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Elastic properties of body-centered cubic iron in Earth’s inner core
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The solid Earth’s inner core (IC) is a sphere with a radius of about 1300 km in the center of the Earth. The
information about the IC comes mainly from seismic studies. The composition of the IC is obtained by matching
the seismic data and properties of candidate phases subjected to high pressure (P) and temperature (T). The close
match between the density of the IC and iron suggests that the main constituent of the IC is iron. However, the
stable phase of iron is still a subject of debate. One such iron phase, the body-centered cubic phase (bcc), is
dynamically unstable at pressures of the IC (330-364 GPa) and low T but gets stabilized at high T characteristic
of the IC (5000-7000 K). So far, ab initio molecular dynamics (AIMD) studies attempted to compute the bcc
elastic properties for a small (order of 10%) number of atoms. The mechanism of the bcc stabilization cannot be
enabled in such cells and that has led to erroneous results. Here we apply AIMD to compute elastic moduli and
sound velocities of the Fe bcc phase for a 2000 Fe atom computational cell, which is a cell of unprecedented size
for ab initio calculations of iron. Unlike in previous ab initio calculations, both the longitudinal and the shear
sound velocities of the Fe bcc phase closely match the properties of the IC material at P = 360 GPa and T =
6600 K, likely the PT conditions in the IC. The calculated density of the bcc iron at these PT conditions is just
3% higher than the density of the IC material according to the Preliminary Earth Model. This suggests that the
widely assumed amount of light elements in the IC may need a reconsideration. The anisotropy of the bcc phase

is an exact match to the most recent seismic studies.

DOI: 10.1103/PhysRevB.105.L180102

I. INTRODUCTION AND MOTIVATION

The Earth’s solid inner core (IC) [1] is made of almost pure
iron, as follows from seismic and other geophysical data [2].
This was well established even before the experimental data
on iron at extreme pressure temperature (PT), approaching
those in the IC, became available [3,4]. However, the iron
phase and the amount of light impurities (pure iron is heavier
than the IC material [5]) remain debated. While the experi-
mental data are controversial as concerns the phase state of
iron under PT conditions of the IC (pressures from 330 to
364 GPa and temperatures—from various sources—between
5000 and 7000 K), the latest seismic data [6] and the body-
centered cubic (bcc) paradigm [7-13] are a perfect match. The
seismic data tell us there is an innermost inner core (IMIC)
with a radius about 650 km in the Earth’s center. This is
the inner part of the IC for which robust seismic data have
been recently collected. The directions of the fast and slow

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI. Funded
by Bibsam.

2469-9950/2022/105(18)/L180102(6)

L180102-1

propagation of the seismic signal in the IMIC form an angle
of 54 degrees. This is an exact match to the angle formed
by the [111] and [100] directions in the bcc lattice, the di-
rections of the fast and slow sound propagation in the bcc
lattice [9,14]. No such angle can be found in the hexagonal
close-packed (hcp) structure. This match suggests the pos-
sibility that there is a single crystal of bcc Fe in the center
of the Earth. Theoretically, the bcc phase was demonstrated
to be dynamically stable in the IC [7,11-13]. Numerous ab
initio studies [15-19] addressed the issue of the bcc stability
and came to the conclusion that the bcc phase is thermody-
namically unstable in the IC—the hcp phase is more, even
though slightly, stable than the bcc phase. However, these
AIMD simulations [15-19] were considering insufficiently
large computational cells, and that was a critical flaw. The
most recent AIMD studies [11-13] demonstrated that the bcc
phase becomes thermodynamically stable under IC conditions
if the size of the computational cell is large enough (= 1000
atoms). The mechanism of stabilization is described in detail
in Ref. [11]. AIMD calculations of elastic properties of the
bcc iron under PT conditions of the IC were undertaken in
the past, however, for way too small cells where the size was
insufficient to establish and study the dynamically stable bcc
phase [20]. Thus at present there are no ab initio data for
elastic properties of the Earth IC material. There are data for
the so-called quasi-ab initio embedded atom model (EAM);
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TABLE I. Calculated isothermal (adiabatic) elastic moduli of iron compared to previously published data and PREM.

