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ABSTRACT: We predict crystal structures of MClF (M = Ba and Pb) compounds by
performing an ab initio evolutionary simulation at ambient as well as high pressure. We
propose a structural transition sequence in MClF compounds as follows: P4/nmm →
Pmcn → P63/mmc below 100 GPa. The predicted ambient and intermediate phases are
consistent with X-ray and Raman spectroscopic measurements, while the newly
proposed high pressure P63/mmc phase is thermodynamically more favorable than the
previously proposed monoclinic (P21/m) phase. It is found that the P4/nmm → Pmcn
transition is first order in nature, while the Pmcn→ P63/mmc transition is a martensitic
phase transition, which is accompanied by a slight volume change and is of a displacive
nature. The austenite and martensite phases coexist in a wide pressure range, especially
for PbClF. The martensite phase transition is mainly driven by (1) tilting and
transformation of distorted heptahedron to pentahedron environment of MCl6, which
leads to negative area compressibility, and (2) cooperative displacive movement of F−

ions to form a trigonal bypyramidal (MF5) structure around a metal cation. Overall, the
metal cation coordination increases from 9 (MF4Cl5−P4/nmm) to 10 (MF4Cl6−Pmcn) and, further, to 11 (MF5Cl6−P63/mmc)
under high pressure. The predicted ambient and high pressure phases are mechanically and dynamically stable under the studied
pressure range. Electronic structure, bonding, and optical properties are calculated and discussed using new parametrization of
Tran Blaha modified Becke Johnson potential. We find nearly isotropic optical properties (except for the ambient phase of
PbClF), even though all the predicted ambient and high pressure phases are structurally anisotropic.

■ INTRODUCTION

MXY-type compounds (where M is a metal and X and Y are
nonmetals) belong to a class of layered materials that crystallize
in the primitive tetragonal (P4/nmm) symmetry at ambient
conditions.1 The MXY-type materials are classified into PbClF-
type ( c

a
< 2 and v(M) < 0.23) and anti-Fe2As

1 or ZrSiS-type2,3 ( c
a

> 2 and v(M) > 0.25) based on c

a
and v(M) (where v(M) is a

fractional coordinate of the metal atom). The PbClF-type
compounds are wide band gap insulators/semicondutors with
significant technological applications such as X-ray image
storage phosphors4,5 and pressure calibrants6,7 in diamond
anvil cells (DAC) upon doping with rare-earth ions and they also
play an important role in spectroscopic and nuclear detectors. In
contrast, ZrSiS-type compounds achieved tremendous interest
recently due to their nodal-line semimetallic (NLSM) behavior
at ambient conditions.8 It is commonly expected that MXY-type
materials exhibit anisotropic properties under high pressure due
to their layered structure, which has been intriguing many
researchers toward high pressure behavior of this class of
materials. Therefore, extensive studies have been devoted to
understand the high pressure behavior of PbClF-type materials.

High pressure X-ray diffraction measurements on BaClF single
crystals reveal that BaClF is stable up to 6.5 GPa, it has isotropic
compressibility at 2 GPa, and later it becomes anisotropic.9

Subramanian et al.10 determined the structural stability of BaClF
up to 35 GPa, and they observed a monoclinic (P21/m) phase at
around 22 GPa. Later, high pressure X-ray diffraction measure-
ments11,12 on MClF (M = Ca, Sr, Ba) and BaBrF compounds
reveal that BaClF and BaBrF undergo structural phase
transitions at 21 and 27 GPa, respectively. Decremps et al.13

also reported the high pressure behavior of BaIF and proposed
that BaIF undergoes a structural phase transition at around 55
GPa. The pressure derivative of second order elastic constants of
BaClF have been measured under hydrostatic pressure using
ultrasonic pulse echo and Brillouin scattering techniques.14

Anisotropic compressibilities of matlockite-type compounds
(SrClF, SrBrF and PbBrF) are predicted at high pressure and no
structural phase transitions were proposed up to 30 GPa for
three compounds.15 Liu et al.16 predicted a structural phase
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transition from P4/nmm to P21/m in BaClF at 28.92 GPa based
on molecular dynamics simulations.
Interestingly, a high pressure Raman spectroscopic study17 on

BaClF showed an intermediate orthorhombic (Pnma) phase at
around 10.8 GPa which coexists with the ambient P4/nmm
phase and above 21.1 GPa these two phases coexist with the
previously observed P21/m

10 phase up to the maximum studied
pressure of 25.6 GPa. Subramanian et al.18 also determined the
high pressure behavior of BaBrF and BaIF compounds and
confirmed the existence of an intermediate Pnma phase for the
iso-structural PbClF-type compounds. High pressure X-ray and
Raman spectroscopic measurements on PbClF and PbBrF
compounds19,20 have shown similar structural transition trends,
as observed in the case of BaXF (X = Cl, Br and I) compounds.18

Hence, the observed structural transition sequence in these
PbClF-type compounds is as follows: P4/nmm→ Pnma→ P21/
m under high pressure.17−20However, the crystal structure of an
intermediate orthorhombic (Pnma) high pressure phase is
unknown until date. Recently a high pressure structural phase
transition sequence in ZrSiS (which is a prototype for anti-Fe2As
type materials) has been proposed based on the sequence
observed in PbClF-type compounds using high pressure X-ray
synchrotron and Raman spectroscopic measurements.21 Deter-
mining crystal structures of coexisting phases at high pressure is
always a challenging task for experimentalists.22 This motivated
us to predict the crystal structures of high pressure phases and
structural transition sequence in PbClF-type compounds by
taking the advantage of powerful and diversified evolutionary
algorithm, which is implemented in Universal Structure
Predictor: Evolutionary Xtallography (USPEX) package.23−25

In the present work, we resolved crystal structures of high
pressure phases of PbClF and BaClF compounds that remained
as an unsolved problem for the past two decades.We also predict
the Pnma→ P63/mmc transition to be martensitic and that the
transition is associated with a slight volume change at the
transition pressure going along with a displacive movement of
ions to high symmetry Wyckoff positions to form a hexagonal-
close-packed (hcp) structure. In addition, we have also
calculated thermophysical properties of the predicted phases
of MClF compounds under high pressure and discussed them in
a detailed manner in the Results and Discussion section.

