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Topological nontrivial nature are the latest phases to be discovered in condensed matter physics with insulating
bulk band gaps and topologically protected metallic surface states; they are one of the current hot topics be-
cause of their unique properties and potential applications. In this paper, we have highlighted a first-principles
study of the structural stability and electronic behavior of the Na2AgX (X= As, Sb and Bi) full Heusler compounds,using the Full-Potential Linear Muffin-Tin Orbital (FP-LMTO) method. We have originated that the Hg2CuTi struc-ture is appropriate in all studied materials. The negative values of the calculated formation energies mean that
these compounds are energetically stable. The band structure is studied for the two cases relating the existence
and the absence of spin-orbital couplings, where all materials are shown to be topologically non-trivial com-
pounds. Spin orbital couplings were noticed to have no significant effect on the electronic properties such as
the topological order.
Key words: DFT, Heusler, spin orbital couplings, topological order, electronic properties

1. Introduction

Topological nontrivial compounds have earned a great deal of attention [1, 2] as they have become
the most important topic in condensed matter physics [2, 3] due to their unusual and exotic electronic
properties. It is a new quantum state of matter that has surface states without gaps within the bulk energy
gap [4, 5]. There were produced several applications of spin-based electronic devices (spintronics) to
topological insulators [6]. In general, topological insulators have very important physical advantages [7].

Recently, the search for topological nontrivial compounds has extended to ternary Heusler and chal-
copyrite compounds [8, 9]. Moreover, a series of theoretical and experimental efforts have been dedicated
to predict new Heusler topological insulators (TIs), in view of their great potential for spintronics and
quantum computing applications [10, 11]. Furthermore, it should be emphasized that additionally to
the fact that these materials provide a new interesting context which makes it possible to identify and
understand the physical consequences of topological properties of momentum-space bands or real-space
texture. They also provide a tempting prospect of adapting the discovered fundamental advances into
important new applications [12]. Interest in them is increasing continuously because of their multi-
farious properties for spintronic applications [13], optoelectronic [14], superconductivity [15], shape
memory [16], giant magneto resistance spin valve (GMR) [17], thermoelectric applications [18], and
spin injection to semiconductors [19, 20].

Motivated by their potential applications in spintronics and quantum computing, the search in three-
dimensional topological nontrivial compounds based on Heusler compounds has attracted considerable
theoretical and experimental interest [8, 21–25]. In this review, we focus on the topological nontrivial
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compounds-based full Heusler alloys. A wide range of possible composition variations in the full Heusler
crystal structure is expected to allow for highly tunable and versatile electronic properties, such as spin-
structured topological surface states and topological superconductivity. Motivated by this review, and,
with the aim of filling this knowledge gap, we have conducted an investigation on the band topological
ordering of some newly Na2AgX (X= As, Sb and Bi) full Heusler alloys, where we study their structural
and electronic properties with and without including the spin-orbit coupling effect in our calculations.
These calculations help us, mainly, to classify the topological states of these materials and identify the
exact class they belong to.

The rest of the paper is arranged as follows: section 2 includes computational details and the calculation
method, section 3 is devoted to the results regarding the structural and electronic properties. Discussion,
a brief conclusion and an outlook is drawn in section 4.

2. Calculation methodology

Calculations for our work were performed with and without spin-orbit coupling (SOC) effects by
adopting the full-potential linear muffin tin orbital (FP-LMTO) method [26, 27] based on the density
functional theory (DFT) [28, 29] by performing the local-density approximation (LDA) [30, 31]. In order
to achieve the energy eigenvalues convergence, the charge density and potential inside the MTSs are
represented by spherical harmonics up lmax = 6. The self-consistent calculations are considered to be
converged when the total energy of the system is stable at 10−6 Ry. The k integration over the Brillouin
zone is performed using the tetrahedron method [32]. To avoid the overlap of atomic spheres, the MTSs
radii for each atomic position are taken differently for each composition. We point out that performing
the full-potential calculations ensures the calculations being not completely independent of the choice of
the spheres radii.

