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A B S T R A C T

The interplay between magnetism and topology has brought new prospects in condensed matter physics
and material science. By virtue of dissipation-free transport, a special band structure, and a greater Berry
curvature, linear response in topological materials is greatly enhanced. The topological band structure in
conjunction with symmetries plays a pivotal role in designing state-of-the-art materials with strong and exotic
electromagnetic responses, providing favourable mechanisms for the upcoming generation of technological
applications. The present work is mainly focused on an intuitive understanding of the anomalous transport
coefficients and magneto-optical response in magnetic materials, particularly in regular Co-based Heusler
compounds in the framework of the first-principles calculations. The ferromagnetic nature is probed through
the Heisenberg exchange interactions and the Curie temperature (𝑇𝑐) is estimated. With the inclusion of
spin–orbit coupling in combination with non-collinear magnetization, the protective symmetries are broken
consequently inducing non-vanishing valleys and peaks in the Berry curvature. The calculated values of
intrinsic anomalous Hall conductivity (AHC) are 462 S/cm, 371 S/cm and 374 S/cm for the Co2HfZ (Z= Sn,
Al, and Ga) and corresponding values of anomalous Nernst conductivity (ANC) are 5.6 A/m/K, −2.3 A/m/K,
and 3.7 A/m/K respectively. Additionally, the magneto-optical response is also studied and the corresponding
polar Kerr rotation angles at normal incidence were found to be 1.2◦ for Co2HfSn, 1.1◦ for Co2HfAl and 0.8◦

for Co2HfGa. Hence, this study may pave the way to scrupulous engineering of the material properties to
realize the technologically desirable applications.
1. Introduction

The evolution of the past decade with the advancement of sophis-
ticated and innovative materials with exotic features has enhanced the
demand for potential technological applications. One such avenue in
present condensed matter research which revolutionized the present
information technology is spintronics or spin transport electronics [1–
3]. Lord Kelvin’s discovery of anisotropic magnetoresistance (AMR)
107 years ago made the way for spin electronics [4], and the realm
of spintronics path to practical applications was facilitated with the
astounding discovery of gigantic magnetoresistance [5,6]. A very noted
application of spintronics can be seen in the development of magnetic
random-access memory (MRAM) [7,8]. In the initial stage, MRAMs
were using the GMR effect with the storage capacity being 4 MB. With
the advent of tunnelling magnetoresistance (TMR) [9,10] and spin-
transfer torque (STT) [11], the capacity has increased to 256 MB [7].
This became possible by exploiting the spin degrees of freedom of the
electron along with its charge, thereby giving rise to a new class of
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material called spintronic materials. Like any upcoming techniques,
the challenges in the field of spintronics make this more interesting
research field, and one of the challenges is the achievement of 100%
spin polarization or pure spin current [12], and it must be recognized
that the maximal spin polarization achieved in practise is less than
50% [13], emphasizing the need for more research. Research for an
efficient spintronic material for practical application which can provide
100% spin polarization and which is functional at room temperature
will be worthful.

Topological phases of matter are well known for their extrinsic
properties which can be explored under the lens of a branch of mathe-
matics, concerned with the invariant geometry of objects under smooth
deformations called topology in conjunction with spins of magnetic ma-
terials. Extracting the novel and environment-friendly materials with
desired properties such as ultralow energy consumption in order to
meet the energy requirements and high-speed technology to withstand
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the present information technology is a highly demanding process.
Quantum emergence set the ground for these growing technological de-
velopments. Quantum materials provide a firm basis in major fields of
research which include magnetism, superconductivity, thermoelectrics,
photovoltaics, quantum computing and communications, etc. [12,14–
17]. Materials with electronic or magnetic structures hosting exotic
knots or twists which require a change in their fundamental nature
for untangling are referred to as topological or topologically non-
trivial. Such non-trivial topologies have been found in a new class of
quantum materials among insulators and semi-metals. The wide range
of characteristics exhibited by these materials include the fermionic
excitations like Weyl, Dirac, or Majorana, topological surface states,
and non-collinear spin textures such as skyrmions. Most of these prop-
erties arise from the elementary symmetries of the bulk crystal and a
common feature among these properties is the topologically protected
direct connection to non-equilibrium phenomena with a huge response
towards the external stimuli. Thus far, non-magnetic topological ma-
terials have been found to possess exotic transport behaviours and
topological phases, for example, topological insulators have topolog-
ical surface states [18,19], Dirac semimetals have ultra-high carrier
mobility, huge electrical and thermal magnetoresistance, and Weyl
semimetals have large Nernst effect [20–23], chiral anomaly, and
negative magnetoresistance [24,25].

