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Abstract: The structural, optoelectronic, magnetic, and thermoelectric properties of CsYO2 
(Y = Li, Na and K) full-Heusler alloys have been investigated using density functional 
theory (DFT). All three alloys were found to be stable in the ferromagnetic state with the 
AlCu2Mn-type structure. The band structure plots showed a gap in the spin-up channel, 
whereas the spin-down channel exhibited an overlap between the Fermi level and the 
valence band, indicating half-metallic behavior. The PDOS revealed that oxygen is the 
primary contributor to the total magnetic moment, which was found to have an integer 
value. The compounds obey the Slater-Pauling rule, expressed as Mt = Z – 12, where Z 
represents the number of valence electrons (Z = 14), resulting in a total magnetic moment 
of 2.0 µB for CsLiO2, CsNaO2, and CsKO2 compounds. The optical and thermoelectric 
properties were also investigated and analyzed. 
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1. Introduction 
The field of electronics has experienced 

significant advances over the past few decades, 
particularly in data storage and transfer 
technologies. In this field, spintronics has 
emerged as an efficient technology. Due to their 
special properties, half-metallic materials are 
heavily exploited in spintronics (spin injection, 
giant magnetoresistance GMR, magnetic tunnel 
junction TMR, etc.) [1-4]. With 100% of spin 
polarizability, half-metallic ferromagnets must 
exhibit a gap in one spin orientation and metallic 
conduction in the other [4, 5]. De Groot et al. [6] 
reported the first study on the half-metallic 
ferromagnet NiMnSb. Numerous half-metal 
materials with Heusler structures have been 
explored through both theoretical and 
experimental approaches since the discovery of 
Heusler alloys by Friedrich Heusler [7, 8]. 

Heusler alloys are among the favorable 
intermetallic alloys [9]. The high Curie 
temperature (Tc) and 100% spin polarizability of 
Heusler alloys, whether they are full-Heusler 
X2YZ or half-Heusler XYZ (where Z is typically 
a semiconductor or a sp element) make them 
strong candidates for spintronic applications.  

Thus far, the majority of research on half-
metallic Heusler alloys has focused on 3d 
transition-metal elements (for example, V, Cr, 
Mn, etc.) [10-21], with comparatively fewer 
studies examining 4d transition metal elements 
(like Zr-base alloys, Etc...). [22], and even fewer 
papers involving 5d transition-metal elements 
(such as V2ReZ) were published [23]. Recent 
research has focused on developing new half-
metals, or so-called sp or d0 half-metallic 
materials, such as CsBaX2 (X = C, N, and O) [5], 
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RbSrX2 (X = C, N, and O), KCaX2 (X = C, N, 
and O), and RbSrZ (Z = C, Si, and Ge) [24, 25]. 
These compounds do not contain transition metal 
elements.  

In this context, we decided to examine the 
full-Heusler alloys CsLiO2, CsNaO2 and CsKO2, 
excluding the use of transition metal elements 
(d0 half metallic alloys), and compare the results 
with other theoretical studies. We hope this work 
motivates other researchers in the future to 
continue research in this field.  

2. Calculation Method 
The investigation of CsYO2 (Y = Li, Na et K) 

alloys was performed using the full-potential 
linearized augmented plane wave (FP-LAPW) 
method  implemented in the WIEN2k code [26]. 
The exchange–correlation potential was treated 
using the generalized gradient approximation 
(GGA-PBE) [27]. The parameter RmtKmax was set 
to 8.5, where Rmt indicates the smallest radius 
of the muffin-tin spheres, and Kmax refers to the 
cutoff for the wave function basis set. The Rmt 
values were automatically determined. The 
wave-function expansion inside the spheres was 
carried out up to lmax = 12, while the charge 
density was expanded in Fourier series up to 

Gmax = 14 (a.u). The selected cut-off energy 
was − 6 (Ry). The k-points used in the 
irreducible Brillouin zone (BZ) were 3000.  For 
the dielectric-function calculations, a dense k-
point mesh of 10,000 k-points in the Brillouin 
zone (BZ) was used to achieve satisfactory 
convergence and improved precision at high-
symmetry points.  

