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Abstract: Iron is the major element of the Earth’s core and the cores of Earth-like exoplanets. The
crystal structure of iron, the major component of the Earth’s solid inner core (IC), is unknown under
the high pressures (P) (3.3-3.6 Mbar) and temperatures (T) (5000-7000 K) and conditions of the IC and
exoplanetary cores. Experimental and theoretical data on the phase diagram of iron at these extreme
PT conditions are contradictory. Though some of the large-scale ab initio molecular dynamics (AIMD)
simulations point to the stability of the body-centered cubic (bcc) phase, the latest experimental data
are often interpreted as evidence for the stability of the hexagonal close-packed (hicp) phase. Applying
large-scale AIMD, we computed the properties of iron phases at the experimental pressures and
temperatures reported in the experimental papers. The use of large-scale AIMD is critical since the
use of small bcc computational cells (less than approximately 1000 atoms) leads to the collapse of the
bee structure. Large-scale AIMD allowed us to compare the measured and computed coordination
numbers as well as the measured and computed structural factors. This comparison, in turn, allowed
us to suggest that the computed density, coordination number, and structural factors of the bcc phase
are in agreement with those observed in experiments, which were previously assigned either to the
liquid or hcp phase.

Keywords: iron; molecular dynamics; ab initio

1. Introduction

The phase diagram of iron is of special importance in geophysics [1-5], not only
because the Earth’s core consists mainly of iron but also because the inhabited exoplanets
also most likely possess an iron core. The Earth’s core protects life on Earth from cosmic
radiation, and the same mechanism likely protects the life on exoplanets (and does not
protect it if there is no iron core). Our ability to predict the existence of an iron core
critically depends on our knowledge of the phase diagram of iron and the properties of
iron phases under the extreme P-T conditions of the Earth’s IC and possibly the even
more extreme P-T conditions of exoplanetary cores. Knowledge of the stable Fe phase in
the IC allows for the right interpretation of seismic signals and, thus, opens the way to
understanding the history of the Earth and the prediction of its future. The core of the
Earth consists of two parts: liquid and solid. As the Earth cools down, the solid core grows.
Most of the solid (inner) core is close to the temperatures of iron melting at corresponding
pressures. Therefore, we need to know which phase of iron is the stable one before it
becomes liquid after temperature increases at high pressures in a planetary interior. Two
phases are the most promising candidates for the sub-melting phase, namely bcc and hcp.
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While the properties of the bcc phase [6-12] are nearly identical to the properties of the
IC as they are known from seismological observations [4,13-16], the hcp phase is almost a
direct opposite of the IC material [11,12]. At the same time, most of the theoretical [17-21]
and experimental [22-29] papers suggest the stability of the hcp phase. On the theoretical
side, most of the confusion stems from considering too small computational cells and /or
neglecting the electronic entropy when computing the bcc phase. Small bee cells are not
even metastable, they are dynamically unstable [9]. If the size of the computational cell
containing the bcc lattice is less than about 1000 atoms, such a cell collapses into a distorted
close-packed configuration [9]. Therefore, one needs to simulate large cells of bcc structures.
Some authors model the bce phase using bec computational cells as small as two atoms [18].
Unsurprisingly, the results they are getting are quite expected—the two-atom bcc phase is
unstable. The bcc phase becomes stable at large sizes of at least about a thousand atoms,
and the stability converges at much higher sizes (on the order of millions of atoms) [11].
Recently, we computed the iron phase diagram using a combination of classical and ab
initio molecular dynamics [11]. A combination of classical molecular dynamics along
with accounting for electronic entropy using ab initio MD results in the stability of the
bce phase under the melting curve starting from a pressure of about 120 GPa [11]. While
confusion among the authors of theoretical papers seems comparably easy to explain,
the experimental approaches—most of these report stability of the hcp phase—are more
difficult to reconcile. There are numerous experiments reporting hcp phase stability and
rather few [30-35] that report bce phase stability. We are convinced that there are no wrong
experiments. If all the details of the experimental procedure are reported along with the
exact description of observations, what actually might be wrong? Unfortunately, when an
experiment is performed under extreme conditions of pressure and temperature, direct
measurements of the structure of the material subjected to extreme P and T are not always
possible, and when they are possible, they might be ambiguous. The interpretation of the
observations becomes a difficult task, especially when the nature of the emerging phase is
not well known (as is the case with the high PT bcc phase where a number of properties
are not expected). Recently, Kraus et al. [29] and, not so recently, Ping et al. [28] reported
the properties of the submelting phase of iron measured up to very high pressures. It is of
interest to compare the experimental data and the data computed for iron phases using the
robust AIMD approach. In what follows, we explain the details of our AIMD calculations
in the Method section and then provide the results of these calculations and compare them
with experiments. We demonstrate good agreement between experimental data and the
properties of the bce phase. This agreement and its consequences are further discussed and
summarized in the conclusions.

