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correlation potential generalized-gradient approximation (GGA) is used. From the observations, NiTiSb
shows the possibility of half-metallic ferromagnet (HMF) behavior with a band gap 0of0.53 eV and an effec-
tive moment of 0.35 . The alloys like NiVSb, NiCrSb and NiMnSb are HMF with band gap of 0.49 eV,
. 0.38 eV and 0.48 eV and an effective moment of 1.995 g, 3.01 g and 3.99 g respectively. DOS and band
Semi-Heusler alloys R A . e
Electronic and magnetic structure structure result shows the 3d states of Ni overlap with 3d states of X atoms suggesting hybridization
DFT between them. The exchange-splitting of Ni-3d and X-3d state electrons lead to localized spin moment
FP-LAPW which determines the HMF behavior of NiXSb. The results obtained are compared and found to be in
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close agreement with the available data.
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1. Introduction

The concept of half-metallic ferromagnets (HMF) was intro-
duced by de Groot and Bushow [1] on the basis of band structure
calculations in NiMnSb. Due to ferromagnetic (FM) decoupling,
spin-up bands are metallic and spin-down bands are semi-
conducting or vice versa. The inter-metallic systems like NiXSb
(where X are transition metals such as V, Cr and Mn) with space
group F43m are half metals (HM) with energy gap in spin-down
channel. From the definition of half-metals, the spin polarization
of electrons is 100% at the Fermi level (Eg), which is confirmed
experimentally with spin-resolved photoemission [2]. For HM, one
spin channel has a large DOS exhibiting the metallic Fermi cut-
off whereas the other spin channel shows a vanishing DOS with
band gap at Eg [3]. They are also revealed by the clear separation
of antibonding spin-up states which cross Eg from the antibonding
spin-down states which are separated by a gap almost equal to the
exchange energy. HMF are widely applicable in non-volatile mag-
netic random access memories (MRAMs), opto-electronic devices
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etc. They are expected to provide huge tunnel magneto-resistance
(TMR) and giant magneto-resistance (GMR) in magneto-electronic
devices. They are also used as perfect spin filters and spin-injection
devices as an alternative to FM 3d metals [4,5].

Several authors had studied the electronic and magnetic prop-
erties of semi-Heusler alloys. de Groot and Bushow [1] and Kubler
|6] recognized that the electronic structure and hence the prop-
erties of the Heusler compounds are very sensitive to the valence
electron count (VEC) [7]. Jung et al. [8] suggested that the 19 elec-
trons of NiTiSb would undergo Stoner instability [9] to a FM ground
state. They also explained that 18 electron compounds are non-
magnetic and semi-conducting while the 22 electron compounds
(like NiMnSb) are localized moment ferromagnets. Galanakis et al.
[10] placed the 18 electron rule on a more formal footing which
supports the earlier works of Jung et al. [8]. The importance of VEC
in semi-Heusler compounds was first recognized by Pierre et al.
[11]. They described the transport and magnetic properties of var-
ious phases of semi-Heusler alloys which arise from the particular
crystallographic structure and narrow band phenomena. Tabola
and Pierre [12] have emphasized on the importance of covalency
in semi-Heusler compounds using the Korringa-Kohn-Rostoker
(KKR) computations within the LDA framework. Ogut and Rabe [13]
have examined the electronic structures of XNiSn (where X =Ti, Zr
and Hf), and interpreted their nature of band gaps. Nanda and Das-
gupta [14,15] have examined nearly 20 different C1,, compounds
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Fig. 1. The crystal structure of NiTiSb which is representative of the general struc-
ture observed in NiXSb semi-Heusler alloys in zinc-blende structure.
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using the tight binding full-potential linear muffin-tin orbital (FP-
LMTO) and tight-binding linear muffin-tin orbital method in the
atomic sphere approximation (LMTO-ASA) methods, including a
detailed analysis of the bonding and the nature of band gaps. They
ascribed HMF to arise in some of the C1, compounds due to the
large X-Sb covalency, in conjunction with large exchange-splitting
due to highly magnetic X ions (where X=transition metals like
Ni). Zhang et al. [16,17] had used the FP-LAPW method within
local-spin density approximation (LSDA) to search for new HMF's
in semi-Heusler alloys NiVM and NiCrM (where M =P, As, Sb, S,
Se and Te). They found that NiVAs, NiCrP, NiCrSe and NiCrTe are
HMF’s while NiVP and NiVSb are nearly HMF’s. Li and Jin [18] also
studied the XYZ semi-Heusler alloys (where X =Mn, Ni; Y=Cr, Mn;
Z=As, Sb) by using the FP-LAPW method within GGA to predict
their electronic structures. They observed that NiCrSb is almost a
HMF.