o (kgm™3) T (K) cq; (GPa) ¢y, (GPa) cq4 (GPa) ¢y3 (GPa) ¢33 (GPa) P (GPa)
This work (2000 atoms) 13,497 6600 1405 (1541) 1390 (1526) 345 360
Vocadlo [20], bcel (54 atoms) 13,155 5500 1505 (1603) 1160 (1258) 256 316 [33]
Vocadlo [20], bee2 (54 atoms) 13,842 6000 1657 (1795) 1381 (1519) 323 316 [33]
Vocadlo [20], hcp (64 atoms) 13,155 5500 1631 (1730) 1232 (1311) 159 983 (1074) 1559 (1642) 316 [46]
Martorell [47], hep (64 atoms) 13,628 6600 1803 1297 232 1132 2067 360 [47]
EAM [8], bee (1024000 atoms) 13,900 6000 1391 1364 448 360
PREM 13,090

however, it is highly desirable to compute the elastic proper-
ties with as few assumptions as possible using first-principles
methods. One of the reasons is that atomistic models, for
example, the EAM [21,22], do not take into account the im-
pact of electronic entropy, which plays an essential role at
the IC temperature [13,23]. Another reason is that the EAM
approach uses a prescribed functional dependence of inter-
actions on interatomic distance while it is not clear whether
such a preselected function is precise enough at extreme PT
conditions in a wide range of compressions for all iron phases.

II. COMPUTATIONAL DETAILS

We calculated the energies and forces within the frame-
work of the frozen-core all-electron Projector Augmented
Wave (PAW) method [24], as implemented in the Vienna Ab
initio Simulation Package (VASP) [25]. In our AIMD runs we
used the Fe potential with 3p®3d®4s? valence electrons. The
energy cutoff was set to 400 eV. This is the cutoff applied
in a number of studies. The cutoff convergence was care-
fully checked using cutoff up to 700 eV [26]. Exchange and
correlation potentials were treated within the Perdew-Burke-
Erzernhof flavor of the generalized gradient approximation
(GGA) [27]. The finite temperatures for the electronic struc-
ture and force calculations were implemented within the
Fermi-Dirac smearing approach [28]. All necessary conver-
gence tests were performed; the electronic steps converged
within 0.01 meV /atom. The AIMD runs have been performed
in the canonical ensemble for a given volume and temperature
using the Nosé-Hoover thermostat. We used the cubic super-
cell obtained as the 10 x 10 x 10 translations of the standard
two atom bcc cell, thus the supercell contained 2000 atoms.
The integration over the Brillouin zone was done using the
[' point. The time step was set to 1.0 fs. The temperature
in all our calculations was set to 6600 K. This temperature
was used before in other papers (see Table I) to compute
elastic properties of the hcp Fe. Our choice is justified by the
knowledge that the IC is close to melting temperature of the IC
material, probably lowered by a certain amount of impurities.
The temperature of 6600 K is below the melting temperatures
of all iron phases; for example, the melting temperature of the
bcc Fe at the pressure of 360 GPa is predicted to be equal
to 7190 K [13]. Notice that the latest assessment of the hcp
Fe melting temperature gives about 6800 K [13] indicating
its lower stability with respect to the bcc phase. Therefore,
a temperature of 6600 K for the bcc Fe does not seem to
be unreasonably high though there are arguments in favor of
6000 K and even lower temperatures in the IC [29]. The lattice

constant of the bcc cell was obtained by several short AIMD
runs and the cell constant equal to 2.395 A 2 produced pres-
sure very close to the pressure of 360 GPa. The calculations
were unique in what concerns the size of the simulation cell in
the ab initio treatment of iron. First we equilibrated the initial
ideal bcc structure for 5000 time steps, then applied strains as
discussed below, and ran additional 5000 time steps for each
strain. The runs were performed on 16 so-called fat nodes with
amemory of 384 Gbytes at the Tetralith supercomputer cluster
in Link6ping, Sweden. The use of the nodes with small mem-
ory (96 Gbytes) leads to very inefficient parallelization. One
week of computer time with 16 nodes resulted in about 1000
time steps for one strain. The single-crystal elastic constants
were calculated via the generalized form of Hooke’s law,

ey

where o; stands for Cauchi stresses, ¢;; stands for elastic mod-
uli, and ¢; stands for strains, all in the Voigt notation (i, j =
1,2, ...6) and assuming the Einstein summation convention.
The calculated time-averaged stresses associated with strains
applied to our 2000 atom supercell were used. To obtain the
three nonzero ¢;; (namely, ci1, ¢12, and c44) of the cubic cell,
just one strain is needed whose six components in the Voigt
notation are given as

o; = Cijejs

€=1(6,0,0,0,0,9). 2)

