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A B S T R A C T

The magnetic ground state, electronic, and elastic properties of Co2TaX (X = Al, Ga) are investigated using
Density functional theory calculations. The compounds are found to possess mechanical and dynamical
stability. Both the compounds exhibit nodal line features in the majority spin channel without the inclusion
of spin-orbit coupling (SOC) and become gapped lines when SOC is added. The anomalous Hall effect and
anomalous Nernst effect caused by Berry curvature are investigated. Within the region of ±300𝑚𝑒𝑉 around
Fermi level, the maximum values of anomalous Hall conductivities (AHC) are −602.8 S∕cm and −593.8 S∕cm,
while anomalous Nernst conductivities (ANC) are -4.989 Am−1K−1 and 4.934 Am−1K−1 respectively, for Co2TaX
(X = Al, Ga) compounds. Through the Heisenberg magnetic exchange interactions, the Curie temperatures (T𝐶 )
for both Co2TaX (X = Al, Ga) compounds are calculated to be 560.7 𝐾 and 556.3 𝐾 within the mean-field
approximation (MFA). The magneto-optical response is also examined, and the polar Kerr rotation angles for
Co2TaAl and Co2TaGa at normal incidence were determined to be 0.11◦ and 1.35◦, respectively. As a result,
this study may pave the way for precise property engineering in real-world applications.
1. Introduction

Though the existence of Heusler alloys is more than a century after
the discovery of ferromagnetic behavior in the intermetallic compound
Cu2MnAl by Fritz Heusler in 1903 [1], yet half-metallic ferromag-
netic alloys have dragged much attention of the researchers worldwide
because of their novel applications due to their unique physical prop-
erties. These half-metallic Heusler alloys are known to possess 100%
spin polarization due to their conducting behavior in one spin channel
and semiconducting/insulating behavior in the other spin channel.
Hence they are expected to produce highly spin polarized currents [2]
which are useful for spintronics applications. Shape memory alloys [3],
thermoelectricity [4], topological insulators [5], superconductors [6,
7], magneto-resistive devices [8], magnetic tunnel junctions [9], spin
filters [10], spin-resonant tunneling diodes, spintronic transistors, and
spin light-emitting diodes [11] are all potential applications for Heusler
alloys. The full Heusler alloys with X2YZ formula where X, Y are
transition metals and Z is ‘sp’ element will crystallize into two prototype
structures: a) Cu2MnAl-type with space group Fm3̄m in which X, Y and
Z atoms respectively occupy the positions (1/4, 1/4, 1/4), (1/2, 1/2,
1/2) and (0, 0, 0) and b) Hg2CuTi-type with 4 inequivalent lattice sites
with space group F4̄3m in which X, X′, Y and Z atoms respectively
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occupy the positions (0, 0, 0), (1/4, 1/4, 1/4), (1/2, 1/2, 1/2) and (3/4,
3/4, 3/4).

The magnetic Heusler compounds are a promising and adaptable
class of materials that can be easily tailored for various properties. They
can be grown as thin films and are discovered to have high Curie tem-
peratures. They also have topological and magnetic properties in their
band structure, making them a viable research platform for studying
linear response effects such as anomalous Hall effect (AHE), anomalous
Nernst effect (ANE), spin Hall conductivity (SHC) etc. As a result,
the Heusler compounds may have greater uses in the contemporary
electronic systems and gadgets due to their diverse set of features [12].
Recently, many research groups across the globe focus on Heusler alloys
in search of colossal AHE as well as for ANE in these compounds. Extrin-
sic mechanisms such as side jump [13,14], skew scattering [15], and
intrinsic mechanisms such as Berry curvature [16–20], and Karplus–
Luttinger [21] generate AHE. In a study, a massive room temperature
AHE was discovered in the Heusler compound Co2MnAl [22], with
an AHC value of almost 1300 S∕cm. The compensated half-metallic
Mn2Ru𝑥Ga [23] thin films were found to have an AHC value of 6673
S∕cm in another investigation. The authors reported an AHC of 60 S∕cm
for Co2TiGe Heusler half-metal in their study [24]. The Co2TiSn [25]
alloy has an AHC value of 284 S∕cm. At 20 K, the authors reported AHC
vailable online 9 August 2022
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values of 55 S∕cm for Co2TiSi and 170 S∕cm for Co2TiGe compounds,
espectively. Another study [26] found that the Co2FeGe alloy has an
HC value of 100 S∕cm. Khandy et al. theoretically reported the phase
tability, electronic structure and half-metallic magnetism in Co2TaZ (Z

Al, Ga, In) Heusler alloys and out of the two L21 and Hg2CuTi-type
hases, they found the L21 phase getting more stabilized in the studied
ompounds with 100% spin polarization [27]. Other theoretical studies
n Co2TaGa [28] and Co2TaAl [29] compounds claim the Hg2CuTi-
ype structure as the stable one theoretically. Because of the high spin
olarizations in the ordered L21 structure and the high tolerances
or the Co-related atomic disorder, it is determined that Co-based
ull-Heusler alloys are promising candidates as stable half-metallic
erromagnets with higher Curie temperatures and are worthy of further
tudy [30]. The compounds studied in this research, Co2TaAl [31,32]
nd Co2TaGa, are ferromagnetic half metals that has no reports on
nomalous transverse effects and magneto-optical response, which we
ntended to investigate in this paper.

