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Abstract First-principles density functional theory (DFT)
calculations with the generalized gradient approximation
(GGA) have been performed to investigate electronic band
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structures and magnetic and half-metallic characteristic of
Ti2CoAl1−xSnx (x = 0, 0.25, 0.50, 0.75, 1). The optimized
equilibrium lattice constants were found to be equal to 6.08
and 6.37 Å for Ti2CoAl and Ti2CoSn, respectively. These
ternary Heusler compounds are found to be a complete half-
metal with a total magnetic moment of 2 and 3 μB, respec-
tively, which is in good compliance with the Slater–Pauling
rule, Mtotal = Ztotal − 18. The spin-polarized band struc-
tures and density of states (DOS) of the Ti2CoAl1−xSnx

(0.25, 0.50, and 0.75) Heusler alloys confirm that they are
half-metal due to the presence of the energy gap in the
minority spin. Consequently, Ti2CoAl1−xSnx (x = 0,
0.25, 0.50, 0.75, 1) alloys are predicted to be a promis-
ing candidate for the practical applications in spintronic
devices.

Keywords Heusler alloys · Half-metallicity · Magnetic
properties · First-principles calculations · Spin-polarized
electronic bands

1 Introduction

Heusler alloys with the general chemical formula X2YZ,
where the X and Y atoms are transition metals and Z is
a nonmagnetic metal or a nonmetallic element, have been
attracting considerable interest due to their unique trans-
port and magnetic properties [1], and they are the objects
of great attention of researchers. In addition, they also serve
as a source of new ideas and concepts on the formation
of the electronic structure of magnets [2] and other spin-
polarized compounds. Heusler alloys are known to be the
essential ingredient for spintronic devices because some of
them have been predicted to demonstrate half-metallicity,
which maximizes the spin injection rate from ferromagnetic
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to semiconducting materials [3]. Half-metallic ferromagnets
(HMFs) have shown great potential in spintronic devices
since their introduction by de Groot and colleagues in the
early 1980s [4]. Ideal half-metals (HMs) exhibit no energy
bandgap for one spin channel, while indicating semiconduc-
tor behaviour for the other spin channels at the Fermi level.
Due to the gap for one spin direction, the density of states at
the Fermi level has 100 % theoretical spin polarization. The
NiMnSn with the C1b structure is the first predicted HM fer-
romagnet [5]. In recent years, half-metallic ferromagnetism
has been investigated for X2MnGe (X = Sc, Fe, Ni) [6],
Ti2ZAl (Z = Co, Fe, Mn) [7], Co2CrX (X = Al, Ga, In) [8],
Co2MnZ (Z = Al, Ge, Si, Ga) [9], and Fe2XAl (X = Cr,
Mn, Ni) [10].

A few studies have been performed for the Ti2-based HM
Heusler alloys. Feng et al. [11] used first-principles calcula-
tions to show that the full-Heusler compound Ti2NiAl with
a Hg2CuTi-type structure is a new HM ferromagnet. Kervan
et al. studied the electronic and the magnetic properties
of the full-Heusler Ti2CoGa [12], Ti2CoAl [13], Ti2FeSi
[14], and Ti2CoB [15] compounds. They predicted that all
these compounds were HM ferrimagnets with a total mag-
netic moment of 2 μB and that a complete spin polarization
(100 %) exists around the Fermi level at the equilibrium
lattice constant. Recently, Zheng and Jin [16] explored the
half-metallicity of full-Heusler Ti2YAl (Y = V, Cr, Mn, Fe,
Co, Ni, Cu, and Zn) alloys with the CuHg2Ti-type struc-
ture, and they showed that the Ti2MnAl alloy was a HM
antiferromagnet, the Ti2YAl (Y = Fe, Co, and Ni) alloys
were HM ferrimagnets, and the Ti2YAl (Y = V, Cr, Cu,
and Zn) alloys were conventional ferromagnets [17]. In this
paper, we present a study on the Ti2CoAl1−xSnx (x = 0,
0.25, 0.50, 0.75, 1) Heusler alloys. In these alloys, up to
now, no reports on the half-metallicity have been reported
for x = 0.25, x = 0.50, and x = 0.75. Therefore, it is
necessary to systematically study the structural, electronic,
and magnetic properties and the half-metallic behaviour of
the Ti2CoAl1−xSnx (x = 0, 0.25, 0.50, 0.75, 1) alloys
by the density functional calculations. This paper is struc-
tured as follows, where a brief description of the theoretical
method and the different parameters used in our calculations
is presented in Section 2. Through Section 3, we discuss
the ground-state properties of the considered ternary com-
pounds and their quaternary as well as their electronic band
structures and magnetic properties. Finally, the results are
summarized in Section 4.