3. Results and Discussion  
3.1. Structural Stability 

It is widely recognized that full-Heusler 
compounds possess a 2:1:1 stoichiometric ratio 
and crystallize in two possible structures, 
AlCu2Mn-type (L21) structure with space group 
Fm3̅m (No. 225), and Cu2HgTi-type structure 
with space group F4̅3m (No. 216). The atomic 
occupancies for the AlCu2Mn-type are as 
follows: 4a (0,0,0), 4b (0.5,0.5,0.5), 8c 
(0.25,0.25,0.25), for Cs, Y, and O, respectively, 
while for the Cu2HgTi-type structure, Cs 
occupies the 4d (0.75,0.75,0.75), Y is 4b 
(0.5,0.5,0.5), O is 4a (0,0,0), and 4c 
(0.25,0.25,0.25). Figure 1 illustrates the atomic 
occupancies of CsNaO2 in both structural 
configurations.

 
FIG. 1. Crystal structures of CsNaO2 in the AlCu2Mn-type and Cu2HgTi-type Heusler phases. 

The total energies as a function of unit-cell 
volume for the AlCu2Mn-type and Cu2HgTi-
type structures in both ferromagnetic (FM) and 
paramagnetic (PM) states were calculated and 
fitted to the Birch-Murnaghan equation of state 
[28] to determine the ground-state structure and 
evaluate the structural parameters of CsLiO2, 
CsNaO2, and CsKO2 compounds. The calculated 
total-energy curves are shown in Fig. 2. 
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In Eq. (1), ଴ܸ, ܧ଴ and ܤ଴ represent the 
equilibrium unit-cell volume, total energy, and 
bulk modulus, respectively. The term ܧ(ܸ) 
denoted the total energy per unit cell as a 
function of volume, while ܤ଴ denotes the 
pressure derivative of the bulk modulus.  
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FIG. 2. Calculated total-energy curves versus unit-cell volume for CsLiO2 (a), CsNaO2 (b), and CsKO2 (c) 

Heusler alloys. 
 

The alloy energies were calculated in the 
ferromagnetic and paramagnetic states within 
two structural types (AlCu2Mn-type and 
Cu2HgTi-type). It was found from Fig. 2 that the 
ferromagnetic state is more stable than the 
paramagnetic state for both structures. Moreover, 
the alloys exhibited greater stability in the 
ferromagnetic state within the Cu2MnAl-type 
structure compared to the same state within the 
Hg2CuTi-type. Therefore, AlCu2Mn-type phase 
was considered the stable ground-state structure 

for the subsequent property calculations of all 
compounds.  

Table 1 summarizes the structural parameters 
of the stable ground-state configurations of 
CsLiO2, CsNaO2, and CsKO2 alloys, obtained by 
minimizing the total energy as a function of 
volume, using the Murnaghan equation of state. 
Due to the absence of available theoretical and 
experimental data, comparisons with related 
theoretical studies were used to validate the 
obtained results. 
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TABLE 1. Calculated structural parameters, including the equilibrium lattice constant a (Å), bulk 
modulus B (GPa), pressure derivative of the bulk modulus B′, cohesive energy Ec (Ry), and 
formation energy Ef (Ry). 

Compound Structure a B B’ Ec Ef 
CsLiO2 
CsNaO2  
CsKO2 
CsCaO2[40] 
CsBaO2[40] 

AlCu2Mn 
AlCu2Mn 
AlCu2Mn 
AlCu2Mn 
AlCu2Mn 

6.62 
6.8 
7.1 
6.6 
7.0 

25.78 
25.43 
22.34 

-- 
-- 

4.01 
4.59 
4.68 

-- 
-- 

-3.45 
-1.01 
-1.02 

-- 
-- 

-1.67 
-0.51 
-0.55 

-- 
-- 

 

The cohesive energy Ec evaluates the strength of 
the forces binding atoms together in the solid 
phase. 

௖ܧ
஼௦௒ைమ = ௧௢௧ܧ

஼௦௒ைమ − ஼௦ܧ) + ௒ܧ +  ை)          (2)ܧ2

௖ܧ
஼௦௒ைమ

 represents the equilibrium total energy 
of the CsYO2 compounds, and ܧ஼௦ , ,௒ܧ ைܧ   
denote the total energies of the isolated atoms. 

