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ARTICLE INFO ABSTRACT

Communicated by In this study, Matlockite (PbFCI) type SrFI compound with a two-dimensional layered structure has been studied
using density functional theory (DFT) and generalized gradient approximation (GGA) under high hydrostatic
pressure. Calculations were made using the Siesta Method. In ambient conditions, matlockite type structures
crystallize in tetragonal structure with space group P4/nmm. In nature, these structures are known as alkaline
earth fluoro-halides. When gradually increasing pressures were applied to this structure, the phase transition was
observed to the orthorhombic structure with space group Pmmn. In addition to these studies, some physical
properties of SrFI, such as lattice parameters, bulk modulus, the derivative of the bulk modulus, and volume
values were also calculated. On the other hand, total energy and enthalpy calculations were made to obtain the
phase transition pressure values that are in good agreement with the experimental results. According to these
calculations, phase transition pressure was predicted at about 44.8 GPa. Besides, how electronic and elastic
properties of SrFI compound change with applied pressure were also examined. In the electronic structure cal-
culations, about 5.09 eV band gap value was obtained for P4/nmm phase at 0 GPa pressure. Under increasing
pressure, the 0.16 eV band gap value was calculated for the Pmmn phase of SrFI. According to these results, the
stable phases obtained of the SrFI compound have semiconductor characters since the both phases have a
conceivable band gap. In addition, elastic constants were calculated and two structures of SrFI were found to be
mechanically stable.
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1. Introduction studies have been done on the electronic properties of PbFCl type
compounds [5,13]. Kanchana et al. [13] investigated the structural and
electronic properties of SrFBr, SrFI, and CaFBr. They used the

tight-binding linear muffin-tin orbital (TB-LMTO) method in their work.

SrFI crystallizes in a PbFCl-type tetragonal structure with space
group P4/nmm under ambient conditions. It is also called a matlockite-

type structure in the literature [1-15] and has 6 atoms in the unit cell.
Atoms are located at the Wyckoff positions 2c (1/4, 1/4, z), z =
0.167333,2c(1/4,1/4, z), z= 0.6574, and 2a (3/4, 1/4, 0) for Sr, F, and
I, respectively.

PbFCl-type structures attract a lot of attention because of their
practical applications such as medical imaging [16,17] and sensor to
measure the pressure in diamond anvil cells [18,19] in the literature. For
example, Shen et al. [12] carried out high-pressure x-ray diffraction
studies on BaFCl and BaFBr up to 50 GPa, SrFCl up to 42 GPa, and CaFCl
up to 27 GPa using diamond anvil cell and synchrotron radiation. Liu
et al. [1] have been performed some defects in the PbFClI crystal by using
First-principles pseudopotential calculations. Besides, some theoretical
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Hassan et al. [5] also studied the electronic properties of MFX (M = Sr,
Ba, Pb; X = Cl, Br, I). They used the full-potential linearized augmented
plane wave (FP-LAPW) method in their calculations. Reshak et al. [11]
also analyzed the optical properties of StfFX (X = Cl, Br, I) using the
FP-LAPW method. However, changes in the structure under high pres-
sure have been missing in the literature. Besides, elastic calculations
made on PbFCl-type structures are very few. To eliminate this defi-
ciency, increased hydrostatic pressure was applied to the tetragonal
structure of SrFI, and phase transition was achieved to the orthorhombic
structure. Then, changes in the structural, electronic, and elastic prop-
erties of this structure were observed in the presence of pressure.
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Fig. 1. Pressure-volume curve of the tetragonal type structure of SrFI.

Table 1
Transition pressure, lattice parameters and volume values for the obtained
phases of SrFL

Phases P, (GPa) a (A) b (A) ¢ (A) V( Z\S) References
P,/ 0 4.4469 4.4469 7.2801 143.96 This Study
nmm 4.3050 4.3050 8.916 165.24 [6]
4.2960 4.2960 8.888 164.03 [11]
4.1730 4.1730 8.667 150.93 [13]
4.2530 4.2530 8.8330 159.77 [38]
Pmmn 44.8 3.3250 3.6749 5.8469 71.44 This Study
2. Method

