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Abstract. The structural, electronic, magnetic and thermodynamic properties of the half-Heusler alloy CoTcSn are
determined using FP-LAPW method based on density functional theory (DFT). The exchange-correlation potential
is treated with the generalised gradient approximation (GGA) described by Perdew–Burke–Ernzerhof (PBE-GGA),
GGA plus band-correlated Hubbard parameter (GGA+U ) and GGA+U plus Tran–Blaha-modified Becke–Johnson
(mBJ-GGA+U ) approximations. Structural results reveal that CoTcSn is stable in phase (II), the ferromagnetic
state. The negative values obtained for the formation and cohesion energies confirm that our compound can be
synthesised and stabilised experimentally. Electronic and magnetic properties show the half-metallic character of
CoTcSn with indirect band gap in minority spin direction of 0.491 and 1.005 eV, and large half-metallic gap of
0.430 and 0.739 eV using GGA+U and mBJ-GGA+U , respectively. Results suggest that CoTcSn is a promising
candidate for spintronic devices. The integer total magnetic moment of 2 μB is in conformity with the Slater–
Pauling rule. The thermodynamic properties for the Co-based half-Heusler CoTcSn are also investigated using
Debye quasiharmonic model.
Keywords. Half-Heusler alloys; half-metallic ferromagnetic; mBJ-GGA+U ; thermodynamic properties.
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1. Introduction
Heusler alloys were discovered by Friedrich Heusler
and Verh in 1903 [1]. Their particularity and properties
are completely different from their constituent elements.
For example, the Cu2 MnAl alloy has a magnetic nature,
but none of its constituents is magnetic, and TiNiSn alloy
[2] has a semiconductor behaviour, although it is composed of three metals. In recent years, Heusler materials
have been attracting great attention due to their interesting electronic properties such as semiconductivity
in NiSnM (M = Ti, Zr, Hf) [3], superconductivity in
TbPdBi [4], thermoelectricity in MNiSn and MCoSb
(M = Ti, Zr, or Hf) [5], ferrimagnetism in Mn2 VAl [6]
0123456789().: V,-vol