2 Computational Details

The calculations of the present study are performed within a
framework of the density functional theory (DFT) [18, 19].

We have utilized the full-potential linearized augmented
plane wave (FP-LAPW) method as implemented in the
WIEN2k code [20], which is one of the most accurate meth-
ods of simulating and calculating the ground-state proper-
ties of crystalline materials [21]. The exchange correlation
term has been considered within the generalized gradient
approximation (GGA) [22] to study the electronic struc-
ture and magnetic properties of Ti2CoAl1−xSnx (x = 0,
0.25, 0.50, 0.75, 1). The basic functions are expanded into
spherical harmonic functions and Fourier series inside the
muffin-tin sphere and in the interstitial regions, respectively.
The muffin-tin sphere radii were 2.37 a.u. for Ti and Co
and 2.23 a.u. for Al in Ti2CoAl and were 2.46 a.u. for
Ti and Co and 2.31 for Sn in Ti2CoSn, respectively. The
maximum value of the angular momentum (lmax = 10) is
taken for the wave function expansion inside the muffin-
tin spheres. The convergence of the basis set was controlled
by a cutoff parameter, RMT · Kmax = 7, where RMT

is the smallest muffin-tin sphere radius and Kmax is the
largest reciprocal lattice vector used in the plane wave
expansion within the interstitial region. The cutoff energy,
which defines the separation of the valence and core states,
was chosen as 6 Ry. We select the charge convergence
as 0.0001e during the self-consistency cycles. The mag-
nitude of the largest vector in the charge density Fourier
expansion was Gmax = 14 (a.u.)−1. A mesh of 64 spe-
cial Brillouin zone (BZ) k-points was used in the irreducible
wedge of the BZ. The total energy dependence on the
cell volume is fitted to the Murnaghan equation of state
[23] to determine the ground-state properties, as shown
in (1)

E = E0(V ) + BV

B′(B′ − 1)

[
B(1 − V 0

V
) +

(
V 0

V

)B′
− 1

]

(1)

where E0 is the minimum energy at T = 0 K, B is
the bulk modulus, B′ is the bulk modulus derivative, and
V0 is the equilibrium volume. In order to simulate the
Ti2CoAl1−xSnx (x = 0.25, 0.50, 0.75) quaternary alloy, we
have used a supercell with 16 atoms. For x = 0.25, we sub-
stituted one atom of Al by Sn; for x = 050, we substituted
two atoms of Al by two atoms of Sn; and for x = 0.75, we
substituted three atoms of Al by three atoms of Sn. The crys-
tal structure of Ti2CoAl1−xSnx (x = 0, 0.25, 0.50, 0.75, 1)
is shown in Fig. 1.

3 Results and Discussion

In this section, we present the results of the geometrical
structure optimization for the Ti2CoAl1−xSnx (x = 0,
0.25, 0.50, 0.75, 1) Heusler alloys in addition to the lattice
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Fig. 1 Crystal structure of the Ti2CoAl1−xSnx crystalline alloys (x = 0, 0.25, 0.50, 0.75, 1)

parameters and bulk modulus. The variation of the total
energy with the volume is fitted to the Murnaghan equa-
tion of state [23] to obtain the equilibrium lattice constant
and bulk modulus. The X2YZ Heusler compounds, which
crystallize in the cubic L21 structure, have two types: the
Cu2MnAl and Hg2CuTi structures. The two structures con-
sist of four inter-penetrating Fcc sublattices, which have
four unique crystallites. In the case of the Cu2AlMn-type
L21 structure, the sequence of the atoms occupying the four
sites of the unit cell is X–Y–X–Z, where the X atoms occupy
positions A (0, 0, 0) and C (1/2, 1/2, 1/2) and the Y and Z
atoms are located at B (1/4, 1/4, 1/4) and D (3/4, 3/4, 3/4),
respectively. While for the Hg2CuTi-type L21 structure, the
Y and the second X exchange sites and the sequence of the
atoms is X–X–Y–Z, where the X atoms occupy the A (0,
0, 0) and B (1/4, 1/4, 1/4) sites, the Y atom occupies the
C (1/2, 1/2, 1/2) site, and the Z atom occupies the D (3/4,
3/4, 3/4) site, respectively. The equilibrium lattice constants,
bulk modulus, and these first derivatives are presented in
Table 1. The optimized lattice constants for the Ti2CoAl
and Ti2CoSn alloys are 6.08 and 6.37 Å, respectively, and
they are in fairly good accordance with the previous theo-
retical calculations of 6.14 Å [13, 16] and 6.36 Å [17]. To
the best knowledge of the author, there are no comparable
studies about Ti2CoAl1−xSnx (x = 0.25, 0.50, and 0.75) in

