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The crystallographic structure of iron under extreme conditions is a key benchmark for state-of-the-art exper-
imental and computational methods. Moreover, it plays a crucial role in our understanding of planetary cores, as
it strongly influences the interpretation of observational data and, consequently, our knowledge of their internal
structure and dynamics. However, even the crystal structure of pure solid iron under Earth’s core conditions
remains uncertain, with the commonly expected hexagonal close-packed phase being energetically competitive
with several cubic structures. In this study, iron was compressed in a diamond anvil cell to pressures exceeding
200 GPa and dynamically probed near its melting point using MHz-frequency x-ray pulses from the European
X-ray Free-Electron Laser. In the pressure range between 120 and 160 GPa, the high temporal resolution of
the structural snapshots at elevated temperatures revealed the face-centered cubic phase, extending its observed
stability to higher pressures than previously reported. Brief appearances of intermediate or disordered phases,
including body-centered cubic (bcc) and stacking-faulted structures, were also observed. Above 230 GPa, new
diffraction reflections emerged at high temperatures and are interpreted as evidence for the nucleation of a
previously unreported phase, which subsequently evolved into a powderlike diffraction pattern characteristic
of the bcc structure. The unprecedented time resolution of the structural data acquired during rapid heating
and cooling cycles provides insights into the kinetics and mechanisms of phase transformations in iron at these
extreme pressures.
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I. INTRODUCTION

Observations of elastic anisotropy in Earth’s inner core
have motivated numerous investigations into the phase di-
agram of iron at these conditions—330 to 360 GPa and
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exceeding 5000 K—using a variety of experimental [1–10]
and ab initio techniques [11–19]. At the heart of this
question is whether or not crystalline phases other than
hexagonal close-packed (hcp) iron are stable at inner core
conditions.

Theoretical studies indicate that the Gibbs free energies of
the various high-pressure polymorphs of iron are very similar
at core conditions. The hcp structure is unambiguously the
stable phase of iron at moderate temperatures above 13 GPa
[11]; however, face-centered cubic (fcc) and body-centered
cubic (bcc) structures have been proposed to become energet-
ically competitive with the hcp structure at temperatures close
to the melting point of iron at inner core pressures [12–19].
The need for large simulation sizes presents a challenge, as
the mechanical stability of bcc iron is highly dependent on
these conditions. Self-diffusion, characterized by collective
atomic motion, has been reported for both bcc iron [13,19,20]
and hcp iron [3] just below the melting point at high pres-
sures. Recent ab initio simulations augmented with machine
learning have demonstrated the mechanical stability of the
bcc structure of pure iron under Earth’s core conditions.
However, its thermodynamic stability compared to an hcp
structure appears to be enhanced only in the presence of
impurities [19].

Additional experimental investigations into the structure of
solid iron at Earth’s core conditions are required, particularly
at temperatures close to melting, but measuring the structure
of iron at such conditions is experimentally challenging. Dy-
namic compression of iron provides one method to investigate
iron’s phase stability above 200 GPa. Crystal structure mea-
surements have been performed in single shock experiments
[4–6,21] and in more complex compression experiments [8].
While these studies observe only an hcp structure up to melt-
ing, reaction kinetics and the shifting of phase stabilities due
to high strain rates and short experimental timescales can
potentially lead to discrepancies between phase transitions
encountered during dynamic compression and static compres-
sion experiments [22,23].

Static compression experiments offer an alternative avenue
to investigate the structure of iron at core conditions [9,10,24–
26]. However, despite being able to access longer timescales
and hence better approach thermodynamic equilibrium condi-
tions, static compression experiments suffer from challenges
due to the large temperature gradients present in the samples
and the difficulties of avoiding chemical contamination of the
compressed iron sample [9,27,28].

These challenges necessitate the use of new experimental
tools and capabilities with which to probe phase transitions at
extreme conditions. Experimental timescales need to be suffi-
ciently short to suppress unwanted chemical reactions, while
being sufficiently long to minimize the effects of transition
kinetics (i.e., microseconds); highly monochromatic x rays
which probe the sample with high time resolution are needed
to better resolve structural transition details, including difficult
to detect structural intermediary states. Such experiments have
been carried out at the High Energy Density (HED) beamline
of the European X-ray Free Electron Laser (EuXFEL) using
the diamond anvil cell (DAC) platform [29–31] as part of the
#3063 community proposal.

