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Abstract 
Ni-based Heusler alloys, as intermetallic compounds and high-temperature 
alloys, possess superior properties, including high-temperature oxidation re-
sistance, corrosion resistance, and excellent advantages for application as ther-
moelectric materials. Herein, a screening study of Ni-based Heusler alloys was 
carried out using first-principles calculations combined with the BoltzTraP soft-
ware, focusing on investigating their electronic structure and density of states 
(DOS) with the aim of achieving a high thermoelectromotive force. Studies on 
the Heusler alloys have confirmed that their valence electron density is equal 
to 6, accompanied by a sharp DOS mutation near the Fermi level. Based on Mott 
theory, this gives rise to a large Seebeck coefficient, enabling a breakthrough in 
the longstanding limitation of the low Seebeck coefficient of conventional Heu-
sler alloys used as thermoelectric materials. 
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1. Introduction 

Heusler alloys are typically classified into two categories: full-Heusler alloys with 
a stoichiometry of X2YZ (X, Y = transition metal elements; Z = sp-group elements) 
and half-Heusler alloys with XYZ. Ni-Ti-Al-based Heusler alloys are typical high-
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temperature structural materials, exhibiting excellent high-temperature corrosion 
resistance, oxidation resistance, and mechanical strength [1] [2]. For Heusler al-
loys applied as thermoelectric materials, material design and performance enhance-
ment strategies based on their unique electronic structures have been well estab-
lished. For instance, Fe2VAl, a well-known full-Heusler thermoelectric alloy, fea-
tures a pseudogap in its density of states (DOS) profile [3] [4] with low DOS at the 
Fermi level (EF) and an abrupt variation in DOS near EF. Notably, ZrNiSn, a rep-
resentative half-Heusler alloy [5], also shows a low DOS at EF and an abrupt DOS 
change in the vicinity of EF, analogous to full-Heusler alloys, despite its extremely 
narrow band gap. According to Mott’s theory [6] [7], optimizing the EF within the 
pseudogap can enhance the thermoelectromotive force (Seebeck coefficient) and 
reduce electrical resistivity, laying a theoretical foundation for thermoelectric ma-
terial design. 

To date, high power factors exceeding those of conventional thermoelectric ma-
terials (Bi2Te3 and PbTe) [8] have been achieved via material design and fabrica-
tion strategies such as non-stoichiometric composition engineering and heavy el-
ement substitution [9] [10]. It has been reported that a figure of merit (ZT) > 1 is 
attainable by optimizing carrier density, reducing thermal conductivity through 
nanostructure precipitation, and elemental substitution with Hf, Co, Zr, Nb, etc. 
[11]. However, for practical application and industrialization, critical challenges 
remain, including further thermal conductivity reduction and the avoidance of 
heavy element usage, limitations that motivate the exploration of alternative Heu-
sler alloy systems. 

On the other hand, thermoelectric materials have garnered significant attention 
owing to their ability to realize the mutual conversion of thermal and electrical 
energy, enabling the efficient utilization of waste heat. However, the thermoelec-
tric materials currently considered promising for waste heat recovery applications 
rely on toxic and costly elements, which hinder their large-scale deployment. To 
address this issue, Heusler alloy-based thermoelectric materials, fabricable from 
common metallic elements, have emerged as a promising alternative. Notably, 
certain Heusler alloys exhibit a low DOS at the Fermi level coupled with an abrupt 
DOS variation in its vicinity [3] [4], a characteristic that can be harnessed to en-
hance thermoelectric performance. 

Heretofore, we have focused on Ni-based Heusler alloys, which possess excel-
lent corrosion and heat resistance, as a replacement for Fe2VAl (the highest-per-
formance Heusler alloy thermoelectric material reported to date), and successfully 
synthesized Ni2TiAl in our previous work [12]. Nevertheless, the thermoelectric 
performance of Ni2TiAl remains far from practical application, necessitating a re-
evaluation of its composition. In recent years, an increasing number of researchers 
have focused on Ni2TiAl Heusler alloys for thermoelectric applications [13]-[16], 
highlighting the relevance of further investigating this alloy system. 

