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Full Heuslers alloys are a fascinating class of materials leading to many technological applications. These
have been studied widely under ambient conditions. However, less attention been paid to study them
under the effect of compression and strain. Here in this work Co,YZ (Y= Cr, Nb, Ta, V and Z = Al, Ga)
Heusler alloys have been studied comprehensively under pressure variations. Calculated lattice constants
are in reasonable agreement with the available data. It is determined that lattice constant deceases with

the increase in tensile stress and increases by increasing pressure in reverse direction. Band profiles
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compounds.

reveals the half metallic nature of the studied compounds. The bond length decreases while band gap
increases in compressive strain. The compounds are found to be reflective in visible region, as charac-
teristics of the metals. The magnetic moments reveal the half-mettalic ferromagnetic nature of the

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

For the development of novel materials in robotics and for ap-
plications in engineering, reversible structural deformations hold
interest. Such deformations with strains are possessed by shape
memory alloys [1]. The shape memory effect in most of materials is
related to a martensitic phase transformation which is driven by
temperature. The magnetic control of such transformations would
be faster and more efficient [2]. For Heusler alloys this hold enough
competency.

Heusler alloys are composed of metals, which in their pure state,
are otherwise nonmagnetic. A German mining engineer and
chemist named Fritz Heusler, in 1903, reported the possibility of
making ferromagnetic alloys from non-ferromagnetic elements [3]
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like copper, manganese, bronze and group B elements like
aluminium, tin, arsenic, antimony and bismuth [4]. Heusler alloys
are commonly classified as intermetallic compounds at the stoi-
chiometric composition X,YZ where X and Y are transition metals
and Z is sp element [5] with X,YZ having the Ly; structure (Full
Heusler) and XYZ with the Cyp, structure (Half Heusler or semi-
Heusler). Both Full Heusler and Half Heusler alloys generally
exhibit cubic structure with F-43m (No = 216) space group. While
Full Heusler compounds with composition X,YZ can be converted
to Half Heusler with composition XYZ, by decreasing the symmetry
[6]. These compounds are half metallic showing metallic behavior
in majority spin and semiconducting behavior in minority spin with
100% spin polarization at Fermi level. These compounds show high
magnetic moments and Curie temperature which make them sig-
nificant as magnetic materials [7].

Co,VAI has been studied for its theoretical and experimental
aspects. Experiments on Co,VAl show that it has a magnetic
moment of 1.4ug/cell [8]. Curie temperature of 342.7 K and lattice
constant of 5.756 A" has been reported [9] conclusively making it


mailto:maalidph@yahoo.co.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmgm.2021.107841&domain=pdf
www.sciencedirect.com/science/journal/10933263
www.elsevier.com/locate/JMGM
https://doi.org/10.1016/j.jmgm.2021.107841
https://doi.org/10.1016/j.jmgm.2021.107841

S. Tabassam, A.H. Reshak, G. Murtaza et al.

suitable for spintronics devices. The experimental lattice constant
of Co,VGa is found to be 5.792 A which is in good agreement with
the previous work [10]. For Co,VGa, the magnetization at 5 K re-
veals its ferromagnetic behavior. The magnetic moment has a value
of 2.04 ug/f.u [11]. The result is a consequence of half metallic
electronic structure of this compound. The experimental lattice
constants of Co,CrAl is 5.727 A while its magnetic moment is
1.55 ug [12] and Co,CrGa has a lattice constant of 5.805 A and a
magnetic moment of 3.01 ug [13], respectively. These alloys are iso
electronic; they have identical band structure having Curie tem-
peratures of 330 K and 490 K [14]. A lattice parameter of 5.9579 A
and Curie temperature of 351 K is found for Co,NbGa. The spon-
taneous magnetic moment per formula unit of CopNbGa at 5 K was
found to be 1.81 pp [15]. Electronic properties of Co,TaGa is pre-
dicted to be half metallic ferromagnetic with indirect band gap and
100% spin polarization. Lattice constants of Co,TaAl and Co,TaGa
are 5.95 A and 5.93 A. The magnetic moment of Co,TaGa is 2.0 pg
[16]. Co based Heusler alloys hold an attractive potential for spin-
tronics applications as in non-volatile random access memories,
holding tendency for increased efficiency of optoelectronic devices
and also having some potentials for self-assembled quantum
computers [17]. Some other potential applications include
tunneling magnetoresistance (TMR) and Giant magnetoresistance
(GMR) elements and electro-mechanical uses [18]. The calculated
spin-polarized electronic band structure for spin up, the majority
spin and spin down the minority spin show that minority spin
exhibits indirect band gap of about 0.3 eV for Co,VAl and 0.2 eV for
Co,VGa. The values obtained by using GGA + U are much better
than the previous calculated energy band gap 0.238 eV (0.189 eV) of
Co, VAl (CoaVGa) using LDA + U [19]. Whereas the majority spin
exhibit metallic structure with a density of states at EF, N(EF), of
about 15.30 (state/eV/unit cell) for Co,VAI and 13.22 (state/eV/unit
cell) for Co,VGa. The calculated density of states at EF enabled to
calculate the bare electronic specific heat coefficient (y) which is
about 2.65 and 2.29 mJ/(mol cell K?) for Co,VAI and Co,VGa [20].
The magnetic hyperfine effects were measured for Co,CrAl,
Co,TaAl, Co,VGa and Co;NbGa Heusler alloys by TDPAC measure-
ments [21]. Density functional based theoretical calculations were
performed on Co,YZ (Y=Sc, Cr and Z = Al, Ga) Heusler alloys by Li
et al,, [22]. It is found that the spin polarization of Co,CrZ at Fermi
level raises considerably, and Co,ScZ keeps the non-magnetic
feature when the external pressure increases. Thermodynamic
calculations under the effect of temperature and pressure sug-
gested the good thermodynamic properties of these compounds.
Through the pseudopotential electronic method different physical
properties of Co,VAI were studied by Nepal et al., [23]. The role of
electronic correlation effects was described in good detail. Co,YAI
(Y==Zr, Nb, Hf) were studied within GGA for electronic and mag-
netic properties by Rai et al., [24]. Compounds were revealed to be
half-metallic ferromagnets (HMF). All of the compounds Co,YAI
(Y=Zr, Nb, Hf) shows the energy gaps at the Fermi level in spin
down channel. We have also found that the increase in the total
magnetic moments as the number of valence electrons increases.
The calculated magnetic moments of Co,YAI (Y=Zr, Nb, Hf) are an
integer value.