A remarkable class of intermetallic materials with extremely flexible
electronic structures are the Heusler compounds [26–29], which can
be grown in thin films [30–33] and have high 𝑇𝑐 [34]. Magnetism
in conjunction with topological features make Heusler compounds a
promising candidate for the exploration of the intrinsic Berry cur-
vature (BC) [35–38] induced linear response effects like anomalous
Hall effect (AHE) [39,40], anomalous Nernst effect (ANE) [41,42] and
the magneto-optic Kerr effect (MOKE) [43–45]. The highest values
of AHE reported in the ferromagnetic Weyl semimetals: Co3Sn2S2, a
Kagome crystal, and Co2MnGa, a Heusler compound are more than
1000 S/cm [46,47]. Also, the maximum values of ANE reported for
Co3Sn2S2 [48] and Co2MnGa [49] are 3 A/m/K and 7 A/m/K. Be-
sides this, another interesting property hosted by Heusler alloys is
the magneto-optical response which came into the limelight with the
remarkable revelation of a colossal value of Kerr rotation angle for
PtMnSb, which is greater than 2.0◦ at room temperature and 5◦ at
80 K which enhances the technological advancement in the magneto-
optical field [50,51]. Hence, materials with a strong linear response
effects have opened up the avenue for a wide range of technologi-
cal applications that could be implemented in power electronics and
thermoelectrics [16,17].

The present work is aimed to probe into the structural, magnetic and
electronic properties of Co-based regular Heulser compounds Co2HfZ
(Z = Sn, Al and Ga) (Sections 3.1 and 3.2). The ferromagnetic ground
state has been confirmed through Heisenberg exchange interactions
and the Curie temperature estimation. Furthermore, to explore the
anomalous linear response transverse effects, Berry curvature induced
intrinsic AHC and ANC have been calculated (Section 3.3). Beyond this,
magneto-optical aspects have also been analyzed (Section 3.4). A brief
summary of our results is given in the last section (Section 4).

2. Computational details

Ab initio calculations were carried out for the present cubic Heusler
systems using the pseudopotential projector augmented wave (PAW)
[52] method implemented in the Vienna ab initio simulation package
(vasp) [53]. A Plane-wave basis set with a kinetic energy cutoff of
700 eV was used. Generalized gradient approximation (GGA) with
the Perdew–Burke–Ernzerhof (PBE) [54] exchange–correlation func-
tional was used. The 𝛤 -centred k-point mesh of (16 × 16 × 16)

as used for the Brillouin zone sampling. The ground-state energy
onfiguration was attained with a maximum of 10−2 eV/Å force tol-
rance on each atom, where the lattice and atomic positions were
2

Table 1
Experimental and optimized lattice constants in Å and total magnetic moment per
formula unit and per cobalt atom in Bohr magneton (𝜇𝐵).

Compound 𝑎 (exp) 𝑎 (opt) 𝑚𝑡𝑜𝑡 (exp) 𝑚𝑡𝑜𝑡 (opt) 𝑚/Co

Co2HfSn 6.227 [69] 6.26 1.55 [69] 2.000 1.066
Co2HfAl 6.045 [70] 6.03 0.82 [70] 0.999 0.590
Co2HfGa 6.032 [70] 6.03 0.60 [70] 1.005 0.584

optimized. The self-consistent charge density was determined using the
total energy tolerance up to 10−6 eV/Å. The spin-polarized relativistic
Korringa–Kohn–Rostoker (SPR-KKR) package [55] with l𝑚𝑎𝑥=3 for full
potential spin-polarized scalar relativistic Hamiltonian with a k-mesh
of 35 × 35 × 35 for Brillouin Zone integration was used to estimate
the Curie temperature (𝑇𝑐) using mean-field approximation through
Heisenberg magnetic exchange interactions. The maximally localized
Wannier functions (MLWF) [56,57] were extracted via the wannier90
package [58] to generate the tight-binding Hamiltonian to calculate
the BC through Kubo formalism [35,38,59]. The Anomalous trans-
verse conductivity, AHC have been simulated using the wanniertools
package [60]. The MOKE calculations were performed using the berry
module [61,62] of the wannier90 package.

