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Abstract

The structural, electrical, magnetic, mechanical, and thermodynamic properties of some novel half-Heusler alloys QCrAs(Q=Hf{, Ti and Zr) are
investigated using first principles calculations. The results show that the three half Heusler alloys are half metals and they can find application
in spintronics industries. They possess magnetic moment of 3uz. The mechanical properties shows that they are mechanically stable. The B/G
ratio of the three half-Heusler alloys show that they are ductile in nature and the Poisson’s ratio reveal that the plasticity of TiCrAs and ZrCrAs
are higher than that of HfCrAs. The Debye temperature and average sound velocity of ZrCrAs is observed to be higher than the other two alloys.
This implies that the thermal conductivity of ZrCrAs is the highest.
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1. Introduction alloy [10], binary Heusler alloy [11], and inverse Heusler al-
loy [12]. Interestingly, different characteristics of these Heusler
family can be predicted just by knowing their valence electron
count [13]. Some years back, Gautier and coworkers predicted
over 300 half Heusler alloys [14], ever since then, more half
Heusler alloys have been investigated till date. Half Heusler
alloys having valence electrons greater or less than 18 can be
said to be ferromagnetic, hence such half Heusler allloys could
possess half-metallic properties which is useful in spintronics
industries. One of the properties sough after in spintronics is
the half-metallic property. The half-metallic property is de-
scribed as a situation whereby a material having metallic na-
ture in one spin channel and having semiconducting proper-
ties in another spin channel. This concept was discovered by
*Corresponding author tel. no: +234 8060797955 De Groot and co-workers in 1983 [15]. Half-metals possess
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For many years now, the search for functional materials has
been on the increase in the scientific community. Examples of
functional materials include thermoelectric materials [1], piezo-
electric materials [2], optoelectric materials [3], spintronic ma-
terials [4] etc. Of all materials that have been found and syn-
thesized till date, the Heusler alloys and its family have been
one of the most widely studied material [5-7], this is because
they can be easily synthesized and have multifunctional capa-
bility which are very useful in technological industries. The
Heusler family with this multifunctional capabilities include the
full Heusler alloy [8], quaternary Heusler alloy [9], half Heusler
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100% spin-polarization at the Fermi level, thereby making it
possible for them to be used as a spin valve to enhance gi-
ant magneto-resistance [16], spin injector electrode in tunnel
magneto-resistance [17] and current perpendicular to plane gi-
ant magneto-resistance (CPP-GMR) in spintronics [18]. They
also find application in spin torque devices [19] and magnetic
tunnel junction (MTJ) devices [20]. Half-Heusler alloys
UVW(XYZ) with half-metallic character are usually described
as having the U atomic position occupied by one of the fol-
lowings: main group 1 or 2 element, the rare earth metals and a
transition metal [13]. The V atomic position is occupied a trans-
action metal which is less electropositive compared to U. The
W atomic position is occupied by elements from a main group
3,4 and 5. In this work, we use ab initio calculation to explore
the half-metallic, mechanical and thermodynamic properties of
the novel half Heusler alloys QCrAs (Q=Hf, Ti and Zr). The re-
maining portion of this work is divided into the following sec-
tions: Section 2 covers the computational specifics, Section 3
covers the discussion and results, and Section 4 concludes with
a summary.

2. Computational details

First principles spin-polarized density functional theory (SP-
DFT) calculation has been used to perform the ground state
properties of QCrAs(Q=Hf, Ti and Zr) alloys. A projected
augmented wavefunction (PAW) type of the generalized gra-
dient approximation (GGA) which is the choice of exchange
correlation as implemented in the quantum espresso code[21]
is used. The valence electron configurations of Hf(4f'46s25d?),
Ti(4s23d?),Cr(3d>4s"), As(4d?5s?) and Zr(5s>4d?) are used. An
optimized value of 70Ry for the plane-wave basis set of the ki-
netic energy cutoff and a 9x9x9 k-point mesh are used to deter-
mine the structural parameters for the three half Heusler alloys.
Optimizaion was carried out for various values of k-point start-
ing with 4X4X4, 5X5XS5, ... 15X15X15. At the end of the cal-
culation, the difference between the last k-point and the others
were observed. The difference between the energies of k-point
9X9X9 and the last k-point fell within the acceptable range of
0.1meV.Convergence threshold for all selfconsistency calcula-
tion is set at 107% Ry/atom. Spin-polarised was taken care of by
introducing nspin which activates the magnetism in the com-
pounds. Magnetic spins were allocated to the atoms of the tran-
sition metals using starting magnetization. Duriing band calcu-
lation, we used spin_component to distinguish between spin up
and spin down components. The thermo pw package is used to
compute the thermodynamic and mechanical properties [22].

