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ABSTRACT

In this paper, we have performed a comprehensive set of first-principles calculations to study elastic, electronic,
thermodynamic and thermoelectric properties of TaCoSn using density functional theory (DFT). Half-heusler,
TaCoSn has been found to be elastically and thermodynamically stable, ductile and hard material. The Debye
temperature of TaCoSn has been found to be 375.39 K. The calculated energy bands indicate that TaCoSn is an
indirect band gap semiconductor and the value of gap is 1.107 eV using PBE functional and it is 1.153 eV by TB-
mBJ potentials. Such small increase of band gap by TB-mBJ potential has no significant effect on the transport
properties of TaCoSn. In TaCoSn, no significant spin-orbit interaction is found. The density of states at the Fermi
energy is dominated by Ta-5d and Co-3d orbitals due to strong hybridization between them. We also calculate
the relaxation time and lattice thermal conductivity. The lattice thermal conductivity of TaCoSn (4.95 W/mK at
300K) is relatively small than that of other half-heusler compounds. The maximum Seebeck coefficient at 500 K
is 249.41 uV/K. The obtained power factor (S?0/7) at 600K is ~12.5 x 10'' W/msK>. The calculated maximum
figure of merit (ZT) is 0.73 at 600K indicates that TaCoSn is a promising material for thermoelectric device

applications.

Introduction

Thermoelectric energy generation (TEG) might be the alternative
way to solve the 21% century energy crises as this method does not
require fossil-fuels and is thus environment friendly. TEG is an en-
couraging and effective technology for power generation and cooling.
Thermoelectric materials are used to convert heat to electricity and
vice-versa. The coefficient of performance of a potential thermoelectric
material is determined by the dimensionless figure of merit, ZT = SZ: T
where S, 0, k =k, + k; and T are the Seebeck coefficient, electrical
conductivity, thermal conductivity (consisting of electronic and lattice
thermal conductivity) and absolute temperature, respectively. The half-
heusler 18-electron ABX compounds have attracted much attention due
to their semiconducting behavior [1] and high thermoelectric perfor-
mance [2-5]. Recently, researchers reported some previously unknown
Half-Heusler compounds, such as ScPtBi, TiPdSn, ZrNbPb, etc. [6-9]
and it is found that ZrNiPb based half-heusler materials can exhibit high
thermoelectric performance (ZT ~ 0.8 at 800 K) [4]. Although the pure
ZrNiPb has low thermoelectric performance, the doping of suitable
element (Sn, Bi) significantly increases the ZT of ZrNiPb [4]. Recently,
Zakutayev et al. reported the experimental synthesis of TaCoSn, an 18-
electron ABX half-heusler compound [10]. This material was reported
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to be semiconductor and possibility of high thermoelectric performance
[11]. Bhattacharya et al. calculated the optimal zT, (not usual ZT) of
TaCoSn by assuming the lattice part of thermal conductivity «kyn/
7 ~ 10 W/mKs and found to be 1.73 [11]. This indicates the possi-
bility of high thermoelectric performance. Therefore, it is reasonable to
study the lattice thermal conductivity and details of transport proper-
ties along with the electronic nature of TaCoSn.

In this paper, we have presented first-principles study of elastic,
electronic, thermodynamic and thermoelectric transport properties of
TaCoSn by using density functional theory (DFT) [12] and semi-clas-
sical Boltzmann transport theory. We have calculated elastic constants
and moduli of elasticity, anisotropy, Vickers hardness. We also calculate
the Debye temperature of TaCoSn which found to be 375.39 K. The
calculated band structure of TaCoSn confirms the semiconducting
nature and the possibility of high thermoelectric performance. The re-
laxation time and lattice thermal conductivity have been calculated for
TaCoSn. The maximum Seebeck coefficient is obtained at 500K,
249.41 uV/K and power factor (S%0) of TaCoSn is 2.22 X 10'%W/msK>
at 1000 K. The calculated maximum thermoelectric figure of merit (ZT)
is found to be 0.731 at 600 K indicating that TaCoSn is a high perfor-
mance thermoelectric material.

