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We present an ab initio molecular dynamics study of pressure-induced structural phase transition in BaS.
We successfully observe the NaCl-to-CsCl phase transformation through the simulations. We also deter-
mine the transformation mechanism of this simple phase transformation and compare it with the previ-
ously proposed mechanisms.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The barium chalcogenide compounds BaX (X = S, Se and Te) are
technologically important materials having a wide range applica-
tions in microelectronics, light-emitting diodes, laser diodes, and
magneto-optical devices. These materials are simplest and most
typical ionic systems and they crystallize in NaCl-type (B1) struc-
ture at ambient conditions. Understanding pressure-induced phase
transformations of these materials as well as their mechanical and
electronic properties is of great importance. With the application
of pressure, they undergo a first-order structural phase transition
to CsCl (B2) structure [1-3]. To our knowledge, no molecular
dynamics simulation has been applied to study their pressure-in-
duced phase transformations. In this study, we carry out constant
pressure ab initio molecular dynamics simulations to fully explain
the microscopic nature of the pressure-induced phase transition
of BaS. Our findings demonstrate that the B1-to-B2 phase change
follows the Buerger mechanism [4] but the intermediate phases
formed during the phase transformation are different from the pre-
viously proposed intermediate phases [5-7].

2. Method

All calculations were performed using the SIESTA code [8],
which is based on the first principles psuedopotential method
within DFT. For the Kohn-Sham Hamiltonian, the generalized-gra-
dient approximation (GGA) for the exchange correlation functional
of Perdew et al. [9] was chosen with norm conserving pseudopo-
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tentials of Troullier-Martin type [10]. A double-zeta plus polariza-
tion numerical basis set was selected together with a real-space
mesh cutoff corresponding to upper energy cutoff 150.0 Ry. The
simulation cell consists of 64 atoms with periodic boundary condi-
tions. We used I'-point sampling for the Brillouin zone integration,
which is reasonable for a simulation cell with 64-atoms since the
energy difference between the 64 atoms simulation cell with only
I" point and the 2-atoms primitive cell with 256-k points (see be-
low) is less than about 0.03 eV/atom. The molecular dynamics
(MD) simulations were performed using the NPH (constant num-
ber of atoms, constant pressure, and constant enthalpy) ensemble.
The reason for choosing this ensemble is to remove the thermal
fluctuation, which facilitates easier examination of the structure
during the phase transformation. Pressure was applied via the
method of Parrinello and Rahman [11]. The system was first equil-
ibrated at zero pressure, and then pressure was gradually in-
creased by an increment of 100.0 GPa. The equilibration period is
1000 time step 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 opposite sign, the
velocity component is set equal to zero. All atoms or supercell
velocities (for cell shape optimizations) are then allowed to accel-
erate at the next time step. For the energy volume calculations, we
considered the primitive cell of both B1 and B2-type phases. The
Brillouin zone integration was performed with automatically gen-
erated 10 x 10 x 10 k-point mesh for both phases following the
convention of Monkhorst and Pack [12].

In order to determine the intermediate state during the phase
transformation, we used the KPLOT program [13] that provides de-
tailed information about space group, cell parameters and atomic
position of a given structure. For the symmetry analysis we used
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0.2 A, 4°, and 0.7 A tolerances for bond lengths, bond angles and
interplanar spacing, respectively.

3. Results

In order to determine the ground states properties of BaS, the
total energies of B1 and B2 phases are calculated in for different
volumes and fitted to the third order Birch Murnagam equation
of state (EOS). The energy-volume data is given in Fig. 1. From
the EOS, we determine the ground state properties such as the
equilibrium lattice constant a, the bulk modulus B, and its pressure
derivative B,. The calculated equilibrium parameters of both
phases, together with available experimental and theoretical data,
are given in Table 1. Overall we find that our results are compara-
ble with experimental and previous theoretical data [2,14-18].

In order to determine the transition pressure at T=0 K, we cal-
culate the enthalpy, H = E + PV. The stable structure at a given pres-
sure is the state for which the enthalpy has its lowest value and the
transition pressure is calculated at which the enthalpies for the
two phases are equal. Fig. 2 shows the enthalpy curves of both
B1 and B2 phases. Our predicted transition pressure is 6.62 GPa,
which is in excellent agreement with the experimental transition
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Fig. 1. The computed energies of B1 and B2 phases as a function of volume.

Table 1

Lattice parameter, bulk modulus B,, its pressure derivative B, for the B1 and B2
phases of BaS and the transition pressure P, (GPa) for the B1-to-B2 phase
transformation. Refs. [2,18] are the experimental data.