■ COMPUTATIONAL DETAILS AND METHODOLOGY

Our crystal structure prediction of MClF (M = Ba and Pb)
matlockite-type compounds under high pressure has been
carried out using the evolutionary algorithm USPEX.23−25 We
have done an extensive crystal structure search at ∼0, 10, 30, 60,
and 100 GPa with 2, 4, and 8 formula units per primitive cell for
both of the stduied compounds. The initial 100 structures are
randomly generated and the succeeding 44 generations with a
population size of 50 were obtained by applying heredity (50%),
random (20%), soft mutation (20%), and lattice mutation
(10%) operators until the best structure remains invariant up to
20 generations. The Vienna Ab Initio Simulation Package
(VASP)26 has been used as an external density functional theory
(DFT) package to perform structural relaxations to explore the
global minimum energy structure of the investigated compound
at a given pressure. Geometry optimization and lattice
dynamical properties were calculated with projector-augmented
plane-wave (PAW) potentials27 with 5s25p66s2, 5d106s26p2,
2s22p5, and 3s23p5 electrons treated as valence states for Ba, Pb,
F, and Cl, respectively. Electron−electron interactions were
treated within the generalized gradient approximation of the

Perdew−Burke−Ernzerhof (PBE) parametrization.28 A kinetic
energy cutoff of 560 eV was used for the plane wave basis set
expansion and also 2π × 0.2 Å−1 k-spacing has been chosen to
sample the Brillouin zone after performing careful convergence
tests w.r.t. total energy. In order to perform lattice dynamical and
elastic constants calculations, the total energy and forces are
converged to smaller than 10−8 eV and 10−4 eV/Å, respectively,
during the structural relaxation. The lattice dynamical
calculations were carried out using the supercell approach as
implemented in VASP26 and postprocessing using the
PHONOPY.29 To ensure sufficient atomic interactions, we
have chosen the lattice constants of supercell between 12 and 15
Å along each crystallographic direction to obtain real phonon
frequencies for each phase of the investigated compounds with
Monkhorst−Pack30 k-mesh sampling of 2 × 2 × 2.
The pressure dependent elastic constants of MClF com-

pounds are calculated using a recently developed in house Finite
Pressure Temperature Elasticity (FPTE) package,31 which
applies strain deformations based on crystal symmetry, and
the corresponding stress tensor is calculated by interfacing with
VASP. The FPTE package includes pressure correction to the
computed elastic constants at finite pressure (the methodology
will be published elsewhere).
Electronic structure and optical properties of BaClF and

PbClF were calculated using the new parametrization of Tran
Blaha-modified Beche Johnson (TB-mBJ)32 potential, which is
implemented in the WIEN2k package33 (for more details, see
section I of the Supporting Information). The new para-
metrization of TB-mBJ potential is obtained by optimizing the
parameter “c” (see Table 2 of ref 34 for different set of α and β
values to obtain “c” value for various new parametrizations of the
TB-mBJ potential), namely, original TB-mBJ,32 p-present (TB-
mBJ:1), and p-semiconductor (TB-mBJ:2), and among them,
TB-mBJ:2 parametrization works better for semiconductors up
to 7 eV.34

■ RESULTS AND DISCUSSION

Crystal Structure Prediction under High Pressure.
Determining the crystal structure of high pressure phases for
PbClF-type compounds is a challenging problem for researchers
from the last two decades. Furthermore, they are substantial in
understanding the structural phase transformations in ZrSiS-
type21 materials under high pressure. The ZrSiS-type materials
are NLSMs at ambient pressure, which makes them stars of this
particular research field due to linear band inversion along high
symmetry directions of the Brillouin zone to form nodal
loops.8,21 The knowledge on crystal structures of PbClF-type
compounds at high pressure not only provides an insight on
their phase diagrams, but also, they are crucial in understanding
the high temperature superconductivity of ZrSiS-type materi-
als.21 In order to address this problem, we made an extensive
crystal structure search at different pressures for BaClF and
PbClF compounds. The predicted ambient tetragonal (P4/
nmm) and intermediate (Pmcn) phases are in excellent
agreement with the experiments.17−20 Based on the enthalpy
calculations, we also propose a new transition from Pmcn
(Pnma)→ P63/mmc, in contrast to the transition from Pnma→
P21/m, as observed in the experiments at high pressure for
BaClF and PbClF. In order to confirm the proposed new
transition sequence, we performed a fixed cell prediction with
the determined monoclinic (P21/m, with Z = 2 f.u./cell) lattices
M1 and M2 for BaClF10 and PbClF20 from powder X-ray
diffraction measurements. The predicted fractional coordinates
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of monoclinic phases of BaClF and PbClF, along with the
determined lattice constants, are summarized in Table S1. As
illustrated in Figure 1, the relative enthalpy difference of ambient
and high pressure phases, including M1 and M2 lattices, clearly
demonstrates that the P4/nmm→ Pmcn phase transition is first
order in nature, which is in good agreement with the
experimentally proposed intermediate orthorhombic Pnma
phase for MXF (M = Ba, Pb; X = Cl, Br)17−20 and BaIF18