The structural, electronic, and elastic properties of SrFI are per-
formed with the DFT method of the SIESTA [20] package using
exchange-correlation functional of Generalized Gradient Approximation
(GGA) with Perdew-Burke-Ernzerhof (PBE) [21]. SIESTA uses the stan-
dard norm-conserving pseudopotentials to get rid of the core electrons
and allow for the expansion of a smooth (pseudo-) electron density on a
uniform spatial grid. In this study, Troullier-Martins type pseudopo-
tentials [22] were used for Sr, F, and I atoms. There are different basis set
options in SIESTA. The double- ¢ polarization (DZP) basis set which
yields high-quality results for most of the systems was preferred in this
study. As a result of the optimizations, the mesh cut-off value used in the
calculations was found to be sufficient as 300 Ryd. Consisting of 72
atoms, the supercell structure of SrFI was modeled using periodic
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boundary condition with a 3 x 2 x 2. Brillouin zones (BZ) of SrFI for the
obtained P4/nmm and Pmmn phases were sampled with the 8 x 8 x 4
and 8 x 6 x 4 Monkhorst-Pack k-point mesh [23], respectively. Struc-
tural optimizations were performed via the conjugate gradient (CG)
method until the residual forces acting on all atoms were smaller than
0.01 eV /A. The gradually increased pressures of 10 GPa were applied to
the P4/nmm phase of SrFI. The structures of SrFI at each pressure value
were analyzed with the KPlot program [24]. As a result of the analysis,
detailed information about lattice parameters, space groups, and atomic
positions of the structures was obtained.

3. Results and discussions
3.1. Structural properties

Initially, before examining some of the physical properties of SrFI,
such as structural, electronic, and elastic, the ground state crystal
structure in the presence of 0 GPa pressure and 0 K temperature were
determined as the tetragonal matlockite type structure belongs to space
group P4/nmm. After some optimizations applied to this structure, the
lattice parameters of this tetragonal structure were obtained asa =b =
4.4469 A and ¢ = 7.2801 A. When gradually increasing pressures were
applied to this optimized structure, a sharply decrease in volume was
observed at 250 GPa pressure. The curve of change in volume versus
applied pressure is given in Fig. 1. As seen in this figure, there is a 10%
collapse in volume at 250 GPa pressure. This collapse shows that there is
a phase transition. Besides, the discontinuity in the volume is proof that
the phase transition is of the first degree. Each pressure value applied to
the system to reveal the presence of the phase transition was carefully
analyzed and a phase transition to the orthorhombic structure with the
space group Pmmn was obtained at 250 GPa. The lattice parameters of
this orthorhombic structure were found as a = 3.3250 A, b = 3.6749 A,
and ¢ = 5.8469 A. Also, in Table 1, transition pressure, lattice parame-
ters and volume values for the obtained phases of SrFI are given with the
other theoretical [6,11,13] and experimental [38] results.

The images of these phase structures obtained at 0 GPa and 250 GPa
are given in Fig. 2.

In the next step, energy volume data were calculated for the pre-
dicted phases of the SrFI we worked on. The curve of change in total
energy values as a function of the volume is shown in Fig. 3. The purpose
of this calculation is to find out which of the phases obtained for SrFI is
the most stable. As can be seen from Fig. 3, the lowest energy value was
observed in the P4/nmm phase of SrFI obtained at 0 GPa. Thus, the most
stable structure of SrFI was predicted. While making this calculation,
unit cells of SrFI were used. Besides, using the energy volume data, the
value of the transition pressure from one phase to another can be
calculated, and also calculate the bulk modulus by fitting to the third-
order Birch-Murnaghan equation of states [25,26].
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Fig. 2. Crystal structures of SrFI: (a) P4/nmm at 0 GPa, (b) Pmmn at 250 GPa.
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Fig. 3. Energy-volume curves for the obtained phases of SrFI.
6554 where Ey, Vy, and B, are energy, volume, and bulk modulus values at
equilibrium, respectively. B/0 is the pressure derivative of the bulk
—#—P4/nmm modulus. Using Eq. (1), we can calculate the external pressure as
follows:
——P
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= 3, Vo\*?
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= In this study, the value of the transition pressure of SrFI from one
E phase to the other was obtained under high hydrostatic pressure by
= p— gradually increasing pressure. An ideal crystal structure consists of
= T TR % atoms/atom groups arranged by periodic boundary conditions and is not
=550 [ exactly perfect. There are some surface effects and defects in the crystal
structure. However, a simulation system calculates by ignoring these
effects and defects. Besides, the time scale in simulations is usually
-655.6 A A A .
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The Bulk modulus B (GPa), Shear modulus G (GPa), G/B and B/G ratios, Pois-
son’s ratios (), and Young’s modulus E (GPa) for the obtained phases of SrFI.