CoaYZ (Y=Cr, Nb, Ta, V and Z = Al, Ga) Heusler alloys have been
studied due to their environmental friendliness, temperature sta-
bility and tendency of being half metallic. However, no considerable
attention was paid to study of their behavior under strain and
reduced pressures which are the useful tools in improving the
performance of the devices due to changed band gap, electron
mobility. Less theoretical investigations on these compounds
motivated us to carryout current research work. Also the effect of
stress and tension on the compounds could change their behavior.
It is therefore very interesting to study these materials using the
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state of the art first principles method. First principles methods
now a days gain rapid reputation due to the less expensive and
timely results production. Further there is no experimental (or
theoretical) data required for the production of physical properties
of any kind of materials.

2. Computational details

WIEN2k code [25] is used for the present calculations. FP-
LAPW + lo (full potential linearized augmented plane wave plus
local orbitals) method is used to depict the wave function and ei-
genvalues [26]. In this scheme unit cell is divided in two parts. One
is the spherical region which represent the core states and include
the atomic nuclei and electrons near to it. The electronic states in
region is represented by the spherical harmonics multiplied by the
atomic orbitals. The atomic radii of the spherical region is known as
the mufftintin radii (Rmt). In the present calculations Ryt is choose
in such a way that no charge leakage occurred. The Rmt for all the
compounds and elements is provided in Table 1. The maximum
orbital momentum 1 value for partial waves used inside atomic
spheres is 10 as given in Table 1. The other region is the interstitial
region which represent the valence states. The plane waves are
used as a basis to produce the wave function expansion. The largest
vector G in the Fourier expansion of the product of two orbitals and
the generated potential in the interstitial region is 12. The Brilluion
zone integrations is performed at the 1000 k-points. Rmt-Kmax
determines matrix size (convergence), where Kmax is the plane
wave cut-off, Rmt is the smallest of all atomic sphere radii. Here a
value of 7 is used. The core and valence states generated are also
given in Table 1. Along with GGA, Hubbard potential U parameter is
also included to make the on-site coulombic correction with a value
of 0.52 Ry., which is appropriate for most of materials.

