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The effects of pressure on structural, elastic, electronic, and vibrational properties of NaSe are studied using the
SIESTA method. The dimensionless ratio, bulk modulus, elastic constants, Shear and Young modulus, and
Poisson‘s ration are obtained for each phase. NaSe shows phase transitions from the P6;/mmc phase (T = 0 K,
P = 0) to the Cmcm phase at 10 GPa and from this phase to the Pmmm phase at 22 GPa. High pressure results in
an improvement in resistance towards volume and shape change. Elastic constants evaluation indicates that the

P63/mmc phase and the Cmcm phase of NaSe is mechanically stable. The B/G ratios of NaSe phases are also
examined. It is found that NaSe has great ductility, however as pressure increases the ductility of NaSe decreases.
Electronic and vibrational computation and analysis reveal that the P63/mmc phase and the Cmcm phase of
NaSe demonstrate metallic character and both phases are dynamically stable.

1. Introduction

High density, reliable energy storage batteries are as crucial as the
production of clean and renewable energy with an increasing use of
portable technological devices. The energy is stored in the form of
chemical energy in these batteries. Those rechargeable batteries gen-
erally have a metal anode, a suitable electrolyte, and a cathode. Lithium
(Li) and sodium (Na) are the most used anode metals for this matter
along with sulfur (S) or more recently selenium (Se) cathodes. Se (group
16, VI) has been adopted as a promising candidate due to its low re-
activity, high electronic conductivity compared to S, and similar elec-
trochemical behavior with S [1,2]. Thus, there is growing attention for
M-Se batteries. However, in the case of using Na anode and Se cathode,
metastable phases of Na-Se batteries has been (poly-selenides) has been
reported [3]. Also, selenium particles suffer from low reactivity and
Coulombic efficiency owing to its electronically insulating properties
and poly-selenides [3,4]. NaSe is one of these poly-selenides phases that
is observed. Current research focuses on improving electrical con-
ductivity and reactivity to mitigate these problems. Herein, we would
like to investigate the effect of pressure on electronic, vibrational,
mechanical, and ground-state properties of NaSe since the structural
understanding of the material is vital to mitigate a problem logically. At
this point, first-principles calculations have been well recognized and
proven to provide valuable information about complex materials crystal
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structures and meta-stable phases. It also came to our attention that
meta-stable phases of NaSe and the effect of pressure and temperature
on critical properties of this material has never been investigated. This
may be because Se is very recently introduced as a cathode material to
these batteries [5,6] and has not been thoroughly investigated for
complex problems yet. Thus, this study aims to reveal the effect of
pressure on electronic, vibrational, elastic, and phase stability proper-
ties of NaSe. The results will provide new information and will be
helpful for applications where Na and Se are used.

The structural properties of the phase transition mechanism in the
presence of pressure are not well known due to the difficulties in
monitoring the movements of the atoms during the experiments.
Thanks to this study, every applied pressure value can be analyzed in
detail and many properties of the material such as structural, electronic,
elastic, and vibration can be determined to a large extent. In this way,
we think that the obtained results will serve as a guide to the experi-
mental and theoretical studies to be carried out next. Also, the material
we are working with is one of the sodium chalcogenides (NaS, NaSe,
and NaTe). There is a great deal of interest in such materials in recent
years [7-9].

