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An ab initio constant pressure technique is performed in order to study the structural behavior of MgF,
under the hydrostatic pressure up to 700 GPa. Two high-pressure phases of MgF, are successfully
observed through constant pressure simulations. MgF, undergoes a phase transformation from the
rutile-type structure to the cubic-fluorite-type structure with space group Fm3m at 280 GPa. Another
phase transformation from the cubic-fluorite-type structure to the cotunnite-type structure with space
group Pnma occurs at 500 GPa. The first transformation proceeds via three intermediate phases with
space groups Pnnm, Immm and R3m. We also investigate the stability of these phases from the total
energy and enthalpy computations. According to these investigations, the phase transformations should
occur from the rutile-type structure to the cubic-fluorite-type structure around 20 GPa and from the
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cubic-fluorite-type structure to the cotunnite-type structure around 45 GPa.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The lattice dynamics of MgF, have been studied for the first
time by Katiyar and Krishnan, using a rigid ion model with short-
range central axially symmetric forces and long-range Coulomb
forces [1]. Because of technological properties and academic
importance of this material, many studies on structural, thermody-
namic and optical behaviors [2-4], elastic properties, band
structures, chemical bonding [5-7], energy landscapes and tem-
perature driven phase changes [8-10], high-pressure behaviors
[11-15] of this material have been performed.

Although MgF, crystallizes in a similar way of transition metal
compounds of BF,-type in a tetragonal rutile-type structure with
space group P4,/mnm at ambient conditions, Mg is not a transition
metal. Lack of d-electrons and the greatly ionic character of mag-
nesium fluoride simplify the theoretical studies. Thanks to the
higher compressibility of MgF, and relative sizes of its ions, the
phase transformations of this material are found at lower pressures
than those in many dioxides. These phase changes can be investi-
gated under hydrostatic or nearly hydrostatic circumstances.

The high-pressure behavior of MgF, is reasonably curious.
Whereas some studies [11-13] and our recent study [15] applying
Parrinello and Rahman method give emphasis to that the
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tetragonal rutile-type MgF, should be transformed into an ortho-
rhombic CaCl,-type structure with space group Pnnm, some other
studies [16-21] underline that this material should be transformed
into a cubic-fluorite-type structure with space group Fm3m at high
pressures. The results of this study applying conjugate-gradient
method support the later transformation; that is, this study under-
lines that the tetragonal rutile-type MgF, should be transformed into
a cubic-fluorite-type structure with space group Fm3m at high pres-
sure. According to the results of this study, sequence of the stable
phases of MgF, has been found as P4,/mnm — Fm3m — Pnma.

The particular structural features of the transition or the transi-
tion mechanism are still not known owing to difficulties in map-
ping out the atomistic motions while carrying out the
experiments. In the present work, we suggest a simulation study
of the transformation mechanism of MgF,. We propose the cubic-
fluorite-type structure of this substance with space group Fm3m
proceeds through three intermediate phases with space groups
Pnnm, Immm and R3m, expressed as MgF, - (a),
MgF, - (b) and MgF, - (c), respectively. As far as we know, these
intermediary phases have not been obtained in any previous
studies. Although an orthorhombic CaCl,-type structure with space
group Pnnm has been obtained as a stable phase in some previous
studies [11-13] and our recent study [15] applying Parrinello and
Rahman method, an intermediate phase expressed as MgF, - (a)
with the same space group Pnnm is estimated in this study using
conjugate-gradient method.
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2. Computational details

The density functional calculations were carried out within the
generalized gradient approximation (GGA) [22] using the ab initio
program SIESTA [23]. A localized linear combination of atomic
orbital basis sets was considered to describe valence electrons
and norm-conserving nonlocal pseudopotentials of atomic core.
Troullier-Martins schemes [24] were used in order to establish
norm-conservative pseudopotentials. Double-¢ plus polarized
basis sets were applied. A uniform mesh with a plane wave cut-
off of 150 Ry was used with the aim of representation of the elec-
tron density, the local part of the pseudopotentials, the Hartree and
the exchange-correlation potential. A simulation cell of 96 atoms
was chosen and the periodic boundary conditions were applied.
I'-point sampling was employed for the Brillouin zone integration.

