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a b s t r a c t

We investigate the structural behavior of magnesium fluoride (MgF2) under the hydrostatic pressure
using constant pressure ab initio technique up to 130 GPa. Through constant pressure simulations, two
high-pressure phases of MgF2 are estimated. MgF2 undergoes a phase transformation from the rutile-type
structure to the CaCl2-type structure with space group Pnnm at 10–20 GPa. Another phase transformation
from the CaCl2-type structure to the a-PbCl2-type structure with space group Pnma occurs at 80–90 GPa.
The later transformation is based on three intermediate phases with space groups P21/m, P21 and P212121.
These phase transitions are also analyzed from the total energy and enthalpy calculations. These phase
changes should occur around 9 and 35 GPa from enthalpy calculations, respectively.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Magnesium fluoride is an important material which takes
attention thanks to its wide range of applications. This material
is expected to have technological properties hence a number of
studies on it have been carried out [1–15]. The magnesium fluoride
crystallizes in a tetragonal rutile-type structure with space group
P42/mnm at ambient conditions which is isomorphic to those
TiO2 (rutile) and SiO2 (stishovite). Transition metal compounds of
BF2-type such as MnF2, FeF2, NiF2, CoF2 and ZnF2 all have the same
rutile structure with space group P42/mnm. Although MgF2 crystal
has also the same rutile structure as the transition metal com-
pounds of BF2-type, Mg is not a transition metal; namely, Mg has
no d-electrons. Deficiency of these electrons and the highly ionic
character of magnesium fluoride simplify the theoretical studies.
The phase transitions of MgF2 are obtained at lower pressures than
in many dioxides due to the higher compressibility of this sub-
stance and relative sizes of its ions. These transitions can be stud-
ied under hydrostatic or nearly hydrostatic conditions.

The high-pressure behavior of MgF2 is quite interesting.
Although some studies cited above emphasize that the tetragonal
rutile-type MgF2 should be transformed into a cubic fluorite-type
structure with space group Fm�3m, some other studies indicate
that the structure should be transformed into an orthorhombic
CaCl2-type structure with space group Pnnm at high pressures
[10,11]. The results of this study show that no fluorite-type phase

is present for MgF2 at high pressure. For this material, the results
of our calculations yield the following sequence of the stable
phases: rutile ? CaCl2 ? a-PbCl2, with an overall increase in the
coordination number of Mg from 6 to 9.

Haines et al. [9] have studied on both experimental and theoret-
ical methods, e.g., angle-dispersive x-ray powder diffraction and
the investigation of the phase stability and structural parameters
using density-functional theory. They have observed a phase tran-
sition from the tetragonal rutile-type to an orthorhombic CaCl2-
type structure at 9.1 GPa prior to the transformation at close to
14 GPa to the cubic phase, which is found to have a modified fluo-
rite structure of the PdF2-type. A denser cotunnite-type (a-PbCl2)
phase is observed at pressures above 35 GPa [9,10]. Wevers et al.
[16,17] have investigated the energy landscapes of alkalineearth
(e.g. Mg and Ca) fluorides and chlorides and predicted the exis-
tence of many metastable modifications. A metastable compound
that corresponds to a locally ergodic region of the energy landscape
and to the local minima suggests new possible structure types in
BX2 systems. The rate of transition between two local minima
and their equilibration are controlled by the energetic barriers.
Mu et al. [18] showed that the CaCl2-modification can be stabilized
as a metastable nanocrystalline phase at standard pressure. Fur-
ther recent study by Hoffmann and Schon [19] deals with the opti-
mization of temperature driven phase changes in MgF2.

Curious structural features of transition mechanism are still un-
known owing to difficulties in monitoring movements of atoms
during the experiments. In the present work, we offer a simulation
study of the transformation mechanism of MgF2. We suggest the
orthorhombic a-PbCl2-type structure of this substance with space
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group Pnma is based on three intermediate phases with space
groups P21/m, P21 and P212121, expressed as MgF2-(1), MgF2-(2)
and MgF2-(3), respectively. As far as we know, these intermediate
states obtained in our study have not been observed in any earlier
studies.

2. Computational method

The computations were performed via the ab initio program SIESTA based on
pseudopotentials and a localized basis set [20]. Calculations were carried out
through the density functional theory (DFT). To find out the exchange-correlation
energy, we performed the generalized gradient approximation (GGA) [21]. It has
been found that generally double-n singly polarized (DZP) bases give precisions
within the accuracy of GGA functionals for geometries, energetics and elastic/vibra-
tional properties by Artacho et al. [22]. To calculate the potential energy, a com-
bined Coulomb and Lennard-Jones potential is applied for ionic crystals. The van
der Waals r�6 term expresses the attraction due to the polarization of the ions while
the r�12 term in the Lennard-Jones part controls the repulsion between neighboring
ions.

