fig. S3 shows XRD

FIG. 1. Phase diagram of iron based on selected past work.
Solid colored lines are phase boundaries reported from static
compression work: green [25]; dark red [23] with dashed line an
extrapolation; pink [24]; blue [26]. The dark yellow dashed line is
a reported melt boundary based on a fit to shock compressed Fe
pyrometry temperature measurements [15]. Four well established
phases are shown: α (bcc); γ (fcc); δ (bcc); ε (hcp). Black lines
and symbols represent other reported high P-T Fe structures:
dhcp (vertical solid line [27,28]) and horizontal dash-dotted line
[29]); orthorhombic (dashed rectangle and crosshair [30]); fcc
(cross [31]) which has also been interpreted as bcc [32]. Reported
phase transformations inferred from sound speed measurements
in shocked Fe are shown by red symbols [10,11]. Vertical dashed
line at 330 GPa represents the inner core boundary pressure
of Earth.

FIG. 2. (a) Experimental configuration for in situ XRD and
continuum measurements in laser-shocked Fe. (b)–(d) Represen-
tative single-pulse XRD patterns. Bright localized spots in the
XRD patterns are from the LiF single crystal window.
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patterns for all experiments [41]. The diffraction patterns
shown in Fig. 2 represent distinct structural states. At
213 GPa, the Fe diffraction pattern shows a new set of
diffraction rings—in contrast to the ambient diffraction
pattern—demonstrating a structural transformation. At
273 GPa, sharp diffraction features are absent indicating
the molten state of Fe.
The XRD patterns were integrated azimuthally after

masking the LiF diffraction spots [41] and representative
XRD line profiles at several shock stresses are shown in
Fig. 3. To extract structural information for the shock
compressed Fe, the measured line profiles are compared
with simulated line profiles for various candidate struc-
tures. Simulated line profiles incorporate the experimental
geometry, the spectral flux shape, and x-ray absorption in
the target. More details regarding XRD line profile sim-
ulations and comparisons with the measured line profiles
are provided in Sec. S4 of the SM [41]. The XRD data were
also analyzed to determine anisotropic strains due to
material strength in the shocked state. We obtained an
upper bound for lattice strain anisotropies of ∼1% (see SM
Sec. S5 [41]), in marked contrast to Ref. [22] where large
strengths were indirectly concluded for laser-shocked Fe.
The line profiles for Fe shock compressed to 144–

242 GPa—prior to the onset of melting—are fully con-
sistent with the hcp structure. The hcp a and c lattice
parameters for shocked Fe were determined by fitting hcp
Fe line profile simulations to the first three shocked Fe
diffraction peaks (see Fig. S5 [41]); higher scattering angle

diffraction peaks were not included since they had much
lower intensities. Simulated line profiles using the best fit
hcp lattice parameters are compared with the measured line
profiles for several representative experiments in Fig. 3;
excellent agreement with the measured line profiles is
observed over the full scattering angle range. The relative
textures of the ambient bcc Fe and shocked hcp Fe are also
consistent with the orientation relations reported for Fe
shocked along [100] at much lower shock stresses [16] (see
SM Sec. S6 [41]). Based on the broadening required to
match the measured peak widths and the Scherrer equation
[48], a lower bound for the coherently diffracting domain
size (CDDS) of the hcp Fe is ∼6–7 mm for experiments
from 144–242 GPa. These values are similar to the CDDS
(2–15 nm) reported for hcp Fe in laser-shock experiments
with peak stress below 20 GPa [17].
Our measured XRD line profiles for laser-shocked Fe are

very different from those expected for fcc or bcc phases
(see Figs. S9 and S10) ruling out these crystal structures.
Furthermore, for the dhcp and orthorhombic structures
several predicted peaks are not observed or are at the wrong
scattering angle, also ruling out these two structures. These
findings, along with the excellent match between simulated
hcp Fe line profiles and measured line profiles, prove that
shocked Fe remains hcp to 242 GPa and rules out the
purported solid-solid phase transformation at 200 GPa [10].
Between 242–247 GPa, significant changes in the XRD

patterns occur when compared to the patterns at lower
stresses. We note that fitting the measured line profiles to a
pure hcp structure results in good fits, but with a large
increase in the amount of line broadening compared to
experiments at lower stresses (see Figs. S5 and S6). Visual
inspection of the XRD patterns in Fig. S11 shows the
emergence of a smooth broad diffraction ring above
242 GPa. We also note that the shock stress variation with
increasing laser energy shows a plateau over this stress
region (see Fig. S12); such a plateau is expected while the
Hugoniot follows the melt boundary due to the latent heat
of melting. Based on these observations, we conclude that
the observed increase in the width of the hcp diffraction
peaks (see Fig. S6) for the 242.4–246.5 GPa experiments is
due to a broad liquid scattering ring superposed on the first
three hcp peaks—due to partial melting of the shocked Fe.
To determine the hcp lattice parameters in this mixed phase
region, the measured line profiles were fit to a superposition
of simulated crystalline Fe diffraction peaks (including the
first three hcp peaks) and a line profile corresponding to
liquid Fe scattering (see SM Sec. S4 [41]). The resulting fits
are shown in Fig. S5. Using the best fit hcp Fe lattice
parameters in the simulations superposed with the liquid Fe
scattering line profile resulted in excellent agreement
between measured and simulated line profiles in the mixed
phase region over the entire scattering angle range; a
representative example (246.5 GPa peak stress) is shown
in Fig. 3.

