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The effect of small Pt doping on the electronic and magnetic properties
of NiMnSb compound were studied using the spin-polarised tight-binding lin-
ear muffin-tin orbital method. The electronic structure of half-Heusler alloys
depends on the relative arrangement of the atoms in the unit cell, changing
from half-metal to metal. The local ordering drastically influences the value
of the band gap. The self-consistent band calculations were performed for
the experimental lattice constant and for the lattice parameter estimated
from the minimum of the total energy.

PACS numbers: 71.20.—b, 71.20.Be, 75.50.—y

1. Introduction

In recent years the magnetic and transport properties of the half-Heusler al-
loy NiMnSb have been actively studied [1-13]. The significant interest for NiMnSh
is due to 1ts predicted half-metallic behaviour from the band structure calcula-
tion [14]. In the terms of electronic structure, it means that the majority spin
electrons are in the conduction band, whereas the minority spin electrons are
in the semiconducting band. Consequently, the conduction electrons are 100%
spin-polarised at the Fermi level. This feature of NiMnSb leads to investigations
of larger amplitudes of giant magneto-resistance (GMR) [3-7] and a peculiarity of
the magneto-optical properties [8, 10, 11].
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The half-metallic behaviour of NIMnSb is well established experimentally in
the bulk. The magnetic moment is measured by neutron experiments (4up) [12, 13]
in agreement with the expected integer value of the moment for half-metallic ferro-
magnet. Spin-polarised positron-annihilation [15, 16] and infrared absorption [17]
gave 100% spin-polarisation at the Fermi level. Very close to 100% polarisation
was observed at the Fermi level using the spin-polarised inverse photoemission in
NiMunSb [5].

The half-metallic band structure for NiMnSb was confirmed by numbers
of studies of the electronic structure using the Korringa-Kohn—Rostoker method
(KKR) [15, 18, 19] and the linear muffin-tin orbital method (LMTO) [20, 21].
In [18] the influence of the atomic disorder on the half-metallic property of NiMnSh
was pointed out. It confirmed that the disorder of the crystallographic structure
can lead to the reduction of the 100% spin-polarisation in NiMnSb.

Some of experimental evidences (such as the Hall effect, the magnetore-
sistance, the termopower) [1, 22] suggest that the NiMnSb alloy may not be
half-metallic ferromagnet above 80 K. The changes in electronic properties hap-
pen near 80 K with a very good atomic order in samples. The anomalies, which
appeared in various physical properties of NiMnSb near 80 K have been explained
in the terms of a “crossover” from a half-metallic state to a normal metallic fer-
romagnet [22]. The results of magnetic circular dichroism measurements [23] of
NiMnSb show that a dramatic increase in the Mn and Ni moments occurs below
the “crossover” transition temperature of about 80-100 K.

In the present paper, we have investigated the change of the spin-polarised
electronic structure of NiMnSb during small Pt doping and detailed relationship
between relative arrangement of the atoms in the unit cell and the value of the band
gap, which is the characteristic parameter of electronic structure of half-metallic
materials. The magnetic moments were calculated for different distributions of Pt
atoms in the supercell.

The studied Nig g75Ptp 125MnSb compound crystallises into the C'1 struc-
ture (space group F'43m) [24]. This noncentrosymmetric crystal structure (shown
in Fig. 1) can be obtained from the NiaMnSb (L2;-type) structure by eliminating
one of the fce Ni sublattices resulting in the tetrahedral coordination of the Sb and

@ A (Mn)
o B (Ni, Pt)
® C(Sb)

=+ D (empty site)

Fig. 1. The crystal structure of NIMnSb compound — C'1; structure.
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Mn atoms by Ni. The electronic structure of Nig g75Ptg 125MnSb alloy has been
calculated for the supercell structure which included a 2 x 2 x 2 primitive cell,
i.e. 32 positions per cell. Eight of them are occupied by Mn atoms (A position).
Eight of Sb atoms are in C positions. The B positions are occupied by Ni or Pt
atoms; the D sites remain unoccupied. In the study of an influence of the local
ordering on band gap, we also considered additional distinct structures obtained
by interchanging the Ni or Pt atoms into the empty sites.

According to experimental data [24] the lattice parameter was assumed to be
nearly linear dependent on concentration of the Pt atoms in NiMnSb and for stud-
ied Nig g75Pto.125MnSb the lattice parameter was estimated as a = 0.595 nm. The
theoretical lattice parameter corresponding to the minimum of the total energy
was obtained too.

2. Method of calculations

The electronic band structures and the magnetic moments for
Nip s75Pto.125MnSb alloy with C'lp-type structure (Fig. 1) were carried out using
the self-consistent spin-polarised TB-LMTO method in the atomic sphere approx-
imation (ASA) [25, 26].