Heusler alloys are one of the most appealing alternatives for spin-
ronic applications due to 100% spin polarization and high ferromag-
etic transition temperature. Heusler alloys have remarkable magneto-
ptical properties: the revelation of reasonable Kerr rotation for the
alf-Heusler PtMnSb (> 2.0◦ at ambient temperature and 5◦ at 80 K)
or a 3d-based material [33] was completely unexpected. It demon-
trated the technological significance of magneto-optics for this family
f compounds as it attained a lot of attention since then [34].

The goal of this paper is to investigate the ground state magnetic
roperties using Heisenberg exchange interactions and Curie tempera-
ure (𝑇𝐶 ) estimation via mean-field approximation. The structural and
lectronic properties are also probed in along with the linear response
ransverse effects like AHE and ANE. The mechanical and dynamical
tability of the compounds have been ensured by the elastic properties
nd phonon dispersion studies. Besides, the polar magneto-optical Kerr
ffect has also been analyzed in these compounds.

. Computational details

The magnetic, electronic and elastic characteristics of Co2TaX (X =
l, Ga) compounds were investigated using Density Functional Theory

DFT). The projector-augmented wave (PAW) method [35], as imple-
ented in Vienna Ab-Initio Simulation Package (VASP) [36,37], is used

o account for electron–ion interactions. For sampling the Brillouin
one, we employed a 516 eV plane-wave energy cutoff and a k-point
rid of 21 × 21 × 21 in the Monkhorst–Pack [38] method. Perdew,
urke, and Ernzerhof(PBE) [39] functional within the generalized-
radient approximation (GGA) is used to treat the system’s exchange
nd correlations. The compounds’ ionic relaxation is obtained up to
force convergence of 10−2 eV/Åand an electronic convergence of

0−6 eV. The spin-polarized relativistic Korringa–Kohn–Rostoker (SPR-
KR) package [40] is used to investigate the 𝑇𝐶 using mean-field
pproximation through Heisenberg magnetic exchange interactions,
ith l𝑚𝑎𝑥 = 3 for the full potential spin-polarized scalar relativistic
amiltonian and a k-mesh of 35 × 35 × 35 for the Brillouin zone

ntegration. The harmonic force constants are obtained from Den-
ity Functional Perturbation theory (DFPT) approach based on DFT
orce calculations implemented in VASP and then dynamical matrices
re diagonalized to generate the phonon dispersion relation using
HONOPY [41] package, using a 2 × 2 × 2 supercell of primitive
o2TaX (X = Al, Ga) with 16 Co, 8 Ta, and 8 X atoms, respectively,
nd a 2 × 2 × 2 k-mesh. Wannier90 [42] and wannier_tools [43]
ith a k-mesh of 301 × 301 × 301 are used to investigate anomalous
all conductivity. The magneto-optical calculations are performed with

he WANNIER90 package’s BERRY module [18,44], which constructs
n effective band interpolation technique using maximally localized
annier functions [45,46].
2

Table 1
The optimized lattice constants in Å for Co2TaX (X = Al, Ga) with the ground
state energy along with their formation energies (E𝑓 ) in Hg2CuTi and Cu2MnAl-type
tructures. The experimental lattice constants in Å are also provided here. In Cu2MnAl-
ype structure X, Y, and Z atoms occupy the Wyckoff positions (1/4, 1/4, 1/4), (1/2,
/2, 1/2) and (0, 0, 0) and in Hg2CuTi-type structure X, X’, Y and Z atoms occupy
he Wyckoff positions (0, 0, 0), (1/4, 1/4, 1/4), (1/2, 1/2, 1/2) and (3/4, 3/4, 3/4)
espectively.
Compound Structure Phase a (Å) E𝑡𝑜𝑡 (eV) E𝑓 (eV)

Co2TaAl Hg2CuTi FM 5.979 −118.9493 −0.3412
NM 5.964 −118.3547 –

Cu2MnAl FM 5.943 −126.1655 −2.1459
NM 5.922 −125.7422 –

Experimental FM 5.930 – –

Co2TaGa Hg2CuTi FM 5.985 −114.9809 −0.196
NM 5.969 −114.5053 –

Cu2MnAl FM 5.944 −120.8439 −1.6631
NM 5.923 −120.3947 –

Experimental – – – –

3. Results and discussions

3.1. Ground state, electronic and magnetic properties

The compounds Co2TaX (X = Al, Ga) are optimized in Hg2CuTi and
u2MnAl-type structures for both ferromagnetic (FM) and nonmagnetic
NM) configurations. The optimized Volume–Energy curves for both the
ompounds for various structure types are shown in Fig. 1(c and d).
he obtained lattice constants with their respective total energies for
arious configurations are shown in Table 1. Both the compounds are
ound to be in the FM L21 phase which takes a cubic face-centered Bra-
ais lattice with the space group Fm3̄m (225) as depicted in Fig. 1(a).
he formation energy (E𝑓 ) of the X2YZ compound is given by the
ormula:

𝑓 = 𝐸𝑡𝑜𝑡𝑋2𝑌 𝑍
− 2𝐸𝑥 − 𝐸𝑌 − 𝐸𝑍 (1)

The E𝑓 for both the compounds in FM phase for Cu2MnAl and Hg2CuTi-
types are calculated and tabulated. From Table 1, it is evident that E𝑓
is more negative for Cu2MnAl-type for both the compounds, further
supporting the stability of these compounds in the L21 phase. The
compounds contain a total 16 atoms in its conventional cell whereas
the primitive unit cell contains only 4 atoms. The atoms Co, Ta and
X respectively occupy (1/4, 1/4, 1/4), (1/2, 1/2, 1/2) and (0, 0, 0)
positions. The corresponding Brillouin zone (BZ) is shown in Fig. 1(b).
The lattice constants obtained after optimization are in close agreement
with its experimental counterparts [32], which can be seen from Ta-
ble 1. The Slater–Pauling [47] rule, which the L21 ferromagnetic half
metals exhibit in general, is given by equation:

𝑀𝑡 = 𝑍𝑡 − 24 (2)

where 𝑍𝑡 and 𝑀𝑡 are the total number of valence electrons and total
magnetic moment in 𝜇𝐵 per f.u., respectively. The total magnetic
moment of the investigated compounds Co2TaX (X = Al, Ga) are 1.99
𝜇𝐵 and 1.97 𝜇𝐵 , respectively, which is close to 2𝜇𝐵 , indicating that
they are half metals and follow the Slater–Pauling rule. As shown in
Table 2, the moment on the Co-atom in both the compounds Co2TaX
(X = Al, Ga) is 1.01 𝜇𝐵 , which contributes to the magnetization in
these compounds. The experimental magnetic moment on Co2TaAl per
formula unit is 1.50 𝜇𝐵[31] which is less than that of the calculated
magnetic moment 1.99 𝜇𝐵 and the reason for this less moment may be
attributed to the presence of B2-type or DO3-type atomic disorders [48]
in the experimentally prepared sample. A similar situation has been
observed in many other Heusler compounds [11,49–52]

Fig. 2(a,b) depicts the spin polarized band structures of both Co2TaX
(X = Al, Ga) compounds. The majority and minority spin bands are

represented by the solid black and dashed red lines. The majority
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Fig. 1. (a) The cubic L21 crystal structure of Co2TaX (X = Al, Ga). Here Co, Ta and X occupy (1/4, 1/4, 1/4), (1/2, 1/2, 1/2) and (0, 0, 0) respectively. (b) The first bulk
Brillouin zone with high symmetry points marked. The Birch–Murnaghan EOS fit to the Energy–Volume curves for Co2TaAl and Co2TaGa in (c) and (d) respectively.
Fig. 2. The majority and minority band structures for (a) Co2TaAl and (b) Co2TaGa compounds. The majority and minority spin channels are respectively shown in black and
dashed red colors.
Table 2
Magnetic moment given in Bohr magneton (𝜇𝐵) for the individual atoms of Co2TaX (X
= Al, Ga) in ferromagnetic (FM) configuration. The Curie temperatures from MFA are
given in 𝐾.

Co Ta Al/Ga Total/cell(theoretical) T𝐶 (MFA) T𝐶 (expt)

Co2TaAl 1.011 −0.040 0.009 1.992 560.7 260[31]
Co2TaGa 1.013 −0.058 0.008 1.976 556.3 –
3

spin channel for both compounds is conducting, as indicated by the
crossing of bands at Fermi level E𝐹 , whereas minority spin channel
is semiconducting, as evidenced by the presence of a finite gap at
E𝐹 for both compounds. Hence, the compounds under investigation
are found to be half-metallic in nature. Magnetic Heusler compounds
have always been recognized to have intriguing features due to their
band structure, making them a promising class of materials. The crystal
structure without magnetization has three mirror surfaces at 𝑘𝑥 =
0, 𝑘 = 0, and 𝑘 = 0, according to the electrical properties of the
𝑦 𝑧
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Fig. 3. (a) The majority spin band structure of Co2TaAl with d orbital contribution of Co and Ta. (b) The band structure of Co2TaAl with the inclusion of SOC. Nodal line behavior
in Co2TaAl w/o SOC and with SOC cases in (c) and (d). The circles in (a) and (b) represent the nodal line along 𝛤 -X direction.
current series. The inclusion of SOC disrupts the mirror symmetries
in the 𝑘𝑥 = 0 and 𝑘𝑦 = 0 planes by magnetization along the (001)
direction. Depending on the magnetization orientation, the symmetries
are disrupted in various ways. Only 𝑀𝑧 mirror symmetry and 𝐶4𝑧
rotational symmetry are preserved in these compounds.

