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We carry out an ab initio constant pressure molecular dynamics technique to study the pressure-induced
phase transition in KCl. A phase transformation from the rocksalt structure to the CsCl type structure is
successfully observed through constant pressure simulation. The rocksalt-to-CsCl phase transformation
of KCl is found to proceed via a rhombohedral intermediate state. This phase transition is also analyzed
from the total energy calculations. Our transition parameters and bulk properties are comparable with
available experimental and theoretical data. Furthermore, we study the behavior of KCl under uniaxial
stress. The uniaxial stress causes first a symmetry change to a tetragonal state with space group
I4/mmm and then structural failure.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The pressure-induced phase transformations from the sixfold to
eightfold coordinated structure in binary compounds are a funda-
mental topic in condensed matter physics. Of particular interest
are rocksalt (RS) structured materials. With the application of pres-
sure, the RS phase (B1) often transforms into a CsCl type phase
(B2). This phase transformation has been studied extensively for
decades and considerable information concerning this phase
change has been obtained. Yet a clear atomic level picture of this
phase transition could not be obtained in static high-pressure
experiments. In the past few years, much effort has been devoted
to determine the transition mechanism of the B1-to-B2 phase
transformation because an understanding of its mechanism is very
important for technological applications and controlling transition
process. To date several mechanisms has been proposed for this
simple phase transformation. The first mechanism is known as
Buerger mechanism [1] and based on compression of the primitive
cell of the B1 structure along its threefold axis and hence a gradual
increase of the rhombohedral angle of the intermediate R�3m state
from 60� to 90�. The second one was proposed by Watanabe, Toko-
nami and Morimoto (WTM) [2] and based on shifts of adjacent
(0 0 1) planes of B1 leading to an intermediate orthorhombic Pmmn
symmetry. Based on group-theoretical grounds, Stokes and Hatch
[3] proposed 12 pathways. Among 12 mechanisms, a P21/m mono-
clinic intermediate has the lowest activation barrier than the oth-
ers. The fourth one was introduced by Tolédano et al. [4]; it
ll rights reserved.
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consists of two consecutive displacive mechanisms, coupled to ten-
sile and shear strains. This mechanism gives rise to two intermedi-
ate orthorhombic structures B16 and B33.

The activation energies of the two mechanisms (R�3m and
Pmmn) were found to be very close [5]. However, among these four
mechanisms, the monoclinic and Tolédano pathways were found
to be a lower enthalpy barrier than R�3m and Pmmn for some RS
structured materials [6,7]. Stokes et al. studied both monoclinic
and Tolédano pathway for NaCl and PbS and found that their en-
thalpy barrier is approximately equal [7].

On the other hand, constant pressure simulations based empir-
ical potentials so far support the Buerger, WTM or multiple inter-
mediate phases [8–10]. Ruff et al. [8] performed molecular
dynamics (MD) simulations in some alkali halides and suggested
the WTM model for those materials. Using two different constant
pressure algorithms, Parrinello–Rahman and modified Anderson
pressure control technique, Nga and Ong [9] observed the forma-
tion of the WTM and Buerger mechanism in the same material
and showed that both have the same intralayer rearrangement of
ions but slightly different transitional movement of planes. In re-
cent MD simulations, the transformation mechanism was found
to be based on multiple intermediate phases [10]; the transforma-
tion starts with a Buerger R�3m deformation of the B1 structure that
is followed by the Stokes P21/m mechanism leading to an interme-
diate B33 phase, which then connects to the B2 phase by using the
Tolédano Pbcm pathway. The transition pressures predicted in
some of these studies were considerably larger than the
experimental transition pressures. The overestimated transition
pressures lead to some doubts about the transformation mecha-
nisms observed in these MD simulations because different transi-
tion pressures might produce different transformation
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mechanisms. Zhang and Chen [11] produced the B1-to-B2 phase
transition in NaCl at a transition pressure of 30 GPa, close to the
experimental value of 30 GPa, using an empirical potential and
suggested that the B1-to-B2 phase transition takes place with the
characters of both Buerger and WTM mechanisms. The authors
also studied KCl and proposed four different pathways. Although
the intermediate states are obviously different along the four path-
ways, the simulations indicate that the essence of phase transition
is reflected by a Buerger mechanism [11].

