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In the ongoing pursuit of inorganic compounds suitable for solid-state devices, transition metal
chalcogenides have received heightened attention due to their physical and chemical properties.
Recently, alkali-ion transition metal chalcogenides have been explored as promising candidates to
be applied in optoelectronics, photovoltaics and energy storage devices. In this work, we present
a comprehensive theoretical study of sodium molybdenum selenide (Na2MoSe4). First-principles
computations were performed on a set of hypothetical crystal structures to determine the ground
state and electronic properties of Na2MoSe4. We find that the equilibrium structure of Na2MoSe4
is a simple orthorhombic (oP ) lattice, with space group Pnma, as evidenced by thermodynamics.
Electronic structure computations reveal that three phases are semiconducting, while one (cF ) is
metallic. Relativistic effects and Coulomb interaction of localized electrons were assessed for the
oP phase, and found to have a negligible influence on the band strucutre. Finally, meta-GGA
computations were performed to model the band structure of primitive orthorhombic Na2MoSe4
at a predictive level. We employ the Tran-Blaha modified Becke-Johnson potential to demonstrate
that oP Na2MoSe4 is a semiconductor with a direct bandgap of 0.53 eV at the Γ point. Our
results provide a foundation for future studies concerned with the modeling of inorganic and hybrid
organic-inorganic materials chemically analogous to Na2MoSe4.

I. INTRODUCTION

In recent years, a class of ternary chalcogenides known
as alkali-metal(ion) transition-metal (and post transition
metal) chalcogenides have presented a new landscape of
opportunities in solid-state physics and chemistry. These
materials, with general composition AMXn where A is
an alkali metal, can be obtained by facile solid-state re-
actions or by intercalation of a A+ in a MXn lattice [1].
This, and the fact that they are well known ionic con-
ductors, make them an attractive class of inorganic com-
pounds [2, 3]. In this scene, Kanatzadis and coworkers
have shone light on the fundamental chemistry of these
compounds, discovering systems as different as semi- and
superconductors [4, 5]. Regarding alkali metal transi-
tion selenides, partirularly, we highlight the discovery of
the layered metal NaCu6Se4 with mixed valency [6], the
mixed-valent two-dimensional metal NaCu4Se3 [7] and
the two-dimensional metal NaCu4Se4, which presents
high hole mobility and giant magnetoresistence [8].

On another note, AMXn semiconductors are also gain-
ing traction. In 2018, Z. Xia et al [9] have discussed
the chemistry of a new alakali-transition metal chalco-
genide, CsCu5Se3. This caesium copper selenide, grown
via the solvothermal method, is a pseudo-direct bandgap
semiconductor with a bandgap of 1 eV. It crystallizes
in the oP lattice, space group Pmma (No. 51). Au-
thors also explored the complete the family of materials
by synthesizing and characterizing CsCu5S3 and propos-
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ing CsCu5Te3. Since then, an α phase of CsCu5Se3 has
been achieved and proposed as a high-performance ther-
moelectric [10] and an ab-initio study treats the defect
physics in CsCu5Se3 and its potential in optoelectronics
[11]. In a recent review on chalcogenides for photovoltaic
applications, CsCu5Se3 and other new chalcogenides are
compared to their oxide analogs [12], to highlight oppor-
tunities for new materials.

Recent advances worth highlighting include the emer-
gence of a new class of transition metal chalcogenide per-
voksites. The interplay between alkali-metal (A+) and
MX chemistry promises solar-cell absorbers with elec-
tronic properties on a par with those of Hybrid per-
ovskites [13–15]. One of the major advantages of TMC
perovskites is high resistence to decomposition [16, 17],
as well as their malleable compositional, structural and
electrical and optical properties.

In this work, we aim to model Na2MoSe4 (See Fig.
S1), a molecule chemically analogous to the well known
sodium molybdate (Na2MoO4) [18], in the solid state.
The following question arises: what will be the crystal
structure of Na2MoSe4? The answer is not obvious, as
molecular Na2MoSe4 is as related to Na2MoO4 as it is to
Cs2WS4 [19]. Additionally, upon modeling Na2MoSe4,
we will gain insights into the physics of its crystalline
relatives. To this end, we employ a crystal structure
prediction method combined with Kohn-Sham Density
Functional Theory (DFT) to determine the ground state
properties of this alkali metal transition metal chalco-
genide. Our crystal structure prediction is based on the
generation of hypothetical candidates through the ionic
substitution of experimentally known analogs of Na-Mo-
Se compounds. We demonstrate that Na2MoSe4 is a di-
rect bandgap semiconductor with simple orthorhombic
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(oP ) structure, Pnma space group.

