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Abstract. The first-principle density functional theory (DFT) calculations were employed to investigate the
electronic structures, magnetic properties and half-metallicity of TioItZ (Z = B, Al, Ga, and In) Heusler alloys with
AlCusMn- and CuHg, Ti-type structures within local density approximation and generalised gradient approximation
for the exchange correlation potential. It was found that CuHg,Ti-type structure in ferromagnetic state was
energetically more favourable than AlCu,Mn-type structure in all compounds except TiIrB which was stable
in AlCupMn-type structure in non-magnetic state. TioIrZ (Z = B, Al, Ga, and In) alloys in CuHg, Ti-type structure
were half-metallic ferromagnets at their equilibrium lattice constants. Half-metallic band gaps were respectively
equal to 0.87, 0.79, 0.75, and 0.73 eV for TixIrB, TisIrAl, Ti>IrGa, and TiIrIn. The origin of half-metallicity was
discussed for TizIrGa using the energy band structure. The total magnetic moments of TixIrZ (Z = B, Al, Ga, and
In) compounds in CuHg, Ti-type structure were obtained as 2up per formula unit, which were in agreement with
Slater—Pauling rule (Mot = Ziot—18). All the four compounds were half-metals in a wide range of lattice constants

indicating that they may be suitable and promising materials for future spintronic applications.
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1. Introduction

Half-metallic (HM) ferromagnets, which exhibit metal-
lic character for one spin state and a semiconducting
behaviour for another spin state, have 100% spin-
polarisation at the Fermi level. These materials have
attracted great attentions due to their potential appli-
cations in spintronic devices, such as magnetic sensors,
tunnel junctions, and giant magnetoresistance (GMR)
[1,2]. De Groot et al [3] first explored HM characteris-
tic of the NiMnSb alloy in half-Heusler structure. Until
now, HM ferromagnets have been widely found in per-
ovskite compounds, e.g. BaCrO3 [4] and SrpFeMoOg
[5], Heusler alloys, e.g. CooMnSi [6] and Mn;ZnCa
[7], metallic oxides, e.g. CrO; [8] and Fe3O4 [9], dilute
magnetic semiconductors (DMSs), e.g. Mn-doped GaN
[10] and Cr-doped CdTe [11], and zincblende (ZB)
transition-metal pnictides and chalcogenides [12—17].
Among HM ferromagnets, Heusler alloys are attractive
because of their technical applications (in spin-injection
devices [18], spin-filters [19], tunnel junctions [20],
or GMR devices [21,22]), their relatively high Curie

temperature compared to other compounds, and their
crystal structure similar to conventional semiconduc-
tors (zinc-blende and rock-salt types) [23—25]. In order
to stabilise Heusler alloys practically, they should be
grown on suitable substrates. Because Heusler alloys
consist of 4 fcc sublattice, conventional semiconductors
with zinc-blende structure (including 2 fcc sublattice)
can be used as the substrate. The mismatch between thin
film (Hesuler alloys) and the substrate (semiconductors)
should be as small as possible to keep the HM character
of Heusler alloys in the growth process. Therefore, lat-
tice constant of semiconductors should be chosen close
to that of Heusler alloys.

Heusler compounds generally take a cubic crystal
structure with a 2:1:1 stoichiometry (X2YZ) in which
X and Y mainly are transition metals and Z is a main
group element. X, YZ Heusler compounds can be char-
acterised with two different types: (1) the cubic L2
structure with a space group Fm3m with prototype of
AlCuyMn in which X, Y, and Z atoms are placed on
the Wyckoff positions 8¢ (1/4, 1/4, 1/4), 4a (0, 0, 0),
and 4b (1/2, 1/2, 1/2), respectively, (2) the CuHg,
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Ti-type structure with a space group F43m in which
X atoms occupy the nonequivalent 4a (0, 0, 0) and
4c (1/4, 1/4, 1/4) positions, while Y and Z atoms are
located at 4b (1/2,1/2,1/2) and 4d (3/4,3/4,3/4)
positions, respectively [26]. In this structure, X atoms
are denoted as X (1) and X(2).