In order to describe valence electrons and norm-conserving nonlocal pseudopo-
tentials of atomic core, we considered a localized linear combination of atomic orbi-
tal basis sets. For the pseudopotential approximation, plane wave basis sets are
always used practically. The plane wave pseudopotential method is simple and very
efficient in exploring structural phase transitions. We establish norm-conservative
pseudopotentials using Troullier–Martins schemes [23].

In order to represent the electron density, the local part of the pseudopotentials,
the Hartree and the exchange-correlation potential, we used a uniform mesh with a
plane wave cut-off of 150 Ry. We have chosen the simulation cell of 96 atoms and
used periodic boundary conditions. We employed double-n plus polarized basis sets
and used U-point sampling for the Brillouin zone integration. The Brillouin zone
integration was carried out with an automatically generated 6–6–6 k-point mesh
for the phases prepared according to the method of Monkhorst and Pack [24].
The plane-wave cut-off and k-point sampling are sufficient for full convergence.
The structures were allowed to relax and to find their equilibrium volumes and
lowest energies for each value of the applied pressure by optimizing their lattice
vectors and atomic positions together until the maximum atomic forces were get-
ting smaller until 0.01 eV Å�1 and the stress tolerances were getting less until
0.5 GPa. It was used a variable-cell shape conjugate-gradient method under a con-
stant pressure for minimization of geometries.

In order to apply pressure to the system, we used the Parrinello and Rahman
method [25]. Initially the system was relaxed at zero pressure, afterwards pressure
was gradually increased. The structure was equilibrated at each applied pressure
through 1 ps. We have started from the beginning at each pressure step from the
equilibrated coordinates of previous steps in order to make sure the pressure path
to be continuous. In order to identify symmetries of the phases observed in the sim-
ulations, we used the RGS algorithm and the KPLOT program [26,27] that allow de-
tailed information about a given structure such as space group, cell parameters and
atomic positions. For the energy–volume calculations, we used the unit cells for the
rutil-type, CaCl2-type and a-PbCl2-type structures.

3. Results

Pressure was gradually increased beginning from the zero-pres-
sure structure and the structure of MgF2 at each applied pressure
was analyzed via the KPLOT program. A phase transformation into
the orthorhombic CaCl2-type structure with a space group Pnnm
has been found at 20 GPa. It has 6 atoms per unit cell. The softening
of the elastic shear module (Cs) in the rutile phase and the decrease
of the square of the spontaneous strain (ess) from the CaCl2-type
structure supported this result [28]. At 90 GPa we have found an-
other phase transformation into the a-PbCl2-type structure with
space group Pnma. It has 12 atoms per unit cell. These structures
are depicted in Fig. 1 with unit cells.

Mg is six-, six- and nine-fold coordinated by F for the rutile-type
structure, the CaCl2-type structure and the a-PbCl2-type structure,
respectively. The Mg–F bond lengths range from 1.981 to 1.996 Å
and the F–F bond lengths are 2.549 Å for the rutile-type structure.
The Mg–F bond lengths range from 1.892 to 1.924 Å and the F–F
bond lengths range from 2.460 to 2.709 Å for the CaCl2-type struc-
ture. The Mg–F bond lengths range from 1.845 to 2.206 Å and the
F–F bond lengths range from 2.185 to 2.579 Å for a-PbCl2-type
structure.

In order to elucidate the mechanism of these phase transitions,
pressure dependence of the simulation cell vectors and angles
should be examined. These cell vectors expressed as A, B, and C
are initially along the [100], [010] and [001] directions, corre-
spondingly. Fig. 2 depicts variation of the simulation cell lengths
and angles as a function of minimization step at 20 and 90 GPa,
respectively.

In order to investigate whether there is any intermediate state
during the phase transformations or not, we analyzed the structure
obtained in that study at each minimization step via the KPLOT
program. We determine a monoclinic structure expressed as
MgF2-(1) having P21/m symmetry at 412 minimization step, an-
other monoclinic structure expressed as MgF2-(2) having P21 sym-
metry at 517 step and also an orthorhombic structure expressed as
MgF2-(3) having P212121 symmetry at 553 step. These intermediary
structures corresponding to local minima are depicted in Fig. 3. The
orthorhombic a-PbCl2-type structure having Pnma symmetry
forms at 580 minimization step. The Mg is six-, nine- and nine-fold
coordinated by F for MgF2-(1), MgF2-(2) and MgF2-(3), respectively.

Fig. 1. Crystal structures with unit cells of MgF2: rutile-type structure at zero
pressure (as illustrated in the first panel), CaCl2-type structure at 20 GPa (in the
second panel) and a-PbCl2-type structure at 90 GPa (in the third panel). All
structures are viewed along z-direction and the unit cells are viewed along N(111)
directions.
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