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Abstract. In this study, an analysis of the effect of Na substitution on the electronic, structural and thermoelectric (TE)
properties of the Li2CuAs material is presented. The study is performed by employing the full-potential linearized
augmented plane wave plus local orbital method designed within the density functional theory. To carry out the calculations related to the band structure, generalized gradient approximation by Wu-Cohen (WC-GGA) in combination with
Trans Blaha-modified Becke-Johanson mBJ (TB-mBJ) potential is employed. Our results at the level of the WC-GGA
approach show that there is no bandgap, whereas, at the level of the TB-mBJ approximation, the material displays
bandgap with Na substitution, which is found to be further increased with the increasing Na concentration. To understand
the role of different electronic states on the bandgap structure, the total and partial densities of states are also analysed.
Furthermore, the temperature effect on the Seebeck coefficient, electronic thermal conductivity, electrical conductivity,
power factor and figure of merit are computed. Our obtained results of the TE properties of Li2CuAs at different Na
compositions suggest that this compound is a potential candidate for thermoelectricity.
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Introduction

Nowadays, the search for new materials for energy
conversion applications has become one of the major subjects for many research groups. The thermoelectric (TE)
materials, which are considered to be able to transform
thermal energy into electrical energy as well as provide
an alternative approach for refrigeration and power generation, have attracted considerable attention since the
discovery of the well-known TE material (Bi2Te3) in
1960 [1]. From that time to now, many other interesting
TE materials have been discovered such as clathrates [2]
and skutterudites [3,4]. The main reason for such interesting TE properties is the rattling motion of their loosely

bonded atoms (shaped in a big cage), which strongly
affects their lattice vibration and phonon thermal conductivity. It has also been discovered that the zintl phase
[5,6] compounds with large unit cells including Yb14MnSb11, Yb11GaSb9, Ca11GaSb9 and SrZnSb2 inherently
demonstrate lower thermal conductivity because of the
presence of a large amount of slow speed optical phonon
modes [7]. Besides, selenium and selenide-based materials
have recently attracted much attention because of their
abundant availability, lower toxicity, low cost, etc. [8].
Other materials such as Cu-based chalcopyrite compounds
(CuGaTe2, CuInTe2, CuAlSe2 and CuAlTe2) have also
shown interesting TE properties at high temperatures
[9–11].
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Table 1. Calculated lattice parameters a, c, and c/a (Å), bulk modulus B (GPa), its pressure derivative B0 , formation energy Ef (eV) and
bandgap energy (eV) for Li2Cu1–xAsNax alloys.

0 This work

Exp. [21]
0.125
0.25
0.375
0.5

GGA-PBE
GGA-PBESOL
LDA

a

c

c/a

B

B’

Ef

4.211
4.15
4.14
4.185
4.258
4.335
4.408
4.486

7.673
8.02
8.08
7.923
7.923
7.874
7.856
7.829

1.874
1.93
1.95
1.893
1.860
1.816
1.782
1.745

55.43
61.08
69.03

4.33
4.54
4.74

—

51.57
46.83
42.45
39.03

4.20
4.23
4.53
4.51

–1.08
–2.5
–3.86
–5.23

The TE performance of a material is essentially characterized by a factor symbolized by the figure-of-merit,
2
zT ¼ S jrT , where S, r and j denote the Seebeck coefficient,
electrical and thermal conductivities, respectively. Hence
the major target is the improvement of the zT factor, which
can be improved in several ways such as application of
converging electronic band valleys [12,13], creating point
defects through alloying or adding impurities [14–16],
building hetero-structured superlattice thin films [17],
nanostructuring [18,19], and with the inclusion of electron
filtering [20]. However, searching for materials with low jvalue, the high values of S and r are a very big challenge for
researchers in the recent past. It is because of the reason that
the dependence of S is inversely proportional to the concentration of charge carriers. Hence, for the materials, if the
Seebeck coefficient decreases, the electrical conductivity is
increased with increasing carriers concentration. Likewise,
such an increase in electrical conductivity results in
increasing thermal conductivity, which shows an adverse
effect on the improvement of the zT factor.
Li2CuAs compound has a hexagonal (P63/MMC) type
crystal structure. There are a lot of compounds such as
Li2CuP, Li2ZnSi, Li2ZnGe, Na2MgSn, K2NaAs, Mg2SiPt
crystallized in this structure [21]. In the recent past, among
these compounds, including Li2CuAs, Li2CuP and Li2ZnGe

Figure 1.