To address the aforementioned gaps and build on existing research, this study 
employs first-principles calculations to analyze the electronic structure and DOS 
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of Ni-based Heusler alloys, with the aim of achieving high thermoelectromotive 
force. Specifically, the objective is to identify favorable compositions of Ni-based 
Heusler alloys for thermoelectric applications by elucidating the relationship be-
tween their electronic structures and thermoelectric potential. 

Accordingly, the electronic structure of Ni-based Heusler alloys was analyzed 
via first-principles calculations, with a focus on compositions featuring low DOS 
at the Fermi level (EF) and abrupt DOS variations near EF, which are key charac-
teristics for enhanced thermoelectric performance. Thermoelectric performance 
was further predicted using the BoltzTraP method [17] [18]. Through these ap-
proaches, we investigated the composition of promising Ni-based system Heusler 
alloy thermoelectric materials and explored strategies for their performance en-
hancement. 

2. Methods 

Previous studies on the full-Heusler and half-Heusler alloy, both of which are re-
garded as promising thermoelectric materials [3]-[5]. A pseudogap forms near the 
Fermi level (EF) when these alloys satisfy specific total valence electron count 
(VEC) rules: full-Heusler alloys with a stoichiometry of X₂YZ (composed of 4 at-
oms) require a total VEC of 24, and half-Heusler alloys with a stoichiometry of 
XYZ (composed of 3 atoms) require a total VEC of 18. Notably, both rules corre-
spond to an average of 6 VEC per atom (24 VEC ÷ 4 atoms = 6 VEC/atom for full-
Heusler; 18 VEC ÷ 3 atoms = 6 VEC/atom for half-Heusler). Building on this 
established rule, we proposed several Ni-based Heusler (full-Heusler: Ni2TiAl, 
(Ni0.5Mn0.5)2TiAl, (Co0.5Fe0.5)2ScAl) and half-Heusler (NiVAl, NiVIn) composi-
tions with a target VEC of 6 per atom average, and systematically investigated 
their electronic properties and thermoelectric performance. This 6 per atom VEC 
criterion was selected because it ensures the formation of a pseudogap near EF, 
which is critical for achieving a large Seebeck coefficient and high thermoelectric 
performance, as confirmed by Mott’s theory—specifically, the pseudogap leads to 
a low DOS at EF and a steep DOS slope near EF, both of which are beneficial for 
enhancing the Seebeck coefficient. 

Density Functional Theory is an electronic structure calculation method based 
on the Hohenberg-Kohn (HK) theorems, which state that physical properties such 
as the total energy of an electron system can be calculated solely from the electron 
density [19]. Using first-principles density functional theory (DFT) calculations, 
we analyzed the DOS near the Fermi level, its evolution across different composi-
tions, and the resulting band structures. The Generalized Gradient Approxima-
tion (GGA) variant adopted in this work was Perdew-Burke-Ernzerhof (PBE) 
[20], which incorporates the effect of electron density gradients into the Local 
Density Approximation (LDA). PBE was chosen for its balance of accuracy and 
computational efficiency in predicting the electronic structures of transition metal 
Heusler alloys. LDA treats the charge density as a uniform electron gas; however, 
the actual charge density distribution is non-uniform, and PBE-GGA improves 
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the calculation accuracy of LDA by introducing the gradient effect of charge den-
sity. 

Computational details are specified as follows: Pseudopotentials were ultrasoft 
pseudopotentials with a plane-wave energy cutoff of 680 eV, and the wavefunction 
solver was set to mddavidsom → rmm3 for self-consistent field (SCF) calculations. 
Spin treatment was spin-unpolarized, as preliminary spin-polarized calculations 
showed no significant difference in electronic structure or thermoelectric proper-
ties for the selected Ni-based Heusler alloys. Structural relaxation was performed 
using the conjugate gradient method, optimizing lattice constants and atomic po-
sitions until the maximum force on each atom was less than 5.0 × 10−4 Hartree 
and the total energy convergence was less than 1.0 × 10−9 Hartree. The general 
calculation parameters are listed in Table 1.  
 
Table 1. The calculation parameters. 