For spintronic applications, the degree of spin polarization (P%)
must be 100%, as measured by the spin-up and spin-down density of
states at Fermi level E𝐹 . If the density of states in the majority and
minority spin channels at Fermi level 𝐸𝐹 are 𝑁 ↑ and 𝑁 ↓, then the
degree of spin polarization (P%) can be calculated using the equation:

𝑃% =
𝑁 ↑ (𝐸𝐹 ) −𝑁 ↓ (𝐸𝐹 )
𝑁 ↑ (𝐸𝐹 ) +𝑁 ↓ (𝐸𝐹 )

× 100 (3)

As there are no density of states 𝑁 ↓ in the minority spin chan-
nel at E𝐹 , the percentage of spin polarization (P%) for both com-
pounds Co2TaX (X = Al, Ga) is found to be 100% indicating that these
compounds have profound spintronic applications.

3.2. Anomalous Hall and Nernst effects

The non-trivial topological features can be explained by the sig-
nificant band crossings near the Fermi level 𝐸𝐹 . The band structures
of Co2TaX (X = Al, Ga) for the majority spin scenario are shown in
Fig. 3(a) and Fig. 4(a), respectively. The band crossings along the
𝛤 -X, direction in both the compounds are marked. These nontrivial
band crossings result in nodal lines in both compounds, as seen in blue
4

lines from Fig. 3(c) and Fig. 4(c) respectively. These nontrivial band
crossings in both compounds are in fact due to the character mixing
of Co-𝑑 and Ta-𝑑 orbitals along 𝛤 -X direction which are shown by a
black circle in Fig. 3(a) and Fig. 4(a) respectively. Both compounds
contain spatial inversion symmetry as well as nine mirror symmetries
because they are cubic with space group 225. The band structures of
both the compounds are depicted in Fig. 3(b) and Fig. 4(b) with
the inclusion of SOC. The nodal lines along the mirror plane 𝑀𝑧(𝑘𝑧 =
0) are only protected in both compounds since the magnetization is
found to be along the (001) direction in both the compounds, and the
nodal lines are gapped along the other planes due to broken mirror
symmetry in these directions which can be seen from red lines from
Fig. 3(d) and Fig. 4(d) respectively. We have concentrated on AHC in
the next section since it is well known that materials with the nodal
line behavior possess high AHC values.

A key band structure attribute of a solid is the Berry curvature
𝛺𝑖𝑗,𝑛(𝑘), determining the material’s topological properties [53], which
is nothing more than the local gauge field associated with the Berry
phase of the band structure. The Berry curvature 𝛺𝑖𝑗,𝑛(𝑘) owing to
entangled electronic Bloch bands with spin–orbit coupling inclusion
when time reversal or inversion symmetry gets disrupted due to mag-
netization [54,55], can be written as follows [16]:

𝛺𝑖𝑗,𝑛(𝑘) =
∑

⟨𝑛 ∣ 𝜕𝐻
𝜕𝐾𝑖

∣ 𝑚⟩⟨𝑚 ∣ 𝜕𝐻
𝜕𝐾𝑗

∣ 𝑛⟩ − (𝑖↔ 𝑗)

2
(4)
𝑛≠𝑚 (𝜖𝑛 − 𝜖𝑚)
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Fig. 4. (a) a) The majority spin band structure of Co2TaGa with d orbital contribution of Co and Ta. (b) The band structure of Co2TaGa with the inclusion of SOC. Nodal line
behavior in Co2TaGa w/o SOC and with SOC cases in (c) and (d). The circles in (a) and (b) represent the nodal line along 𝛤 -X direction.
The eigenstates of the tight-binding Hamiltonian 𝐻 derived from
the wannier90 code are n and m, and their respective energies are
𝜖𝑛 and 𝜖𝑚. AHE is a significant electronic transport phenomenon in
ferromagnetic materials that describes the generation of transverse
voltage perpendicular to electric current [56]. The anomalous electron
velocity generated by spin–orbit coupling and magnetic field disruption
causes AHE [57]. Berry curvature 𝛺𝑖𝑗,𝑛(𝑘) across all occupied electronic
bands in the Brillouin zone below the Fermi level E𝐹 [53] is the intrinsic
AHE. Hence, the Berry curvature 𝛺𝑖𝑗,𝑛(𝑘) driven AHE 𝜎𝑥𝑦[58], can be
represented as follows:

