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It is well established that at a pressure of several megabars and low temperature Fe is stable in the
hexagonal-close-packed (hcp) phase. However, there are indications that on heating a high-pressure hcp phase
of Fe transforms to a less dense (open structure) phase. Two phases have been suggested as candidates for these
high-temperature stable phases: namely, body-centered-cubic and body-centered-tetragonal (bct) phases. We
performed first-principles molecular dynamics and phonon analysis of the bct Fe phase and demonstrated its
dynamical instability. This allows us to dismiss the existence of the bct Fe phase under the high-pressure

high-temperature conditions of the Earth’s inner core.
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I. INTRODUCTION

The iron phase diagram in a wide pressure range is of a
considerable interest for modern technology and geophysics.
Iron is certainly one of the most important materials at am-
bient conditions. Moreover, iron is thought to be a major
(slightly alloyed by Ni and some light elements) component
of the Earth core! where it is exposed to high pressure and
temperature. The pressure-temperature range of the solid in-
ner core (IC) is between 3.3 and 3.6 megabars (Ref. 2) and
4000 and 8000 K (Refs. 3—10). In the pressure range of the
IC but at low temperatures Fe is known to be stable in the
hexagonal-close-packed (hcp) structure.’ Interest in Fe
phases alternative to hcp emerged when shock-wave experi-
ments had demonstrated!! (not unambiguously, though'>-14)
that there was a solid-solid phase transition prior to melting
at pressures above 2 Mbar and temperatures between 4000
and 5000 K. This interest was further supported by the dem-
onstration that the body-centered-cubic (bcc) phase of iron
could possess closer properties to those of the Earth’s IC
(Ref. 2) than the hcp phase.!> Moreover, it was demon-
strated'®!”7 that in diamond anvil cell experiments there was a
possibility to misinterpret an hcp-bec transition as a melting.
Therefore, the bcec phase of iron was under close consider-
ation as a possible component of the Earth’s IC.%!® While
one of the performed studies’ suggests that the bec phase is
stable at the regarded conditions, the other one'® suggests
instead the stability of the hcp phase; however, free energies
of bee and hep appear to be very close to each other. It was
suggested!® that the bce phase is unlikely to be stable in the
Earth’s core because it was found'® that the bec iron phase
becomes dynamically unstable at high pressure. As we now
know, such a suggestion is not justified. At high temperature,
the bce phase becomes dynamically stable®!® despite the in-
stability at 7=0 K. We notice that the bcc phase is not the
only iron structure which might have been found in the
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shockwave experiments.!! Another phase, which is slightly
lower in energy at 7=0 K and high pressure, is the body-
centered-tetragonal (bct) phase.?” As the bet phase is lower in
energy than bcc at pressures relevant to the Earth’s IC one
might assume that the former phase can be more stable at the
IC conditions than the latter one. Moreover, along the Bain
path, the energy of the body-centered phase exhibits a mini-
mum at the bet configuration (¢ # a), while the energy of the
bee phase is at a maximum.? This unambiguously tells us
that the bcc phase is dynamically unstable, while the bct
phase might be dynamically stable at 7=0 K. Therefore,
there is a need to study a possible stability of this phase at
high pressure. The bct phase has already been investigated
theoretically and based on the analysis of the elastic moduli
it has been shown to stabilize at pressures above 180 GPa.?!
However, the validity of the applied method used to calculate
the elastic constants?! was objected t0:22 therefore, these re-
sults remain unconfirmed.

In this paper we theoretically investigate the stability of
bet Fe at low and high temperatures and at pressures relevant
to the IC. The paper is organized as follows. First, we de-
scribe the methods used to perform the calculations of the
ground-state energies, phonon spectra, and molecular dy-
namics simulations for both the bee and bet phases (Sec. 1I).
Second, we describe the obtained results and discuss them in
the perspective of their importance for Earth science (Sec.
II). In the Conclusions section we outline the future direc-
tions of studies on stability of high-temperature phases, un-
stable at zero and/or low temperatures.

II. METHODS
A. Total energy and phonon calculations

The calculations of the total energies were done by the
projector augmented-wave (PAW) method?? [as implemented

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.74.214102

BELONOSHKO et al.