We present here the first principles calculation of the elec-
tronic and magnetic properties of NiXSb using FP-LAPW based
GGA method in the framework of DFT [19]. We found that the
present calculations are more consistent to predict the HMF's of

semi-Heusler alloys. For computing the DOS, magnetic moments
and band structures, WIEN2k code [20] is used.
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Fig. 2. Energy vs volume curve for obtaining the optimized lattice parameters of NiXSb by volume optimization method.
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Table 1
Calculated results of the optimized lattice parameters ap, compared lattice parameters a, bulk pressure (B), pressure derivative (B') and the ground state energy (E) of NiTiSb,
NiVSb, NiCrSb and NiMnSb.

NiXSb a, (A) a(A) B (GPA) B Energy (Ry)
NiTiSb 5.964 5.87[23] 125.20 -3.31 -17716.58
NiVSb 5.79 5.89[17] 1600.78 -167.47 —17907.51
NiCrSb 6.025 5.96 [18] 460.37 27.82 —18110.50
NiMnSb 5.897 5.93[1] 107.99 5.66 —18326.16
a v v - v .
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Fig. 3. The spin-dependent total DOS of NiTiSb and partial DOS of Sb-s,p, Ni-d and Ti-d states.
Table 2
The spin resolved and [-decomposed density of states at the Fermi energy for NiXSb in states/eV/formula unit (where X=Ti, V, Cr and Mn).
NiXSb Ni-d Mn-d Sb-p Total DOS
NiTiSb (up) 0.4 1.4 0.08 32
NiTiSb (down) 0.2 0.5 0.06 1.3
NiVSb 0.3 1.6 0.05 3.1
NiCrSb 0.35 0.5 0.08 2.1

NiMnSb 0.2 0.3 0.07 0.71
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Fig. 4. The spin-dependent total DOS of NiVSb and partial DOS of Sb-s,p, Ni-d and V-d states.

2. Crystal structure and computational details

The inter-metallic compound NiXSb (where X =Ti, V, Cr and Mn)
with space group F43m crystallizes in a cubic structure of MgAgAs
type with the f.c.c. bravais lattice with one formula unit per unit
cell as shown in Fig. 1. We considered the standard representation
of C1y, structure with f.c.c. unit cell containing three atoms: X (0, 0,
0),Sb(1/2,1/2,1/2),Ni(1/4,1/4,1/4), and a vacant site at (3/4, 3/4,
3/4)[14].

In this work FP-LAPW method have been applied to perform
first principles total energy calculations. This method is based on
DFT which is a universal quantum mechanical approach for many
body problems [19]. To take into account the exchange and corre-
lation effects, GGA as parametrized by Perdew et al. [21] has been
used. We have chosen the muffin-tin (MT) radii for Ni, Ti, V, Cr, Mn
and Sb to be 2.41, 2.35, 2.37, 2.39, 2.41 and 2.27 a.u. respectively.