The studies on Heusler alloys are mainly relative
to Co-based alloys with L2 structure [27-32]. Fur-
thermore, half-metallicity was recently verified in new
Heusler alloys such as MnyCoZ (Z=Al, Ga, Si, Ge, Sn,
and Sb) [33], Fe;YSi (Y=Mn and Cr) [34], CrpMnZ
(Z=P, As, Sb, Bi, and Al) [35,36], V2YSb (Y=Cr,
Mn, Fe, and Co) [37], and TioYZ (Y=Fe, Co, and Ni;
Z=Al, Ga, and In) [38], Sc,CrZ (Z=C, Si, Ge, and
Sn) compounds [39], and Pt MnGa [40]. There are sev-
eral studies on Ti-based Heusler alloys such as Tio,VZ
(Z=Al,Ga,In) [41], TioCrSn [42], TipCrSi [43], Ti,NiB
[44], TioMnZ (Z=Al, Si, Ga, Ge, In, Sn, Sb, Bi) [45,46],
TioFeZ (Z=Al, Si, Ga, Ge, In, Sn) [47-51], and Ti,CoZ
(Z=B, Al, Si, Ga, Ge, In, Sn) [52-59] in which the Y
atom is a 3d transition metal element. Recently, Taskin
et al [60] have investigated the electronic and magnetic
properties of the Ti RuSn Heusler compound in which Y
atom was replaced by Ru (4d transition metal element).
We decided to replace Y atom with a 5d transition metal
in Heusler alloys. Therefore, in this paper, the electronic
structure and magnetism of TixItZ (Z = B, Al, Ga, and
In) compounds in both AlCu;Mn- and CuHg,Ti-type
structures were investigated using first-principle calcu-
lations. To date, there is no experimental or theoretical
study on TixItZ (Z = B, Al, Ga, and In) Heusler com-
pounds.

2. Computational method

The calculations were performed using the full-potential
linearised augmented plane-wave (FP-LAPW) method
within density functional theory (DFT) as implemented
in the Wien2k package [61]. The exchange correlation
potential (Vxc) within the local density approximation
(LDA) s calculated using the scheme of Ceperley—Alder
as parametrised by Perdew—Zunger [62] and within
the generalised gradient approximation (GGA) using
the scheme of Perdew—Burke-Ernzerhof (PBE-GGA)
[63]. In this method, the crystal is divided into non-
overlapping muffin-tin (MT) spheres surrounding the
atomic sites and the interstitial regions among MT
spheres. The wave functions are expanded terms of
spherical harmonic functions inside MT spheres and
in Fourier series in the interstitial region. The MT
sphere radius for all atoms was chosen as 2 a.u. The
potential function and charge density inside the MT
spheres were expanded up to /;yax = 10 and the largest
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vector in Fourier expansion of the charge density was
Gmax = 12 (a.u.)_l. The maximum value of the recip-
rocal lattice vector in the plane-wave expansion in
the interstitial region (Kmax) was determined to be
equal to 8/ Ryt, where Ryt is the smallest MT sphere
radius. The separation energy of the valence and the
core electrons was chosen as —6 Ry. A mesh of 84
special k-points was made in the irreducible wedge
of the Brillouin zone. Self-consistency was achieved
by setting the convergence of the charge smaller than
1075 e/a.u’