Phases B G G/B B/G c E

Fig. 4. Enthalpy curves for the obtained phases of SrFI as a function P4/nmm 32.54 21.01 0.65 1.55 0.234 51.87
of pressure. Pmmn 420.45 75.71 0.18 5.55 0.415 214.275
Table 2
The elastic constants (GPa) for the obtained phases of SrFIL.

Phases Cnn Ca2 Ca3 Caq Css Ces Ci2 Ci3 Ca3

Py/ 80.87 - 30.65 23.42 - 26.69 19.05 23.37 -

nmm
Pmmn 439.28 567.42 578.20 8.77 165.99 273.90 201.81 372.86 319.16
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Fig. 5. The electronic band structures at 0 GPa (top), and 250 GPa (bottom) for SrFI.

shorter than that of experimental. In this short time scale, the structure
may not have enough time to reconstruct or relax. Thus, frozen situa-
tions may occur in simulations [27]. Therefore, we compute enthalpy
using thermodynamic calculations to predict the transition pressure
values more compatible with the experimental results. We use
energy-volume data when making this calculation, and Gibbs free en-
ergy (G) expression is given below to determine the most thermody-
namically stable structure.

G=Ey +PV-TS 3)
where Ei¢, P, V, T, and S are total energy, pressure, volume, tem-
perature, and entropy, respectively. The structure of SrFI was studied at

0 K. Thus, in Eq. (3), the TS term is neglected and the G becomes equal to
the enthalpy (H) as follows.

H=Eq +PV (€]

The enthalpy calculation as a function of pressure is given in Fig. 4.
In this figure, the point where the two curves intersect gives the value of
the transition pressure. For SrFI, this value has been predicted at about
44.8 GPa for P4/nmm—Pmmn.

3.2. Elastic properties

Elastic constants (C;) are important both theoretically and experi-
mentally as they provide information about the hardness and stability of
materials under applied strain and stress. Elastic constants were calcu-
lated for the tetragonal and orthorhombic structures of SrFI obtained
under high pressure and are given in Table 2. Independent elastic con-
stant numbers that provide information about the mechanical stability
of the material are 6 (Cy1, C2, C13, Cs3, Ca4, and Ceg) for tetragonal
structure [28] and 9 (Cq1, C22, C33, C44, Css, Ces, C12, C13, and Cp3) for
orthorhombic structure [29,30]. Well known Born’s stability criterion
for the tetragonal structure is given below;
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Fig. 6. The partial and total density of states at 0 GPa (top), and 250 GPa
(bottom) for SrFI.
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Fig. 7. The electronic charge density plot of the SrFI along the [112] plane.
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C]l > 07 C33 > 07 C44 > 07 C66 > 07 (Cll — C22) > 07 (C]] + C33 — 2C13) > 0,
(2C)1 + C33 +2C1, +4C13) >0

)

Similarly, Born’s stability criterion for the orthorhombic structure is
as follows.

Cy > 0, Cy > 0, Cy; > O, Cy > O, Css > O, Ces > 07
C11C»C33 + 2C1C13Cos — €11 Coy — CinCly — C33Ch, > 0, (6)
C11C22 > C%Z

When the elastic constants in Table 2 are written into the above
Born’s stability criterion, it is seen that the SrFI phases are mechanically
stable.

In Table 3, important parameters that provide information about the
mechanical strength of the material obtained by using elastic constants
are given. The first of these parameters is the bulk modulus (B), which is
an indicator of the resistance to volume change under pressure. The
resistance of the material changes directly with the increase in volume.
When we look at Table 3, it is seen that the resistance of the Pmmn phase
obtained under high pressure of SrFI is much higher. Therefore, the
Pmmn phase is mechanically more stable [31]. The next parameter is the
shear modulus (G), which is an indicator of resistance to shape change.
According to Table 3, it is seen that the G value obtained for the Pmmn
phase is higher. Thus, it is estimated that the Pmmn phase obtained for
SrFI has a higher hardness. Besides, this result is in agreement with the
bulk modulus.