II. METHODOLOGY

The DACs were prepared at initial pressures ranging from
10 to 218 GPa using rhenium gaskets and either KCl or SiO2

as the pressure-transmitting medium. Samples were fabricated
from 5-µm-thick iron foils (Sigma-Aldrich, purity 99.85%,
part #GF19019000), which were cut into disks of 10, 20, or
40 µm diameter using a femtosecond laser at CEA, Bruyères-
le-Châtel, France, and subsequently distributed among the
participating institutions.

Of these, five samples were investigated at pressures above
120 GPa: CDMVA9 and CDMX10, both prepared at CEA,
Bruyères-le-Châtel, France, with initial pressures of 134 and
122 GPa, respectively; BetsaA, prepared at the University of
Lille, France, with an initial pressure of 152 GPa; HIBEF38,
prepared at EuXFEL in Hamburg, Germany, with an initial
pressure of 208 GPa; and CC273, prepared at the Earth &
Planets Laboratory, Carnegie Institution for Science, Wash-
ington, DC, USA, with an initial pressure of 218 GPa.

HIBEF38 employed two identical beveled diamond anvils
with 40 µm culets, whereas CC273 utilized toroidal diamond
anvils fabricated using a focused ion beam. The KCl pressure
medium was stored in a vacuum oven prior to sample loading.

All cells were characterized by x-ray diffraction and their
initial pressures were determined at the P02.2 beamline of PE-
TRA III, Hamburg, Germany. Measurements were performed
using monochromatic x rays with a wavelength of 0.2909 Å
and a PerkinElmer XRD 1621 flat-panel detector comprising
2048 × 2048 pixels of 0.2 × 0.2 mm2. The detector was posi-
tioned 416 mm from the sample.

Pressures were estimated using the equation of state of
iron reported by Dewaele et al. [32]. Experimental details and
metrology for the lower-pressure measurements are summa-
rized in Ref. [33].

At EuXFEL, during the #3063 community proposal on
beamline HED, 18 keV x-ray pulse trains were delivered to the
sample chamber and focused to a spot size of 4–7 µm FWHM.
Each pulse train comprised 352 individual pulses separated by
222 ns [Fig. 1(a)], with each x-ray pulse having a duration of
less than 30 fs [30]. The 4.5 MHz repetition rate of the x-ray
pulses resulted in progressive heating of the sample, as the rate
of energy deposition by x-ray absorption exceeded the rate of
heat diffusion from the sample over the 78 µs duration of the
pulse train.

The structural evolution of the sample was monitored by
recording x-ray diffraction patterns using the Adaptive Gain
Integrating Pixel Detector (AGIPD) [34]. The femtosecond
pulse duration of the EuXFEL x-ray pulses enabled atomic-
scale snapshots of the material within the DAC, with exposure
times significantly shorter than the characteristic timescale
of lattice vibrations (approximately 1 ps). Because scattering
occurs before any appreciable heating induced by the same
pulse, each diffraction pattern records the sample structure
immediately prior to the energy deposition of that pulse. Con-
sequently, each snapshot represents the structure of the sample
as it cools following excitation by the preceding pulse.

This experimental setup was complemented by streaked
optical pyrometry (SOP), which monitored the time-resolved
thermal emission from the sample throughout the experiment
[31]. The SOP detection system consists of a visible-light
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FIG. 1. (a) Experimental setup. A train of 352 x-ray pulses probes and heats the sample at intervals of 222 ns. (b) Stacked integrated
diffraction patterns from the CC273 DAC (initial pressure: 218 GPa), acquired with progressively increasing x-ray transmission (i.e., increasing
pulse energy) from the top panel to the bottom panel. Recrystallization begins above 4% transmission, as indicated by the more frequent
appearance of the hcp-Fe 002 reflection. (c) HIBEF38 DAC (starting pressure 208 GPa): the 2θ position of 101 hcp-Fe peak during successive
trains with increasing x-ray energies (shown in the bottom panel) shows sample annealing indicated by lower 2θ value of the first diffraction
of the train, stabilizing at 23.65◦ (green and red data).

spectrometer coupled to a streak camera. The interaction
region on the sample is imaged onto the entrance slit of
the spectrometer, where the emitted light is dispersed by a
diffraction grating over the 500–800 nm wavelength range
and projected onto the streak camera photocathode. A streak
image is produced by sweeping the signal in time, enabling
measurement of temporal variations in the emitted light inten-
sity over the duration of the x-ray pulse train. A 100 µs sweep
window was used to capture the entire pulse train.