and half-metallicity (HM) and feromagnetism in FeVX
(X = Si, Ge, Sn), TMnSb (T = Rh, Pd, Ir, Pt), RuMnZ
(Z = Si, Ge, Sn) and Co2 MnX (X = Si, Ge, Sn) systems [7–9]. Thus, the Heusler compounds have potential
applications in different technology fields, such as magnetoelectric [10,11], tunnelling magnetoresistance [12],
magnetic sensors [13] and spintronic applications [14–
16].
Generally, the Heusler compounds are divided in two
classes: the full-Heusler alloys and the half-Heusler
alloys. The full-Heusler alloys have the general stoichiometry of the type X2 YZ and the half-Heusler
alloys have XYZ chemical formulas, where X and
Y are generally transition metals and Z is a main
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group element [17]. The half-Heusler compound crystallises in the face-centred-cubic (fcc) C1b structure
¯
with space group F43m
(No . 216) [18]. The ternary
half-Heusler structure is derived from the L21 fullHeusler structure by deleting one X element. Three
phases (I, II and III) can be found for the XYZ
half-Heusler alloy because, in its unit cell, three nonequivalent atomic arrangements are possible for the C1b
structure.
To-date, HM property has been explored in a large
number of Heusler alloys [19–27]. In HM Heusler,
the band structure has a metallic nature for one spin
direction and has a band gap for the other spin channel at the Fermi level; this typifies them with 100%
spin polarisation at 0 K [28]. The first HM Heusler
was developed by de Groot et al [29] in the Mn-based
half-Heusler NiMnSb and PtMnSb. Later, considerable
experimental and theoretical attention have been given
to the study and search of new HM half-Heusler alloys
because of their relatively high Curie temperatures (Tc ),
which is above the room temperature [30,31]. This
specificity is essential for the use of these alloys as efficient and useful spin-injector devices [32–35]. Based on
the first-principle calculations, Co-based half-Heusler
alloys CoMnSb and CoMnTe were predicted to be HM
ferromagnets with spin-down band gaps of 0.87 and 1.13
eV and HM gaps of 0.05 and 0.42 eV, respectively [36].
Half-Heusler alloys CoCrP and CoCrAs were also predicted to be HM ferromagnets with wide band gaps of
about 1.01 and 1.29 eV and large HM gaps of 0.46 and
0.50 eV, respectively. Both half-Heusler alloys have stable half-metallicity, which is believed to be the main
reason as to why these alloys are promising candidates
for spintronic devices [37]. The search of HM halfHeusler with large HM gaps is indispensable because
certain HM half-Heusler alloys with small half-metallic
gaps lose their HM when the lattice constant is slightly
strained as has been discussed by Zhang et al [38,39].
The purpose of this study is to explore a new Co-based
half-Heusler exhibiting large half-metallic gap, which
can be used for spintronic and other related applications. In the present paper, the structural, electronic,
magnetic and thermodynamic properties of the ternary
half-Heusler CoTcSn with C1b structure are studied for
the first time by density functional theory (DFT)-based
ab-initio calculations. We found that CoTcSn alloy is
an excellent HM ferromagnetic compound with wide
band-gap energy in minority spin channel of 1.005 eV
and large HM gap of 0.739 eV larger than that of any
other Co-based half-Heusler alloys, viz, CoMnSb and
CoMnTe with HM gaps of 0.05 eV and 0.42 eV, respectively [36]. CoTcSn shows great potential application in
spintronic technology.
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This work is organised as follows: in §2, we give a
brief description of DFT calculations used in this study;
in §3 the results obtained are discussed. Finally, in §4 we
give our conclusion with a brief summary of the main
results.
2. Computational methods
In this work, the structural, electronic, magnetic and
thermodynamic properties are investigated employing
the FP-LAPW method within the density functional
theory (DFT) method [40,41], implemented in the
WIEN2K code [42]. The exchange-correlation potential
was characterised by the generalised gradient approximation (GGA) of Perdew, Burke and Ernzerhof (GGAPBE) [43]. In addition, to accurately estimate electronic
properties, the newly developed adjustment of the modified Becke–Johnson (mBJ) exchange potential by Tran
and Blaha (TB) [44] was also utilised. Besides, the
correlation parameters [45], Coulomb repulsion (U )
and Hund’s rule exchange (J ) were used to adjust the
Coulomb repulsion between the highly localised 3d and
4d electrons of Co and Tc atoms, respectively. The U
and J values used were U = 4 eV and J = 0.96 eV for
Co-3d orbital [46–48] and U = 2.9 eV and J = 0.31 eV
for Tc-4d orbital [49]. In our calculations, we have used
a mesh of 2000k-points in the Brillouin zone integration,
which is found to be sufficient to achieve convergence.
The energy separation between the core and valence
states was set to be −8.0 Ry. The value of RMT × K Max
was maintained at 8.0, where RMT is the smallest muffintin (MT) radius and K Max is the maximum value of
the wave vector. The values of the MT sphere radius
were taken as 2.39, 2.15 and 2.39 a.u. for Co, Tc and
Sn, respectively. Otherwise, the valence wave functions
inside the spheres were expanded up to lmax = 10, while
the magnitude of the largest vector in the charge density Fourier expansion (G max ) was taken as 24 (a.u.)−1 .
The convergence criterion of the self-consistent calculation cycles was selected to be less than 1 × 10−4 Ry.
The thermal properties of the half-Heusler alloy CoTcSn
were obtained using the quasiharmonic Debye model as
implemented in the Gibbs code [50].
3. Results and discussions
3.1 Structural properties and stability
Crystal structure of CoTcSn half-Heusler alloy for three
phases (I, II and III) are illustrated in figure 1. Furthermore, the position of Co, Tc and Sn atoms for each
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Figure 1. The crystal structure of cubic half-Heusler CoTcSn in the three phases (I, II and III).

phase (I, II and III) is shown in table 1. Using GGA-PBE
approximation, we have analysed the structural stability
of the studied material for three phases in ferromagnetic (FM), non-magnetic (NM) and antiferromagnetic
(AFM) states. Figure 2 represents the curves of the
variation of total energy as a function of changed volumes for each phase. It can be clearly seen that the FM
configuration of phase (II) structure gives the lowest
energy. Consequently, our half-Heusler CoTcSn is stable in phase II with FM ground state. After that, the
curves are fitted using the Birch–Murnaghan’s equation
of state [51]. The ground-state properties such as the
calculated lattice parameters a0 (Å), volume V0 (a.u.)3 ,
bulk modulus B0 (GPa), its pressure derivative B  and
total energy minimum E 0 (Ry) for three phases (I, II and
III) in FM, NM and AFM for half-Heusler CoTcSn are
summarised in table 2. To the best of our knowledge,
no theoretical or experimental data are available for the
structural properties of CoTcSn compound in the literature and hence the present results are a prediction for
our studied compound.
In order to confirm the stability in phase (II) FM for
CoTcSn, the formation and cohesive energies have been
calculated.
The formation energy (E f ) is a physical parameter
which determines whether a material can be experimentally synthesised or not when T = 0 K. E f is the
difference between the total energy (E 0 ) and the addition of all pure energies of the constituent elements in
their bulk states. It is calculated as follows [52,53]:
Bulk
Bulk
Bulk
E f = E 0 − (E Co
+ E Tc
+ E Sn
),