compounds. The calculated transition pressures 6.1 and 14.2
GPa for the P4/nmm → Pmcn transition are slightly under-
estimated when compared to the experimental transition
pressures at ∼10.817 and ∼18 GPa19 for BaClF and PbClF,
respectively. The second phase transition is from Pmcn→ P63/
mmc, rather than from Pnma (Pmcn)→ P21/m, since the P63/
mmc phase has a lower enthalpy (∼60 meV/atom over P21/m

phase at 40 GPa), which implies that the predicted P63/mmc
phase is energetically more favorable than the experimentally
determined P21/m phase at high pressure for BaClF10 and
PbClF.20 In addition, by comparing the measured Raman
spectra at two distinct pressures, 33 and 41 GPa, it is clearly
observed that the intermediate (Pnma) phase favors to develop a
high symmetry structure rather than a low symmetry monoclinic
(P21/m) structure under high pressure (see Figure 2 of ref 19).
Moreover, the Pmcn → P63/mmc transition shows a very weak
volume collapse at the transition pressure, which is accompanied
by cooperative displacive movements of (Ba/Pb, F, and Cl)
atoms to highly symmetric Wykcoff positions (mainly Cl: 0.68
→ 0.75; F: 0.35→ 0.25 for BaClF and Cl: 0.82→ 0.75; F: 0.20
→ 0.25 for PbClF) to form an ideal hexagon (P63/mmc) instead
of distorted ones (Pmcn), as illustrated in Figure 2e,f. This type

Figure 1. Calculated relative enthalpy difference of high pressure phases of (a) BaClF and (b) PbClF compounds as a function of pressure w.r.t. P4/
nmm (ambient) phase. Predicted structural transition sequence under high pressure is P4/nmm→ Pmcn→ P63/mmc in both of these compounds. The
P63/mmc phase is found to be energetically favorable compared to the experimentally claimed monoclinic (P21/m) phase. Pmcn→ P63/mmc phase
transition is a martensitic phase transition that is a weak first order transition with displacive nature. The austenite and martensite phases coexist in a
wide pressure range.

Figure 2. Crystal structures of ambient and high pressure phases of PbClF. The black, green, and ash color balls represent Pb, Cl, and F atoms,
respectively. (a, d) Layered crystal structure of the ambient (P4/nmm) phase and the layers Cl−-Pb2+-F−-F−-Pb2+-Cl− are stacked along the c-axis. (b, e)
Crystal structure of an intermediate (Pmcn) phase with distorted hexagon in the ab-plane at 20 and 60 GPa. (c, f) Hexagonal close packed crystal
structure of high pressure (P63/mmc) phase with an ideal hexagon in the ab-plane.
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of transition is called martensitic phase transformation, as
observed in the case of steel (irreversible)35 and shape memory
alloys (reversible).36 Bhattacharya et al.37 proposed a criteria for
reversibility of martensitic phase transitions based on crystal
symmetry of austenite and martensite phases, if energy barrier to
lattice invariant shear is higher than barrier to the phase change
with no plasticity then it is reversible martensitic phase
transition. Austenite and martensite phases should have a
group−subgroup relationship, which is a necessary condition for
reversibility, as seen in shape memory alloys.36 The predicted
intermediate Pmcn and high pressure P63/mmc phases are sub-
and supergroups of the Cmcm space group, respectively.
According to the Hermann theorem, there exists a group−
subgroup relationship between Pmcn and P63/mmc phases
through an intermediate Cmcm space group in two steps: (1)
Pmcn is the klassengleiche subgroup of Cmcm space group, since
the two space groups have same point groups, and (2) Cmcm is
the translationengleich subgroup of P63/mmc space group, since
they have the same group of translations. In the first step, the
centering is achieved as a function of pressure in Pmcn
symmetry, that is, a C-centered orthorhombic (Cmcm) lattice
that raises the translations, but the point groups remain the
same, that is, the klassengleiche subgroup. In the second step,
the hexagonal symmetry is achieved by removing the distortion
in the C-centered lattice to form a hexagonal symmetry without
changing the group of translations, that is, the translationen-
gleich subgroup. Therefore, there exists a maximal group−
subgroup relationship between Pmcn and P63/mmc space
groups. This clearly indicates that the Pmcn → P63/mmc
transition is a reversible martensite phase transition through the
group−subgroup relationship criteria proposed by Bhattacharya
et al.37 Although the experimentally proposed high pressure
(P21/m) phase is unlike that in the present study, a reversible
structural transition is observed in the high pressure X-ray
powder diffraction measurements for MClF (M = Ca, Sr, and Ba
and Cl, Br, and I) compounds.10,17−20 It is very interesting to
disclose pressure-induced martensitic phase transition in this
PbClF-type class of materials. Moreover, the Pmcn→ P63/mmc
transition is previously reported for perovskite NaMgF3, and this
was predicted by compressing the postperovsikte (Cmcm)
structure to ultrahigh high pressure.38−40

In addition, we could see subtle differences between the
obtained and experimental transition pressures (although the
observed high pressure monoclinic (P21/m) phase differs from
the predicted hcp P63/mmc phase in this work) for both of these
compounds. This may be due to austenite (Pmcn) and
martensite (P63/mmc) phases coexisting in a wide pressure
range, ∼28−40 GPa for BaClF and ∼45−70 GPa for PbClF,
which is an inherent characteristic of martensitic phase
transition.37 Therefore, it becomes a tedious task for
experimentalists to determine the correct crystal symmetry of
mixed phases in general and PbClF-type compounds in
particular under high pressure. The Pmcn phase completely
transforms to the P63/mmc phase above∼35 GPa for BaClF and
∼70 GPa for PbClF, as depicted in Figure 1.
The analysis of the crystal structure and the bond parameters