Structural information on high-pressure Fe at elevated tem-
peratures is accessible only during cooling following heating
induced by the preceding x-ray pulse. Consequently, the tem-
peratures immediately after x-ray energy deposition may be
significantly higher than those measured at the time of prob-
ing. To visualize the transient temperature evolution within
the sample during the pulse train, we performed finite element
analysis (FEA) using COMSOL Multiphysics, following an
approach similar to that of Meza-Galvez et al. [35].

The model simulated heat conduction in a two-dimensional
axisymmetric cylindrical geometry comprising a 2-µm-thick
Fe sample thermally isolated from the diamond anvils by
1-µm-thick KCl layers. The x-ray beam profile was approx-
imated by a Gaussian distribution with a standard deviation
(σ ) of 3 µm. The energies of all 352 x-ray pulses were de-

rived from measurements of scattered radiation from a thin
diamond window using fast photodiodes positioned upstream
of the interaction point. These measurements were calibrated
to absolute pulse energies using x-ray gas monitors (XGM)
[36] prior to the experiment.

The material properties used in the simulations are summa-
rized in Table I.

III. RESULTS

Initially, the experiment was tested on multiple diamond
anvil cells with Fe samples loaded in either KCl or SiO2 at

TABLE I. Properties of materials included in the FEA simulation
of the x-ray heated DAC. k, thermal conductivity; ρ, density; cp,
specific heat capacity; μ, x-ray attenuation coefficient.

Diamond Re Fe KCl

k [W/m/K] 990 48 50 20
ρ [kg/m3] 3515 21020 13000 5000
cp [J/kg/K] 520 140 700 690
μ [1/m] 158 43000 2513
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FIG. 2. Data from the CC273 DAC showing the first pulse train that transforms part of the sample into the cubic structure at 30-40 µJ of
pulse energy. (a) A raw diffraction image from pulse 302 shows 110 bcc-Fe spots (blue arrows). (b) Stacked integrated patterns (bottom to top
in time) reveal a new reflection near the end of the pulse train, as hcp-Fe peaks fade. (c) 2θ -intensity plots, averaged over 10 pulses every 30
(e.g., 1–10, 30–40, etc.), show the emergence of the 110 bcc-Fe reflection; patterns are vertically offset. In red is shown theoretical position of
fcc peaks with the same unit cell volume as the hcp and bcc structures (15 Å3).

pressures between 10 and 138 GPa, progressively decreasing
x-ray attenuation at various pressures [33]. The previously
published phase diagram of Fe was reproduced correctly, after
developing a proper data processing technique and metrology
(see details in Ref. [33]). We then moved on to investigate
Fe at more elevated pressures. First, a single, highly attenu-
ated x-ray pulse train was used to probe the sample without
significantly increasing its temperature [Fig. 1(b), top panel].
Within each train, the x-ray pulse intensity increased progres-
sively toward the end of the train [Fig. 1(c), bottom panel],
enabling the sample to be probed initially in its cold state
or after only slight annealing. At this stage, only two hcp-Fe
reflections were visible: the 100 and 101 peaks [Fig. 1(b), top
panel].

For each sample, multiple runs were acquired while incre-
mentally increasing the x-ray beam transmission (typically in
steps of 0.5% or 1%), with the sample repeatedly probed at
the same location [Fig. 1(b)]. Figure 1(c) shows the evolution
of the sample through the position of the hcp-Fe 101 reflection
over a series of pulse trains with increasing average intensity.
Following the first few pulse trains, the 2θ positions of the Fe
reflections shifted to lower angles, indicating annealing of the
sample caused by elevated temperatures reached during the
preceding trains.

The first weakly attenuated pulse train (run 500 for CC273
and run 548 for HIBEF38) produced negligible heating toward
the end of the train, whereas more substantial heating was
observed in the subsequent trains (run 505 for CC273 and
run 550 for HIBEF38), as evidenced by the first appearance
of the hcp-Fe 002 reflection [Fig. 1(b)]. In later, higher-power
trains, additional 002 Bragg reflections appeared and the po-
sition of the hcp-Fe 101 reflection no longer shifted toward

lower 2θ values despite further increases in x-ray pulse energy
[Figs. 1(b) and 1(c)].

The initial low-intensity pulse trains produced diffraction
patterns containing only the hcp-Fe 100, 002, and 101 reflec-
tions, consistent with the detector coverage. As the x-ray pulse
intensity increased throughout each train, the corresponding
rise in temperature was manifested by a shift of the diffrac-
tion peaks toward lower diffraction angles, reflecting thermal
expansion of the crystal lattice.

