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Abstract. In this paper, we present the results of a detailed computational study of the structural, electronic,
optical, magnetic and thermoelectric properties of the CsNiO2 and CsCuO2 Heusler alloys, by using the full
potential-linearised augmented plane wave (FP-LAPW) method. The calculated structural parameters of the title
compounds are in excellent agreement with the available theoretical data. The equilibrium ground-state properties
were calculated and it was showed that the studied compounds are energetically stable in the AlCu2 Mn phase
within the ferromagnetic state. In order to evaluate the stability of our compounds, the cohesion energies and
formation energies have been evaluated. The optoelectronic and magnetic properties revealed that these compounds
exhibit half-metallic ferromagnetic behaviour with large semiconductor and half-metallic gaps. This behaviour is
confirmed by the integer values of total magnetic moments, but these compounds do not satisfy the Slater–Pauling
rule. Furthermore, the thermoelectric parameters are computed in a large temperature range of 300–800 K to explore
the potential of these compounds for high-performance technological applications.
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1. Introduction
The electronics have undergone immense development
over the past three decades, but little attention has been
paid to incorporate magnetic materials into integrated
electronic devices. For a long time, the magnetic materials and semiconductors are developed separately where
magnetic materials are mainly used for data storage
and semiconductors are used for processing these data.
Spintronics gave birth to a new generation of materials in which magnetic and semiconductor properties
are integrated so that processing and storing information in the same elementary brick are possible. With the
rapid development of spintronics, half-metallic ferromagnetics (HMFs) have intense applications in various
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devices due to their unique electronic structures [1–4].
Indeed, spintronics have applications in all sectors of our
daily lives, based on the ferromagnetic half-metallicity
of materials. This new behaviour was discovered in 1983
by Robert De Groot et al in NiMnSb and PtMnSb compounds [5], who presented for the first time this new
class of materials (HMFs), whose orientation of spin of
the electrons attributes a classification of this type of
materials by the band structure which showed metallic behaviour in one spin direction while semiconductor
behaviour in the other direction. This particular band
structure generates 100% spin polarisation at the Fermi
level, which gives maximum efficiency of these magnetoelectronic devices [6]. Until now, many HMF materials such as Heusler alloys (Co2 MnGe and NiMnSb)
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[7–10], transition-metal oxides (CrO2 , TiO2 ) [11,12],
diluted magnetic semiconductors (Mn-doped with AlN,
CdS/ZnS) [13,14] and perovskites (LaSrMnO) [15]
have been studied both experimentally and theoretically.
Since the discovery of the ferromagnetic halfmetallicity of Heusler alloys, these alloys have become
the subject of research interest for applications in spin
electronics [16]. Heusler alloys are promising materials
for spintronic applications, because many of them generally have very high Curie temperatures [7] and therefore
offer a possibility of possessing half-metallic (HM)
character even at room temperature. In addition, they
have a crystallographic structure compatible with the
semiconductor materials used in industry and their coercive fields are very low. Until now, a majority of studies
of HM materials with a Heusler structure focussed on
compounds based on metallic 3d transition elements
[17–26]. Therefore, the presence of d shell not filled
with more than one transition metal atoms is the main
reason for the magnetic properties of these compounds.
Recently, Heusler alloys based on the half-metals containing sp element or containing 3d or 4d transition
element are studied, such as Li2 CoSb [27], CrSbSr [28],
RbCaX2 (X = C, N and O) [29], XNaCa (X = C and Si)
[30], RbSrX (X = C, Si and Ge) and quaternary Heusler
compounds: KCaCBr and KCaCI [31], RbSrX2 (X = C,
N and O) [32] and CsBaX2 (X = C, N and O) [33]. The
small magnetic moments, the weaker stray fields and
the loss of energy are the fundamental causes and the
reasons for calling these compounds half-metals.
The present work is focussed on the new Heusler
alloys CsNiO2 and CsCuO2 to study their structural,
optoelectronic and magnetic properties by using the
first-principle calculations in the framework of the DFTtheory and to compare the obtained results with other
published research. In addition to these properties, we
have also evaluated the thermoelectric properties which
show the performance of materials through the figure
of merit ZT =TS 2 σ/ κ, where S is the Seebeck coefficient, σ is the electrical conductivity, κ is the thermal
conductivity and T is the absolute temperature. The performance factors are high figure of merit, Seebeck coefficient and electrical conductivity, low thermal conductivity and the power factor PF = S 2 σ must be maximal.