II. METHODS

A. Crystal Structure Prediction

To address the issue of structure determination, we fol-
lowed the crystal structure prediction method of Hautier
et al [20] based on data mined ionic substitutions. It has
been demonstrated that the method of data mined ionic
substitutions can generate likely crystal structures at a
fraction of the computational cost of evolutionary algo-
rithms [21], due to the fact that the substitutions are gen-
erated posterior to the analysis of existing crystal struc-
tures listed in the Inorganic Crystal Structure Database
(ICSD). For the reader’s convenience, we briefly outline
the data mining + ionic substitution (DM+IS) method-
ology in the supplementary section.

Our DM+IS search generated over sixty-five hypothet-
ical sodium molybdenum selenide structures, of which
twenty-one present our hypothesized stoichiometry. The
list of Na2MoSe4 candidates is found in Table S1 along
with other hypothetical Na-Mo-Se structures have been
made public in the Materials Project Database [22] and
can be downloaded directly from our repository [23].
Here, we focus our attention to the four candidates with
highest likelihood of existing in their predicted space
groups.

B. Density Functional Theory Computations

Our first-principles computations based on Kohn-
Sham Density Functional Theory (DFT) were carried out
in the Quantum ESPRESSO package [24, 25]. We em-
ploy the General Gradient Approximation (GGA) func-
tional with corrected-for-solids Perdew-Burke-Ernzerhof
(PBEsol) parametrization for the exchange-correlation
interactions [26]. It has been shown that the PBEsol
is better suited to approximate lattice constants and
surface energies when compared to PBE and LDA [27–
29]. The ground state structures were determined by
varying the volume isotropically, to control symmetry
while fully relaxing atomic positions under a tolerance
of 13.605×10−5 eV/atom for total energy and net forces
of 0.025 eV·Å−1 per atom. These computations were
performed using ultrasoft pseudopotentials (USP) devel-
oped by Dal Corso [30], with a plane-wave kinetic energy
cutoff of 40 Ry (544 eV), charge density cutoff f of 320
Ry (4,354 eV) and a convergence threshold of 1 × 10−8

eV for self-consistency. Longe-range Grimme D2 Van der
Waals interactions were included [31]. Monkhorst-Pack
Γ-centered integration grids were used to sample the first
Brillouin Zone [32]. For structural optimization compu-
tations of the cF , oF , oP and mC phases, integration
grids of 6×6×4, 8×6×5, 6×8×4, 5×5×4 were used,
respectively. To model the electronic structure we then

increased the density of the k-points integration grids to
24× 28× 20 (cF ), 32× 24× 20 (oF ), 24× 32× 18 (oP )
and 30× 30× 24 (mC).

The General Gradient Approximation fails to predict
the fundamental bandgap of semiconductors. There-
fore, we then model the electronic band structure of the
favored phase by performing meta-GGA (MGGA) cal-
culations using the the semilocal Trahn-Blaha modified
Becke-Johnson (TB-mBJ) exchange potential [33]. In or-
der to obtain optimal results, our TB-mBJ computations
were carried out in the framework of the Augmetnted
Planewave plus Local Orbital (APW+lo) method as im-
plemented in the all-electron code Wien2k[34].

III. RESULTS

A. Candidate structures

The structures considered in detail are: a face cen-
tered cubic (cF ) phase with space group Fd-3m (227), a
face centered orthorhombic (oF ) with space group Fddd
(70), a primitive orthorhombic (oP ) with space group
Pnma (62) and a base centered monoclinic (mC) with
space group C2/m (12). The unit cells are sketched in
Fig. 1 (a)-(d). The structural details for the evaluated
systems are shown in Table I, which includes the raw
(generated) DM+IS and the computed (equilibrium) pa-
rameters. From the obtained results it is clear that the
equilibrium volume changes significantly with respect to
the DM+IS volume, with the exception of the oP struc-
ture. For example, ∆V oP = 2% versus ∆V cF = 26%.
Since we have unit cells with different number of atoms,
to formally asses which of the candidates is the favored
ground state phase of Na2MoSe4, we proceed to calcu-
late the formation enthalpy ∆Hs

