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Abstract—Pressure-induced phase transition in MgS is studied using a constant pressure ab initio molecular
dynamics method, and a solid evidence of existence of its high-pressure phase is provided. As predicted by
total energy calculations, MgS undergoes a structural phase transformation from the rocksalt structure to a
CsCl-type structure under hydrostatic pressure. The transformation mechanism is characterized, and two
intermediate phases having P4/nmm and P21/m symmetries for the rocksalt-to-CsCl-type phase transforma-
tion of MgS are proposed, which is different from the previously proposed mechanisms. We also study this
phase transition using the total energy calculations. Our predicted transition parameters and bulk properties
are in good agreement with the earlier first principle simulations.
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1. INTRODUCTION
The magnesium chalcogenides, MgSe, MgS, and

MgTe, which are wide band gap semiconductors have
attracted much attention in recent years because of the
increasing demand for a wide range of semiconductors
for various electrical and optical devices. They have a
wide range of applications in opto-electronics [1] and
luminescent devices [2]. Therefore, these binary com-
pounds have been extensively studied experimentally
and theoretically [3–17]. The magnesium chalco-
genides can crystallize in the rocksalt (RS), zinc-
blende (ZB), and wurtzite (WZ) structures, but their
ground state and high pressure structures are still
reaming puzzle.

Experiments suggested that the MgS at its ground
state under ambient conditions belongs to RS struc-
tural type [3]. The MgS crystals with ZB structure
were also prepared by epitaxial growth over GaAs sub-
strate [4–6]. Additionally, the WZ state of MgS was
also synthesized after annealing of their evaporated
thin films by electron bombardment [7]. The theoret-
ical calculations based on density functional theory
(DFT) carefully analyzed these three structures and
suggested that the RS state is energetically more favor-
able than the other phases but the relative energy dif-
ferences between phases are very small.

The MgS phase with NaCl structure was found to
be stable up to 54 GPa [3]. To our knowledge, no

phase transformations were observed experimentally
in MgS so far. The theoretical calculations based on
DFT, on the other hand, suggested a possible pres-
sure-induced phase transformation from the RS state
to the cesium chloride (CsCl) type structure at 200–
255 GPa [8, 11]. These theoretical simulations are
based on the energy-volume calculations and the ther-
modynamic criterion of Gibbs free energies, and have
to rely on educated guesses on the possible structures
and offer no clue as to dynamics. Perhaps, the CsCl-
type phase is the best candidate for the high pressure
phase of MgS because the materials having RS struc-
ture at ambient conditions often transform into the
eightfold coordinated CsCl-type structure upon the
application of pressure. Yet there are some exceptional
cases. Perhaps the best example is the behavior of
MgSe; Ruoff et al. [18] have studied MgSe using both
energy dispersive X-ray diffraction (EDXD) at pres-
sures up to 202 GPa and first principles calculations
with a local density approximation and ultrasoft pseu-
dopotentials up to 500 GPa. The authors found that
MgSe undergoes a continuous phase transformation
from the RS-type to FeSi-type beginning at around
99 ± 8 GPa and approaching sevenfold coordination
at 202 GPa. On the other hand, theoretical investiga-
tion suggests the transition to FeSi-type begins at
58 GPa, and the transformation to the CsCl structure
with orthorhombic distortion occurs at 429 GPa. The
observation of FeSi-type phase, particularly, in a mag-
nesium chalcogenide MgSe, implies that it is also a1 The article is published in the original.
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strong candidate for high pressure phase of MgS. In
addition, the hexagonal NiAs-type and the orhorom-
bic Pnma phases are also a possible structures, because
BaO converts to the hexagonal NiAs-type phase [19]
and PbTe transforms into an orthorhombic Pnma
structure [20] at high pressures.

Which path does MgS follow at high pressure? The
answer of this question remains unsolved for decades.
The aim of this study is to solve this problem using ab
initio molecular dynamics (MD) simulations. Our
findings indicate that MgS does indeed transform into
a CsCl-type phase. The simulations also allow us to
characterize the mechanism of the RS-to-CsCl phase
transformation and suggest that it proceeds via two
intermediate phases with P4/nmm and P21/m symme-
tries. The transformation mechanism observed for
MgS appears to differ from the previously proposed
mechanisms.

2. METHOD

All calculations were performed using the SIESTA
code [21], which is based on the first principles pseu-
dopotential method within DFT. For the Kohn-Sham
Hamiltonian, the generalized-gradient approximation
(GGA) for the exchange correlation functional of Per-
dew-Burke and Ernzerhof [22] was chosen with norm-
conserving pseudopotentials of Troullier-Martin type
[23]. A double-zeta plus polarization numerical basis
set was selected together with a real-space mesh cutoff
corresponding to upper energy cutoff of 150.0 Ry. The
simulation cell consists of 64 atoms with periodic
boundary conditions. We used Γ-point sampling for
the Brillouin zone integration, which is reasonable for
a simulation cell with 64-atoms. The molecular
dynamics (MD) simulations were performed using the
NPH (constant number of atoms, constant pressure,
and constant enthalpy) ensemble. The reason for
choosing this ensemble is to remove the thermal f luc-
tuation, which facilitates easier examination of the
structure during the phase transformation. In the
present work, our density functional calculations are
essentially performed at zero temperature. The possi-
ble phase transitions and structural stability of this
compound can be better established with the calcu-
lated total energy and enthalpy curves at ground state
(at T = 0 K), so entropic contributions can be
neglected. Gibbs free energy is defined as: G = Etot +
PV – TS. Therefore, the enthalpy values, H = Etot +
PV, including the pressure–volume effects are calcu-
lated.