Table 1 The calculated lattice constant (a, Å), bulk modulus (B, GPa),
first derivative (B′), and HM bandgap for the Ti2CoAl1−xSnx (x = 0,
0.25, 0.50, 0.75, 1) alloys

Compound a (Å) B (GPa) B′ Eg (eV)

Ti2CoAl 6.08 145.3581 4.5971 0.63

6.14 [13] 134.134 [13] 3.929 [13] 0.49 [13]

6.142 [16] 0.68 [24]

Ti2CoSn 6.37 143.6663 7.5878 0.84

6.36 [17] 127.37 [17] 4.43 [17] 0.8 [17]

Ti2CoAl0.75Sn0.25 6.24 115.2747 3.1832 0.53

Ti2CoAl0.50Sn0.50 6.27 242.7048 11.1280 0.5605

Ti2CoAl0.25Sn0.75 6.34 144.1758 4.6305 0.56324

the literature. Hence, we estimated the lattice parameters by
Vegard’s law in Eq. (2)

Ti2CoAl1−0.25Sn0.25 : a(Å) = 6.08 × (1 − 0.25)

+6.37 × 0.25 = 6.1525 Å

Ti2CoAl1−0.50Sn0.5 : a(Å) = 6.08 × (1 − 0.5)

+6.37 × 0.5 = 6.225 Å

Ti2CoAl1−0.75Sn0.75 : a(Å) = 6.08 × (1 − 0.75)

+6.37 × 0.75 = 6.2975 Å

(2)

For the Ti2CoAl and Ti2CoSn inverse Heusler alloys,
the spin-polarized band structure and the total density of
states (DOS) are depicted in Figs. 2 and 3, respectively. It
is clear from Fig. 2 that the majority-spin oriented bands
are metallic while the minority-spin oriented band shows
a semiconducting gap around the Fermi level. This energy
gap in the minority-spin band leads to almost 100 % spin
polarization at the Fermi level, and this energy gap can be
calculated using the energies of the highest occupied band at
the � point and the lowest unoccupied band at the X point.

Figure 3 shows a minority-spin channel where the total
DOS in the region of the Fermi level is mainly due to the
presence of the d electrons of the Ti(1), Ti(2), and Co tran-
sition metals. One can see the presence of the majority-spin
states at the Fermi level and a wide bandgap in the minority-
spin state confirming the HM characteristic of Ti2CoAl and
Ti2CoSn. Within the −5 to −1 eV energy range, the s

electrons of Al are contributed prevailingly. The minority-
spin bandgap is an essential factor in the HM materials,
and the cause of the HM bandgap is discussed as follows.
The HM bandgaps usually take place from three aspects
[17]: the covalent bandgap which exists in the half-Heusler
alloy with the C1b structure, the d–d bandgap that is orig-
inated from the HM bandgap in the full-Heusler alloys
with the AlCu2Mn structure, and finally, the charge trans-
fer bandgap [17] which is usually observed in CrO2 and
double perovskites [17]. For the Ti2CoAl and Ti2CoSn crys-
talline alloys with the Hg2CuTi-type structure, the Ti atoms
occupy two sublattices with different coordination environ-
ments. In addition, the Ti2CoAl and Ti2CoSn alloys with the



3196 J Supercond Nov Magn (2016) 29:3193–3199

Fig. 2 The spin-polarized band structure of Ti2CoAl and Ti2CoSn

Hg2CuTi-type structure have a space group which is similar
to that one of the half-Heusler alloys, but with an additional
occupied site. Therefore, investigation of the origin of the
bandgap in the Hg2CuTi-type structure of the Ti2CoAl and
Ti2CoSn alloys is important [25].