Recently using a constant pressure ab initio simulations, we
studied the behavior of CdO and CaO under pressure. The phase
transformation follows the rhombohedral intermediate phase in
CdO [12] while it proceeds via two intermediate monoclinic
phases, in CaO. These two different observations under similar con-
ditions (the same simulation technique, the size of the simulation
box and loading condition) might suggest that the B1-to-B2 phase
change depends on material.

In principle, ab initio techniques produce more accurate results
and hence they are ideally suited to eliminate limitations or doubts
observed in empirical potentials. Here we use, for the first time, a
constant pressure ab initio MD technique to study the pressure-in-
duced phase transition in KCl and predict that the transformation
pathway is based upon a rhombohedral intermediate phase.
Table 1
Lattice parameters, bulk modulus Bo, and its pressure derivative B0o for B1 and B2
phases of KCl.

Phase a (Å) Bo (GPa) B0o Reference

B1 6.271 20.94 5.9 This study
6.32 18.6 [19] (Theory)
6.294 15.5 [20] (Theory)
6.2 19.3 5.16 [21] (Theory)
6.32 17.2 3.89 [22] (Theory)
6.53 15.5 [23] (Theory)
6.57 15.7 [24] (Theory)

17.43 5.23 [25] (Experiment)
6.29 19.7 4.03 [19] (Experiment)

B2 3.734 24.36 5.7 This study
3.79 20.07 3.41 [22] (Theory)
3.76 [19] (Theory)
3.71 26.8 4.82 [21] (Theory)
3.38 19.6 [23] (Theory)
2. Computational methods

The density functional calculations in the present work were
performed within the generalized gradient approximation GGA
[13] using the first-principles code SIESTA [14]. Norm-conserva-
tive Pseudopotentials were constructed using Troullier–Martins
schemes [15]. A split-valence double-n plus polarized basis set
was employed. A uniform mesh with a plane wave cut-off of
150 Ry was used to represent the electron density, the local part
of the pseudopotentials, and the Hartree and the exchange–corre-
lation potential. The simulation cell consists of 64 atoms with
periodic boundary conditions. We used C-point sampling for
the Brillouin zone integration. The molecular dynamics (MD) sim-
ulations 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 fluc-
tuation, which facilitates easier examination of the structure dur-
ing the phase transformation. Pressure was applied via the
method of Parrinello and Rahman [16]. At each applied pressure,
the structure was equilibrated with a period of 1000 time steps
(each time step is one femto-second (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 sign, the velocity component is set equal to zero. All atoms or
supercell velocities (for cell shape optimizations) are then al-
lowed to accelerate at the next time step. For the uniaxial stress
simulations, a uniaxial stress was applied along the [0 0 1] direc-
tion, while the other stress components were initially set to zero,
and the simulation cell lengths were allowed to adjust to the
applied stress. For the energy–volume calculations, we used the
primitive cell for both B1 and B2 phases and the Brillouin zone
integration was performed with automatically generated 8 �
8 � 8 k-point mesh for both phases following the convention of
Monkhorst and Pack [17]. In order to determine the intermediate
state during the phase transformation, we used the KPLOT pro-
gram [18] that supplies detailed information about space group,
cell parameters and atomic position of a given structure. For
the symmetry analysis we used 0.2 Å, 2�, and 0.7 Å tolerances
for bond lengths, bond angles and interplanar spacing,
respectively.
3. Structural properties and enthalpy calculations

In order to validate the parameters used in the simulations, we
first optimize the lattice constants of both B1 and B2 phases and
summarize our results, with available experimental and the other
theoretical data, in Table 1. Overall we find a reasonable agreement
between our results and experimental and theoretical values [19–
25].