f(AMX) . Thus, Eq. (1)

reads

∆Hs
f(AMX) = Us

(AMX) −
3∑
i

Niµ
s
i , (1)

where Us
(AMX) is the total energy of our ternary com-

pound, Ni is the number of atoms of a constituent i
with chemical potential µi in solid phase. The chemical
potentials µ for the constituent species were calculated
based on DFT energies of their equilibrium crystal struc-
tures under the same relaxation criteria and convergence
thresholds as the Na2MoSe4 candidates. Additionally,
analysis was cross-checked by fully relaxing all candidate
structures at the PBE level. No significant changes on the
lattice parameters were found. The values for ∆Hs

f(AMX)

are shown in Table II. Note that oP is the favored phase
of the selenide with ∆Hs

f values of -5.14 (PBEsol) and

-5.11 (PBE) eV per formula unit (eV/f.u.). We find these
relative formation enthalpies to be in good agreement, as
the relative error between the PBE/PBEsol calculations
is less than 2% for all phases with the exception of the
least stable cF , in which a larger discrepancy is observed.
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TABLE I. Predicted and optimized lattice parameters for the Na2MoSe4 candidate structures computed at the GGA-(PBEsol)
level of theory.

System a (Å) b (Å) c (Å) V (Å3) α β γ
cF: Fd-3m (227)
DM+IS 6.44 6.44 9.11 188.89 45 45 90
This work 8.14 8.14 11.51 238.76 45 45 90
oF: Fddd (70)
DM+IS 6.31 8.39 10.85 223.77 130 149 56
This work 7.71 10.24 13.26 273.38 130 149 56
oP: Pnma (62)
DM+IS 9.32 6.84 12.08 770.49 90 90 90
This work 9.12 6.69 11.81 753.92 90 90 90
mC: C2/m (12)
DM+IS 6.88 6.08 7.54 254.92 90 67 63
This work 7.78 6.88 8.52 368.58 90 67 63

TABLE II. Formation enthalpies ∆Hf for Na2MoSe4 can-
didate structures calculated using the GGA(PBEsol) and
GGA(PBE) computed energies. Here, ∆Hf is shown in eV
per formula unit (eV/f.u.) and per atom (eV/atom).

System ∆Hf (eV/f.u.) ∆Hf (eV/atom)
cF
PBEsol -4.39 -0.63
PBE -4.02 -0.57
oF
PBEsol -4.90 -0.70
PBE -4.83 -0.69
oP
PBEsol -5.14 -0.73
PBE -5.11 -0.73
mC
PBEsol -5.03 -0.72
PBE -4.91 -0.70

This is reminiscent of the Cs pervoskite CsPbBr3, where
through cooling, it undergoes a transition from a cubic to
an orthorhombic lattice [35]. We encourage further stud-
ies to calculate the phonon band structure for the meta-
stable phases, as we recognize the importance of these
calculations to assess its dynamical stability. Here, our
scope is to determine the most energetically stable struc-
ture for the already synthesized Na2MoSe4 compound
[36, 37], and calculate its electronic properties. Once the
most stable phase is determined, we focus our attention
only to the oP phase with Pnma space group. To further
cross check the ground state of the Pnma candidate, we
take the initial (DM+IS) structure and optimize it at the
APW+lo/PBEsol level of theory.

The calculated lattice parameter is a = 9.21 Å, which
is in agreement with our pw(pseudo-potential) computed
lattice constant a = 9.12, with an absolute error ea =≤
1%. At V0, the bulk modulus for Na2MoSe4 is B0 = 56.07
GPa with a numerical derivative of B′0 = 4.41.

Due to the fact that the hypothetical crystal struc-
tures were generated from chemical analogs, it is reason-
able to infer that the true equilibrium structure of our
material (oP ) should result isostructural to other mate-