3. Results and discussions

3.1. Structural and magnetic properties

The regular Heulser compounds Co2HfZ (Z= Sn, Al and Ga) has
been investigated in the fully ordered L21 structure which takes a
cubic face-centred Bravais lattice with the space group 𝐹𝑚3𝑚 (No.
225), which stipulates the presence of several mirror symmetries. The
crystal structure is shown in Fig. 1(a) with the atomic positions (1/4,
1/4, 1/4) for Co, (1/2, 1/2, 1/2) for Hf, and (0, 0, 0) for Z, with the
magnetic moment alignment of cobalt atoms along the (001) direction.
The crystal structure geometry was well-optimized by considering the
available experimental lattice parameters as shown in Table 1. The
total magnetic moment per f.u. of the compounds are 2 𝜇𝐵 for Co2HfSn,
1 𝜇𝐵 for Co2HfAl and Co2HfGa which follows the Slater–Pauling [63]
ehaviour as given by

= 𝑁𝑣 − 24 (1)

where 𝑁𝑣 and 𝑀 and are the total number of valence electrons and
total magnetic moment in 𝜇𝐵 per f.u., respectively. Co2HfSn, Co2HfAl
nd Co2HfGa have 𝑁𝑣 of 26, 25 and 25 which further indicates the
alf-metallicity with integer values of 𝑀 . From Table 1, it is found
hat these compounds are having a saturation magnetic moment of 1.55
𝐵 , 0.82 𝜇𝐵 and 0.60 𝜇𝐵 experimentally per f.u. for Co2HfZ (Z = Sn,
l, and Ga). B2-type disorder in Heusler alloys is evidenced [64–68]
hich may sometimes reduce the half-metallicity and be the reason

or the reduced moment in experimentally prepared samples. These
ompounds show ferromagnetic behaviour with the magnetic moments
ligned along (001) direction with the Curie temperatures as 394 K,
93 K, 186 K for Co2HfSn [69], Co2HfAl [70], and Co2HfGa [70],
espectively. The ferromagnetic nature of these compounds is due
o the 𝑑-orbital interactions between the cobalt atoms. Through the
rystal field symmetry, the splitting of the 𝑑 orbitals into 𝑒𝑔 and 𝑡2𝑔 is
chematically shown in Fig. 1(b). As the Co sites are in high spin states
or the investigated Heusler compounds, the values of the local moment
nd 𝑒𝑔 filling are obtained correspondingly as shown in Fig. 1(c).

From the spin-resolved density of states without spin–orbit coupling
SOC) shown in Fig. 4(a–c), it is seen that at the Fermi level one
hannel (down-spin) is fully gapped and the other one is metallic (up-
pin) which demonstrates the half-metallic ground state of Co2HfZ
ompounds, reconcilable with the existing experimental [69–71] and
heoretical [72,73] studies. The compounds with 100% spin polariza-
ion is preferred for spintronic applications. The spin polarization of a
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Fig. 1. (a) Crystal structure of Co2HfZ (Z=Sn, Al and Ga) with magnetic moment of cobalt atoms aligned along the (001) direction. (b) The 𝑑-orbitals interaction along with
crystal field splitting of cobalt atoms. (c) The magnetic moment and electron occupation in the present series.
material can be found by knowing the contribution from up-spin and
down-spin at the Fermi level. This can be found out by the equation:

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

× 100 (2)

where 𝑁 ↑ and 𝑁 ↓ refer to the density of states contribution from
the majority and minority spin channel. The Co2HfZ series is found to
be 100% spin-polarized as there is no contribution from the down-spin
channel which indicates the profound spintronic applications.