The calculated Ec values are -3.45, -1.01, and 
-1.02 (Ry) for CsLiO2, CsNaO2, and CsKO2 
compounds, respectively, confirming the 
structural stability of the alloys. 

The formation energy Ef is defined as the 
difference between the total energy of the 
compound and the total energies of its 
constituent elements in their bulk phases. 

௙ܧ
஼௦௒ைమ = ௧௢௧ܧ

஼௦௒ைమ − ൫ܧ஼௦
௕௨௟௞ + ௒ܧ
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௕௨௟௞൯   
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where ܧ௙
஼௦௒ைమ

 is the equilibrium total energy of 
CsYO2 compounds and ܧ஼௦

௕௨௟௞ , ௒ܧ
௕௨௟௞ , ைܧ

௕௨௟௞ 

represent the total energies of the constituent 
atoms in their bulk phases. 

The calculated Ef values are -1.67, -0.51, and 
-0.55 (Ry) for CsLiO2, CsNaO2, and CsKO2 
compounds, respectively, indicating that the 
studied alloys are thermodynamically stable 
against decomposition. The negative values of 
the cohesive energy (Ec) and formation energy 
(Ef), summarized in Table 1, suggest that 
CsLiO2, CsNaO2, and CsKO2 compounds may be 
synthesized experimentally. 

3.2. Electronic and Optical Properties 

In order to investigate the electronic behavior, 
half-metallicity, and spin polarization of CsLiO2, 
CsNaO2, and CsKO2 compounds, the band 
structure (BS) and density of states (DOS) were 
calculated. The band structure of all compounds 
for both spin-up and spin-down channels, 
calculated at the equilibrium lattice constant and 
along the high-symmetry points of the first 
Brillouin zone, are shown in Fig. 3.  
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FIG. 3. The spin-up and spin-down band structures of CsLiO2 (a), CsNaO2 (b) and CsKO2 (c) Heusler alloys. 

It can be observed from the band structures 
that a gap exists around the Fermi level in the 
majority-spin channel, while an intersection is 
observed between the valence band and the 
Fermi level. The combined behavior of the two 
spin channels together confirms the presence of 
half-metallic behavior in our alloys. 
Furthermore, the spin polarization of our 
compounds reaches 100% at the Fermi level 
according to the spin polarizability expression 

݌ =
௡↑൫ா೑൯ି௡↓൫ா೑൯
௡↑൫ா೑൯ା௡↓൫ா೑൯ × 100 where ݊ ↑ ൫ܧ௙൯ and 

݊ ↓ ൫ܧ௙൯ are the spin-dependent densities of 
states around the fermi level [29], and this is also 
strong evidence for the half-metallic character. It 
can also be observed from the band structure of 
CsLiO2 and CsNaO2 indirect band gaps equal to 
5.07 eV and 4.9 eV, respectively, whereas for 

CsKO2 the band gap is direct and has a value of 
5.7 eV. In addition, the band-gap energy is 
defined as the difference between the minimum 
energy level of the conduction band and the 
maximum energy level of the valence band. 
Moreover, the half metallic gap EHMg is the 
difference between the highest energy of the 
valence band in the semiconducting channel and 
the fermi level. The half metallic gaps are 1.08, 
1.17 and 1.15, for CsLiO2, CsNaO2 and CsKO2 
respectively. The Ebg and EHMg values are listed 
in Table 2. The data of our half-metallic 
compounds are considerably larger than those of 
half-metallic Heusler alloys composed of 
transition metals, which means a stronger 
resistance to the destruction of half-metallicity 
destruction under pressure or temperature 
variations.  
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TABLE 2. Calculated total magnetic moments (Mtot), and atomic magnetic moments (Ma) per formula 
unit, size of the band gap (Ebg), and the half-metallic gap (EHM).  