Energy (eV/atom)
&
[}

-6 L L 1
0.8 1 1.2 14
c/a

FIG. 1. (Color online) The calculated energy of iron phases
along the Bain path at the volume 6.91 A3/atom. The solid curve
shows the results of non-magnetic calculations, whereas solid
circles represent the data obtained from spin-polarized calculations.
The insert shows stresses along X, Y, and Z direction depending on
the ¢/a ratio.

in VASP (Ref. 24)] based on density functional theory (DFT)
within the generalized gradient approximation (GGA) using
the Perdew-Wang parametrization.”> The calculations were
performed with a cutoff energy of 27 Ry, treating 3p, 3d,
and 4s orbitals as Fe valence states. The 16X 16X 16
Monkhorst-Pack k-point mesh?® was used. The Brillouin-
zone (BZ) integration was done by the linear tetrahedral
method with Bléchl corrections.?” Both spin-polarized and
nonpolarized calculations were carried out for the iron
structures along the Bain path.

In order to analyze the dynamic stability of bct Fe we
performed phonon calculations using the Quantum Espresso
package?® based on density functional perturbation theory®
(DFPT) and ab initio pseudopotential approximation to the
electron-ion interaction. In our phonon studies we used an
ultrasoft pseudopotential®® generated using three Bessel
functions, as proposed by Rabe et al?' and generalized-
gradient corrections to the exchange-correlation functional
according to Perdew, Burke, and Ernzerhof.’?> The electron
wave function in a periodic crystal was presented as a sum of
plane waves with kinetic energy up to 40 Ry, and plane
waves with energy up to 480 Ry were used to describe the
augmented charge. In addition, we tested phonon frequencies
for the high-symmetry X point in the Brillouin zone using the
cutoff energies 60 Ry and 720 Ry, and found them to be
converged with an accuracy of 0.3 THz or 10%. Integration
over the BZ was performed using a 18X 18X 18 k-point
mesh and a special-points technique®® with broadening
0=0.02 Ry according to the Marzari-Vanderbilt “cold”
smearing method.** Phonon dispersion curves along high-
symmetry directions were calculated using the force con-
stants Cf‘j'B(R), obtained by means of fast Fourier transforma-
tion of 13 dynamical matrices Cl?'j‘ﬁ(q), where i and j are
atomic indexes and « and S are polarization directions. The
self-consistent and phonon calculations were converged
within 1071 Ry and 107'# Ry, respectively.
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FIG. 2. (Color online) Equation of state for hcp Fe. Solid circles
refer to experimental values (Ref. 5). Solid squares and triangles
stand for our calculated pressure for a given volume by the pseudo-
potential and all-electron PAW methods, respectively. The c/a for
hep Fe was suggested to be pressure independent (see text), and in
our calculations we used c¢/a=1.588.

B. Molecular dynamics simulations

To check if the bet phase can be stabilized by high tem-
perature, similar to the bec phase®!® (which is dynamically
unstable at low 7 and high P, but becomes dynamically sta-
ble on increasing T) we employed the most straightforward
method of molecular dynamics (MD).

We performed ab initio molecular dynamics (AIMD)
simulations of the iron bcc and bct structures in NVT en-
semble (N, number of atoms; V, volume; 7, temperature).
The calculations of energies were done as the described-
above PAW calculations. Since our supercells were large
(N=128), the calculations were performed with the I" point
only. The computational cells for the calculations of bct and
bee supercells were obtained as 4 X4 X4 bee and bet unit
cells, correspondingly. Since both the bce and bet unit cells
contain two atoms, the number of atoms was 128 in both
AIMD runs. The temperature and volume were chosen to be
within the likely range of the Earth’s IC—that is, 6000 K and
6.91 A3/atom. Simulated systems were coupled to the Nosé
thermostat with the mass to provide a period of oscillation of
about 40 time steps. The time step was equal to 1 fsec. About
2000 time steps were performed in both AIMD runs. In
AIMD, the c/a ratio of the bct phase was chosen equal to
that corresponding to the energy minimum (Fig. 1).