2. Method

The computations for structural, electronic, elastic, and vibrational
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properties of NaSe were conducted within Density Functional Theory
(DFT) using the Siesta program [10]. GGA-PBE exchange-correlation
function was adopted to conduct calculations [11]. Troullier-Martins
type norm-conserving pseudopotentials for Na and Se atoms were uti-
lized [12]. All computations were done using double-zeta (DZ) basis
sets of localized atomic orbitals. The energy mesh cut-off, which cor-
responds to the spacing of the real space grid used to calculate the
Hartree, exchange, and correlation contribution to the total energy and
Hamiltonian, was set to be 350 Rydberg (Ry). NaSe was modeled using
3 X 3 x 2 cells with periodic boundary conditions for 144 atoms su-
percells. The Brillouin zones (BZ) were sampled with the 8 X 8 X 4,
8Xx6x%x4, and 6 X 4 x 8 Monkhorst-Pack k-point mesh for
P63/mmc, Cmcm and Pmmm phases, respectively [13]. Structural op-
timizations were carried out by using the Parrinello-Rahman technique
[14] until the residual force acting on all atoms was smaller than
0.01 eV/A and the pressure was gradually increased by 2 GPa through
this technique to the system. Initially, the system was relaxed at zero
pressure, afterwards, pressure was gradually increased. The structure
was equilibrated at each applied pressure through 1 fs. We have started
from the beginning at each pressure step from the equilibrated co-
ordinates of previous steps to make sure the pressure path to be con-
tinuous. To analyse each MD time, KPlot program was adopted and the
RGS algorithm that gives detailed information about the space groups,
atomic positions and lattice parameters of an analysed structure
[15,16]. For the energy—volume calculations, we used the unit cells for
the P63;/mmc, Cmcm and Pmmm phases.

3. Results and discussion
3.1. Structural and elastic properties

Before investigating structural and elastic properties of NaSe under
pressure, the ground state crystal structure is determined at O pressure
(P = 0) and temperature (T = 0) as a hexagonal structure with space
group P63/mmc. After structural optimization, the lattice parameters of
this phase is obtained as a = 4.4818 Z\, b = 4.4818 A, and
¢ = 10.7674 A given in Table 1. To investigate the effect of pressure on
lattice constants and cell volume, the pressure is applied gradually.
Then, the dimensionless ratios of V/V, versus applied pressure are
obtained and presented in Fig. 1. When a 10 GPa pressure is applied to
the hexagonal structure of NaSe, a transition from this structure to an
orthorhombic structure with the space group of Cmcm is seen. The
lattice parameters that are obtained for this phase are; a = 4.5666 A,
b = 6.7919 A and ¢ = 10.0863 A. As the pressure is continued to
increase gradually, another phase transition at 22 GPa is seen. The
crystal structure of NaSe goes phase transition from orthorhombic
Cmcm to orthorhombic Pmmm at 22 GPa. The obtained lattice para-
meters of this phase are; a = 3.2406 }o\, b = 3.6602 A and
¢ = 2.7073 A. The crystal structures of these phases are depicted in
Fig. 2. Fig. 1 shows that there is a sharp change in cell volume during
phase transitions which indicates that the phase transition is first order.
Besides, the ratio of V/V, decreases gradually with increasing applied
pressure, and also lattice parameters of phases are becoming smaller,
suggesting that high pressure causes a reduction in interatomic distance
and as a result, an increase in electron interaction.

To identify the most stable phases of NaSe, the energy-volume

Table 1
The values of transition pressure and lattice parameters of NaSe.
Phases P, (GPa) a (10\) b (10\) c (A) c/a References
P63/mmc 0 4.4818 4.4818 10.7674 2.4024 This Study
3.6000 3.6000 8.4600 2.3500 [34]
3.5300 3.5300 8.6485 2.4500 [35]
Cmcem 10 4.5666 6.7919 10.0863 - This Study
Pmmm 22 3.2406 3.6602 2.7073 - This Study
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Fig. 1. The change in cell volume versus pressure.

calculation is also carried out and given in Fig. 3. As the energy-volume
graph illustrates that the P63/mmc phase with minimum energy is the
most stable phase among them. In addition to this, transition pressures
have been obtained from enthalpy change that is shown in Fig. 4. The
transition pressures are obtained from energy-volume calculations.
Then, this energy-volume data is fitted to the third-order Birch-Mur-
naghan equation of state [17,18] which is;

_ _5 _2
P = 1.5B, (%) - (V) Ix +0.75(By — 4) (%) P
0
(@)

VO 0
where P represents the pressure, V is the volume at the pressure, V;, B,
and By are the volume, bulk modulus and its pressure derivate at 0 GPa,
respectively. As figures demonstrate that the energy difference between
phases is low.