The applied § were £1% and +2%. For each & (four in
total), the MD run with a duration of 5000 time steps was
used. The strains were applied to the unstrained cell ther-
mally equilibrated for 5000 time steps; therefore calculation
of thermal averages on the strained cells could be started
right away. The convergence of the calculated averages over
time was monitored via calculation of intermediate averages
every 1000 MD time steps. The calculated dependencies of
the time-averaged o; on § were subject to linear least-squares
fit to directly estimate c¢;; from the relations

o] = 6‘116 (3)
0oy = C12(S (4)
06 = C446. )

Isothermal elastic constants were transferred into adiabatic
ones using the same procedure as in Ref. [20] assuming ther-
mal expansion 10~ K~! and heat capacity of Skz. The sound
velocity was computed in the Voigt approximation [30]. The
shear modulus G and the bulk modulus B of a cubic crystal
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TABLE II. Isothermal (adiabatic) primary and secondary sound velocities and bulk and shear moduli of bcc iron compared with previously

published data and PREM.
o (kgm™) T (K) Vp (kms™) Vs (kms™") B (GPa) G (GPa)
This work 13,497 6600 11.14 (11.59) 3.95 (3.95) 1395 (1531) 210
Vocadlo[20], becl 13,155 5500 11.29 4.11 1275 (1373) 223
Vocadlo[20], bcc2 13,842 6000 11.83 4.24 1473 (1611) 249
Vocadlo[20], hep 13,155 5500 11.14 4.01 1246 (1336) 316 (325)
Martorell[47], hcp 13,628 6600 11.93 4.57 1560 284
EAM(8], bcc 13,900 6000 11.90 4.44 1373 274
PREM 13,090 11.26 3.67
can be written as this is also the feature obtained in this work for the bcc iron.
Ciy +2Cp, The low shear modulus was also obtained [35] for Fe hcp at T
B = 3 (6) = 7200 K. That result, however, should be treated with cau-
tion. First, the temperature of 7200 K is way too high for the
and IC. Second, and most importantly, 7 = 7200 K is about 600 K
. Ci1 —C1a +3Cus ™ higher than the melting temperature of the hcp Fe computed

5

Then the longitudinal sound velocity C;, and the bulk sound
velocity Cp can be calculated as

4G
¢ = —(B; ) ®)

|B
CB = ) (9)
0

where p is the density. The method was tested previously
[31] in calculations of elastic properties of bcc Mo along the
Hugoniot adiabat and was found to reproduce experimental
data [32].

III. RESULTS

The calculated data are summarized in Table I and Table II
compared with previously published data and the Preliminary
Earth Model [5] (PREM). We immediately notice that the
computed density of iron is higher than that from PREM by
about 3%. This is less than the difference between the density
of the hcp phase and PREM simply because the Acp phase is a
close-packed one. While previous calculations performed for
the densities matching that of PREM might look as closely
matching the PREM velocities, this match is illusory because
the calculated pressure in such cases is quite different from
the pressure in the IC. Namely, for the Acp Fe with the density
from the PREM shall produce pressures around 300 GPa;
therefore the PT conditions are outside of the PT conditions of
the IC [33]. The second remarkable result is that the c¢;; and
c1p are quite close to each other, unlike previously obtained
results when calculations were done for much smaller compu-
tational cells, i.e. actually unstable but forced to stay intact by
not allowing for shape relaxation. Note that since the Fe bcc is
stable the c¢j;-cy3 is positive. The error of c¢-c|, calculations
is much smaller than the c¢;;-cj, magnitude that is also con-
firmed by analysis of their running averages. The low magni-
tude of ¢y;-c, leads to the lowest shear modulus ever obtained
for iron under the IC PT conditions (Table II). The IC material
is known to possess remarkably low shear modulus [5,34] and