2. Computational details
First-principles calculations are performed by implementing full potential-linearised augmented plane wave
(FP-LAPW) method within Wien2k code [34]. This
approach is based on the spin-polarised density function theory (DFT) [35] within the generalised gradient approximation (GGA) of Perdew–Burke–Ernzerhof
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(PBE) scheme [36] to compute exchange and correlation
potentials. To make sure that the results are correct, the
Rmt× Kmax parameter was taken to be 8.5, lmax = 12
and G max = 14. The k-points in tetra-mesh was considered 14 × 14 × 14 in the irreducible Brillouin zone
(IBZ), and the convergence energy of self-consistent
iterations was considered to be 0.00001 Ry.

3. Results and discussion
3.1 Structural properties
Heusler alloys of composition 2:1:1 are ternary compounds belonging to a family of materials which crystallise in the cubic lattice in the form of four face-centred
cubes which interpenetrate diagonally [37]. Heusler
alloys have a chemical general formula X2 YZ where X
and Y are transition metals and Z is a sp element. These
alloys belong to the phase (L21 , space group Fm3m, N ◦
225) AlCu2 Mn-type if Z (X)> Z (Y) of the same line of
the periodic table with atomic positions 4a (0, 0, 0), 4b
(1/2, 1/2, 1/2), 8c (1/4, 1/4, 1/4), occupied by X, Y, Z
respectively [38]. If Z (X) <Z (Y) they crystallise in the
structure of CuHg2 Ti-type (X-Type, space group F4̄3m,
N ◦ 216) where X occupies 4b (1/2, 1/2, 1/2) and 4d
(3/4, 3/4, 3/4) and the Y and Z atoms are located at
4c (1/4, 1/4, 1/4) and 4a (0, 0, 0) respectively [39],
the latter type of alloy is identified by inverse-Heusler
(figure 1).
To determine the structural parameters and the most
favourable structure of our alloys, we carried out calculations of the total energy according to the volume of the
elementary meshes in the two phases L21 and X-Type,
each one in both states (without and with spin-polarised
calculations) at the same time, in order to view the
paramagnetic (PM) and the ferromagnetic (FM) states
(figure 2). Structural optimisation was carried out by
minimising the total energy as a function of volume
V using the Murnaghan’s equation of state [40]. Various results obtained are grouped in table 1. Figure 2
shows that the investigated compounds are energetically
more stable in the AlCu2 Mn-type structure within the
FM state; therefore, we consider this ground-state structure for all other properties. The lattice parameter (a),
bulk modulus (B) and derivative of bulk modulus (B  )
for all compounds in their stable magnetic configuration listed in table 1 are in good agreement with recent
theoretical calculations using the GGA approximation
[41] with the Wien2k calculation code, as well as those
using the GGA approximation [42], with the CASTEP
calculation code.
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Figure 1. Heusler alloy structures of CsNiO2 and CsCuO2 I, AlCu2Mn-type and CuHg2Ti-type.

Figure 2. Total energy vs. volume cells of CsNiO2 and CsCuO2 Heusler compounds.