In order to predict the transition pressure between B1 and B2
phases and calculate their bulk properties, we study their total
energies as a function of volume and fit the energy–volume data
to the third order Birch–Murnaghan equation of state. Fig. 1 shows
the energy–volume relations. From the energy–volume data, we
simply calculate pressure P = �dEtot/dV (obtained by direct differ-
entiation of the energy–volume curves) and the static enthalpy
H = Etot + PV. Since at the phase transition the two phases have
the same enthalpy, the transition pressure can be easily deter-
mined by equating the enthalpy of the two phases. The computed
enthalpy curves are plotted as a function of pressure in Fig. 2. Our
transition pressure for B1-to-B2 phase change transition occurs
around 2.4 GPa, which is in good agreement with the experimental
and theoretical results of about 2 GPa (see Table 2) [8,19,21–
23,26,27].

We also obtain the bulk modulus, its pressure derivative and
the transition parameters from the third order Birch–Murnaghan
equations of state. The calculated values are also given in Tables
1 and 2. In general, our data agree with both experimental and the-
oretical results [8,19–27].

These data indicate that the parameters used in the simulations
are good enough to produce reasonable results and hence they can
be applied to study the pressure-induced phase transitions in the
dynamical simulations.
4. B1-to-B2 phase transformation from the dynamical
simulation

Fig. 3 shows the pressure dependence of volume. As seen from
the figure, the volume decreases gradually and at 18 GPa, it
abruptly declines, indicating a first order phase transformation at
this pressure. The structural analysis using the KPLOT program re-
veals that the RS structure transforms into a CsCl structure. This
finding indicates that the ab initio technique successfully generates
the experiment observed high-pressure phase of KCl with an over-
estimated transition pressure, relative to the experimental transi-
tion pressure of about 2.0 GPa. Such an overestimation in
transition pressures, in analogous to superheating MD simulations,
is usually seen in constant pressure simulations and implies a high
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intrinsic activation barrier for transforming one solid phase into
another in simulations. When the particular conditions such as fi-
nite size of the simulation cell, the lack of any defect in simulated
Table 2
The transition parameters; critical pressure Pt, the transitions volumes Vt/V0 (B1) and
Vt/V0 (B2), the volume change �DVt/Vt during the phase transformation. Refs. [19,27]
are experiment.

Pt Vt/V0 (B1) Vt/V0 (B2) �DVt/Vt Reference

2.4 0.91 0.79 0.13 This study
2.8 0.88 0.89 0.12 [22]
1.1 0.968 0.835 0.137 [26]
2.0 0.915 0.803 0.123 [27]
2.4 0.90 0.78 0.10 [19]
2.58 0.90 0.91 0.10 [8]
2.1 0.12 [21]
2.0 0.13 [23]
structure, the time scale of simulations and the absence of surfaces
in simulated structures. are considered, such an overestimated
transition pressure is anticipated. This activation barrier can over-
come if the simulated structures are overpressurized. On the other
hand, the thermodynamic theorem does not take into account the
possible existence of such an activation barrier separating the two
structural phases and hence the transition pressure obtained the
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Fig. 4. The simulation cell lengths and angles as a function of MD time step at
18 GPa. The lattice vectors A, B and C are along the [0 0 1], [0 1 0] and [0 0 1]
directions, respectively and their magnitude is plotted in the figure. During the
phase transformation, the simulation cell lengths change with the same magnitude
and hence they are overlap. The simulation cell angles a, b and c are also modified
by the same degree.
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MD simulation differs from the one predicted using the thermody-
namic theorem.

The modification of simulation cell during the phase change
provides substantial information about the mechanism of this
transformation at the atomistic level and hence as a next step we
study the variation of the simulation cell lengths and angles as a
function of MD time step and plot them in Fig. 4. The simulation
box is initially a cubic cell whose lattice vectors are along the
[0 0 1], [0 1 0] and [0 0 1] directions, respectively. The magnitude
of these vectors is plotted in the figure. As clearly seen from the fig-
ure, the system undergoes dramatic reconstructions after around
100 fs. All simulation cell angles gradually changes from 90� to
about 110� and the simulation cell lengths slightly increase. This
mechanism is similar to what has been observed in the classical
MD simulations in which two angles become about 70.4� while
the third one is 110� [11]. These modifications are simply equiva-
lent to the distortions observed in our simulations.

