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A B S T R A C T

In this work, the crystal structure of the BiOF is studied under high hydrostatic pressure using ab initio calcu-
lations. Pressure-volume relationships and structural transitions are investigated using Siesta method. A first-
order phase transition from the tetragonal matlockite PbFCl-type structure with space group P4/nmm to the
orthorhombic structure with space group Cmcm is successfully observed for BiOF. This phase transition which
occur around 19.6 GPa is also analyzed from the total energy and enthalpy calculations. In addition, electronic
properties of BiOF are researched during the pressure. By analyzing the energy band structures, it is found that
the band gaps P4/nmm and Cmcm phases for the BiOF are 2.74 and 2.47 eV, respectively.

1. Introduction

Recently, many efforts have been made to develop new photo-
catalysts such as nitrides, sulfides, oxynitrides, oxysulfides and oxyha-
lides. Among these photocatalysts, bismuth oxyhalides with perfect
layered structure ( =X XBiO , F, Cl, Br, I) have attracted much atten-
tion in the fields of removal of heavy metal ions, sterilization, photo-
catalytic degradation of organic pollutants [1–9], cosmetics [10], solar
cells [11] and photoelectron chemical devices [12].

Due to its unique chemical and physical features such as electrical,
mechanical and structural features et al., the perfect layered structure
(two-dimensional (2D)) of bismuth oxyhalides have been attracted
many researchers because they are preferred both theoretical and ex-
perimental aspects [13–15].

Particularly, the separation of photo-induced electron–hole pairs are
favored by the perfect layered structure. So bismuth oxyhalides display
perfect photocatalytic activity. Until now, innumerable theoretical and
experimental works have concentrated on the perfect layered structures
and their unique photocatalytic activity of bismuth oxyhalides [16–25].

BiOF crystallizes in a tetragonal matlockite (PbFCl)-type structure of
space group P4/nmm (with Bi atoms at the 2c (1/4, 1/4, z) Wyckoff
position, where z= 0.212410, O atoms at the 2a (3/4, 1/4, 0) position
and F atoms at the 2c (1/4, 1/4, z) position, where z= 0.674669) with
six atoms in the crystal cell at ambient conditions. BiOF contains two
molecules and its lattice parameters are a= b=3.7343 Å,
c=6.4168 Å and α = β = γ = °90 .

Zhou et al. [26] firstly explored the high pressure phases of BiOF
using the ab initio evolutionary methodology. At the same time, they
discussed the phase transition mechanism of BiOF under pressure. They
simulated a phase transition from the P4/nmm to the Cmcm phase by
means of Born-Oppenheimer Molecular Dynamics using the CASTEP
code. At higher pressures, they found that Cmcm structure becomes
stable and so believe P4/nmm phase may transform to Cmcm phase
directly. They also calculated electronic properties ofBiOF and obtained
band gap of 2.50 eV for the Cmcm phase. This band gap value is in good
agreement with our result (2.47 eV). At high pressure, we obtained
phase transition from the P4/nmm to the Cmcm phase directly. This
result is in good agreement with Zhou et al.‘s predictions.

The properties of structural and electronic including band structures
and densities of states of BiOF crystal are discussed in detail. The cal-
culated results could be beneficial for understanding the photocatalytic
properties and mechanism of BiOF crystal [2,6,22,23].

2. The method of calculations

The phase transition properties of the tetragonal PbFCl-type struc-
ture of BiOF under pressure are investigated using the ab initio method.
The SIESTA [27] package program is used as the ab-initio code in the
study. Generalized Gradient Approximation (GGA) is applied and
parameters of the Perdew-Burke-Ernzerhof (PBE) [28] exchange-cor-
relation function are entered into the calculations with “double ζ (DZ)
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basis set”. Troullier-Martins' norm-conserving pseudo-potential [29] is
used for electronic band structure, total and partial density of state
calculations. Cut off energy at this study was sufficient as 300 Ryd to
represent the electron density, the local part of the pseudopotentials, as
well as the Hartree and the exchange-correlation potential. In order to
calculate the relationship between the energy and volume, the unit cells
of the crystal structures are utilized for P4/nmm and Cmcm phases. For
Brillouin region integration, × ×10 10 6 and × ×12 4 12 Monkhorst-
Pack (MP) mesh [30] were used for the P4/nmm and Cmcm structures,
respectively.