3. Results and discussion
3.1. Electronic properties

3.1.1. Electronic band structure

The electronic band structure of a material decides electronic
behavior of material (metallic or semiconductor). Electronic bands
which are formed due to electron diffraction are classified as con-
duction bands and valence bands and the separation between these
gaps is termed as energy band gap. The band gap may be direct or
indirect depending whether the valence band maximum and the
conduction band minimum lie at the same symmetry points of
Brillion zone (in which case the band is direct) or lie at different
points (in which case the band gap is indirect) and the material is
then termed as indirect band gap material. These Heusler alloys
have cubic structures with lattice constants of 5.682, 5.6982, 5.962,
5.960, 5.951, 5.949, 5.747 and 5.756 A for Co,CrAl, Co,CrGa, Co;N-
bAl, Co;NbGa, CoyTaAl, Co;TaGa, Co,VAI and CopVGa respectively.
Fig. 1(a—d) shows the band structures of Co,CrAl, Co,CrGa, CopNbAI
and CoyNbGa calculated by GGA approximation for Non-spin case.
Metallic structure is obvious from the merging of valence and
conduction bands at the Fermi Level. Fig. 1(e—h) represents the
band structures of these compounds for spin-polarized case. Spin
up channel shows metallic behavior while spin down channel is
semiconducting. Fig. 1(i—m) shows energy gaps between the
valence and conduction bands with a band gap of 0.72 eV respec-
tively for Co,CrAl, 0.73 eV for Co,CrGa, 0.80 eV for Co;NbAl, 0.45 eV
for CopNbGa. Fig. 2(a—d) shows band structures of CopTaAl,
Co,TaGa, Co,VAI and Co,VGa having lattice constants of 5.95, 5.94,
5.74 and 5.75 A respectively. Metallic character can be seen in
Fig. 2(e—h) for Non-Spin channel while semiconducting behavior is
obvious in Fig. 4(i—m) with band gaps of 0.76 eV for Co,TaAl,
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Table 1
Computational parameters used for this study.
RKnax Linax Gmax Rmr k-points Core States Valence States
Co,CrAl 7 10 12 Co=237,Cr=225Al=214 1000 1s, 2p, 3s 3p, 3d, 4s
Co,CrGa 7 10 12 Co =238, Cr=2.26,Ga=2.26 1000 1s, 2s, 2p 3s, 3p, 3d, 4s
Co,NDbAI 7 10 12 Co =248, Nb = 2.36, Al = 2.24 1000 1s, 2s 2p, 3s,
Co,NbGa 7 10 12 Co = 2.48, Nb = 2.36, Ga = 2.36 1000 1s, 2s, 2p, 2s, 3p 3d, 4s
Co,TaAl 7 10 12 Co=242,Ta=242,Al =224 1000 1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p 5s, 5p, 4f, 5d, 6s
Co,TaGa 7 10 12 Co =242, Ta=242, Ga=236 1000 1s, 2s, 2p,3s, 3p 3d, 4s
Co,VAI 7 10 12 Co=239,V=228 Al =216 1000 1s, 2s, 2p 3s, 3p, 3d, 4s
Co,VGa 7 10 12 Co=24,V=228,Ga=228 1000 1s, 2s, 2p, 3s, 3p 3d, 4s,
(c) (d)
T T T T /
z ] C\
. e
> -
aﬂ
o
-~ —
= -
N
= 1}
L =
=0 L T . A A
ﬁ- —
i - =
u -
3 e Pt
-4 _\-q < ] \C- / L -
i ' A A L -/ ' 'S A A A A ' A ' A A
(1) (1) (k) (D)
6 LT e e L T T l T P AN AN
- ! E - o -
j 1
4t 4 4t 4
; ) 4 L | 4k
= B oy 1 I L
C - = o I L = | LR B pad
o - 1 ' .
0 .__+__. I.__.!._I.. .__.I.__r__.!._... .__1-__{-__ —]— .——-I-—— '-__1-_|—
5 . | | =z ==l ==
g 1= | i ' | 1=- === = i
=T | | I i | ] : ]
4 1 . I I I L I I 4
R KL/ ISHET K e
e . L ot L T TINI L T
W L I AWW oL I XWWwW L I XWWwW L r AW

Fig. 1. Electronic band structure of Co,CrAl, Co,CrGa, Co,NbAl, and Co,NbGa for non-spin, spin up and spin down states using GGA.

0.51 eV for CoyTaGa, 0.76 eV for Co,VAI and 0.52 eV for Co,VGa
respectively. All these materials are found to be direct band gap
materials having both valence band maximum and conduction
band minimum at I' point.

Calculation for electronic properties by the use GGA + U shows
that these compounds show metallicity for non-spin (Fig. 3(a—d))
as well as spin-up channel (Fig. 3(e—h)) and are semiconducting for
spin-down channel and show band gaps of 0.75 eV for Co,CrAl,
0.753 eV for CoyCrGa, 0.78 eV for Co,NbAI, 0.84 eV for Co,NbGa as
shown in Fig. 3(i—1), which show their half metallic nature. Simi-
larly, the compounds Co,TaAl, Co;TaGa, Co,VAI and Co,VGa show
half metallic characters with merging of valence and conduction
bands Fig. 4(a—h) and having band gaps of 0.77 eV, 0.51 eV, 0.76 eV

and 0.52 eV in Spin-Down Channel as shown in Fig. 4(i—1).

3.1.2. Electronic band structure under tensile stress and strain
Electronic band structures of the compounds were probed un-
der the compressive stress of 2 GPa, 4 GPa, 6 GPa, 8 GPa, 10 GPa and
under tensile strain of -2GPa, -4 GPa, -6 GPa, -8 GPa and —10GPa.
For non-spin channel, all the compounds show the metallic nature
under the stress and strain conditions when no spin polarization is
considered. Further, all the compounds reveal metallic nature un-
der effect of stress and strain in the spin up state. The compounds
show semiconducting nature in the spin down state. So all the
compounds retain the half-metallic nature in the pressure range
-10 — 10 GPa. The calculated lattice constants and energy bandgaps
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Fig. 2. Electronic Band Structure of Co,TaAl, Co,TaGa, Co,VAI, Co,VGa for non-spin, spin up and spin down states using GGA.
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Fig. 3. Electronic Band Structure of Co,CrAl, Co,CrGa, Co,NbAl, Co,NbGa for non-spin, spin up and spin down states using GGA + U.
are depicted in Table 2. band gap is recorded for the case of 4 GPa. It shows direct bands