Integrations in reciprocal space were performed using 504 spatial
k-points in the irreducible wedge of the BZ. The value for the con-
vergence parameters are taken to be Ryt x Kyax =7 which controls
the size of the basis sets consisting of the plane waves. Gyjax is cho-
sen to be 12 (a.u.)~! for consistency. Convergence is achieved with
energy tolerance of 10~3 Ry. The ground state electronic structures
of these materials are calculated by using the optimum value of
the lattice parameters. To obtain the optimum value of the lattice
parameters, we have calculated the ground state total energies for
different volumes ranging between —10 and +10% of the experi-
mental (theoretical) lattice parameters. The calculated results are
fitted to the Murnaghan equation of state [22] defined by

_ BoVg
By —1°

BoV [ (Vo/V)™
E(V)=E 1
(V)=Eot+ 5 { By 1
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Fig. 5. The spin-dependent total DOS of NiCrSb and partial DOS of Sb-s,p, Ni-d and Cr-d states.

where Vj is the equilibrium volume and By is the bulk modulus
given by By = — V(8P/§V)r evaluated at volume Vj. By’ is the pressure
derivative of By evaluated at volume V.

3. Results and discussions
3.1. Structural optimization

Within the FP-LAPW scheme, structural optimization is per-
formed for NiXSb alloys to find their lattice parameters resulting
in minimum of the total energy. The optimized volume vs energy
curve is shown in Fig. 2. The optimized lattice parameters, pres-
sure, pressure derivative and minimum ground state energy are
given in Table 1 along with the experimental and theoretical lat-
tice parameters for comparison [1,17,18,23]. From Fig. 2, it can be
observed that the increase in lattice parameter shows the decrease
in bulk pressure and hence increase in the pressure derivatives for
3d based semi-Heusler alloys. The optimized lattice parameters of

NiTiSb, NiVSb and NiCrSb are found to be 2%, 0.09% and 0.7% larger
than the compared values while for NiMnSb, it is 0.6% smaller.

3.2. Density of states

The total DOS of NiXSb along with the partial DOS of Ni-d, X-d
and Sb-s,p for spin-up and spin-down configurations are shown in
Figs. 3-6. The maximum total DOS contributions at Eg in states/eV
were found tobe 3.2,2.9,2.1 and 0.71 respectively for NiTiSb, NiVSb,
NiCrSb and NiMnSb in spin-up configuration. Table 2 shows the
principal character of NiXSb electrons at Eg due to Ni-d, Sb-p and
X-d along with their total DOS.

From the total and partial DOS plots of NiXSb in spin-up and
spin-down configurations, it is observed for all systems that Sb-
s states are contributing in the core region while Sb-p states are
contributing in the semi-core and the valence region. Observation
showed that when moving from NiTiSb to NiMnSb, the crystal field
splitting as well as the exchange energy splitting increases. This
behavior of increasing in exchange energy shows the increasing
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Fig. 6. The spin-dependent total DOS of NiMnSb and partial DOS of Sb-s,p, Ni-d and Mn-d states.

magnetic moment and hence its FM behavior. From the DOS plots
(partial and total) we observe a shift of the Fermi level in NiXSb
(X=Ti, V and Cr) when compared with NiMnSb. Therefore, the X-d
states are found to be mainly responsible for the FM state of NiXSb
due to their exchange splittings. For all these systems except NiTiSb,

Table 3

spin-up DOS shows the metallic behavior with Fermi cut-off while
spin-down shows a band gap at Er showing the semi-conducting
behavior.

From the DOS plot of NiTiSb as shown in Fig. 3 it is observed that
spin-up and spin-down channel shows a semi-conducting behavior

Calculated results of equilibrium lattice parameters a,, energy band gaps (Eg) and the individual and total magnetic moments (m) for NiXSb (where X=Ti, V, Cr and Mn).