2211-3797/ © 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Computational methods

The elastic properties of TaCoSn were calculated by using IRelast
method [13] as interfaced with the full potential linearized augmented
plane wave (LAPW) method as implemented in WIEN2k [14]. The
electronic properties, such as density of states (DOS), band-structure,
were calculated in WIEN2k. To obtain a good convergence basis set, a
plane wave cut off of kinetic energy RK,.x = 7.0 was selected by
convergence test. A mesh of dense (21 x 21 X 21) k-points was used in
the elastic and electronic properties calculations for BZ integrations.
The generalized gradient approximation (GGA) within the Perdew-
Burke-Ernzerhof (PBE) [15,16] scheme was utilized for elastic proper-
ties calculation. The PBE-GGA and Tran-Blaha modified Becke-Johnson
potentials (TB-mBJ) [17] were used for electronic and transport cal-
culations. We also performed electronic and transport properties in-
cluding spin-orbit interactions (SOC) among all atoms. The transport
properties were explored by solving Boltzmann semi-classical transport
equations as implemented in BoltzTraP [18]. A denser mesh
(43 x 43 x 43) of k-points was used for thermoelectric transport
properties calculations. The transport parameters were calculated at the
chemical potential, which is equal to the zero temperature Fermi en-
ergy. The lattice thermal conductivity and relaxation time were calcu-
lated by using the finite displacement approach [19,20] as im-
plemented in Phono3py [21]. The 2 X 2 X 2 supercell was created and
a mesh of 4 X 4 X 4 cubic shifted k-points were used for harmonic and
anharmonic forces calculation. The force calculation was performed in
Quantum espresso package [22] by using the same PBE functional, 35
Ry cutoff energy for wave functions, and ultrasoft pseudopotentials.
Then, the lattice thermal conductivity was calculated by performing BZ
integration in the g-space with 21 x 21 X 21 mesh and the equation
x = $ >, Giva @ vat, where V is the volume of the unit cell, v is the

group Vélocity, 7 is the SMRT for the phonon mode A, and C, is mode
dependent phonon heat capacity. The relaxation time (t) was calculated
from the self-energy (I'(w)) as found in the above calculation by using
T= ﬁ(w) The Phono3py program has successfully predicted the lattice
thermal conductivity of many materials [23-27].

Result and discussions

The equilibrium crystal structure of TaCoSn is shown in Fig. 1. The
TaCoSn is a face-centered cubic crystal with space group F43m (#216).
The occupied Wyckoff positions for Ta, Co and Sn atoms are 4a (0, 0, 0),

Fig. 1. The crystal structure of TaCoSn.
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4b (0.25, 0.25, 0.25) and 4c (0.5, 0.5, 0.5), respectively [10]. The op-
timized lattice parameter is 5.95 A which is very close to the experi-
mental (5.94 A) [10] and the theoretically predicted [6] value (5.97 A).

Elastic properties

The elastic properties are related to the mechanical stability of a
material and hence are important for different practical applications.
The anisotropy, hardness, ductility, etc. of a material can be calculated
from elastic constants. The strength of a material is measured by the
bulk modulus, shear modulus, Young’s modulus, and Poisson’s ratio.
The Reuss [28], shear (Ggr), and Voigt [29] shear modulus (Gy) of a
cubic crystal are given by: Gy = % and Gy = %
The bulk modulus for a cubic crystal can be calculated by the relation
B= %zm Then, we use the Hill average scheme to find the shear
modulus (G) [30]. The Young’s modulus (E) and Poisson’s ratio (v) are
given by: E = 321162‘ andv = 3BG;E. Here, X stands for Reuss (R), Voigt
(V) and Hill (H) scheme. The melting temperature is an important
parameter for a crystal to use in heating systems. It can be predicted by
the following expression [31] T, = [553 K+ (5.91 K/GPa)cy;]| + 300 K.

The calculated elastic constants, moduli of elasticity, Poisson’s ratio,
and melting temperature of TaCoSn are listed in Table 1. The necessary
and sufficient conditions of stability for a cubic crystal system are given
as:

Cn—Ci2 > 0;

Cy + 2C; > 0 Cy>0

Our calculated elastic constants indicate that TaCoSn crystal is
elastically stable. The calculated melting temperature of TaCoSn is high
(Table 1). Thus, this material is suitable for high temperature applica-
tions. The ductile (or brittle) nature of a material can be found by
calculating the Pugh ratio [32]. A material is ductile if the Pugh ratio
(B/G) > 1.75, otherwise it is brittle. The calculated value of Pugh ratio
is greater than 1.75, hence TaCoSn is a ductile material. A ductile
material has a wide range of applications in the parts of machine un-
dergoing rapid acceleration. The calculated Poisson’s ratio of TaCoSn
(0.3) is in the range of values for metals. The percentage anisotropy that
measures the elastic anisotropy and can be calculated by using the

expression [33], Ag = gZ;gi The shear elastic anisotropy can be cal-

culated by the following equation [34], A = 01126774‘212 The value of Ag
and A is 0.9% and 0.76, respectively, indicating the material is aniso-
tropic. The Vickers hardness can be calculated by using the following