For the case of CoyCrAl, it shows semiconducting properties gaps of 0.77 eV for -2GPa, 0.75 eV for -4GPa, 0.71 eV for -6GPa,
with band gaps of 0.71 eV, 0.82 eV, 0.77 eV, 0.78 eV and 0.79 eV for 0.72 eV for-8GPa and 0.72 eV for —10GPa respectively, in spin down
2 GPa, 4 GPa 6 GPa, 8 GPa and 10 GPa respectively. The maximum channel. The smallest value of band gap occurs at -4GPa. For the
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Fig. 4. Electronic Band Structure of Co,TaAl, Co,TaGa, Co,VAl, Co,VGa for non-spin, spin up and spin down states using GGA + U.

case of Co,CrGa, the compound appears to be semiconducting for
spin down channel with band gaps of 0.72eV, 0.81eV, 0.68eV,
0.65eV and 0.63eV for 2 GPa, 4 GPa, 6 GPa, 8 GPa and 10 GPa while
the tensile strain of -2GPa, -4 GPa, -6 GPa, -8 GPa and —10 GPa have
band gaps of 0.75eV, 0.77eV, 0.79eV, 0.81eV and 0.84eV respec-
tively. The maximum band gap of 0.81eV is recorded for 4 GPa
pressure.

Electronic band structure of CoyNbAI reveals semiconducting
behavior in spin down state. The band gaps of Cop,NbAl under spin
down channel are 0.78eV for 2 GPa, 0.79eV for 4 GPa, 0. 79eV for
6 GPa, 0.79eV for 8 GPa and 0.80eV for 10 GPa respectively. The
band gap is increasing with pressure while lattice constants are
decreasing. The results agree with the zero pressure energy
bandgap of 0.65 eV in spin down state [24]. It shows band gaps of
0.78 eV, 0.77eV, 0.76eV, 0.76eV, 0.75eV for -2GPa, -4 GPa, -6 GPa,
-8 GPa and —10GPa. The bands gap decreasing with decreasing
pressure while lattice constants are found to be increasing with a
decrease of pressure. In the case of Co,NbGa, it shows band gaps of
0.55eV, 0.55eV, 0.54eV, 0.55eV and 0.55eV for 2 GPa, 4 GPa, 6 GPa,
8 GPa and 10 GPa respectively. Under tensile strain of -2GPa
to —10GPa, the compound shows metallic behavior in spin up
channel and semiconducting behavior in spin down channel hence
proved to be half metal, with band gaps of 0.549eV, 0.548eV,
0.547eV, 0.546eV, 0.547eV for -2GPa, -4 GPa, -6 GPa, -8 GPa
and —10GPa, respectively.

For compound Co;TaAl when pressure increased energy band
gap also increased in the spin down state. Increasing the pressure
show the decrease of lattice constants. When the pressure applied
in the reverse direction, energy band gap decreased. For Co,TaGa,
when pressure is increased from 2 GPa to 10 GPa, the compound
showed to be metallic under spin-up channel while

semiconducting under spin-down channel. In spin-down channel,
gap was found to be 0.52eV and remain same when the pressure
was increased to 10 GPa. By releasing the pressure from -2GPa
to —10GPa, the compound showed its metallic nature in spin up
channel while it showed semiconducting nature for pressures of
-2GPa, -4 GPa, -8 GPa and —10GPa having band gaps of 0.52eV i.e
the band gap remained the same with decrease in pressure except
for -6GPa where the compound appeared to be metallic with its
valence band crossing the Fermi level.

Co,Val show energy band gaps of 0.78eV for 2 GPa, 0.77eV for
4 GPa, 0.77eV for 6 GPa, 0.78eV for 8 GPa and 0.79eV for 10 GPa
respectively. The band gap is found to be decreasing with increase
of pressure. In the negative pressure range, it showed energy gaps
of 0.76eV, 0.74eV, 0.73eV 0.75eV and 0.74eV for -2GPa, -4 GPa,
-6 GPa, -8 GPa and —10GPa respectively. So, the band gap is found
to be increasing with the reduction of pressure. For spin polarized
calculations of Co,VGa, the metallic behavior is observed in spin up
channel when pressure is increased from 2 GPa to 10 GPa and a
semiconducting behavior is observed for spin-down channel with
band gaps of 0.519eV, 0.516eV, 0.52eV, 0.521eV and 0.52 eV for
2 GPa, 4 GPa, 6 GPa, 8 GPa and 10 GPa respectively. The decrease in
pressure from -2GPa to —10GPa revealed the metallic character of
Co,VGa for spin-up channel and its semiconducting nature for
spin-down channel with band gaps of 052eV, 0.53eV, 0.52eV,
0.54eV and 1.42eV for -2GPa, -4 GPa, -6 GPa, -8 GPa and —10GPa.