𝜎𝑥𝑦 =
−𝑒2
ℏ

∑

𝑛 ∫
𝑑3𝑘
(2𝜋)3

𝑓 (𝑘)𝛺𝑖𝑗,𝑛(𝑘) (5)

where 𝑒, ℏ, 𝑓 (𝑘) denotes the charge of an electron, reduced Planck’s
constant, and the Fermi–Dirac distribution function. Y. Ji et al. [59], in
their article pointed out that the key mechanism for anomalous velocity
is mixing of 𝑑𝑥𝑧, 𝑑𝑦𝑧 or 𝑑𝑥𝑦, 𝑑𝑥2−𝑦2 orbitals due to SOC. So, the AHC
may be caused by not only due to SOC strength but also may be due
to atomic orbitals interactions. AHC may also depend on electronic
band structure and wave functions, and large AHC may be due to
nodal lines. One may figure out the significant AHC values at proper
places in band structure along particular paths. The Anomalous Nernst
effect is the thermoelectric analog of the ANE. It is a type of magneto-
thermoelectric effect found in spin-caloritronics. The development of
a transverse electric field as a result of the material’s magnetization
generated by a longitudinal temperature gradient, rather than by an
5

externally provided magnetic field, is characterized as ANE [60]. Non-
zero Berry curvature 𝛺𝑖𝑗,𝑛(𝑘), which operates as a fictitious magnetic
field [56], causes both AHC and ANE. Initially, ANE was considered
to be proportional to magnetization, but it was recently proposed that
it comes from Berry curvature 𝛺𝑖𝑗,𝑛(𝑘) of all bands near Fermi level
E𝐹 [53]. As a result, the anomalous off-diagonal thermoelectric coeffi-
cient, known as the Anomalous Nernst Conductivity (ANC) 𝛼𝑥𝑦[58], can
be written as:

𝛼𝑥𝑦(𝑇 , 𝜇) = −1
𝑒
∑

𝑛 ∫ 𝑑𝜖
𝜕𝑓 (𝜖 − 𝜇, 𝑇 )

𝜕𝜖
.
𝜖 − 𝜇
𝑇

𝜎𝑥𝑦(𝜖) (6)

where 𝜇 is the chemical potential. The above equation [58] for near
zero temperature becomes,

𝛼𝑥𝑦
𝑇

|

|

|

|𝑇→0
= −𝜋

2

3
𝑘2𝐵
|𝑒|

𝑑𝜎𝑥𝑦
𝑑𝜇

(7)

where 𝑘𝐵 is Boltzmann’s constant. Designing a large Berry curvature
yields large ANC and nodal points, nodal lines in momentum space
are responsible for enhancement in Berry curvature. Therefore, a large
ANE is exhibited by ferromagnets due to the enhancement of the Berry
curvature which is beyond the conventional linear scaling law with
magnetization [61]. Fig. 5(a,e) and Fig. 5(d,h) show the band structure
and Berry curvature 𝛺𝑖𝑗,𝑛(𝑘) with SOC along the high symmetry path
for Co2TaAl and Co2TaGa compounds, respectively. As can be observed
in Fig. 5(a and e), the derived DFT band structure from VASP is quite
similar to the wannier90 band structure for both compounds. The
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Fig. 5. (a,e) The band structure with the inclusion of spin–orbit coupling, (b,f) Anomalous Hall Conductivity 𝜎𝑥𝑦, (c,g) Anomalous Nernst Conductivity 𝛼 and (d,h) Berry curvature
along the high symmetry path for Co2TaAl and Co2TaGa compounds. The band structures using wannier90 and VASP are shown in solid black and dashed red lines respectively.
energy gaps created by spin–orbit coupling contribute only a small
amount to the denominator of Eq. (4), resulting in a non-vanishing
𝛺𝑖𝑗,𝑛(𝑘). The Berry curvature of Co2TaAl and Co2TaGa compounds has
peaks and valleys, as seen from Fig. 5(d and h). From Fig. 5(d), it is
seen that the Berry curvature 𝛺𝑖𝑗,𝑛(𝑘) is having a large prominent peak
along 𝛤 − 𝑋 direction, and other significant peaks around 𝐿 and 𝐾
directions for Co2TaAl. Similarly, Fig. 5(h), one can observe a huge
peak along 𝛤−𝑋 direction, and other significant peaks around 𝛤−𝐿 and
𝛤 −𝐾 directions for Co2TaGa. From the band structure with spin–orbit
interaction shown in Fig. 5(a,e), avoided crossings are discovered at
the chemical potential, which may also contribute to the non-vanishing
huge peak in 𝛺𝑖𝑗,𝑛(𝑘) along the 𝛤 − 𝑋 direction and, as a result, give
rise to the AHC and ANC in these compounds. The AHC 𝜎𝑥𝑦 (S∕cm) and
ANC 𝛼𝑥𝑦 (Am−1K−1) are plotted as a function of 𝐸 −𝐸𝐹 (eV) as shown
Fig. 5(b,c) and Fig. 5(f,g) respectively for Co2TaAl and Co2TaGa. The
maximum values of AHC and ANC are found within the energy range
of ±300 meV near the Fermi level 𝐸𝐹 . The maximum obtained value
of AHC is −602.8 S∕cm at 300 meV and ANC at room temperature
is −4.989 Am−1K−1 at 108 meV for Co2TaAl from Fig. 5(b and c).
Similarly, for Co2TaGa across the ±300 meV range above and below
Fermi level 𝐸𝐹 , the maximum value of AHC is −593.8 S∕cm at 300 meV,
and ANC at ambient temperature is 4.934 Am−1K−1 at 218.4 meV, as
shown in Fig. 5(f and g). The obtained AHC values for both compounds
Co2TaX (X = Al, Ga) are comparable to the AHC values of other Heusler
alloys.

