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1. INTRODUCTION 

An interesting class of ternary compounds named as half-Heusler (HH) compounds is more attractive owing to their good 

mechanical strength, thermal stability, non-toxic nature and low cost of production. The half-Heusler compounds show 

various important properties including half metallicity, thermoelectricity, magnetism, semiconductivity and 

superconductivity [1-3]. They are generally represented by formula XYZ, where X is rare-earth or transition metal, Y is 

transition metal and Z is p-block element [1]. The HH compounds also called semi-Heusler or Nowotny-Juza compounds 

[4,5]. The semiconducting HH compounds, referred to as “closed-shell” compounds, can be divided into two classes 

depending on the number of valence electrons, valence counts (VC), which can be either 18 or 8. The HH compounds show 

good thermoelectric properties when they have 8 valence electron count (VEC) in primitive unit cell. In VC=8 compounds 

the X, Y, Z elements correspond to I, II, V or I, III, IV group elements, two examples being Na, Ca, Sb and K, Sc, Ge with 

valence counts (1, 2, 5) and (1, 3, 4), respectively. The class of compounds with eight valence electrons per formula unit is 

closely related to classical 4-fold coordinated semiconductors filled with tetrahedral structures. The I, II, V group HH 

compounds with VC=8 were investigated by first-principles electronic structure calculations in order to find suitable 

semiconductors for optoelectronics such as Cd free buffer layer materials for chalcopyrite-based thin-film solar-cell devices 

by Kieven et al. [6]. Roy et al. [7] have investigated the piezoelectric properties of NaZnAs with an MgAgAs-type structure 

and also reported this compound as a narrow-gap material. 

As an initial attempt to find out whether the I,II,V compounds with Vc=8 can be potentially good thermoelectric from their 

electronic structure point of view, we have chosen one representative compound NaMgP to explore its electronic structure 

and thermoelectric properties. We expect our theoretical studies will not only help to evaluate its potential as good 

thermoelectric but also provide some guidance to the experimentalists to synthesize and investigate the thermoelectric 

potential of VC=8 HH systems. To this end, we have investigated the structural, electronic, and thermoelectric properties of 

NaMgP using first-principles density functional method and semi-classical Boltzmann transport equation. 

The rest of the paper is organized as follows. Proposed methodology is explained in section II. Results and discussion are 

presented in section III. Concluding remarks are given in section IV. 

 

2. PROPOSED METHODOLOGY 

The plane wave pseudopotential method of density functional theory DFT [8] as implemented within the QUANTUM 

ESPRESSO code [9] has been used for structural, volume optimization and electronic structure. The generalized gradient 

approximation (GGA) scheme of Perdew, Burke and Ernzerhof (PBE) [10] for exchange and correlation effects and the norm-

conserving pseudopotential of Troullier and Martins type, generated with FHI (Fritz-Haber-Institut) [11] are used for 

describing the interaction between the valence electron, nuclei and the core electrons. Smearing of Marzari-Vanderbilt [12] is 

used to select the occupation distribution. The convergence is achieved with a kinetic energy cut-off 100 Ry. which is 

sufficient to fully converge the energy. For Brillouin zone integration, we took zone-centered 10x10x10 Monkhorst-Pack [13] 

k-points mesh. The transport coefficients are calculated from the analysis of band structures using the semi-classical 

Boltzmann theory with the constant relaxation time approximation as implemented in the BoltzTrap code [14].  
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3. RESULTS AND DISCUSSION 

NaMgP HH compound crystallizes in cubic MgAgAs-type structure with space group F-43m (No. 216) where Na, Mg and P 

atoms are located at 4b (0.5,0.5,0.5) 4a (0,0,0) and 4c (0.25,0.25,0.25) Wyckoff positions respectively. The ground state 

structural properties such as lattice constants (a0) bulk modulus (B) and pressure derivative of bulk modulus (B') of NaMgP 

HH compound are determined by calculating the total energy of system as a function of unit cell volume and fitted to Birch-

Murnaghan‟s equation of state [15]. The calculated values of a0, B, and B' are shown in Table 1 which agree well with 

previously reported theoretical results [6,16]. 
 

Table -1 Calculated ground state properties and band gap of NaMgP half-Heusler compound 
Solids a0  (Å) B 

(GPa) 

B' Eg 

(eV) 

NaMgP Pre. 6.333 45.4 4.70 1.57 

Theo. 6.369a, 6.375b 45.337a 4.021a 1.482a, 1.470b 
aRef [16], bRef [6] 

 

Fig.1 (a) shows the electronic band structures of NaMgP HH compounds along the principle symmetry directions of the 

Brillouin Zone. It can be noted from Fig. 1(a), that the NaMgP HH is a direct band gap semiconductor because both the 

valence band maxima (VBM) and conduction band minima (CBM) are located at Γ-point. The calculated value of band gap 

for NaMgP is listed in Table 1 which agree well with the previous theoretical results [6,16].
 
To show the different atomic 

contribution, we have calculated the density of states (total and partial) and correlated with electronic band structures. Fig. 