(bond lengths and/or angles) provide good insight on
coordination numbers for ambient and high pressure phases.
As discussed in section I, the PbClF-type compounds crystallize
in the primitive tetragonal (P4/nmm) symmetry with two
formula units per unit cell at ambient conditions. The metal
(Pb/Ba), chlorine, and fluorine atoms are located at 2c and 2a
wykcoff positions, respectively. The Pb2+ cation is coordinated

by 4-fold F− and 5-fold Cl− ions, resulting in a PbF4Cl5 structural
motif that has a C4v site symmetry with 9-fold coordination in
PbClF-type compounds at ambient pressure.41 The 4-fold
coordination of F− and Cl− ions form a square planar structure
on above and below the Pb2+ (metal) cation, respectively, and
vice versa to form a layered structure in the unit cell with Z = 2
f.u., and the Cl−-Pb2+-F−-F−-Pb2+-Cl− layers in the unit cell are
stacked along the c-axis, as shown in Figure 2d. Therefore,
PbClF-type compounds are layered materials with a quasi-2D
character at ambient conditions.42,43 In addition, the c-axis is
found to have larger compressibility when compared to the a-
axis for the ambient phase due to weakly stacked layers along the
c-direction, which clearly shows the weaker interlayer bonding
over intralayer bonding in the MClF compounds in P4/nmm
symmetry. Application of hydrostatic pressure on PbClF-type
compounds slightly distorts the square planar nature of both F−

and Cl− ions (which are perpendicular to the c-axis for the
ambient phase) around the Pb2+ cation, which eventually effects
the layered nature of this class of materials under high pressure.
For the intermediate (Pmcn) and high pressure (P63/mmc)
phases, the Pb2+ cation is coordinated by a 4-fold and 5-fold
trigonal bipyramidal structure of F− ions along with 6-fold Cl−

ions environment to form PbF4Cl6 and PbF5Cl6 structural
motifs, resulting in coordination numbers (CNs) 10 and 11,
respectively. Overall, the CN increases from 9 to 10 and further
to 11 for P4/nmm, Pmcn, and P63/mmc phases under high
pressure, respectively (see Figure 3). The increase in CN

resulting from the coordination environment of Cl (PbF4Cl5→
PbF4Cl6) and F (PbF4Cl6 → PbF5Cl6) ions around the metal
cation during the P4/nmm → Pmcn and Pmcn → P63/mmc
phase transitions, respectively. In addition, the Pmcn phase of
the MClF compounds has a slightly less distorted hexagon-like
arrangement, as depicted in Figure 2d. Upon further
compression of the Pmcn phase, the M (Ba or Pb), F, and Cl
atoms are displaced to a highly symmetric position (see Figure
4) that mostly drives the transition from the Pmcn to a P63/mmc
(hcp) structure under high pressure, which forms an ideal
hexagon.
The predicted structural properties for three phases at

different pressures are presented in Table 1 and are in good
agreement with the available experimental12,44−46 data as well as
with previous theoretical calculations at ambient pressure.41,47,48

Figure 3. Coordination number (CN) of Pb2+ cation in the predicted
(a) ambient (P4/nmm) phase with 4-fold F− and 5-fold Cl− ions in a
square planar around a Pb2+ cation, which forms a perfect layered
structure with a structural motif PbF4Cl5. (b) An intermediate (Pmcn)
phase with 4-fold F− and 6-fold Cl− around a Pb2+ cation with a
structural motif PbF4Cl6. (c) High pressure (P63/mmc) phase with 5-
fold F− and 6-fold Cl− around a Pb2+ cation with a structural motif
PbF5Cl6. The same color convention is followed, as given in Figure 2,
for representation of atoms.
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The predicted lattice constants and fractional coordinates of the
intermediate phase are given in the more generalized space
group Pnma in Table S2 which might serve as reference for
future high pressure X-ray diffraction measurements. We have
calculated the pressure dependence of in-equivalent bond
lengths of each phase to get more insight on structural phase
transformations in these materials. As depicted in Figure 5 and
Table 2, the calculated bond lengths are decreasing with
pressure except for Pmcnwhich shows a sharp decrease/increase
in the bond lengths, especially close to the transition pressure,
which is reflected in the lattice constants, as shown in Figure 6,
which is more predominant in BaClF over PbClF. Interestingly,
(Pb/Ba)−F(2) and (Pb/Ba)−Cl(1) bond lengths of Pmcn
phase are increasing with pressure. The increase in (Ba/Pb)−
F(2) bond length and cooperative displacive movement of F−

ions (as shown in Figure 3b) leads to formation of trigonal
bypyramidal structure (see Figure 3c) to form an ideal hexagons
from the distorted ones. This might be an indirect indication for
the intermediate (orthorhombic) phase to undergo a high

symmetry (hexagonal) structure rather than a low symmetry
monoclinic (P21/m) structure under high pressure. We have
also studied the pressure dependence of lattice constants and
they decrease monotonically with pressure for all three phases
except for Pmcn phase in which lattice constants a, b, and c show
abnormal behavior in the pressure range 30−35 GPa for BaClF
and 40−70 GPa for PbClF (see Figure 6). The lattice constants
a, b, and c increase and decrease in such a way that the
orthorhombic (lattice with Z = 4 f.u.) lattice constants a and b
become lattice constant a of the hexagonal lattice (with Z = 2
f.u.). Moreover, both of the lattice constants a and b of Pmcn
phase shows negative linear compressibility (NLC) in the
pressure range of 30−35 and 40−70 GPa for BaClF and PbClF,
respectively, that is, expansion of the Pmcn lattice in the ab-
plane, resulting in a negative area of compressibility (NAC), as
illustrated in Figure 6. In order to get deeper insight on NAC, we
have analyzed the variation of a coordination environment of the
anions around the metal cation at different pressures, which
clearly demonstrates that a distorted heptahedron coordination

Figure 4. Variation of fractional coordinates of intermediate (Pmcn) phase as a function of pressure for (a) BaClF and (b) PbClF compounds. The
(Ba/Pb, Cl, and F) atoms show a displacive nature to high symmetry wykcoff positions (Ba: 0.213→ 0.25; Cl: 0.68→ 0.75; F: 0.35→ 0.25 for BaClF
and Pb: 0.21→ 0.25; Cl: 0.82→ 0.75; F: 0.20→ 0.25 for PbClF).

