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A density functional theory (DFT) employing generalized gradient approximation (GGA) and modified Becke Johnson (TB-

mBJ) potential have been used to study the electronic and thermoelectric (TE) properties of ZrxHf1−x−yTayNiSn. The presence

of indirect band gap at EF in parent compound predict this material to be a small band gap insulator. The substitution of Ta atoms

on the Hf site has inscreases the density of states (DOS) at EF which facilitated the charge carrier mobility. The influence of Ta

content has increased the Seebeck coefficient, electrical conductivity and suppress the thermal conductivity as a result the figure

of merit ZT has enhanced. We have reported an increment of ZT value by 36% over undoped system. The theoretical data were

compared with the experimental results.

1 Introduction

The Heusler compounds are the centre of scientific research

since the time NiMnSb was predicted to be a half metal fer-

romagnet1. Due to its half metallic properties Heusler com-

pounds are challenging in the field of spintronics2–4. Other

than the half metallicity of Heusler compounds, it also has

many interesting qualities such as high Curie temperature

730K for NiMnSb and 985 K for Co2MnSi, the most stable

zinc-blende structure5, thermoelectric6, etc. Among all other

Heusler compounds, MNiSn (M=Ti, Hf, Zr) a type of half

Heusler (HH) compound is of particular interest because of

its narrow semi-conducting band gap7. Unlike other transi-

tion metal based HH compounds MNiSn (M=Hf, Zr) has no

significant signature of high spin polarization (spin transport)

at EF . The chemical formula of HH alloys is XYZ, while X, Y,

and Z can be selected from many different elemental groups

(For example X= Ti, Zr, Hf, V, Mn, Nb; Y= Fe, Co, Ni, Pt;

Z= Sn, Sb). The crystal structures of the ternary inter-metallic

compounds were usually formed in the cubic MgAgAs type

(space group F43 m)8. Some of these HH compounds with 18

valence electron counts per formula unit have narrow semi-

conducting band gap while metallic and sometimes magneti-

cally ordered systems are found at both higher and lower elec-

tron counts9. This type of material is of great interest because

of the large mobility of charge carriers as compared to other
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usual semi-conductors. This unique characteristic leads to a

high Seebeck coefcient and moderate electric resistivity10–12.

The higher value of Seebeck coefficient and low resisitivity is

an evidence for these compounds to be a promising thermo-

electric materials (TE-materials)13–20,37. In recent years, TE-

materials have attracted much attention because it possesses

all the qualities to be an alternative source for energy, which

interplays an important role in energy conversion between heat

and electricity. So far, several materials have been investigated

to achieve the desired level of thermoelectric properties such

as Heusler compounds, derivative of HH compound, Skutteru-

dites, Zintl compound, Ca3Co4O9, BiCuSeO22–29. However,

the energy conversion efficiency of TE-materials are limited

for commercial purposes. Highly efficient TE-materials are

therefore an urgency. Thermoelectric efficiency is measured

by a dimensionless figure of merit (ZT) which is in connec-

tion with the Seebeck coefficient (S), the electrical conductiv-

ity (σ ) , the thermal conductivity (κ), and T is the absolute

temperature. The ZT value around unity or more are consid-

ered to be good TE-material30. Typical TE-materials based

on Tellurium, Lead, Antimony and Selenium with ZT values

0.85-1.20, considered to be more efficient, however they are

not safe to handle due to its toxicity31–33. Therefore, search-

ing for new low cost and environment friendly materials with

high values of ZT pose a great challenge. Mostly studied ther-

moelectric properties for HH compounds were focused on the

bulk materials34–36. An unannealed ZrNiSn shows ZT value

around 0.64 at 800 K for undoped system16. The develop-

ment of nano particle and thin film are advantageous for en-

hanced thermoelectric performance but they are very expen-

sive computationally and experimentally. The thermoelec-

tric efficiency was successfully enhanced in layered structure
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Fig. 2 Partial DOS of (a) HfNiSn/ZrNiSn (Black line represent HfNiSn and Red line ZrNiSn)and (b) Total DOS of ZrxHf1−x−yTayNiSn

lattice constants are 6.45 Å for HfNiSn and 6.24 Å for ZrNiSn,

larger than the available experimental data as usual for GGA.