The magnetic interactions were computed within the Heisenberg
model for all the compounds using Munich spin-polarized relativistic
Korringa–Kohn–Rostoker (SPRKKR) package [55]. The ground state
magnetic configuration has been investigated based on the strength of
interactions between the atoms in these compounds using the Heisen-
berg exchange coupling 𝐽𝑖𝑗 . The nature of magnetism exhibited by
a system can be indicated by the exchange coupling constants. The
𝐽𝑖𝑗 values being positive and negative represents the ferromagnetic
and anti-ferromagnetic coupling. The classical Heisenberg Hamiltonian
allows one to estimate the exchange coupling amid the atoms by:

𝐻𝑒𝑓𝑓 = −
∑

𝜇𝜈

∑

𝑖𝑗
𝐽𝜇𝜈𝑖𝑗 𝒆𝜇𝑖 𝒆

𝜈
𝑗 (3)

where 𝑖 and 𝑗 denotes the lattice vectors of the atoms within the sub-
lattices, 𝐽𝑖𝑗 gives the exchange interactions between the 𝑖 and 𝑗 atomic
sites and 𝒆𝜇𝑖 , 𝒆𝜈𝑗 specifies the unit vector pointing in the direction of
magnetic moments along with the 𝑖 and 𝑗 atoms in discrete sublattices
𝜇 and 𝜈, respectively. We have employed real-space Green’s function
approach in order to calculate magnetic exchange coupling, which is
based on infinitesimal rotations of magnetic moments known as the
Lichtenstein’s formula [74] as implemented in the SPRKKR package.
The estimation of Curie temperature (𝑇𝐶 ) is done within the mean-field
approximation [75] by:

𝑇𝐶 = 2
3𝑘𝐵

𝐽𝑚𝑎𝑥 (4)

With 𝐽𝑚𝑎𝑥 being the largest eigen value of the effective exchange
coupling matrix and 𝐽𝑒𝑓𝑓 is given by

𝐽𝜇𝜈𝑒𝑓𝑓 =
∑

𝐽𝜇𝜈0𝑗 (5)
3

𝑗≠0
Table 2
Experimental and estimated 𝑇𝑐 in K.

Compound 𝑇𝑐 (exp) 𝑇𝑐 (MFA)

Co2HfSn 394 [69] 593
Co2HfAl 193 [70] 264.6
Co2HfGa 186 [70] 246

with 0 and 𝑗 referring to a specified and all atomic sites in the sub-
lattice 𝜇 and 𝜈 within a sphere of radius 4.5𝑎 with 𝑎 being the relaxed
lattice constant of the compounds.

From Fig. 2(a) depicting the main magnetic coupling paths, it is
found that the first nearest neighbour interactions in discrete sublattice
and within the sublattice are given by 𝐽1 and 𝐽 ′

1. Whereas the second
nearest neighbour interactions in discrete sublattice is given by 𝐽2.
Hence, in the Co1–Co2 interactions, 𝐽 is calculated between the atoms
in the different sublattice, and in the Co1–Co1/Co2–Co2 interactions, 𝐽
is calculated between the atoms in the same sublattice. The Heisenberg
exchange coupling constant is plotted against 𝑅𝑖𝑗∕𝑎, with 𝑅𝑖𝑗 and 𝑎
being the nearest-neighbour distance and optimized lattice constant of
the compounds studied, as depicted in Fig. 2(b, c and d). In all three
compounds, the Co1–Co2 and Co1–Co1/Co2–Co2 interactions contribute
more to the exchange coupling constant. As other interactions are quite
negligible, they are omitted.

For Co2HfSn, from Fig. 2(b) it is observed that the first four nearest-
neighbour interactions are positive, whereas the next three are negative
for Co1–Co2 and first two nearest-neighbour interactions are negative
while the fourth, fifth and sixth are positive for Co1–Co1/Co2–Co2.
This oscillating behaviour depicts the RKKY type of interactions. As
the strength of the positive interactions dominate, the compound is
found to be ferromagnetic in nature. Looking at the case of Co2HfAl
and Co2HfGa from Fig. 2(c and d), it is found that for Co1-Co2, the first
interaction is positive, the next three are negative, and the fifth is again
positive, whereas for Co1–Co1/Co2–Co2 the first interaction is negative,
the second one is positive, and the next four are negative.

