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Abstract: Structural, electronic, and elastic properties of SrFCl, one of the alkaline-earth fluorohalides, under high

pressure were investigated using the Siesta Package Program within the framework of density functional theory. SrFCl

crystallizes in a tetragonal matlockite type structure belonging to the space group P4/nmm at ambient conditions. The phase

transformation from a tetragonal matlockite type structure to an orthorhombic type structure belonging to the space group

Pmmn occurred in the presence of gradually increasing simulation pressure. The values of lattice parameters, shear

modulus, Young’s modulus, and bulk modulus, for the obtained structures of SrFCl were investigated. The transition

pressure value was calculated by total energy and enthalpy calculations. The electronic properties of SrFCl were also

calculated. Band gaps of 6.52 eV for the P4/nmm phase and 3.55 eV for the Pmmn phase were obtained. Thus, it was

concluded that the P4/nmm and Pmmn phases of SrFCl have an insulator and a semiconductor character, respectively. In

addition to these studies, the mechanical stability of SrFCl was investigated by calculating elastic constants. As a result of

this calculation, both phases of SrFCl were mechanically stable.
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1. Introduction

SrFCl, one of the matlockite-type PbFCl families, crystal-

lizes in a tetragonal layered structure corresponding to the

space group P4/nmm under ambient conditions [1–7]. In

this structure, there are two SrFCl molecules per unit cell.

Sr atoms are located in 2c (1/4, 1/4, z) Wyckoff positions,

z = 0.2974. F atoms are located in 2b (3/4, 1/4, 1/2)

Wyckoff positions. Cl atoms are located in 2c (1/4, 1/4, z)

Wyckoff positions, z = 0.8512. Under high pressure, SrFCl

undergoes a structural phase transition and transforms into

an orthorhombic structure belonging to the space group

Pmmn. In both the P4/nmm and Pmmn phases, SrFCl has 6

atoms in the unit cell. In an orthorhombic structure, Sr

atoms are located in 2a (1/4, 1/4, z) Wyckoff positions,

z = 0.2824. F atoms are located in 2b (1/4, 3/4, z) Wyckoff

positions, z = 0.4478. Cl atoms are located in 2a (1/4, 1/4,

z) Wyckoff positions, z = 0.8913.

The properties of alkaline-earth fluorohalides

MFX (M = Sr, Ba, Ca, Pb; X = Cl, Br, I) form an important

class of materials that have been extensively investigated

because they have practical applications such as medical

imaging, as a sensor in diamond anvil cells at high tem-

perature, photoconductivity, photoluminescence, and ani-

sotropic ionic conductivity [8–16]. Besides, some dihalides

such as BaFCl and BaFBr are used in spectroscopic and

nuclear detectors [17].

In addition, these compounds have been used in many

theoretical and experimental studies due to their layered

structure in the last quarter century [11, 18–21]. Öztürk

et al. [20] calculated the structural, electronic, and elastic

properties of SrFI using the ab-initio method. Liu et al. [22]

studied the electronic, optical, and luminescent properties

of the P4/nmm phase of PbFCl using the plane waves and

pseudopotential method. Kanchana et al. [23], using the

self-consistent tight-binding linear muffin-tin orbital*Corresponding author, E-mail: hozturk@ahievran.edu.tr
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method (TB-LMTO), calculated the structural and elec-

tronic properties of SrFI, SrFBr, and CaFBr. Besides,

Hassan et al. [24], using the full-potential linear augmented

plane wave method (FP-LAPW), theoretically studied the

electronic properties of MFX (M = Sr, Ba, Pb; X = Cl, Br,

I). Unfortunately, there is no study in the literature on the

new phase (Pmmn) of these compounds obtained under

high pressure. Therefore, for the tetragonal and

orthorhombic structure of SrFCl, the structural, electronic,

and elastic properties under high pressure were also

examined. Thanks to the new structure obtained in this

study, it is thought that it will lead to experimental studies.

In this paper, the calculations are performed using the

ab-initio method in the framework of the density functional

theory (DFT), and the paper is organized as follows. In

Sect. 2, the calculation methods used in this study are

given. Results and discussion are given in Sect. 3 and the

conclusions in Sect. 4.