3. Results and discussion
3.1 Structural properties

First, the structural optimisation was performed by min-
imising the total energy of Ti> IrZ (Z = B, Al, Ga, and In)
alloys with respect to the variation of unit cell volume
for AlCupMn- and CuHg,Ti-type structures in ferro-
magnetic (FM) and non-magnetic (NM) states. Then,
the obtained total energies as functions of unit cell vol-
ume were fitted to the Murnaghan equation of state
[64]. For instance, the obtained energy—volume curves
using GGA are shown in figure 1. Accordingly, in all
compounds, CuHg, Ti-type structure in FM state is the
most stable structure except TizIrB in which AlCu;Mn-
type structure is energetically more stable than the other
structure. The energy—volume curves of the four com-
pounds in AlCu;Mn-type structure for FM and NM
states completely coincide with each other indicating
their NM character. The site preference of X and Y atoms
is strongly influenced by the number of their valence
electrons [26]. When the atomic number of Y is more
than that of the X element in Heusler compounds, the
compounds crystallise in the CuHg,Ti-type structure.
As the valence electrons of Ir are more than those of Ti,
it is expected that TipIrZ alloys crystallise in CuHg, Ti-
type structure. According to figure 1, three alloys of
TixIrZ (Z = Al, Ga, and In) obey this rule, but Ti>IrB
does not show this conventional trend and is considered
as an exception. The equilibrium structural parameters
including the lattice parameter, bulk modulus, and its
derivative are listed in table 1 for Ti;IrZ (Z = B, Al, Ga,
and In) compounds using LDA and GGA. As can be
seen, with increasing atomic number of Z atom, the lat-
tice parameters for both structures increase along B— Al
sequence, are approximately constant along Al—Ga,
and increase along Ga— In, again. There is no experi-
mental or theoretical data to compare with the obtained
results. It is obvious that GGA results in higher val-
ues with respect to LDA for the lattice parameters. As
expected, the GGA underestimates the value of the bulk
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Figure 1. Total energy as a function of unit cell volume for the Ti;IrZ (Z = B, Al, Ga, and In) compounds for AlICu, Mn-type
and CuHg, Ti-type structures in the ferromagnetic (FM) and non-magnetic (NM) states.

modulus in comparison with the LDA. Afterwards, the
results are mainly presented with GGA.

The cohesive energy (Ec) measures the strength of
the force that binds atoms together in the solid state and
is correlated to the structural stability in the ground state.
The Ec is presented as

B¢ = Bl — QEni + Ex + Ez),
Z = B, Al, Ga, and In,

(1)
where EtTOitzIrZ is the equilibrium total energy of TiyIrZ

compounds and ETi, Ey, and E7z are the total energies
of isolated atoms. In order to calculate the energy of
isolated atoms, each atom is considered in a fcc lattice
with a lattice constant of 20 a.u. to ensure that every
atom locates on an isolated position. The value of E¢ for
each structure (table 1) confirms the structural stability
of Tio Ir*Z Heusler compounds in CuHg, Ti-type structure
except for TiyIrB.

Afterward, in order to verify whether TiyIrZ Heusler
compounds can be fabricated experimentally, the for-
mation energies (Er) of all alloys are calculated as

Eleer — Eleer

: o (2 ElTaiulk + Eltrmlk + Egulk)’
Z = B, Al, Ga, and In,

2)
where E2" is the equilibrium total energy of Ti)IrZ

compounds, and E'TZ‘ulk Elbulk, and E;’“lk are the total
energies of Ti, Ir, and Z elements in the bulk state. The

negative formation energies (table 1) show that these
four alloys are easily synthesised experimentally and
they may be fabricated in laboratory conditions.

3.2 Electronic properties

The electronic structure of TixIrZ (Z = B, Al, Ga, and
In) Heusler compounds were studied at the equilibrium
lattice constant. In the first step, the electronic band
structure was calculated to understand the nature of the
materials. Figure 2 shows the spin-projected band struc-
tures of Ti;IrGa Heusler compound as a representative
of all compounds in both AlCu,Mn- and CuHg,Ti-
type structures for majority (spin-up) and minority
(spin-down) states. Accordingly, the band structures
in AlCuyMn-type structure are completely similar in
majority and minority spin states and the Fermi level
intersect the energy bands. Therefore, this compound
is called a NM metal with AlCu;Mn-type structure.
It is observed that in the CuHg,Ti-type structure, the
Fermi level crosses energy bands in majority spin state,
while in minority spin state the Fermi level is located
within a band gap, indicating the HM characteristic of
TipIrGa at the equilibrium lattice constant. Similarly,
the other three compounds are NM metals and HM
ferromagnets in AlCupMn-type and CuHg,Ti-type
structures, respectively.
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Table 1. The calculated bulk parameters of TioItZ (Z = B, Al, Ga, and In) compounds in AICu;Mn-type and CuHg, Ti-type
structures for FM and NM states using LDA and GGA. a (10%): lattice parameter, B (GPa): bulk module, B’: derivative of bulk
module, E. (Ry): cohesive energy, and Er (Ry): formation energy.