In the atomic sphere approximation the Wigner—Seitz (W-S) cell is replaced
by the sphere with the radius S,y which is determined by the following condition:

3 1/3
Sav = a (m) ; (1)

where a denotes the lattice parameter and N is the number of atoms in a cell.
The values of the Wigner—Seitz radii for the components were estimated from the
following relation:

S

n

where the summation is over all types of atoms in the cell and .S, is the atomic
radius. For the C'1y structure one empty sphere per formula unit was introduced in
the interstitial region in order to reduce the overlap between neighbouring atomic
spheres.

The exchange-correlation potential used in these calculations is the func-
tional of von Barth and Hedin [27]. All the total energy carries out for above
500 k-points in the irreducible Brillouin zone. The initial atomic configurations for
each atom were taken as in the periodic table of elements.

The supercell with 32 atoms is taken into consideration. It was obtained
by the extension into the three dimensional space of the basic positions of C'l;
structure. The supercell was divided into two main sublattices (the first one is
formed by A and C positions; the second one is built by B and D positions, Fig. 1).
The occupations of the first sublattice, which consists of 16 sites with Mn and Sb
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atoms, remain unchangeable during our calculations. For the second sublattice, we
have also the same number of sites; among which only eight are occupied by seven
Ni and one Pt. For the rest eight positions, we put empty spheres, as atoms with
zero nuclear charge. For Nig g75Ptp.125 MnSb, the spin polarised band calculations
have been performed in three different crystallographic arrangements of Ni and
Pt atoms. In the first case (a) we put these atoms only in B positions, so that
we have seven kinds of atoms and three different kinds of empty spheres in the
supercell. In the second (b) arrangement of occupation of the second sublattice we
move one of Ni atoms from B to D position. In the third arrangement (¢) the Pt
atom is displaced from B to D position. For both (b) and (c) cases there are 13
kinds of atoms and 5 kinds of empty spheres in the supercell.

3. Results

Our ab initio calculation has shown that the ground state of small Pt-doping
of NiMnSb is ferromagnetic for all presented cases. Figure 2a—c presents the elec-
tronic structures calculated at an experimental lattice parameter. The half-metallic
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Fig. 2. The electronic density of states for Nig g75 Pto 125 MnSb for three arrangements
of atoms in the supercell: (a) The Ni and Pt atoms occupy the positions as in C1lp
cell; (b) One of Ni atoms occupies the vacancy position; (c) The Pt atom occupies the

vacancy position. The vertical line 1s the Fermi level.
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electronic structure was found in the Nig g75Ptg 125 MnSb with the well-ordered C'1,
structure (case (a)). The energy gap at the Fermi level is observed for minority
spin carriers only for the case (a). The value of this gap (AEF = 0.029 Ry) is smaller
than the value of the energy gap in pure NiMnSb alloy (AE = 0.0303 Ry). The
width of the gap of NiMnSb is in good agreement with the experimental estimated
value of the gap [17]. The previous ab initio calculations [21, 28] show that the
Fermi level is at the middle of the gap for NIMnSb and the left edge of the gap
for PtMnSbh. In our calculation for Nig g75Ptg 125 MnSb the shift of the Fermi level
into left is not visible yet. The energy gap arises essentially from the hybridisation
between the lower energy d-states coming from Ni, Pt atoms and the higher energy
d-states of Mn atom leading to the formation of bonding and antibonding bands
with the gap between them. We observed that the bonding d-states are mainly from
Ni while the unoccupied antibonding d-states are mainly from Mn (Fig. 3). The
total density of states of Nig g75Ptg.125MnSb is split into two parts. The part of the
density of states lying below the gap consists of hybridised d-states of transition
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Fig. 3. The densities of states of Nig.s7s Pto.125 MnSb for: (a) s-states (dashed line),
p-states (dotted line, shaded), d-states (solid line); (b) d-states of Pt atom; (c) d-states
of Ni atom; (d) d-states of Mn atom calculated in the C1p crystal structure for the

experimental lattice parameter.
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metals (Ni, Mn, Pt) and the p-states of Sb. The lowest part of the density of states
(below —0.7 Ry) mostly comes from the s-states of Sb atoms.

In (b) and (c) cases of arrangement of the supercell the gap completely
suppressed and the minority band had the metallic character (Fig. 2b, ¢). The
structure with the displacement of Ni or Pt atoms to the empty position is not
stable when only the bonding states are occupied.

Expecting the changes of the size of the half-metallic gap in the case (a) we
carried out the calculations of electronic structure for different lattice parameters.
The results plotted in Fig. 4 show that in the region of the lattice parameter close
to the experimental one (0.594 < a < 0.598 nm) the size of gap has the fixed value
(0.0293 Ry), then the value of the gap decreases for a larger value of the lattice
parameter. The energy gap shifts above the Fermi level at @ = 0.613 nm and
higher values of the lattice parameter. Therefore, the density of states is not zero
at the Fermi level (Fig. 5). In the half-metallic region (0.594 < @ < 0.613 nm) the
total magnetic moment of Nig g75Ptg.125MnSb has an unchanging integer value
(meot = 4.0up). Figure 4 also presents the dependence of the total energy on
the lattice parameter. The minimum of the total energy is at @ = 0.608 nm.
Thus, the theoretical value of the lattice parameter is higher about 2.3% than the
experimental one.