(1)

where E 0 is the total energy of CoTcSn compound calBulk , E Bulk
culated from structural optimisation and E Co
Tc
Bulk are the atomic energies of Co, Tc and Sn
and E Sn
atoms, respectively.

Figure 2. Variation of the calculated total energy as a function of volume for half-Heusler CoTcSn for I, II and III phases
in ferromagnetic (FM), non-magnetic (NM) and antiferromagnetic (AFM) states.

The calculated E f value of CoTcSn is about −0.6836
Ry. The negative sign of E f shows that the CoTcSn is
stable.
The cohesive energy E c is the difference between the
total energy (E 0 ) and the total energies of the atomic
components in the single state. In fact, E c is the energy
required to break all the bonds associated with one of
its constituent molecules [54]. The E c of CoTcSn per
formula unit can be obtained from the equation:
E c = E 0 − (E Co + E Tc + E Sn ),
(2)
where E Co , E Tc and E Sn are respectively the energies
of Co, Tc and Sn atoms. The computed E c value is
−1.093 Ry. The negative value of E c indicates the stability of CoTcSn.
According to the obtained results, the negative values
of formation and cohesive energies evaluated for the
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Table 1. Atomic arrangement of X, Y and Z atoms in I, II and III phase. The 4d position is actually empty.

Phase I
Phase II
Phase III

4a

4b

4c

X (0, 0, 0)
Z (1/4, 1/4, 1/4)
Y (1/2, 1/2, 1/2)

Y (1/2, 1/2, 1/2)
X (0, 0, 0)
Z (1/4, 1/4, 1/4)

Z (1/4, 1/4, 1/4)
Y (1/2, 1/2, 1/2)
X (0, 0, 0)

Table 2. The calculated lattice parameters a0 (Å), volume V0 (a.u.)3 , bulk modulus B0 (GPa), derivative of the bulk B  and total
energy E 0 (Ry) for half-Heusler CoTcSn for I, II and III phases in FM, NM and AFM states using GGA-PBE approximation.
Compound
CoTcSn

Calculations

Parameters

FM state

a0 (Å)
V0 (a.u.)3
B (GPa)
B
E 0 (Ry)
a0 (Å)
V0 (a.u.)3
B (GPa)
B
E 0 (Ry)
a0 (Å)
c (Å)
V0 (a.u.)3
B (GPa)
B
E 0 (Ry)

NM state

AFM state

Phase (I)

Phase (II)

Phase (III)

6.0752
378.2861
124.426
4.29
−23718.276517
6.0374
371.2697
137.130
5.19
−23718.262716
4.5182
6.3620
382.3509
103.239
3.85
−23718.266365

5.8904
344.7950
153.641
3.59
−23718.405339
5.8645
340.2910
175.409
4.09
−23718.393501
3.8512
5.4464
338.9237
166.45
4.83
−23718.391712

6.0677
376.8932
125.014
4.82
−23718.336292
6.0336
370.5674
145.494
3.99
−23718.319325
4.4639
6.3129
376.1293
127.330
4.34
−23718.334408

studied material confirm that CoTcSn can be stabilized
thermodynamically and synthesised experimentally in
phase (II) FM state.
3.2 Electronic properties
Equilibrium lattice parameter of phase (II) FM is
used to calculate the spin-polarised electronic structures of ternary half-Heusler CoTcSn along the high
symmetry direction in the first Brillouin zone using
different approximations: GGA-PBE, GGA+U and
GGA+U plus Tran–Blaha-modified Becke–Johnson
(mBJ-GGA+U ). The band structures for both spin
majority and minority are illustrated in figure 3, and
calculated results of band gaps and half metallic gaps
are given in table 3. Figure 3 reveals that the conduction and valence bands are overlapping at Fermi level in
both spin channel majority/minority using GGA-PBE
approximation. Thus, CoTcSn shows metallic character. In contrast, using GGA+U method, we observed
that CoTcSn still has metallic character in the majority
spin direction, whereas for the minority spin direction
the bottom of the conduction band (BCB) is shifted
upwards from its GGA position to the higher energy.
This behaviour allows the appearance of indirect band
gap L-X of about 0.491 eV and thus CoTcSn shows