with AIMD in the same approximation at the same pressure of
360 GPa. Forsblom and Grimvall [36] showed that when a sin-
gle crystal is heated above the melting temperature the shear
modulus rapidly decreases. Therefore the low shear modulus
obtained by Martorell et al. [35] is an artifact and cannot be
observed in reality. The Fe hcp phase, if heated to 7200 K,
will melt. Therefore the comparison of our data with the data
by Martorell et al. [35] is meaningless. While calculated in
this study the longitudinal and shear velocities are slightly
higher than those from PREM, there are several factors that
might affect such a discourse even without using alloying with
light elements as a possible cause. We discuss these factors
below. We see also that the elastic constants computed in
this work are reasonably close to those obtained using the
embedded-atom method [8,21,22,37] (EAM). This suggests
that the EAM model [21] is reasonably precise and provides
further support to the stability of the bcc iron in the IC as com-
municated in the recent paper [13]. It has to be emphasized
that the AIMD provides the ultimate estimate of elastic prop-
erties while the validity of EAM and similar semiempirical
models always has to be tested against an ab initio approach.
Figure 1 shows the P-wave and S-wave velocities calcu-
lated from the elastic constants of bcc-Fe at P = 360 GPa and
T = 6600 K as a function of propagation direction. Notice
the fast and slow sound propagation in the [111] and [100]
directions, respectively, and the higher overall anisotropy of
the P-wave, which is in contrast to the results for the sim-
ulations of small cells [38], where anisotropy of just 3%
was obtained. Such an underestimation is likely due to the
assumption that the directions of fast and slow propagation of
seismic signal coincide with the axis of rotation and equatorial
plane, correspondingly. In fact [6], while the fast direction of
the propagation of the signal is indeed aligned with the axis
of the Earth’s rotation, the slow direction forms the angle of
54 degrees with the fast one. For such an angle the anistropy
of the hcp single crystal is zero, while the anisotropy of the
bce single crystal is about 13%. We note that the seismic
observations [6] are consistent with the existence of the bcc
single crystal in the center of the IC with the [111] big diag-
onal oriented along the rotational axis and inconsistent with
the hcp single crystal. There is the mechanism that allows
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FIG. 1. Adiabatic single crystal P-wave and S-wave velocities for bcc Fe at IC conditions as a function of propagation direction: (a) Vp,

(b) Vi1, and (c) Vs,. This figure was generated by Unicef Careware [44].

recrystallization of Fe polycrystal into a single crystal for the
bcc phase via self-diffusion, unique for the bcc phase [11],
while in the hcp phase such mechanism is absent.

IV. DISCUSSION AND CONCLUSIONS

The computed density of bcc Fe at the P = 360 GPa
and T = 6600 K is 3% higher than the density according to
PREM (Table I). The core density deficit, i.e., the difference
between the density of the Earth’s core and the density of the
iron stable phase (bcc) in the IC, is considerably smaller than
has been previously believed. In the not so distant past the
amount of light elements in the IC was often estimated at
the level of 10 weight percent and sometimes even higher.
Recent publications estimate the amount of light elements
based on ab initio calculations of the hcp Fe in the IC. Since
the most recent studies suggest stability of the bcc phase, the
amount of light elements remains largely unknown. However,
we know now that it is small and it is plausible to assume
that the small amount of light elements leads to small changes
in elasticity. The longitudinal velocity (Table I) calculated
in this work is a very good match to PREM. The density
of the bcc iron is slightly higher than the density of the IC
and this is only logical that the velocities are also slightly
higher. The shear velocity is closer to PREM than for any Fe
phase computed before. This is explained by the very small
ci1-c12 in comparison with that previously computed. The
reason for this difference most probably originates from the
insufficiently large size of the bcc cells computed in the past
leading to the bcc instability. Then, instead of the stable bcc
structure, the cell oscillates between close-packed-like states
and that leads to very high cj;-cj. The relatively high cyq4
leads, despite the small cjj-ci2, to a relatively high shear
modulus as compared with PREM. We note, however, that
this is not critical. The high-PT bcc Fe possess uniquely high
self-diffusion [11] that results in dynamic disorder [39]. This
self-diffusion is similar when the bcc Fe is simulated using
AIMD and the EAM (Fig. 2). The self-diffusion coefficient is
known to converge at very large sizes of computational cells
that are out of reach of AIMD (see Fig. 2). However, we know
that the shear resistance of the bcc Fe is decreasing with time
where the stress is relieved through self-diffusion. For times,
characteristic of sound wave propagating through the compu-