As a result, the RKKY interactions reveal the ferromagnetic nature
of the compounds. Table 2 shows that the estimated Curie temperature
values derived from mean-field approximation [76] are higher than the
experimentally reported values [77] which is not surprising because
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Fig. 2. (a) Visualization of main magnetic couplings. Heisenberg exchange interactions for Co2HfSn in (b), Co2HfAl in (c) and Co2HfGa in (d) depicting the exchange coupling
between Co1-Co2 and Co1-Co1/Co2-Co2.
it neglects magnetic fluctuations at long wavelengths. Another reason
could be related to the role of ligands, whose spin polarization is not
explicitly considered within the Heisenberg Hamiltonian Eq.(3) [78].

3.2. Electronic properties

It is known that magnetic Heusler compounds possess intriguing
properties due to their band structure, which makes them a promising
class of materials. From Fig. 3, it is found that the crystal structure
without magnetization has three mirror planes at 𝑘𝑥 = 0, 𝑘𝑦 = 0, and
𝑘𝑧 = 0. The magnetization along (001) direction with the inclusion of
SOC breaks the mirror symmetries in the 𝑘𝑥 = 0 and 𝑘𝑦 = 0 plane.
The change in the magnetization orientation breaks the symmetries
differently. Only𝑀𝑧 mirror symmetry and 𝐶4𝑧 rotational symmetry gets
preserved in these compounds.

Looking at the Fermi surface of Co2HfSn obtained without SOC from
Fig. 3(a), two different pockets at the high symmetry point X are found
which corresponds to two different bands crossing the 𝐸𝐹 along 𝛤 -
X and U-K with the path 𝛤 -X-U-K-𝛤 -L-W-X. As these two bands cross
the 𝐸𝐹 twice from valence band to conduction band and vice-versa, a
closed contour nature is obtained. In the case of Co2HfAl and Co2HfGa
from Fig. 3(b and c), a similar trend is seen as the hole and electron
pockets correspond to two different bands crossing the 𝐸𝐹 along W-
𝛤 , 𝛤 -X and X-K with the path W-L-𝛤 -X-W-K. The two Fermi surfaces
corresponds to two bands crossing the Fermi level in all the three
compounds in Fig. 3.

The band structure of Co2HfZ with Z = Sn, Al and Ga with the
inclusion of SOC along the path W-L-𝛤 -X-W-K are shown in Fig. 4(d–
e). The major contribution comes from Co-𝑑 orbitals near the Fermi
level compared to the other atomic orbitals. A closer introspection of
band structure shows SOC induced gaps, which drives BC in the band
4

structure and resulting in the linear response transverse effects like AHE
and ANE. This will be discussed in detail in Section 3.3.

3.3. Anomalous transverse effects

Mirror symmetries concurrent with magnetism play an important
role in strong anomalous transverse effects. In ferromagnetic materials
an additional transverse voltage get generated in response to the SOC
effect, deflecting the charge carriers by the magnetic moment of the
solid. This is recognized as the AHE [39,40]. An assessment of a
material’s topological phase can be made by its band structure property,
such as the BC [35–38]. It is possible to generate a non-zero AHE and
a finite net BC in the absence of symmetry operations that reverse the
sign of the local Berry curvature in the Brillouin zone, when reversing
the sign of the momentum vector: mirror operations and time-reversal
symmetry operations. As far as BC and AHE are concerned, the control
is gained through the manipulation of symmetries and band structures
independent of finite magnetization values.

In amalgamation with SOC, magnetization direction determines the
manner in which symmetry of the system is broken, resulting in a large
BC being induced near the Fermi energy. The AHE is characterized
by unvanishing valleys and peaks in the Berry curvature when SOC is
included and ANE is caused by the generation of transverse electric
voltage perpendicular to both magnetization and an applied thermal
gradient [41,42]. It is also known as the thermoelectric counterpart
of AHE and can generate a strong Nernst thermopower under a low
magnetic field. Berry curvature, or non-trivial geometry of the wave-
function of electrons, drives the ANE, which is proportional to the
material’s magnetization. The Berry curvature of the occupied bands
near the Fermi level leads to AHE and ANE. The Berry curvature is
zero in the absence of anti-crossings, which usually takes place when
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Fig. 3. (a–c) The Fermi Surface topology with corresponding band structure of Co2HfSn, Co2HfAl and Co2HfGa without SOC. The bands crossing the 𝐸𝐹 which corresponds to
two Fermi Surface are shown by green and blue lines.
Fig. 4. (a–c) The spin-resolved density of states without SOC. (b–d) The band structure of Co2HfZ with Z = Sn, Al and Ga with and without the inclusion of SOC.
bands of opposite spin cross in presence of SOC. An illustration of the
onset of transverse effects from the band structure has been pretty well
described schematically without making reference to the spin in Fig. 5.