semiconducting character in the minority spin direction.
Both metallic and semiconducting characters, in the spin
majority and spin minority channel respectively, suggest that CoTcSn can be a half-metallic ferromagnetic
(HMF) material with a half metallic gap of 0.430 eV
(see table 3). Furthermore, the TB-mBJ approximation
with GGA+U method is employed to achieve the most
accurate band structure calculation. The results are also
illustrated in figure 3. From this figure we can see that
CoTcSn still has HM character with the enhancement of
the band gap value in the spin minority channel which
is about 1.005 eV and half-metallic gap of 0.739 eV
as shown in table 3. Similar finding has been reported
by Yao et al [37] for Co-based compounds CoCrP and
CoCrAs, which have wider band gaps of about 1.01 and
1.29 eV and large HM gaps (up to 0.5 eV).
From our results, we have established that CoTcSn is
a robust HM ferromagnet alloy with HM gap of 0.739
eV which is significantly larger than that of any Cobased half-Heusler alloys such as CoMnSb and CoMnTe
reported in the literature, which exhibit HM gaps of 0.05
and 0.42 eV, respectively [36].
In order to get a better insight of the electronic properties of the studied compound, the total and partial
densities of states (TDOS and PDOS) are calculated
and plotted in figure 4 using three approximations. The
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Figure 3. Spin-polarised band structures of CoTcSn half-Heusler alloy in phase (II) FM at equilibrium lattice constant using
GGA-PBE, GGA+U and mBJ-GGA+U approximations.
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Table 3. Calculated band-gap energy (eV), HM gap (eV) and band transition for half-Heusler alloy CoTcSn at the equilibrium
lattice constant.
Alloy

CoTcSn

Approach

GGA-PBE
GGA+U
mBJ-GGA+U

Band-gap energy (eV)

Band transition

Spin-up

Spin-down

Spin-up

Spin-down

Spin-up

Spin-down

–
–
–

–
0.491
1.005

–
–
–

–
0.430
0.739

–
–
–

–
→X
→X

Fermi level is set at zero energy which is indicated by
a vertical dash line. Regarding the majority spin, the
general features of TDOS and PDOS curves have similarity for the three methods. We can see that the peaks
of Co-3d and Tc-4d states cross the Fermi level and
we can also observe that there is a visible hybridisation
between Co-3d and Tc-4d orbitals, especially between
d-t2g orbitals of Co and d-t2g orbitals of Tc atoms. So the
studied material exhibits metallic behaviour in majority
spin. For the minority spin when using both the approximations GGA+U and mBJ-GGA+U , CoTcSn shows
a semiconducting character. The valence band top and
the conduction band bottom are dominated mainly by Co
(d-t2g ) and Tc (d-t2g ) orbitals and minor contribution of
Sn-5p states. From the obtained results, we further conclude that this compound is very suitable for spintronic
devices. Moreover, in the valence bands, we observe two
regions as shown in figure 4. The first region between
−9.76 and −7.0 eV is dominated by the Sn-5s states.
The second one between −4.7 and −0.34 eV is dominated principally by Co-3d and Tc-4d states with weak
hybridisation with Sn-5p orbitals. Concerning the conduction bands, we can see that the peaks observed are
mainly due to Co-3d and Tc-4d states with a small contribution of Sn-5p orbitals.
The spin polarisation P(E) of CoTcSn at the Fermi
energy (E F ) is related to the spin-dependent DOS state
densities by the expression [55]
P(%) =

HM gap (eV)

ρ↑(E F ) − ρ↓(E F )
× 100,
ρ↑(E F ) + ρ↓(E F )