A. Samples at pressures exceeding 200 GPa

1. X-ray diffraction observations

At high temperatures, the behavior differs markedly be-
tween the two samples with the highest initial pressures
(208 GPa for HIBEF38, runs 517–562, and 218 GPa for
CC273, runs 498–516) and the three samples at lower
pressures (122–152 GPa). We first focus on the two highest-
pressure samples.

As the pulse-train intensity was increased, a distinct addi-
tional diffraction peak appeared between the positions of the
hcp-Fe 002 and 101 reflections during the final third of the
pulse train (Fig. 2 and Fig. 3; Movie 1 in the Supplemental
Material). This peak is absent in the cold starting material
and is not observed after quenching to ambient temperature.
Apart from this new feature, all observed diffraction peaks can
be attributed to the starting components of the DAC sample
chamber: hcp-Re, bcc-KCl, and hcp-Fe—while the diffraction
peaks from Re and KCl are nearly indistinguishable from the
background.

Potential contaminants, such as iron carbides (e.g.,
Fe3C [9,27,28]), can be ruled out because their diffraction
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FIG. 3. Data from the HIBEF38 DAC. Run 553 is the first train on this sample that transforms part of the sample into the cubic structure
at 40–50 µJ of pulse energy. (a) Focus on part of the raw image showing a bcc reflection in similar orientation to the 002 hcp peak, hinting
at the microstructural signature of a martensitic transformation. (b) Stacked integrated diffraction patterns from all 352 pulses showing a bcc
reflection in the last part of the pulse train (time from bottom-up), at the same time as diminishing of all hcp-Fe peaks. (c) 2θ vs intensity plots
of the integrated patterns from the first 100 pulses (top), 100–200 pulses (center), and 200–350 pulses (bottom) showing the emerging 110
bcc-Fe reflection.

patterns differ substantially from the observed data. Further-
more, the additional reflection between the positions of the
hcp-Fe 002 and 101 reflections disappears upon quenching
from high temperature, in contrast to the behavior expected
for a phase produced by a chemical reaction. The possibility
of reaction-induced phase formation is further limited by the
short cumulative heating time prior to the transition, which
remained well below 1 ms over all pulse trains.

The individual Bragg reflections of the new phase exhibit
first intense single-crystal-like spots and later in the train
a powder component. As the transformation progresses, the
number and intensity of the new reflections increase, while
the average intensity of all three hcp-Fe reflections decreases,
indicating that the new phase forms through a bulk transfor-
mation of the iron foil (Figs. 2 and 3).

Because only a single new reflection is observed across the
entire measured 2θ range, the most plausible crystal structure
is one with high symmetry. Indexing this reflection as the fcc
111 peak yields a volume that is approximately 7% lower than
that of hcp Fe at ambient temperature, an implausibly large
difference [37]. Moreover, the second fcc reflection (200),
which lies within the accessible diffraction range, is never
observed. Structures with lower symmetry than cubic would
be expected to produce additional reflections within the mea-
sured 2θ range, yet no such peaks are detected.

Consequently, indexing the new reflection as the bcc 110
peak provides the only physically plausible solution. This
assignment yields a volume that is approximately 1.3% larger
than that of hcp Fe at 300 K and is consistent with the
observed number of reflections, as the next bcc reflection
(200) falls outside the detector coverage. The volumes of the

coexisting hcp and bcc phases are nearly identical at the trans-
formation temperature, indicating similar densities (Fig. 4).

The data are consistent with a small but positive volume
change accompanying the hcp-to-bcc transformation. Accord-

FIG. 4. Calculated densities of hcp and bcc phases. Data are from
runs 500 (1.5% transmission), 505 (4%), 508 (5.5%), and 509 (6%)
(sample CC273, top panel) with increasing pulse energies (bottom
panel), demonstrating that the volume change between the hcp and
bcc structures is small but positive. In red is the first run in the series
with the bcc structure. Red and black lines are linear regressions to
hcp and bcc densities, respectively. "Tr" indicates x-ray transmission.
The pressures were calculated from equation of state by Dewaele
et al. [32], Table II.
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TABLE II. Pressure calculation. Pressures were calculated from
the thermal equation of state of Dewaele et al. [32] for hcp-Fe based
on measured volumes from the HIBEF38 cell, run 553 (top) and
CC273 cell, run 509 (bottom). Temperatures between 4000 K and
5000 K are considered.