Phase a (A) B, (GPa) B, P: (GPa) Reference
B1 6.41 47.32 4.75 6.62 This study
6.316 53.32 430 6.51 [14]
6.469 42.36 5.81 [14]
6.196 52.46 6.02 [15]
6.46 40.25 4.16 7.03 [16]
6.27 52.39 492 6.48 [17]
6.389 39.42 6.5 [18]
55.1+1.4 55 6.5 [2]
B2 3.72 58.03 4.78 This study
3.874 495 448 [14]
3.85 4525 438 [14]
3.85 43.60 4.12 [16]
3.706 60.84 [15]
3.76 57.27 424 [17]
34.02 [18]
24.1+03 7.8+0.1 2]
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Fig. 2. The calculated enthalpies of B1 and B2 structures as a function of pressure.

pressure of 6.5 GPa and the other theoretical results of 6.02-
7.03 GPa.

These findings demonstrate that that the parameters used in
the simulation are good enough to produce reasonable results for
BaS and hence they can be safely used to explore this phase trans-
formation using a constant pressure molecular dynamics
simulations.

Fig. 3 shows the pressure-dependence of the volume deter-
mined in the MD simulations. The volume gradually decreases up
to 40 GPa, at which point it dramatically decreases, indicating a
first-order phase transformation. At this pressure the B1 structure
transformed into B2, in agreement with experiments. The critical
pressure, 30-40 GPa, predicted in MD simulation, however, consid-
erably larger than the experimental transition pressure of 6.5 GPa.
Such an overestimation in the MD simulation, analogous to super-
heating in MD simulations, is anticipated when the simulation con-
ditions are considered [19]. The limited box size, the use of
periodic boundary conductions and the lack of defects in the sim-
ulated structure affect the critical stress predicted in constant pres-
sure simulations. The periodic boundary conditions lead to an
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Fig. 3. The pressure-volume curve from the constant pressure ab initio simulation.
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Fig. 4. Changes the simulation cell lengths and angles as a function of MD time step
at 40 GPa.

additional coupling of the ions in the simulation box. The lack of
any defect in the simulated structure suppresses nucleation and
growing. These tend to favor a phase change, in which the whole
system undergoes the phase transformation as a collective move-
ment of all ions. As a result, systems have to cross a significant en-
ergy barrier to transform from one phase to another one. On the
other hand, the thermodynamic theorem does not take into ac-
count the possible existence of such an activation barrier separat-
ing the two structural phases and hence the transition pressure
predicted form MD and enthalpy calculations are significantly dif-
ferent from each other.

In the simulations, we can easily track the transformation
mechanism of this phase change by simply analyzing the modifica-
tion of the simulation cell vectors and the motion of the atomic
coordinates. Fig. 4 shows the simulation cell lengths and angles
as a function of the MD time step, in which A, B and C simulation
cell vectors are along the [001], [010] and [00 1] directions,
respectively. The magnitude of these vectors is plotted in the fig-
ure. As clearly seen from the figure, around 200 fs, the structure
is compressed along the [0 1 0] and [0 0 1] directions and then it
undergoes a shear deformation, the simulation cell angles y (be-
tween A and B vectors) 8 (between A and C vectors) decrease to
70° while the o (between A and C vectors) increases to about
110°. This modification is simply equivalent to the Buerger mech-
anism and similar to what has been observed in a MD simulation in
which the B1-to-B2 phase transition of NaCl was produced at a
transition pressure of about 30 GPa, close to the experimental va-
lue of 30 GPa [20]. The structural analysis suggests multiple inter-
mediate phases for the B1-to-B2 phase transformation of BaS.
Around 240 fs, we determine a tetragonal phase within P42/mcm
having lattice parameters a=b=5.61A and c=5.49 A. At 290 fs,
a monoclinic phase with space group P, forms, whose lattice
parameters are a = 5.52 A, b =5.64 A, 5.41 A and the monoclinic an-
gle is 91.35°. Around 500 fs, P, triclinic state with a=5.36A,

b=544A c=571A, «=92.9°, $=93.15° and y=91.88° forms.
At later time steps, all angles of this triclinic phase has a tendency
to increase to 110° but the increase in  and B angles is faster than
the other one.

The transformation mechanism observed for BaS is similar to
the Buerger mechanism but the phase transformation follows sev-
eral intermediate phases, which are different from the rhombohe-
dral intermediate phase. Indeed, Zhang and Chen [21] proposed
four different pathways with multiple intermediate phases for
KCI. The intermediate states are different along the four pathways
but the simulations indicate that the essence of phase transition is
reflected by a Buerger mechanism [21]. The B1-to-B2 phase change
indeed is a reconstructive phase transformation and involves large
atomic displacements. Therefore, the system can transform from
one phase to another by passing through various closely related
paths during the transition. In other word, the transformation
mechanism might follow various transition pathways or involve
several intermediate states.

4. Conclusions

The pressure-induced phase transformation of BaS is investi-
gated using ab initio constant pressure molecular dynamics simu-
lation. Our finding indicates that the B1-to-B2 phase
transformation follows the Buerger mechanism and involves sev-
eral intermediate phases. This phase transformation is also studied
from the total-energy calculations. Our transition pressure and
bulk properties are in good agreement with experimental and pre-
vious theoretical data.
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