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In this paper, we have carried out a theoretical investigation on the structural and
optoelectronic properties of NaCl under pressure effect via first principle calculations
within the density functional theory. The structural phase transition from NaCl(B1)
to CsCl(B2)-type structures is determined. The compound has a very wide bandgap in
both phases. Optical properties including the absorption coefficient, optical conductivity
and frequency dependent reflectivity are explained to characterize the optical nature of
NaCl up to pressure of 134 GPa.
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1. Introduction

Sodium chloride (NaCl) is known as a prototype for ionic materials. It is used in

soda ash, food, medicine and agricultural industry.1–4 NaCl is a highly compressible

solid generally used for pressure calibration. It is also used in diamond anvil cells

for thermal insulation as well as pressure transmitting medium. Based on these

properties the study of NaCl under pressure is of extra importance. The structural

phase transition of sodium chloride under pressure has been reported by several

scientists, and they found that this compound undergoes first order phase transition

from the six-fold coordinated NaCl-type (B1) structure to the eight-fold coordinated

CsCl-type (B2) structure at about 30 GPa.5–14 Structural properties of NaCl and

its equation of state for the upper limit of its pressure up to 30 GPa are examined

in Refs. 10–18. Sodium chloride in its B2 phase is also well studied in the range

30–70 GPa in Refs. 7, 11, 19 and 20. Ono et al.21 also reported the structural phase

transition from B1 to B2 phase in sodium chloride at 30 GPa and inspected the

structural data up to 134 GPa with maintaining B2 phase. However, to the best

of our knowledge no theoretical prediction has been reported on the structural and

optoelectronic properties of NaCl under pressure up to 134 GPa.

In this paper, we have performed calculations using all electrons full potential

linearized augmented plane wave with the mixed basis FP-LAPW+lo method22,23

as implemented in the WIEN2K computer package24 to investigate the structural

phase transition from B1 to B2 phase, electronic possessions and optical response of

the NaCl up to 134 GPa. This work can overcome the lack of data on the optical and

electronic properties with and without pressure and to provide important unseen

properties of NaCl for further examination.

2. Computational Details

The exchange-correlation effects are treated with the generalized gradient approx-

imation of Wu–Cohen25 and modified Becke–Johnson (mBJ).26 The calculations

were performed with RMT ∗Kmax = 7 (RMT is the smallest muffin–tin radius and

Kmax is the cut-off for the plane wave). The muffin–tin sphere radii RMT for both

Na and Cl were chosen to be 2.5 atomic units (a.u.). To provide a reliable Brillouin

zone integration and to get better optical response a set of 2000 k-points in the

irreducible wedge of the Brillouin zone was used. The valence wave functions inside

the spheres are expanded up to lmax = 9, while the charge density was Fourier ex-

panded up to Gmax (magnitude of largest vector) = 14 (Ry)1/2. The self-consistent

calculations are considered to be converged when the total energy of the system is

stable within 10−5 Ry.

3. Results and Discussions

The ground state structural properties of sodium chloride are predicted by calcu-

lation of the unit cell energy as a function of unit cell volume in both B1 and B2
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phases. Ground state energy of B1 phase is lower than that of B2 phase, indicating

that the B1 phase is more stable than the B2 phase at ambient conditions. The

evaluation of the zero Kelvin phase transition between the B1 and B2 structures

of NaCl can be observed from the usual condition of equal enthalpies, where at

certain pressure enthalpy (H = U + PV ) of both phases is the same. Enthalpies

of NaCl are calculated in B1 and B2 phases as a function of pressure from 0 GPa

to 60 GPa and shown in Fig. 1(a). Enthalpy difference of the two phases is also

plotted as a function of pressure and depicted in Fig. 1(b). Thermodynamically,

the phase transition takes place at pressure where the enthalpies of the two phases

are equal, and in our case, phase boundary was found to be at 29.93 GPa as shown

in Figs. 1(a) and 1(b). The structural phase transition leads to reduce the unit

cell volume and consequently increases the coordination from six-fold to eight-fold.

Our calculated value of 29.93 GPa for pressure transition from B1 to B2 phase

is in excellent agreement with the available experimental and theoretical value of

30 GPa.5–14,21

The electronic band structure and density of states under pressure are carried

out to explore the electronic properties of sodium chloride. The calculated band

structures along high-symmetry lines in the Brillouin zone for B1 at zero pressure

and B2 at 30 GPa are shown in Fig. 2. At zero pressure, a direct bandgap of 8.82 eV

is found at the Γ-point for B1 phase. The structural phase transition from B1 to

B2 at 30 GPa modifies the band structure where a direct bandgap of 7.57 eV is

found at the M-point. A decrease in bandgap value is observed when the pressure

is applied with no major changes in the band structure in B2 phase.