Calculated phonon dispersion curves of Li2CuAs.

Eg(GGA) Eg(GGA?TB-mBJ)
0
0
0

0
0
0

0
0
0.095
0.374

0.159
0.537
0.698
1.09

have shown interesting properties that make them promising candidates for lithium-ion batteries [22,23].
Li2CuAs compound is reported as a potential material for
the electrodes of the lithium-ion battery. To expose its
further potential, we present our investigations on the Li2CuAs crystalline material (a correlated electron system)
concerning its electronic as well as electrical conductivity.
The motivation behind the study is further increased
because sodium substitution affects the electronic properties
and improves the TE character of the semiconductors
[24,25] and metallic materials [16]. Therefore, we also
extend our investigations concerning the effect of the Nasubstitution on the electronic and TE properties of Li2CuAs.

2.

Computational details

The first-principles computations were carried out with the
help of all-electron full-potential modelling methodology,
full-potential linearized augmented plane wave plus local
orbital framed within density functional theory, and executed
in the WIEN2k code [26–28]. As a first step, we model the
structure and employed diverse exchange-correlation functionals such as WC-GGA [29], GGA-PBESOL [30] and LDA
[31] to get optimized results for lattice parameters. To obtain
more precise results of the electronic and optical properties,
the TB-mBJ approach of potential [32] was applied, as this
approach of potential functional was considered to be more
accurate than the standard GGA/LDA approaches for reproducing bandgap results closer to the experiments [33,34]. For
self-consistent calculations, a mesh of 1000 k-points was used
in the reciprocal space for the special Brillouin zone (BZ),
where the Rmt 9 kmax = 8 was used. Our calculations convergence criteria were attained up to the level of the atomic
forces 10–5 Ryd/Bohr and charge 0.0001 |e|, respectively. To
analyse the effect of Na substitution on the structural, electronic and TE parameters of Li2CuAs, a host supercell cell
(29292) of Li2CuAs was simulated and then Na atoms were
substituted at the Cu site to obtain a general formula for the
series of structures for different concentrations, such as Li2Cu1–xAsNax, where x = 0, 0.125, 0.25, 0.375 and 0.50. The

Bull. Mater. Sci.

(2022) 45:110

Page 3 of 10

Figure 2. Calculated band structure of pure Li2CuAs using GGA-PBE,
PBESOL and LDA (left panel) and TB-mBJ (right panel).
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1/3, z), Cu-atoms occupy the 2b(0, 0, 1/4) and As-atoms
occupy the 2a positions with coordinates (1/4, 1/4, 3/4). The
calculations for structural parameters of the considered
Li2CuAs compound have been analysed using the firstprinciples approach as given in the above section. The
computed values of the lattice constants a and c along with
the results of the bulk modulus B, pressure derivatives B0 ,
and value of the a/c ratio are presented in table 1 using
different exchange functionals (GGA-PBE, GGA-PBESOL
and LDA). Moreover, in this work, the effect of the
replacement of ‘Cu’ atoms by Na-atoms is also examined.
The results for the Na-substituted Li2CuAs compound, i.e.,
Li2Cu1–xAsNax at compositions x = 0.125, 0.25, 0.375 and
0.50 are also obtained. Similar to the results of Li2CuAs, the
calculated results for lattice parameters a and c, B, B0 and
a/c ratio for the alloys Li2Cu1–xAsNax at various compositions x are also given in table 1. There are no other theoretical or experimental results available in the literature for
comparison in our knowledge yet. Table 1 shows that the
lattice parameters increase with increasing concentration of
Na atoms; however, the lattice parameter values c increase a
little with the composition of Na atoms up to x = 0.125 and
then start decreasing slowly up to the composition of x =
0.50. The variation of bulk modulus with the composition x
shows that there is a decrease in the bulk modulus of the
examined mixed alloys Li2Cu1–xAsNax with the increasing
composition of Na atoms. Besides, to examine the stability
and formation of Li2Cu1–xAsNax alloys, the formation
energy Ef is predicted using the following relation:
Ef ðLi2 Cu1x AsNax Þ ¼ 1=N ðET ðLi2 Cu1x AsNax Þ
 ½2ELi þ ð1  xÞECu þ xENa þ EAs Þ;