3.2. Density of states
To further analyze the electronic band structure, we have

calculated partial density of states. The partial density of states
provides a detailed information about contribution of each orbital
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Calculated structural parameters and energy band gap of Heuslers under compressive and tensile strain.

Compressive Stress (GPa) Lattice Constant (A)

Band-Gap (eV)

Tensile Strain (GPa) Lattice Constant (A) Band-Gap (eV)

Co,CrAl

2 5.67 0.71
4 5.65 0.82
6 5.64 0.77
8 5.62 0.78
10 5.61 0.79
Co,CrGa

2 5.69 0.72
4 5.74 0.81
6 5.65 0.68
8 5.64 0.65
10 5.62 0.63
Co,NbAI

2 5.94 0.78
4 5.92 0.78
6 5.90 0.79
8 5.89 0.79
10 5.87 0.80
Co,NbGa

2 5.94 0.551
4 5.92 0.556
6 5.90 0.548
8 5.89 0.552
10 5.87 0.551
Co,TaAl

2 5.93 0.77
4 591 0.78
6 5.89 0.78
8 5.88 0.78
10 5.86 0.79
Co,TaGa

2 5.93 0.52
4 5.91 0.52
6 5.90 0.52
8 5.88 0.52
10 5.87 0.52
CoyVal

2 5.72 0.78
4 5.71 0.77
6 5.69 0.77
8 5.68 0.78
10 5.66 0.79
Co,VGa

2 5.73 0.519
4 5.72 0.516
6 5.70 0.52
8 5.69 0.52
10 5.67 0.52

-2 5.70 0.77
-4 5.72 0.75
-6 5.74 0.71
-8 5.76 0.72
-10 5.79 0.72
-2 5.72 0.75
-4 5.74 0.74
-6 5.76 0.76
-8 5.78 0.78
-10 5.80 0.80
-2 5.98 0.78
-4 6.00 0.77
-6 6.02 0.76
-8 6.04 0.76
-10 6.07 0.75
-2 5.98 0.549
-4 6.00 0.548
-6 6.02 0.547
-8 6.04 0.546
-10 6.06 0.547
-2 5.96 0.76
-4 5.98 0.76
-6 6.01 0.76
-8 6.03 0.75
-10 6.05 0.74
-2 5.96 0.52
-4 5.98 0.52
-6 5.90 Metallic
-8 6.028 0.52
-10 6.051 0.52
-2 5.76 0.76
-4 5.78 0.74
-6 5.80 0.73
-8 5.82 0.75
-10 5.85 0.74
-2 5.67 0.52
-4 5.79 0.53
-6 5.81 0.52
-8 5.83 0.54
-10 5.85 1.42

of different atoms in a material. The nature of the material (metallic
or semiconductor) can be calculated by density of states. The
valence band is at left side of the Fermi level having on negative x-
axis while the right side of the Fermi level represents conduction
band on positive x-axis.

Fig. 5(a—d) shows partial density of states of compounds
CoyCrAl, CoyCrGa, CoyNbAl and Co;NbGa for non-spin channel
while Fig. 5(e—h) shows partial density of states of these compound
for spin-polarized state. All these compounds show metallic nature
in non-spin channel as their orbitals are crossing Fermi level and
shows the merging of these states in conduction and valence bands
as shown in the figure. In Co2CrAl (Fig. 5(a)) the metallic nature is
due to d orbital of Cr and Co. the d-orbital is further split into three
orbitals dx?, dxy and dyz. For spin-polarized channel (Fig. 5(e)), the
compound shows semiconducting nature as observed by the band
gap at the Fermi level between the states. Co-CrGa (Fig. 5(b)) shows
its metallic nature in Non-Spin channel which is due to Co atom as
its d-orbital is crossing Fermi level and the compound shows its
semiconducting nature in spin-polarized channel have a band gap
between its valence and conduction band. Similarly, Co-NbAI

(Fig. 3(c)) and Co=NbGa (Fig. 3(d)) also show metallic nature in their
non-spin states and their metallic nature is mainly due to contri-
bution of d-orbital of Co atom while in spin polarized state
(Fig. 5(g)) and (Fig. 5(h)), both of these compounds behave as a
semiconductor.

Fig. 6(a—d) shows partial density of states of Co:TaAl, Co-TaGa,
Co2VAI and Co2VGa for non-spin state and their partial density of
states in Fig. 6(e—h) for their spin-polarized states. All these com-
pounds behave metallic in their non-spin state and semiconducting
in their spin-polarized state as indicated by a band gap between the
conduction and valence band. In Co-TaAl, Co-TaGa and Co:VGa, the
metallic nature is due to dx?, dxy and dyz orbital of Co atom while
in Co2VAI the metallic state is due to contribution of d orbital of Co
and V atom.