The transition pressures of NaSe are obtained under hydrostatic
pressure by gradually increasing the applied pressure to the structure in
this study. However, the transition pressures that are obtained under
hydrostatic pressure tend to be higher than experimental transition
pressures. This is due to some of the simulation conditions that are
used. In a general simulation system, there are no surface impacts and
defects taken into account owing to periodic boundary conditions and
ideal crystal structures. Another factor that affects transition pressures
might be the time scale. Simulation time scale usually shorter than the
actual experimental time scale. In a relatively short simulation time
scale, the structure may not have enough time to reconstruct or relax,
thereby frozen states in the simulation may form [19-21]. Therefore, it
is worthwhile to compute the transition pressures from thermodynamic
calculations as well. It is reported that transition pressures that are
obtained from enthalpy are much closer to experimental values
[22,23]. Thus, the enthalpy of NaSe as a function of pressure is calcu-
lated and given in Fig. 4. Gibbs free energy (G) is used to determine
which of the phases is the most thermodynamically stable;

7
3

G = Ey + PV =TS 2

where E, is the total energy, P is the pressure, V is the volume and S is
the entropy. The computations are done at 0 K. Thus, the ‘TS’ term is
neglected, thereby enthalpy is;

H = Eit + PV 3)
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Fig. 2. Crystal structures of NaSe: (a) P6;/mmc at 0 GPa, (b) Cmcm at 10 GPa and (¢) Pmmm at 22 GPa.
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Fig. 3. The energy-volume relations of phases of NaSe.

where P can be derived as P = dE,/dV.

The transition pressures are obtained from Fig. 4, by determining
the intersection of the two enthalpies which is a sign of the phase
transition containing the pressure between these two phases. The
transition pressures are predicted for the phases from Fig. 4 as follows;
from the P65/mmc phase to the Cmcm phase at 2.85 GPa and from this
phase to the Pmmm phase at 5.9 GPa.

The transition paths of NaSe between phases under high pressure
are also studied in detail to see transformations much clearer. Each
minimization step for the formation of each phase at 10 GPa and
22 GPa is analyzed with the KPlot program. In the first phase transition
from P63/mmc to Cmcm, the structure undergoes three different paths
as shown in Fig. 5. On the other hand, the second phase transition
follows four paths; the Cmcm to the P2;/m to the Pmma to Pmmm as
displayed in Fig. 6 to reach a stable phase.

Elastic constants of a material donate the ability of the material to
resist applied pressure and are very critical physical parameters in
terms of determining structural stability. For a hexagonal structure,
there are five independent elastic constants, namely, C11, Cq2, C13, Css,
and C,44. For an orthorhombic structure, there are nine elastic constants,
namely, C]], C22, C33, C44, C55, C669 C12; Clg’ and ng [24,25]. The well-
known Born criteria for the phases of NaSe is [26,27];
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Fig. 4. Enthalpy change of phases of NaSe with pressure.
Cas > 0,C11 > [Ciaf, (C11 + 2 Cy2) Cg3 > 2C;5° @

For an orthorhombic structure,

Cii > 0,Cy > 0,C33 > 0,Cq4 > 0,Cs5 > 0,Cs¢ > 0, Cyy
C22Cs3 + 2Ciz Ci3 Caz - Cii Cas® - C2Cis® - C33Cir® > 0,
C11Coz > C12° 5)

The elastic constants of NaSe phases are given in Table 2. By ana-
lyzing the data given in Table 2, it is found that the P63/mmc hexagonal
structure of NaSe and the Cmcm orthorhombic structure of NaSe are
mechanically stable. On the other hand, the Pmmm structure of NaSe
does not fit the well-known Born stability criteria, thus the Pmmm
structure of NaSe mechanically unstable. Unfortunately, phases of NaSe
under pressure and the effects of pressure on elastic constants have not
been investigated previously, thus there is no data exist for comparison.

