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We have performed ab-initio self-consistent calculations using the full-potential linear muffin-tin orbital
(FP-LMTO) method to investigate the structural and the electronic properties of some half-Heusler alloys.
The local density and generalized gradient approximations were used for NiTiSn and CoVSn alloys. Due to

the metallic characters of both NiTiSb and CoVSb compounds, the local spin density approximation was
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used. Lattice constants, bulk moduli, and the pressure derivatives of the bulk moduli are calculated, band
structure and density of states are drawn and effective masses are investigated. To our knowledge this is
the first quantitative theoretical prediction of the effective masses for the investigated compounds and
still awaits experimental confirmations. The obtained results are agreed well with the other published
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1. Introduction

The family of half-Heusler phases includes well over 100 phases
and have been studied extensively in recent years [1-9]. Half-
Heusler phases are known to form from a wide variety of different
elements and in a typical phase with general formula XYZ, X
is a heavy transition metal, Y is a light transition metal or a
rare-earth metal, and Z is a late main-group element (most fre-
quently Sb or Sn). These phases exhibit a great variety of electronic
states and physical properties. The properties of the half-Heusler
phases vary somewhat systematically with the valence-electron
content (VEC; note, valences prescribed by the periodic table) as
manifested, e.g., by changes in electronic conductivity and mag-
netic characteristics with VEC [3-10]. Semiconducting features are
associated with VEC=8 and 18, which represent highly preferred
electron configurations fulfilling the octet or expanded octet rule.
So-called half-metallic ferromagnetic (HMF) materials are found
among phases with VEC=22[11-13]. These phases have large mag-
netic moments and in the electronic structure of these phases the
majority-spin channel exhibits metallic characteristics, while the
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minority-spin channel exposes a semiconductor-like gap at the
Fermi level (F).

As the considered compounds corresponds to the variation
of the valence electron number from 18 (NiTiSn and CoVSn),
to 19 (NiTiSb and CoVSb). Considering the physical properties,
compounds such as NiTiSn and CoVSn with EC=18 were found
to be semiconductors (SC), in contrast with those of EC=19
such as NiTiSb and CoVSb are considered as weak ferromag-
net. To understand some of the physical properties of these
compounds, a detailed description of the electronic structure is
needed. The aim of this work is to provide a comparative study of
structural-electronic properties using the full-potential muffin-tin
orbital (FP-LMTO) method. Quantities including lattice parame-
ters, bulk modulus and electronic structure were obtained for these
compounds.

2. Computational method

The half-Heusler XYZ compounds crystallize in the face centered
cubic structure with one formula unit per unit cell. The space group
is F4/3m (No. 216). Y and Z atoms are located at 4a (0,0,0) and
4b (1/2,1/2,1/2) position forming the rock salt structure arrange-
ment. The X atom is located in the octahedral coordinated pocket
at one of the cube center positions 4c (1/4,1/4,1/4) leaving the
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Table 1
The number of plane wave (NPW), energy cut-off (in Ry) and the muffin-tin radius (MTS) (in a.u.), used in our calculations.
NiTiSn NiTiSb CoVSn CoVSb
NLW
LDA 5064 - 5064 -
GGA 9984 - 9984 -
LSDA - 5064 - 5064
Ecut-off (Ry)
LDA 93.47 - 97.7 -
GGA 139.66 - 146.53 -
LSDA - 93.42 - 97
MTS (a.u.) Ni Ti Sn Ni Ti Sb Co \Y Sn Co \Y Sb
LDA 2.24 2.53 2.53 - - - 2.19 247 247 - - -
GGA 229 2.59 2.59 - - - 2.29 2.48 2.48 - - -
LSDA - - - 224 2.53 2.53 - - - 2.20 2.48 2.48

other 4d (3/4,3/4,3/4) empty. When the Z atomic positions are
empty the structure is analogous to zinc blend structure which
is common for large number of semiconductors. The calculations
reported here were performed using the FP-LMTO method within
the density-functional theory (DFT) [14,15]. The local density and
generalized gradient approximations (LDA and GGA) have been
used for the exchange-correlation (XC) for the semiconductor com-
pounds [16,17]. The local spin density approximation (LSDA) [16]
is used for the metallic compounds. The present method is an
improved one compared to previous LMTO methods. The FP-LMTO
method treats muffin-tin spheres and interstitial regions on the
same footing, leading to improvements in the precision of the ein-
genvalues. At the same time, the FP-LMTO method, in which the
space is divided into an interstitial regions (IR) and non overlap-
ping muffin-tin spheres (MTS) surrounding the atomic sites, uses
a more complete basis than its predecessors. In the IR regions,
the basis functions are represented by Fourier series. Inside the
MTS, the basis functions are represented in terms of numerical
solutions of the radial Schrédinger equation for the spherical part
of the potential multiplied by spherical harmonics. The charge
density and the potential are represented inside the MTS by spher-
ical harmonics up to Imax =6. The k-points integration over the
Brillouin zone is performed using the tetrahedron method [18].
The values of the sphere radii used in our calculation are listed
in Table 1.