2. Methods

In this study, the phase transformation mechanism that occurs

in the structure of SrFCl compound under high pressure was

studied with the Siesta Package Program [25] within the

framework of density functional theory (DFT). DFT calcu-

lations used the Perdew–Burke–Ernzerhof (PBE) [26]

parameterization of the generalized gradient approximation to

the exchange–correlation energy. We used Troullier–Martins

[27]-type norm-conserving pseudopotentials for Sr, F, and Cl

atoms. The double-f polarization (DZP) basis set was used,

which has given much better results in the simulations. Using

the periodic boundary conditions, the unit cell consisting of 6

atoms was increased to 108 atoms by applying a 3 9 3 9 2

supercell. The optimization of volume of this supercell with

108 atoms and the atomic structure obtained at each pressure

value were managed using the Parrinello–Rahman technique

[28]. Monkhorst–Pack mesh [29] was used 8 9 8 9 5 and

8 9 6 9 3 for tetragonal and orthorhombic structures of

SrFCl, respectively. Simulation pressure was applied in

increments of 10 GPa pressure. The crystal structures of SrFCl

were analyzed using the KPlot Program [30] and RGS algo-

rithms [31]. In this way, we were able to have detailed infor-

mation about the lattice parameters, atomic positions, and

space groups of the analyzed structure.

3. Results and discussions

3.1. Structural properties

In this study, the structure of the matlockite-type SrFCl

compound was investigated under 0 GPa pressure. The

lattice parameters were obtained as a = b = 4.0719 Å and

c = 6.6644 Å. There are 6 atoms in the unit cell of the

tetragonal structure of SrFCl. Increasing pressures in

increments of 10 GPa were applied to this structure up to

250 GPa. The phase transition from P4/nmm phase to the

Pmmn phase was obtained at a simulation pressure of

190 GPa. The lattice parameters of this Pmmn phase were

obtained as a = 2.6228 Å, b = 3.7028 Å; and

c = 6.3659 Å. An image of the crystal structures of the

phases obtained for SrFCl is given in Fig. 1.

In the next step, the change in volume versus pressure is

examined to obtain information about the phase transfor-

mation and is given in Fig. 2. It was observed that the

volume values decreased with increasing pressure. When

the pressure reached 190 GPa, there was a sharp decrease

in the volume value. This discontinuity is proof that the

phase transformation is in the first order.

The transition pressure values obtained during the phase

transformations under the influence of the simulation

pressures applied to the systems are usually higher than the

experimental results. The differences in these transition

pressures are due to some simulation conditions. While the

crystal structures of real compounds are not perfect, in

simulation studies, it is accepted that the crystal is perfect,

that is, without defects, despite boundary conditions and

surface defects. In addition, in simulation studies, the

system is faced with an energy barrier and is exposed to

excessive pressure to cross this barrier [32]. On the con-

trary, the transition pressure value obtained from the

enthalpy result is in good agreement with the experimental

results. Therefore, in the next step, total energy–volume

and pressure–enthalpy relationships were examined.

Energy–volume calculations were made to find out

which phases obtained for SrFCl are more stable. The

energy–volume curves are given in Fig. 3.

The unit cells of obtained structures for SrFCl were used

in this calculation. In addition, the energy and volume

values were fitted to the 3rd-degree Birch–Murnaghan

equation of state [33, 34] as given in Eq. 1.
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In Eq. 1, E0, V0, B0; and B
0

0 are energy, volume, bulk

modulus, and pressure derivative of the bulk modulus at

ambient pressure, respectively. At the same time, using

Eq. 2, we can also calculate the external pressure applied to

the system.
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The pressure value given in Eq. 2 is found by

P ¼ � oE
oV

� �
T¼0K

.

As shown in Fig. 3, P4/nmm phase with minimum

energy for SrFCl is more stable. Equilibrium lattice

parameters and volume values obtained from this study

with previous experimental and theoretical studies are

summarized in Table 1.

Enthalpy calculations usually give transition pressure

values close to experimental data. The intersection point of

the enthalpy curves obtained for both phases of SrFCl gives

the phase transition pressure value. The enthalpy curves

obtained against pressure for SrFCl are given in Fig. 4.

According to this figure, the phase transition pressure value

from P4/nmm phase to the Pmmn phase was obtained as

140 GPa.

3.2. Elastic properties

It is very important to know the second-order indepen-

dent elastic constants (Cij) under the applied stress/strain,

which give information about the hardness and

Fig. 1 Supercell structures of

stable phases of SrFCl: (a) P4/

nmm, (b) Pmmn
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Fig. 2 Graph of change in volume value as a function of pressure
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mechanical stability of the materials. In Table 2, the

values of the elastic constants for the P4/nmm and Pmmn

phases are given.