The chemical and thermodynamic stabilities show
that our compounds are stable in their crystalline
structures. For that, we have calculated the formation
energy E f and cohesive energy E c . The calculations
of both energies are presented in table 1. The negative
values of formation energy imply that these materials are energetically favourable and exothermic. Also,
we remark that the calculated cohesive energy values
are negative and their absolute values are considerable. This confirms that these compounds are physically stable and their chemical bond energies are
high. The negative values of both energies indicate
that these compounds can be synthesised experimentally.

3.2 Optoelectronic properties
To know the electronic behaviour and to better understand the half-metallic characters of the proposed compounds, the band structures as well as the density of
states (DOS) of CsNiO2 and CsCuO2 Heusler alloys are
calculated and illustrated in figures 3 and 4, respectively.
From figure 3, we clearly see that the band structures
have a metallic nature in one of the spin direction (spindown) because there are DOS at the Fermi level, and
these DOS are generated by an overlap between the
conduction and valence bands of this spin channel. The
other one (spin-up) presents the semiconductor nature
due to the band gaps in the vicinity of the Fermi level.
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Table 1. Calculated structural proprieties, formation and cohesive energies of
CsNiO2 and CsCuO2 Heusler compounds.
Compound

a (A)

B (GPa)

B

E c (Ry)

E f (Ry)

CsNiO2

6.34
6.35 [41]
6.38 [42]
6.45
6.44 [41]

50.56
50.87 [41]
50.62 [42]
39.63
39.89 [42]

4.92
4.83 [41]
4.75 [42]
4.85
5.04 [41]

− 1.25
− 1.26 [41]
− 0.53 [42]
− 1.46
− 1.46 [41]

− 0.37
− 0.37 [41]
− 0.31 [42]
− 0.58
− 0.58 [41]

CsCuO2

Figure 3. The spin-up and spin-down band structures of CsNiO2 and CsCuO2 Heusler compounds.
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Figure 4. The calculated total and partial DOS of CsNiO2 and CsCuO2 Heusler compounds.

Figure 5. The calculated spin-up and spin-down of the real and the imaginary dielectric function spectra for CsNiO2 and
CsCuO2 Heusler compounds.
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Table 2. Calculated total and atomic magnetic moments per formula unit, the band gap and the
half-metallic gap of CsNiO2 and CsCuO2 Heusler compounds.
Compound

E g (eV)

E HM (eV)

MCs (μB)

MY (μB)

MO (μB)

Mint (μB)

Mtot (μB)

CsNiO2

2.08
1.93 [41]
2.03 [42]
1.69
1.67 [41]

0.61
0.61 [41]
0.52 [42]
0.58
0.58 [41]

0.074
0.07 [41]
0.14 [42]
0.09
0.07 [41]

1.291
1.33 [41]
1.31 [42]
0.194
0.26 [41]

0.81
0.80 [41]
1.56 [42]
0.880
0.84 [41]

0.022
0.02 [41]

3
3 [41]
3 [42]
2
2 [41]

CsCuO2

−0.024
0.02 [41]

Figure 6. Total energy vs. volume cells of CsNiO2 and CsCuO2 Heusler alloys for ferromagnetic (FM) and antiferromagnetic
(AFM) phases.

Consequently, the two deferential natures of the band
structures for each alloy confirm the HM behaviour of
these compounds, and therefore the latter has a spin
polarisation of 100% at the Fermi level. In addition,
these compounds have semiconducting nature, having
indirect energy gaps due to the conduction band minimum and valence band maximum that are located
at different points of the Brillouin zone. Otherwise,
the half-metallicity of these compounds demonstrates
half-metallic gaps, which are defined as the difference
between the maximum value of the valence band energy
in the semiconductor sub-bands and the Fermi level. The
calculated values of the semiconductor and half-metallic
gaps are summarised in table 2. These results are in