3. Results and discussion
3.1. Structural properties

The total energy-volume variation for NiTiSn and CoVSn
compounds were calculated using both LDA and GGA approxi-
mations for the exchange-correlation potential. Whereas, for the
metallic compounds NiTiSb and CoVSb the LSDA was used. The
energy-volume variation of two families was fitted to the Birch’s
equation of state [19]. The fitted results including the equilibrium
lattice constants, bulk moduli and their pressure derivatives are
listed in Table 2. The equilibrium lattice constant is compared with
other theoretical results. It is observed that our calculated lattice
constants using LDA are smaller than the theoretical values, while
our GGA results are larger. The bulk modulus should be quite good
indicator of hardness, since it is related to an isotropic deforma-
tion. From the calculated bulk moduli listed in Table 2, it is seen
that CoVSb is more hardness than other half Heusler compounds.
Since we have not neither theoretical nor experimental values to
compare with, we leave these investigated results as a reference
for future verification.

3.2. Electronic structure

3.2.1. CoVSb and NiTiSbh

The calculated spin-polarized band structures for CoVSb and
NiTiSb compounds at the predicted equilibrium lattice constants
are depicted inFig. 1, which is drawn along the symmetry in the first
Brillouin zone. We defined the majority spin component to be the
one contains the largest number of electrons. For CoVSb (Fig. 1a),
the majority spin band is metallic, while the minority spin is semi-
conductor, the band gap is much wider than 1.8 eV, and the top of
the valence band is reduced to under the Fermi level (Eg). The states
in the energy range —12.5 to —10eV, are mainly from 5s-Sb states,
the region between —6 eV and —3.5 eV is due to Co-4s and V-4s with
small contributions from 5p-Sb, 4p-Co and 4p-V, the remaining part
from —3.5eV up to Fermi energy is essentially dominated by 3d-V
and 3d-Co states with the minor contributions from 5d-Sb states.
The group from Eg up to 1.59eV is dominated by Co-3d and V-3d
states. Then after, there are preponderance of 4s/5s-V, and 5p-Sb
states.

In case of NiTiSb compound, the majority and minority spin
band show similar features as depicted in Fig. 1b. The lowest group
situated between —12.68 eV and —10.65 eV (not shown) is domi-
nated by 5s-Sb with contribution from 4s-Ni. The group between
(—6.21 and —3.84eV) is dominated by 5p-Sb with minor contri-
butions from 4s-Ni and 4s-Ti. The region below Ef is mainly from
3d-Ni. The group around Ef is dominated by 3d-Ti. The contribu-
tion of Ni-3d and Ti-3d states for the majority spin systems can
be divided in two parts. First, the band originating from the Ni-3d
(x? —y? and 3z% — 1) (eg doubly degenerate state) orbitals is located
at —3.9 to —1.8 eV. Second, the Mn-3d (yz, zx and xy) triply degen-
erate band is centered at —3.9eV. In contrast, the Ti-3d is a triplet,
centered between —1 and 1 eV and a doublet in the region including
the Fermi energy.

To further elucidate the nature of the electronic band structure,
we have also calculated the total density of state (DOS) as displayed
in Fig. 2, where distinguished three structures below Eg, the first one
arises entirely from 5p-Sb with minor contributions from 4s-V and
4s-Co states. The remaining structures are entirely dominated by
3d-V and 3d-Co states. The hybridization effect is stronger for the
3d-Co states (the Co d states are split into a doublet with eg sym-
metry and triplet with t, symmetry, respectively). The region just
beyond Ep is essentially dominated by d states of these elements.