Simulation cells were constructed by a × ×3 3 2 supercell including
108 atoms under periodic bond conditions. The simulation was carried
out starting a zero pressure and the pressure of the system was gradu-
ally increased by 10 GPa. At every pressure rise, the system was relaxed
to get its equilibrium volume and lowest energy. To get optimized
lattice vectors and atomic positions, the stress tolerance and maximum
atomic force was taken less than 0.5 GPa and smaller than 0.01 −eV Å 1,
respectively. In addition, to minimize the geometries, a Conjugate-
Gradient technique was used under a constant pressure and calculations
was achieved at zero kelvin temperature.

The KPLOT [31] program and the RGS [32] algorithm were used to
analyze each minimization step. They give detailed information about
the space group, atomic positions and lattice parameters of the studied
structure. In addition, the CrystalMaker program is used to visualize
phase transformation and its mechanism.

3. Results and discussions

Firstly, BiOF are equilibrated by relaxing 108 atoms supercell at
zero pressure. The equilibrium unit cell lattice constants are found to be
a= b=3.7343 Å, c=6.4168 Å for PbFCl-type structure of BiOF. The
phase transition, equilibrium lattice parameters, bulk modulus and
pressure derivatives of BiOFat 0 GPa are tabulated in Table 1. Later, the
phase transition properties for BiOFare investigated under constant
pressure. The pressure-volume relation is shown Fig. 1. A sharp de-
crease in volume is observed because of the variation of the pressure
from 50 GPa to 60 GPa for BiOF. It is clear that the change in volume is
discontinuous at the transition pressure, characterizing the first-order
nature.

Fig. 2 shows that tetragonal PbFCl-type structure with space group
P4/nmm of BiOF converts into an orthorhombic structure with space
group Cmcm at 60 GPa. From the results, one can conclude that phase
transitions of BiOF under pressure can be reliably predicted based on ab
initio calculations. However, the predicted phase transition pressures
give slightly different results comparing with the experimental results.
The reason of this differences is related to the infinite volume defect
form of free structure where the phase transition occurs over the whole
simulation cell rather than nucleation and buildup. Therefore, such an
overestimated transition pressure can be predicted for the particular

conditions such as finite size of the simulation cell and the time scale of
simulations, etc. [33–36] On the other hand, energy-volume calcula-
tions (see Fig. 3) are considered to find out the stability of P4/nmmand
Cmcm phases, since the thermodynamic theorem does not consider the
possible an activation energy barrier separating the two structural
phases. As can be seen in Fig. 3, the most stable phase of BiOF is
P4/nmm.

Their energy-volume data is fitted to the third-order Birch-
Murnaghan equation of state [37,38] that given by
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where P is the pressure, Vis the volume at the pressure, V0, B0 and B0
' are

the volume, bulk modulus and its pressure derivative at 0 GPa, re-
spectively.

Table 1
Theoretical (T= 0 K) lattice parameters of BiOF for PbFCl structure (space group, SG: P4/nmm) and high-pressure phases: Orthorhombic structure (SG: Cmcm) with
GGA at the corresponding pressure PT. a, b, and c are the lattice parameters, V is the equilibrium volume at the respective pressure, B0 the bulk modulus, B0

' the first
derivative of the bulk modulus.

Phases PT (GPa) a (Å) b (Å) c (Å) V (Å3) B0 (GPa) B ′
0

References

P nmm4/ 0 3.7343 3.7343 6.4168 89.48 81.70 3.68 This study
3.7940 3.7940 6.2280 [39]
3.7710 3.7710 6.2750 89.20 [40]
3.7480 3.7480 6.2240 [41]
3.7880 3.7880 6.1980 [42]
3.6310 3.6310 6.2300 [43]
3.7650
3.7200

3.7650
3.7200

6.1630
6.2000

[44]
[45]

Cmcm 19.6 3.5059
3.0471

10.2576
8.7839

3.5625
3.1305

128.12 68.67 3.60 This study
[26]

Fig. 1. (Color online) The graph of the change of simulation cell volume as
function of the pressure.

Fig. 2. (Color online) Crystal structures ofBiOF: (a) P4/nmm and (b) Cmcm.
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Enthalpy (H)is the sum of the total energy (E )tot and the product of
pressure and volume (PV) given by the equation:

= +H E PVtot (2)

where =P dE /dVtot is obtained by differentiation of the predicted the
energy-volume curves. Therefore, the transition pressure can be cal-
culated by equating the enthalpy of the two pressure (see Fig. 4). The
transition pressures about 19.6 GPa are obtained as →P4/nmm Cmcm
in BiOF.

The variation of simulation cell under the pressure gives informa-
tion about this transformation. 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. Thus, as based on predicted parameters, we analyzed the
variation of the simulation cell lengths and angles as a function of
minimization step (see Fig. 5).