Table 1. Predicted Lattice Constants and Fractional Coordinates of Ambient and High Pressure Phases of BaClF and PbClF and
Compared with the Experimental Data for Ambient Phases of the Both Investigated Compounds

method phase BaClF PbClF

this work P4/nmm (0 GPa) a = 4.454, c = 7.357 a = 4.167, c = 7.376

Ba: 2c (0.25, 0.25, 0.2051) Pb: 2c (0.25, 0.25, 0.2053)

Cl: 2c (0.25, 0.25, 0.6469) Cl: 2c (0.25, 0.25, 0.6482)

F: 2a (0.75, 0.25, 0.0000) F: 2a (0.75, 0.75, 0.0000)

expt a = 4.394a/4.3964b, c = 7.225a/7.2315b a = 4.110c, 7.246c

Ba: 2c (0.25, 0.25, 0.2049a /0.2063b) Pb: 2c (0.25, 0.25, 0.2058)c

Cl: 2c (0.25, 0.25, 0.6472a /0.6466b) Cl: 2c (0.25, 0.25, 0.6497)c

F: 2a (0.75, 0.25, 0.0000)a,b F: 2a (0.75, 0.75, 0.0000)c

this work Pmcn a = 4.336, b = 7.309, c = 6.907 a = 4.075, b = 7.279, c = 6.668

(20 GPa) Ba: 4c (0.25, 0.4019, 0.2093) Pb: 4c (0.25, 0.1068, 0.2127)

Cl: 4c (0.25, 0.6908, 0.5032) Cl: 4c (0.25, 0.8159, 0.4920)

F: 4c (0.25, 0.0778, 0.3366) F: 4c (0.25, 0.4273, 0.3437)

P63/mmc a = 4.235, c = 5.312 a = 4.047, c = 5.349

(70 GPa) Ba: 2c (0.3333, 0.6667, 0.25) Pb: 2c (0.3333, 0.6667, 0.25)

Cl: 2a (0.0000, 0.0000, 0.00) Cl: 2a (0.0000, 0.0000, 0.00)

F: 2d (0.6667, 0.3333, 0.25) F: 2d (0.6667, 0.3333, 0.25)
aRef 12. bRef 45. cRef 46.
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environment formed by Cl− ions around metal cation (see
Figure 7) is tilting with increasing pressure to form a square
planar structure perpendicular to the y-axis, which is responsible
for NAC of the Pmcn lattice in MClF compounds under high
pressure. Up on further compression, the distorted heptahedron
transformed to a pentahedron environment of Cl− ions in such
way that they form an ideal hexagon with a M/F/Cl atom at the
center. On the other hand, the Pmcn phase lattice constant c
continues to be a hexagonal lattice constant c for the P63/mmc
phase. However, the lattice constant c exhibits large compres-
sibility close to the transition (Pmcn→ P63/mmc) pressures due
to the cooperative displacive nature of F− ions (see Figure 3b,c)
to form a trigonal bypyramidal coordination environment
around the metal cation, as illustrated in Figure 8. The primitive
basis vectors of the P63/mmc lattice in terms of the Pmcn lattice
c o n s t a n t s e x p r e s s e d a s f o l l o w s :Ä
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ÅÅÅÅÅÅÅÅÅÅÅÅ
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Furthermore, to explore the structural transition mechanism
from Pmcn to P63/mmc, we have calculated the similarity
parameters such as lattice distortion (S), maximum (dmax) and
average (davg) atomic displacements and measure of similarity or
structural descriptor (Δ) for Pmcn phase as a function of
pressure, as illustrated in Figure 9. The similarity parameters are
calculated by comparing structure at a given pressure with the
reference structure at 35 GPa for BaClF and 70 GPa for PbClF
using the COMPSTRU program.49 The similarity between the
lattice parameters of two structures (considered for compar-
ison) is measured by “S”, which is sum of the squared
eigenvalues of the strain tensor divided by 3.50 The atomic
displacement field between the matched sites of the two
structures can be measured by the dmax and davg. The (maximal)
displacement between the atomic positions of the paired atoms
is given by (dmax) d and the average atomic displacements
summed over the primitive cell is given by davg.

49,51 The dmax is
from the paired F atoms for both of BaClF and PbClF
compounds, which is consistent with the cooperative displacive
nature of F atoms (see Figures 8 and 3b). In addition, the atomic
displacements of paired Cl atoms also closely comparable with
the dmax of F atoms along with a small contribution from the
metal (Ba/Pb) atoms. The Δ is a function of the differences in
atomic positions (weighted by the multiplicities of the sites) and
the ratios of the corresponding lattice parameters of the
compared structures.52 Therefore, the Δ is resulting from both
lattice distortion and atomic displacements, which decreases
with pressure, and it has a sharp decrease in the pressure range
33−34 GPa, especially for BaClF and 40−70 GPa for PbClF.
This clearly indicates that the Pmcn → P63/mmc transition is
driven by the reduction of lattice distortion of Pmcn with atomic
cooperative displacive movements, as demonstrated in Figures 7
and 8.
We have also calculated the volume of each predicted phase as

a function of pressure which shows a monotonic decrease in the
volume as a function of pressure, as presented in Figure 10. We
could clearly see a volume collapse of ∼2.8% at 6.1 GPa for
BaClF and ∼1.6% at 14.2 GPa for PbClF during the phase
transition from P4/nmm→ Pmcn phase while very weak volume
collapse during Pmcn → P63/mmc transition for both of the

Figure 5.Calculated bond lengths for ambient and high pressure phases of (a) BaClF and (b) PbClF compounds. Merging of the lattice constants (see
Figure 6) and bond parameters for BaClF and PbClF at around 35 and 70 GPa, respectively, clearly demonstrate that the Pmcn phase undergoes a high
symmetry structure under high pressure.