Compound Structure State Vxc a (A) B (GPa) B’ E. (Ry) Er (Ry)
Ti IrB AlCu,Mn FM-GGA 6.02 183.56 3.83 —1.90 —0.15
NM-GGA 6.02 182.16 4.00 —1.90 —0.15
FM-LDA 5.90 190.23 4.10 —1.85 —0.13
NM-LDA 5.88 194.45 4.34 —1.85 —0.13
CuHg,Ti FM-GGA 5.93 197.19 4.33 —1.79 —0.08
NM-GGA 5.92 196.39 4.17 —1.85 —0.14
FM-LDA 5.81 203.56 4.65 —1.75 —0.06
NM-LDA 5.80 202.25 4.47 —1.80 —0.11
TipIrAl AlCuyMn FM-GGA 6.30 155.79 3.99 —1.75 —0.15
NM-GGA 6.30 155.34 4.09 —1.75 —0.15
FM-LDA 6.18 167.45 4.27 —1.67 —0.13
NM-LDA 6.18 166.98 4.48 —1.67 —0.13
CuHg,Ti FM-GGA 6.26 165.23 4.14 —1.79 —0.12
NM-GGA 6.25 164.92 4.20 —1.78 —0.18
FM-LDA 6.07 177.67 4.35 —1.70 —0.09
NM-LDA 6.03 175.54 4.51 —1.68 —0.08
Ti IrGa AlCuy;Mn FM-GGA 6.30 159.32 4.42 —1.67 —0.18
NM-GGA 6.30 158.46 4.37 —1.67 —0.18
FM-LDA 6.22 167.34 4.69 —1.60 —0.16
NM-LDA 6.23 165.89 4.60 —1.60 —0.16
CuHg,Ti FM-GGA 6.25 167.05 4.32 —1.69 —0.19
NM-GGA 6.24 169.57 4.68 —1.68 —0.18
FM-LDA 6.03 175.15 4.60 —1.60 —-0.17
NM-LDA 6.01 177.57 491 —1.60 —0.16
TipIrIn AlCuyMn FM-GGA 6.49 145.95 4.54 —1.60 —0.03
NM-GGA 6.49 146.05 4.51 —1.60 —0.03
FM-LDA 6.26 155.78 4.80 —1.57 —0.01
NM-LDA 6.26 158.23 4.78 —1.57 —0.01
CuHg,Ti FM-GGA 6.46 152.98 4.44 —1.64 —0.14
NM-GGA 6.45 153.71 4.70 —1.61 —0.11
FM-LDA 6.29 165.34 4.70 —1.59 —0.10
NM-LDA 6.28 167.86 4.93 —1.55 —0.07

In order to analyse the characteristic of the energy
bands around the Fermi level, the band structure of
TipIrGa in the CuHg, Ti-type structure was investigated
in details. The low-lying energy region —10 eV to
—7 eV are occupied by Ga s states. The three bands
between —6 and —3.5 eV are mainly relative to Ga p
states which are hybridised with the d bands of the tran-
sition metals located above —3 eV. The Z elements have
an important role on the formation of minority band
gap. By the hybridisation of the Z elements with tran-
sition metals, the Z p shell is filled and the remaining
d electrons take part in the d —d hybridisation between
transition metals which affects the width of the minority
band gap. In fact, Z elements indirectly affect the width
of the minority band gap by their different configura-
tions of valence electrons.

In the following, the d —d hybridisation between tran-
sition metals, which has a direct role on the formation

of minority band gap, is investigated. According to the
results reported by Skaftouros et al [65], in the case
of Heusler compounds with CuHg,Ti-type structure,
e.g. TioIrGa Heusler compound, similar symmetry of
Ti(1) and Ir atoms causes that their d-orbitals hybridise
together creating five bonding d (2 x e and 3 x 15¢) and
five non-bonding (2 x e, and 3 x t,,) states. Then, the five
Ti(1)-Ir bonding d states hybridise with the d-orbitals
of the Ti(2) atoms and create bonding (2 x eg and 3 x 1)
and antibonding states (2 x e§ and 3 x t;‘g). A schematic
representation of the d—d hybridisation of TixIrGa
compound in the CuHg,Ti-type structure is shown in
figure 3. It is clear from figure 2 that for TirIrGa, the
five energy bands below the Fermi level in spin minority
state from —3.5 to 0 eV are mainly relative to bonding
states. The five bands above the Fermi level between
0 and 2.5 eV belong to non-bonding states (2 x e,
and 3 x t,), and the five bands between about 2.5 eV
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Figure 2. The band structures of Ti;IrGa compound for AICu; Mn-type and CuHg, Ti-type structures in majority and minority
spin states at the equilibrium lattice parameter. The solid line at 0 eV indicates the Fermi energy (EF).