FIG. 3. Representative Fe XRD line profiles. Solid lines are
measured and red dashed lines are best fit simulations. Ambient
bcc peaks are observed in some of the shocked Fe profiles due to
a small thickness of the Fe sample remaining unshocked during
the XRD measurement.
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The Fe specific volume V was calculated from the best fit
hcp a and c lattice parameters. Shock stress vs V=V0 is
plotted in Fig. 4(a); V0 is the ambient specific volume of

bcc Fe. The XRD volumes determined from our work are in
excellent agreement with previous densities for shocked Fe
determined using continuum shock wave measurements
[42]. However, we note that the hcp XRD volumes in the
mixed phase region are at slightly lower values than those
obtained from the continuum Hugoniot [42]; this observa-
tion is consistent with the liquid Fe having a larger volume
than the hcp Fe as required due to the positive melting
Clapeyron slope for Fe. The hcp iron c=a ratios determined
from our XRD analysis are nearly independent of the
shock stress, with values ranging from 1.619–1.627 (see
Table S1).
Our in situ XRD measurements indicate a narrow stress

range for shock melting: 242(3)–247(3) GPa. Estimates of
the volume fractions of liquid iron vs shock stress using
several approaches are shown in Fig. S13 [41]. The narrow
stress range observed for shock melting in our work greatly
constrains the shock melting stress of Fe relative to past
experimental work [10,11,21]. Having established that
shock-induced melting of Fe occurs from the hcp phase
with an onset stress of ∼242ð3Þ GPa, we used theoretical
calculations for the P-T states along the Hugoniot of hcp Fe
to determine the temperature corresponding to shock
melting onset. This approach is expected to be more
accurate than the calculated theoretical melt boundary
curves based on Gibbs free energies because of the
following reason. The temperature dependent energies of
hcp Fe and liquid Fe cross with shallow slopes at a fixed
pressure making the calculated melting temperatures quite
sensitive to small errors in the calculated energies [50,51];
calculated theoretical melt curves for Fe differ by ∼1000 K
[50,54]. In contrast, three independent theoretical hcp Fe
Hugoniot calculations predict similar temperatures as
shown in Fig. 4(b); these results are also consistent with
other Hugioniot temperature calculations and recent Fe
Hugoniot temperature measurements as shown in Fig. S15
[41]. For shock stresses between 239–245 GPa, the
calculated hcp Fe Hugoniot temperature is 5560(360) K
[36–38] and our resulting Fe melt boundary point
(242 GPa, 5560 K) is denoted by the red star in Fig. 4(b).
We compare our melt boundary point with existing

theoretical [50,54] and experimental Fe melt curves [23–
26] and pyrometry temperature results in shocked Fe [13–
15] (see Fig. S16 [41]). Our result strongly supports the
melt curves reported by Anzellini et al. [23] and Alfe et al.
[50] and shows significant disagreement with the
lower temperature melt curves from Refs. [25,26,54].
Our result is also consistent with recent pyrometry temper-
ature measurements [15] but is significantly lower than
early pyrometry measurements [13,14].
All existing estimates of the Fe melting temperature at

the ICB pressure, from experiments, are based on extra-
polations. We note that the theoretical Fe melt curve [50]
passing through our melt boundary point has a very similar
slope to the experimental melt curve reported by Anzellini

FIG. 4. (a) Stress-volume for shock-compressed Fe. Red sym-
bols (present work) are XRD densities for Fe shock compressed to
the hcp phase. Blue symbols are hcp Fe densities (present work)
for Fe shock compressed into an hcp-liquid mixed phase (above
242 GPa). Line is from analysis of continuum Fe Hugoniot data
[42]. Black triangles are lower stress continuum results [49].
(b) Iron phase diagram. Green squares are present results for hcp
(ε) iron up to the onset of shock melting at ∼242 GPa (red star);
temperatures are the average of the minimum and maximum
calculated hcp Fe Hugoniot temperatures (two black lines and gray
band) in Refs. [36–38] with uncertainties encompassing the
maximum and minimum calculated temperatures. The green band
is from the theoretical Fe melt curve [50] that passes closest to our
melt boundary data point and the black symbols are theoretical Fe
melt temperatures near the inner-core boundary (ICB) pressure:
circle [51]; diamond [52]; triangle [53].
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et al. [23] above 150 GPa (see Fig. S16). Thus, the
theoretical melt curve from Ref. [50] shown in Fig. 4(b)
provides a useful approach to extrapolate the Fe melt
temperature from 242 to 330 GPa. This results in a
∼6400 K melt temperature for pure Fe at 330 GPa, the
pressure at the Earth’s inner core boundary. This tempera-
ture is close to several ab initio iron melting temperature
calculations [51–53] near 330 GPa [see Fig. 4(b)].
Using synchrotron-based XRD measurements in well-

characterized shock compression experiments, the crystal
structure and the melting transition of Fe were examined at
extreme P-T conditions. High quality XRD data were
obtained in the solid phase, solid-liquid phase, and upon
complete melting. The present work has established the
stability of the hcp phase up to the onset of melting at
242 GPa. The mixed phase region, with clear hcp-liquid Fe
coexistence, was observed over a narrow stress range
∼5 GPa. These two findings are in marked contrast to
conclusions from earlier shock experiments—that utilized
sound speed measurements—regarding a solid-solid tran-
sition at 200 GPa [10] and the occurrence of melting over a
broad stress range ∼35 GPa [11]. Thus, the interpretation
of sound speed measurements to infer material response
regarding shock-induced phase transition, including melt-
ing, may require further examination. Our results also
suggest that the Fe melt temperature at the inner core
boundary pressure is significantly higher than the values
inferred from several static pressure studies [25,26], but is
in good agreement with other static compression results
[23] and several theoretical Fe melt temperatures [51–53].
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