We now discuss our scheme for calculating the Berry curvature,
AHC and ANC. As the magnetization orientation of the present series is
along the 𝑧-direction, only the z component 𝛺𝑧

𝑛 is not equal to zero.
From the maximally localized Wannier functions obtained, a tight-
binding Hamiltonian, 𝐻 is constructed to calculate the BC, 𝛺𝑧

𝑛 through
the Kubo-formula [62].

𝛺𝑧
𝑛(𝒌) = −2𝐼𝑚

∑

𝑚≠𝑛

⟨𝜓𝑛𝒌 ∣ 𝑣𝑥 ∣ 𝜓𝑚𝒌⟩⟨𝜓𝑚𝒌 ∣ 𝑣𝑦 ∣ 𝜓𝑛𝒌⟩

[𝐸𝑚(𝒌) − 𝐸𝑛(𝒌)]2
, (6)

where n is the index of the occupied bands, 𝒌 is the wave vector, 𝐸𝑛(𝒌)
is the eigenvalue of 𝑛th eigenstate 𝜓 , v’s are the velocity operators.
5

𝑛𝒌
AHC is extracted from Berry curvature with the principle transport
parameter 𝜎𝑥𝑦 via

𝜎𝑥𝑦 = − 𝑒
2

ℏ ∫𝐵𝑍
𝑑3𝒌
(2𝜋)3

∑

𝑛
𝑓 (𝒌)𝛺𝑧

𝑛(𝒌), (7)

and 𝑓 (𝒌) is the Fermi–Dirac distribution function. ANC, 𝛼𝑥𝑦 as proposed
by Xiao et al. [36,38]

𝛼𝑥𝑦(𝑇 , 𝜇) = −1
𝑒
∑

𝑛 ∫ 𝑑𝜖
𝜕𝑓 (𝜖 − 𝜇, 𝑇 )

𝜕𝜖
.
𝜖 − 𝜇
𝑇

𝜎𝑥𝑦(𝜖), (8)

where 𝑇 is the temperature, 𝜇 is the chemical potential. As 𝑇 tends to
zero, the equation gets modified as

𝛼𝑥𝑦
𝑇

|

|

|

|𝑇→0
= −𝜋

2

3
𝑘2𝐵
|𝑒|

𝑑𝜎𝑥𝑦
𝑑𝜇

(9)
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Fig. 5. Illustration of onset of transverse effects A model showing the band structure of a system without and with SOC, inducing BC and leading to AHE and ANE.
Table 3
Calculated maximum values of AHC in S/cm and ANC in A/m/K at 300 K with their
corresponding energy within the range of ±300 meV around the Fermi level 𝐸𝐹 .

Compound AHC Energy ANC Energy

Co2HfSn 462 −255 5.6 −226.8
Co2HfAl 371 −206.4 −2.3 −250
Co2HfGa 374 −35.2 3.7 −0.6

In the present series, from the band structure with SOC as given
in Fig. 4(d–f) avoided crossings are found, which induces BC and
consequently leads to AHE and ANE. In Fig. 6(a, b and c), the induced
BC in the band structure along with AHC and ANC peaks obtained for
the three compounds are shown. Generally, the AHC peaks occur at the
energy level where band crossings or nodal lines occur. Interestingly,
in this series, the peaks are not found where crossings open up with
the inclusion of SOC. Similar behaviour is found in a few other mate-
rials [15,79]. The lack of a large density of states near the Fermi level
could be a probable reason, which can eventually provide a diminishing
effect on both BC and AHC [80]. The same nature is observed in the
present series as seen from Fig. 6(a, b and c) for Co2HfSn, Co2HfAl
and Co2HfGa. The net magnitude of AHC in weak SOC systems is also
influenced by the percentage of spin polarization.

In our proposed series, a 100% spin polarization is observed at
the Fermi level which suppresses the AHC values and the mixture of
spin up and down states enhances the AHC values. The calculated
maximum values of AHC and ANE with their corresponding energy
levels extracted within a range of ±300 meV around the Fermi level
at 300 K is given in Table 3, which is found to be comparable with the
values of other Heusler compounds reported in the literature [81–83].