Table 3 shows also the B/G ratio, which gives information about the
brittleness and ductility of the material. As suggested by Pugh [32], if
this value is below 1.75, the material is brittle, or if it is above 1.75, the
material is ductile. Since the P4/nmm phase has a value of 1.55, the
material is brittle in this phase. However, when pressure of 250 GPa is
applied to the material, the B/G ratio was estimated to be 5.55. Thus the
Pmmn phase has a ductile feature.

In Table 3, the Poisson’s ratio gives information about the bonding
properties of the material. The Poisson’s ratio also measures the stability
of the crystal against shear. As higher the Poisson’s ratio value gets the
higher plasticity of the material [33]. In addition, as suggested in the
literature, if the Poisson’s ratio is around 0.1, the material has a covalent
property. If it is around 0.25, the material has ionic properties [34,35].
The Poisson’s ratio for the P4/nmm phase of SrFI at 0 GPa pressure was
estimated to be 0.234. Thus, the ionic character of SrFI is more dominant
in this phase. For the Pmmn phase of SrFI under high pressure, the
Poisson’s ratio was obtained 0.415. Here, as in the first phase, the ionic
character is more dominant. SrFI has ionically bound in both phases.

Young modulus (E) corresponding to the stiffness of the material is
equal to the longitudinal stress divided by the strain. When the applied
pressure increased, the stiffness of the material increased.

3.3. Electronic properties

The electronic properties for P4/nmm and Pmmn phases of SrFI
under 0 GPa pressure and high pressure were calculated along with the
high symmetry directions. Fermi energy level was set to 0 eV while
making calculations. Band structures are given in Fig. 5. As can be seen
from the figure, there is a bandgap for both phases between the valence
band and the conduction band. At 0 GPa pressure, the P4/nmm phase
has a bandgap of 5.09 eV [6,11,13]. When there is an increase in the
pressure applied to the material, a decrease has been observed in this
bandgap. The bandgap for the Pmmn phase was found to be 0.16 GPa.
The maximum of the valence band and the minimum of the conduction
band for both phases of SrFI are on the same symmetry point. Also, both
materials have bandgaps. Thus, both phases of SrFI exhibit a direct
bandgap semiconductor character.

In Fig. 6 a, the total and partial density of states were calculated for
the phases of SrFIL. For the P4/nmm phase, as can be seen from Fig. 6 a,
below the Fermi energy level, the largest contribution in the range (0) -
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(- 4) eV comes from I-5s. In the range of (—4) - (- 5) eV, this contribution
is due to F-2p. At approximately —10 eV and —22 eV, it is seen that the
biggest contribution comes from I-5s and F-2s, respectively. The largest
contribution above the Fermi energy level comes mostly from Sr-5s.

In Fig. 6 b, below the Fermi energy level, up to about —7 eV, the
largest contribution comes from I-5p, while the largest contribution in
the (—7) - (- 10) eV range comes from F-2p. Above the Fermi energy
level, the biggest contribution comes from I-5p.

We also calculated the electronic charge density in order to have
sufficient knowledge of the chemical nature of the compound. The
electronic charge density is generally used to determine the type of
chemical bonds linking the atoms [36,37]. Therefore, the
two-dimensional electronic charge density distributions of SrFI under O
GPa and high pressure are drawn using the Vesta program along the
(112) plane and given in Fig. 7. As can be seen from this figure, the
isoelectronic surfaces around all atoms are spherical in structure.
Therefore, the bond type between atoms is ionic and this result is
compatible with the type of bond obtained by the Poisson’s ratio.

4. Conclusions

The structural, electronic, and elastic properties of SrFI under high
pressure were investigated using DFT calculations. The phase transition
from the tetragonal structure with space group P4/nmm to an ortho-
rhombic structure with space group Pmmn under pressure was pre-
dicted. The band structure calculations of the phases obtained showed
that both phases have semiconductor character. The bandgap decreased
from 5.09 eV to 0.16 eV with the increase in the pressure applied to the
material. Also, it was found that both phases of SrFI were mechanically
stable according to the calculated elastic constants. Information about
the hardness of the material was obtained by using some important
parameters predicted via elastic constants. It was also seen from the
results that the hardness of the material increased when increasing
pressure was applied to the SrFI.
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