to 6.5 eV are relative to antibonding states (2 x ez and
3 x tﬁ‘g). The minority band gap can be attributed to the
splitting between the bonding 31, and non-bonding 3z,
states. In majority spin channel, the splitting exchange
effect makes the energy bands shift towards lower ener-
gies and non-bonding 37, states cross the Fermi level.
Therefore, d—d hybridisation between transition met-
als of Ti and Ir is an important factor in the appearance
of half-metallicity in TioItZ (Z = B, Al, Ga, and In)
Heusler compounds.

The values of minority spin band gap (E;) and HM
band gap (Eym) for the four HM compounds using

LDA and GGA are reported in table 2. Eg can be
calculated by subtracting the conduction band mini-
mum (CBM) and valence band maximum (VBM) in
the minority spin state. Eyys is defined as the minimum
of the two magnitudes of VBM and CBM in minor-
ity spin state. Accordingly, the values of Eg and Exm
with GGA are higher than those obtained with LDA
indicating that GGA predicts electronic structure of all
compounds more realistically. Also, there is a relation-
ship between the Z elements and the width of minority
band gaps where E decreases by increasing the lattice
constant along B— Al—Ga— In. According to table 2,
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Figure 3. A schematic representation of the d —d hybridisations between spin-down orbitals of Ti(1), Ti(2), and Ir transition

metals at different sites for the TiyIrZ Heusler compounds.

Table 2. The minority spin (Ez) and half-metallic (Exm)
band gaps of TipIrZ (Z = B, Al, Ga, and In) compounds at
equilibrium lattice constants using LDA and GGA.

Compound Vxc E; (eV) Eum (eV)
Ti IrB GGA 0.87 0.27
LDA 0.60 0.08
Tir IrGa GGA 0.79 0.33
LDA 0.54 0.11
TipIrAl GGA 0.75 0.28
LDA 0.52 0.09
Tio IrIn GGA 0.73 0.23
LDA 0.53 0.05

it is concluded that with decreasing atomic number of
Z element, VBM shifts to lower energies with respect
to the Fermi level and minority band gaps increase. In
fact, with decreasing atomic number of Z elements, the
Coulomb repulsion decreases and minority band gaps
increase [66].

Afterwards, the origin of half-metallicity and appear-
ance of the minority band gap for TixIrZ (Z = B,
Al, Ga, and In) Heusler compounds in the CuHg,Ti-
type structure are investigated. For this purpose, the
electronic density of states (DOSs) for TipIrGa in the
CuHg, Ti-type structure as a representative of all com-
pounds were also studied which are shown in figure 4.

Accordingly, the existence of electronic states at the
Fermi level in majority spin state and a band gap
at the Fermi level in minority spin state confirm the
HM characteristic of TioIrGa compound. It is evident
that there is a relatively strong hybridisation between
the d states (fp¢ and eg) of transition metals Ti(l),
Ti(2), and Ir around the Fermi level. As previously
mentioned, this hybridisation makes d states split to
three states: (1) bonding states below the Fermi level,
(2) non-bonding states around the Fermi level, and
(3) antibonding states above the Fermi level. Because
of this hybridisation, the Fermi level is located in the
gap between the bonding 7,, states and non-bonding ,
states. The d—d hybridisation is the origin of the HM
band gap in the full-Heusler alloys with AICuyMn struc-
ture [38]. Moreover, the bonding states below the Fermi
level mainly belong to Ir with higher valence electrons,
while the unoccupied antibonding states are mainly rel-
ative to Ti low-valent transition metal. This refers to
the covalent hybridisation between high-valent and low-
valent atoms which leads to the formation of minority
spin band gap. The covalent hybridisation is mainly
observed in half-Heusler compounds with C 1, structure
[38]. Therefore, half-metallicity originates from both
covalent and d—d hybridisations in TiIrGa alloy. A
similar behaviour is observed in other three compounds
also.
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Figure 4. The total and partial DOSs for the Ti;IrGa compound. Positive values of DOS are chosen as majority spin electrons
and negative values as minority ones. The zero energy value corresponds to the Fermi level.