3.3. Magnetic exchange interactions

The Heisenberg magnetic exchange coupling 𝐽𝑖𝑗 between atoms is
explored in Co2TaX (X = Al, Ga) compounds to investigate the ground
state magnetic configuration. The nature of magnetism exhibited by the
system is given by the exchange coupling constant 𝐽𝑖𝑗 , whose value be-
ing positive and negative depicts the FM and AFM connections between
atoms. The classical Heisenberg Hamiltonian gives the estimation of the
exchange coupling amid the atoms by [62,63]

𝐻𝑒𝑓𝑓 = −
∑

𝜒𝜓

∑

𝑖𝑗
𝐽𝜒𝜓𝑖𝑗 𝒆𝜒𝑖 𝒆

𝜓
𝑗 (8)

where 𝜒 and 𝜓 are individual sublattices, 𝑖 and 𝑗 represent atomic
locations, and 𝒆𝜒𝑖 , 𝒆𝜓𝑗 represent the magnetic moment of 𝑖, 𝑗 atoms in
sublattices 𝜒 and 𝜓 respectively. The 𝑇𝐶 is calculated as follows:

𝑇𝐶 = 2
3𝑘𝐵

𝐽𝑚𝑎𝑥 (9)

With the greatest eigenvalue of the effective exchange coupling con-
stant 𝐽𝑒𝑓𝑓 is 𝐽𝑚𝑎𝑥, which is represented as:

𝐽𝜒𝜓𝑒𝑓𝑓 =
∑

𝑗≠0
𝐽𝜒𝜓0𝑗 (10)
6

where 𝑗 represents all atomic positions in the sublattice 𝜓 in the
sphere of radius 4.5𝑎, where 𝑎 is the optimal lattice constant of Co2TaX
(X = Al, Ga), and 0 indicates a specific atomic position within the
𝜒-sublattice.

The magnetic exchange coupling for compounds Co2TaX (X = Al,
Ga) is given by 𝐽𝑖𝑗 between sites 𝑖 and 𝑗 as a function of 𝑅𝑖𝑗 , as
shown in the Fig. 6(a,b), where the nearest neighbor distance is 𝑅𝑖𝑗 and
optimized lattice constant is 𝑎. Here the interactions Co1-Co2 and Co1-
Co1/Co2-Co2 have prominent contribution to the exchange coupling
𝐽𝑖𝑗 in both compounds as shown Fig. 6(a,b). The other interactions
such as Co–Ta, Co–Al, Co-Ga, Ta–Ta, Ta–Al, Ta–Ga, Al–Al and Al–
Ga are not contributing. Coming to Co2TaAl compound, the initial
four nearest-neighbor interactions are positive for Co1-Co2 while the
fifth, sixth and seventh ones are negative as shown in Fig. 6(a) and
first two nearest-neighbor interactions are negative for Co1-Co1/Co2-
Co2 interaction while the next four interactions are positive, again
seventh and eighth interactions are negative. The positive and negative
oscillatory behavior of these Co1-Co2 and Co1-Co1/Co2-Co2 interactions
indicate the RKKY-type interaction in Co2TaAl. Though the negative
interactions are observed, still the positive interactions dominate over
them. Hence, the compound is found to be ferromagnetic nature. The
same trend is observed with Co1-Co2 and Co1-Co1/Co2-Co2 interactions
in Co2TaGa as shown in Fig. 6(b). Using the Heisenberg exchange
interactions, the estimated 𝑇𝐶 of Co2TaAl and Co2TaGa compounds
from mean-field approximation are 560.7 𝐾 and 556.3 𝐾 respectively
which are tabulated in Table 2 along with the available experimental
𝑇𝐶[31] values. From Table 2, it is found that the 𝑇𝐶 of Co2TaAl
from MFA is higher than that of the experimental value [64], which is
expected as magnetic fluctuations get neglected at longer wavelengths.