The crystal structures of ZrxHf1−x−yTayNiSn was constructed

by a supercell method with 2x2x2 fcc cell along [1,1,1] di-

rection and eight Ni/Hf atoms are generated. The composi-

tion x = 0.375 was generated by replacing three of the eight

Hf atoms with three Zr atoms, as shown in Fig. 1. The cry-

tal structures for the other compositions was constructed by

replacing the remaining Hf atoms by Ta atoms as y = 0.125

(1/8), 0.250(2/8), 0.375(3/8), 0.500(4/8) and 0.625 (5/8). The

relaxed structure for each of the composition was obtained

from the total energy plot as a function of unit cell volume

(Volume optimization)57. The crystal structures of each com-

position of ZrxHf1−x−yTayNiSn along with the volume opti-

mization are presented in Fig. 1. Theoretically determined

lattice constants for each of these ZrxHf1−x−yTayNiSn com-

pounds are used for the calculation of electronic properties.

For investigating the thermoelectric transport properties, we

make use of the BoltzTraP58 based on Boltzmann semiclassi-

cal theory with a 24x24x24 k-mesh inside the Brillouin zone.

The Fermi energy at zero temperature (T = 0K) is taken as the

chemical potential in the transport calculation.

3 Results and discussions

In order to examine the alloying stability of

ZrxHf1−x−yTayNiSn structures (at 0 K), we have calcu-

lated the energy of formation (∆ E f ). The formation energy

gives an idea about the existence of stable crystal. Fur-

thermore, the negative values of ∆ E f indicates stronger

bonidng between the atoms and more alloying stability of the

crystal54. The energy of formation (∆ E f ) of a compound

HfxNiySnz (say) is calculated by subtracting the sum of the

energies (xEH f +yENi+zESn) of pure constituent elements in

their stable crystal structures from the total energy (E f ) of the

compound. Therefore, the ∆ E f of the compound HfxNiySnz

is calculated using the following expression55,56:

∆E f =
E f − (xEH f + yENi + zESn)

(x+ y+ z)
(1)

Here, E f is the total energy of the compound, EH f , ENi and

ESn denotes the total energy per atom of the pure element Hf,

Ni and Sn where x, y, z are the number of Hf, Ni and Sn atoms

in the primitive cell respectively. The calculated total energy,

formation energy and the individual energies of the constituent

atoms are presented in Table 1

3.1 Electronic properties

For calculating the electronic structure, the optimal lattice

constants were used. The previous report revealed that

Hf/ZrNiSn are semiconductors with an indirect band gap of

∼ 0.50 eV6,7,13,59. Our results are in good agreement with the

indirect band gap between Γ-X points in the Brillouin Zone

as shown in Figs. 3 (a, b). The band gap is mainly formed

by the hybridization of M(d-eg, d-t2g) and Sn-p orbitals with

some Ni (d-t2g) orbitals as shown in Figs.2(a, b). As shown

in Fig. 3(a, b) the top of the valence band (M-d-t2g) degen-

erate into three sub-bands along Γ point, the two with heav-

ier masses are at lower energy (below -2.0 eV). Mean while

the lowest conduction band is formed by Ni (d-eg) and are

non-degenerated. In most cases LDA/GGA band gaps are un-

derestimated49,60. Whereas in case of HH MNiSn the theo-

retical band gaps overestimated the experimental values ob-

tained from resisitivity measurements (Eg=0.18 ev for Zr and
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Table 1 The total number of atoms (n) in a compound, total energy (E f in Ry) of the compound, total energy of the individual atoms

EM(M=Hf,Ni,Sn,Zr,Ta) in Ry, formation energy (∆ E f in Ry) and the formation energy per unit cell (∆ H f in Ry/a.u.3)

Compound n E f (Ry) EH f (Ry) ENi(Ry) ESn(Ry) EZr(Ry) ETa(Ry) ∆E f (Ry) ∆H f (Ry/a.u.3)

Hf1Ni1Sn1 3 -45595.516 -7949.873 -801.581 -3281.838 0.000 0.000 -11187.408 -99.898

Zr3Hf4Ta1Ni8Sn8 24 -296830.385 -7949.873 -801.581 -3281.838 -1910.277 -8228.033 -9100.195 -94.697

Zr3Hf3Ta2Ni8Sn8 24 -297885.921 -7949.873 -801.581 -3281.838 -1910.277 -8228.033 -9132.585 -96.110

Zr3Hf2Ta3Ni8Sn8 24 -298945.624 -7949.873 -801.581 -3281.838 -1910.277 -8228.033 -9165.149 -89.621