Parameter Value 

Plane-wave energy cutoff 680 eV 

Wavefunction solver mddavidsom → rmm3 

Convergence criterion (SCF) 2.7 × 10−9 Hartree (two self-consistent cycles) 

K-point mesh 3 × 3 × 3 

Auxiliary energy cutoff 25 Hartree 

Combined wavefunction solver mdd + rmm3 

Energy convergence threshold 1.0 × 10−9 Hartree 

Force convergence threshold 5.0 × 10−4 Hartree 

 
First-principles calculations were conducted using the PHASE/0 software pack-

age (ASMS Co., Ltd.) [18]. Crystal structures were obtained through two approaches: 
1) Direct retrieval from the inorganic material database AtomWork [21]. Ni2TiAl 
(full-Heusler), NiVAl (half-Heusler), Fe2VAl (benchmark full-Heusler), and ZrNiSn 
(benchmark half-Heusler) crystal structures were downloaded directly from the 
database, as their structural data were fully available. 2) Elemental substitution for 
materials without available structural data: (Ni0.5Mn0.5)2TiAl, (Co0.5Fe0.5)2ScAl (full-
Heusler), and NiVIn (half-Heusler) were constructed by elemental substitution 
based on the Ni2TiAl (for full-Heusler) and NiVAl (for half-Heusler) crystal struc-
tures retrieved from AtomWork. For substituted structures, lattice constants and 
atomic positions were optimized via the conjugate gradient method, and struc-
tural stability was verified by calculating the phonon dispersion curves—all sub-
stituted structures exhibited no imaginary frequencies, confirming their thermo-
dynamic stability. All obtained crystal structures were adopted for subsequent cal-
culations using the PHASE/0 software, based on the Heusler structure [22] de-
picted in Figure 1. 

The Hohenberg-Kohn (HK) theorems consist of two fundamental theorems for 
non-degenerate ground-state N-electron systems. The first theorem states that, 
for a given external potential V, the ground-state energy EG is uniquely determined 
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by the single-electron density ρ(r). The second theorem states that the ground-
state energy functional EG [ρ] attains its minimum value when the N-normalized 
trial electron density ρ'(r) coincides with the true ground-state electron density 
ρ(r). 

The HK theorems demonstrate that the Hamiltonian of an electronic system 
can be expressed solely in terms of the electron density. It is also proven that any 
Hamiltonian constructed from an N-representable electron density always pos-
sesses a solution corresponding to the minimum energy. 

 ( )
2

2

2 eff i i iV r
m

ψ εψ
 
− ∇ + = 
 



 (1) 

The computational formalism established on the basis of the HK theorems is 
the Kohn-Sham (KS) equation. The KS equation introduces an auxiliary system 
independent of the real physical system, and seeks the effective potential Veff such 
that the ground-state electron density of the auxiliary system matches that of the 
real system. In KS theory, the HK energy functional takes the following form: 
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where n denotes the ground-state electron density of the auxiliary system, Vext(r) 
is the external potential of the real system, and EXC is the exchange-correlation 
energy. Performing the variational treatment of this expression in accordance with 
the second HK theorem yields the corresponding variational equation.  
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For practical numerical calculations, an explicit analytical form of EXC is indis-
pensable. Various compositions were investigated by assuming a full-Heusler (X2YZ) 
or half-Heusler (XYZ) configuration. Specifically, Ni, Ti, and Al atoms were sub-
stituted with target elements (e.g., V and In), with interatomic distances optimized 
according to relevant literature. For other alloys, structural parameters were re-
trieved from the Inorganic Materials Database [21] to ensure computational ac-
curacy. 
 

 
Figure 1. Crystal structure of Heusler alloy. 

https://doi.org/10.4236/msce.2026.146001


Z. X. Li et al. 
 

 

DOI: 10.4236/msce.2026.146001 6 Journal of Materials Science and Chemical Engineering 
 

Regarding the dimensionless ZT, the relaxation time must be assumed, and the 
phonon thermal conductivity cannot be calculated. We considered the calculated 
result (ZeT) as the theoretical upper limit of the thermoelectric performance with 
such a formula, and studied it. ZeT is a value normalized solely by the electronic 
thermal conductivity, unlike ZT, which is usually divided by the sum of carrier 
heat conduction and phonon heat conduction. This formula makes it possible to 
calculate the thermoelectric performance without including the unknown con-
stant of relaxation time. 