III. RESULTS AND DISCUSSION

According to our as well as numerous previous results the
bee structure is the stable phase of iron at zero temperature
and pressure. As pressure increases up to about 200 GPa, bcc
becomes unstable with respect to a tetragonal distortion,
which results in the appearance of a local minimum in the
total energy dependence versus c/a ratio (Fig. 1). Figure 1
shows the dependence of the total energy on c/a ratio for the
volume 6.91 A%/atom corresponding to ~295 GPa. Thus at
high pressures bct Fe has lower energy than bec Fe, although
the energy of bct is significantly higher than those of the
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FIG. 3. (Color online) Phonon dispersion re-
lations in bct Fe (c/a=0.887) as a function of
pressure. Solid curves show phonon modes at
300 GPa, long-dashed curves are phonon disper-
sion curves at 206 GPa, and phonons at 300 GPa
are shown by dotted curves. LA and TA stand for
the longitudinal and transversal acoustic modes,
respectively. Soft TA2 mode along [£,£,0] in-
duces the dynamical instability of bct Fe. Nota-
tions for high-symmetry directions are given in
Cartesian coordinates.
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close-packed structures, in particular the fce structure (Fig.
1). The obtained c¢/a ratio for the bet phase, 0.887, is in good
agreement with previously reported values.?’ At a tetragonal
distortion of the bcc phase stresses along x, y, and z direc-
tions deviate from each other but they become equal again
for ¢/a=0.887, corresponding to the local energy minimum
for the tetragonal phase, and for ¢/a=1.414, corresponding
to the fcc phase. Interestingly, the uniformed stresses are
very similar for bcc and bet. Different from close-packed
structures of iron the bct phase sustains a substantial mag-
netic moment even at 300 GPa (~0.7 uB/atom), similar to
the bcc phase.

To investigate the stability of the found bct phase we per-
formed phonon calculations in the framework of the DFPT
(see above). As far as we used an ultrasoft pseudopotential in
the Quantum Espresso code, we carried out transferability
tests in order to be sure that it describes properly ground-
state parameters, as well as the Fe equation of state (EOS) at
high pressures. The calculated ground-state parameters of
bee Fe, the lattice parameter a=2.86 A and bulk modulus
B=150 GPa, agree well with the theoretical and experimen-
tal values 2.87 A and B=168 GPa.3* Then we optimized
the ¢/a ratio for hcp Fe in the low- (20 GPa) and high-

7’

(210 GPa) pressure limit and found it to be slightly lower
(1.582 for 20 GPa and 1.589 for P=210 GPa) than the ex-
perimental 1.603,* which is believed to be almost pressure
independent. A similar c/a value, 1.585, was obtained in
Ref. 20 using the full-potential linear muffin-tin orbital
(LMTO) method. The calculated EOS for hep Fe is shown in
Fig. 2 which reveals good agreement between theoretical and
experimental EOS. We have also calculated the hcp equation
of state by applying the PAW (see above) method and fol-
lowing the same as described above procedure. The results
are presented in Fig. 2. The PAW results match the experi-
ment better than those obtained by the pseudopotential
method. We note that this is not critical, since both methods
provide the data reasonably close to the experimental set
(Fig. 2). Besides, the calculated pressure, 298 GPa, for bct
Fe with atomic volume 6.91 A? is in remarkable agreement
with pressure, 295 GPa, obtained in this work using PAW
pseudopotential with 14 valence electrons. Note that the pho-
non spectrum of bee Fe calculated before® using the pseudo-
potential is in quite good agreement with results of inelastic
neutron scattering experiments.

Our calculated phonon dispersion curves for bct Fe with
c/a=0.887 as a function of pressure are presented in Fig. 3.