The number of second-order independent elastic con-

stant values obtained for the tetragonal and orthorhombic

type structures of SrFCl is six (C11;C12;C13;

C33;C44; andC66) [35] and nine (C11;C22;C33;C44;C55;

C66;C12;C13; andC23) [36–38], respectively.

The stability criteria of Born, well known in the lit-

erature, for the tetragonal structure, are given below:

C11 [ 0;C33 [ 0;C44 [ 0;C66 [ 0; C11 � C22ð Þ
[ 0; C11 þ C33 � 2C13ð Þ[ 0; 2C11 þ C33 þ 2C12 þ 4C13ð Þ[ 0

ð3Þ

The stability criteria of Born for orthorhombic structure

are as follows:

C11 [ 0;C22 [ 0;C33 [ 0;C44 [ 0;C55 [ 0;C66

[ 0;C11C22C33 þ 2C12C13C23 � C11C
2
23 � C22C

2
13

� C33C
2
12 [ 0;C11C22 [C2

12

ð4Þ

The Born criteria give information about whether the

material is mechanically stable or not [38]. In this study,

both structures are mechanically stable. The data of some

parameters related to the durability of the material are

given in Table 3. These data are calculated using 2nd-order

elastic constant values.

Using the second-order elastic constant values, we cal-

culated the bulk modulus (B), which expresses the resis-

tance corresponding to volume change in the presence of

pressure. With the increase in volume, the resistance of the

material changes in direct proportion. It is a representation

Table 1 The calculated transition pressure (Pt), lattice parameter (a, b, c), and volume (V) values for the obtained structures of SrFCl

Phases Pt (GPa) a (Å) b (Å) c (Å) V (Å) References

P4=nmm 0 4.0719 4.0719 6.6644 110.50 This study

4.1259 4.1259 6.9579 118.45 [42]

4.185 4.185 7.057 123.60 [24]

4.176 4.176 6.990 121.90 [43]

4.126 4.126 6.958 118.50 [40]

4.129 4.129 6.966 118.76 [44]

Pmmn 148 2.6228 3.7028 6.3659 61.82 This study
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Fig. 4 Graph of enthalpy as a function of pressure

Table 2 The calculated independent elastic constant values Cij (GPa) for the obtained structures of SrFCl

Phases C11 C12 C13 C22 C23 C33 C44 C55 C66

P4=nmm 80.87 19.05 23.37 – – 30.65 23.42 – 26.69

Pmmn 439.28 201.81 372.86 567.42 319.16 578.20 8.77 165.99 273.90

Table 3 The calculated bulk modulus B (GPa), shear modulus G

(GPa), G / B and B / G ratios, Poisson’s ratios r, and Young’s

modulus E (GPa) values for SrFCl

Phases B G G/B B/G r E

P4=nmm 69.80 30.45 0.44 2.29 0.310 79.6

Pmmn 462.60 145.12 0.31 3.18 0.358 394.22
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of the hardness of materials and is a measure of the energy

required for the resistance of the material to change in

volume under high pressure.

Then, using the elastic constant values, we calculated

the shear modulus (G), which expresses the resistance

corresponding to the shape change in the presence of

pressure. It is one of the most important parameters that

determine the hardness measure, and the hardness of a

material is a measure of the resistance of that material to

the stress of another material on its surface. As shown in

Table 3, the obtained orthorhombic Pmmn phase of

SrFCl has a higher G value than the tetragonal P4/nmm

phase. Therefore, it is understood that the orthorhombic

structure of SrFCl has higher hardness than the tetrago-

nal-type structure. Thus, shear modulus and bulk modu-

lus results to support each other. Information about the

brittleness and ductility of materials can be estimated by

looking at the B/G ratio. This ratio is defined by Pugh

[39] and the limit value is taken as 1.75. If the B/G ratio

obtained for the phases of SrFCl is above 1.75, it is

ductile, otherwise, it is brittle. SrFCl, whose B/G ratio

obtained for both phases in this study are greater than

1.75, has ductile properties in these phases.