rials governed by same chemical principles (e.g. valency,
electronegativity, position within the periodic table etc.).
Furthermore, it is inferred that compounds governed by
the same chemical principles as Na2MoSe4 will also be
favored in the oP lattice. This is in fact the reason-
ing and strength behind probabilistic models for crys-
tal structure prediction. [38]. Therefore, the probabil-
ity P of a material to exist in a specific crystal system
(e.g. oP (Pnma)) will be influenced by the size of the
known isostructural family[20, 38–40]. We match our
evaluated structures to their analogs. First, we found
our least stable candidate cF (Fd − 3m) to be isostruc-
tural to the stable phase of Na2MoO4 [ICSD No. 44523].
The metastable phase of Na2MoO4 [ICSD No. 151971] is
characterized by the Fddd space group and isostructural
to our oF candidate. The mC candidate is isostructural
to the molecular crystal K2MoO4 [ICSD No. 16154].
Lastly, our most stable oP phase is isostructural to (or
based on) K2MoS4 [ICSD No. 409563]. Notably, the
following alkali-ion transition metal chalcogenides have
been synthesized and are isostructural to Na2MoSe4 with
oP (Pnma) symmetry: K2MoS4, Cs2MoSe4, Rb2MoSe4,
Cs2MoS4, Rb2MoS4, K2WSe4 and Rb2WS4 [41–45] and
could potentially be intrinsic semiconductors. Addition-
ally, hybrid organic/inorganic members of the family
R2MX4 (e.g. R = CH3NH3 ; M = Mo,W ; X = S, Se) have
also been reported to be stable in the oP phase [46, 47].
Note, throughout the A2/R2MX4 family, X is either S or
Se. To the best of our knowledge, no theoretical studies
of these materials are available in the literature. Given
the electronic structure of Na2MoSe4 and τ4 (see section
VI), it results of interest to the broader community to un-
derstand the physics and chemistry of the oP A/R2MX4

compounds and their potential applications. Hence, we
intend for our work to serve as a primer for future the-
oretical and experimental studies on the structural and
electronic properties of both the inorganic and hybrid
organic-inorganic analogs of Na2MoSe4. With respect to
the question posed in the introduction; in the solid-state,
the stable phase of Na2MoSe4 is isostructural to Cs2WS4

(oP ) and not Na2MoO4 (cF ).
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FIG. 1. Sketch of the candidate structure unit cells for
Na2MoSe4. The candidates are labeled by their lattice type
(a) face centered cubic cF , (b) face centered orthorhombic oF ,
(c) simple orthorhombic oP and (d) base centered monoclinic
mC. Na, Mo and Se are depicted as grey, green and orange
circles, respectively.

B. Structure and symmetry of orthorhombic
sodium molybdenum selenide

The disodium molybdenum tetraselenide, which can
be written as Na2[MoSe4], is a molecular crystal favored
to grow in the simple orthorhombic (oP ) crystal system
with space group Pnma (No. 62), as shown in Fig. 2.
It has inversion symmetry, with eight symmetry opera-
tions. In Figure 2-a, an illustration of the frontal and
isometric views are shown. The Na2MoSe4 structure is
three-dimensional, (i.e. there are no van der Waals gaps)

FIG. 2. Illustration of (a) isometric and front views of oP
(Pnma) phase of Na2MoSe4 and (b) the [MoSe4]− tetrahedron
with a schematic illustration of the tetrahedral crystal field
that splits the Mo 4d5 orbitals into two groups, namely t2
and e. As seen in (a) Na+ ions are intercalated through the
MoSe4 tetrahedral layers.

with two equivalent Na1+ sites. Note that Mo6+ is in
tetrahedral coordination τ4 (i.e. τ4 = 1), bonded to four
Se2−atoms at each vertex. There is no Mo-Na bond,
and the Na cations are intercalated throughout the lat-
tice. This promotes the one-dimensional (directional)
growth of the [MoSe4]− tetrahedrons. Hence, MoSe4-
terminated slabs can be achieved for Na conduction. Ad-
ditionally, the electronic charge of Na induces a distortion
in the tetrahedron (distortion index t

′

4 = 0.006) yielding
a slightly elongated Mo-Se bond (d = 2.33 Å) versus the
other three (d = 2.30 Å), and a broadening of Se-Mo-Se
bond angle φ from φ = 109.55◦ to φ = 115◦ as shown in
Figure 2-b. The average Mo-Se bond length is l = 2.31
Å. This distortion is caused by electronic charge effects
of a Na1+ atom in proximity to one Se vertex (r = 2.98
Å). The distortion can be also measured by the tetrahe-
dron edges, conformed by Se-Se inter-atomic distances.
The tetrahedron edge lengths are l = 3.778, 3.576 and
3.793 Årespectively. The omitted length values are re-
dundant in nature. A spread of Na-Se bond distances
can be found in the two Na sites, with values ranging
between 2.98 – 3.48 Å. In one Na1+ site, Na1+ is bonded
in a 8-coordinate geometry to eight Se2− atoms. In the
other, our sodium cation is bonded in a 9-coordinate ge-
ometry to 9 Se anions. There are three nonequivalent
Se2− sites. In the first Se site, Se2− is bonded in a single
coordinate geometry to four Na1+ and one Mo6+ atom.
In the second site, Se2− is bonded in a 6-coordinate ge-
ometry to five Na1+ and one Mo6+ atom. In the third
Se site, Se2− is bonded in a 5-coordinate geometry to
four Na1+ and one Mo6+ atom. Our structural analy-
sis is in agreement with the available information for its
reported analogs [41–45]. Note, the intercalation of Na
atoms could favor an energetically low-cost substitution
(or displacement) of cations, enabling the tunability of