ð1Þ

computed electronic structure results were used to obtain the
TE parameters. To do so, methods framed within Boltzmann’s transport theory in conjunction with the rigid-band
model and approximation of constant relaxation time for
scattering implemented in the Boltztrap code were employed
[35]. This approach has been reported extensively for the
calculations of the Seebeck coefficient for many materials
[36] concerning variation in doping level as well as temperature. Furthermore, to explore TE properties, a non-shifted
mesh with 100000 k-points was used for the first BZ.

where ET (Li2Cu1–xAsNax) is the total energy and ELi, ECu,
EAs and ENa are the energies of Li, Cu, As and Na atoms,
respectively. From table 1, one can remark that the estimated Ef is negative suggesting the chemical stability of all
Li2Cu1–xAsNax alloys.
To check the dynamic stability of the parent compound,
Li2CuAS, its phonon-dispersion curve along the high
symmetry lines in the Brillouin zone is also calculated
through a linear-response method based on density functional perturbation theory [37], as implemented in the
CASTEP code ref. [38]. As seen from the phonon-dispersion curve of Li2CuAs represented in figure 1, the dispersion branches have positive frequencies at any vector,
suggesting that Li2CuAs is dynamically stable.

3.

Results and discussion

3.2

3.1

Structural properties

Figure 3. Density of states of pure Li2CuAs using the GGA-TBmBJ approach.

The Li2CuAs compound has a hexagonal-type crystal
structure with a space group (P63/mmc) [21]. In the structure, the Li-atoms occupy the Wyckoff positions 4f (1/3,

Electronic properties

We performed calculations to obtain the electronic band
structure of the Li2CuAs compound using the WC-GGA,
GGA-PBESOL and LDA approaches and the TB-mBJ
approach for potential. The calculated results have been
plotted along with the high symmetry directions and the
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Figure 4. Calculated band structure of Li2Cu1–xAsNax alloys using GGA (black colour) and TB-mBJ (blue colour).

graphs are shown in figure 2 for the WC-GGA (left panel)
and TB-mBJ (right panel), respectively. Figure 2 shows
that the examined compound Li2CuAs is metallic. The
computed total and partial densities of states for Li2CuAs
are shown in figure 3. Figure 3 shows that the lower
energy bands, the energy bands below the Fermi energy,
are formed largely from the contributions of the p-orbitals
of As, d-orbitals of Cu and s-orbitals of Li atoms with a
small contribution from s- and d-orbitals of As and Cu
atoms. We note that there is a strong hybridization
between Cu and As states similar to metallic materials. It
is also found that the s-orbitals contribution from Li atoms
is decreased from lower energy to the Fermi energy. The
formation of the energy bands above the Fermi level is
mainly from the contributions of s-orbitals of Li atoms
with a small contribution of s-, p- and d-orbitals of the As
and Cu atoms. Furthermore, it is also found that the
contributions of s-orbitals of the Li atoms increase with
increasing band energy. Further, electronic band structures
for the mixed alloys Li2Cu1–xAsNax with the various

compositions, x such as x = 0.125, 0.250, 0.375 and 0.50
at the level of WC-GGA and TB-mBJ are also obtained
and shown in figure 4. The results based on the WC-GGA
approach shows that there is no band gap for the mixed
alloys Li2Cu1–xAsNax for concentrations x = 0.125 and
0.25, but with the further increase in the concentration of
Na atoms, i.e., x = 0.375 and 0.50, the examined alloys
show small energy bandgap, as shown in table 1. This
means that the examined mixed alloys Li2Cu1–xAsNax
behave like metal with the replacement of Cu atoms by Na
atoms up to the concentration x = 0.25 and when the
concentration is further increased up to x = 0.50, it
behaves like a semiconductor. On the other hand, the
results obtained by the TB-mBJ (figure 4) show that the
examined alloys Li2Cu1–xAsNax behave like a semiconductor for all the compositions of x, and their obtained
values of the bandgap energies are presented in table 1.
This metal to semiconductor transition is mainly due to the
difference in valence states and electronegativity between
Na (0.93) and Cu (1.90) atoms. From table 1, it can be
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Figure 6. Seebeck coefficient, electronic conductivity, electronic thermal conductivity and power factor Li2Cu1–xAsNax
alloys at different temperatures.
Table 2. Calculated effective mass of holes (mh*) and electron
(me*) for Li2Cu1–xAsNax alloys.