Table 2. Calculated Inequivalent Bond Lengths of Ambient
(P4/nmm at 0 GPa) and High Pressure (Pmcn at 20 GPa and
P63/mmc at 70GPa) Phases of BaClF and PbClFCompounds

compound bond length P4/nmm Pmcn P63/mmc

BaClF Ba−F(1) 2.690 2.540 2.445

Ba−F(2) 2.578 2.656

Ba−F(3) 2.527

Ba−Cl(1) 3.250 2.930 2.783

Ba−Cl(2) 3.333 3.039

Ba−Cl(3) 3.017

Ba−Cl(4) 3.299

PbClF Pb−F(1) 2.567 2.450 2.337

Pb−F(2) 2.474 2.674

Pb−F(3) 2.492

Pb−Cl(1) 3.125 2.819 2.692

Pb−Cl(2) 3.267 2.887

Pb−Cl(3) 2.888

Pb−Cl(3) 3.409
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studied compounds.We have also obtained the equilibrium bulk
modulus (B0) and its pressure derivative (B0′) for each predicted

phase by fitting total energy−volume (E−V) data to 3rd order
Birch−Murnaghan equation of state. The obtained B0 and B0′ for

Figure 6. Calculated equilibrium lattice constants as a function of pressure for ambient and high pressure phases of (a) BaClF and (b) PbClF
compounds. The lattice constants a and b of the Pmcn phase are merging into lattice constant a for the P63/mmc phase, and the lattice constant c
remains as c in both austenite and martensite phases for both of the studied compounds.

Figure 7.Tilting and transformation of the distorted heptahedron to pentahedron Cl− ions environment around a Pb2+ cation as a function of pressure
for Pmcn phase, which leads to negative area compressibility.

Figure 8. Cooperative displacive movement of F− ions as a function of pressure for the Pmcn phase to form a trigonal bypyramidal structure
environment around a Pb2+ cation leads to large compressibility of c-axis.
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ambient phase of both BaClF and PbClF compounds are
consistent with experimental data and other theoretical
calculations and all the results are summarized in Table 3
along with B0 and B0′ values for the predicted high pressure
phases. Moreover, the obtained B0 and B0′ values for ambient and
high pressure phases are compared with the polycrystalline
aggregate bulk modulus (derived from single crystal elastic
constants) using Voigt−Reuss−Hill approximation (see Table
S3). Relatively low magnitude (∼50 GPa) of B0 values for both
of the investigated compounds shows soft nature of these
materials at ambient pressure.
Mechanical and Dynamical Stability under High

Pressure. In order to get insight on strength of inter- and/or
intramolecular interactions and mechanical stability of MClF
compounds, we have computed the second order elastic
constants at ambient as well as at high pressure using FPTE

package. The predicted ambient and high pressure phases
possess tetragonal, orthorhombic, and hexagonal crystal
symmetries and correspondingly they have 6, 9, and 5
independent elastic constants, respectively. The calculated
elastic constants for BaClF at ambient pressure are compared
with the available elastic constants obtained fromUltrasonic and
Brillouin zone pulse echomeasurements,53,54 and there is a good
agreement between them (see Table S4), which shows the
reliability of our FPTE package. The experimental trends are
very well reproduced in this work with in the limitation of
standard PBE-GGA functional when compared to the obtained
elastic constants using local density approximation,55 which
implies that GGA functional outperforms LDA functional for
BaClF.41 The predicted phases are found to be mechanically
stable at ambient as well as at high pressures. The pressure-
dependent elastic constants increase with pressure for three
predicted phases of BaClF and PbClF. As illustrated in Figure
11, merging of C11 and C22 axial, C44, C55, and C66 shear, and C13

and C23 dilation elastic constants of the Pmcn phase at the
transition pressure for both of the studied compounds, resulting
in five independent elastic constants for the hcp phase that is
reflected from the pressure evolution of bond parameters and
lattice constants, as illustrated in Figures 5 and 6, respectively.
To explore the dynamical stability of newly predicted high

pressure phases of MClF compounds along with experimentally
known ambient phase, we have computed the phonon
dispersion curves along high symmetry directions of the

Figure 9. Calculated lattice distortion (S), maximum (dmax) and
average (davg) distance and structural descriptor (Δ) of Pmcn phase as a
function of pressure by taking reference structure at 35 GPa for BaClF
and 70 GPa for PbClF.

Figure 10.Calculated equilibrium volume as a function of pressure for ambient and high pressure phases of (a) BaClF and (b) PbClF compounds. P4/
nmm→ Pmcn transition is first order in nature with volume collapse of 2.8% and 1.6% for BaClF and PbClF, respectively while the Pmcn→ P63/mmc
transition is weak first order with displacive nature.

Table 3. Calculated Equilibrium Bulk Modulus of BaClF and
PbClF Compounds are Compared with Available
Experimental and Theoretical Calculations

compound BaClF PbClF

phase B0 B0′ B0 B0′

P4/nmm (this work) 39.7 5.8 44.6 7.1

expt 42,a,b 45,b 44,c 62d 4.5,a 6,b 5.8c 51e 5.6e

others 55.5,f 51.6g 4f

Pmcn (Pnma) 38.9 7.0 29.4 9.4

P63/mmc 44.0 7.1 53.3 6.2
aRef 9. bRef 12. cRef 14. dRef 11. eRef 20. gRef 55. fRef 56.
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Brillouin zone. No imaginary phonon frequencies were found
for all the predicted phases at appropriate pressures correspond-

ing to phase transition pressures which clearly demonstrates the
dynamical stability of the predicted phases for both of these

Figure 11. Calculated second order elastic constants (Cij) as a function of pressure for low (P4/nmm) and high (Pmcn, P63/mmc) pressure phases of
(a) BaClF and (b) PbClF compounds. Merging of nine independent orthorhombic elastic constants with five independent hexagonal elastic constants
clearly demonstrates the martensitic nature of Pmcn→ P63/mmc transition under high pressure.