5

FIG. 3. The electronic band structure is shown for the (a) cF , (b) oF , (c) oP and (d) mC candidate phases of Na2MoSe4.
The Fermi energy EF is set to 0.

TABLE III. Band structure summary with Eg values at
the GGA level of theory. To classify the phases, metals are
identified by M , while D and I are employed to label direct
and indirect semidoncutors. The labels kc and kv correspond
to the points at the CBM and CVM respectively.

System EGGA
g (eV) Eg Type kc − kv

cF 0.00 M −−−
oF 0.62 D Γ− Γ
oP 0.24 D Γ− Γ
mC 0.45 I A− Γ

these materials’ properties. Lastly, due to the structure
of Na+[MoSe4]−, it can be safely inferred that the crystal
is a typical ionic conductor [45].

C. Electronic structure

The electronic structure of all candidates was inves-
tigated. Fig. 3 depicts the electronic band structure
of the candidate phases of Na2MoSe4. Conventional k
paths were used [48, 49]. In all plots, the Fermi energy
(EF ) is set to zero. From the band structure plots, it is
clear that one of four phases is semi-metallic; cF (Figure
3(a)), where the valence band slightly crosses the Fermi
level. The remaining three are intrinsic semiconductors.
The oF phase is a direct bandgap semiconductor (Figure
3 (b)), with a bandgap Eg = 0.62 eV at Γ, while the mC
phase is an indirect bandgap (A−Γ) semiconductor with
Eg = 0.45 eV (Figure 3(d)). Lastly, our GGA calcula-
tions show that oP Na2MoSe4, the stable phase, has a
fundamental bandgap of EGGA

g = 0.24 eV at Γ (Figure 3
(c)). A summary of the electronic properties computed
at the GGA level is displayed in table III

Since the oP structure is energetically favored, we fo-
cus only on this phase from here in and shall refer to this

phase simply as ”Na2MoSe4”.

In order to better understand the electronic band
structure of Na2MoSe4, we adopt an alternative k path
from the work of Xia et al [9] on oP CsCu5Se3. Note
that its band dispersion is highly isotropic with clear
parabolic topology at the VBM and CBM around the
Γ point. Moreover, as an ionic conductor [2], it can be
considered as a mixed conductor.

At this point, we analyze the nature of the Na2MoSe4
band structure. Let us recall that the Mo [d5] is in coor-
dination τ4 with Se [4s24p4] atoms at each vertex. Given
the electronic nature of our species, it is inferred that
the valence bands that contribute to the EF are com-
posed of Se p orbitals, with mild hybridization with the
Mo d orbitals. The s, p hybridization of the Mo-Se bond
is common in high-spin τ4 compounds (see Fig. There-
fore, it can be said that the electronic (semiconducting)
properties of the material arise mainly from the [MoSe4]
sub-unit and that the effects of Na s, p electrons are neg-
ligible. However, although Na doesn’t influence the band
structure of the selenide, it is reasonable to believe that
the displacement of Na throughout the lattice or its sub-
stitution by another ion (or molecule) could have an effect
on the value of Eg. We further investigate the τ4 sub-
unit by treating the Se atoms as point charges around the
Mo central ion, to study their bonding strength in terms
of Coulombic interactions. In this sense, Crystal Field
Theory (CFT) qualitatively predicts how the electrons
in the Mo 4d orbitals respond to the effective electro-
static potential imposed by its neighboring Se atoms. In
τ4, the initial five-fold degeneracy of the 4d orbitals will
break. This will give rise to the the orbital groups t2
orbitals (dxy, dyz, dyz) and the e orbitals (dx2−y2 , dz2). A
schematic illustration of an idealized τ4 CF is shown in
the right hand side of Figure 2(b). The qualitative CFT
analysis indicates that spin orbit coupling (SOC) effects
in Na2MoSe4 are weak [50].
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FIG. 4. Electronic band structure of oP Na2MoSe4 is shown
in (a) modeled at the GGA (black - solid) and GGA+SOC
(green - dashed) levels. The irreducible Brillouin zone and
k-path for the oP lattice is shown in (b).