Mechanical properties of materials such as excellent resistance to-
wards deformation, good plasticity, and strength are related to mate-
rials moduli; bulk, Shear, Young, and so on. The moduli of phases are
given in Table 3. Bulk modulus defines the resistance of materials to-
wards volume change under pressure. Therefore, it can be adopted to
evaluate average bong strength because it is related to cohesive energy
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Fig. 5. Cmcm Crystal structure evolution (a) P6;/mmc, (b) P2;/m, and (c) Cmcm.

or binding energies of atoms within the material. A large bulk modulus
has high resistance towards deformation [24,28]. Table 3 indicates that
the Cmcm phase of NaSe has a greater bulk modulus than that of the
P63/mmc, which means that the Cmcm phase is much mechanically
stable than P63/mmc phase.

Shear modulus of materials donates the ability to resist shape
change under pressure. By examining the Shear modulus of two phases,
it can be predicted that the Cmcm phase of NaSe shows greater hard-
ness than the P63/mmc phase due to the fact that the Cmcm phase
higher Shear modulus. This prediction is also in accordance with B
values.

To further study structural phase transitions and mechanical stabi-
lities of phases, the ductile-brittle properties of the material are also
considered. This property is examined by the B/G ratio. Pugh [29]
stated that the B/G ratio can be considered as a key physical quantity to
measure ductile-brittle properties for a polycrystalline material. The B/
G ratio of 1.75 is the distinguishing point for ductility and brittleness of
materials. The material is classified as ductile if the B/G > 1.75, it is
classified as brittle if the B/G < 1.75. Furthermore, materials ductility
increase with increasing B/G ratio, otherwise brittleness increases with
decreasing B/G ratio. By looking at the data in Table 3 that NaSe has a
4.25 B/G ratio at 0 GPa in the P63/mmc phase, however as applied
pressure increases this ratio goes down to 3.30 for the Cmcm phase at
10 GPa. Since both B/G ratio is higher than 1.75, NaSe is ductile in both
phases. Thus, NaSe has great ductility, however as pressure increases
the ductility of NaSe decreases.

To study the plasticity of material under pressure, Poisson’s ratio is
also calculated. Poisson’s ratio generally gives information about the

interatomic bonding properties of the material. The larger the Poisson’s
ratio, the better material’s plasticity [30,31]. This ratio is generally
between —1 and 0.5. It is identified as 0.1 for covalent materials and
0.25 for ionic materials in the literature [32,33]. Poisson’s ratio of NaSe
is calculated as 0.36, indicating ionic bonding characteristics for this
material. However, as applied pressure increases, Poisson’s ratio stays
the same up until a certain point. After 10 GPa applied pressure, it
seems to increase.

Material’s resistance towards elastic deformation denotes Young
Modulus. It is defined as a ratio between tensile stress and tensile strain.
As the Young modulus of material becomes larger, the stiffness of the
material increases. It usually measures the resistance of the material in
x-direction under applied pressure. From Table 3, it can be said that
pressure increases the Young modulus of NaSe, thereby strength to-
wards elastic deformation.

3.2. Electronic and phonon properties

To further investigate the electronic and bonding properties of
NaSe, electronic band structures are obtained for P63/mmc, Cmem, and
Pmmm phases along with the high symmetry directions and presented
in Fig. 7. Fermi energy level is set to 0 eV and marked with a red line in
figures. As can be seen from Fig. 7a that NaSe at the P6;/mmc phase has
a band gap of 0.54 eV where other phases of NaSe do not have a band
gap. This means that the P63/mmc phase shows semiconducting char-
acteristics while other phases display metallic. Moreover, the P63/mmc
phase of NaSe is a semiconductor with direct band transition since both
the valence and the conduction band are at the same point (??). As

> EP e
Sigpie
‘K,j:'j;
s o
Ky .

Fig. 6. Pmmm Crystal structure evolution (a) Cmcm, (b) P2,/m, (c) Pmma, and (d) Pmmm.
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Table 2
The obtained elastic constants (GPa) of phases of NaSe.