mh*
me*

0

0.125

0.25

0.375

0.5

0.43
0.32

0.66
0.4512

0.75
0.51

0.56
0.53

1.03
0.61

seen that the bandgap for the mixed alloys Li2Cu1–xAsNax
is increasing with increasing concentrations of Na atoms.
Using the calculated band structure we have obtained the
effective mass of holes (mh*) from the maximum valence
band and the electrons effective mass (me*) from the minimum conduction band for Li2Cu1–xAsNax alloys using the
following equation:
 2 1

2 o E

m ¼h
:
ð2Þ
o2 k
The results are summarized in table 1. From this table, it
is remarked that the electron effective mass is lower than
the hole effective mass for pure Li2CuAs, which is referred

to as the flat maximum valence band compared to the dispersive minimum conduction band. Besides, one can see
that both hole and electron effective masses increase with
the increase of Na concentration except for x = 0.375 in the
case of hole effective masses.
The total and partial densities of states profiles of Li2Cu1–
xAsNax for the composition x = 0.125, 0.25, 0.375 and 0.50
have been calculated by using the TB-mBJ approach and
corresponding plotted graphs are shown in figure 5. For the
mixed compound Li2Cu1–xAsNax (x= 0.125, 0.25, 0.375 and
0.50), the valence energy band between the energy range
–5.0 to 0.0 eV is mainly formed from the contributions of
p-orbitals of As, d-orbitals of Cu atoms, s- and p-orbitals of
Na atoms and s-orbitals of Li atoms with a small contribution from other orbitals of the constituent atoms. The
mentioned contribution of Na states above in the valence
energy band is a cause for lowering the strong hybridization
between Cu and As states with increasing Na concentration.
The conduction band appeared in the band structure energy
diagrams at energy values 0.159, 0.537, 0.698 and 1.090 eV
for the concentration of Na atoms x = 0.125, 0.25, 0.375 and
0.50, respectively. Overall the part of the conduction band
starting from Fermi level to 1.5 eV is mainly shaped from
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Figure 7. Electronic figure of the merit of Li2Cu1–xAsNax alloys at different temperatures.

the contributions of the p-orbitals of Na atoms with a small
contribution of other constituents atoms, i.e., p-orbitals of
As, d-orbitals of Cu and s-orbitals of Li atoms. Whereas the
conduction band ranging from 1.5 to 5.0 eV is formed
majorly from the contributions of s-, p- and d-orbitals of the
As and Cu atoms, s- and p-orbitals of Na and s-orbitals of
Li-atoms. It is also found that the contributions of the s- and
p-orbitals of Na atoms and s-orbitals of the Li atoms are
increasing with increasing band energy. Moreover, compared to the pure Li2CuAs compound, both Cu and Li
orbitals in the Li2Cu1–xAsNax (x = 0.125, 0.25, 0.375 and
0.50) mixed alloys are pushed up to the higher energy part
of the electronic band structure with Na substitution. Consequently, metal to semiconductor transition is seen and the
mixed alloys (Li2Cu1–xAsNax) for concentrations x = 0.125,
0.25, 0.375 and 0.50 alloys demonstrate their semiconductor
character.

3.3

TE properties

Next, we have calculated the TE properties of Li2Cu1–xNaxAs alloys by employing the ‘semi-classical Boltzmann
transport theory’. Figure 6a–m shows the variation of Seebeck coefficient, electronic thermal conductivity, time
relaxation-electrical conductivity, power factor with chemical potential at absolute temperature values of 300, 600,
and 900 K of the Li2Cu1–xAsNax mixed alloys for the
composition x = 0.125, 0.25, 0.375 and 0.50. Figure 6a, b
and c represents that the maximum peak value of the Seebeck coefficient (S) of the Li2Cu1–xAsNax increases with the
increasing composition of Na atoms and hence it attains a
maximum positive value at the composition x = 0.50. This
higher value for x = 0.50 is due to the large hole effective
mass compared to the other alloys (see table 2). However,
with the further increase in the chemical potential,