3. Results and discussion

In the case of ordered cubic Heuslermaterials, two types of prototypical structures are recognized. The
so-called “regular” type (prototype Cu2MnAl, L21), which crystallizes in space group (Fm-3m N◦225),
with three unavoidable Wyckoff positions [4(a), 4(b), 4(c) and 4(d)] incorporating four atoms per unit
cell. Wyckoff positions 4(a) and 4(b) are occupied by two Na atoms with coordinates (0, 0, 0) and
(1/2, 1/2, 1/2) respectively, the positions 4(c) with coordinates (1/4, 1/4, 1/4) and 4(d) with coordinates
(3/4, 3/4, 3/4) are filled with Ag and X (X= As, Bi and Sb) atoms, respectively. The coordination of
the closest neighborhood is shown in figure 1. The second prototype often appearing in the context of
Heusler compounds is the Hg2CuTi type structure (sometimes called “inverted Heusler”, figure 1), which
can be derived from the “regular” Heusler type by exchanging the atoms on the 4(c) position with the
element occupying the 4(b) position. This reduces the symmetry of the cell, leading to space group F-43m
N◦216 (type XA) with four unequal positions in the unit cell. In this case, these are occupied by Na at
4(a) and 4(c) with coordinates (0, 0, 0) and (1/4, 1/4, 1/4), respectively, Ag at 4(b) with coordinates
(1/2, 1/2, 1/2), and X (X= As, Bi and Sb) at 4(d) with coordinates (3/4, 3/4, 3/4). We have determined
the different values of the structural parameters at steady state such as the lattice constants (a0) and the
corresponding total energy (E0), bulk moduli (B) and its pressure derivatives (B′) for the two possible
structural configurations of type L21 and X-type using the fitting Murunaghan’s equation of state [33].
We have also calculated the formation energy (E f ) for these Heusler compounds at equilibrium state.
All these results obtained are listed in table 1. To the best of our knowledge, there is no theoretical or
experimental work exploring the lattice constants (a0) of these compounds. The Na2AgX (X= As, Sb and
Bi) compounds are being predicted for the first time in this work.

On the other hand, we have found in all the studied materials that the minimum energy corresponds
to the Hg2CuTi structure. Therefore, the stable structure of all full Heusler compound is the X-type.
Rather, it should be noted that the energy difference between the two structures (L21 and X-type) in their
structural parameters corresponds to the variations in the position of the Na and Ag atoms. This means
that these atoms play an important role in the stabilization of the X-type structure. Furthermore, it can
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Figure 1. (Colour online) Crystal structures of full Heusler compound, Hg2CuTi: in which X atoms
are placed in A (0, 0, 0) and B (1/4, 1/4, 1/4), Y and Z atoms are placed in C (1/2, 1/2, 1/2)
and D (3/4, 3/4, 3/4) Wyckoff positions, respectively, and Cu2MnAl: in which X atoms are occupied
A (0, 0, 0) and C (1/2, 1/2, 1/2) sites, Y and Z atoms are occupied B (1/4, 1/4, 1/4) and D (3/4, 3/4, 3/4)
sites, respectively.

also be noted that this energy difference slightly increases with an increase of the volume of the lattice.
Having this in mind, we note that the lattice parameter a0 (table 1) increases when replacing As by Bi and
Sb. This is due to the variation of the atomic number of the element X [Z(Bi)>Z(Sb)>Z(As)] because
there is an obvious correlation between the lattice parameter and the atomic number of the X element.
Moreover, the average formation energy of a material is the energy needed to separate its components
into free atoms. It is a measure of the intensity of the force that binds to the set of atoms that correlate
with the structural stability of the ground state. The formation energy per unit cell is given by:

ENa2AgX
f

= ENa2AgX
Tot −

(
2ENa

Bulk + EAg
Bulk + EX

Bulk

)
,

where ETot [energy total of Na2AgX (X= As, Sb and Bi)] is the total energy for the ternary Heusler
compounds taken at equilibrium, ENa

Bulk, EAg
Bulk, EX

Bulk are the total energies of the free atoms for Na,
Ag, and X (X= As, Sb and Bi), respectively. Accordingly, the results (table 1) show that the calculated
formation energies have negative values; this means that these compounds are energetically stable, and,
therefore, we conclude that these compounds could be synthesized experimentally.

Table 1. Calculated lattice constants, bulk moduli, their pressure derivatives, total energies (E0) and
formation energies (E f ) of Na2AgX (X= As, Sb and Bi) full Heusler compounds.

Compound Structure a0 (a.u) B (GPa) B′ E0 (Ryd) E f (eV)
Na2AgAs L21 12.8098 44.8411 4.3819 −15787.71101 /
Na2AgAs X-type 12.6148 56.1616 4.1427 −15787.77554 −11.038
Na2AgBi L21 13.5317 39.8424 4.4007 −54411.66405 /
Na2AgBi X-type 13.4615 51.457 3.68489 −54411.71669 −10.63
Na2AgSb L21 13.2843 38.8132 4.7395 −24227.9377 /
Na2AgSb X-type 13.0668 46.1642 4.8659 −24227.99506 −8.523

Studying the band structure is a critical step in understanding the behavior of materials, as well
as in identifying the class which these materials belong to [34]. It can also be used to identify the
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topological insulating nature of the studied materials by noticing the existence of band inversions within
the electronic structure [35, 36]. Spin-orbit couplings (SOC) that cause the band splitting are widely
assumed to be responsible for the band inversion at Γ point. Thus, driven by this assumption, the search
for new topological insulating materials is mainly fixed on the compounds with strong SOC due to the
contained heavy elements [37, 38]. However, the band inversion has been also shown to be induced by
other factors such as lattice strain, and without any strong SOC. Moreover, and surprisingly, the band
inversion in HgTe has been demonstrated to be non-dependent on the strength of the SOC [37]. This
result is very indicative since it offers a wider plethora for the search of TIs, going beyond materials with
strong SOC, as well as it motivates the study of the effect of SOC on the topology of materials, with the
aim of identifying whether they are responsible for band inversion or not. Motivated by this, we have
investigated the band structure and topological character of the target full-Heusler alloys.