3.4. Mechanical and dynamical stability

The mechanical stability of Co2TaX (X = Al, Ga) compounds are
ensured by computing the elastic constants 𝐶𝑖𝑗 . The three elastic con-
stants of examined cubic compounds 𝐶11, 𝐶12 and 𝐶44, as well as their
derived elastic properties such as Young’s modulus (E), Bulk modulus
(B), average shear modulus (G) and Poisson’s ratio, etc., obtained from
Voigt–Reuss–Hill approximation [65] are shown in Table 3. The Born
mechanical stability criteria [66] ensures the mechanical stability of
the compounds under investigation i.e. 𝐶11>0, 𝐶44>0, 𝐶11>𝐶12 and
𝐶11+2𝐶12>0. The relation among the elastic constant 𝐶𝑖𝑗 and other
parameters are found elsewhere [48,67,68]. The Young’s modulus (E)
in general indicates the rigidness of a material, and the E values for
Co2TaX (X = Al, Ga) are 262.47 GPa and 248.78 GPa, respectively,
showing that Co2TaAl is more rigid than Co2TaGa. As can be observed
from the data in Table 3, the higher the shear modulus (G), the higher
the hardness, which is higher in Co TaAl than in Co TaGa.
2 2
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Fig. 6. The Heisenberg exchange interactions for Co2TaAl in (a) and Co2TaGa in (b). The interactions between Co1-Co1/Co2-Co2 and Co1-Co2 are shown here and other interactions
are omitted as they are negligible.
Table 3
Co2TaX (X = Al, Ga) single crystalline elastic constants at ambient
pressure in GPa, where E is Young’s modulus in GPa, 𝜎 is Poisson’s
ratio, A is anisotropy factor, P𝐶 = Cauchy’s pressure (C12–C44 ) in GPa,
G/B = Pugh’s ratio, V𝑙 , V𝑡 and V𝑚 are longitudinal, transverse and mean
sound velocities in km/s and 𝛩𝐷 is Debye temperature in 𝐾𝑒𝑙𝑣𝑖𝑛.
Parameters Co2TaAl Co2TaGa

C11 305.83 296.52
C12 148.23 167.32
C44 121.93 124.04
Anisotropy factor 𝐴 1.54 1.92
G𝑉 104.68 100.26
G𝑅 100.03 90.67
B 200.76 210.38
G 102.35 95.47
E 262.47 248.78
B/G 1.96 2.20
Poisson’s ratio 𝜎 0.28 0.30
P𝐶 26.3 43.28
G/B 0.50 0.45
V𝑙 5.72 5.38
V𝑡 3.15 2.86
V𝑚 3.51 3.19
𝛩𝐷 443.48 403.77

As the bulk modulus (B) value for Co2TaGa is higher compared to
that of Co2TaAl, it is very hard to be compressed. The Anisotropy factor
(A) is used to explore microcracks in materials and the compounds
under study are anisotropic in nature as their A value is different from
unity. The Cauchy’s pressure (P𝐶 ), Pugh’s ratio (G/B) and Poisson’s ra-
tio (𝜎) define the ductility and brittleness of the solids and if G/B< 0.57,
𝐶12 − 𝐶44>0 and 𝜎>0.26, then the solid is said to be ductile and here
both the compounds under study satisfy these conditions indicating that
they are ductile in nature. The most fundamental parameter of a solid is
the Debye temperature (𝛩𝐷) which differentiates between low and high
temperature regions of a solid. The obtained Debye temperature (𝛩𝐷)
values are 443.4 𝐾 and 403.7 𝐾 respectively for Co2TaAl and Co2TaGa
as given in Table 3.

The dynamical stability of the investigated compounds is ensured
by the lack of imaginary frequencies in the phonon dispersion plots and
phonon density of states for both compounds as shown in Fig. 7(a,b). In
Co2TaAl, there is a very narrow gap between the optical and acoustic
phonon modes, but in Co2TaGa, they overlap. The difference in atomic
masses between Co, Ta, Al, and Ga is well known. Co, Ta, and Ga
have similar atomic masses, which causes coupled phonon dispersions,
7

whereas Al has a much lower atomic mass, which causes phonon
separation. Furthermore, the phonon density of states well explains
phonon dynamics in both the compounds. The atoms Co, Ta, Al and
Ga atoms contribute to low, mid, and high frequencies as seen from
Fig. 7(a,b). The phonon density of states that separates the acoustic
and optical regions is discovered to have a finite gap. It is observed
that the slope of phonon levels at the 𝛤 point mimics a Dirac shape,
indicating the heat transmission capabilities at low temperatures for
both the compounds. Despite their static, dynamic, and atomic similar-
ities, Co2TaAl and Co2TaGa compounds display different thermal and
optical behavior due to the two different atoms, Al and Ga, in their
structure. The longitudinal phonon energy level gradients in the range
of 0 to 200 cm−1, indicates that Co2TaGa is an outstanding thermal and
optical energy transducer.