G\2 . \0385
empirical formula [35], Hy = 2((E) G) —3. The calculated value of

Hy (8.22 GPa) indicates the material to be hard.
Thermodynamic properties

Phonons are the normal mode of quantum vibrations and determine
the crystal structure stability. For a stable crystal structure, no ima-
ginary frequency exist for any phonon, the frequency must be real
quantity [36,37]. From Fig. 2(a), it is clear that no imaginary frequency
exists for TaCoSn throughout the considered BZ. Therefore, TaCoSn is
thermodynamically stable. The total phonon density of states is illu-
strated in Fig. 2(b). The phonon DOS is consistent with the phonon
dispersions relations. The Debye temperature of a material is connected
to thermal stability and lattice thermal conductivity. The Debye tem-
perature is given by [38]

_1
_ h(SN)”3 12 1|
P kg \anv 3\v? P
where v, and v, are (longitudinal and transverse wave velocity, re-

1/2 1/2
spectively) given by v, = (%) , V0 = (%) . The calculated Debye

temperature is 375.39 K. The variations of thermodynamic parameters
such as bulk modulus (B), heat capacity (Cy), entropy (S), Debye tem-
perature (Op), and Griineisen parameter (y) with pressure are shown in
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Table 1

The evaluated elastic constants and moduli of elasticity in GPa, Poisson’s ratio and melting temperature in K.
c11 Ci2 Cas B Gr Gy Gy Er Ev En v B/Gu Twm * 300
382.2 148 88.8 226.2 98.3 100.1 99.2 257.6 261.7 259.6 0.3 2.2 2832

Fig. 3. The bulk modulus sharply increases with increasing pressure but
slowly decreases with temperature. The pressure compacts the structure
and increases its resistance to external effect, thus, bulk modulus in-
creases with pressure. However, temperature creates vibrations within
the crystal and thus, the bulk modulus slowly decreases with increasing
temperature. The heat capacity decreases with both temperature and
pressure as shown in Fig. 3(b). The entropy measures the degree of
disorderness in the crystal structure. The pressure reduces the dis-
orderness in the structure while temperature increases it. Thus, the
entropy of TaCoSn increases with temperature but decreases with
pressure (See Fig. 3(c)). The Debye temperature is inversely related to
the vibrational frequency and thus increases with pressure. However, it
slowly decreases with temperature as expected. Note that the Debye
temperature calculated by using quasi-harmonic Debye model
(385.15K) is reasonably close to the value calculated from elastic
properties within standard Debye model. The Griineisen parameter
determines the anharmonicity and hence phonon scattering. The Small
Griineisen parameter indicates the small phonon scattering which may
lead to large contributions to the lattice thermal conductivity. The
Griineisen parameter decreases with pressure but increases with tem-
perature as expected.

Electronic properties

The energy bands of TaCoSn is shown in Fig. 4. The bands are non-
dispersive and no overlapping between the valence band and conduc-
tion band occurs at the Fermi level. Thus, this indicates semiconducting

behavior of TaCoSn. Note that the band gap obtained using PBE-GGA
potential is slightly smaller than that obtained by PBE + mBJ potential.
Our calculated band structure of TaCoSn using PBE-GGA potential is
consistent with others previous result [11]. The value of bandgap is
1.107 eV by using PBE-GGA and 1.153 eV by PBE + mBJ. This band gap
is much larger than that of TiPdSn (0.48 eV) obtained using pseudo-
potential method [39]. The energy bands indicate that TaCoSn is an
indirect band gap. The energy bands of TaCoSn are mainly d-like
character, although Sn-p orbitals have large contributions as indicated
in Fig. 5(b). The band gap mainly arises from the Ta-5d orbitals. The
energy bands of TaCoSn are flat. The flat energy bands are suitable to
exhibit high performance thermoelectric properties. It is interesting to
note that spin-orbit interactions have no significant effect on the elec-
tronic properties of TaCoSn as shown in Fig. 4(c), although significant
effects have been found for some other half-Heusler compounds [40].
The band structure remains same as obtained by PBE-mBJ potential.
The total, atomic, and projected density of states are shown in Fig. 5.
The upper peak in the density of states, from —2 to —1 eV, comes from
the strong hybridization between Ta-5d and Co-3d orbitals. This can be
well explained by sigma bonding combinations of Ta-5d and Co-3d
orbitals. The lower peak, from 1 to 3 eV, arises from the corresponding
anti-bonding combinations. The bonds of TaCoSn are covalent due to
strong hybridization between Ta-5d and Co-3d orbitals and ionic
character due to the relative quantities of DOS of two states. The Ta-5d
and Co-3d orbitals have dominant contributions to the density of states
at the Fermi level. However, Sn-5p orbitals also have significant con-
tributions to the density of states. The total density of states at the