Zr3Hf1Ta4Ni8Sn8 24 -299998.754 -7949.873 -801.581 -3281.838 -1910.277 -8228.033 -9197.441 -99.280

Zr3Hf0Ta5Ni8Sn8 24 -301388.321 0.000 -801.581 -3281.838 -1910.277 -8228.033 -9243.749 -95.834

Zr1Ni1Sn1 3 -22598.345 0.000 -801.581 -3281.838 0.000 0.000 -5534.883 -50.218
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Fig. 3 Band structures of (a) HfNiSn, (b) ZrNiSn and (c) ZrxHf1−x−yTayNiSn (x=0.375, y=0.625)

0.18 eV for Hf)6,7,13,59. Our calculation of electronic structure

with modified Becke Johnson (mBJ)52,53 is almost ineffective

as there is no improvement in the band gap [see 3(a,b)]. Do

et al.49 have reported that even an implementation of highly

sophisticated hybrid functional proposed by Heyd-Scuseria-

Enzerhof (HSE06)61 shows a negligible effect on its band gap.

Thus we employed a computationally cheap exchange corre-

lation (GGA) to treat these kind of systems. On the other hand

the doping of Ta atoms has shifted the band gap towards the

lower energy as a result the Ni-d states disperse around the

EF and the metallic character predominates (Fig.2c), similar

behaviour was reported in (Zr, Hf)Ni1+xSn with increasing

Ni dopants20. With Ta doping the systems are metallic and

hence non-local effects are not considered. Hence, all the sys-

tems with increasing doping concentrations are treated within

GGA.

3.2 Thermoelectric properties

In this section the temperature dependent Seebeck coefficient

S, thermal conductivity κ , electrical conductivity divided by

the scattering time σ/τ are calculated from the semiclassi-

cal transport equation as implemented in computational code

called BoltzTrap58. Equation 1 interprets electrical conduc-

tivitiy tensors62:

σα,β = e2
Σi,k

[

−

∂ f0(T,ε,µ)

∂ε

]

vα vβ τk (2)

where α,β are the tensor indices, vα and vβ are the group

velocities, e is the electron charge and τk is the relaxation time.

The electrons contribution remain near the chemical potential

(µ) in a narrow range of µ −kBT < ε < µ +kBT , where kB is

the Boltzmann constant63. The transport distribution is writ-

ten as64
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Fig. 4 (a)Seebeck coefficient S (V/K), (b) Electrical conductivity σ/τ (Ωms)−1,(c) Thermal conductivity k (W/mKs) and (d) ZT of

ZrxHf1−x−yTayNiSn

Ξi,k = Σi,kvα vβ τk (3)

which is the kernel of all transport coefficients. From the rigid

band approach, the electrical conductivity, thermal conduc-

tivity and Seebeck coefficient can be written as a function of

temperature (T ) and chemical potential (µ) by integrating the

transport distribution65

σ = e2
∫

Ξi,k

[

−

∂ f0(T,ε,µ)

∂ε

]

dε (4)

κ = k2
BT

∫

Ξi,k

(

ε −µ

kBT

)2 [

−

∂ f0(T,ε,µ)

∂ε

]

dε (5)

S =
ekB

σ

∫

Ξi,k

(

ε −µ

kBT

)[

−

∂ f0(T,ε,µ)

∂ε

]

dε (6)

Here f0 is a Fermi-Dirac distribution function.The thermo-

electric efficiency of TE-materials are in close relation with

the electronic band structure and the thermal conductivity. The

code BoltzTraP include only the electronic thermal conductiv-

ity (κ) whereas the phonon contribution is neglected. The See-

beck coefficient is a sensitive test of the electronic structure at

the vicinity of the EF . Thus it can be increased by increas-

ing the DOS (in relation with effective mass) near edge EF by

doping heavy elements (see Fig.3(c)). The charge transport

are due to the two narrow bands along Γ symmetry near EF

between M-dt2g and Ni-deg. The lower bands at -1.3 eV (M-

dt2g) are more flat as compared to the upper bands at -0.6 eV

(Ni-deg), see Fig. 3c (inset). The dense bands near EF facili-

tated the transport of charge carriers62. The chemical potential

is equivalent to Fermi energy at T = 0 K.