1(b) shows the total and partial density of states for NaMgP HH compound. In the band structure profile, the lowest lying 

band is due to the „s‟ state of P element with small contribution of the „s‟ state of Na and Mg elements which make strong 

peak in DOS around -8eV. Just below the Fermi level, the next group of the bands is due to the „p‟ state of P element with 

small contribution of „s‟ state of Mg element. In conduction bands region, just above the Fermi level, the bands are generated 

by the hybridization of „s‟ state of Mg and „p‟ state of P element with small contribution of „s‟ state of P element.     

 
Figure 1. (a) Electronic band structure (b) Total and partial density of states for NaMgP half-Heusler compound. 

 

NaMgP is a promising thermoelectric (TE) material. Therefore we have explored the transport properties of this compound. 

The dependence of thermoelectric coefficient such as Seebeck coefficient (S), power factor (P), electrical conductivity (σ/τ) 

and electronic thermal conductivity (ke/τ) on chemical potential (μ) and doping (hole and electron) concentration at 300K and 

600 K temperature are shown in Figs 2 (a-d) and 3 (a-d).  
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Figure 2. Variation of (a) Seebeck coefficient, (b) Power factor, (c)  Electrical conductivity and (d) Electronic thermal 

conductivity as a function of chemical potential at 300K and 600K for NaMgP. 

 

The Seebeck coefficient (S) is an important property which is related to the electronic band structure of a material and 

determines the type of dominant charge carriers present in the compound. A positive sign of S describe the p-type (holes 

concentration), while the negative sign represents the n-type (electron concentration) [17].
 
Fig. 2(a) shows the variation of 

Seebeck coefficient with chemical potential (μ=μ-EF) from -2 eV to 2 eV for temperature 300 K and 600 K and reveal that 

the presence of n/p-type charge carriers in the entire range of chemical potential. The maximum value of S is decrease with 

increasing temperature. From Fig. 3(a), it is noticed that, the negative doping level, being related with conduction bands, 

imply the n-type doping with negative Seebeck coefficient and the positive doping level, being conducted with valence 

bands, mean p-type doping with the positive Seebeck coefficient and it is clearly seen that NaMgP HH compound has larger 

Seebeck coefficient in p-type doping than n-type.  

The power factor (P) which is directly proportional to S
2 

and σ/τ has also been calculated. Fig. 2(b) illustrates the variation of 

P with chemical potential (μ=μ-EF) at 300K and 600 K. For NaMgP, the value of P is zero when the chemical potential lies 

near the halfway between the valence band and conduction band. Due to this fact both σ and S have nearly zero value. It 

increases as the chemical potential is increased which produces two peaks of power factor (P), one for p-type and others for 

n-type. The maximum value of power factor is obtained for p-type doping at 600 K. Fig. 3(b) shows the variation of Power 

factor with doping concentration. The Power factor (P=S
2
σ/τ) changes in the same trend with Seebeck coefficient and it is 

also larger for p-type doping which can be seen in Fig. 3(b). 

Fig. 2(c) shows the variation of electrical conductivity (σ/τ) as a function of chemical potential (μ=μ-EF) in the temperature 

range 300 K and 600 K. For NaMgP, the value of electrical conductivity is high for positive chemical potential as compared 

to negative one which indicates that the n-type composition has higher electrical conductivity than p-type. Fig. 2(d) shows the 

electronic thermal conductivities (κe/τ) of NaMgP as a function of chemical potential (μ=μ-EF) at 300K and 600 K. It is seen 

in Fig. 2(d) that a significant increase in κe/τ occurs with increasing the temperature. The highest value of κe/τ induced by 600 

K while the lowest κe/τ induced by 300 K. Figs. 3(c) and 3(d) show the variation of electrical conductivity and electronic 

thermal conductivity with respect to scattering time (σ/τ and κe/τ) as a function of doping concentration. It is observed from 

Figs. 3(c) and 3(d) that electrical conductivity and electronic thermal conductivity with respect to scattering time (σ/τ and 

κe/τ) change in the opposite trend simultaneously with seebeck coefficient and power factor.  
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Figure 3. Variation of (a) Seebeck coefficient, (b) Power factor, (c)  Electrical conductivity and (d) Electronic thermal 

conductivity as a function of doping (electron and hole) concentration at 300K and 600K for NaMgP. 

 

4. CONCLUSION 

In conclusion, using the plane wave pseudopotential method with density functional theory and Boltzmann transport theory, 

the structural, electronic and thermoelectric properties of NaMgP HH compound with VC =8 are studied. The calculated 

lattice constant is in good agreement with previous theoretical calculations. The calculated electronic band structure shows 

that NaMgP is a direct band gap semiconductor with band gap 1.57 eV. The thermoelectric coefficient (S, S
2
σ/τ, σ/τ and κe/τ) 

with chemical potential and doping (hole and electron) concentration are also studied. NaMgP HH compound has high 

Seebeck coefficient and high-Power Factor for p-type. To the best of our knowledge, there are no earlier studies of the 

thermoelectric properties of this compound and we expect that our theoretical results may the source to guide experimentalist 

to test experimentally.  
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