We used conjugate-gradient method to apply pressure to the
system. The system was relaxed at zero pressure and then pressure
was gradually increased. This approach has already been used suc-
cessfully in predicting a series of pressure-induced structural
phase transitions of various compounds [25-30]. For each value
of the applied pressure, the structures were allowed to relax and
find their equilibrium volumes and their lowest energies by opti-
mizing their lattice vectors and atomic positions together until
the maximum atomic forces were smaller than 0.01 eV A~! and
the stress tolerances were less than 0.5 GPa. We used the RGS algo-
rithm and the KPLOT program [31,32] that allow detailed informa-
tion about a given structure such as space group, cell parameters
and atomic positions to identify symmetries of the phases
observed in the simulations.

We take the energy-volume computations into account to
study the stability of high-pressure phases of MgF, since transition
pressures obtained in constant-pressure simulations are generally
overestimated. In order to compute energy volumes, we used the
unit cells for the P4, /mnm,Fm3m and Pnma high-pressure phases.
The Brillouin zone integration was performed with an automati-
cally produced 6-6-6 k-point mesh for the phases prepared
according to the method of Monkhorst and Pack [33]. The obtained
total energy-volume dependences were fitted to the third-order
Birch-Murnaghan equation of states [34,35]. Enthalpy calculations
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Fig. 1. The volume change of the simulation cell as function of pressure.

give usually realistic transition pressures compared with experi-
ments. Since the phase transitions occur at the same enthalpy of
the two phases, the transition pressure can be easily obtained by
equating the enthalpy of the two phases.

Fig. 2. Crystal structures of MgF,: P4,/mnm (first panel) at zero pressure, Fm3m
(second panel) at 280 GPa and Pnma (third panel) at 500 GPa.
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3. Results and discussions

In order to identify the thermodynamic nature of the phase
transitions in MgF,, the pressure-volume dependence of this mate-
rial are investigated and illustrated in Fig. 1. As seen from this fig-
ure, the volume decreases monotonically and indicates the phase
transitions at 280 GPa and 500 GPa. Unsurprisingly, the rutile-type
structure transforms to the cubic-fluorite-type structure with
space group Fm3m at 280 GPa and this cubic-fluorite-type struc-
ture transforms to the cotunnite-type structure with space group
Pnma at 500 GPa. These structures are shown in Fig. 2. The pressure
has been increased up to 700 GPa in order to explore whether there
are another phase transformations or not.

Despite the increasing pressure, the rutile-type structure is still
conserved up to 240 GPa. Once the applied pressure is increased
from 240 to 280 GPa, the structural transition emerges together
with by a dramatic volume decrease of the simulation cell. At
280 GPa, the rutile-type structure transforms into the cubic-
fluorite-type structure in agreement with the literature [17-20].
We carefully analyzed this structure at each minimization step
via the KPLOT program to examine whether there are any interme-
diate phases during this phase transformation or not. We obtain an
orthorhombic structure expressed as MgF, — (a) having Pnnm sym-
metry at 289 minimization step, another orthorhombic structure
expressed as MgF, - (b) having Immm symmetry at 323 Step and
also a trigonal structure expressed as MgF, - (c) having R3m sym-
metry at 324 Step. These intermediary phases are illustrated in
Fig. 3. The MgF, - (b) and the MgF, - (c) structures are also
obtained from 325 to 330 Steps and from 331 to 337 Steps,

respectively. The cubic-fluorite-type structure having Fm3m sym-
metry forms at 338 minimization step.

The volume shows a small discontinuity at 500 GPa. This dis-
continuity indicates another phase transition. At this pressure,
the cubic-fluorite-type structure transforms into the cotunnite-
type structure with space group Pnma, in agreement with the liter-
ature [11,12]. This structure is denser than o-PbCl,-type structure
having the same Pnma symmetry obtained in our recent study [15]
using Parrinello and Rahman method. Although we analyzed this
structure at each minimization step using the KPLOT program,
we did not find any intermediate state.

We have studied the atomic movements during the phase
transformations to elucidate the mechanism of phase transitions.
The simulation cell vector lengths and angles have been plotted
in Fig. 4 as a function of minimization steps at 280 and 500 GPa
pressures. These cell vectors stated as A, B, and C are initially along
the [100], [010] and [001] directions, correspondingly.