We then perform full-relativistic calculations to model
the band structure and the effects of the spin-orbit cou-
pling term. To see effects of SOC effect on the band
structure, we adopt an alternative path of integration
along the FBZ. The band structure of Na2MoSe4 with
and without SOC Γ → X → U → Γ → Y → T → Γ →
Z → S → R k-path (Figure 4). The FBZ is shown in
Figure 4 (b). As expected, no change was observed in Eg

upon calculating the band structure confirming the weak
(essentially null) SOC effect. As we have seen, Na2MoSe4
has relatives where the A+ cation is either Rb or Cs.
Therefore, although SOC is weak in the Na member of
the family, it is necessary to account for relativistic effects
when modeling the band structure [35].

For completeness, we also plot the band structure by
introducing an empirical Hubbard potential (GGA+U ;
U = Ueff = 3.5 eV [51]) to test for Coulomb effects
in Mo d electrons (see Supplementary Information, Fig.

FIG. 5. Projected density of states is shown for the valence
orbitals Mo and Se. Here, EF is at 0, indicated by a dashed
line.

S3.). No significant change was found as well, so there
is not an apparent strong electronic correlation in the
Na2MoSe4 structure.

In the region, U → Γ → Y , the electron and hole
effective masses m∗h and m∗e are expected to be constant,
as the dispersion of E(k) near Γ is linear .

In Fig. 5, the projected DOS (PDOS) is shown for the
Mo d, Se p and Na s electrons. Clearly the Na s states do
not contribute near the Fermi level. The hybridized d/p
orbitals; Mo d states (note 0 ≤ EF ≤ 2 eV) and the Se p
states are the ones dominating the contributions around
the Fermi level. In other words, in the vicinity of EF ,
the orbital composition of the conduction bands are Mo d
while the valence bands are Se p. Note that higher PDOS
is observed above the Fermi level, due to the unoccupied
states in the shells. A decomposition of the summed Mo
d orbitals can be found in the supplemental material.

Although ground state GGA computations can pro-
vide a reasonable first approximation to model the elec-
tronic structure of a material, they systemically fail to
predict the fundamental value of Eg. Hence, a precise
approach such as the use of meta-GGA, hybrid function-
als or the many-body perturbation theory method GW
is desired. To achieve a predictive level, we have opted
for the Meta-GGA, Trahn-Blaha modified Becke-Johnson
potential (TB-mBJ), designed and proven to yield robust
results comparable to those obtained by other theoreti-
cal treatments and observed in experiments[33, 52–57].
In the present scenario, the use of TB-mBJ is considered
adequate as no further corrections for correlation or spin-
orbit coupling are are needed (since the band topology
and Eg do not change). Details regarding the TB-mBJ
exchange potential are provided in the Supplementary
Information file [33].

The band structure of oP Na2MoSe4 calculated with
the semilocal potential TB-mBJ is shown in Fig. 6. Note
that the band topology is invariant and located at Γ (Fig-
ure 4), but a widening of the bandgap is observed. When
modeling the electronic band structure of Na2MoSe4 with
the modified Becke-Johnson potential through an all-
electron treatment, ETB−mBJ

g = 0.53 eV at Γ. The CBs
are composed mainly of Mo d states whereas the Se p
states, depicted as larger points, dominate the VB con-
tributions, in agreement with the pDOS in Figure 5.
It is important to point out that TB-mBJ semilocal po-
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FIG. 6. Electronic band structure schematic of Na2MoSe4
obtained by TB-mBJ, with emphasis along U → Γ → Y to
better visualize the bandgap. EF is set to zero. For the full
band structure, see Fig. S4.

tential enables the modeling the electronic structures of
large and chemically complex semiconducting materials
as well as insulators with predictive accuracy [58, 59],
and is currently considered the most accurate semilocal
potential for semiconductor modeling [60, 61].