._.
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Fig. 2. Phonon dispersions and total phonon density of states (in arbitrary unit).
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Fig. 3. Variations of different thermodynamic quantities with pressure at different temperature: (a) bulk modulus (B), (b) heat capacity (Cy), (c) entropy (S), (d)
Debye temperature (Op), and (e) Griineisen parameter (y); inset figure shows pressure dependent lattice parameter. We see that Griineisen parameter decreases with

the increase of pressure as lattice parameters decrease.

Fermi level is small and the value is 2.32 states/eV.f.u. The Sommerfeld

Thermoelectric properties

coefficient is 0.42 mJ/mol.K* which is also very small. The density of

states gives further confirmation that TaCoSn is a bulk gap semi-

conductor.

The semiconductors with flat valence band and conduction band are

expected for good thermoelectric materials. Our calculated band
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Fig. 4. Band structure of TaCoSn: (a) PBE + GGA, (b) PBE + mBJ, and (c) PBE + mBJ + SOC.
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Fig. 5. Density of states (DOS) of TaCoSn: (a) total and atomic DOS and (b) projected DOS (PDOS).
6 T T T T T T T T T structure confirms that TaCoSn is an indirect band gap semiconductor
- 35 J with flat valence and conduction band. Furthermore, the density of
5 30 i states confirms the bulk gap between valence and conduction band.
ﬁ 2.5 Recently, Zeeshan et al. predicted good thermoelectric performance in
7 ﬁo 2.0 7 TaCoSn without considering lattice thermal conductivity [41]. There-
4 4 = L5 = fore, it is reasonable to study the thermoelectric transport properties
4 e (1)(5) 4 considering lattice part of the thermal conductivity. Fig. 6 shows the
34 0.0 ———— _ variation relaxation time of TaCoSn with temperature. The calculated
0 2 4 6 8 10 12 relaxation time (by using the linewidths of phonons self-energy [42]) is
T a0 4 7 slightly larger than that obtained for TiPdSn (by Bardeen and Shockley
2 - T (10 K) - formula [43]) [39]. The relaxation time decreases with increasing
- temperature due to the increase of phonon scattering. Above Debye
14 temperature, the relaxation time shows T-3/2 dependence [44] as illu-
strated in inset figure of (a). Such linear dependence (inset figure)
1 implies that the acoustic phonon scattering is predominant process in
0 T T T T T TaCoSn. Gonzalez Romero et al. suggested that T-*2 dependence may

T T T T
200 400 T 600 800

Fig. 6. Phonon Relaxation time with temperature.
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be used to find the relaxation time at different temperature [45]. The
relaxation time at 300 K is 0.112 x 10~ !*s. The Seebeck coefficient (S)
of TaCoSn within the temperature range from 50 to 1000 K is shown in
Fig. 7(a). The Seebeck coefficient increases sharply up to 500 K and
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Fig. 7. Temperature dependence of different thermoelectric parameters: (a) Seebeck coefficient (S), (b) electrical conductivity (0/7), (c) power factor (S%0/7), (d)
electronic thermal conductivity (k./7), (e) lattice thermal conductivity (k) and (f) total thermal conductivity.

then decrease gradually. The positive Seebeck coefficient indicates that
TaCoSn is p-type material. The maximum Seebeck coefficient obtained
at 500K is 249.41 p V/K which is much smaller than that of TiPdSn
[39]. The variation of electrical conductivity with temperature is shown
in the Fig. 5(b). The electrical conductivity (o/7) increase slowly up to
600K and then after it increases sharply. This behavior indicates the
semiconducting nature of TaCoSn. The calculated electrical con-
ductivity of TaCoSn at 300K is 7.28 x 10° 1/Qm which is reasonably
close to the value of TiPdSn (5.13 x 10°1/Qm) [39] but much higher
than that of ZrRhBi (8.74 x 10*1/Qm) [5]. The calculated maximum
power factor (S%0/1) of TaCoSn at 1000 K is 2.22 x 102 W/msK? which
is higher than that of TiPdSn (1.488 x 102 W/msK?).

