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Abstract
The B1-B2 phase transition in MgO near 500 GPa
has been investigated in numerous experiments and
numerical studies over the last decade. Nevertheless
no consensus on the transition pressure and Clapey-
ron slope has emerged, and various model predictions
spread over a wide pressure range. Here we present a
numerical study of the transition using two lattice dy-
namics based approaches that include anharmonic and
thermal effects.

1. Summary
The explosive growth in astronomical observations has
revealed an unexpected variety of planetary bodies in
the universe in terms of radius (R), mass (M ) and or-
bital parameters. In order to characterize these exoso-
lar planets, especially regarding the M -R relations, it
is necessary to investigate phase stability fields of ma-
terial candidates under conditions exceeding the tem-
perature (T ) and pressure (P ) range of Earth’s inte-
rior significantly. Especially the non-unique M -R ra-
tios in the overlapping regimes of massive rocky plan-
ets (super-Earths) and small ice-giants (mini-Neptuns)
complicate the classification in terms of interior struc-
ture and composition. The available high-T , high-
P data and respective predictions of phase stability
fields remain limited, as required P , T conditions are
challenging not only in experiments, but also in sim-

ulations. In particular, the transition P and Clapey-
ron slopes of the MgSiO3-ppv breakdown sequence in
the MgO-SiO2 system – proposed to dominate super-
Earth mantles [1, 2] – are still not available to the pre-
cision necessary for the modelling of planetary interi-
ors. Over the last decade numerous experimental [3, 4]
and numerical [5, 6, 7] studies have investigated the
B1-B2 transition in MgO as a prototype within the se-
quence, but the predictions for transition P and espe-
cially the Clapeyron slope still differ widely; in partic-
ular, a gap between experimental data and predictions
from simulations exist.

In order to obtain temperature dependent transition
pressures from density functional theory (DFT) based
simulations, a thermal - or vibrational - contribution to
energy (Fvib) must be added to the electronic ground-
state energy. There it is possible to differentiate be-
tween two types of approaches: molecular dynamics
(MD) and lattice dynamics (LD). In MD simulations
the dynamics of the system is directly simulated by
applying Newton’s equation of motion using forces
calculated from the electronic energies via application
of the Hellmann-Feynman theorem. The vibrational
contribution to energy can be calculated via thermody-
namic integration. In this approach the T -dependence
of Fvib is naturally incorporated, but thermodynamic
integration requires a reference system, determining if
anharmonic contributions are included. Furthermore
the application of Newtonian dynamics is strictly valid
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above the Debye temperature only, where all phonon
modes are occupied. Therefore MD-based approaches
suffer from limited applicability at low T .

In the framework of LD, on the other hand, phonon
frequencies are calculated via linear response theory
(e.g. ph.x of QUANTUM ESPRESSO [8, 9]) or the
small displacement method (e.g. [10]) and Fvib from
these phonon modes via occupation statistics. To date,
the standard approach of including vibrational contri-
butions to energy in LD simulations is to make use
of the (quasi-) harmonic approximation, where a T -
dependent Fvib is calculated through occupation of T -
independent phonon modes calculated from harmonic
force constants. Consequently, phonon-phonon inter-
actions are not taken into account and thermal con-
ductivity and expansion are not sufficiently described
within the approximation. Using the harmonic approx-
imation leads to a limited reliability at extreme condi-
tions, as required for the simulation of the MgSiO3-
ppv breakdown sequence.

To overcome their respective problems, MD (e.g.
[11] ) as well as LD (e.g. [12, 13, 14]) based ap-
proaches have been under development that incorpo-
rate anharmonic effects, providing access to the in-
vesitgation of phase stability fields and thermody-
namic properties under extreme P and T conditions.
We use the LD-based approaches SSCHA (stochastic
self-consistent harmonic approximation) [13, 14] and
DAMA (decoupled anharmonic mode approximation)
[12] with QUANTUM ESPRESSO [8, 9] as the DFT-
engine to include this type of corrections in our simu-
lations regarding the B1-B2 phase-transition in MgO.
Preliminary results show that the anharmonic contri-
bution to Fvib leads to a shallower Clapeyron slope
than previously predicted [3, 5], but in general agree-
ment with recent predictions [15] using the MD-based
approach [11].

Acknowledgements

This work is supported by DFG within the Research
Unit FOR 2440 "Matter Under Planetary Interior Con-
ditions". FT and GSN gratefully acknowledge com-
putational and data resources provided by the Leibniz
Supercomputing Centre (www.lrz.de) and sponsoring
by NVIDIA through the "GPU Grant Program".

References
[1] D. Valencia, Physics and Chemistry of the Deep Earth,

271-294, 2013

[2] K. Umemoto, R. M. Wentzcovitch, S. Wu, M. Ji, C.-Z.
Wang and K.-M. Ho EPSL 478, 40-45, 2017

[3] S. Root, L. Shulenburger, R. W. Lemke, D. H. Dolan, T.
R. Mattsson, and M. P. Desjarlais, Phys. Rev. Lett. 115,
198501, 2015

[4] R. S. McWilliams, D. K. Spaulding, J. H. Eggert, P. M.
Celliers, D. G. Hicks, R. F. Smith, G. W. Collins, and R.
Jeanloz, Science 338, 1330, 2012.

[5] D. Cebulla and R. Redmer, Phys. Rev. B 89, 134107,
2014.

[6] S. A. Boates, B.and Bonev, Phys. Rev. Lett. 110,
135504, 2013.

[7] A. B. Belonoshko, S. Arapan, R. Martonak, and A.
Rosengren, Phys. Rev. B 81, 054110, 2010.

[8] P. Giannozzi, et al., Journal of Physics: Condensed Mat-
ter 21, 395502, 2009

[9] P. Giannozzi, et al., Journal of Physics: Condensed Mat-
ter 29, 465901, 2017

[10] D. Alfè, Computer Physics Communications 180,
2622–2633, 2009

[11] O. Hellman, I. A. and Abrikosov and S. I. Simak, Phys.
Rev. B 84, 180301, 2011

[12] D. Adams and D. Passerone, Journal of Physics: Con-
densed Matter 28, 305401, 2016

[13] I. Errea, M. Calandra, and F. Mauri, Phys. Rev. B
89,064302, 2014.

[14] R. Bianco, I. Errea, L. Paulatto, M. Calandra, and F.
Mauri, Phys. Rev. B 96, 014111, 2017

[15] J. Bouchet, F. Bottin, V. Recoule, F. Remus, G. Morard,
R. M. Bolis, and A. Benuzzi-Mounaix, Phys. Rev. B 99,
094113, 2019