2. Method

Our AIMD simulations were performed using the Vienna Ab initio Simulation Package
(VASP). In our DFT (density functional theory)-based AIMD runs we used the generalized
gradient approximation (GGA) of the electronic exchange correlation energy [36] and the
Fe potential with 16 3p®3d”3s24s! valence electrons. Choosing another exchange correlation
functional would probably somewhat change the results. However, even such drastic
changes as the acceptance of a semi-empirical treatment of interactions does not result in
qualitatively different data [9]. The functional we rely on in this study is well tested in the
literature and we use a well-tested method.

Electronic structure calculations [37-39] were performed with a plane wave set cor-
responding to a 400.0 eV energy cut-off, and the electronic iterations were converged to
within 10~* eV. These parameters are routinely used by many research groups, including
the authors of the present work. Nevertheless, we checked the convergence by running
AIMD with the 600.0 eV energy cut-off and the convergence on electronic iterations within
10~ eV. Note that for a system size of the order of 1000 atoms, such convergence is extreme,
and it took about 40 electronic iterations at each AIMD step. Despite such extreme parame-
ters, the radial distribution functions (RDF), computed using two sets of parameters, were
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identical (Figure 1). This suggests that our calculations are converged for the chosen cut-off
energy as well as for the parameters for the precision of electronic calculations.
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Figure 1. Radial distribution functions of hcp iron computed using two sets of parameters as indicated
in the legend. The simulations were performed for 1024 atoms using the NPT ensemble (N—number
of particles, P = 360 GPa and T = 7000 K). The resulting RDFs are identical, proving the convergence
of our computed RDFs.

We used a 1.0 femtosecond timestep for the AIMD and classical molecular dynamics simu-
lations. We approximated the hicp phase with a supercell with 1024 atoms (8 x 8 x 8 unit cells)
and the bcc phase by a supercell with 2000 atoms (10 x 10 x 10 unit cells). The liquid phase
was obtained by heating the hicp phase to a very high temperature and then equilibrating it
around the melting temperature. The lattice constants were chosen by running NVT (constant
N, V (volume), and T) ensemble AIMD runs that produced pressures of 360 and ~550 GPa at
the temperatures of 7000 K and 9000 K, correspondingly (temperatures close to melting at
corresponding pressures of ~=550 GPa were estimated in a recent experiment). We note that
neither the pressure nor the temperature are known very precisely in the experiment, in part
due to the extreme conditions of pressure and temperature.

The structure of the phases was monitored by calculating the radial distribution
function (RDF). The AIMD runs durations were normally about 8000 timesteps. The AIMD
runs were performed for I'-point only. At the sizes of the supercells we use, the I'-point
is sufficient. Finite temperatures for the electronic structure and force calculations were
implemented within the Fermi-Dirac smearing approach [40]. In all our AIMD runs, we
used the VASP [38,39] software package.