tational cell, the decrease of the shear modulus is sufficient to
get very good agreement with PREM. Therefore even the al-
ready small difference between the G’s computed in this work
(Table II) and from PREM would become smaller for longer
simulation times. We underline that even though the timescale
of AIMD runs is small in comparison with those where the
EAM model was used, the state is not transient. The EAM
and AIMD dynamically stabilize the bcc sizes at exactly the
same size of computational cell at the same temperature [13].
Figure 2 shows that the MSD is quantitatively the same for
EAM and AIMD. Therefore the bcc is not a transient state as
some might think but a stable or, at the very least, metastable
state. The detailed analysis of the shear relaxation [40] in bcc
Fe demonstrates that the shear resistance can be split in a
pure elastic response and a comparably small hydrodynamic
response. If estimating the pure elastic response we subtract
from the computed shear stress the hydrodynamic part (as
computed using multimillion cells simulated for nanoseconds)
then the remaining elastic response would fit the shear mod-

02; L L ‘ S
110 2%10 3x10 4x10

Timestep number

FIG. 2. Size dependence of mean-square displacement (MSD) in
bcce Fe. The package LAMMPS [45] was used for these calculations.
The MSD is computed as in Ref. [13] using the EAM model [21] at
the 7= 6600 K and constant volume corresponding to the pressure
360 GPa for the number of particles 2000, 16 million, and 128
million atoms as indicated in the legend (1 time step = 1 fs). The
AIMD computed MSD is equal to 0.28 A 2 in close agreement to
calculated using the EAM model.
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ulus of the IC very precisely. Another source of bringing the
AIMD data and PREM in a better agreement comes from the
spin fluctuations that might provide extra pressure term (up
to 50 GPa [41]). That means that at the pressure of 360 GPa
the density of the bcc Fe would be smaller and fit the seismic
observation even better. Such extra pressure could erase the
3% density difference between the AIMD bcc Fe density and
that from PREM. It is interesting that this effect is not relevant
for the hcp phase. A proper calculation of spin fluctuations
in high-PT iron might, however, require a better assessment
of electron correlations [42], what is currently unfeasible in
the simulations of large cells. Therefore the presented results
here suggest that the standard attempts to provide rather nar-
row estimates for particular light elements operating with the
equation of state of a likely irrelevant iron phase (hcp) [43]
may not be the optimal way. We want to reiterate that the
elastic constants provided in this study are, to our knowledge,
correctly calculated on a DFT basis for the first time ever.

ACKNOWLEDGMENTS

A.B.B. acknowledges financial support from the Swedish
Research Council (VR) (Grant No. 2017-03744). A.B.B.
acknowledges support from Olle Engkvist Byggmaistare
Foundation. O.Y.V. acknowledges the support from Swedish
Research Council (VR) (Project No. 2019-06063). S.L.S. ac-
knowledges the support from Swedish Research Council (VR)
(Project No. 2019-05551), the Swedish Government Strategic
Research Area in Materials Science on Functional Materials
at Linkoping University (Faculty Grant SFO-Mat-LiU No.
2009-00971), the Knut and Alice Wallenberg Foundation,
and the ERC (synergy grant FASTCORR project 854843).
The computations were enabled by resources provided by the
Swedish National Infrastructure for Computing (SNIC) at the
National Supercomputer Center (NSC) partially funded by
the Swedish Research Council through Grant Agreement No.
2016-07213.

[1] I. Lehmann, Bur. Cent. Seismol. Int. 14, 3 (1936).

[2] R. J. Hemley and H.-K. Mao, Int. Geol. Rev. 43, 1
(2001).

[3] E. Birch, J. Geophys. Res. 57, 227 (1952).

[4] L. V. Altshuler, K. K. Krupnikov, B. N. Ledenev, V. L
Zhuchikhin, and M. 1. Brazhnik, Zh. Eksp. Teor. Fiz. 34, 874
(1958).

[5] A. M. Dziewonski and D. L. Anderson, Phys. Earth Planet.
Inter. 25, 297 (1981).

[6] J. Stephenson, H. Tkal¢i¢, and M. Sambridge, J. Geophys. Res.
Solid Earth 126, €¢2020jb020545 (2021).