V0 V T [K] P [GPa]

14.6 300 209
15.0 4000 221
15.0 5000 233

14.7 300 202
14.8 4000 233
14.8 5000 246

ing to the Clapeyron relation, dT/dP = �V/�S, this implies
a zero or positive Clapeyron slope for the hcp–bcc phase
boundary. A positive Clapeyron slope would indicate that the
temperature required to stabilize the bcc phase increases with
pressure.

2. Streaked optical pyrometry temperatures

The average temperature during the portion of the x-ray
pulse train for which thermal emission becomes detectable
and the bcc phase is observed (i.e., approximately the last third
of the pulse train) is estimated to be 4400(500) K based on
optical pyrometry measurements [31] (Fig. 5).

In addition to thermal emission from the hotspot, fluores-
cence from the sample, pressure-transmitting medium (PTM),
and diamond anvils is commonly observed. The fluorescence
signal typically increases approximately linearly with the total
x-ray power, whereas the thermal emission is expected to
increase much more rapidly because of its strong dependence
on temperature [31].

For HIBEF38, runs up to 551 are assumed to be dominated
by fluorescence from the diamond anvils, while the onset of
detectable thermal emission occurs in runs 552 and 553. Run
551 was therefore used as a background image and subtracted
from run 553 to correct for the fluorescence contribution.
Averaging the signal over the final third of the pulse train
yields a temperature of 4382 ± 70 K from a fit of the Planck
function over the wavelength range 550–780 nm (Fig. 5).

Accounting for additional sources of uncertainty, including
the sensitivity of the fit to the selected spectral range and
possible temperature variations during the pulse train, we
estimate the overall temperature uncertainty to be ±500 K.

3. Finite element analysis

The temperatures obtained from the FEA simulations were
calibrated against the experimentally measured temperatures
by matching the spatiotemporal average temperature of the
sample surface during the final third of the pulse train. This
calibration was achieved by applying a scaling factor to the
input pulse energies to account for uncertainties in the abso-
lute pulse-energy measurements and deviations of the x-ray
beam profile from an ideal Gaussian distribution.

The FEA simulations indicate that the highest temperatures
occur at the center of the sample, which undergoes repeated
heating and cooling cycles throughout the pulse train, with the
amplitude of the temperature oscillations increasing with the
average temperature (Fig. 6). Importantly, each x-ray diffrac-
tion (XRD) snapshot is acquired at the minimum temperature
of the cycle, following cooling from the peak temperature
reached after the preceding pulse. At the x-ray intensities for
which the new diffraction peak is observed, the temperature
may decrease by as much as 2000 K between the peak of the
heating cycle and the subsequent XRD measurement (Fig. 6).

Given an average temperature of approximately 4400 K,
as measured by SOP on the sample surface during the final
stage of the pulse train, the simulations suggest that peak
temperatures likely exceeded 6000 K. Such temperatures are
sufficient to induce partial melting and subsequent recrystal-
lization, considering that the melting temperature of iron at
230 GPa is estimated to be approximately 5300 K [10].

B. Samples at lower pressures (120–160 GPa)

Samples investigated at lower pressures (122–152 GPa
initial pressure) exhibit more complex behavior. At elevated
temperatures, the diffraction patterns are dominated by in-
tense diffuse streaks connecting the hcp-Fe 100 and 101
reflections [Fig. 7(b), Supplemental Movie 2], a feature com-
monly associated with stacking faults in the hcp–fcc system
and previously observed during conventional laser-heating

FIG. 5. Spectrally resolved streak optical pyrometry (SOP) for HIBEF38, run 553. A raw streak image (left) and temperature fit to emission
data averaged over a 60–95 µs time window (right).
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FIG. 6. Finite-element analysis of the spatial and temporal temperature distribution in the sample. The inset shows the temperature
evolution at the sample center during the first 10 µs of the pulse train, illustrating the cyclic heating induced by x-ray pulse absorption and the
subsequent cooling by thermal conduction. The temperature rises rapidly following each x-ray pulse and decreases during the 222 ns interval
before the arrival of the next pulse. The x-ray diffraction measurements probe the sample during this cooling period following each pulse. The
dark gray region in the right panel indicates the time window over which the temperature is determined using SOP (see Fig. 5).

experiments [25]. In addition, we observe incipient nucleation
of the bcc phase, evidenced by diffuse speckles and sporadic
bcc reflections [Figs. 7(a) and 7(c)]. However, these reflec-
tions persist for only a few microseconds and never develop
into a powderlike diffraction ring. The corresponding tem-
peratures are relatively low (approximately 2000 K) and are
unlikely to approach melting conditions.