NiXSb a, (A) Band gap, E (eV) Magnetic moment, m (jg)
X Ni Total
NiTiSb 5.96 0.53 0.27 0.01 0.35
5.87[23] 0.5[12,25] - - 0.02 [23]
NiVSb 5.79 0.49 1.745 0.25 1.99
5.89([17] 0.33[17] 1.85[17] 0.11[17] 1.90[17]
5.79[27] 0.52 [27] - - 1.99 [27]
NiCrSb 6.0 0.38 2.99 0.02 3.01
5.86[16] - 2.99[16] 0.047 [16] 2.918[16]
5.96 [18] 0.31[18] 2.92[18] 0.03 [18] 3.05[18]
NiMnSb 5.897 0.48 3.73 0.25 3.99
5.93[27] 0.49 [27] - - 3.97 [27]
5.93[1] 0.55 [30] 3.76 [30] 0.26 [30] 3.85[31]

_ - 3.99[32]
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Fig. 7. Band structure in spin-up (left), spin-down (right) and DOS (middle) plots for NiTiSb. The horizontal line on the plot corresponds to the Fermi level.

with energy gap of 0.53 eV just below Eg. Sharp peaks are observed tem [26,28]. The result observed agrees well with the results of
in the valence and the conduction region of both spin channels. A Nanda and Dasgupta [14] and Kandpal et al. [27] but not consistent
small hybridization between Ni-3d and Ti-3d states is observed at with the results of Zhang et al. [17]. They observed it to be nearly
Eg. Studies of Nanda and Dasgupta [14,15] had reported a similar half-metallic.

DOSin their FP-LMTO and LMTO-ASA results. We observed a similar From the DOS plot of NiCrSb as shown in Fig. 5, strong hybridiza-
DOS profile with little variation in band gap when compared with tion is observed between Ni-d and Cr-d electrons below Eg in both
the results of Ishida et al. [24] and Tobola et al. [25]. Due to the spin channels while in the conduction region no such characteris-
crystal field splitting, the d-states of Ni and Ti splits into tp¢ and eg tics are observed. Like NiVSb, spin-up channel shows the metallic
states. The ty state lies in the lower energy side whereas eg lies in behavior and spin-down shows the semi-conducting behavior with
higher energy side. Exchange splitting between spin-up and down an energy gap of 0.38 eV. The system NiCrSb therefore acts as a half-
states of Ti-d-eg is observed with exchange energy of 0.2 eV while metal. Unlike the present calculations, Zhang et al. [16] observed
the exchange splitting due to Ni-d states is negligible. The splitting nearly HM behavior with a band gap of 0.26 eV.

in d states of Ti and Ni give rise to small FM behavior of NiTiSb. This The DOS plot of NiMnSb is shown in Fig. 6. As in NiVSb and
is because the Fermi level is at the anti-bonding complex of pre- NiCrSb, we observe the metallic behavior for spin-up and semi-
dominantly Ti character with gap below Eg. Further, the depletion conducting behavior for spin-down configurations in NiMnSb.
of the spin-down anti-bonding states above the gap may happen Thus, it behaves as a half-metal with band gap of 0.48 eV. In spin-
such that none of the spin-down anti-bonding states are occupied up state, the main contribution in valence band region comes from
resulting into a complete spin polarization [26,27]. Hence, there is the d-states of Ni and Mn which hybridized with the p-state of
possibility of HMF in NiTiSh. antimony. It is observed that Sb-s states are mostly contributing

For the case of NiVSb as shown in Fig. 4, the total DOS plots of to the total DOS in the core region while its p-states is contribut-
spin-up shows a sharp peak near Eg in the valence region while in ing in the semi-core and the valence region in both spin channels.

spin-down, the peak lies in the conduction region. These contribu- In the conduction region, there is a small contribution from Sb-
tions in both spin channels are due to V-d states weakly hybridized p state in spin-up whereas Mn-d states have the dominating role
with the Ni-d states. An energy gap of 0.49eV is observed for in spin-down. The conduction region shows no peaks in the spin-