To estimate the nonlocal effects of the value on the gap we additionally
calculated the electronic structure of Nig g75Ptp.125MnSb for the experimental lat-
tice parameter with the Langreth—Mehl-Hu nonlocal exchange-correlation correc-
tions [29]. The value of the gap reduces by 0.005 Ry.
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Fig. 5. The densities of states of Nig.g75 Ptg.125 MnSb for the first arrangement of the

supercell at ¢ = 0.619 nm.

The ground state magnetic properties are similar for Nig g75Ptg.125MnSb
in the three arrangements of the supercell. The main contribution to the total
magnetic moment comes from the Mn atoms (myn = 3.58 = 3.88up), which have
their minority d-band completely shifted above the Fermi level (for example Fig. 3
— the fourth panel). The 3d-bands of Ni are far from the Fermi level and almost

TABLE

The total and local magnetic moments in wup for NiMnSb and
Nio.g75 Pto.125s MnSb at the experimental lattice parameter.

Miot | MMn | MNi | Msh Empty | mps
NiMnSb 4.00 3.73 0.29 —0.06 0.04 —
4.00¢ | 3.76% | 0.25% | -0.07¢ 0.05¢
Nig.s75 Pto.125 MnSb (a) 4.00 3.80 0.28 -0.07 0.04 0.13
3.70 0.29 -0.05
(b) 3.94 3.70 0.22 -0.09 0.00 0.12
3.81 0.24 —0.06 0.04
3.73 0.27 -0.05 0.05
3.82 0.03 -0.08
(c) 3.90 3.58 0.26 —0.06 0.04 0.003
3.78 0.23 -0.10 0.05
3.73 0.22 -0.09 0.06
3.88 0.27 0.00

“Reference [21].
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filled both spin directions resulting in a small magnetic moment of my; = 0.03 =
0.28up. The Pt moment (mpy = 0.003 = 0.13up) is quite small. The small moment
at Sb atom (mg, = —0.05 = —0.10pp) couples antiferromagnetically to the Mn
magnetic moments. The values of local magnetic moment for the three cases of
occupation (a—c) and for all kinds of crystallographic inequality positions in the
supercell are presented in the Table. The smallest magnetic moment on Ni (0.03up)
and on Pt (0.003up) is a consequence of a change of the second neighbours for
these atoms. The environment of Ni and Pt atoms in these cases consists of four
Mn atoms and four Sb atoms as the first nearest neighbours and five Ni atoms
and one empty sphere as the second neighbours. In the other positions, the Ni
and Pt atoms are surrounded by four Mn atoms and four Sb atoms as the first
nearest neighbours and five empty spheres and one Ni (or Pt) atom as the second
neighbours. The total magnetic moment is integer only for the exactly half-metallic
case (a) of arrangement of atoms in the supercell (myo; = 4.00pp). In the cases
(b) and (c) the total magnetic moment is smaller than 4ugp.

4. Conclusions

In the present work, the effect of the small Pt doping on the electronic
structure of NiMnSb half-Heusler alloy was studied. The spin-polarised TB-LMTO
calculations have shown that the electronic structure of Nig g75Ptg.125MnSb alloys
depends on the relative arrangement of the atoms in the unit cell. The displacement
of Ni or Pt atom from the sites in the well-ordered C'1; structure to the empty
sites can change the property of electronic structure from half-metallic to metallic.
In the case of displacement of some atoms (Ni or Pt) to the empty positions, the
gap at the Fermi level is suppressed. The reduction of the total magnetic moment
is caused by disorder induced by minority-spin states in this case. Similar result
was obtained for pure NiMnSb for different types of atomic disorder [18, 19] using
the layer KKR method with coherent potential approximation. The increase in the
lattice parameter also influences the value of the band gap. We observed the stable
size of the gap nearly the experimental lattice parameter, as well as the shift of
the energy gap above the Fermi level at @ = 0.613 nm and at the higher values. It
causes a disappearance of the pure half-metallic property of ordered C'l; structure
Nig.s75Ptg.125MnSb. The similar dependence of the size of the energy gap on the
lattice parameter was obtained for PtMnSb in [21].

It has also been found that the magnetic moments on Ni and Pt atom
strongly depend on the presence of the maximum number of atoms in the sec-
ond nearest neighbour shell. The smallest values of magnetic moments (on the
Ni and Pt atoms) are obtained if there are five Ni atoms in the second nearest
neighbour shell. If the number of atoms in the second nearest neighbour shell is
only one (Ni or Pt), the magnetic moment is more than 0.22up.
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