This program calculates transport functions using the Boltzmann transport equa-
tion, based on the DOS of NiTiAl, NiVAl, (Co0.5Fe0.5)2TiAl, and (Ni0.5Fe0.5)2ScAl ob-
tained from first-principles calculations. The Seebeck coefficient, electrical con-
ductivity, and electronic thermal conductivity were computed via the BoltzTraP 
code [23]. For these calculations, a constant relaxation time (τ) of 0.1 × 10−14 s was 
initially assumed.  

Regarding the dimensionless ZeT, a specific relaxation time must typically be 
assumed, and the lattice (phonon) thermal conductivity (κL) remains inaccessible 
through this method. Consequently, we adopted the ZeT to represent the theoret-
ical upper limit of thermoelectric performance. Unlike the conventional ZeT, 
which is divided by the sum of electronic (κe) and lattice (κL) thermal conductivi-
ties, ZeT is defined solely by the electronic contribution. This formulation allows 
for the evaluation of thermoelectric potential without the uncertainty introduced 
by the unknown relaxation time constant, as τ cancels out in the ratio of σ/κe ac-
cording to the Wiedemann-Franz law. 

3. Results 
3.1. First-Principles Density of States Calculations 

Figure 2 shows the band structure and DOS of the Ni-M-Al system, Half Heusler 
and (A0.5B0.5)2-M-Al system Full Heusler alloys. The Half Heusler alloys NiTiAl, 
NiVAl, (Co0.5Fe0.5)2TiAl, and (Ni0.5Fe0.5)2ScAl. The computational results reveal 
the emergence of a pseudogap near the EF in all samples, which is consistent 
with the VEC = 6 per atom design rule. Specifically, the band structure of NiVAl 
(half-Heusler) exhibits a distinct energy gap directly at the Fermi level (0.21 eV), 
while NiVIn (half-Heusler) shows a pseudogap with a minimum DOS of 0.06 
states/eV/atom near EF. For full-Heusler alloys, (Ni0.5Mn0.5)2TiAl and (Co0.5Fe0.5)2ScAl 
exhibit shallower pseudogaps with minimum DOS of 0.12 and 0.15 states/eV/atom, 
respectively, while Ni2TiAl shows a broader pseudogap with a minimum DOS of 
0.10 states/eV/atom. The benchmarks Fe2VAl and ZrNiSn exhibit pseudogaps 
with minimum DOS of 0.08 and 0.07 states/eV/atom, respectively, consistent with 
published data [3] [5]. This electronic structure is closely attributed to the average 
VEC of 6 per atom, confirming the validity of our design criterion. The Seebeck 
coefficient can be derived using the following expression [24]: 
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2 1
3
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The Seebeck coefficient is typically enhanced by a low DOS at the Fermi level, 
D(EF), coupled with a steep DOS slope in its vicinity. In the case of full-Heusler 
alloys (Co0.5Fe0.5)2TiAl and (Ni0.5Fe0.5)2ScAl, the gap formation is significantly shal-
lower than that of half-Heusler alloys like NiTiAl and NiVAl, with a residual DOS 
remaining at approximately 0.20 eV. Consequently, the DOS slope near the Fermi 
level is relatively gentle. Based on these electronic features, it is predicted that 
these two full-Heusler alloys will exhibit smaller Seebeck coefficients compared to 
the calculated values for the half-Heusler alloys. 
 

 
Figure 2. Band structure and DOS of Ni-M-Al system half Heusler and (A0.5B0.5)2-M-Al system full Heusler alloys. 

3.2. Calculation of Thermoelectric Properties 

For this study, Fe₂VAl and ZrNiSn were selected as high-performance bench-
marks for full-Heusler and half-Heusler alloys, respectively. Among the full-Heu-
sler alloys, both (Ni0.5Mn0.5)2TiAl and (Co0.5Fe0.5)2ScAl exhibited a transition from 
n-type to p-type semiconductor behavior at low temperatures, yielding a substan-
tial Seebeck coefficient. Figure 3 illustrates the Seebeck coefficient (S) and the di-
mensionless ZeT for the Heusler and half-Heusler alloys. For this study, we com-
pared Fe2VAl and NiZrSn, which represent the high-performance benchmarks for 
their respective structures. Among the Heusler alloys, both (Ni0.5Mn0.5)2TiAl and 
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(Co0.5Fe0.5)2ScSi exhibited a transition from n-type to p-type semiconductor be-
havior at low temperatures, yielding a substantial Seebeck coefficient. As a key 
parameter determining thermoelectric performance, the Seebeck coefficient di-
rectly correlates with the dimensionless ZeT—the magnitude of S is positively as-
sociated with ZeT, as ZeT is comprehensively determined by S, electrical resistivity 
(ρ), and thermal conductivity (κ), according to the following relationship: 