NiVSb in spin-down channel showing half-metallicity to the sys- up channel. Strong hybridization between Ni-3d and Mn-3d state
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electrons is found to occur below and above Eg in the spin-up
channel. Our observation showed that Nanda and Dasgupta [14,15]
under-estimated the band gap in NiMnSb with the FP-LMTO and
LMTO-ASA method. The d-states of Ni and Mn splits into tyg and eg
states due to crystal field splitting. The crystal field splitting energy
for Ni and Mn in spin-up is found to be 2.0eV and 1.8 eV respec-
tively. In spin-down configuration, the crystal field splitting energy
for Ni and Mn is 1.5eV and 0.5 eV respectively. The exchange split-
ting energy for Ni-eg state is 0.5eV and for tyg state it is 0.2eV.
Similarly, the exchange energy for Mn-eg is 2.5 eV and tp, state is
3.1eV. Such value of exchange splitting shows the magnetic behav-
ior of Ni and Mn in NiMnSb. For Ni, it is observed that the t; and eg
state are filled in both spin channels and therefore lies in the valence
band region whereas for Mn, tp; and eg states are completely filled
in spin-up channel but in spin-down, they are completely vacant
and thus lies in the conduction region. This indicates that Mn is in
high spin configuration with 2* states in NiMnSb.

3.3. Magnetic moments

In HMF compounds all states of one spin valence band are
occupied and thus their total number is an integer and their total
magnetic moment is also an integer [29]. We have compared the
moment of NiXSb with earlier results and were found to support
the HMF nature of NiVSb, NiCrSb and NiMnSb while for NiTiSb,
nearly HMF behavior is observed. For the semi-Heusler alloys, the

moments due to 3d states of Ni, Ti, V, Cr and Mn are contribut-
ing to the effective moment of the systems. Table 3 summarizes
the effective and individual spin moments of NiTiSb, NiVSb, NiCrSb
and NiMnSb respectively.

From the DOS plots of NiXSb, we observe the exchange splitting
effects between eg (tg) up and eg (trg) down for Ni and X atoms.
This exchange splitting between the d-state electrons of Ni and X
atom give rise to the magnetic behavior of the compounds. The
magnetic moment of NiTiSb is found to be 0.35 g which is slightly
higher than the results obtained by Kandpal [23]. He also observed
NiTiSb to be nearly HMF with a moment of 0.02 g, Our observed
value of the moment for NiTiSb shows indication of HMF depending
on the interpretation of Stoner’s stability [9].

Similar characteristic of the magnetic moments is observed for
NiVSb, NiCrSb and NiMnSb. The effective magnetic moment of
NiVSb we obtained is 2.0 wg which confirms the HMF’s behavior.
The obtained result is found to be more consistent with the results
of Kandpal et al. [27] and Zhang et al. [17]. Zhang et al. found NiVSb
to be nearly HMF with a moment of 1.90 .

For NiCrSb, resultant magnetic moment calculated is 3.01 up
which arises mainly from the exchange splitting energy of Cr-3d
state electrons. The observed magnetic moments are compared
with the results of Zhang et al. [16] and Li and Jin [18]. The effective
moment and DOS plot confirms the stronger evidence of HMF.

For NiMnSb, resultant magnetic moment is found to be 3.99 up
which arises mainly from the exchange splitting energy of Mn-3d
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state electrons. The contribution due to Ni and Sb atom is negligi-
ble. Although the moment is contributed by the Ni atoms but its
contribution to the total moments is negligible. This is because the
exchange splitting between spin-up and spin-down states of Ni-eg
(tag) are cancelling each other. Our observation shows that the mag-
netic moments of NiMnSb agrees well with the results obtained by
others [27,30-32] and confirms the HMF nature.

3.4. Band structures

In the HMF compounds, the gap in spin-down channel basically
arises from covalent hybridization between the lower energy 3d
states of high-valent transition metal like Ni and the higher-energy
3d states of lower-valent transition metals like Ti, V, Cr or Mn lead-
ing to the formation of bonding and antibonding bands with a gap
in between [33]. For these reasons the 5-sp elements like Sb plays
an important role in the existence of Heusler compounds with a
gap at the Fermi level.