3. Results

A few years ago, Ping et al. [28] compressed iron by multiple shocks to 560 GPa. The
results of extended X-ray absorption fine structure (EXAFS) spectroscopy were reported.
These results allowed us to obtain the density, temperature, and local structure of com-
pressed iron. The locus of the experimental P-T points at pressures above approximately
250 GPa belongs to the P-T range of bcc Fe stability as computed recently [11]. The exper-
imental paper reported that the coordination number of Fe atoms at these P-T points is
nearly constant and is equal to 11. While the coordination number was derived from the fit
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of the EXAFS signal to some expression that involves the coordination number as one of
the parameters [28], we treated the reported coordination number as experimental data.
The authors [28] are sure that the phase is solid and considered two candidates, namely
hep and bee. The bee phase was ruled out for two reasons (as argued in the paper): the too
low density (if the EXAFS data are due to the bce phase stability onset) in comparison with
the measured one and the too low coordination number (eight) compared to the measured
one (eleven). Ping et al. speculated that if the EXAFS signal is considered as being caused
by the bcc lattice, then the volume of the bec lattice would be too large. Both of these
reasons are based on a model of the static T = 0 K bec lattice. While some AIMD simulations
have been performed, the size of the simulated bcc phase was just 128 atoms. We now
know that such a size is insufficient to stabilize bcc [9]. The hcp phase was deemed to be
stable because its density is reasonably close to the experimentally measured density, and
its coordination number (12) is reasonably close to the measured one (11). The apparent
mismatch of the coordination numbers (11 and 12) was explained by a presumably large
number of defects that decrease the coordination and large error bars (in our opinion, both
of these explanations are untenable). Such assumptions (a coordination number of 8 and
the low density of bcc) require further testing. We computed both and compared them
with the experimental data. The bcc phase properties were computed at P = 360 GPa and
T = 7000 K and at P = 550 GPa and 9000 K (the conditions close to the melting curve).
The densities of the bcc and hep phases were computed at P = 360 GPa and T = 6600 K.
The corresponding densities, 13.49 g/cm? and 13.54 g/cm?, are indistinguishable in the
experiment. This removes the claim of the "too low density” of the bcc phase.

We define the radius of the first coordination shell as the radius of a sphere that
contains the eight nearest neighbors in the bec structure. In the ideal 0 K bec lattice, the
atom in the center of the cube has eight nearest neighbors in the corners of the cube.
Unfortunately, the 0 K model of the bcc lattice was used by the experimentalists to rule
out the bce phase. The claim for the eight-coordinated bcc Fe at high P-T conditions is
off by a big margin. In the ideal bec lattice, it is true, of course. However, the situation is
drastically different at high P-T. An Fe atom in the bcc lattice has eight nearest neighbors
and six neighbors at a somewhat larger distance. When the thermal motion is accounted
for, the difference between the first and second coordination shells is not as straightforward.
As a result of thermal motion, the first coordination shell radius increases—indeed, it
should include all first eight neighbors, and these neighbors are now moving, resulting
in the appearance of both shorter and longer distances. Those longer distances become
the effective radius of the first coordination shell because the first coordination shell
has to confine all eight atoms. The second coordination shell is also spread in space,
forming both shorter and longer distances between the central atom and the atoms in the
second coordination shell. Some of these distances are shorter than the radius of the first
coordination shell, and these atoms effectively enter the first coordination shell. Figure 2
shows the histogram of the distances to the eight atoms in the first coordination shell and
the six atoms in the second coordination shell.

The two shells overlap, and from Figure 2, one can see that approximately half of
the atoms in the second shell are at a distance that is shorter than the radius of the first
coordination shell. The radius of the first coordination shell is equal to the distance where
the first peak goes to zero. From Figure 2, we see that the increase in the radius of the first
coordination shell results in an effective coordination number of 11 at both pressures of
360 GPa and 550 GPa. Therefore, we have found the phase of iron with a coordination
number of 11 observed in the experiment. It is the high P-T bcc Fe.

Figure 2 demonstrates that the analysis of the bcc incompatibility with the obtained
EXAFS spectra is not applicable to the high P-T bcc phase. Indeed, in our AIMD simulations
at 360 GPa and 6600 K (Figure 2), the radius of the first coordination shell is equal to
approximately 2.4 A. The lattice constant is equal to 2.395 A. In Ping et al.’s [28] analysis, the
radius of the first coordination shell is equal to 0.866 (half of the cube diagonal) of the lattice
constant, considerably different from the AIMD data. Since Ping et al.’s [28] assumptions
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do not match the reality as it comes from the robust large scale AIMD computations, those
assumptions (and what follows from those assumptions) can be safely dismissed. There
is no reason to claim a priori the incompatibility of the experimental data and the data of
the bee phase. On the contrary, we suggest that since there is a match of the coordination
numbers from the experiment and those calculated for the bec, the bee is the preferred
candidate to explain the experimental data.