3.3 The region of half-metallicity

In order to investigate the sensitivity of half-metallicity
with respect to change in lattice constant in detail, val-
ues of E, at different lattice constants for Ti;IrZ (Z
= B, Al Ga, and In) compounds in the CuHg,Ti-
type structure were calculated and plotted in fig-
ure 5. As can be seen, TipIrB, TipIrAl, TiIrGa, and
TizIrln compounds are half-metals between 5.61 and
6.73 A, 5.63 and 6.80 A, 5.51 and 6.80 A, and
5.47 and 6.86 A, respectively. By changing Z element
along B— Al—Ga—In, the region of half-metallicity
increasesas 1.12A—1.17 A—1.29 A—1.39 A, respec-
tively. Among these compounds, Ti>IrIn has the widest
region of half-metallicity, showing its stability against

negative and positive pressures. According to figure 5,
there is a similar trend for TipIrAl, TiIrGa, and Ti, IrIn
compounds where VBM and CBM smoothly shift
towards the Fermi level respectively by the expansion
and compression of lattice and half-metallicity will
be destroyed. For TiIrB, by the expansion and com-
pression of the lattice, CBM cuts the Fermi level and
half-metallicity disappears.

3.4 Magnetic properties

The total and partial magnetic moments of Ti,ItZ (Z =
B, Al, Ga, and In) compounds in CuHg, Ti-type structure
using LDA and GGA are listed in table 3. Accordingly,
the total magnetic moment (M) for all the compounds
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Figure 5. The minority band gap of TixItZ (Z = B, Al, Ga, and In) compounds in CuHg, Ti-type structure as a function of
the lattice constant. The black and white squares show the valence band minimum (VBM) and conduction band maximum
(CBM), respectively. The vertical dashed line indicates the equilibrium lattice constant and vertical solid lines show the range
of half-metallicity. The horizontal dotted line at O eV shows the Fermi energy.

Table 3. The total and atomic magnetic moments of TirIrZ (Z = B, Al, Ga, and In) compounds using LDA and GGA.
Mo (uB): total magnetic moment; Mri(1y (B): Ti(1) magnetic moment; Mri2) (B): Ti(2) magnetic moment; My, (ug): Ir
magnetic moment; Mz (up): Z magnetic moment; My (1p): magnetic moment in the interstitial region.

Compound Vxc Mot Mri1) Mri2) My, Mz My
Ti> IrB GGA 2.00 0.96 0.42 —0.008 —0.02 0.63
LDA 1.95 0.95 0.41 —0.007 —0.01 0.57
TirIrAl GGA 2.00 0.98 0.38 —0.04 —0.0003 0.69
LDA 1.93 0.95 0.34 —0.01 0.00 0.66
TirIrGa GGA 2.00 0.97 0.41 —-0.04 —0.005 0.68
LDA 1.91 0.91 0.40 —0.02 —0.001 0.60
Tio IrIn GGA 2.00 0.96 0.42 —0.05 0.0005 0.67
LDA 1.94 0.92 0.32 —0.03 0.00 0.60

using GGA are integer values of 2jug while they are non-
integer within LDA. My in HM materials is usually an
integer value. Therefore, GGA confirms that the four
compounds are half-metals in CuHg, Ti-type structure
indicating that this approximation predicts the magnetic
properties more appropriately. Furthermore, TixIrZ (Z
= B, Al, Ga, and In) compounds follow the generalised
Slater—Pauling rule as Mot = Zot — 18 in which Z
is the total number of valence electrons in the unit cell.
TixIrZ (Z = B, Al, Ga, and In) compounds have 20

valence electrons (4, 9, and 3 valence electrons for Ti,
Ir, and Z, respectively). According to this rule, Mo is
obtained equal to 2up which is in a good agreement
with the results of table 3 (by GGA).