Transition pressures obtained in constant-pressure simulations
are usually overvalued. When the particular conditions such as the
lack of any defect in simulation cells and finite size of these cells
are considered, such overvalued transition pressures are predicted.
Structural phase transformations in simulations do not progress by
nucleation and growth, as a substitute they occur across the entire
simulation cells. Thus, systems have to cross a noteworthy energy
barrier to transform from one phase to another one, and from this
time simulated structures have to be overpressed in order to get a
phase transformation [36,37]. In addition, the lack of thermal
motion in our simulations moves the phase transformations to
higher pressures. Conversely, the thermodynamic theorem does
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Fig. 3. At 280 GPa, evolution of the cubic-fluorite-type structure at minimization steps: (a) 289 Step, (b) 323 Step, (c) 324 Step and (d) 338 Step.
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Fig. 4. The behavior of the simulation cell lengths and angles as function of minimization steps (a) at 280 GPa and (b) at 500 GPa.

not take into account the thermal motion and the probable
existence of an activation barrier separating the two structural
phases. For that reason, as a next step, we think the energy-volume
calculations to study the stability of high-pressures phases of MgF-.
Since intermediate phases are not stable, there is no benefit of the
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Fig. 5. The energy-volume curves of main structural phases of MgF,.

Table 1
Transition pressures (P), equilibrium volumes (V), the bulk modules (By) and their
pressure derivatives (By) and equilibrium lattice parameters (a, b and c) of MgF,
phases.

Phase Reference P (GPa) V(A%) By (GPa) By a(A) b(A) c(A)

P4,/mnm This study 0 32.48 116 4.32 4.6072 4.6072 3.0770
[9] 4.6080 4.6080 3.0070
[11] 98 3.70 4.6249 4.6249 3.0520
[11] (Expt.) 101 420 46213 4.6213 3.0519
[11] (Expt.) 4.6280 4.6280 3.0450

[12] 101 45720 4.5720 3.0170

[12] (Expt.) 101 46250 4.6250 3.0520

[38] 97 3.70 4.6912 4.6912 3.0960
Fm3m  This study 20 2071 137.03 4.14 4.0273 4.0273 4.0273

[14] (GGA) 106.1  4.08 5.0440 5.0440 5.0440

[14] (LDA) 1288  4.02 4.9050 4.9050 4.9050

[17] (Expt.) 30

[18] 23

[19] (Expt.) 25 47920 4.7920 4.7920

[20] (Expt.) 107.5 49310 4.9310 4.9310

[20] (Expt.) 4.9400 4.9400 4.9400
Pnma  This study 45 26.88 155 4.05 43656 2.4027 9.9284

[11] 38 158 3.50

[11] (Expt.) 163 7

[12] 36.8 259 5.1040 5.7160 3.0450

[12] (Expt.) 163

application of this approach for the intermediate phases
participating the first high-pressure phase transition at 280 GPa.
We have drawn the total energy as a function of volume
depicted in Fig. 5 and presented the equilibrium volumes, lattice
parameters, bulk modules and their pressure derivatives in Table 1.
As seen in the table, this study gives comparable results with
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experiments and theoretical calculations. In order to decide the
most stable structure at finite pressure and temperature, the free
energy G = E, + PV — TS should be used. In this study, density func-
tional calculations are essentially achieved at zero temperature
and the TS term is neglected. Thus, the enthalpy, H = E+ PV
including the pressure-volume effects is obtained. Since at the
phase transition the two phases require the same enthalpy,
the transition pressure can be simply predicted by equating the
enthalpy of the two phases. We have calculated the enthalpies
via the energy-volume data and plotted them in Fig. 6 as a function
of pressure. The intersection of two enthalpy curves indicates a
phase transition between two phases. The enthalpy curve of
P4,/mnm phase crosses with that of the Fm3m phase at about
20 GPa. Thus, we can say that a first-order phase transition occurs
between P4,/mnm and the Fm3m phases at this pressure. The
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Fig. 6. The enthalpy curves of main structural phases of MgF; as function of volume.

Table 2

The bond lengths with minimum and maximum values and coordination numbers of
the P4,/mnm, Fm3m, Pnma, Pnnm, Immm and R3m phases. B, and B, indicate
minimum and maximum bond lengths, respectively.