good agreement with the recent theoretical calculations
[41,42].
In addition, to further illustrate the source of the halfmetallic character, the total and partial density of states
(TDOS, PDOS) of both compounds have also been calculated. As shown in figure 4, the DOSs of the two
compounds are mainly due to the p orbital of Cs and
O atoms in the range of −7.5 to −5.5 eV. The range
between −4 and −1 eV is mainly provided by the d
states of the Ni(Cu) atom and the p states of the O atom,
with small contributions of the p states of the Cs atom;
in which the part between −0.3 and 2 eV for spin-up
DOS does not exist which demonstrates the semiconductor nature. On the other hand, in the same region
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Figure 7. Density of states, Seebeck coefficient (S), electrical conductivity (σ/τ ), electronic thermal conductivity (κ/τ ), PF
and the figure of merit (ZT) for CsNiO2 Heusler compound.

for spin-down, there are states which cross the Fermi
level demonstrating the half-metallic nature. The DOS
located at 1–10 eV in both spins are mainly due the p
states of Cs, Cu and O.
For more details about the electronic structure, we
have also calculated the complex dielectric function for
the studied compounds and their derivatives for both
spin channels. Further details of the calculations of the
optical properties and optical relationships can be found
in ref. [43]. The calculation of the optical spectra of the
dielectric function was performed with 10000 k-points
in the Brillouin zone. Figure 5 shows the calculated
imaginary and real parts ε2 and ε1 , respectively of the
optical dielectric function as a function of the photon
energy from 0.0 to 14.0 eV. The imaginary part shows
that there exists an optical gap for CsCuO2 and CsNiO2
compounds under the spin-up state. These observations
support our previous result that the spin-up channel
shows semiconducting character, while for the spindown state there exists sharp rise at low energy, which is
due to indirect intraband excitations which also confirm
that the spin-down state exhibits metallic character. This
result supports our previous findings and is consistent
with the HMF gap in the spin-up band structure.

3.3 Magnetic properties
In the following section, we review and discuss the
detailed results of the magnetic properties. The total
and the atomic magnetic moments of the unit cells of
CsNiO2 and CsCuO2 compounds are estimated and
summarised in table 2. We have noted from this table that
the total magnetic moments (Mtot ) for all compounds
are integer values demonstrating the HM characteristics
of these materials. Again, the half-metallic characteristic is consistent with the integral value of the magnetic
moment of the unit cell. In addition, due to the magnetic
moment values, we conclude that the materials do not
obey the traditional Slater–Pauling rule [44]. According
to table 2, in the CsNiO2 compound, the main contribution of Mtot is from the Ni atom, while for CsCuO2 compound, since the dorbital of the Cu atom is filled with
nine electrons, the magnetic moment of Cu should be 1
μB according to Hund’s rule, but it has a small magnetisation. This is due to the p–d hybridisation between the
Cu and O atoms which reduces the magnetisation of Cu.
In table 2, the positive signs of the magnetic moments
indicate the ferromagnetic interaction, and therefore,
these positive values demonstrate that CsNiO2 and
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Figure 8. Density of states, Seebeck coefficient S, electrical conductivity (σ/τ ), electronic thermal conductivity (κ/τ ), PF
and the figure of merit (ZT) for CsCuO2 Heusler compound.

CsCuO2 are HMFs. The obtained results are in reasonable agreement with works reported in refs [41,42].
In order to confirm the application of materials in
the high performance technological field, it is necessary to know the Curie temperature. In the mean-field
approximation, the Curie temperature is related to the
total energy difference between ferromagnetic and antiferromagnetic phases (E FM−AFM ) according to the
following equation [45]:
Tc =

2E 0AFM−FM
,
3K B

where K B is the Boltzmann constant.
For that, the calculations are done for the ferromagnetic phase as well as for the antiferromagnetic phase
(figure 6). The results show that both compounds are
energetically more stable in the ferromagnetic phase and
the Curie temperature of our compounds are found to
be 2023.26 K and 2221.91 K for CsNiO2 and CsCuO2 ,
respectively. The values of Tc are higher than room temperatures making the investigated compounds suitable
for spintronic devices.