From Fig. 5(a), the α β γ, and (about °90 ) angles remain constant up
to about 25th minimization step. Then the α βand angles start to in-
crease at around 50th minimization step and after reaching about °95 ,
they remain unchanged through the whole simulation. The γ angle
starts to decrease at around 50th minimization step and after reach-
ing °67 , it remains unchanged through the whole simulation.

From Fig. 5(b), The A, B and C also remain constant up to about 25th

minimization step. Then the A and B lengths start to increase up to

around 50th minimization step and after reaching about Å11 , they start
to decrease up to about Å10.5 . After that they remain unchanged
through the whole simulation. The C length starts to decrease at around
50th minimization step and after reaching Å9.8 , it starts to increase up
to around Å10.7 . Then it remains unchanged through the whole si-
mulation.

Each simulation step of the BiOF is analyzed in detail by the KPLOT
program to determine whether there are any intermediate states during
this phase change at 60 GPa. As a result of the analysis, we suggest that
the Cmcm phase of BiOF proceeds through two intermediate states with
space group P1̄ at 26th step and with space group P2 m1 at 44th step. The
lattice constants and angles are predicted as a=3.4428, b=3.4813,
c=5.5105 Å and = = =α β γ97.2279, 91.7050, 90.0000 and
a=3.6252, b=3.7362, c=5.1202 Å and =α

= =β γ90.0000, 110.7329, 90.0000 for P1̄ and P2 m1 intermediate states,
respectively. These intermediate states are depicted in Fig. 6 for evo-
lution of the Cmcm phase.

The calculated electronic band structures of Cmcm are given in
Figs. 7 and 8 for P4/nmm and Cmcm phases, respectively. The density
of state curves calculated for structures P4/nmm and Cmcm are given in
Figs. 9 and 10, respectively, along high symmetry directions and shown
at the level of Fermi energy as a function of the energy. The Fermi
energy level is set to 0 eV. The symmetry points are chosen as

− − − − − − −Z A M Γ Z R X Γ for the P4/nmm phase and
− − − − − − −Γ Z T Y Γ S R Z for the Cmcm phase. As seen from the

electronic band structure graphs, the valence band is located below the
Fermi Energy level and the transmission band is located on the top. The

Fig. 3. (Color online) The energy-volume curves of main structural phases
ofBiOF.

Fig. 4. (Color online) The enthalpy curves of main structural phases of BiOF.

Fig. 5. (Color online) The behavior of the simulation angles (a) and cell lengths
(b) as function of minimization steps at 60 GPa.

Fig. 5. (continued)

M. Canpolat et al. Solid State Communications 288 (2019) 33–37

35



obtained results show that BiOF at 0 GPa corresponds to an indirect
band transition [ →M Z] with a band gap of about 2.74 eV. When the
increasing pressure is applied to the P4/nmm phase of BiOF, a

transformation to the Cmcm phase was obtained. Cmcm phase of BiOF
also corresponds to an indirect band transition [Y→ Γ] with a band gap
of 2.47 eV. Thus, both two phases of BiOFshow semiconductor char-
acteristic.

It is also calculated the density of states (DOS) to obtain further
information about the electronic nature of BiOF and depicted in Figs. 9
and 10. It can be seen from these Figures that the largest contribution
came from F-2p state between 0 - (−5), from F-2s state between −5 -
(−8) and from Bi-6p state between 0 - (+6) for P4/nmm phase and
from O-2p state between 0 - (−5), F-2p state between −5 - (−12.5)
and Bi-6p state between 0 - (+10) for Cmcmphase.

4. Conclusions

We investigated phase transition properties of BiOF under high
hydrostatic pressure using ab initio calculations. BiOF exhibits phase
transition at different pressure. The phase transformation from the
tetragonal PbFCl structure with space group P4/nmm to the orthor-
hombic structure with space group Cmcm. The predicted phase tran-
sition is also analyzed from the total energy, enthalpy calculations. In
addition, the intermediate states for first time was predicted in the si-
mulations for Cmcm phase of BiOF. We also introduced electronic
properties of obtained phases of BiOFunder pressure and predicted
band gaps as 2.74 and 2.47 eV for P4/nmm and Cmcm phases, respec-
tively.

Fig. 6. (Color online) Formation of Cmcm phase at 60 GPa.

Fig. 7. (Color online) Band structure for BiOF in the P4/nmm phase at 0 GPa.

Fig. 8. (Color online) Band structure for BiOF in the Cmcm phase at 60 GPa.

Fig. 9. (Color online) Density of states for BiOF in the P4/nmm phase at 0 GPa.

Fig. 10. (Color online) Density of states for BiOF in the Cmcm phase at 60 GPa.
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