463

The electronic part of thermal conductivity (k./t) at a different
temperature is illustrated in Fig. 7(d). The electronic thermal con-
ductivity also increases with the temperature slowly up to 650 K and
then after increases very fast. The calculated electronic thermal con-
ductivity at 300K is 17.41 W/mK which is reasonably close to that of
TiPdSn (20 W/mK) [39] although, at a higher temperature, the differ-
ence is large. The lattice thermal conductivity of TaCoSn is shown in
Fig. 5(e). The lattice thermal conductivity decreases sharply with
temperature up to 150K due to the abrupt increase of large phonon
vibrations and then decreases slowly. The calculated lattice thermal
conductivity of TaCoSn at 300K is 4.95 W/mK, which is reasonably
close to the value obtained for TiPdSn is presented in Table 2. The
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Table 2
The thermoelectric properties of TaCoSn at 300 K.
S (UV/K) o (1/Qm) s%0/t (W/mK?s) k. (W/ K (W/
mK) mK)
TaCoSn 243 7.28 x 10° 3.85 x 10** 17.41 4.95
TiPdSn [31] =317 ~5.49 x 10° - 20.01 5.47

0.8

0.6

N 0.4

0.2

00 T T T T T I ! | !
200 600 800
T(K)

Fig. 8. Thermoelectric figure of merit of TaCoSn.

1000

temperature dependence of total thermal conductivity is presented in
Fig. 7(f). The thermal conductivity increases with the increase in tem-
perature.

The dimensionless figure of merit of TaCoSn has been calculated by
plugging the desired quantities in ZT = %T, is depicted in Fig. 8.
Note that the electrical conductivity and electronic thermal con-
ductivity have been calculated by multiplying the relaxation time of the
corresponding temperature (((0/7) X 7) and ((k./7) X 7)). We see that
ZT increase with increasing temperature up to 600 K and after then it
decreases slowly. The calculated maximum ZT value at 600K is 0.73
which is very close to that for TiPdSn [39], indicates that TaCoSn could
be a high performance thermoelectric material. We are conscious of the
recent works on this compound, such as transport [41] and defect
calculations [11], applications of TaCoSn and its alloy in thermoelectric
generator [46]. They used completely different approach and different
purpose of the work than from this work. Note that we also calculate
the thermoelectric properties using PBE + mBJ and PBE + mBJ + SOC
potentials but are not presented here since no significant changes were
found in these calculations.

Conclusions

In summary, we have performed first principles calculations to
study elastic, electronic, thermodynamic, and thermoelectric properties
of TaCoSn, a high performance thermoelectric material, using density
functional theory (DFT), and semi-classical Boltzmann transport theory
for transport properties. The TaCoSn half-heusler has been found to be
elastically stable, ductile in nature. The calculated Vickers hardness
indicates that TaCoSn is relatively hard material. The Debye tempera-
ture of TaCoSn has been found to be 375.39 K. The calculated energy
bands indicate that TaCoSn is an indirect band gap semiconductor and
the value of gap is 1.107 eV using PBE and 1.153 PBE + mBJ potentials,
with no significant effect of spin-orbit interactions. Such small increase
of band gap due to TB-mBJ potential calculation has no significant ef-
fect on transport properties. Thus, no significant spin-orbit interaction
is present in TaCoSn. The Ta-5d and Co-3d orbitals have dominant
contributions to the density of states due to strong hybridization
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between them. We also calculate the relaxation time and lattice thermal
conductivity using the finite displacement approach. The lattice
thermal conductivity of TaCoSn (4.95W/m K at 300K) is relatively
smaller than that of other half-heusler compounds. The maximum
Seebeck coefficient at 500 K is 249.41 p V/K and power factor (S%0) of
TaCoSn is 2.22 x 10'>W/msK? at 1000 K. The calculated maximum
merit of figure (ZT) is 0.731 at 600 K. Therefore, TaCoSn is a potential
candidate for thermoelectric device applications.
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