3.5. Magneto-optical Kerr effect (MOKE)

MOKE (magneto-optical Kerr effect) is a widely used technique
for determining magnetic properties in materials. Quantum confine-
ment effects [69], Kerr rotation oscillations with magnetic layer thick-
ness [70], and strong correlations between MOKE and magnetic
anisotropies [71] are just a few of the recent exciting MOKE discoveries.
MOKE is crucial in terms of both technology and science since it
provides deeper information on the electronic structure of magnetic
materials. One among in its recent usagees is the readout processes in
magneto-optical (MO) storage systems, which paved way for a lot of
research in identifying materials with large Kerr rotation angles [72].
The MOKE phenomenon arises because of the co-existence of spin
polarization and spin–orbit coupling [73]. The production of prominent
peaks in the MOKE spectrum are linked to interband transitions [74]
and half-metallic ferromagnetism with spin–orbit coupling [75], and
free charge carrier plasma resonances [76]. Therefore, a theoretical
analysis of MOKE must undoubtedly consider both spin–orbit coupling
and spin polarization. Also it is essential that the Kerr rotation esti-
mation requires correct values of both the dispersive and absorptive
sections of the off-diagonal elements of the conductivity tensor. As both
spin–orbit coupling and exchange splitting create tiny changes in the
band structure, these values are difficult to calculate. MOKE is based
on the conversion of linearly polarized light into elliptically polarized
light with an angle (relative to the incident polarization plane) which
is reflected from a ferromagnetic material. The polar Kerr effect is
examined when both the incoming wave vector and the magnetization
vector are perpendicular to the surface. The polar Kerr angle (𝜃 ) is
𝐾
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Fig. 7. The phonon dispersion plots for (a) Co2TaAl and (b) Co2TaGa compounds.
Fig. 8. The Kerr angle (𝜃𝐾 ) and ellipticity (𝛾𝐾 ) calculated at normal incidence versus optical energy for (a) Co2TaAl and (b) Co2TaGa compounds.
a complicated angle that may be calculated using the macroscopic
conductivity tensor as given by:

𝜙𝐾 = 𝜃𝐾 + 𝑖𝛾𝐾 =
−𝜎𝑥𝑦

𝜎𝑥𝑥
√

1 + 𝑖( 4𝜋𝜔 )𝜎𝑥𝑥
(11)

where 𝜃𝐾 (real part) is the Kerr-rotation angle, 𝛾𝐾 (imaginary part)
is the Kerr ellipticity, 𝜔 is the transition energy and 𝜎𝑥𝑥, 𝜎𝑥𝑦 are
the optical conductivity tensor components. As these compounds have
100% spin polarization and are half-metallic in nature, the magnetic
component of light is expected to interact with the magnetic moment
whenever the electromagnetic spectrum of light falls on their surface.
The reflection of photons from their surface causes the polarization of
light to be seen. Looking at the case of Co2TaAl from Fig. 8(a), consider-
able changes in the Kerr angle 𝜃𝐾 and ellipticity 𝛾𝐾 are observed. The
Kerr spectra followed by positive and negative peaks corresponds to
the clockwise and counter-clockwise polarization of light. At the verge
of visible region, a significant peak is found with a value of 0.11◦ at
1.6 eV. As the energy of the reflected photon increases, same as its
polarization, the electric field of reflected light changes its rotation
from clockwise to counterclockwise. As a result, there is a shift in the
nature of its polarization and magnitude.

On the contrary, in the case of Co2TaGa from Fig. 8(b), it is found
that a singular peak with a value of 1.35◦ is observed at 1.6 eV. The
rotation of the electric field is more in the clockwise direction, as seen
by the peak value of 𝛾𝐾 that corresponds to the rotation. Hence, the
sharp positive peak indicates that the compound Co2TaGa to be a good
polarized material with a large Kerr angle of 1.35◦. The nature of
the material, the saturation magnetization of the surface domains, the
incident wavelength, and the incidence angle influences the size of the
8

Table 4
Calculated values of polar Kerr angle at normal inci-
dence (𝜃𝐾 ) in degree (◦) with maximal values taken
in a range from 1 eV to 5 eV.
Compound 𝜃𝐾 (𝑚𝑎𝑥)

Co2TaAl 0.11
Co2TaGa 1.35

Kerr effect. The maximal value of Kerr angle is taken in a range from 1
to 5 eV and given in Table 4. As a result, any magnetic substance with
a sufficiently flat surface can be subjected to the Kerr effect which will
have profound applications in the magneto-optic industry.

4. Conclusion

The Co2TaX (X = Al, Ga) compounds are discovered to be half-
metals as they obey the Slater–Pauling rule with 100% spin polar-
ization. In the majority spin channel, both compounds have nodal
lines, but when SOC is added, they become Weyl nodes. Within the
range of ±300 meV around 𝐸𝐹 , the Berry curvature induced anomalous
Hall and Nernst conductivity of Co2TaX (X = Al, Ga) compounds are
probed in. The maximum value of AHC is −602.8 S∕cm at 300 meV
and ANC at room temperature is −4.989 Am−1K−1 at 108 meV for
Co2TaAl compound, while for Co2TaGa the maximum value of AHC
is −593.8 S∕cm at 300 meV and ANC at room temperature is 4.934
Am−1K−1 at 218.4 meV. The Heisenberg magnetic exchange interactions
are studied and their estimated Curie temperatures (T𝐶 ) within the
mean-field approximation are 560.7 𝐾 and 556.3 𝐾 respectively. Born
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stability criteria and phonon dispersion plots are used to confirm the
mechanical and dynamical stability of Co2TaX (X = Al, Ga) compounds.
In addition, magneto-optical response is also examined, and the polar
Kerr rotation angles were found to be 0.11◦ and 1.35◦ for Co2TaAl
and Co2TaGa at normal incidence. As a result of this research, accurate
property engineering in real-world applications may be possible.
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