The origin of the bandgap in Ti2FeSn, for example, has
been discussed by Ahmadian [25]: Ti(1) and Ti(2) atoms
have tetrahedral Td symmetry, and the d orbital of these
atoms is divided into doubly and triply degenerated orbital,
i.e., eg (dx2−y2, dz2) and t2g (dxy, dyz, dzx) orbitals. A strong
hybridization exists between the t2g (eg) states of Ti(1) and
Ti(2), leading to bonding and antibonding of the eg and the
t2g states. Similarly, the Fe atom has a Td symmetry, and the
d orbitals split into doubly degenerated eg (dx2−y2, dz2) and
triply degenerated t2g (dxy, dyz, dzx) states. The eg and the
t2g states of the Ti(1)–Ti(2) coupling are further hybridized
with the eg and the t2g states of Fe, which results in the
bonding (eg, t2g) and antibonding (eg, t2g) states. At the
same time, the Fermi level is located in the gap between

the bonding t2g and the antibonding t2g states. Within the
group theory symmetry analysis, the antibonding states of
the Ti(1)–Ti(2) coupling cannot be hybridized to the eg

and the t2g states of Fe. Therefore, the d–d hybridization
between transition metals can participate in the formation of
the minority bandgap [25].

The spin-polarized band structure and the total DOS for
Ti2CoAl1−xSnx (x = 0.25, 0.50, and 0.75) are presented
in Figs. 4 and 5, and we can observe that EF cuts all the
way through the bands in the majority-spin channel, which
is the spin-up case, while the energy gap of Ti2CoAl1−xSnx

(x = 0.25, 0.50, and 0.75) resides in the minority-spin
channel (spin-down). This means that the majority-spin
states have a metallic character, while the minority-spin
band contains an energy gap at the Fermi level (EF), which
is a semiconducting one. This suggests that Ti2CoAl1−xSnx

(x = 0.25, 0.50, and 0.75) are half-metals and electrons at
the Fermi level are 100 % spin-polarized. It is necessary to
emphasize the substantial anisotropy of the electron bands

Fig. 3 DOS of Ti2CoAl and Ti2CoSn in the Hg2CuTi-type structures
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Fig. 4 The spin-polarized band structure of Ti2CoAl1−xSnx (x = 0.25, 0.50, 0.75)

Fig. 5 DOS of Ti2CoAl1−xSnx (x = 0.25, 0.50, 0.75)
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Table 2 The total and partial magnetic moments of Ti2CoAl1−xSnx (x = 0, 0.25, 0.50, 0.75, 1)

Compound MTi(1) MTi(2) MCo MAl MSn Minterstitial Mtotal

Ti2CoAl 1.14807 0.65137 −0.29248 −0.00109 – 0.49423 2.00

1.101 [16] 0.598 [16] −0.188 [16] 0.014 [16] – 2.00 [16]

2.00 [13]

Ti2CoSn 1.41715 0.73736 0.36232 – −0.00594 0.48920 3.00

1.27 [17] 0.65 [17] 0.36 [17] – −0.003 [17] 0.72 [17] 3.00 [17]

Ti2CoAl0.75Sn0.25 8.99978

Ti2CoAl0.50Sn0.50 9.99942

Ti2CoAl0.25Sn0.75 10.99964

for two directions: R–X–M and G–X. This factor may be
indicated on different hole mobilities in these directions,
particularly in the R–X–M BZ direction as there are more
delocalized band carriers and in the G–X direction as there
are more localized states.

Slater and Pauling discovered that the magnetic moment
(m) for the 3d elements and their binary alloys can be esti-
mated on the basis of the average valence electron number
(NV) per atom [26, 27]. The materials are divided into two
areas depending on the magnetic moment near NV: The
first area of the Slater–Pauling curve is the area of low-
valence electron concentrations (NV ≤ 8) and of localized
magnetism. The second area is the area of high-valence
electron concentrations (NV ≥ 8) and of itinerant mag-
netism where the magnetic moment is in multiples of Bohr
magnetons (μB) given by m = NV − 2n ↓, where 2n ↓
denotes the number of electrons in the minority-spin states.
The half-metallic materials obey the Slater–Pauling rule [26,
27]: mHMF ≈ NV − 6, where mHMF is the mean magnetic
moment per atom. In the case of the compounds having four
atoms per unit cell, one has to subtract 24 (6 multiplied
by the number of atoms) from the accumulated number
of valence electrons in the unit cell NV to find the spin
magnetic moment per unit cell: mHMF = NV − 24.