Pressure was applied by the Parrinello and Rahman
method [24]. The system was first equilibrated at zero
pressure, and then pressure was gradually increased
with an increment of 100.0 GPa. The equilibration
period is 1000 time steps with a time step of 1 fs. We
also used the power quenching technique during the
MD simulations. In this technique, each velocity

component is quenched individually. At each time
step, if the force and velocity components have oppo-
site signs, the velocity component is set equal to zero.
All atoms or supercell velocities (for cell shape optimi-
zations) are then allowed to accelerate at the next time
step. For the energy volume calculations, we consid-
ered the primitive cell of both RS and CsCl-type
phases. The Brillouin zone integration was performed
with automatically generated 10 × 10 × 10 k-point
mesh for both phases following the convention of
Monkhorst and Pack [25].

In order to determine the intermediate state during
the phase transformation, we used the KPLOT pro-
gram [26] that provides detailed information about
space group, cell parameters and atomic position of a
given structure. For the symmetry analysis we used
0.2 Å, 4°, and 0.7 Å tolerances for bond lengths, bond
angles and interplanar spacing, respectively.

3. RESULTS

In order to determine the thermodynamic nature of
pressure-induced phase transition of MgS, we first
plot the pressure-volume relation (Fig. 1). As can be
seen from the figure, MgS is dramatically compressed.
The volume change is about 50% at 200 GPa, but at
this pressure the RS structure is still preserved. As the
applied pressure is increased from 200.0 GPa to
300.0 GPa, the structural phase transition begins as
indicted by a dramatic change in the simulation cell
vectors. This phase transformation is accompanied by
a small volume drop, implying a first order phase
transformation. Owing to this phase transformation,
the RS crystal transforms into a CsCl-type structure as
shown in Fig. 2. This result is particularly important
because it provides first solid evidence about the high
pressure phase of MgS.

There has been increasing interest to understand
the RS-to-CsCl phase transformation at the atomistic
level. Several mechanisms have been proposed for this
simple phase transformation. The first mechanism is
known as Buerger mechanism [27] and is based on
compression of the primitive cell of the RS structure
along its threefold axis and hence a gradual increase of
the rhombohedral angle of the intermediate  state
from 60° to 90°. The second one was proposed by
Watanabe, Tokonami and Motimoto (WTM) [28] and
is based on shifts of adjacent (001) planes of RS lead-
ing to an intermediate orthorhombic Pmmn symmetry.
The third mechanism was recently proposed by Stokes
and Hatch [29] on the basis of group theory, and relies
upon a P21/m monoclinic intermediate state. Indeed,
the authors propose twelve pathways but P21/m has
the lowest activation barrier than the other intermedi-
ate phases. The fourth one was introduced by
Tolédano et al [30]; it consists of two consecutive dis-
placement mechanisms, coupled to tensile and shear
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strain. This mechanism gives rise to two intermediate
orthorhombic structures with B16 and B33.

In the simulations, we can easily track the transfor-
mation mechanism of this phase change by simply

analyzing the modification of the simulation cell vec-
tors and the motion of the atomic coordinates. The
simulation cell lengths and angles as a function of the
MD time step at 300 GPa are presented in Fig. 3. The
simulation box has initially a cubic cell whose lattice
vectors, A, B, and C are along the [001], [010], and
[001] directions, respectively. The magnitude of these
vectors is plotted in the figure. As clearly seen from the
figure, the system undergoes dramatic rearrangements
around 200 MD step: |C| barely increases while |B|
decreases slightly because of small changes in the sim-
ulation cell angles. The structure is compressed along
[010] direction while it is expanded along the other
directions around 800 MD step. The angle between A
and C vectors varies from 90° to about 74°, demon-
strating that the pressure-induced phase transforma-
tion of MgS is associated with shear deformations.

In order to determine the intermediate phase
formed during the phase transformation we carefully
analyze the structure at each MD step using the
KPLOT program. The RS symmetry is maintained up
to 200 time steps, and then a tetragonal phase with
P4/nmm symmetry is formed. The lattice parameters
of this phase are a = b = 3.94 Å and c = 4.09 Å. At later
time step, the tetragonal phase transforms into a
monoclinic one with P21/m symmetry with lattice
parameters a = 4.01 Å, b = 3.90 Å, c = 3.97 Å, and the
monoclinic angle of 92°. We are unable to clearly
determine the symmetry of the structure between 550
and 640 fs (the symmetry is determined as P1 in this
time range), but at later time steps (640–830 fs) we

Fig. 1. The pressure-volume curve from the constant-pres-
sure ab initio simulation. 
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Fig. 2. Evolution of the CsCl phase.
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observe the monoclinic state again. The monoclinic
angle gradually increases and reaches a value of 100°.
At 827 fs, a CsCl-type structure (a = 2.49 Å) is formed.
The lattice parameters and atomic position of the phases
observed at 300 GPa is presented in Table 1. The evalua-
tion of the CsCl-type structure is shown in Fig. 2.