Chemical Physics 539 (2020) 110934

Phases Ci1 Coo Cas Caq

P63/mmc 48.30 - 56.47 4.06
Cmcm 107.22 49.32 110.31 9.03
Pmmm 83.28 181.03 58.59

- 14.99 40.17 16.63 -
23.63 40.09 67.05 38.80 40.2
37.23 30.00 97.40 111.96 32.90

Table 3
The Bulk modulus (B), Shear modulus G (GPa), G/B and B/G ratios, Poisson’s
ratios (0) and Young's modulus E (GPa) of phases.

Phases B G G /B B/G o E

P63/mmc 33.13 7.79 0.24 4.25 0.36 26.73
Cmcm 48.42 14.58 0.30 3.30 0.36 39.69
Pmmm 100.56 —83.75 —0.83 -1.20 1.07 —347.8

applied pressure is continued to increase, the valence band energy in-
creases whereas conduction band energy decreases, which results in a
decrease in band gap between valence and conduction band, even
disappearance of the band gap. This leads to a reduction in the stability
of crystal structure at a certain point which is in accordance with pre-
vious results.

The partial and total density of states of phases of NaSe has also
been calculated. Fig. 8a, b, and c depict the density of states for the P63/
mmc phase at 0 GPa, Cmcm at 10 GPa, and Pmmm at 22 GPa, re-
spectively. In light of DOS of NaSe, the contributions to DOS are mainly
due to Se-4p states for all phases below the Fermi level. On the other
hand, Na-3s and Se-4p states contribute to DOS above the Fermi level in
all phases.

The phonon dispersion curves of NaSe at 0 GPa and 10 GPa are
calculated and presented in Fig. 9a and b. Since the unit cell of the P63/
mmc phase of NaSe contains eight atoms and a 3 N degree of freedom,
the corresponding number of vibration modes is twenty-four, as seen in
Fig. 9a, of which three are acoustic modes and the remaining twenty-
one are optical modes. The Cmcm phase of NaSe contains sixteen atoms
in unit cell; the corresponding number of vibration modes is forty-eight,
as seen in Fig. 9b, of which three are acoustic branches and the re-
maining forty-five are optical modes. However, as can be seen from
Fig. 9a, the number of vibration modes decreases to 16 due to the
binary degenerate condition between ' — M — K —T' — A — L high
symmetry points. The number of vibration modes is 8 between L-H. In
Fig. 9b, the number of vibration modes has decreased to 24 due to the
binary degenerate condition between the S-R-Z-T-Y high symmetry
points. The phonon curves of two phases (P6;/mmc phase at 0 GPa,
Cmem at 10 GPa) show no imaginary frequency, indicating that both
phases of NaSe are dynamically stable. The phonon dispersion curve of
the Pmmm phase of NaSe has not been computed since this phase
showed mechanical instability in the analysis of elastic constants,
thereby it would also display dynamical instability.

4. Conclusion

The purpose of this study is to investigate phase transitions of NaSe
under high pressure and reveal the effects of pressure on structural,
elastic, electronic, and vibrational properties. Calculations revealed
that NaSe undergoes a phase transition and structural deformation
under pressure. After a critical pressure point when applied pressure
exceeds 22 GPa, the structure loses its mechanical and dynamic stabi-
lity. However, high pressure seems to improve resistance towards vo-
lume and shape change since bulk and shear modulus are increasing
with the applied pressure. The P6;/mmc phase and the Cmem phase of
NaSe shows ionic characteristics. Electronic band graphs of both phases
indicate that NaSe depicts metallic behavior in these phases. As phonon
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Fig. 7. The electronic band structures of NaSe at 0 GPa (a), at 10 GPa (b) and at
22 GPa (c).

dispersion curves of both phases show no imaginary frequency, it can
be said that NaSe is dynamically stable in these phases as well. As far as
the authors‘ knowledge this kind of study is the first study that has been
carried out on the effects of high pressure on structural and mechanical
properties of NaSe.
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