3. Results and discussion

3.1. Structural properties

A cubic structure with MgAgAs type Clb structure forms
during the crystallization of half Heusler alloys (UVW). They
have space group of F-43m (No 216). The half Heusler stuc-
ture is seen as a combination of zincblende and rocksalt struc-
ture. Wyckoft locations 4b(1/2,1/2,1/2), 4c(1/4,1/4,1/4), and 4a

Figure 1. Unit cell of QCrAs (Q=Ti, Hf and Zr) HH alloys

(0,0,0) are occupied by the U, V, and W atoms, respectively.
The unit cell of the half-Heusler alloy is shown in Fig. 1. The
structural parameters such as the equilibrum lattice constant,
bulk modulus and pressure derivative are computed by fitting
the total energies versus lattice constant curve with the Mur-
naghan equation of state with the results presented in Table 1.
Fig. 2 shows the ferromagnetic state and non magnetic state
of the three half-Heusler alloys, and from the graph, their fer-
romagnetic state posses the lowest ground state energies. This
implies that the three half-Heusler alloys are ferromagnetic in
nature. The lattice constant of the three HH alloys satisfy the
condition Ti<Zr<Hf, this could be as a result of the atomic
mass satisfying the same condition. The half Heusler alloys
QCrAs(Q=HTf, Ti and Zr) are novel and have no experimental
and theoretical result to compare with. Nevertheless, the lat-
tice constants of QCrAs(Q=Hf, Ti and Zr) when compared with
results of QCrBi(Q=Hf, Ti and Zr) [23] are within reasonable
range. The formation energies of the three alloys have also been
computed using eq. 1 as shown in Table 1. QCrAs(Q=Hf, Ti
and Zr) half Heusler alloys all have negative The formation en-
ergies of the three half-Heusler alloys have negative values and
these indicate that they can be synthesized in experimentally.

E¢(QCrAs) = E7(QCrAs) — (E(Q) + E(Cr) + E(As)) (1)

The ground state energies of each element are represented
as E(Q), E(Cr) and E(As)), while E7(QCrAs) is the sum of the
energies in the HH compounds. The formation energies for
each HH are displayed in Table 1. The compounds can be syn-
thesized experimentally if the formation energies have a nega-
tive value.

3.2. Magnetic and electronic properties

The magnetic and electronic properties of the three half
Heusler alloys QCrAs (Q=Hf, Ti and Zr) have been computed
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Table 1. Computed lattice parameters a, bulk moduli (B), pressure derivatives (B’), magnetic states My magnetic moment (MM), and the formation energy E of
QCrAs (Q=Hf, Ti and Zr

Compounds a(A) B(GPa) B’ M, MMQup) E;(eV)

TiCrAs 5.87 116.80 620 FM 3.012 -1.58
5.81 12890 433 NM -

ZrCrAs 6.10 103.50 428 FM 3.026 -1.44
6.02 11780 430 NM -

HfCrAs 6.07 10850 461 FM 2988 -1.62

598 122,10 416 NM -
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Figure 2. Total energies of XCrAs (X=Hf, Ti, and Zr) against lattice constants
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Figure 3. HfCrAs band structures for both spin channels

using the spin-resolved DFT technique. The total magnetic
moment that results from the contributions of the local mo-
ments of each atom in the HH alloys is shown in Table 1. The
MM obtained in Table 1 are in agreement with the MM pre-
dicted by Slater-Pauling rule. M=|Vy-18|, where Vy is the va-
lence electrons count (VEC) per formula unit and M is the to-
tal magnetic moment per formula unit, gives the Slater-Pauling
rule. The valence electrons for each element are: Hf ( 5d%6s2),
Ti(3d%4s?), Zr( 4d*5s?) Cr( 3d°4s') and As(4s’4p°). The value
of Vy for each HH alloy is 15, hence the predicted MM from
Slater-Pauling rule is 3ug. The magnetic moment computed 4t
are approximately 3upg. The idea behind the magnetic moment N
can be explained from the crystal field splitting of the d-orbital rooxX WK
of the atom occupying the V atomic position (the Cr element)
[24]. The Cr atom with the As atom form a tetrahedral posi-
tion thereby hybridizing to form [CrAs]*~. The resulting ion
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Figure 4. TiCrAs band structures for both spin channels