Based on the symmetry analysis, we propose that
the RS-to-CsCl phase transition is associated with two
intermediate phases, tetragonal and monoclinic. This
mechanism, however, has not been observed or sug-
gested in any studies before. A P21/m monoclinic
intermediate state was proposed in groups theory anal-
ysis, but the tetragonal phase has not been considered
or observed before. We need to underline that the for-
mation of the tetragonal intermediate phase might be
due to some limitations of the simulation. The first
limitation is the use of rather small size of the super-
cell, which may artificially favor such a transformation
mechanism. The second limitation is the loading con-
ditions, in which rapid changes in pressure might
result to instabilities, probably changing the statistical
weight of the different transformation mechanism. We
should also note here that using the same simulation
technique, the size of the simulation box and loading
condition, we observed the Buerger mechanism in
CdO [31]. These dissimilar observations under similar
conditions suggest that the RS-to-CsCl phase change
might be dependent on the nature of the material.
Based on only two different observations we cannot,
however, explain which properties of the materials
with RS structure lead to a specific transformation
mechanism. Therefore, further studies are certainly
needed to explain the physical origin of distinct trans-
formation mechanism observed or proposed for the
RS-to-CsCl phase transformations.

In order to obtain more information about this
phase transformation and validate the parameters used
in the simulations, as a next step we consider the
energy-volume calculations. The computed total
energy volume relations are fitted the third-order
Birch-Murnaghan equation of states and shown in
Fig. 4. From the energy-volume data we calculate the
static enthalpy, H = Etot + PV (where P = –dEtot/dV is
obtained by direct differentiation of the calculated

Fig. 3. Change of the simulation cell lengths and angles as
a function of MD time step at 300 GPa. The A, B, and C
simulation cell vectors are along the [001], [010], and [001]
directions, respectively. The angle between A and B, A and
C, and B and C are represented by α, β, γ angles, respec-
tively. 

78

84

A
ng

le
, d

eg
L

, Å

90

96

7.0

7.5

8.0

8.5

72

γ

α

β

C

A

B

200 400 600 800 1000
MD step, fs

0

Table 1. The atomic fractional coordinates and the lattice parameters of the phases formed at 300.0 GPa

Structure a (Å) b (Å) c (Å) x y z

RS Fm m 4.01 4.01 4.01 Mg: 0.000 0.000 0.000
S: 0.500 0.500 0.500

Tetragonal P4/nmm 3.94 3.94 4.09 Mg: 0.750 0.250 0.500
Mg: 0.250 0.200 0.871

S: 0.750 0.250 0.000
S: 0.250 0.250 0.382

Monoclinic P21/m 4.01 3.90 3.97 Mg: 0.008 0.250 0.786
Mg: 0.636 0.250 0.306

S: 0.506 0.250 0.793
S: 0.125 0. 250 0.287

CsCl Pm m 2.49 2.49 2.49 Mg: 0.000 0.000 0.000
S: 0.500 0.500 0.500

3

3
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energy volume curves) because at zero temperature
the thermodynamically stable phase has the lowest
enthalpy. The crossing of two enthalpy curves indi-
cates a pressure-induced phase transition between
these two phases. Figure 5 shows the enthalpy changes
as a function of pressure. The RS-CsCl phase transi-
tion in our calculations occurs around 251 GPa, which
is in good agreement with previous ab initio predic-
tions of 200–255.5 GPa [8, 11]. A summary of the pre-
dicted transition parameters and bulk properties,
along with available experimental and theoretical data,

is tabulated in Table 2. Overall, we can find a reason-
able agreement between the present study and previ-
ous experimental and theoretical investigations.

CONCLUSIONS

Ab initio calculations were performed using con-
stant pressure method to study the pressure-induced
phase transition in MgS. A phase transformation from
the RS structure to a CsCl-type phase is confirmed for
the first time through ab initio MD simulations. Fur-
thermore, we successfully characterize the transfor-
mation mechanism and propose that this phase trans-
formation proceeds via two intermediate phases:
tetragonal and monoclinic. This mechanism differs
from the previously suggested mechanisms. The tran-
sition parameters and bulk properties predicted in the
present work from the energy-volume calculations are
in excellent agreement with the earlier density func-
tional theory calculations. The observation of CsCl-
type phase formation in MgS at high pressure is partic-
ularly important because it might provide an evidence
about the high pressure phase of MgO that is of great
interest to geophysicists as it is one of the likely com-
ponents of the lower mantle.
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