In contrast, at the highest temperatures reached near the
end of the pulse train, the fcc 111 reflection—and occasion-
ally the 200 reflection—appears (Fig. 8). The 111 reflection
develops into a textured powder diffraction line, whereas the
weak and often absent 200 reflection is consistent with obser-
vations reported at lower pressures (P1 cell, 80 GPa; Fig. 4
in [33]). The measured fcc unit-cell volume of 32.113 Å3 is
substantially smaller than the final fcc volume reported by
Anzellini et al. along the iron melting curve (35.969 Å3) [10].
This observation suggests that, under the thermodynamic con-
ditions explored here, the hcp–fcc–liquid triple point occurs at
significantly higher pressures than previously proposed.

Overall, these observations indicate strong competition
among the hcp, bcc, and fcc phases within this pressure range.
Unlike in samples compressed above 200 GPa, the bcc phase
remains transient and does not evolve into a fully developed
crystalline phase.

IV. DISCUSSION

A. On the high pressure phase diagram of Fe

Our observations are summarized in Fig. 9, together with
selected results from previous studies for comparison. The
phase diagram proposed by Anzellini et al. [10], based on di-
amond anvil cell (DAC) experiments, established the melting
curve of iron but did not extend into the pressure-temperature
region where the bcc phase is observed in the present study. To
date, stabilization of the bcc phase at high pressure and tem-
perature has been predicted primarily by theoretical studies,
notably those of Belonoshko and co-workers (e.g., Ref. [18]).

Another high-pressure DAC study by Tateno et al.
[9] reached comparable pressures but not sufficiently high

temperatures and reported only the hcp phase of iron. More
recently, dynamic-compression XAS experiments by Balu-
gani et al. [21] explored Hugoniot states that approach the
pressure-temperature conditions investigated here; however,
no phase transition was identified from their indirect measure-
ments.

A more comprehensive comparison with previous studies,
based on the phase diagram of Fe compiled by Singh [5], is
provided in the Supplemental Material [38] (Fig. S11).

B. Microstructure and potential formation mechanism

At pressures above 200 GPa, the bcc structure is unambigu-
ously observed as a polycrystalline phase at high temperatures
below the melting point during cooling from a transiently
molten state. This suggests that the growth of bcc crystal-
lites is facilitated by solidification from the melt. In contrast,
below 180 GPa, our observations point to a markedly dif-
ferent regime in which metastable bcc crystallite formation
competes with thermally disordered close-packed phases at el-
evated temperatures, the latter also being reported previously
[25,37].

The time-resolved nature of the experiment allows us to
observe the formation of the first bcc grains as the temperature
gradually increases on average from pulse to pulse (Fig. 10).
Initially, isolated diffuse speckles appear about 31 µs into the
train at the 2θ angle between the 002 and 101 hcp peaks
[Figs. 10(a)–10(d)]. The temperature at the probing moment
is about 3000 K. As the pulse train progresses, these broad
speckles evolve into more localized sharper spots and shift
to a slightly smaller 2θ angle (3500–4500 K, 37–43 µs). Up
to this point, the temperature oscillations should remain be-
low the melting point of iron at this pressure, approximately
5200 K. At the end of the train (55–77 µs, 5000 K), very
sharp, bright Bragg spots form with a random distribution
along the azimuthal angle forming a powderlike diffraction
ring [Fig. 10(f)]. During this time, the maximum temperatures
most likely exceed the melting line.
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FIG. 7. Data from BetsaA sample, starting pressure 152 GPa, run
452, 7% x-ray transmission (up to 40–45 µJ pulse energy), showing
transient states of bcc stacking fault structures. (a) Raw image aver-
aged over frames 144–176 shows diffuse speckles with central Bragg
spots. (b) Averaged image over frames 176–181 with clear diffraction
streaks due to fcc-hcp stacking faults. Diffuse speckle is here also
visible on the right. (c) Average image over frames 197–203 in the
bottom panel shows an intense bcc-Fe reflection that disappears after
1 µs.