Compound Ebg (eV) EHM (eV) MCs (µB) MY (µB) MO (µB) Mtot (µB) 
CsLiO2 
CsNaO2 
CsKO2 
N2BaCs[41] 
N2BaRb[41] 

5.07 
4.9 
5.7 
4.6 

5.44 

1.08 
1.17 
1.15 
2.33 
2.39 

0.084 
0.052 
0.024 

-- 
-- 

-0.005 
-0.011 
-0.004 

-- 
-- 

0.909 
0.988 
0.995 

-- 
-- 

2 
2 
2 
-- 
-- 

 

To provide a deeper explanation of the 
electronic properties, we present the total density 
of states (TDOS) and partial density of states 
(PDOS) of all compounds in Fig. 4.  

According to Fig. 4, the TDOS of the 
compounds exhibits a clear gap in the spin-up 
channel with 100% spin polarization at the Fermi 
level, which confirms the half-metallic behavior 
comportment of CsLiO2, CsNaO2 and CsKO2 
compounds. The partial densities of states 

around the Fermi level of all our alloys are 
mainly dominated by O-p states in both 
directions. In the energy range between -8 and -6 
eV, there is an evident contribution due to Cs-p 
states for all compounds. The energy interval 
from 5 to 10 eV shows almost identical DOS for 
both spin directions for CsLiO2, CsNaO2 and 
CsKO2 compounds originating from the Cs, Li, 
Na, K, and O atoms.  

 



Investigation of Magnetic and Thermoelectric Properties of New d0 Full-Heusler Alloys 

 151

 

 
FIG. 4. The total and partial densities of states of CsLiO2 (a), CsNaO2 (b) and CsKO2 (c) Heusler compounds. 

The complex dielectric functions of the 
compounds under study and their corresponding 
derivatives for both spin channels are also 
computed to provide further information on the 
electronic structure. For the optical spectra, 

10000 k-points were used to compute the 
dielectric functions in the Brillouin zone.  

The calculated imaginary (ε2) and real (ε1) 
parts of the optical dielectric function imaginary 
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are displayed in Fig. 5 as functions of photon 
energy values, which range from 0.0 to 14.0 eV. 
The imaginary part demonstrates that, in the 
spin-up state, CsLiO2, CsNaO2 and CsKO2 
compounds have an optical gap. These findings 
support what we had previously discovered 
about the half-metallic nature in the spin-down 
channel and semiconducting character in the 
spin-up channel. The spin-down state also 
exhibits a significant increase at low energies, 
due to indirect intraband excitations. This result 
is consistent with the HMF gap in the spin-up 
band structure and agrees with our earlier 
findings. 

3.3. Magnetic Properties  

The effect of pressure on magnetic moments 
is a well-studied phenomenon in materials 
science, particularly for ferromagnetic and 
antiferromagnetic materials. As pressure is 
applied to an alloy (often by changing the lattice 
parameter), the magnetic properties of the 
material can be significantly influenced. This is 
because pressure changes the interatomic 
distances, which can affect the electronic 
structure and interactions between magnetic 
moments. Therefore, we have estimated the total 
and atomic magnetic moments as function of the 
lattice parameter. According to Table 2 the 

principal contributor to the Mtot for all alloys is 
the O atoms, while the other atoms may be 
considered negligible contributors due to the 
negative values that approach zero, indicating 
that our compounds are ferromagnetic half 
metals. It was also found that the total magnetic 
moments are integer values and equal to 2 (µB) 
for all compounds, satisfying the Slater Pauling 
rule [30] but different from the conventional 
form; Mtot = Z – 24 (where Mt is the total 
magnetic moment per unit cell and Z is the 
number of valence electrons). In our case the 
number of valence electrons for all compounds is 
Z = 14, with electronic configurations as 
follows: Cs: 6s1, Li:2s2, Na: 3s1, K: 4s1, O: 2s2 

2p4. Thus, the Slater-Pauling rule satisfied by 
CsLiO2, CsNaO2 and CsKO2 can be expressed as: 
Mt = Z – 12.  

More specifically, four valence electrons 
occupy the O-2s states at the lowest energy 
levels, resulting in six of the remaining ten 
valence electrons occupying the majority spin p 
states of O, which results in six fully occupied 
majority-spin bands. Furthermore, the remaining 
four valence electrons partially occupy the six 
lowest minority-spin bands, leaving two holes, 
which are responsible for the total magnetic 
moment of 2µB in the three compounds.  
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FIG. 5. The real and the imaginary dielectric function parts for CsNaO2, CsKO2, and CsLiO2 Heusler alloys. 