Fig. 7(a—d) shows the partial density of states as calculated by
GGA + U potential for their spin polarized channels. Co2CrAl
(Fig. 9(a)) shows its metallic nature in spin up channel which is due
to contribution of d orbitals of Co and Cr atoms while it shows
semiconducting nature in spin down channel. Co-CrGa (Fig. 9(b))
Co=NDbAI (Fig. 9(c)) Co=NbGa (Fig. 9(d)) Co-TaAl (Fig. 9(e)) Co-TaGa
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Fig. 6. Partial Density of States of Co,TaAl (a, e), CoTaGa (b, f), Co,Val (c, g) and Co,VGa (d, g) for non-spin and spin polarized states.

(Fig. 9(f)) and Co2VGa (Fig. 9(h)) also show metallic nature in spin these compounds are Heusler alloys as they are metallic in spin up
up state while semiconducting nature in spin down. The metallic state and become semiconducting in spin down state.

nature of all these compounds is due to contribution of d-orbital of
Co atom. Co2VAI (Fig. 9(g)) also shows metallic nature in spin up
channel which is due to d-orbital of V and Co atom and shows
semiconducting behavior as observed by the band gap between the
conduction band and the valence band in its spin down channel. All

3.3. Density of states under compressive and tensile strain

Fig. 8 shows partial density of states of Co-CrAl for non-spin
polarization under increasing pressure from 2 GPa to 10 GPa and
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Fig. 7. Partial Density of States of Co,CrAl, Co,CrGa, Co,NbAl, Co,NbGa, Co,TaAl,

then for decreasing pressures of -2GPa to —10GPa. Under all these
conditions, the compounds show metallic behavior. The d-orbital of
Co and Cr atoms are major contributors in metallicity. As all the
compounds show metallic nature similar to Fig. 8, therefore other
figures are not shown. The Partial density of states of Co-CrAl under
spin polarized channel also gives metallic behavior in spin up state
with Co and Cr atom’s d orbitals contributing in metallicity and
semiconducting nature in spin down state showing a band gap. The
partial density of states of Co-CrGa under non-spin channel are also
studied. When we increase the pressure from 2 GPa to 10 GPa, all
these compounds showed metallicity under increasing pressure.
The metallicity is due to the contributions of dx? dxy and dyz
orbital of Co atom. For spin polarization, Co-CrGa shows metallic
nature under spin up channel and semiconducting nature under
spin down channel as observed from the band gap between valence
and conduction band.

Partial density of states of Co.NbAl under non-spin channel
shows metallic nature contributed by Co atom with its d orbital
crossing the Fermi Level from valence band to conduction band. The
pattern prevails for both increase and decrease of pressure
respectively. Under spin polarized nature, we see metallicity under
spin up state and semiconducting behavior under spin down state
under both increasing and decreasing pressures. Under Non-Spin
channel, Co.NbAI behaves as metallic under both increasing and
decreasing pressures, respectively. The d orbital (dx?, dxy and dyz)
are contributing in the metallicity of Co,NbGa. Partial density of
states of Co.NbGa shows metallic nature under spin-up channel
while a semiconducting nature is observed in spin-down state.

Partial density of states of Co.TaAl, under non-spin channel,
shows metallicity characterized by contribution of d orbital of Co
atom under both increasing and decreasing pressures. Under spin-
polarized state, the partial density of states proves the half metal-
licity of the compound as it is metallic under spin up channel and
semiconducting in spin down channel under both increasing and
decreasing pressures. Partial density of states of Co.TaGa shows
metallic character for non-spin channel. The metallicity is charac-
terized by the contribution of Co-d orbital. The dx?, dxy and dyz
orbital cross the Fermi level thus showing a metallic behavior. In
spin polarized channel, Co-TaGa behaves as a half metal by showing
metallicity in spin up state and showing semiconducting nature in

Co,TaGa, Co,VAI, Co,VGa for Spin polarized States calculated with GGA + U.

spin down state.

The metallic behavior of Co2VAl is due to the contribution of split
d orbital of Co and V atom. The orbital crosses the Fermi level thus
making the compound metallic. In spin polarized channel, the
compound appears to be metallic in spin up channel while semi-
conducting in spin down channel. The metallic behavior of Co.VGa
in non-spin state is contributed by the d orbital of Co atom. In spin
polarized state, the half metallicity is caused by d orbital of Co atom
which makes the material metallic in spin up channel while
semiconductor in spin down channel having a band gap between
valence and conduction band.