3.4. Magneto-optical Kerr effect (MOKE)

The past decades have witnessed the magneto-optical properties in
ferromagnetic materials gaining wider attention. The magneto-optical
Kerr effect (MOKE) is observed when a linearly polarized electromag-
netic wave is incident on the surface of a magnetic material, where the
polarization of the reflected wave undergoes a change and becomes
elliptic [84]. MOKE has been exploited in recent years in probing a
broad range of layered magnetic systems, thin magnetic films, and
magnetic superlattices [85–87]. MOKE has also been used to study
the behaviour of nanomagnets arranged in the linear chain [88]. The
velocity of large domain walls in ultrathin magnetic nanowires has been
measured by MOKE [89] and the magnetization response of individ-
ual macromolecules has been studied using MOKE microscopy up to
6

200 nm in spatial resolution [90]. The reciprocation between the SOC
and exchange interactions during interband transitions between the
occupied and the unoccupied valence states is the physical mechanism
responsible for MOKE [91]. As a result of which the polarization plane
of the reflected wave gets rotated with concerning the incident wave
forming a rotation angle called Kerr angle. The extent of rotation (or
the magnitude of the Kerr angle) depends on several factors like the
direction of the wave vector of the incident wave, the magnetization
orientation of the material, and the geometry of the surface from which
the wave gets reflected. Since we consider cubic Heusler systems with
magnetization along the 𝑧-axis, the polar Kerr effect could be observed.
The optical conductivity tensor can be written as:

𝜎 =
⎛

⎜

⎜

⎝

𝜎𝑥𝑥 𝜎𝑥𝑦 0
− 𝜎𝑥𝑦 𝜎𝑥𝑥 0
0 0 𝜎𝑧𝑧

⎞

⎟

⎟

⎠

The macroscopic conductivity tensor 𝜎𝑥𝑦(ℏ𝜔) is taken into account
to form the complex polar Kerr angle (𝜙𝐾 ), as shown in [58]:

𝜎𝑥𝑦(ℏ𝜔) =
𝑖𝑒2ℏ
𝑁𝑘𝛺𝑐

∑

𝒌

∑

𝑛,𝑚

𝑓𝑚𝒌 − 𝑓𝑛𝒌
𝜖𝑚𝒌 − 𝜖𝑛𝒌

⟨𝜓𝑛𝒌 ∣ 𝑣𝑥 ∣ 𝜓𝑚𝒌⟩⟨𝜓𝑚𝒌 ∣ 𝑣𝑦 ∣ 𝜓𝑛𝒌⟩
𝜖𝑚𝒌 − 𝜖𝑛𝒌 − (ℏ𝜔 + 𝑖𝜂)

, (10)

where ℏ𝜔 is the optical frequency, 𝑁𝑘 is the number of k-points used
for Brillouin zone sampling and 𝛺𝑐 is the cell volume and 𝜂 will have
an infinitesimal positive value. In the limit of large material thickness,
the Kerr angle 𝜃𝐾 for normal incidence is calculated using the polar
MOKE equation [92]

𝜙𝐾 = 𝜃𝐾 + 𝑖𝛾𝐾 =
−𝜎𝑥𝑦

𝜎𝑥𝑥
√

1 + 𝑖( 4𝜋𝜔 )𝜎𝑥𝑥
, (11)

where 𝜃𝐾 is the real Kerr-rotation angle, 𝛾𝐾 is the Kerr ellipticity and
𝜎𝑥𝑥, 𝜎𝑥𝑦 are the optical conductivity tensor components. The Kubo
formula connects the macroscopic conductivity tensor components with
the microscopic optical transitions. When electromagnetic radiation
strikes these compounds, the magnetic component of light interacts
with their magnetic moments. Therefore, the polarized light is visible
as a result of the reflection of photons from their surfaces as depicted
schematically in Fig. 7(a).