Fig. 5 Electronic band

distribution curves

corresponding to high symmetry

points: (a) P4/nmm, (b) Pmmn
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The next parameter, the Poisson’s ratio (r), gives

information about the bonding (covalent bonding) proper-

ties of the materials and is given as follows:

r ¼ 3B� E

6B

� �

The higher the Poisson’s ratio, the higher the

plasticity property of the materials. If this ratio is

around 0.1, the material has made covalent bonds in that

phase. If this ratio is around 0.25, it is said to have made

an ionic bond. Poisson’s ratio value given in Table 3

was obtained as 0.310 for P4/nmm of SrFCl at 0 GPa

pressure. Therefore, the ionic character of SrFCl is more

dominant in this phase. Under high pressure, the

Poisson’s ratio value for the Pmmn phase of SrFCl

was obtained as 0.358. In this phase, as in P4/nmm, the

ionic character is more dominant. Thus, SrFCl has ionic

bonds in both phases.

Fig. 6 Density of states curves

as a function of energy:

(a) P4/nmm, (b) Pmmn
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The last parameter, Young’s modulus (E), corresponds

to the hardness of the material. From the calculated values

of the bulk Modulus and Poisson’s ratio, the stress/strain

ratio that occurs when a tensile or compressive force is

applied to the material is defined as Young’s modulus.

It is seen that Young’s modulus value increases as the

pressure applied to the material increases. Thus, the hard-

ness of the material also increases.

3.3. Electronic properties

For both phases obtained at a simulation pressure of 0 GPa

and 190 GPa of SrFCl, the electronic band structures were

calculated along with the high symmetry directions. Elec-

tronic band structure graphs calculated for P4/nmm and

Pmmn phases are shown in Fig. 5a, b, respectively.

The Fermi energy level was fitted to 0 eV and indicated

by a red solid line. The valence band is below the Fermi

energy level and the conduction band is above it. These

two bands are separated from each other by a bandgap of

6.52 eV for the P4/nmm phase and 3.55 eV for the Pmmn

phase. Therefore, the P4/nmm phase of SrFCl is an insu-

lator, whereas the Pmmn phase is a semiconductor. In

addition, as the maximum point of the valence band and the

minimum point of the conduction band are at the same

symmetry point (C–C), both phases of SrFCl have a direct

band transition [40, 41].

To obtain more detailed information about the electronic

properties, the density of states curves for both phases of

SrFCl were examined and given in Fig. 6a, b, respectively.

The Fermi energy level was set to 0 eV and indicated by

the red dashed line. From Fig. 6a, below the Fermi energy

level, the largest contribution between (0)–(- 3) eV came

from Cl-3p, but between (- 3) and (- 6) eV, the largest

contribution came from F-2p. Above the Fermi energy

level, the largest contribution came from Sr-5s. In Fig. 6b,

the largest contribution between (0) and (- 8) eV below

the Fermi energy level came from Cl-3p. Similarly, the

largest contribution between (- 8) and (- 13) eV came

from F-2p. Above the Fermi energy level, the largest

contribution came from Sr-5s.

4. Conclusions

In this work, structural, electronic, and elastic properties of

SrFCl have been studied with the effect of pressure using

ab-initio calculations. The simulation studies show two

different structures, the space group P4/nmm and Pmmn,

for SrFCl. As a result of the literature study, the Pmmn

phase was suggested for the first time in this study. The P4/

nmm phase of SrFCl has an insulating character because it

has a wide band gap of 6.52 eV around the Fermi energy

level. In the Pmmn phase, on the contrary, it has a semi-

conductor character because it has a band gap of 3.55 eV

between the maximum of the valence band and the mini-

mum of the conduction band around the Fermi energy

level. In addition, as the maximum of the valence band and

the minimum of the conduction band are at the same

symmetry point, it is a direct band-transition semiconduc-

tor. The elastic constants of SrFCl were calculated for the

0 GPa and high-pressure phases. The independent elastic

constant values obtained were fitted to the well-known

Born stability criteria in the literature for tetragonal P4/

nmm and orthorhombic Pmmn phases, and both phases

obtained for SrFCl were found to be mechanically stable.

In addition, the bulk modulus (B) and shear modulus (G),

which give information about the hardness of the material,

were also calculated. According to the B/G value (more

than 1.75), which is the ratio of these two values to each

other, SrFCl was found to have ductile properties in both

phases. Besides, Poisson’s ratio was calculated to predict

the bonding between the atoms that compose the material.

In both phases of SrFCl, it was observed that the atoms

formed ionic bonds with each other.
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