[71 A. B. Belonoshko, R. Ahuja, and B. Johansson, Nature
(London) 424, 1032 (2003).

[8] A. B. Belonoshko, N. V. Skorodumova, S. Davis, A. N.
Osiptsov, A. Rosengren, and B. Johansson, Science 316, 1603
(2007).

[9] A. B. Belonoshko, N. V. Skorodumova, A. Rosengren, and B.
Johansson, Science 319, 797 (2008).

[10] A. B. Belonoshko, P. M. Derlet, A. S. Mikhaylushkin, S. L.
Simak, O. Hellman, L. Burakovsky, D. C. Swift, and B.
Johansson, New J. Phys. 11, 093039 (2009).

[11] A. B. Belonoshko, T. Lukinov, J. Fu, J. Zhao, S. Davis, and S. 1.
Simak, Nat. Geosci. 10, 312 (2017).

[12] A.B. Belonoshko, J. Fu, T. Bryk, S. I. Simak, and M. Mattesini,
Nat. Commun. 10, 2483 (2019).

[13] A. B. Belonoshko, J. Fu, and G. Smirnov, Phys. Rev. B 104,
104103 (2021).

[14] M. Mattesini, A. B. Belonoshko, H. Tkal¢ié, E.
Buforn, A. Udias, and R. Ahuja, Sci. Rep. 3, 2096
(2013).

[15] L. Vocadlo, D. Alfe, M. J. Gillan, I. G. Wood, J. P. Brodholt,
and G. D. Price, Nature (London) 424, 536 (2003).

[16] A. B. Belonoshko, A. Rosengren, L. Burakovsky, D. L.
Preston, and B. Johansson, Phys. Rev. B 79, 220102(R)
(2009).

[17] A. B. Belonoshko, S. Arapan, and A. Rosengren, J. Phys.:
Condens. Matter 23, 485402 (2011).

[18] B. K. Godwal, F. Gonzalez-Cataldo, A. K. Verma, L. Stixrude,
and R. Jeanloz, Earth Planet. Sci. Lett. 409, 299 (2015).

[19] J. Bouchet, S. Mazevet, G. Morard, F. Guyot, and R. Musella,
Phys. Rev. B 87, 094102 (2013).

[20] L. Vocadlo, Earth Planet. Sci. Lett. 254, 227 (2007).

[21] A. B. Belonoshko, R. Ahuja, and B. Johansson, Phys. Rev. Lett.
84, 3638 (2000).

[22] A. P. Sutton and J. Chen, Philos. Mag. Lett. 61, 139 (1990).

[23] A. S. Mikhaylushkin, S. I. Simak, L. Dubrovinsky, N.
Dubrovinskaia, B. Johansson, and 1. A. Abrikosov, Phys. Rev.
Lett. 99, 165505 (2007).

[24] P. E. Blochl, Phys. Rev. B 50, 17953 (1994); G. Kresse and D.
Joubert, ibid. 59, 1758 (1999).

[25] G. Kresse and J. Hafner, Phys. Rev. B 48, 13115 (1993); G.
Kresse and J. Furthmiiller, Comput. Mater. Sci. 6, 15 (1996).

[26] I. Mosyagin, O. Hellman, W. Olovsson, S. I. Simak, and I. A.
Abrikosov, J. Phys. Chem. A 120, 8761 (2016).

[27] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,
3865 (1996).

[28] N. D. Mermin, Phys. Rev. 137, A1441 (1965).

[29] R. Nomura, K. Hirose, K. Uesugi, Y. Ohishi, A. Tsuchiyama,
A. Miyaki, and Y. Ueno, Science 343, 522 (2014).

[30] W. Voigt, Lehrbuch Der Kristallphysik (Teubner-Verlag,
Leipzig, 1928).

[31] T. Lukinov, S. I. Simak, and A. B. Belonoshko, Phys. Rev. B
92, 060101 (2015).

[32] J. H. Nguyen, M. C. Akin, R. Chau, D. E. Fratanduono, W. P.
Ambrose, O. V. Fatyanov, P. D. Asimow, and N. C. Holmes,
Phys. Rev. B 89, 174109 (2014).