20,000 r r ; T T
| e—o — lIst neighbors, 360 GPa |
o—-© — 2nd neighbors, 360 GPa
©—® — lst neighbors, 550 GPa
15,000 | ¢ — — 2nd neighbors, 550 GPa| —
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Radii of first coordination shells ]|

Density (arb. units)
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Figure 2. Distribution of first eight atoms (first peak) and second six atoms (second peak) as a function
of distance. Half of the second peak, that is three atoms, enters the sphere containing eight atoms

and in total it leads to the coordination number of eleven, as reported by Ping et al. [28] in their
experimental paper [28].

The EXAFS signal is generated at the distance where the backscattering atom ap-
proaches the central atom. Figure 3 allows us to compare those distances in the bcc phase
and the hcp phase. Those distances are practically identical; the RDFs of both phases
become non-zero at identical distances. The number of backscattering atoms increases with
identical pace; the slope of the bec phase’s RDF is identical to the slope of the hcp phase’s
RDF. However, the number of backscattering atoms in the first coordination shell is 11 in
the case of the bce phase and 12 in the case of the hcp phase. Out of the two RDFs (Figure 3)
that would produce the same shape of the EXAFS signal, we naturally have to choose the
one that fits the experimental one, namely the bcc phase matches the experimental data with
a coordination number of 11. It becomes obvious that the analysis of the densities by Ping
et al. [28], which relied on the analysis of the perfect 0 K lattices provided by Ping et al. [28]
in Table I of their Supplementary Materials is not applicable to the high-PT bcc phase. The
fitting of the EXAFS signal, however, performed by Ping et al. [28] was not affected by the
bee 0 K analysis and a coordination number of 11 and therefore holds. The interpretation is,
of course, different: the match between the experiment and the bec phase is very good. We
note that if the analysis by Ping et al. [28] is correct, then none of the known iron phases
match experimental observations, which would be rather strange.
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Figure 3. Radial distribution functions of bcc and hep iron at P = 360 GPa and T = 6600 K. Simulations
performed by AIMD in an NPT ensemble. The size of the system is 1024 for hcp and 2000 for bcc. The
densities of the bec and hep are 13.49 g/ cm? and 13.54 g/ cm3, respectively. The RDFs are very similar
at short distances, resulting in the similarity of the EXAFS signal. The RDFs are clearly different at
larger distances because of the very different structures.

The observation [28] that gets an explanation is the very high anelasticity of the
11-coordinated phase. Indeed, the high P-T bcc Fe possesses a very low viscosity as it
is diffusive [10]. Compression of such a phase leads to unusually high plastic heating
as observed and discussed in the experimental paper [28]. Such anelasticity is unlikely
to be explained by the hcp stability. The large experimental error bars for the measured
coordination number of 11 are likely due to the strong dependence of the coordination
number on the radius of the first coordination shell. That impacts the fit of the EXAFS signal
where a subtle change in the radius (the parameter of the theoretical formula for EXAFS
intensity) results in a strong change in the coordination number. This is in contrast to hcp,
where the coordination number-distance curve has an inflection point at the coordination
number of 12, and the change in the radius of the first coordination shell does not impact
the fit as strong as in the bcc case.

Furthermore, we discuss the last remark regarding the definition of coordination
number. A naive idea of the radius of the first coordination sphere is that the radius is equal
to the position of the first minimum of the RDF. That is true for close-packed structures,
where the first and second coordination shells are clearly separated, but is not the case for
more complicated structures where a more elaborated analysis is required.

The primary reasons for the original interpretation and denial of bcc Fe by the authors
of [28] were the model of bce Fe with clearly separated first and second coordination shells
and the assignment of a coordination number of 8 to the bcc Fe phase. Insight gained from
the large-scale AIMD simulations allows us to provide a more adequate model of the high-
PT bece Fe phase and, correspondingly, a better justified explanation of the measured data.