Table 3 shows that the main contribution to My
comes from the Ti(1) and Ti(2) atoms. The mag-
netic moments of Ti(1) and Ti(2) atoms are not sim-
ilar because the nearest neighbours of both atoms in
CuHg, Ti-type structure are different. The Ir atom has a
small negative magnetisation. The Ir has nine valence
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Figure 6. Total and atomic magnetic moments as functions of the lattice constant for TioIrGa compound in CuHg,Ti-type

structure.

electrons and when hybridise with d electrons of Ti
atoms, electrons tend to fill almost the complete d
shell of Ir. Therefore, the magnetisation of Ti atoms
increases and the magnetic moment of Ir decreases.
The negative sign of the magnetic moment of Ir is
due to a negative exchange splitting between spin-up
and spin-down electrons in the d shell. The partial
magnetic moment of Z elements are negligible which
is due to the closed p shell arising from the p—d
hybridisation with transition metals. Similar results are
observed in Zr,CoZ and Zr,CrZ (Z = Ga and In) com-
pounds [67]. Furthermore, the contribution of interstitial
region in magnetic moment is considerable in the four
compounds. Since most of the d states exist in the
muffin-tin spheres of the Ti(1), Ti(2), and Ir elements,
the d—d hybridisation mainly occurs inside muffin-
tin spheres and magnetic moments in interstitial region
enhances.

Finally, the magnetic properties of Ti,It'Z (Z = B,
Al, Ga, and In) compounds under compression and
expansion deformations are investigated. For instance,
Mot and partial magnetic moments of Ti(1), Ti(2), Ir,
Ga, and interstitial contribution as a function of lattice
constant for TioIrGa compound in the CuHg,Ti-type
structure are shown in figure 6. Accordingly, in a wide
range of lattice parameters, My,x = 2up which shows
that Ti>IrGa has a HM nature within the wide range of

lattice parameters. At high pressures, My falls below
the integer value of 2ug. With increasing lattice con-
stant, the absolute magnetic moments of Ti(1) and Ti(2)
increase. With increasing lattice constants, hybridis-
ation between neighbouring atoms decreases and the
behaviour of atoms tends toward isolated atoms which
enhances their magnetisation. The magnetic moment of
Ir and Ga atoms are positive at lower lattice constants
while they are negative above 6 A. This is due to the
existence of the RKKY-type superexchange interaction
between the sp elements and the transition metals which
is recently mentioned by Hu and Zhang [68]. In fact, as
this interaction is a long-range interaction, Ir and Ga
atoms exhibit negative magnetic moments at high lat-
tice constants.

4. Conclusion

The electronic structure and magnetism of TixItZ (Z
= B, Al, Ga, and In) Heusler compounds were inves-
tigated using FP-LAPW method within DFT, within
LDA and also within GGA for the exchange correla-
tion potential. GGA predicts the electronic structure and
magnetic properties of all compounds more appropri-
ately. The calculations showed that the four compounds
were half-metals in CuHg, Ti-type structure. The origin
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of half-metallicity was mainly relative to the d—d and
covalent hybridisations between transition metals Ti(1),
Ti(2), and Ir. The range of half-metallicity for Ti>IrB,
TipIrAl, TioIrGa, and Tip IrIn compounds was 5.61-6.73
A,5.63-6.80 A, 5.51-6.80 A, and 5.47-6.86 A, respec-
tively. Mo was an integer value of 2up for TioItZ (Z =
B, Al Ga, and In) Heusler compounds in the CuHg, Ti-
type structure which obeyed Slater—Puling rule of
Mot = Ziot — 18. The negative magnetic moments of Ir
and Ga atoms at high lattice constants were attributed to
the RKKY-type superinteraction. Since the equilibrium
lattice constants of the three Heusler compounds TipIrZ
(Z = Al, Ga, and In) in CuHg,Ti-type structure were
close to that of the semiconductors such as InSb (6.48
A) and CdTe (6.49 A) [69,70], it is suggested to grow
these new HM alloys on suitable substrates to get new
candidates for spintronic applications.
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