(3)

where ρ↑(E F ) and ρ↓(E F ) are respectively the densities
of majority and minority spin electrons at E F . Following
eq. (3), CoTcSn shows 100% spin polarisation at E F
which shows the half-metallic nature of this material.
3.3 Magnetic properties
We calculated partial, interstitial and total magnetic
moments for half-Heusler CoTcSn and the computed
results are given in table 4. As shown in table 4, the total
spin magnetic moment including the contribution of the
interstitial region is mainly due to the Co and Tc atoms.
In both GGA+U and mBJ-GGA+U approximations,

the total magnetic moment per unit cell (μcell ) is an integer with a value of 2 μB which confirms the half-metallic
nature of CoTcSn and verifies the Slater–Pauling rule
for half-Heusler alloy: μcell = Z T − 18 [56], where
Z T is the total number of valence electrons per stoichiometric formula (Z T = 20). The calculated μcell is in
excellent agreement with the available theoretical work
performed on CoCrP and CoCrAs half-Heusler alloys,
where their total magnetic moment is equal to 2 μB [37].
The local magnetic moments of Co and Tc transition
element atoms mostly contribute to the total magnetic
moment of the studied compound, which are due to the
large exchange splitting between states of majority spin
and minority spin of both Co and Tc atoms. On the other
hand, the negative sign between Co and Tc atoms and Sn
atoms reveal that Co and Tc with Sn atoms are antiparallel and their valence electrons (Co-3d and Tc-4d orbitals
and Sn-4p states) interact antiferromagnetically during
the exchange splitting process. However, partial magnetic moments for Co and Tc atoms have similar spin
polarisation, proving the ferromagnetic coupling in the
ternary half-metallic compound CoTcSn.

3.4 Thermodynamic properties
It is important to study the thermodynamic properties
of CoTcSn to extend our knowledge about the specific
characters of our compound when they are subjected to
high temperature and high pressure. The thermal properties are computed by the quasiharmonic Debye model
in the Gibbs code [50]. In this model, the thermodynamic properties are determined from the calculated
energy volume points, in which the non-equilibrium
Gibbs function G ∗ (V, P, T ) is given by following relationship:
G ∗ (V, P, T ) = E(V ) + P V + Avib (θD (V ), T ),

(4)

where E(V ) is the total energy per unit cell, PV corresponds to hydrostatic pressure, Avib is the vibration
Helmholtz free energy and θD is the Debye temperature.

Pramana – J. Phys.

(2021) 95:95

Page 7 of 12

95

Figure 4. Total and partial density of states of half-metallic ferromagnetic half-Heusler CoTcSn in phase (II) at equilibrium
lattice constant using GGA-PBE, GGA+U and mBJ-GGA+U . Fermi level is set to zero.
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Table 4. The calculated results of the partial (Co, Tc and Sn), interstitial and total magnetic moments for half-Heusler CoTcSn
in phase (II) FM at equilibrium lattice parameters, obtained by GGA-PBE, GGA+U and mBJ-GGA+U approximations.
Magnetic moment (μB )

PBE-GGA

GGA+U

mBJ-GGA+U

μCo
μTc
μSn
μintersititial
μcell

0.85991
1.11100
−0.03536
0.04284
1.97839

0.85577
1.21568
−0.10051
0.03002
2.00000

1.12606
1.18369
−0.17527
−0.13448
2.00000

Based on the quasiharmonic Debye model of phonon
density of states, Avib is defined as follows [57,58]:

9θD
+ 3 ln(1 − e−θD /T )
Avib = n K B T
8T
 
θD
,
(5)
−D
T
where n is the number of atoms per formula unit, K B
is the Boltzmann’s constant and D( θTD ) is the Debye
integral. For an isotropic solid, Debye temperature θD is
described as [58]

BS
  2 1/2 1/3
,
(6)
θD =
6π nV
f (υ)
KB
M
where M is the molecular mass per unit cell and B S is the
adiabatic bulk modulus, designating the compressibility
of the crystal which is estimated by static compressibility [59]:
d2 E(V )
BS ∼
= B(V ) = V
dV 2
and f (υ) is given as follows [60]:


2 1+υ 3/2
f (υ) = 3 2
3 1−2υ
⎫
−1 ⎬1/3


1 1+υ 3/2
+
,
⎭
3 1−υ

(7)

(8)

where υ is the Poisson ratio, maintained at 0.25. Thus,
the non-equilibrium Gibbs function G*(V , P, T ) as a
function of V , P and T can be minimised with respect
to volume (V ) as follows:

 ∗
∂G (V, P, T )
= 0.
(9)
∂V
P,T
By resolving eq. (6), it is possible to get the state
thermal equation (EOS) V (P, T ). The thermodynamic
quantities such as heat capacity (Cv ) at constant volume,
isothermal bulk modulus (BT ), entropy (S) and thermal
expansion coefficients (α) are formulated as [50]


Cv =

∂G
∂T




= 3n K B
V



θD
4D
T




3θD /T
− θ /T
,
e D −1
(10)


∂ 2 G ∗ (V, P, T )
,
BT = V
∂V 2

 

θ
−θ/T
S = n K B 4D
− 3ln(1 − e
) ,
T
γ CV
,
α=
BT V


(11)
(12)
(13)

where γ is the Grüneisen parameter which is described
as [50]
γ =−

d ln θD (V )
.
dlnV

(14)

These thermodynamic properties are studied in the
temperature range of 0–1200 K and the pressure range
of 0–40 GPa. Temperature and pressure effects on volume (V ), bulk modulus (B), heat capacity (Cv ), Debye
temperature (θD ), thermal expansion (α) and entropy (S)
are shown in figures 5a–5f.
Figure 5a shows the unit cell volume variation vs.
temperature at fixed pressures (0, 10, 20, 30 and 40
GPa). We can see that, at a given temperature, the volume decreases when the pressure increases. On the other
hand, at a given pressure, the volume increases with temperature with very slow rate. Inspection of data from
figure 5a shows that our computed volume for CoTcSn
at zero pressure and zero temperature is 346.17 bohr3 ,
which is in good agreement with the obtained data in
the structural properties (344.795 bohr3 ).
Figure 5b shows the bulk modulus (B)–temperature
relationship at different pressures for half-Heusler
CoTcSn. The bulk modulus signifies the property of
a compound which defines its resistance to volume
change when compressed. For the temperature between
0 and 100 K, B is nearly constant. For T > 100,
B decreases almost linearly with increasing temperature at fixed pressure. Otherwise, the compressibility
increases with pressure at a given temperature. This
result indicates that CoTcSn fcc structure becomes
softer after entering a new bonding regime. At initial

(2021) 95:95

Pramana – J. Phys.

Page 9 of 12

CoTcSn

(a)

(b)

360

0 GPa

350

40 GPa

260

8 GPa
330
320

16 GPa

32 GPa

240

B(GPa)

V(bohr^3)

CoTcSn

280

340

24 GPa

220

16 GPa

200

310

24 GPa

300
290
0

200

400

600

800

1000

180

32 GPa

160

40 GPa

140

8 GPa

0 GPa

1200

0

Temperature (K)

60
50
40

P = 0 GPa
P = 8 GPa
P = 16 GPa
P = 24 GPa
P = 32 GPa
P = 40 GPa

30
20
10
0

200

400

600

800

1000

Debye temperature θD (K)

Cv(J/molK)

70

0

400

800

1000

1200

CoTcSn

540

40 GPa

520

32 GPa

500

24 GPa

480

16 GPa

460
440

8 GPa

420
400
380

1200

0 GPa
0

200

400

Temperature(K)

600

800

1000

1200

Temperature(K)

CoTcSn

(e)

600

(d)

Dulong-Petit limit

80

200

Temperature (K)

CoTcSn

(c)

95

CoTcSn

(f)
200

3.0

180
160
140

2.0
1.5

P = 0 GPa
P = 8 GPa
P = 16 GPa
P = 24 GPa
P = 32 GPa
P = 40 GPa

1.0
0.5
0.0

0

200

400

600

800

Temperature (K)

1000

1200

S(J/molK)

alpha(10^-5/K)

2.5

120
100

P = 0 GPa
P = 8 GPa
P = 16 GPa
P = 24 GPa
P = 32 GPa
P = 40 GPa

80
60
40
20
0

0

200

400

600

800

1000

1200

Temperature (K)