S suddenly drops out and becomes negative. It is also found
that the maximum positive and negative values of the
Seebeck coefficient diminish with the rise in the absolute
temperature. Figure 6a, b and c also shows that the examined mixed alloys Li2Cu1–xAsNax favours p-type character.
Figure 6e, f and d shows that there is no effect of temperature on electrical conductivity (r) concerning relaxation
time. It is also seen from figure 6e, f and d that r with
respect to relaxation time decreases with the increasing Na
content in the Li2Cu1–xAsNax alloys. It is well known that
the r is inversely proportional to the effective masses of the
charge carriers in a material. Thus, this trend is due to the
increase of electron effective mass as Na concentration
increases. Using a relaxation time, s = 1 9 10–14 s, the
electrical conductivity of Li2Cu1–xAsNax for x = 0.0, 0.125,
0.25, 0.375 and 0.50 at 300 K is estimated to be 1.93 9 105
X–1 m–1, 3.71 9 104 X–1 m–1, 2.25 9 104 (X–1 m–1), 3.23 9
104 X–1 m–1 and 1.92 9 104 X–1 m–1, respectively. These
obtained results highlight that Li2Cu1–xAsNax mixed alloys
are promising candidates for Li-ion battery applications
because, in the same range, the value of the r is observed in
other Li-ion battery materials [39].
It is well known that the thermal conductivity (je) is
related to the electrical conductivity by the WiedemannFranz relation given by je = LrT, where L denotes the
Lorenz number. Thus any decrease/increase in r results in
the decrease/increase of je. From figure 6h, i and j, it is seen
that je increases with increasing temperature; however
similar to r, the thermal conductivity decreases with the
increasing composition of Na in the examined mixed alloys,
Li2Cu1–xAsNax. This decrease is required for the TE
applications because finally, it leads to an improvement in
the zT parameter and hence in the improvement of TE
efficiency of the materials.
The power factor is considered to be an important
quantity to know the TE materials in better ways, by which
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one can understand the maximum doping level of the
examined mixed alloys. Figure 6k, l and m shows the
variation of power factor, respectively, with the chemical
potential at the absolute temperatures of 300, 600 and 900 K
for the examined mixed alloys, Li2Cu1–xAsNax (for the
composition x = 0.125, 0.25, 0.375 and 0.50). From the
figure, we see that the power factor for all the considered
compositions of the mixed alloys Li2Cu1–xAsNax increases
with the increasing concentration of Na atoms as well as
with the temperature. As it is a well-recognized fact that the
peaks for the plots of power factor are originated in three
ways, (1) by electrical conductivity (r) alone, (2) by the
Seebeck coefficient (S) alone and (3) by the joint effect of r
and S. For the present studied Li2Cu1–xAsNax mixed alloys,
it is seen that the major part of the power factor is mainly
due to the contributions of the r. It is also seen that the
Seebeck coefficient contribution is also increased with the
increasing concentration of Na atoms.
We know that the zT parameter (figure of merit) represents the efficiency of a material and is calculated using the
2
relation, zT ¼ S jrT as mentioned in Section 1. Figure 7
shows the plots of the calculated results of the electronic
figure of merit, zTe for all the considered compositions of
the examined Li2Cu1–xAsNax mixed alloys at absolute
temperatures of 300, 600 and 900 K. From figure 7, it can
be seen that the chemical potential lower than zero value
represents the p-type doping, while its value above the zero
represents the n-type doping. From figure 7, it is to be seen
that as we increase the temperature, the figure of merit
curve for the composition x = 0.375 for the examined mixed
alloys, Li2Cu1–xAsNax is shifted towards the zero chemical
potential and it forms the symmetric curve about the axis of
zero chemical potential. While the curve of the figure of
merit for the other compositions is not changed very much.

4.

Conclusions

A systematic investigation of the structural, electronic and
TE properties of pure, as well as the mixed alloys, Li2Cu1–
xAsNax, for the composition x = 0.125, 0.25, 0.375 and 0.50
were performed. This study was performed by employing
the first-principles full-potential linearized augmented plane
wave plus local orbital method framed within the density
functional theory. From the band structure calculations, we
found the Li2CuAs compound as a semimetal; however, for
all the considered compositions of Li2Cu1–xAsNax mixed
alloys, we observed a bandgap in the band structure diagrams at the level of TB-mBJ potential calculations. Such
bandgap energy was found to be increased with increasing
Na concentration. The study was also carried out on the
Seebeck coefficient, thermal conductivity, time relaxation
electrical conductivity, the electronic figure of merit, and
power factor at different temperatures. Our computed
results show that the Li2Cu1–xAsNax mixed alloys for all the
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considered compositions are a potential candidate for
lithium-ion battery applications. Furthermore, Na substitution further enhanced the TE properties of Li2CuAs highlighting their promising potential for TE power generation,
especially for the composition with x = 0.375.
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