The electronic band structure plots of NiTiSb, NiVSb, NiCrSb and
NiMnSb in spin-up and spin-down configurations are shown in
Figs. 7-10 along various symmetry directions. The total DOS is also
included between spin-up and spin-down band structure plot for
comparison. Thicker bands observed at various energy sites in the
band structure supports the peaks in the DOS plots. As shown in
Fig. 7, we observe that the energy bands were found to overlap each
other except near Eg in both spin channels. A virtual energy-gap
of 0.53 eV was noted below Er due to Ni-3d and Sb-5p interac-

tions in both spins. In the conduction region more dispersive bands
were observed which are contributed dominantly by the Ti-d state
electrons. From the band structure and DOS calculations, NiTiSb is
found to act as a semiconductor while the exchange contribution
due to Ti-d electrons makes NiTiSb a ferromagnet. The observed
result is in close agreement with the result provided by Tobola
et al. [25] using KKR method, while contradicts with the result of
Larson et al. [34] in which they found that NiTiSb is a metal in its
lowest-energy configuration.

From the band structure and DOS plots of NiVSb, NiCrSb and
NiMnSb, we observe metallic behavior with Fermi cut-offin spin-up
channel and semi-conducting gap in spin-down channel. Spin-up
band structure is found to replicate with the energy bands which
correspond to the sharp DOS peaks in terms of multiple interacting
bands at the corresponding energy level. In spin-down band struc-
ture, we find an indirect band gap at Er in which maximum of the
valence band lies at the symmetry point I" and the minimum of the
conduction band lies at symmetry point X. The contributions to the
energy bands is mainly due to the partial DOS contributions from
Sb-sp, Ni-d and X-d electrons in both spin channels. Indirect band
gap of 0.49eV, 0.38 eV and 0.48 eV were observed for NiVSb, NiCrSb
and NiMnSb respectively and are compared in Table 3. Strong indi-
cation of HMF is displayed by the spin-down band-gap at Eg as
suggested by the DOS plots with an integral magnetic moment.

The band structure plots of NiMnSb as shown in Fig. 10 supports
the DOS findings both in spin-up and spin-down channel. From the
partial DOS plot (Fig. 6) and band structure it can be observed that
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Fig. 10. Band structure in spin-up (left), spin-down (right) and DOS (middle) plots for NiMnSb. The horizontal line on the plot corresponds to the Fermi level.

the spin-up Mn-d and Ni-d states are located at the same energy
sites, while spin-down bands are separated due to the Mn exchange
splitting. The top of the valence bands is formed by the Mn tyg, Sb
p and Ni tyg orbitals, while the bottom of the conduction bands are
due to Mn eg and tg states in spin-down. This means that the large
Mn spin-splitting and Sb-mediated indirect Mn-Ni interactions are
responsible for the formation of the HM gap [35].

4. Conclusions

First principles FP-LAPW method within GGA is carried out to
calculate the electronic and magnetic properties of NiXSb in zinc-
blende structure. The optimized lattice parameters of NiXSb are
used for the calculations of DOS, magnetic moments and band
structure. From the observed results, it is found that NiVSb, NiCrSb
and NiMnSb are HMF while NiTiSb shows the possibility of HMF.
The observed results are found to agree well with the earlier exper-
imental and theoretical results. The DOS of different systems under
study are mainly characterized by exchange splitting of 3d states
of X atoms which leads to larger localized spin moments at the Ti,
V, Cr or Mn sites. From the DOS and band-structure calculations,
ferromagnetism is of itinerant and highly spin-polarized type. The
calculated magnitude of the energy gaps in spin-down configu-
ration for NiTiSb, NiVSb, NiCrSb and NiMnSb are 0.53 eV, 0.49eV,
0.38eV and 0.48 eV respectively along the symmetry direction I'-
X. The effective moments are calculated to be 0.35 g, 1.995 g,
3.01 pp and 3.99 pp respectively for NiTiSb, NiVSb, NiCrSb and

NiMnSb. An apparent shift of the band gap towards the conduction
region was found when compared with others result.
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