Phase From To Buin (A) Bnax (A) Coordination
Pdpjmnm  F Mg  1.984 1.998 F=[1-3]Mg
Mg = [2-6]F

F 2548 2548 F— [0-1]F
Fm3m F Mg 1742 1.746 F= [1-4]Mg
Mg = [3-7]F

F F 2.009 2.018 F=[0-6]F
Pnma F Mg 1.611 1.871 F=[1-5]Mg
Mg = [2-9]F
F F 1.864 2.403 F=[1-11]F
Pnm F Mg 1.470 1.698 F=[1-3]Mg
Mg = [2-6]F
F F 2.080 2535 F=[1-12JF
Immm F Mg 1659 2.028 F= [1-4]Mg
Mg = [3-7]F

F F 1.858 2736 F= [1-8]F
R3m F Mg 1582 1.931 F= [1-4]Mg
Mg = [3-7]F

F F 1.788 2.737 F=[1-9]F

Fm3m phase has already been obtained by Allan et al. at 23 GPa
[18] theoretically and by Ming and Manghnani at 30 GPa [17]
and Nishidate et al. at 25 GPa [19] experimentally. The enthalpy
curve of this phase crosses with that of the Pnma phase at about
45 GPa, indicating also a first-order phase transition between this
and Pnma phases. The Pnma phase has already been obtained both

.’,

Z

)

Fig. 7. Polyhedral views of MgF, structures: P4,/mnm (first panel) at zero pressure,
Fm3m (second panel) at 280 GPa and Pnma (third panel) at 500 GPa.
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Fig. 8. At 280 GPa, polyhedral views of MgF, structures obtained at minimization steps: (a) MgF, - (a) at Step 289, (b) MgF, - (b) at Step 323, (c) MgF, - (c) at Step 324 and

(d) MgF, - (d) at Step 338.

experimentally and theoretically Haines et al. at 38 GPa [11] and
Kanchana et al. at 36.8 GPa [12].

Mg is six-, seven- and nine-fold coordinated by F for the rutile-
type structure, the cubic-fluorite-type structure and the cotunnite-
type structure, respectively. The Mg-F bond lengths range from
1.984 to 1.998 A and the F-F bond lengths are 2.548 A for the
rutile-type structure. The Mg-F bond lengths range from 1.742 to
1.746 A and the F-F bond lengths range from 2.009 to 2.018 A for
the cubic-fluorite-type structure. The Mg-F bond lengths range
from 1.611 to 1.871 A and the F-F bond lengths range from 1.864
to 2.403 A for the cotunnite-type structure. The Mg is six-, seven-,
and seven-fold coordinated by F for MgF, - (a), MgF, - (b) and
MgF, - (c), respectively. The F is three-, four- and four-fold coordi-
nated by Mg for MgF, - (a), MgF, - (b) and MgF, - (c), respectively.
The Mg-F bond lengths range from 1.470 to 1.698 A and the F-F
bond lengths range from 2.080 to 2.535A for MgF, - (a). The
Mg-F bond lengths range from 1.659 to 2.028 A and the F-F bond
lengths range from 1.858 to 2.736 A for MgF, — (b). The Mg-F bond
lengths range from 1.582 to 1.931 A and the F-F bond lengths
range from 1.788 to 2.737 A for MgF, - (c). The bond lengths with
minimum and maximum values and coordination numbers of the
P4, /mnm, Fm3m, Pnma, Pnnm, Immm and R3m phases are summa-
rized in Table 2. The polyhedral structures of these phases are illus-
trated in Figs. 7 and 8.

The results of this study are comparable with experimental and
theoretical values. We can conclude from the enthalpy curves that
the first phase transition from the P4,/mnm phase to the Fm3m
phase occurs at about 20 GPa, which is comparable with the liter-
ature results [17-20] ranging from 10 to 40 GPa and the second
phase transition from the Fm3m phase to the Pnma phase occurs
at about 45 GPa, which is comparable with the literature results
[11,12,38]. Thus, we suppose to see these phase transitions in
experiments about these pressures.

4. Conclusions

The response of MgF, to hydrostatic pressures has been studied
using ab initio constant pressure simulations and observed two
high-pressure phases and three intermediate phases in the simula-
tions. These high-pressure phases agree with the results of some
earlier studies, but the intermediate phases obtained in this study
have not been observed in any other previous studies. The phase
transition from the rutile-type structure to the cubic-fluorite-type
structure is based on these three intermediate phases with space
groups Pnnm, Immm and R3m. These results let different perspec-
tives on the transformation mechanism of the rutile-type structure
to the cubic-fluorite-type structure phase transition. Trustworthy
dynamical simulations are needed owing to the difficulties in
working out the atomistic motions while performing the
experiments.
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