The thermoelectric efficiency denoted as ZT (figure of
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Table 2 Comparison of figure of merit ZT of ZrxHf1−x−yTayNiSn with the experimental data

Present calculation (750 K) Previous experimental data

x y S (µV/K) ZT x y ZT References

0.000 0.000 165 0.55 0.00 0.000 0.42 (800 K) [37]

0.375 0.125 185 0.68 0.30 0.010 0.70 (870 K) [66]

0.375 0.250 230 0.70 0.25 0.060 0.30 (790 K) [68]

0.375 0.375 190 0.75 0.35 0.020 0.50 (875 K) [46]

0.375 0.500 200 0.75 0.50 0.010 1.00 (873 K) [19]

0.375 0.625 195 0.73

1.000 0.000 170 0.52 1.00 0.000 0.64 (800K) [16]

0.40 0.020 0.70 (880 K) [19]

0.30 0.050 0.85 (870 K) [66]

0.30 0.000 0.30 (870 K) [66]

merit) has been calculated from equation (7).

ZT =
S2σT

κ
(7)

The high value of ZT is related with high value of S and low

value of κ . The ZT ∼ 1 is considered to be a benchmark

value for the practical application of TE-materials30. Sub-

sequently, the thermoelectric properties of the systems were

investigated in the range (50−800)K. The calculated S, σ/τ ,

κ and ZT are presented in Fig. 4. In our case we have

achieved a dense band near EF as compared to undoped sys-

tem by doping Ta atoms as shown in Fig.3(a-c). In Fig. 4(a),

we have seen the increasing magnitudes of S with increasing

doping concentration at all temperatures, indicating the more

carrier concentrations. Our plot of S shows the similiar be-

haviour as that of experimetal plot (see Fig. 4a)66. The abso-

lute value of S increases above 200µV/K (x=0.375, y=0.250,

0.375 and 0.50) at 400 K and remains almost constant upto

650 K (see Table 2). The S values for the samples with compo-

sitions Zr0.25Hf0.25Ti0.5NiSn67 agree well with these results.

In Fig. 4b, the electrical conductivity(σ/τ) is seen to in-

crease over the whole temperature range, showing semicon-

ducting like behaviour. The values are comparable to resis-

tivity curve as it is just the inverse of (σ/τ) which means the

resistivity decreases with the increase in temperature as those

reported for Zr0.30Hf0.70Ta0.05NiSn (see Fig. 3a)66. In our

calculation the σ/τ is highest for the undoped system (x=0.0,

y=0.0) as the doping concentration increases, the value de-

creases. The evolution of the thermal conductivity κ is plotted

in Fig. 4(c). It shows that κ is linearly dependent on tem-

perature (T ), which shows similar behaviour as that of ex-

perimental plot (see Fig. 4c)66. The calculated κ value is

highest for the undoped system which agrees well with the ex-

perimental results66.The dimensionless figure of merit ZT is

calculated from the measured physical properties by using the

equation 7 and is presented in Fig. 4(d). ZT reaches maximum

values between 0.70-0.75 in the temperature range from 300

K to 800 K which are in qualitative agreement with the ex-

perimental results19,46,66,68. At higher temperatures the value

slightly decreases, due to a decrease in S and sharp increase

in κ . The calculated ZT values and Seebeck coefficient (S)

at 750 K for all compositions together with the experimental

results are shown in Table 2.

4 Conclusion

In most of the studied cases,the half Heusler (HH) compounds

with exactly 18 valence electrons does not show spin po-

larization at EF unlike other Heusler compounds, they are

semiconductors/semi-metals. The compound MNiSn(M=Hf,

Zr) under our investigation with exact counts of 18 valence

electrons shows semiconduting behaviour with a small band

gap of around ∼0.50 eV. The character of optimized ther-

moelectric property is possible in ZrxHf1−x−yTayNiSn with

enhanced efficiency. Unfortunately, our system could not

achieve the benchmark value i.e. 1 for its commercial applica-

tion. The maximum calculated ZT is 0.75 at 750 K. Though

we could not mimic the exact experimental composition but

the results follow the similar trend and it is in good agree-

ment with the previous experimental result of 0.85 at 870 K.

In our case the ZT value for the doped system is enhanced by

36% over the undoped sample (ZT = 0.55). However higher

values of ZT are expected if the S and κ are improved. For

future work, all those related parameters can be optimized to

enhance the ZT above unity by means of suitable doping of

the heavy atoms and improving the density of states near EF .

Further, some other theoretical techniques(thin film or nano
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structure) may be opted for the improvement of ZT within a

suitable temperature range.
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