Fig. 2 shows the similarity between the majority and minority
spin, the lowest part below Eg is mainly due to the 5s-Sb states
with a small contribution of 4s-Ni. The remaining part is essentially
dominated by Ni-3d states with the contributions from Ti-3d states.
The structure around Eg is dominated by Ti-3d states, the structure
from 1.5eV and above are consist of mixture of the Ni-4s,4p, Ti-
4s,4p and Sb-5s,5p states.
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Table 2
Calculated lattice parameter a, bulk modulus B and its pressure derivatives B’ for NiTiX and CoVX (X =Sb,Sn) compounds, compared to other theoretical values.
ao (A) B (GPa) B
NiTiSn
Present work 5.835PA, 5.97366A 147.81'PA,124.586CA 4.18'PA 4,0156CA
Others 5.9412b 5.947¢
NiTiSb
Present work 5.84 142.67 4.89
Others 5.872ab
CoVSn
Present work 5.706PA, 5.83166A 167.96'PA, 154.146CA 4.39'PA 3 68GCA
Others 5.98"
CoVSb
Present work 5.73 173.554 3.632
Others 5.80%, 5.766", 5.791¢
a Ref. [3], Theo.
b Ref. [20], Theo.
¢ Ref. [2] Theo.

3.2.2. CoVSn and NiTiSn

The calculated electronic band structures of both NiTiSn and
CoVSn compounds are shown in Fig. 3. Following this figure, the
valence band maximum (VBM) is located at I" and L points for
NiTiSn and CoVSn, respectively. The conduction band minimum
(CBM) is located at X point for both compounds, resulting in an
indirect energy band gap (/'-X) for NiTiSn and (L-X) for CoVSn.
The calculated band gap value is found to be 0.47 eV within LDA
and 0.436 eV within GGA for NiTiSn compound. For CoVSn com-
pound the energy gap is about 0.66 and 0.64 eV for LDA and GGA
respectively. Our calculated energy band gap is in good agreement
with the value obtained by Tobola and Pierre [3]. Comparing the
band structures around the I" point below the Fermi level, we see
that three bands are degenerate in this region. From the total DOS
(Fig. 4), it is seen that just below Eg, the bands are dominated by
3d-X and Y element, with some contribution coming from 5p-Sn
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states. In the region above the Ef, 3d states of the Y element also
dominate with minor contribution of 3d-X element. The states in
the energy range —4.5 to —3.5 mainly from 4s states of the X and Y
element.

On the other hand, it is also interesting to discuss the effec-
tive masses of electrons and holes, which are important for the
excitonic properties that are particularly of great interest for such
compounds. We have investigated the effective mass of electrons
and holes using both LDA and GGA schemes. A theoretical effective
mass, in general, turns out to be a tensor with nine components.
However, for the very idealized simple case where E(k) is a parabola
at k=0 the effective masse becomes a scalar. We have computed the
effective masses of electrons and holes at CBM and VBM. The effec-
tive masses are obtained by calculating the energies along A and
A directions for I" point and along A and W directions for X point.
We have used 1% along the X and L points for /" and along A and W
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Fig. 1. Spin-polarized band structures of CoVSb (a) and (b) NiTiSb.
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Fig. 2. Total density of state (TDOS) of CoVSb and NiTiSb. The vertical line corre-
sponds to the Fermi energy.

for X. The same results are found along both directions in both I
and X points fitting on the well-known equation E = p2k2/2m*. Our
results concerning the light and heavy holes are 0.165 and 0.472
by using LDA (0.175, 0.492 by GGA) for NiTiSn and 0.298, 0.574 by
LDA (0.331,0.672 by GGA) for CoVSn. While for the case of electron
masses, our results are 0.222 and 0.245 for NiTiSn (0.626 and 0.692
for CoVSn) using LDA and GGA respectively. It is clearly seen that
the GGA values are higher than the LDA values. We note that the
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Fig. 3. Band structures of NiTiSn and CoVSn.
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Fig. 4. Total density of state (TDOS) of CoVSn and NiTiSn. The vertical line corre-
sponds to the Fermi energy.

results of CoVSn are higher than NiTiSn. This is consistent with the
fact that the VBM along point I" for CoVSn is reduced under Fermi
level.

4. Conclusions

We have performed detailed investigation on the struc-
tural and electronic properties of the half-Heusler compounds
using first principle FP-LMTO method within LDA, GGA and
LSDA schemes. The most relevant conclusions are summarized
as follows: (i) the calculated ground state properties such as
lattice parameter are in fairly good agreement with the avail-
able theoretical values. (ii) We do not aware any theoretical
and experimental results of the bulks modulus values. Our
results show that the CoVSb compound exhibits more hard-
ness than other compounds. (iii) Our results for the band
structure show, that NiTiSn and CoVSn are semiconductors,
whereas, NiTiSb and CoVSb are metallic. (vi) The calculated
effective masses of the compounds are investigated. (vii) To
the best of our knowledge, there are no earlier studies of the
effective masses of electrons and holes of these compounds; we
feel that our calculations can be used to cover the lack of data for
these compounds.
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