 
Fig. 6 illustrates the contributions of the 

atoms in the three alloys to the atomic and total 
magnetic moment (Mtot) originates from the 
atomic magnetic moments of the oxygen atoms, 
as mentioned previously, reaching 1µB at the 
equilibrium lattice parameter.  

Regarding the other elements (Li, Na, K), 
slight increases and decreases can be observed; 
however, their values remain very small, 
allowing them to be considered negligible 
contributors. 

 
FIG. 6. The total and atomic magnetic moments as functions of the lattice parameter. 
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3.4. Thermoelectric Properties  

To further highlight the potential of our half-
metallic compounds, we employed the 
BoltzTraP package integrated into the WIEN2k 
code to calculate several thermoelectric 
parameters. The BoltzTraP package [31] is 
widely recognized for its implementation of the 
Boltzmann transport equation across multiple 
fields, including superconductors [32], 
intermetallic phases [33], and particularly 
thermoelectric research [34-37].  

The transport properties of the CsYO2 
compounds (Y = Na, Li, K) at different 
temperatures, as functions of chemical potential, 
are presented in Fig. 7. Figure 7 shows that the 
electrical conductivity approaches zero around 
the Fermi level, which is characteristic behavior 
of semiconductors. Due to intrinsic excitations in 
half-metals, the electrical conductivity increases 
significantly with increasing temperature. For 
positive chemical potentials, the electrical 

conductivity per unit time (s/t) is nearly identical 
to that obtained for negative chemical potentials, 
suggesting that the conductivities of n-type and 
p-type materials are nearly equivalent.  

As shown in Fig. 7, the power factor (PF) 
increases with increasing temperature, and the 
highest PF values for all studied compounds 
occur in the p-type region. Furthermore, the 
maximum PF at positive chemical potentials is 
greater than that at negative chemical potentials, 
indicating that the p-type compounds exhibit 
better thermoelectric performance than the n-
type compounds in CsYO2.  

The dimensionless figure of merit (ZT) is an 
important parameter for evaluating the efficiency 
of thermoelectric materials. The thermoelectric 
performance can be estimated using the 
following expression: 

Zt = σS2T/κ.  
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FIG. 7. The thermoelectric parameters; DOS, Seebeck coefficient, electrical conductivity, and figure of merit. 

It is well established that materials with ZT ≈ 
1 are considered promising candidates for 
thermoelectric applications [38, 39]. Figure 7 
shows the variation of ZT as a function of the 
chemical potential for CsYO2, exhibiting 
approximately similar behavior for the three 
studied compounds. For all compounds, ZT is 
very close to unity at room temperature. 
However, it decreases sharply and reaches a 
minimum value of zero within the chemical-
potential range of -0.25, +0.25 eV for CsNaO2, 
CsKO2, and CsLiO2. 

The DOS curves indicate that the half-
metallic character is preserved up to 800 K°, 
providing additional evidence supporting the 
classification of these compounds as half-metals. 

4. Conclusion 
First-principles calculations were performed 

to design new d0 full-Heusler compounds, 
CsYO2 (Y = Li, Na, and K), using the full-
potential linearized augmented plane wave 
(FPLAPW) method based on density functional 
theory, as implemented in the WIEN2k code. 
The study reveals that CsLiO2, CsNaO2, and 
CsKO2 compounds are energetically favorable in 
the ferromagnetic state within the AlCu2Mn-
structure. The band structures, the density-of-
states calculations, showing 100% spin 

polarization around the Fermi level, clearly 
demonstrate the half-metallic character of all 
compounds. This behavior is further confirmed 
by the integer magnetic moments equal to 2µB, 
as well as by the optical gap observed in the 
imaginary part (ε2) of the dielectric function.  

The main contribution to the total magnetic 
moment originates from the oxygen atoms. Since 
the negative atomic magnetic moments of Li, 
Na, and K are very small compared with the 
positive magnetic moment of oxygen, the 
compounds can be classified as half-metallic 
ferromagnets.  

Furthermore, the thermoelectric figure of 
merit (ZT) approaches unity, indicating 
remarkable thermoelectric efficiency.    
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