Although the bandgap isn’t yet ”ideal” for applications
in traditional optoelectronic devices or photovoltaics,
Na2MoSe4 with an intrinsic direct bandgap of 0.53
eV holds potential for applications in infrared opto-
electronics and high-speed electronic heterostructures
and devices. Since the bandgap is tunable via ionic
displacement and/or substitution, a natural interest in
studying these effects throughout the lattice rises. More
importantly, it will be interesting to build upon the
work presented and investigate the interplay between
chemical composition, thermodynamic stability and
electronic structure in the inorganic and hybrid relatives
of Na2MoSe4.

IV. CONCLUSIONS

In this study, we have presented a theoretical in-
vestigation on the alkali-ion transition metal chalco-

genide Na2MoSe4. First-principles computations based
on periodic Density Functional Theory were system-
atically performed on a set of data-mined hypotheti-
cal crystal structures to determine their stability and
model their electronic properties. The face centered
cubic, face centered orthorhombic, simple orthorhom-
bic and base centered monoclinic phases were studied
in detail. The stability analysis reveals that the sim-
ple orthorhombic is the favored phase, with space group
Pnma, therefore Na2MoSe4 is isostructural to Cs2WS4

and (CH3NH3)2MoS4. Additionally, the electronic band
structure depicts semiconducting behaviour for three
candidates, while the cubic phase is semi-metallic. The
band structure of orthorhombic Na2MoSe4 is modeled
at the meta-GGA level of theory with the Trahn-Blaha
modified Becke-Johnson exchange potential, yielding a
direct fundamental bandgap of 0.53 eV at Γ. Thus,
this bandgap makes Na2MoSe4 suitable for applications
in infrared optoelectronics and high speed electronics.
Our analysis indicates that the qualitative physics of
Na2MoSe4 may be transferable to oP chemical analogs,
and raises questions regarding the interplay between the
composition, energetics and band structure of similar
compounds. We hope our work will serve as a first step
towards the understanding of the alkali-ion transition
metal chalcogenides family as well as the hybrid organic-
inorganic transition metal chalcogenide semiconductors.
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[47] B. R. Srinivasan, C. Näther, and W. Bensch, Bis(methyl-
ammonium) tetrasulfidotungstate(VI), Acta Crystallo-
graphica Section E 64, m296 (2008).

[48] W. Setyawanand S. Curtarolo, High-throughput elec-
tronic band structure calculations: Challenges and tools,
Computational Materials Science 49, 299 (2010).

[49] Y. Hinuma, G. Pizzi, Y. Kumagai, F. Oba, and I. Tanaka,
Band structure diagram paths based on crystallography,
Computational Materials Science 128, 140 (2017).

[50] R. G. Burns, Mineralogical Applications of Crystal Field
Theory, Second Edition (Cambridge University Press,
2005) pp. 22–30.

[51] A. K., S. J. H. Montoya, J. M. Gregoire, and K. A. Pers-
son, Robust and synthesizable photocatalysts for co2 re-
duction: a data-driven materials discovery, Nature Com-
munications 443, 1 (2019).

[52] J. A. Camargo-Mart́ınezand R. Baquero, Performance of
the modified becke-johnson potential for semiconductors,
Phys. Rev. B 86, 195106 (2012).

[53] D. J. Singh, Electronic structure calculations with the
tran-blaha modified becke-johnson density functional,
Phys. Rev. B 82, 205102 (2010).

[54] H. Jiang, Band gaps from the tran-blaha modified
becke-johnson approach: A systematic investigation,
The Journal of Chemical Physics 138, 134115 (2013),
https://doi.org/10.1063/1.4798706.

[55] W. Feng, D. Xiao, Y. Zhang, and Y. Yao, Half-heusler
topological insulators: A first-principles study with the
tran-blaha modified becke-johnson density functional,
Physical Review B 82, 235121 (2010).

[56] H. Dixit, R. Saniz, S. Cottenier, D. Lamoen, and B. Par-
toens, Electronic structure of transparent oxides with the
tran–blaha modified becke–johnson potential, Journal of
Physics: Condensed Matter 24, 205503 (2012).

[57] D. Waroquiers, A. Lherbier, A. Miglio, M. Stankovski,
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[59] B. Traoré, G. Bouder, W. Lafargue-Dit-Hauret, X. Roc-
quefelte, C. Katan, F. Tran, and M. Kepenekian, Ef-
ficient and accurate calculation of band gaps of halide
perovskites with the tran-blaha modified becke-johnson
potential, Physical Review B 99, 035139 (2019).