The electronic densities of states (DOS) of NaCl at different pressures are de-

picted in Fig. 3. Zero pressure DOS for B1 phase shows that just below the Fermi

level, the valence band is formed by Cl-3p state with small contribution from Na-

2p state. Below the valence band, a sharp band situated at around ∼ 12.5 eV is

observed which is mainly formed by Cl-3s state. Above the Fermi level, the con-

duction band is formed by Na-2s with mixed contribution from Cl-3d, Na-2s, Na-2p,

Cl-3s and Cl-3p states. At 30 GPa where the structural phase transition from B1

to B2 phase takes place, the DOS showed an additional band localized at 22 eV

below the Fermi level. This band consists mainly of Na-2p state. Cl-3p state dom-

inates the valence band while conduction band consists of Cl-3d state with small

contribution from Na-2p and Cl-3s, 3p states. When the pressure increased up to

134 GPa, valence band broadens 75% as compared to 0 GPa valence band. The

conduction band contracts with the increase of pressure in the B2 phase. Similar

trend has been found for the CsCl which is isoelectronic to NaCl.27

The frequency dependant optical properties of NaCl under high pressure from

0 GPa to 134 GPa are described here. Optical absorption behavior of a material can

be visualized by its absorption coefficient, α(ω). Frequency dependant absorption

coefficient of NaCl at various pressures is shown in Fig. 4. The absorption threshold

of NaCl at zero pressure in B1 phase starts at about 9 eV. The threshold occurs

due to the interband transitions of electrons from the top of the valence band to
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(a)

 
(b)

Fig. 1. (Color online) (a) Variation of enthalpies per formula units as a function of pressure
for NaCl compounds in both structures, B1 and B2. The arrow marks the calculated transition
pressure Pt. The crystal structure of NaCl in B1 and B2 phases are inside. (b) The enthalpy
difference between B1 and B2 phases versus pressure. The arrow marks the calculated transition
pressure Pt.

the bottom of the conduction band. At zero pressure, one distinctive high peak at

13.5 eV appears due to the transition of electrons from the Cl-3p state in valence

band to the unoccupied Na-3s, 3p and Cl-3d states in the conduction band. A phase

transition from B1 to B2 at 30 GPa produces the high multipeaks behavior instead
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Fig. 2. Band structure along high symmetry directions of NaCl in B1 and B2 phases.

Fig. 3. (Color online) Total and partial density of states of NaCl at various pressures.
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Fig. 4. (Color online) Absorption coefficient of NaCl as a function of energy at various pressures.

of single peak at zero pressure. Absorption peaks at 12.8 eV and 15 eV are due to

interband transitions to the unoccupied Cl-3d state of the conduction band from

the Cl-3p state of valence band. Another peak at 18 eV is also due to the electron

transitions from occupied Cl-3p state in the bottom of the valence band to the

Cl-3d state of the conduction band.

Optical conductivity of NaCl at various pressures is depicted in Fig. 5. At zero

pressure and in B1 phase, the optical conductivity threshold starts about 9 eV and

attains the maximum value of 9.2× 103 Ω−1 cm−1. At 30 GPa, due to a structural

phase transition from B1 to B2 the maximum optical conductivity increases to

1.3 × 104 Ω−1 cm−1 and shifts toward lower energy. By increasing pressure to

60 GPa, a high peak progresses toward higher energies. Same trend can be seen

up to high pressure of 134 GPa. The increase in pressure increases the maximum

optical conductivity which is 1.7 × 104 Ω−1 cm−1 at 134 GPa, and the threshold

point moves toward lower energies while maximum peaks shift to higher energies.

The frequency dependant reflectivity, R(ω), in pressure range of 0–134 GPa is

shown in Fig. 6. At 0 GPa, zero frequency reflectivity R(0) is 4% which increases to

8% at 134 GPa. The highest peak of reflectivity at zero pressure is 40% and reaches

to 70% at 134 GPa. Applications of high pressure make the material more reflecting

which is due to the decrease in the bandgap of the material under pressure. These

high peaks shift toward higher energies with an increase in pressure. High reflectivity

range of 11.43–21 eV at zero pressure broadened over 10–24 eV at 134 GPa.
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Fig. 5. (Color online) Optical conductivity of NaCl as a function of energy at various pressures.

Fig. 6. (Color online) Frequency dependant reflectivity of NaCl as a function of energy at various
pressures.

4. Conclusion

Phase transition and optoelectronic properties of NaCl have been computed through

the FP-LAPW method using GGA and mBJ exchange and correlation potentials.

It is predicted that at a pressure of 29.93 GPa, the phase transition takes place
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from B1 to B2 structure which is in excellent agreement to the experimental value

of 30 GPa. Energy bandgaps are found to be wide and direct in both B1 and

B2 phases. Bandgap value decreases by increasing the pressure in both phases. The

energy bands in B2 phase are wider compared to those in B1 phase. From the optical

spectra, a high absorption is observed in the ultraviolet region, and the material is

transparent in both structural phases. The maximum absorption coefficient, optical

conductivity and reflectivity increase with the increase in pressure.
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