In order to characterize any intermediate state(s) formed during
the B1-to-B2 phase transformation of KCl, we carefully analyze the
structure at each MD step using the KPLOT program. At 200 fs, we
determine a rhombohedral state whose lattice parameters are
a = b = c = 3.702 Å and angles a = b = c = 67.18�. In later time steps,
the lattice constants gradually decrease while the angles tend to
increase to 90� at which point the CsCl type phase whose lattice
constants a = b = c = 3.33 Å is formed around 252 fs.

5. Uniaxial stress

In addition to hydrostatic pressure, studies of the structural and
mechanical responses of materials at finite strain are crucial for our
understanding of many areas such as phase transformation, theo-
retical strength, crack propagation and nanotechnology. We are
not aware of any study that explores the behavior of KCl under a
uniaxial stress. The lack of such information stimulates us to inves-
tigate systematically the stability of KCl subjected to a uniaxial
stress. We apply both tensile and compressive stresses along
[0 0 1] direction. The volume change as a function of uniaxial stress
is also given in Fig. 3. As seen from the figure, the volume decreases
with increasing compressive uniaxial stress (in the tensile regime,
the volume increases) but the change in the volume is quite less
than that of hydrostatic case as expected. KCl exhibits structural
failure at �3 GPa and 14 GPa in our simulation. Certainly, these
critical stresses are overestimated in the simulation as in the
hydrostatic case. We cannot however absolutely tell the degree
of the overestimation of these critical stresses in the simulation be-
cause we are not aware of any experimental studies on the behav-
ior of KCl under uniaxial stresses but we suppose that they are a
factor of 8–9 times larger than the experimental values as in the
hydrostatic compression and hence we expect to see the structural
failure of KCl around �0.25 GPa and 1.5 GPa in experiments.

The stress dependence of the simulation cell lengths is depicted
in Fig. 5. The axis compressed decreases gradually while the others
tend to increase because the structure attempts to converse its vol-
ume. In the tensile regime, we observe the opposite tendency; the
axis tensioned increases while the others decrease. The simulta-
neous construction and expansions of the cell lengths change the
structure from cubic to tetragonal without causing any coordina-
tion modification. The tetragonal structure has I4/mmm symmetry.

A uniaxial compression of a solid usually yields an expansion in
the transfer directions. This behavior is described by the Poisson
ratio that is used to characterize a material’s elastic properties.
The Poisson ratio of a solid subjected to a uniaxial stress is defined
as the negative ratio of transfer strain in the i direction resulting
from an applied strain in the j direction. The Poisson ratio for a cu-
bic simulation box compressed uniaxially along the [0 0 1]-axis is
given by
rxz ¼ �
DA
DC

The variation of DA and DC in the pressure range from �2 GPa
to 12 GPa is illustrated in Fig. 6. The slope of the best fitting
straight line gives 0.11 for the Poisson ratio of KCl at zero pressure,
which is in good agreement with the value of 0.14 [28].

6. Discussion

We have studied the behavior of several B1 structured materials
using constant pressure ab initio simulations and observed the
rhombohedral intermediate state for CdO and KCl and monoclinic
intermediate states for CaO. The observation of different transfor-
mation mechanisms in these systems using the same simulation
technique, the size of the simulation box and loading condition
might state that the B1-to-B2 phase transformation might be
material dependent. Based on only two different observations we
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cannot however explain which properties of the B1 structured
materials drive a specific transformation mechanism. Therefore,
further studies are certainly needed to explain the physical origin
of distinct transformation mechanisms observed for the B1-to-B2
phase transformations.
7. Conclusions

We have used an ab initio constant pressure technique to study
the pressure-induced phase transition in the KCl and observed a
phase change from the B1-to-B2. Furthermore, we describe the
transformation mechanism and show that it proceeds by a rhom-
bohedral intermediate state, validating previous MD simulations
based on empirical potentials. This phase transformation is also
analyzed using the energy–volume calculations. The computed
transition parameters and bulk properties are in good agreement
with experimental and theoretical data. Furthermore we study
the response of KCl to the uniaxial stresses (tensile and compres-
sive) and find no indication a new phase transformation but struc-
tural failure.
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