3.4. Optical properties

Optical Properties i.e reflectivity and conductivity of Co.YZ (Y=
Cr, Nb, Ta, V) (Z = Al, Ga) are discussed as follows:

3.4.1. Reflectivity

The plot for reflectivity as a function of frequency in Fig. S1
(supplementary materials) shows that Co.CrAl, Co.CrGa and
Co=NbAI show high reflectivity in low energy range (infrared) and
show a sharp decrease in reflectivity towards high frequency. The
large values of N (free electron densities) lead to plasma fre-
quencies in ultraviolet region. The highest frequency with which
light can be scattered (that is to say, reflect) is referred to as plasma
frequency wp, With wp in ultraviolet region, the visible photons
have frequencies below plasma frequency and thus e; is negative.
This means up to plasma frequency the reflectivity is expected to be
100%. These compounds show increasing reflectivity in visible re-
gion after which the peaks start shifting down at higher energies
due to the interband transitions. Co-VGa shows relatively low
reflectivity in ultraviolet region than aforementioned compounds.
CoyNbGa, CozTaAl, Co2VAI show low reflectivity compared to other
compounds with Co-TaAl having least reflectivity in ultraviolet re-
gion. All these compounds, showing metallic nature (although
electronically these materials are half-metals but for optical pho-
tons interaction of light matter is independent of spin), tend to be
good reflectors at visible frequencies. Co.VGa shows highest
reflectivity in visible region which gradually decreases with higher
energies which means that there is interband transitions in visible
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Fig. 8. Partial Density of States of Co,CrAl under Compressive and Tensile Strain for non-spin state.

region. So these compounds may show characteristic colors. The
reflectivity is slightly low in infrared region than ultraviolet and
visible regions.

3.4.2. Reflectivity under pressure

The optical reflectivity of Co-CrAl is also calculated under the
effect of pressure and shown in Fig. S2. By increasing the pressure,
the reflectivity of CoCrAl first increases slightly than the case with
no pressure applied, in the visible region and then decrease sharply
with increasing energy. The decrease in pressure also show larger
reflectivity in ultraviolet region due to high electron density which
decreases sharply and start increasing toward the visible region.
The peaks show decrease in reflectivity towards higher energies. In
higher energy ranges the peaks shift slightly toward higher
reflectivity than the case when no pressure is applied. The optical
reflectivity of Co.CrGa is also calculated under the effect of pressure
and shown in Fig. S3. The compound shows the reflectivity trend
characteristic of metals which are good reflectors in visible and

ultraviolet regions. With the increase in pressure, the peak shifts to
maximum at 4 GPa in ultraviolet region. With decrease in pressure,
the same trend is maintained with high reflectivity in visible region
which decreases with high energy and again showing reflectivity in
ultraviolet region with peaks shifting toward higher values with
decreasing pressure. The maximum reflectivity in ultraviolet region
is for —10GPa pressure. The optical reflectivity of Co-NbAlI is also
calculated under the effect of pressure and shown in Fig. S4. For
both cases of pressure increase and decrease, the compound fol-
lows the same trend of reflectivity as characteristics of metals,
having high reflectivity in visible and ultraviolet regions. The op-
tical reflectivity of Co.NbGa is also calculated under the effect of
pressure and shown in Fig. S5. The reflectivity starts increasing
towards the higher energies, having maximum value in visible re-
gion after which it starts decreasing towards higher energies again
showing reflective behavior in ultraviolet region. The optical
reflectivity of CozTaAl is also calculated under the effect of pressure
and shown in Fig. S6. The compound is less reflective in visible and



S. Tabassam, A.H. Reshak, G. Murtaza et al.

4

2 L

PDOS

PDOS

PDOS

PDOS

4 M S

PDOS

4 2 0 2 4
Energy (eV)

Journal of Molecular Graphics and Modelling 104 (2021) 107841

Al-p‘Ul
Crd:
Cr—d:‘w
Cr-dv;
Co—cix:

-2GPa

Co-d

Xy

Co-d
)'1.

4 -2 0 2 4

iinergy (eV)

Fig. 9. Partial Density of States of Co,CrAl under Compressive and Tensile Strain for Spin polarized state.

ultraviolet regions as compared to Co-CrAl, Co.CrGa which are
highly reflective in Infrared regions as well. This compound show
reflectivity increasing towards visible region with sharp reduction
towards higher energies and again being reflective in ultraviolet
region. The optical reflectivity of Co-TaGa is also calculated under
the effect of pressure and shown in Fig. S7. Co.TaGa shows the
reflectivity being maximum in visible range and slightly decreasing
with high energies and then again increasing in ultraviolet regions
with increasing pressures. With decreasing pressures, the same
trend is maintained by the compound except for -6GPa for which
the peak shifts toward higher values which may be due to high
plasma frequency at this pressure. The optical reflectivity of Co-VAI

10

is also calculated under the effect of pressure and shown in Fig. S8.
The frequency dependent reflectivity increases from infrared to-
ward ultraviolet region, the compound being highly reflective in
visible region with decrease in energy towards higher energies and
again being reflective in ultraviolet region for both increasing and
decreasing pressure cases. The optical reflectivity of Co.VGa is
shown in Fig. S9. At 0 GPa, the reflectivity starts increasing towards
visible range making the compound to be highly reflective in visible
range. By increasing the Pressure up to 10 GPa shows the shift in the
peaks of the compound toward lower reflectivity. The reflectivity is
maximum in the visible range and decreases with the increase in
energy. Decreasing the pressure again shows the decrease in
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Table 3
Calculated total (Myota1) and individual magnetic moments.
Miotal (GGA + U)  Mygq Other literature mpy  mg mc