Figure 5. The variation of (a) unit cell volume (V ), (b) bulk modulus (B), (c) heat capacity (Cv ), (d) Debye temperature
(θD ), (e) thermal expansion (α) and (f) entropy (S) as a function of temperature at different pressures for CoTcSn half-Heusler
alloy.
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state, zero temperature and zero pressure, the calculated bulk modulus is 152.438 GPa. This value is in
reasonable agreement with the value of 153.641 GPa
computed from structural properties. Moreover, at 300
K and zero pressure, the bulk modulus is 149.184
GPa. Therefore, the studied material is characterised by
an important compressibility rate and strong hardness
[61,62]
The variation of heat capacities (Cv ) with temperature at different pressures is given in figure 5c. At
a lower temperature (T < 300 K), Cv increases
rapidly with increasing temperature and it is proportional to T 3 [63]. However, at high temperature
(T > 300 K), Cv increases slowly and tends to
the Petit and Dulong limit [64], which is common
to all solids at high temperature. Furthermore, at 900
K and 0 GPa, our calculated value of Cv is 74.44
J/mol·K.
Another substantial fundamental parameter in the
quasiharmonic method is the Debye temperature (θD ).
The parameter θD gives valuable information about different physical properties of solids such as, as elastic
constants, specific heat and melting temperature [60].
The relationship between Debye temperature (θD ) and
temperature in the pressure range 0–40 GPa for the cubic
CoTcSn half-Heusler is presented in figure 5d. We can
see two regions:
In the first region, when 0 < T < 100 K, θD is nearly
constant.
In the second region, when T > 100 K, θD decreases
linearly with the increase in temperature but the rate of
decrease is very moderate at constant pressure. On the
other hand, θD monotonously increases with the increase
in pressure at a given temperature. Furthermore, it is also
clear that the effect of pressure on θD is important compared to the effect of temperature. Debye temperature
calculated by us at 300 K and 0 GPa is equal to 406.44 K.
The thermal expansion (α) has been also calculated
which characterises the tendency of matter to change
its size with changing temperature. The variation of
the parameter α with temperature and pressure in the
range 0–1200 K and 0–40 GPa is shown in figure 5e.
At constant pressure, α increases exponentially and
rapidly with the increase of temperature up to 400 K.
At high temperatures (T > 400 K), α increases tardily
and converges to a constant value. From figure 5e, we
can also see that the effect of pressure on α is opposite; the thermal expansion decreases when the pressure
increases. At 400 K temperature and 0 GPa pressure,
α = 2.56 × 10−5 K−1 .
The entropy (S) is another important thermodynamic
parameter which also has been studied. The parame-
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ter S reveals an essential insight on vibration properties
of a material and specifies the exact physical state of
a system. The entropy plays an important role in the
performance of many devices such as refrigerators, heat
pumps and heat engines. The variation of S as a function of temperature at different pressures for CoTcSn
is displayed in figure 5f. It can be seen that the curves
start at the entropy value of zero at 0 K and 0 GPa,
then, S will rise exponentially with increase in temperature. Furthermore, at 300 K and 0 GPa conditions,
the entropy is 80.38 J/mol·K and at temperatures above
700 K, S becomes very high. In fact, increasing temperature causes the increase of the vibration entropy
of a material and its decrease with increasing cohesive
energy.
4. Conclusion
In the present work, we have investigated the structural, electronic, magnetic and thermodynamic properties of the new ternary half-Heusler alloy CoTcSn using
first-principle calculations based on the FP-LAPW
method. Three approximations were used to treat the
exchange correlation potential: GGA-PBE, GGA+U
and mBJ-GGA+U approximations. The equilibrium
lattice parameters, bulk modulus, its first pressure
derivative and minimum total energy are evaluated for
three phases (I, II and III) in ferromagnetic (FM), nonmagnetic (NM) and antiferromagnetic (AFM) states.
The structural analysis revealed that the phase (II) ferromagnetic is the most stable ground state of the studied
material. The results of the electronic properties unveil
a half-metallic behaviour with indirect wide band gap in
minority spin of about 0.491 and 1.005 eV, and large HM
gap of 0.430 and 0.739 eV using GGA+U and mBJGGA+U , respectively. The integer value of the total
spin magnetic moment of 2 μB confirms half-metallicity
for the studied compound. The thermodynamic properties such as unit cell volume (V ), bulk modulus (B),
heat capacity (Cv ), Debye temperature (θD ), thermal
expansion (α) and entropy (S) are also investigated
using quasiharmonic approximation in a wide temperature range 0–1200 K and pressure range 0–40 GPa. The
calculation of the structural, electronic, magnetic and
thermodynamic properties shows that the CoTcSn compound has both ferromagnetic and half-metallic nature
in phase (II) structure. Consequently, our new halfHeusler alloy could be a novel material for spintronic
applications. Therefore, it can be used in perfect spin
filters, spin valves, magnetic tunnel junction or spininjection devices.
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