During the initial stage of the transformation [Figs. 10(a)–
10(d) and 3], microstructural features indicative of a
displacive (martensitic) phase transition are observed. In par-
ticular, the hcp 002 peaks appear in angular proximity to the
bcc 110 peak, consistent with the well-established orientation
relationship in the Burgers mechanism where these dense
atomic planes are parallel. Such a martensitic transformation
pathway has been experimentally observed in the bcc–hcp
transition of Fe at 14 GPa [39]. The Burgers mechanism

FIG. 8. Continuation of the data from run 452 (BetsaA sample,
starting pressure 152 GPa). fcc structure of iron is observed at much
higher pressures than previously reported.

has also been numerically induced by molecular dynamics
for the hcp-bcc transition in Mg [40]. In this study it is
found that the growth of the bcc phase is facilitated by
the formation of lamellar nanotwins oriented along the hcp
c axis, which efficiently accommodates the transformation-
induced shear strain. The simulations further reveal a small
volume change during the progression from nucleus formation
to nanotwin growth, which may explain the initially vari-
able 2θ positions of the bcc-Fe 110 reflections observed in
our data [Figs. 10(b)–10(d)]. Subsequent detwinning, poten-
tially assisted by partial melting, leads to the formation of

FIG. 9. Experimental data (circles) are colored by observed
structure: black (stabilized bcc grains), dark blue (fcc grains), dark
red (stacking faults in hcp/fcc), and gray (pure hcp, always present).
The black contours around the red and blue dots represent presence
of metastable bcc grains. Laser-heated DAC results are in red: bright
red lines show the melting curve and fcc stability from Anzellini et al.
[10]; red circles show the observation of stable hcp-Fe from Tateno
et al. [9]. Molecular dynamics phase boundaries from Belonoshko
et al. [18] are in green. Shock compression data are in blue: line—Fe
Hugoniot [1]; circles—hcp/liquid Fe from Balugani et al. [21].
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FIG. 10. Evolution of diffuse speckles to the powderlike ring of 110 bcc-Fe reflection with time. Sample CC273, Run 509, 218 GPa. (a)
Diffuse speckles of bcc-Fe appear ∼30 µs into the run, between the 002 and 101 diffraction lines of hcp-Fe. (b)–(e) bcc speckles evolve into
more localized, sharper spots and shift in azimuth and towards a slightly smaller 2θ between ∼30 and ∼60 µs. (f) Later in the run, bcc-Fe is
fully crystallized and forms a continuous powder diffraction ring.

polycrystalline bcc Fe, as evidenced by the emergence of
multiple randomly oriented diffraction spots in the final stages
of the transformation.

C. Differences with previous studies

An important question arises as to why this long-sought-
after phase has not been observed in previous experimental
studies on iron. In the following, we discuss the key dif-
ferences between our experiments and previous studies and
propose potential explanations, which may stem from differ-
ences in the experimental approach or the underlying nature
of phase stability.

1. Thermodynamical pathway

One possible factor may relate to the distinct thermo-
dynamic pathways imposed in the present study, namely
the nucleation processes that may favor other than thermo-
dynamically stable phases [41,42]. The MHz heating and
cooling cycles used to generate extreme temperatures in our
study result in cooling rates of ∼10 K/ns when temperatures
exceed 4000 K. Molecular dynamics calculations of rapid

solidification of liquid copper at comparable cooling rates
(100 K/ns) have shown that metastable high temperature
phases can be formed at the interface between the liquid and
the nucleating solid phase as this configuration reduces the
free energy of the interface [42]. The polymorphic solidifi-
cation observed in their study matches our findings: below a
certain pressure (in our study below 180 GPa), small body-
centered cubic nuclei (bcc) and close-packed nuclei form, but
the bcc nuclei quickly transform into close-packed phases
(fcc, hcp), while above this pressure (200 GPa in our study),
nucleation starts in the bcc phase and grows, suggesting that
the solidification process stabilizes the metastable bcc phase.
Such kinetically stabilized phase regions for iron implied by
our experimental observations are depicted in Fig. 9: the red
circle marks conditions where unstable bcc nucleation com-
petes with the formation of hcp/fcc stacking faults at lower
temperatures, while fcc growth is favored at higher tempera-
tures (blue circle). At higher pressures (black circle), the final
powder texture of the bcc phase appearing in many consec-
utive XRD images above 230 GPa suggests that a narrow
stability field of the bcc phase is reached. Its presence on our
accessible timescales (tens of microseconds) is unambiguous.
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However, our data do not allow us to conclusively determine
whether the observed transformation is governed by kinetic or
thermodynamic factors.