Now, we turn to the recent experimental paper by Kraus et al. [29], where a similar
experiment was performed [29]. In this study, liquid iron was compressed using a technique
similar to the one employed by Ping et al. [28] in their experimental EXAFS paper [28].
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However, Kraus et al. [29] collected X-ray spectra from the experimental samples, allowing
direct observations of the sample structure. Since the pressure in such experiments increases
with a comparably (in comparison to the slope of the melting curve of iron, for example)
modest increase in temperature, eventually the P-T path crosses the melting curve and
enters the P-T range of solid iron. The phase that demonstrates the existence of solid peaks
is the submelting phase. Unfortunately, because of the extreme nature of the P-T conditions
(pressure of about 550 GPa, similar to those in the experimental EXAFS paper [28] and
even higher), the collected X-ray spectra were subjected to uncertainties that prevented
the authors (as explained by the authors themselves) from the robust refinement of the
crystal structure [29]. In addition, the spectra contain pinhole peaks that might conceal
the peaks in iron phases. Four experimental spectra were collected after an increase in
compression at P ~ 550 GPa. These four spectra were interpreted as belonging to liquid,
liquid + hep, liquid + hcp again, and finally pure hcp, correspondingly. The temperature in
these experiments was deemed to be very close to each other and equal to about 9000 K.

We have computed the same spectra of bec, hep, and liquid Fe at several pressures
and temperatures. The TRAVIS [41,42] code that we used in our calculations of spectra
allows direct processing of the files produced by the VASP code. The TRAVIS code has
been widely applied in similar studies and is well tested. Since our computational cells
are the largest ever applied in AIMD simulations of iron phases, the computed spectra
are the most precise ever obtained for Fe from first principles. This allowed us to make
a direct comparison of measured (tabulated spectra were provided to us by R. G. Kraus,
of which we are very grateful) and computed spectra. Note that the experimental spectra
are provided in arbitrary units [29]. To be able to compare experimental and computed
spectra, we need to scale the computed spectrum and shift it to align the computed curve
with the experimental units and limits. Scaling was performed with a coefficient equal to
the ratio of the most intense peaks from the experiment and AIMD simulations. After that,
the scaled computed spectra were shifted. The scaling and shifting are described by the
following two equations:

Shew(Q) = (SH4(Q) — St )K + 5,7 @
where exp exp
K — (Smax - Smin) (2)
(S%Zax - S:lein)

and the indexes new and old are for scaled and non-scaled spectra, respectively, and th and
exp are for theoretical and experimental data, respectively. max and min are the maximum
and minimum intensities of the spectra.

This procedure allows for a direct comparison of spectra. It does not affect the position
or relative intensity of the peaks nor does it affect the intensity of the peaks in relation to
the background.

Figure 4 shows the comparison of the experimental spectrum, interpreted as collected
from the liquid iron just above the melting curve (note that the assignment of the P-T
conditions is also subjected to certain assumptions), and the spectrum calculated for the bcc
and liquid phases at about the same (as estimated in the experiment) P and T.

We see that the major experimental and computed peaks are positioned at about the
same Q. Provided that the experimental pressure is not known particularly precisely, the
match of positions is very good. Furthermore, the shapes of the major peaks are also close.
The shape is sensitive to the temperature, which is close to the melting temperature at this
pressure; however, the melting curve itself is not known very precisely. We note that the
computed spectrum for liquid produces a similar major peak; therefore, by comparing only
major peaks, it would be highly speculative to provide a robust interpretation of which
phase is actually observed in the experiment. Nevertheless, looking at the widths of the
three major peaks (Figure 4), we might suggest that both liquid and bcc phases are present
in the experiment, because the major experimental peak is broader than the major peak for
the bee phase but narrower than the major peak for the liquid phase. In the experimental
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spectrum, we can observe a number of other peaks interpreted as the pinhole peaks. Since
the quality of the data is particularly noisy at low Q, we shall consider in detail the peaks at
a Q of about 4.5 A, indicated by the boxes in Figure 4. The question we want to answer is
whether the experimental peak is due to a pinhole or due to the superposition of the pinhole
peak and the bce peak (no liquid peaks are there). How we can answer this? The solution is
to compare it with a spectrum where the pinhole peak is clearly from a pinhole only. For that,
we need to turn to the experimental spectrum collected after further compression (Figure 5).