CozCrAl 2.99 1.55%, 3.00° 0.7 1.51 —0.05
CoCrGa 3.01 2.367, 3.05" 0.75 1.58 -0.05
Co:NbAl 2.01 1.35% 2.00" 1.05 0.001 -0.07
Co=NbGa 2.00 1.39%, 2.00° 1.04 -0.017 0.002
CozTaAl 197 - 1.03 -0.020 0.001
Co.TaGa 1.97 - 1.03 -0.037 0.01
CozVAI 1.97 1.95% 2.00" 093 0.21 -0.02
Co2VGa 1.99 1.92%, 2.01° 095 0.16 -0.016

¢ Represents the experimental results [30].
b Represents the theoretical results of other works [27].
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reflectivity with increasing energy. The material is most reflective
in visible range while also showing some reflectivity in infrared red.

3.5. Optical conductivity

The calculated optical conductivity at zero pressure is shown in
Fig. S10. The conductivity starts increasing from infrared towards
visible region and has maximum peak in visible region after which
it starts decreasing towards higher energies. Co.VGa is found to be
the most conductive among all these compounds. The rest of the
compounds have similar conductivity trends with slight shift in the
peaks.
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Fig. 10. Magnetic moments of the compounds under strained and unstrained conditions.
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3.5.1. Optical conductivity under pressure

The optical conductivity of Co,CrAl is given in Fig. S11. By
gradually increasing pressure from 2 GPa to 10 GPa, the peak shifts
towards slightly higher conductivities, maintaining the same trend
of being more conductive in visible region and showing decrease in
conductivity towards higher energies. The same trend is followed
by the decrease in pressure going from -2GPa to —10GPa. The op-
tical conductivity of Co,CrGa is given in Fig. S12. In both of cases,
the optical conductivity starts increasing towards the visible region
from infrared region, having maximum conductivity for visible
region and then shows a sharp decrease in conductivity towards
higher energies. The optical conductivity of Co,CrAl is given in
Fig. S13. It shows a sharp increase towards visible region after
which it decreases sharply towards higher energies showing
comparatively less conductive behavior in ultraviolet region with
slight changes in order of lines representing various pressures. The
optical conductivity of Co,NbGa is given in Fig. S14 Co-NbGa follows
the same trend as rest of the compounds, with conductivity
increasing in infrared region towards visible region and after which
it starts decreasing towards the higher energies. The optical con-
ductivity of CopTaAl is given in Fig. S15. The maximum conductivity
is found to be in visible region in both of the cases but when the
pressure is decreased, the peaks shifts towards higher conductivity
as compared to the case of increasing pressure. The optical con-
ductivity of Co,TaGa is given in Fig. S16. In case of the increasing
pressures the conductivity increases towards visible region and
then starts decreasing towards higher energies. In the case of
pressure reduction, for -6GPa, there is a shift in the peak toward
lower conductivity in visible range after there is a sharp decrease in
conductivity at higher energies which almost vanishes moving
towards ultraviolet region. The optical conductivity of Co,VAl is
given in Fig. S17. There is a sharp increase in conductivity from
infrared to visible region after which it decreases sharply towards
higher energies. The compound being slightly conductive in ultra-
violet region in both of the cases. The optical conductivity of
Co,VGa is given in Fig. S18. In both of the cases, the conductivity is
found to be decreasing with increasing pressures as compared to
the case when no pressure is applied. While in case the decreasing
pressures there is shift in the order of the pressure lines. -2 GPa
having slightly higher peak than others.

3.6. Magnetic properties

All the information about atom resolved moments, total spin
magnetic moment, experimental and calculated moments are
summarized in Table 3. For each compound, the calculations were
carried out using optimized lattice parameters. In most of cases the
spin magnetic moment is exactly an integer as expected for half
metals. The calculated magnetic moments are in good agreement
with experimental and other theoretical results values [27,30]. The
calculated total spin magnetic moment of the compounds is com-
bination of moments at A sites (2 times), B sites, C sites and the
magnetic moment of interstitials between the sites (see Fig. 10).
Based on magnetic moments, all the compounds are ferromagnets.

4. Conclusions

Density functional calculations were successfully performed
using FP-LAPW + lo method utilized in the WIEN2k code. The
structural, electronic, magnetic and optical properties of Full-
Heusler alloys Co,XY (X = Cr, Nb, Ta, V; Z = Al, Ga) were calcu-
lated. Calculated lattice constants are in reasonable agreement with
the available data. It is determined that lattice constant deceases
with the increase in tensile stress and increases by increasing
pressure in reverse direction. These compounds are half metals
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with direct band gaps in semiconducting state which depicts their
potential uses in spintronics. The nature of the band (direct) re-
mains intact with strain. The bond length decreases while band gap
increases in compressive strain. The compounds are found to be
reflective in visible region, as characteristics of the metals. In most
of the cases, the magnetic moments are exactly integers as ex-
pected for half metals.
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