[60] F. Tranand P. Blaha, Importance of the kinetic en-
ergy density for band gap calculations in solids with
density functional theory, The Journal of Physical
Chemistry A 121, 3318 (2017), pMID: 28402113,
https://doi.org/10.1021/acs.jpca.7b02882.

[61] F. Tran, J. Doumont, L. Kalantari, A. Huran, M. L.
Marques, and P. Blaha, Semilocal exchange-correlation
potentials for solid-state calculations: Current status and
future directions, Journal of Applied Physics 126, 110902
(2019), https://doi.org/10.1063/1.5118863.

https://doi.org/10.1002/jcc.21750
https://doi.org/10.1002/jcc.21750
https://doi.org/https://doi.org/10.1016/j.commatsci.2014.07.043
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevLett.102.226401
https://doi.org/10.1063/1.5143061
https://doi.org/10.1063/1.5143061
https://arxiv.org/abs/https://doi.org/10.1063/1.5143061
https://doi.org/10.1021/jacs.8b08038
https://doi.org/10.1021/jacs.8b08038
https://arxiv.org/abs/https://doi.org/10.1021/jacs.8b08038
https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2011091192
https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2011091192
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&p=1&u=/netahtml/PTO/srchnum.html&r=1&f=G&l=50&d=PALL&s1=8956585.PN.
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&p=1&u=/netahtml/PTO/srchnum.html&r=1&f=G&l=50&d=PALL&s1=8956585.PN.
https://doi.org/10.1038/nmat1691
https://doi.org/10.1021/cm100795d
https://arxiv.org/abs/https://doi.org/10.1021/cm100795d
https://doi.org/https://doi.org/10.1524/zkri.1995.210.10.775
https://doi.org/https://doi.org/10.1524/zkri.1995.210.10.775
https://doi.org/https://doi.org/10.1107/S0108270199008549
https://doi.org/https://doi.org/10.1107/S0108270199008549
https://doi.org/https://doi.org/10.1524/ncrs.2001.216.14.518
https://doi.org/https://doi.org/10.1524/ncrs.2001.216.14.518
https://doi.org/https://doi.org/10.1524/ncrs.2001.216.14.518
https://doi.org/https://doi.org/10.1107/S0108270196013765
https://doi.org/https://doi.org/10.1107/S0108270196013765
https://doi.org/https://doi.org/10.1002/zaac.19744030305
https://doi.org/https://doi.org/10.1002/zaac.19744030305
https://doi.org/10.1107/S1600536806022410
https://doi.org/10.1107/S1600536806022410
https://doi.org/10.1107/S1600536807067682
https://doi.org/10.1107/S1600536807067682
https://doi.org/https://doi.org/10.1016/j.commatsci.2010.05.010
https://doi.org/https://doi.org/10.1016/j.commatsci.2016.10.015
https://doi.org/https://doi.org/10.1038/s41467-019-08356-1
https://doi.org/https://doi.org/10.1038/s41467-019-08356-1
https://doi.org/10.1103/PhysRevB.86.195106
https://doi.org/10.1103/PhysRevB.82.205102
https://doi.org/10.1063/1.4798706
https://arxiv.org/abs/https://doi.org/10.1063/1.4798706
https://doi.org/10.1103/PhysRevB.82.235121
https://doi.org/https://doi.org/10.1088/0953-8984/24/20/205503
https://doi.org/https://doi.org/10.1088/0953-8984/24/20/205503
https://doi.org/10.1103/PhysRevB.87.075121
https://doi.org/10.1021/jp5050145
https://doi.org/10.1021/jp5050145
https://doi.org/10.1103/PhysRevB.99.035139
https://doi.org/10.1021/acs.jpca.7b02882
https://doi.org/10.1021/acs.jpca.7b02882
https://arxiv.org/abs/https://doi.org/10.1021/acs.jpca.7b02882
https://doi.org/10.1063/1.5118863
https://doi.org/10.1063/1.5118863
https://arxiv.org/abs/https://doi.org/10.1063/1.5118863

	Modeling the ternary chalcogenide Na2MoSe4 from first-principles
	Abstract
	Introduction
	 Methods
	Crystal Structure Prediction
	Density Functional Theory Computations

	Results
	 Candidate structures
	 Structure and symmetry of orthorhombic sodium molybdenum selenide
	 Electronic structure

	 Conclusions
	Acknowledgments
	References