Recent research reveals that many Ti2-based full-Heusler
alloys with the Hg2CuTi-type structure can also belong to
the family of half-metallic material, and the total magnetic
moments of these alloys follow the Mtotal = Ztotal − 18 rule
instead of the Mtotal = Ztotal − 24 rule [13]. The Ti2CoAl
alloy has 20 valence electrons per unit cell (Ztotal = 20), and
therefore, the spin magnetic moment is 20 − 18 = 2 μB for
each unit cell. The Ti2CoSn alloy has 21 valence electrons per
unit cell, so the spin magnetic moment is 21 − 18 = 3 μB.

The calculated total magnetic moment of the Ti2CoAl
compound is 2 μB (as shown in Table 2), while the atomic
magnetic moments are 1.14 μB for Ti(1), 0.65137 μB

for Ti(2), −0.29248 μB for Co, 0.00109 μB for Al, and
0.49423 μB for Sn, respectively, for the interstitial moment.
For Ti2CoSn, the total magnetic moment is 3 μB with
the atomic magnetic moments: 1.41715, 0.73736, 0.36232,

−0.00594, and 0.48920 μB for Ti(1), Ti(2), Co, Sn,
and interstitial moments, respectively. The atom magnetic
moments for Ti2CoAl in the present study are in good agree-
ment with the results reported by Zheng et al. [16] and
Bayar et al. [13]. The calculated integer magnetic moment
of the Ti2CoAl and Ti2CoSn compounds indicates the sta-
bility of half-metallic behaviour. It is seen that the total
magnetic moment per unit cell is increased as a function
of x concentration (2 μB, 9 μB/16 atoms, 10 μB/16 atoms,
11 μB/16 atoms, and 3 μB, for x = 0, 0.25, 0.50, 0.75,
and 1, respectively), for Ti2CoAl1−xSnx (x = 0, 0.25,
0.50, 0.75, 1). It can be seen from Table 2 that the differ-
ent local magnetic moments for the two Ti atoms in the
Ti2CoAl and Ti2CoSn alloys with the CuHg2Ti-type struc-
ture originated from different atomic environments, i.e., the
Ti(1) atom has four nearest Ti(2) atoms and four near-
est Al (Sn) atoms as well as six second-nearest Co atoms,
while the Ti(2) atom has four nearest Ti(1) atoms and four
nearest Co atoms as well as six second-nearest Al (Sn)
atoms.

The presented results may be helpful for the analysis
of magnetic spin polarization for other half-metallicity in
Heusler alloys such as Zr2VZ (Z = Al, Ga, In) [28], Ti2YPb
(Y = Co, Fe) [29], and Mn2ZrSi and Mn2ZrGe [30]. All
these compounds are characterized by an enhanced number
of defect states which may change experimentally observed
magnitudes of magnetization.

4 Conclusions

For the Ti2CoAl1−xSnx (x = 0, 0.25, 0.50, 0.75, 1)
Heusler alloys, the electronic structure and magnetic prop-
erties have been calculated using the first-principles FP-
LAPW method. The spin-polarized calculations showed
that the Ti2CoAl and Ti2CoSn Heusler compounds are a
half-metallic with a magnetic moment of 2 and 3 μB,
respectively. Ti2CoAl1−xSnx (x = 0, 0.25, 0.50, 0.75, 1)
indicates that the quaternary Heusler alloys have a perfect
half-metallic character with semiconducting minority-spin
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band structure and 100 % polarization. Consequently,
Ti2CoAl1−xSnx (x = 0, 0.25, 0.50, 0.75, 1) is predicted
to be a good promising candidate to explore the half-
metallic ferromagnetism for the practical applications of
spintronic devices. The calculations have shown a substan-
tial anisotropy of electron bands for two BZ directions:
R–X–M and G–X. This factor may be indicated on different
hole mobilities in these directions, particularly in the R–X–
M direction where there are more delocalized band carriers
and in the G–X direction where there are more local-
ized states. This may be used for the creation of different
spintronic devices.
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