Figure 12.Dynamical stability of the predicted high pressure phases for BaClF and PbClF are explored from the calculated phonon dispersion curves
(a) at 40 GPa for Pmcn, (b) 35 GPa for P63/mmc phases of BaClF, and at 70 GPa for (c) Pmcn and (d) P63/mmc phases of PbClF.
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compounds under investigation (see Figure 12 and Figure S1).
The phonon dispersion relations not only provides an
information on dynamical stability but also they are essential
to understand the nature of structural phase transitions. For
instance, the ambient (P4/nmm) phase is dynamically stable
above the transition pressures (6.1 GPa for BaClF and 14.2 GPa
for PbClF), but the intermediate (Pmcn) phase is energetically
favorable. From the relative enthalpy difference of the predicted
phases (see Figure 1), it is very clear that the P4/nmm→ Pmcn
transition is first order in nature, which corroborates with the
considerable volume collapse between these two phases during
the structural transition. On the other hand, as illustrated in
Figure 12a,c, the computed phonon dispersion curves for the
Pmcn phase being slightly above the transition pressure clearly
shows the softening of acoustic phonon modes across the “S”
high symmetry point of the Brillouin zone for the investigated
compounds. The observed softening of the acoustic phonon
modes above the transition pressure clearly demonstrates that
the Pmcn→ P63/mmc transition is first order in nature with very
weak volume collapse. The weak first order and displacive nature
during the Pmcn → P63/mmc transition suggests that the
pressure induced martensite phase transformation in both of the
studied MClF compounds.
Electronic Structure and Optical Properties under

High Pressure. TB-mBJ potential and its new parametrization
have been used to investigate the electronic structure and optical
properties at ambient as well as high pressure. We could predict
reasonably improved band gaps for the ambient phases of the
studied compounds over PBE-GGA and EV-GGA func-
tionals,47,48,56 as presented in Table 4. The obtained band

gaps 7.12 (4.94), 7.30 (5.05), and 7.73 (5.31) eV using TB-mBJ,
TB-mBJ:1, and TB-mBJ:2 potentials for BaClF (PbClF),
respectively. The calculated band gap 5.31 eV for PbClF using
TB-mBJ:2 potential is in excellent agreement with the meaured
band gap 5.2 eV from the reflection spectra.57 It is well
established from the previous47,48,55 studies that the BaClF and
PbClF compounds are direct band gap insulators along Γ- and
Z-high symmetry points, respectively, and the present study
results are consistent with the previously reported ones (see
Figures S2a and S3a). The direct band gap nature is very well
reproduced by TB-mBJ:2 potential for BaClF, whereas the top
of the valence band is shifted to X high symmetry point
(becomes flat along Z-high symmetry point) relative to the PBE-

GGA functional for PbClF. In the case of BaF2,
58 the minimum

of the conduction band is shifted from Γ to X high symmetry
point using original TB-mBJ potential relative to PBE-GGA
functional. However, the predicted band profiles for the ambient
phases are consistent with our previous study55 using original
TB-mBJ potential as well as with Hasan et al.47 and Reshak et
al.48 studies using EV-GGA potentials. The inclusion of spin−
orbit coupling (SOC) has a minor effect on the electronic
structure of the ambient phase of PbClF, except a small shift in
the conduction bands, as illustrated in Figure S2b. Especially, the
top valence band in mixed alkaline-earth halofluorides55,59 are
well separated into two distinct manifolds due to the
electronegativity difference between the flourine and other
halogen (Cl, Br, and I) atoms. This separation increases from Cl
→ Br→ I and Ca→ Sr→ Ba inMXF (M =Ca, Sr, and Ba and X
= Cl, Br, and I) compounds due to increase in atomic number
which increase the electronegativity difference between F and
other halogens (Cl, Br, and I).55,59 For instance, the two
manifolds are touching each other in BaIBr,58 while they are well
separated inMXF (M=Ca, Sr, Ba, and Pb and X =Cl, Br, and I),
except MClF (M = Ca, Sr and Pb) compounds.59,47 This clearly
shows a metal cation also plays an important role in determining
the separation between these two manifolds. The close
separation of Cl−p and F−p manifolds, similar to that of
BaIBr, stopping power due to its high density (7.11 g/cm3),
reasonably good light yield of 2% to that of BGO, and slow and
fast decay times are favorable for PbClF to be a good inorganic
scintillator.57 The separation of this manifold in alkaline-earth
mixed halofluorides such asMXF (M= Pb, Ca, Sr, and Ba, and X
= Cl, Br, and I) shows different responses to the ionizing
radiation when compared to highlighted output scintillators
such as BaIBr61,60 and SrI2,

62 and also, the possible mechanism
for this distinct response is discussed in a detailed manner in our
previous study.55