Compared to standard laser heated (LH) DAC experiments,
our methodology offers significant advantages in detecting
new phases. The high rate of diffraction data (352 XRD
patterns in 78 µs) and high brilliance monochromatic source
coupled to novel volumetric heating enable unambiguous
detection of structural intermediary states and conditions di-
rectly adjacent to melting. The rapid dynamics of nucleation
could be challenging to observe in synchrotron XRD exper-
iments. The volumetric absorption of the x-ray energy helps
transform a larger sample volume in the center of the foil,
even as the surface remains close to the cool diamond in-
terface, particularly at extreme pressures. In addition, x-ray
heating experiments always probe high temperature states
upon cooling and therefore access different thermodynamic
pathways from most conventional LH DAC and laser com-
pression experiments which study phase transitions upon
heating [4–6,9,10].

2. X-ray heating

An additional key distinction between our experiments and
previous studies lies in the nature of heating. In our case,
heating is induced by intense, short-pulse hard x-ray irradi-
ation at power densities of 1015–1016 W/cm2. This regime
enables direct core-electron excitation, leading to extremely
high electron temperatures within the first few picoseconds.
Rapid rise in electron temperature can drive nonthermal phase
transitions by altering ionic potentials before significant lat-
tice heating occurs. For example, in iron at ambient pressure,
theoretical studies predict that a solid-solid phase transition
from the bcc to the fcc structure can be induced under high
electron temperatures, even when the lattice remains near
room temperature [43]. However, a crucial question remains:
can a phase transition initiated under such extreme electronic
conditions persist over longer timescales, particularly after
electron-ion energy equilibration? Transient electronic excita-
tions last for picoseconds at most after x-ray exposure and the
structural dynamics observed here persist on the timescale of
microseconds. Still, these effects might be relevant in cases
where the Gibbs free energies of competing high-pressure
phases are similar, making their stability potentially sensitive
to transient electronic effects [20].

D. Geoscience implications

Our results place the formation of the bcc structure in
the range of 233–246 GPa and 4000–5000 K, based on the
measured hcp-Fe volumes and the thermal equation of state of
Fe [32] (Fig. 9, Table II). If the cubic phase is indeed stable, it
has major implications for the structure of Earth’s solid inner
core—affecting its melting temperature, the partitioning of
light elements during crystallization, and seismic anisotropy.
Most ab initio studies on element partitioning assume that
hcp-Fe is stable under inner core conditions [44,45] and ex-
perimental studies do not reach the bcc stability field observed
here [46–48]. Similarly, elasticity measurements used to infer
core composition have focused mainly on hcp alloys [49–52].
Stabilization of a different phase at these conditions thus may

challenge existing compositional models of the Earth’s inner
and outer core, which should be the topic of further studies.

V. CONCLUSIONS

This work investigated the phase diagram of Fe near its
melting boundary using intense MHz-rate x-ray pulses from
the European X-ray Free-Electron Laser at pressures exceed-
ing 200 GPa.

Our experimental approach differs fundamentally from
previous studies of the high-pressure/high-temperature phase
diagram of Fe in several respects. First, heating occurs over
a relatively short timescale, with 352 x-ray pulses separated
by 222 ns delivered within an 80 µs pulse train. Second,
time-resolved x-ray diffraction probes the structural evolu-
tion as the sample cools from temperatures reaching up to
∼2000 K above the probing temperature, implying that the
observed high-temperature phases reflect the crystallization
pathway from a transient molten state. Third, heating is ini-
tiated through intense femtosecond hard x-ray irradiation,
which initially drives the electronic subsystem far from equi-
librium before energy is transferred to the lattice.

Within the 120–160 GPa pressure range, the high temporal
resolution of the measurements reveals the persistence of fcc
Fe beyond its previously established stability field. Transient
intermediate structures, including bcc Fe and stacking-fault-
rich configurations, are also observed, providing direct insight
into the transformation pathway during rapid cooling. At pres-
sures above 230 GPa, new diffraction reflections appear at
high temperature, indicating the nucleation of a previously
unreported phase that subsequently evolves into a powderlike
diffraction pattern consistent with bcc Fe.

These observations provide direct experimental evidence
for the formation of the long-sought bcc phase of Fe at
pressures exceeding 200 GPa and reveal the kinetic pathway
through which it forms. The present work demonstrates the
capability of MHz-rate XFEL to create and capture transient
structural states during phase transformations. This approach
opens up opportunities for investigating metastable phases
and crystallization pathways in materials subjected to extreme
pressure and temperature conditions.
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