In the case of Co2HfSn, it is observed from Fig. 7(b) that the
Kerr angle (𝜃𝐾 ) varies with positive and negative peaks indicating a
clockwise and counterclockwise polarization direction which confirms
polarization has occurred in the light. On either side of the visible
region, both negative and positive peaks are found indicating a Kerr
rotation angle of −0.7◦ and +1.2◦. In the visible region, a negative peak
is observed with a value of −0.6◦. As well, other positive and negative
peaks are observed away from the visible region, which indicates that
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Fig. 6. Berry curvature 𝛺𝑧
𝑛(𝒌) along high symmetry path, density of states with the inclusion of SOC, anomalous Hall conductivity (𝜎𝑥𝑦) and anomalous Nernst conductivity (𝛼𝑥𝑦)

calculated within the range of ±300 meV around Fermi level at 300 K for Co2HfSn, Co2HfAl and Co2HfGa in (a), (b) and (c).

Fig. 7. (a) Depiction of the polar Kerr effect. The Kerr angle (𝜃𝐾 ) and ellipticity (𝛾𝐾 ) calculated at normal incidence versus optical energy for Co2HfSn (b), Co2HfAl (c), and
Co2HfGa (d).



Computational Materials Science 213 (2022) 111625Anusree C.V et al.

p
H
t
𝛾

6
−
i
c

c
f
i
r

4

a
i
a
i
o
c
j
e
w
o
a
a
a
s
C
t
a
l
w
a

C

W
V
W
M
–

D

c
i

A

a
p
r

R

Table 4
Calculated values of Kerr angle (𝜃𝐾 )
in degree (◦) with maximal values
taken in a range from 1 eV to 5 eV.

Compound 𝜃𝐾 (𝑚𝑎𝑥)

Co2HfSn 1.2
Co2HfAl 1.1
Co2HfGa 0.8

varying the energy of the reflected photon will affect the rotation of the
electric field of reflected light in both a clockwise and counterclock-
wise direction. Hence, we observe a change of both polarization and
magnitude.

Considering the case of Co2HfAl from Fig. 7(c), it is found that
𝜃𝐾 is having negative peaks of values −0.3◦, −0.5◦, and −1.1◦ and
ositive peaks of 0.5◦ and 0.8◦ in the energy range of 1 to 4 eV.
ence, the rotation and polarization of the electric field are more in

he anticlockwise direction, which is confirmed by the peak values of
𝐾 corresponding to the rotation.

Looking at Co2HfGa from Fig. 7(d), it observed that between 1 to
eV considerable negative peaks are found with 𝜃𝐾 values of −0.5◦,
0.6◦ and −0.7◦ a positive peak of value 0.8◦ at 4 eV. Therefore, it

s noticed that the electric field rotation is from counterclockwise to
lockwise as well as its polarization.

Hence, we conclude that a similar trend is depicted in all three
ompounds of this series. The polar Kerr angle at normal incidence is
ound to be comparable to the values of the other Heusler compounds
n the literature [82]. The maximal value of Kerr angle is taken in a
ange from 1 to 5 eV and given in Table 4.

. Conclusion

In summary, a systematic investigation of the structural, magnetic
nd electronic properties of the regular Heusler Co-based compounds
s done using the first principle studies. From the initial analysis of the
bove mentioned features, the present series is found to be half-metallic
n nature and the ground state ferromagnetic configuration is found
ut via the Heisenberg exchange interactions with the 𝑇𝑐 estimation. A
lose inspection of the electronic band structure with magnetism in con-
unction with topology lead us to look into the anomalous transverse
ffects. The non-vanishing valleys and peaks of the Berry curvature
ith the inclusion of the SOC resulted in the intrinsic contribution
f the anomalous Hall conductivity values of 462 S/cm, 371 S/cm
nd 374 S/cm for the Co2HfZ (Z= Sn, Al and Ga) and corresponding
nomalous Nernst conductivity values as 5.6 A/m/K, −2.3 A/m/K
nd 3.7 A/m/K. Furthermore, the magneto-optical response has been
tudied and the polar Kerr rotation angles of 1.2◦ for Co2HfSn, 1.1◦

o2HfAl and 0.8◦ for Co2HfGa are obtained at normal incidence. From
he above discussion, it is evident that the Co2HfZ series is indeed
promising candidate for future spintronic applications. If the Fermi

evel’s position can be tuned through doping or external strain/pressure
ithout compromising the band profile then this series could also be
dvantageous for the field of topological materials.
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