FIG. 4. Three projections (XY, XZ, and YZ,
from left to right) of every 12th configuration ob-
tained during AIMD for the bee (upper row) and
bet (lower row) phases. The atoms are plotted by

small circles. Since there are about 200 points for
each atom, the atomic positions form a “cloud.”
Note also that while atoms of the bcc phase be-
long to the 110 plane (straight line in the upper
leftmost picture), the corresponding atoms in the
bct phase are distorted and do not belong to the
same plane (the planes are shown by straight
lines).
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The studied pressure range covers the predicted interval of
bet Fe stability®® (Fig. 3). We considered three pressures (P):
namely, P=170, 206, and 300 GPa. At P=170 GPa the shear
modulus C'=(Cy;-C},)/2, where C,; and C;, are elastic
constants, is negative;36 therefore, bct Fe is mechanically un-
stable. At P=206 GPa, C' becomes positive,*® indicating a
possible mechanical stability of bct Fe. The third
P=300 GPa is close to IC conditions and the occurrence
(stabilization) of the bct phase might be expected. Under
high pressure a “hardening” (i.e., increase in energy) of the
phonon spectra along the I'Z and I'Z’ directions is observed.
Besides, near %TZ’ a softening of the longitudinal acoustic
(LA) mode occurs. At the Z(100) point the threefold degen-
eracy, characteristic for the bece lattice at the H(100) point, is
left due to nonuniform compression along z axis. In the I'P
direction, LA and transversal acoustic (TA1) modes also be-
come harder, but the TA2 mode somewhat softens near the
%FP point. An interesting feature in the phonon spectrum of
bet Fe is the appearance of a soft TA2 mode at the X point,
which means that the conclusion on the stability of the bct Fe
phase®® is not correct. As pressure increases the TA2 mode is
enhanced and, therefore, promotes the dynamical instability
of bet Fe. Recently, it has been shown?? that the description
of the elastic constants in bct Fe, provided by Ma and
co-workers,3®3” might be not correct due to the definition of
elastic constants as the second derivative of the Gibbs en-
ergy, but not the total energy. Indeed, elastic moduli for Fe
and Re obtained using volume-conserving strains agreed
well with experimental data in a wide pressure range3® with-
out any pressure correction. High-pressure elastic moduli ob-
tained using volume-not-conserving strains might result in
positive C'" for bet Fe. In fact, C’, calculated by means of
derivatives of the TA2 mode, should be negative (see Fig. 3),
indicating mechanic instability of bct Fe at these pressure
ranges.

We know that dynamic instability of a phase at 7=0 K
not necessary means its instability at high 7. For example,
the bcc Fe phase, being dynamically unstable at high pres-
sure and 7=0 K, becomes dynamically stable at high T ac-
cording to virtually any kind of model.”~%!>-18 Therefore, to
find out if the bct phase, being unstable at low 7, becomes
stable at high 7, we performed the AIMD simulations as
described above (see Methods). Indeed, in accordance with
the previous results,”'® we see the dynamical stability of the
bee Fe phase. The bee structure (Fig. 4) remains intact while
atoms vibrate around their equilibrium positions. The three

1500 2000

trace components of the pressure tensor Pyy, Pyy, and P
also fluctuate around the same average value (Fig. 5). This
indicates that the bcc Fe phase is dynamically stable at a
pressure of about 340 GPa and temperature of 6000 K. In
contrast, the bct Fe phase behaves quite differently. The bct
structure (Fig. 4) is distorted, with the atoms sliding out of
the crystal planes. Note that the XY plane becomes the most
distorted (Fig. 4) in agreement with the corresponding insta-
bility trend obtained by phonon calculations (Fig. 3). The
trace of the pressure tensor (Fig. 5) is split with the P, very
different from Pyy and Pyy. This behavior of the pressure
components indicates that the computational cell would
change its shape if this would have been allowed. The result
of our AIMD simulations indicate that the bct phase is not
stabilized by high 7, unlike the bcc phase, and therefore
should not be considered as a possible stable phase in the
Earth inner core.

IV. CONCLUSIONS

For quite some time consideration of structures other than
close-packed ones was discouraged by the observation of
their dynamical instability at high pressure. We know now
that the dynamical instability at low 7 might reverse to a
stability at high 7. We do not fully understand yet the mecha-
nism behind such a reversal. Therefore, it is even more im-
portant to approach the consideration of stability as rigor-
ously as possible. Since the bct phase is unlikely to be stable
under the conditions of the Earth’s inner core, the only
alternative is the bcc phase. The bce phase, being dynami-
cally stable, has yet to be experimentally demonstrated to be
stable or unstable thermodynamically.
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