600 - T - . T .
i — - theory (bcc)
500 G—© - exp (interpreted as liquid)
o | +—e - theory (liquid)
g 400 0] Pinhole(?) peak
: 5 (
=
E 300 R
>
ﬁ -
Z
o 2001
=
& B
100 —
BCC peak
1 | 1 | 1 | 1
02 3 4 5 6

Momentum transfer Q (A_l)

Figure 4. The experimental spectrum of iron interpreted by Kraus et al. [29] as belonging to liquid
compared to the spectrum calculated for the bcc and liquid (presumably at the same P-T conditions,
that is ~550 GPa and 9000 K). Three experimental peaks match the peaks of the calculated bcc
spectrum. One experimental peak matches the peak of the spectrum calculated for liquid.

In this figure, we can observe the experimental spectrum of hcp iron compared to the
computed hcp spectrum. The spectrum computed at the reported experimental conditions
of P =550 GPa and T = 9000 K was a poor match to experiment. This is in contrast to the
comparison depicted in Figure 4. However, the spectrum computed at a higher pressure
and lower temperature (Figure 5) in the P-T range of bcc stability [11] fits the experimental
spectrum reasonably well. We see that the pinhole peak at the same Q as in the case of
the presumably liquid spectrum (Figure 4) does not overlap with any computed peaks.
Therefore, we can safely assume that the intensity of that pinhole peak is not affected by
iron peaks.
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Figure 5. The experimental spectrum of iron interpreted by Kraus et al. [29] as belonging to hcp
(presumably at P ~ 550 GPa) compared to the spectrum calculated for hcp (at P = 680 GPa and
T = 6600 K) in the stability field of hcp [11].

Now, we have three peaks in the range of Q as indicated in Figure 4 and Figure 5. One
can observe immediately the intensities of the pinhole peaks reported in the measurements
of the presumably liquid phase in Figure 4 and the presumably hcp phase in (Figure 5). Of
course, the intensities are provided using arbitrary units, but it is expected that those are
still the same units. The intensities might be affected by the somewhat different conditions;
however, the authors reported that these conditions were very close in these two cases. Let
us do the following. We plot the pinhole peaks in a separate figure (Figure 6). We also plot
the computed bee peak as boxed in Figure 4 in the same figure. Now, we add the intensity
of the pinhole peak from the spectrum collected for hcp (undoubtedly pinholes are only
involved there) to the computed bec peak. We have to strip the bec peak from the intensity
of the background to not to account for it twice.

Now, what we see in Figure 6 is that the pinhole peak from the presumably liquid
iron almost exactly overlaps with the superposition of the pinhole peak and theoretical bcc
peak. The match is very good. Actually, it is surprisingly good providing the uncertainty
of the experimental conditions, experimental errors, and imperfections of calculations. It
is remarkable that the only correction to the computed spectrum we made was scaling to
match the units of the computed spectrum to the units (provided in arbitrary units) of the
experimental spectrum. We have to conclude that the spectrum in Figure 4 was collected
from a sample where bcc is present. We cannot exclude, of course, that the spectrum was
collected from a mixture of liquid (with only the main peak similar to that of the main bcc
peak) and bcc phases. However, the presence of the bee phase is demonstrated.
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Figure 6. Four peaks of iron spectra around Q ~ 4.55 A~1. Two of them are the peaks assigned by
Kraus et al. [29] as pinholes. The third one is the calculated peak of bcc iron. The fourth one is the
sum of the bec peak and the peak assigned to a pinhole in the hicp spectrum (Figure 5). The sum of
the pinhole and bec peaks is identical to the peak interpreted as the pinhole peak in the spectrum
interpreted as liquid by Kraus et al. [29]. This suggests that the original interpretation might be
erroneous and the spectrum in Figure 4 belongs to bcc iron.