Figure 2 shows that for the three compounds Na2AgX (X= As, Sb and Bi), the band structure is
similar to the structure HgTe, thus showing a clear evidence of band inversion, where the p-like band (Γ5)
is above the s-like states band (Γ1), indicating the non-trivial nature of the phase of these materials. Since

  

  

  

 

 

 

 

Figure 2. (Colour online) Band structure of Na2AgX (X= As, Sb and Bi) full Heusler compounds using
LDA approach with and without SOC.
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the calculations are done without considering strong SOC, these results demonstrated that SOC are not a
prime responsible agent in instigating the band inversion in the electronic structure of these compounds.
By including the SOC effect into the calculations, we obtain the band structures shown in figure 2. The
band inversion is shown to be preserved, without any clear change in the band inversion. The Γ5 state is
split into the quartet Γ8 and the doublet Γ7 states, while the Γ1 state is changed to the doublet Γ6 state.
The characteristic inverted band order at the Γ point is clearly observed. Specifically, the s-like Γ6 state
sits under the p-like Γ8 state and the EF. Therefore, these alloys are topologically nontrivial compounds
in their ground states with semimetallic behavior [39].

4. Conclusion

In this work, we carried out a detailed study of the structural and electronic properties of the Na2AgX
(X= As, Sb and Bi) full Heusler compounds, using the FP-LMTO method.

1. We have found in all the studied materials that the minimum energy corresponds to the Hg2CuTi
structure. Therefore, the stable structure of all full Heusler compound is the X-type.

2. The calculated formation energies have negative values. This means that these compounds are
energetically stable, and, therefore, we conclude that these compounds could be synthesized exper-
imentally.

3. The band structure is similar to the HgTe structure, thus showing a clear evidence of band inversion,
where the p-like band (Γ5) is above the s-like states band (Γ1), indicating the non-trivial nature.

4. By including the SOC effect into the calculations, the band inversion is shown to be preserved,
without any clear change in the band inversion. The Γ5 state is split into the quartet Γ8 and the
doublet Γ7 states, while the Γ1 state is changed to the doublet Γ6 state.

5. These results demonstrated that SOC are not a prime responsible agent in instigating the band
inversion in the electronic structure of these compounds.
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Першопринципне дослiдження iнверсiї зон в топологiчно

нетривiальних повних гейслерiвських сполуках Na2AgX
(X= As, Sb i Bi)

А. Бугена 1, С. Беналiя1,2, О.Шереф 1, Н. Беттагар1, Д. Рашид1
1 Лабораторiя магнiтних матерiалiв, факультет точних наук, унiверситет Джиллалi Лiабес, 22000 Сiдi
Бель-Аббес, Алжир

2 Факультет науки та технологiї, унiверситет Ахмед бен Ях’я Ель-Ванхарiзi, 38000 Тiссемсiлт, Алжир
Топологiчно нетривiальнi фази у природi є одними з небагатьох ще недослiджених у фiзицi конденсова-
ного стану з дiелектричними об’ємними забороненими зонами i топологiчно захищеними металiчними
поверхневими станами; їх вивчення є досить актуальним з огляду на унiкальнi властивостi цих об’єктiв
та їх потенцiйнi застосування. У данiй статтi висвiтлено результати першопринципних дослiджень стру-
ктурної стiйкостi та електронної поведiнки гейслерiвських сполук Na2AgX (X= As, Sb та Bi) з використаннямповнопотенцiального лiнiйного методу орбiталей iонного остову (ПЛМ-ОIО). Виявлено, що структура ти-
пу Hg2CuTi є прийнятною для усiх дослiджених сполук. Вiд’ємнi значення розрахованих енергiй утворен-
ня означають, шо цi сполуки є енергетично стiйкими. Зонну структуру дослiджено для двох випадкiв —
присутнiх та вiдсутнiх спiн-орбiтальних взаємодiй — i показано, що усi дослiдженi матерiали є топологi-
чно нетривiальними сполуками. Зауважено, що спiн-орбiтальнi взаємодiї не мають значного впливу на
електроннi властивостi цих матерiалiв, такi як топологiчний порядок.
Ключовi слова: метод функцiоналу густини, гейслерiвськi сполуки, спiн-орбiтальнi взаємодiї,

топологiчний порядок, електроннi властивостi
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