interact with Q(=Hf, Ti and Zr)** ion during which electrons
are exchanged. The Cr~ ion gains one extra electron during
this process thereby making it possess seven electrons. The
seven electrons are the shared among the triplet and doublet
states leaving three unpaired electrons which constitute the to-
tal MM of the compounds. Figures 3, 4, and 5 display the elec-
tronic band structure for both spin channels along with the cor-
responding partial density of states (PDOS) for each alloy. It
is evident from the PDOS that the three HH alloys are half-
metallic with their spin up channels being semiconductors and

their spin down channels being metals. These results suggest
that the three compounds are half-metals. The highest occu-
pied molecular orbit (lowest occupied molecular orbit) HOMO

(LUMO) for HfCrAs, TiCrAs and ZrCrAs are 12.8334eV (12.6114eV),

12.1927eV (11.8789eV) and 12.7092eV (12.3076eV) respec-
tively. The band gap of HfCrAs, TiCrAs and ZrCrAs are 0.222¢V,
0.3138eV and 0.4016eV respectively.
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Figure 5. ZrCrAs band structures for both spin channels

Table 2. Computed elastic constants C;; , shear moduli G, Young moduli E,
B/G ratio with the Poisson’s ratio v of QCrAs (Q=Hf, Ti and Zr)

Compounds HfCrAs TiCrAs ZrCrAs
C11 (GPa) 108.62  105.18 116.00
C1 (GPa) 116.61 101.07 104.19
Cyy (GPa) 11.78 19.61 11.79
E(GPa) 16.15 24.69 26.08
G(GPa) 547 8.51 8.93
B/G 19.8 13.7 11.6

v 0.6385 0.4508 0.4597

3.3. Mechanical Properties

For QCrAs (Q=Ti, Zr, and Hf), the parameters that make
up the mechanical properties are calculated and are shown in
Table 2. These parameters include the elastic constants, the
Young’s modulus, the shear modulus, and Poisson’s ratio. The
elastic constants typically related to cubic materials are Cy, C}»
and C4. They describe the response of materials to external
forces. The cubic structure’s mechanical stability criteria are
speciﬁed as C;; >0, Cy4 >0, C;; >Cy, and Cy1+2C, >0, Cy;-
Cy, >0. Once this criteria is satisfied then the material is said
to be mechanically stable. According to the results in Table 2,
ZrCrAs has the strongest resistance to linear and shear deforma-
tion when compared to TiCrAs and HfCrAs. The B/G ratio of
the three half-Heusler alloys are greater than the critical value
of 1.75, it means the three alloys are ductile. The Poisson’s ratio
determines a compound’s plasticity. The critical value for met-
als and their alloys is 0<v<0.5. The lower the value, the greater
the plasticity. TiCrAs and ZrCrAs fall within the criteria and
they have better plasticity compared to HfCrAs.

3.4. Thermodynamic Properties

The results of the thermodynamic properties of QCrAs (Q=Ti,
Zr, and Hf) are shown in Table 3 and Figure 6. The constant
volume heat capacity of the three compounds are similar while
the Debye temperature of ZrCrAs has the highest value imply-
ing that it has higher thermal conductivity than the other half
Heusler alloys. The zero-point energy of the three alloys are
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Figure 6. Thermodynamic characteristics of QCrAs (Q=Hf, Ti, and Zr), show-
ing the heat capacity, the entropy, the internal energy, and the Gibb’s free energy
in (a), (b), (c), and (d), respectively

close and it gives information about the vibrational energies of
materials at absolute zero temperature. The heat capacities, en-
tropy, internal energy of QCrAs (Q=Hf, Ti and Zr) increase as
the temperatures increase. The free energies of the three HH
alloys decrease as the temperatures increase. This is the usual
trend of most compounds.

4. Conclusion

The spin-polarization DFT calculation used to analyze the
electronic properties of QCrAs (Q=Hf, Ti, and Zr) alloys re-
veals that all studied HH alloys are half metals. With the half
metallic properties they can find application in spintronic indus-
tries. The HH alloys are all mechanically stable. The thermo-
dynamic quantities such as the specific heat capacity at constant
volume, internal energies and zero-point energies for the three
HH alloys are similar.
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