4. Discussion

We have demonstrated the 11-coordinated phase (in agreement with experiments [28])
and a phase that explains the intensity of the experimental spectrum [29]. In both cases,
this is the bce phase of iron. We have shown that there is no reason to reject the bce phase a
priori as was done by the authors of the experimental paper [28]. This allows us to suggest
that the bce phase is consistently observed in the most advanced experiments and consis-
tently ignored. While there are both direct [30] and indirect [23,31-35,43] experimental
confirmations of bcc stability, for the first time the spectroscopic footprint of the bce phase is
confirmed by experiments at the conditions of the Earth’s inner core and exoplanetary cores.
We emphasize once again that we do not doubt the experimental data [28,29]. However,
a detailed analysis on the basis of our unique large-scale AIMD simulations allows us to
provide likely the most reliable ground for the interpretation of the experimental data. One
might ask why the bcc phase was not observed in a number of diamond anvil cell (DAC)
experiments (yet observed in some). First, the overwhelming majority of DAC experiments
are performed at a P and T in the field of hcp stability—at least as predicted in a recent
paper [11]. Those DAC experiments that do reach the predicted P-T conditions of bcc
stability report a sudden onset of various changes. For example, one paper [43] reports
melting ata P and T considerably below the Fe melting curve, another paper [23] reports the
coexistence of both crystal and liquid X-ray signals, and yet another [24] reports the drastic
onset of contamination when crossing the predicted [11] P-T boundary of bcc stability.

Since bec is missing from the picture, the whole topology of the Fe phase diagram is
interpreted differently, and the possible assignment of P-T conditions might be flawed. The
sequence of spectra obtained in experiments [29], according to our interpretation, is bec (or
possibly a mixture of liquid and bec), then a mixture of bec and hep, and finally pure hcp.
This is in contrast with the interpretation in the experimental paper, where the sequence is
liquid, then mixture of liquid and hcp, and finally pure hcp.
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To perform our calculations of spectra, we used the largest cells of Fe ever simulated
by AIMD (up to 2000 atoms). This makes the calculations highly reliable, although further
increases in the cell size will likely improve the quality of calculations, especially in the
range of small Q. Note, however, that the experimental spectra in the range of small Q
demonstrate irregular behavior.

We note in passing that most of the AIMD studies of Fe bcc phase stability rely on AIMD
simulations of insufficiently large cells (e.g., ref. [21]), despite unambiguous demonstrations
that at least around 1000 atoms are needed in those kinds of studies [9]. Moreover, since the
stability converges at much larger sizes, thermodynamic studies on the basis of exclusively
first principles become problematic. All MD studies of bcc phase stability report extremely
close free energies of bcc and hep phases. Recently, it was demonstrated [44] that accounting
for spin dynamics is critical for the correct calculation of the temperature of the fcc—bcc
transition at P = 1 bar. Such an account might considerably affect the properties of the bcc
phase at high P-T conditions of planetary cores, along with a comparably minor impact on
the properties of hcp [45]. Accounting for the spin dynamics will likely ultimately affect
the theoretical final judgment on the nature of the submelting phase of iron at extreme
pressures. Of course, all phases at high-PT conditions become non-magnetic, and spin-
nonpolarized calculations are fully legitimate, unlike a pressure of 1 bar where stress and
magnetism are correlated [46]. The situation is reminiscent of the stabilization of the 1 bar
bce phase right before melting. According to G. Grimvall [47], the magnetic entropies of the
bce and liquid phases are about 5 J/mole/deg, while the magnetic entropy of fcc is about
1]J/mole/deg. Although it is unclear how these numbers change at much higher pressures
and temperatures, the difference in magnetic entropies, that so far has been unaccounted for
in practically all calculations of iron phase diagrams at extreme P and T, might potentially
contribute to the stability of bcc Fe.

5. Conclusions

We demonstrated that bce phase stabilization at pressures above 250 GPa and exper-
imental (high) temperatures explains such experimental observations as the shape and
intensity of the peak interpreted as pinhole peaks (Figure 6). bcc stabilization allows us to
explain the observation of 11-coordinated iron under the same P-T conditions (Figure 2).

According to our interpretation, the phase with the bcc structure is the stable phase
in the Earth’s core and the hot exoplanetary iron cores. The bcc phase is 11-coordinated,
exactly as is the phase observed in experiments [28], with a density quite close to the density
of the hcp phase. A phase with bcc peaks was observed in experiments at a pressure of
~550 GPa and a temperature close to 9000 K. Although pinhole peaks overlap with the bcc
peaks, the intensity of the so-called pinhole peaks quantitatively match the intensity of the
overlapping bcc and pinhole peaks. This supports our free energy calculation results and
the computed stability of the bec phase. Since the emphasis so far has been on studies of the
properties of the hcp phase, a focused effort on studies of bce properties is urgently needed.
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