3.4 Thermoelectric properties
We used the BoltzTrap [46] package to calculate the
thermoelectric properties. The method uses the Fourier
expansion of the band energies where the space-group
symmetry is maintained by using star functions. This
procedure helps to calculate band structure-dependent
quantities such as thermoelectric properties. These properties give the possibility to assess transport parameters
such as the Seebeck coefficient, electrical conductivity,
thermal conductivity and the figure of merit (Z T ) as a
function of temperature (T ). This last parameter characterises the efficiency of the material, and the criterion
ZT ≥ 1 is generally retained for applications [47]. We
have investigated these parameters for both spin channels at three different temperatures as shown in figures 7
and 8. We remark that at 300 K both compounds exhibit
large S in n-type carriers with S decreases with decreasing temperature and CsNiO2 has larger S than CsCuO2
for both spin channels. This is attributed to the different valence electrons of both compounds, leading to an
inverse relationship between n and S [48]. By contrast,
increasing of S starts from −0.5 in p-type doping range.
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The investigation of the electrical conductivity (σ/ τ )
as a function of (μ − E F ) shows that for all the cases
the temperature 300 K induce the highest electrical conductivity in the p-type doping range, depicting at higher
temperature the mobility increases by reducing the electrical conductivity. The difference in values of electrical
conductivity for both compounds is due to the carrier
concentration, carrier’s type and carrier’s mobility.
Generally, the thermal conductivity κ is expressed as
κ = κe + κL [49,50] where κe is the electronic thermal
conductivity and κL is the lattice thermal conductivity (the phonon vibrations). In the BoltzTrap code, the
phonon energy is small so that the phonon–phonon and
the electron–phonon interactions can be neglected in
the calculation. The parameter (κ/ τ ) inversely affects
the thermoelectric performance of the materials. From
figures 7 and 8 it can be seen that the electronic conductivity increases with increase in temperature in both
compounds in negative range of chemical potential, the
maximum is localised in p-type region, 0.4 and 0.3 at
800 K for CsCuO2 and CsNiO2 , respectively. In n-type
region, the values of thermal conductivity are linear and
close to zero for spin-up channel and depend on chemical mobility for spin-down channel. Finally, the power
factor PF is an important quantity to examine the efficiency of the thermoelectrical materials; it links to the
figure of merit ZT. From the analysis of PF, we can see
that the PFs of both compounds increase with increasing
temperature. PF is maximum in p-type range for spinup, by contrast, is located in n-type range for spin-down.
The variation of the ZT with temperature reaches a maximum of 0.99 at 300 K for both compounds; these values
are attributed to the high Seebeck coefficient. The DOS
as a function of temperature reveals that the half metallic
behaviour is conserved up to 800 K. All these observations indicate that our investigated compounds are
HMFs and this behaviour is conserved at high temperature. Therefore, the present compounds are potential
candidates for the spintronic thermoelectric devices.

4. Conclusion
In summary, we have employed the ab-initio FP-LAPW
method as implemented in Wien2k code to study the
structural, optoelectronic, magnetic and thermoelectric properties of the CsNiO2 and CsCuO2 Heusler
compounds. We have found that our compounds are
energetically more favourable in the AlCu2 Mn-type
structure within the FM state, and we have introduced
this structure as the ground-state structure for these compounds to calculate all the other investigated properties.
We checked the thermodynamic stability by calculating the formation and cohesive energies. The study
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of the optoelectronic properties shows that these compounds are half-metallic ferromagnetic (HMF) materials with large semiconductor and half-metallic gaps.
The half-metallicity is due to the p–d hybridisation.
The estimated magnetic moments reveal that the Ni,
Cu atoms and O are the main contributors to the total
magnetic moments of these compounds. The total magnetic moments are all integers and do not satisfy the
Slater–Pauling rule. Furthermore, the calculated transport parameters categorised our compounds as good
candidates for thermoelectric applications.
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