[33] O. Yu. Vekilova, Influence of stresses and impurities on ther-
modynamic and elastic properties of metals and alloys from
ab initio theory, Dissertations, 1531, Linkdping University
Electronic Press, 85, 2013

[34] H. Tkalci¢ and T. S. Pham, Science 362, 329 (2018).

[35] B. Martorell, L. Vocadlo, J. Brodholt, and I. G. Wood, Science
342, 466 (2013).

[36] M. Forsblom and G. Grimvall, Nat. Mater. 4, 388 (2005).

L180102-5


https://doi.org/10.1029/JZ057i002p00227
https://doi.org/10.1016/0031-9201(81)90046-7
https://doi.org/10.1029/2020JB020545
https://doi.org/10.1038/nature01954
https://doi.org/10.1126/science.1141374
https://doi.org/10.1126/science.1150302
https://doi.org/10.1088/1367-2630/11/9/093039
https://doi.org/10.1038/ngeo2892
https://doi.org/10.1038/s41467-019-10346-2
https://doi.org/10.1103/PhysRevB.104.104103
https://doi.org/10.1038/srep02096
https://doi.org/10.1038/nature01829
https://doi.org/10.1103/PhysRevB.79.220102
https://doi.org/10.1088/0953-8984/23/48/485402
https://doi.org/10.1016/j.epsl.2014.10.056
https://doi.org/10.1103/PhysRevB.87.094102
https://doi.org/10.1016/j.epsl.2006.09.046
https://doi.org/10.1103/PhysRevLett.84.3638
https://doi.org/10.1080/09500839008206493
https://doi.org/10.1103/PhysRevLett.99.165505
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.48.13115
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1021/acs.jpca.6b08633
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRev.137.A1441
https://doi.org/10.1126/science.1248186
https://doi.org/10.1103/PhysRevB.92.060101
https://doi.org/10.1103/PhysRevB.89.174109
https://doi.org/10.1126/science.aau7649
https://doi.org/10.1126/science.1243651
https://doi.org/10.1038/nmat1375

BELONOSHKO, SIMAK, OLOVSSON, AND VEKILOVA

PHYSICAL REVIEW B 105, L180102 (2022)

[37] M. Mattesini, A. B. Belonoshko, E. Buforn, M. Ramirez, S. 1.
Simak, A. Udfas, H.-K. Mao, R. Ahuja, Proc. Natl. Acad. Sci.
USA 107, 9507 (2010).

[38] L. Vocadlo, I. G. Wood, D. Alfe, and G. D. Price, Earth Planet.
Sci. Lett. 268, 444 (2008).

[39] J. Klarbring and S. I. Simak, Phys. Rev. Lett. 121, 225702
(2018).

[40] A. B. Belonoshko, T. Bryk, and A. Rosengren, Phys. Rev. Lett.
104, 245703 (2010).

[41] A. V. Ruban, A. B. Belonoshko, and N. V. Skorodumova, Phys.
Rev. B 87, 014405 (2013).

[42] O. Yu. Vekilova, L. V. Pourovskii, I
and S. L
(2015).

[43] K. Hirose, B. Wood, and L. Vocadlo, Nat. Rev. Earth Environ.
2, 645 (2021).

[44] D. Mainprice, Computers Gesosciences 16, 385 (1990).

[45] S. Plimpton, J. Comput. Phys. 117, 1 (1995).

[46] L. Vocadlo, D. P. Dobson, and 1. G. Wood, Earth Planet. Sci.
Lett. 288, 534 (2009).

[47] B. Martorell, J. Brodholt, I. G. Wood, and L. Vocadlo, Geophys.
J. Int. 202, 94 (2015).

A. Abrikosov,
Simak, Phys. Rev. B 91, 245116

L180102-6


https://doi.org/10.1073/pnas.1004856107
https://doi.org/10.1016/j.epsl.2008.01.043
https://doi.org/10.1103/PhysRevLett.121.225702
https://doi.org/10.1103/PhysRevLett.104.245703
https://doi.org/10.1103/PhysRevB.87.014405
https://doi.org/10.1103/PhysRevB.91.245116
https://doi.org/10.1038/s43017-021-00203-6
https://doi.org/10.1016/0098-3004(90)90072-2
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1016/j.epsl.2009.10.015
https://doi.org/10.1093/gji/ggv128