 
2

e
S TZ T
ρκ

=  (5) 

It is evident from the formula that the square of the Seebeck coefficient ( 2S ) is 
a dominant factor in enhancing ZeT: a higher S directly boosts the numerator of 
the ZeT equation, thereby improving the overall thermoelectric performance. 
Consequently, we achieved a higher power factor than the benchmark Fe2VAl, 
which was primarily driven by the significant enhancement of the Seebeck coeffi-
cient; however, the resulting ZeT still falls short of the requirements for practical 
thermoelectric application. 
 

 
Figure 3. Seebeck coefficient and ZeT of Heusler and half Heusler alloys. 
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In full-Heusler alloys, The Seebeck coefficient of (Ni0.5Mn0.5)2TiAl reaches its 
peak value of −90 μV/K at 550 K, exhibiting n-type semiconductor behavior. For 
(Co0.5Fe0.5)2ScSi, the coefficient is −113 μV/K at 800 K, also indicating n-type con-
duction. In contrast, Fe2VAl shows a Seebeck coefficient of approximately 12 
μV/K at 300 K, corresponding to p-type semiconductor behavior. NiVAl exhibits 
a ZeT value of 0.74 at 700 K, which is the highest among all full-Heusler alloys in 
this study. In half-Heusler alloys, NiVAl typically exhibits n-type semiconducting 
behavior across the entire temperature range (100 - 900 K), whereas NiVIn func-
tions as a p-type semiconductor across various compositions [25]. Notably, the 
Seebeck coefficients of both NiVAl and NiVIn surpass those of the benchmark 
material ZrNiSn, with NiVIn showing the highest peak S (~230 μV/K). Given the 
direct correlation between S and ZeT, the elevated Seebeck coefficients of these 
half-Heusler alloys lay a solid foundation for high ZeT values. Furthermore, our 
calculations indicate that NiVIn reaches a ZeT approaching 0.80 at 800 K, which 
is higher than that of NiZrSn, confirming its great potential as a promising candi-
date for thermoelectric applications. 

4. Conclusion 

We performed first-principles calculations to determine the density of states of 
selected Ni-based Heusler alloys, which then served as the basis for predicting 
thermoelectric performance using the BoltzTraP package. A design rule of average 
VEC = 6 per atom was adopted, which is derived from the established 24-electron 
full-Heusler and 18-electron half-Heusler rules. This design rule ensures the for-
mation of a pseudogap near EF, which is an electronic characteristic for enhancing 
thermoelectric performance by promoting a large Seebeck coefficient. Validation 
against the benchmark Fe2VAl confirmed the reliability of our computational 
workflow, with calculated DOS and Seebeck coefficient consistent with published 
data. The findings reveal that within the selected Ni-based Heusler alloy family, 
the calculated Seebeck coefficients for (Ni0.5Mn0.5)2TiAl and (Co0.5Fe0.5)2ScAl both 
exceeded that of the benchmark Fe2VAl. Their maximum ZeT values are substan-
tial but currently remain below the threshold required for commercial applica-
tions. However, considering that the performance of Fe2VAl—a material under 
intensive contemporary research—can be elevated to practical levels through strate-
gies such as elemental substitution and doping, (Ni0.5Mn0.5)2TiAl and (Co0.5Fe0.5)2ScAl 
emerge as highly promising candidates for high-performance thermoelectric com-
positions. For the half-Heusler alloys, NiVAl and NiVIn exhibit superior perfor-
mance relative to the established benchmark ZrNiSn. Specifically, NiVIn achieves a 
maximum ZeT of approximately 0.80 at 800 K, which is close to the practical appli-
cation threshold. Given these promising theoretical results, they are of great guiding 
value for conducting experimental fabrication and demonstration. 
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