Moreover, high pressure not only tunes magnitude of band
gap but also changes its direct/indirect band gap nature for high
pressure phases of BaClF and PbClF. The calculated band gap
decreases with pressure for all three predicted phases of these
two compounds. BaClF (7.2 eV) and PbClF (5.3 eV) are wide
band gap insulators at ambient pressure and reduce their band
gaps to ∼3.0−2.5 eV (see Figure 13) for the high pressure P63/
mmc phase at 100 GPa. This indicates an insulating to
semiconducting nature of these materials under high pressure
and it may be expected to exhibit metallization upon further
compression to ultrahigh pressures. As shown in Figure S3, the
predicted high pressure Pmcn and P63/mmc phases show the
direct band gap nature along Γ−Γ for BaClF, while they are
indirect band gap insulators for PbClF along S−T and M−Γ
high symmetry points, respectively. As illustrated in Figure S3
and Figure 14, the top of valence Cl−p and F−p band profiles of
high pressure phases also merge with pressure in contrast to the
ambient phase due to delocalization of electrons, which
increases the hybridization between Cl−p and F−p states, and
this behavior is much more pronounced in PbClF over BaClF
under high pressure.
In order to get insight on the optical isotropic nature of the

investigated materials, we have calculated the refractive index of
BaClF and PbClF for low and high pressure phases as a function
of photon energy, as shown in Figure 15. The calculated static
refractive indices at ambient pressure are nxx = 1.541, nzz = 1.535
and nxx = 1.832, nzz = 1.755 for BaClF and PbClF, respectively,
and the corresponding differences of refractive indices between
the a and c crystallographic axes are ∼0.4 and 4.2%. In addition,

Table 4. Calculated Electronic Band Gap of Ambient Phase
Using Various New Parameterizations of TB-mBJ Potentials
and Are Compared with the Available Experimental Data and
Other Previous Calculations

work method BaClF PbClF

this work PBE-GGA 5.42 3.54

TB-mBJ 7.12 4.94

TB-mBJ:1 7.30 5.05

TB-mBJ:2 7.73 5.31

expt 5.2a

others PBE-GGA 5.36,b 5.41c 3.49,b 3.5a

LDA 5.08b 3.23b

EV-GGA 6.22b 4.28,b 4.32d

TB-mBJ 7.10c

GW 5.0a

TB-LMTO 7.07e

aRef 57. bRef 47. cRef 55. dRef 48. eRef 56.
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we could clearly observe weak and strong optical anisotropy for
BaClF and PbClF compounds for ambient phase even at high
pressures (see Figure 15). Also, the ambient phase of PbClF
shows strong optical anisotropy when compared to other mixed
halofluorides such as MXF (M = Ca, Sr, and Ba and X = Cl, Br,
and I).59 As expected, the refractive index increases as the band
gap decreases with pressure for all the phases for both of the
studied compounds. As illustrated in Figure 15, optical
anisotropy becomes weak from P4/nmm→ Pmcn→ P63/mmc
for PbClF; in contrast, optical anisotropy is enhanced from low
to high pressure phases of BaClF. Despite the fact that all the
predicted phases, including ambient phase, are structurally
anisotropic, they exhibit nearly isotropic optical properties,
which is a favorable situation for the production of transparent
ceramic storage phosphors.

■ CONCLUSIONS

In summary, we have systematically searched the crystal
structures of PbClF-type compounds with 2, 4, and 8 formula
units per primitive cell at ambient as well as high pressure using
an ab initio evolutionary approach. We predict three stable
phases (P4/nmm, Pmcn, and P63/mmc) within the studied
pressure range. The P4/nmm→ Pmcn transition is found to be
first order in nature, with an associated volume collapse of
∼2.8% at 6.1 GPa for BaClF and ∼1.6% at 14.2 GPa for PbClF.
Interestingly, the Pmcn → P63/mmc transition is a weak first
order and of displacive nature.We propose twomechanisms that
mainly drive the martensite (Pmcn → P63/mmc) phase
transformation: (1) tilting and transformation distorted
heptahedron to pentahedron environment of Cl− ions around
a metal cation (MCl6) leads to negative area compressibility and
(2) cooperative displacive movement of F− ions to form a

Figure 13.Calculated electronic band gap as a function of pressure for low (P4/nmm) and high (Pmcn, P63/mmc) pressure phases of (a) BaClF and (b)
PbClF compounds. The band gap decreases with pressure for all three phases in both of the investigated compounds.

Figure 14.Calculated electronic partial density of states as a function of pressure for low (P4/nmm) and high (Pmcn, P63/mmc) pressure phases of (a)
BaClF and (b) PbClF compounds. The delocalization of electrons in high pressure phases due to overlap of orbitals under high pressure.
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trigonal bypyramidal structure (MF5). Austenite and martensite
phases have a common habit (ab)-plane, and these two phases
are energetically competitive in a wide pressure range, especially

for the PbClF compound, which makes it difficult for
experimentalist to resolve the high pressure phase. The
computed second order elastic constants as a function of

Figure 15. Calculated refractive index of low (a, b) P4/nmm and high (c, d) Pmcn. (e, f) P63/mmc pressure phases of BaClF (left) and PbClF (right)
compounds as a function of photon energy and pressure. The predicted high pressure (Pmcn and P63/mmc) phases show nearly isotropic optical
properties for both of the investigated compounds under high pressure.
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pressure show themechanical stability of all the predicted phases
under high pressure. The three predicted phases for BaClF and
the ambient phase of PbClF are found to be direct band gap
insulators, while the high pressure phases of PbClF are indirect
band gap insulators. The top of valenceCl−p and F−pmanifolds
are well separated in the case of BaClF, whereas the two
manifolds are close to each other in PbClF, analogous to BaIBr.
We could see a strong hybridization between Cl and F derived
manifolds in high pressure phases, which is due to delocalization
of electrons under high pressure. We predict nearly isotropic
optical properties for all the predicted phases (except the
ambient phase of PbClF, which shows strong anisotropy relative
to the ambient phase of BaClF) with anisotropic crystal
structures. Finally, the predicted high pressure phases of (Ba/
Pb)ClF compounds provide good insights to determine crystal
structures of PbClF- and ZrSiS-type materials.
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