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Chapter 4. Possible topological Hall effect in the Mn,CoAl Heusler compound

This chapter contains evidence of a giant THE over a wide temperature range (2-300 K) in the bulk
Mn,;CoAl compound, which may arise due to the microscopic non-coplanar magnetic structure,
resulting from the interplay between the cubic MCA, the ferro- and antiferromagnetic exchange

interactions.

4.1 Introduction

Topological Hall effect (THE) is one of the exotic transport phenomena that serves as a powerful
tool [1, 2, 3, 4, 5, 6] for detecting non-coplanar magnetic textures, which have potential applications
as memory and logic elements of future spintronic based devices [7, 8, 9, 10]. Magnetic materials
with the non-coplanar spin texture often exhibit the THE as an additional Hall contribution along
with the ordinary and anomalous Hall [1, 11, 12]. The ordinary Hall effect arises due to the Lorentz
force experienced by the charge carriers in a current-carrying conductor placed in the perpendicular
magnetic field [13, 14]. In ferro-/ferrimagnetic conductors, an anomalous Hall contribution has
been found as a combined effect of spin orbit coupling and magnetization [14, 15, 16, 17, 18]. The
strength of the ordinary and anomalous Hall effect has been observed to be proportional to the applied
magnetic field and the magnetization of material, respectively [14]. Furthermore, in the presence
of a non-coplanar magnetic texture, the charge carriers experience a fictitious magnetic field. This
fictitious field introduces a real space Berry phase in the wave function of the charge carriers, giving
rise to an extra Hall contribution, which scales neither the magnetic field nor the magnetization
[11, 19]. This emergent Hall contribution is typically observed due to the topologically stable non-

coplanar spin textures such as skyrmion and is therefore named as the THE [1, 12].

The THE caused by the real space Berry curvature associated with the skyrmion like mesoscopic
topological spin textures have been observed in various magnetic materials, including B20 com-
pounds [20, 21, 22], perovskites [19, 23], and Heusler compounds [24, 25]. Besides skyrmion, the
THE has also been observed due to the real space Berry curvature accompanied with microscopic
non-coplanar spin texture with non-vanishing spin chirality [S;.(S; X Sx)#0, where S;, S; and Sy are
three neighboring spins making a particular solid angle] [4, 6], which is recently termed as the spin

chirality Hall effect [26]. However, to be consistent with previous literature, we will proceed us-
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ing THE. The non-coplanar spin texture induced large THE, has been realized in the geometrically
frustrated antiferromagnets such as Mn;Si3 [4], Mn3Ga[27], and Fe; 5Sb[28] with centrosymmetric
hexagonal crystal structure. In these magnets, the evolution of non-coplanar magnetic structure oc-
curs due to out of plane spin canting as a result of the interplay between uniaxial magneto-crystalline
anisotropy (MCA) and weak structural distortion/defect [4, 27, 28]. In addition, Fe doped Mn3Sn
[29, 30] and Mn3Ge [31], and YMngSng [32] hexagonal compounds have recently been observed to
exhibit a large THE due to the non-coplanar spin structure, stabilized as a result of the competition

between Heisenberg exchange interactions and uniaxial MCA.

In recent past, the investigation of THE [33, 35, 36] in Heusler compounds has gained vast inter-
est due to tunability of their electronic and magnetic properties [37, 38]. The THE in the noncen-
trosymmetric tetragonal Heusler compounds such as Mny,NiGa [33], Mn;y 4Pty 9Pdg 1 Sn [34, 35], and
Mn; 4PtSn [39] has been found due to topologically stable antiskyrmionic phase, developed by the
interplay between Dzyaloshinskii-Moriya interaction (DMI), Heisenberg exchange interaction, and
uniaxial MCA. The THE in the centrosymmetric hexagonal Heusler compounds like NiMnGa [36],
and MnPdGa [40], has been observed due to the emergence of biskyrmionic topological phase result-
ing from the competition between the uniaxial MCA and magnetic dipole-dipole interaction. Besides
skyrmionic phases, a robust THE in Mn,_,PtIn tetragonal Heusler compound with D,4 symmetry
has recently been observed due to the microscopic non-coplanar spin texture with non-zero spin
chirality as a result of the interplay between DMI, Heisenberg exchange interactions, and uniaxial
MCA [41]. Not only the tetragonal and hexagonal but the cubic Heusler compound like NiMnlIn has
also been found to exhibit THE due to the skyrmion like non-coplanar spin texture arising from the
presence of cubic MCA [42]. However, the cubic Heusler compounds have rarely been investigated

in this context due to the unanticipated bulk DMI and uniaxial MCA.

In spintronics, one of the critical challenges is to find suitable materials that can retain their magnetic
properties at room temperature or higher temperature [43]. In this context, the high Curie temper-
ature Mny,CoAl cubic Heusler compound, which exhibits spin gapless semiconducting behaviour
[44] consisting of a finite gap in one spin channel and a close gap in another, has gained tremendous
interest [45, 46]. Recently, skyrmionic topological Hall effect has been observed in the thin film

form of the Mn,CoAl compound due to interfacial DMI in the system [47]. Although the Mny;CoAl
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compound is non-centrosymmetric (space group F43m) but the space group do not support bulk DMI
(similar to the centrosymmetric magnets) as per the reported analysis on the point group dependency
of micromagnetic DMI [48]. Interestingly, the literature suggests a strong magnetic frustration due
to the presence of both ferro- and antiferromagnetic type Heisenberg exchange interaction along
with the disorder in the MnyCoAl compound [49, 50, 51]. Therefore, the competition between the
cubic MCA, which is expected in the cubic crystal systems [42], and the Heisenberg exchange in-
teractions may create the non-coplanar spin texture [29, 30, 32, 42]. This motivated us to search for

the possible THE in the bulk Mn,CoAl compound.

In this chapter, we present the observation of a large THE over a wide temperature range by per-
forming the magnetic and transport measurements in a bulk Mn,CoAl cubic Heusler compound.
The AC susceptibility with the magnetic field shows a smooth and continuous behaviour rather
than any anomaly, suggests that the observed THE may be related to the microscopic non-coplanar
spin textures. The detailed experimental and theoretical investigations suggest that the interplay
between ferro- and antiferromagnetic exchange interactions, and the cubic MCA gives rise to the
non-coplanar spin texture, which results in the THE in the bulk Mn,CoAl. This finding may open

up further research opportunity in exploring emergent phenomena in the cubic Heusler compounds.

4.2 Results and discussion

4.2.1 Topological Hall Analysis

The details of the sample preparation and characterization methods of the Mn,CoAl compound are
reported elsewhere [52]. The temperature dependent magnetization curve of field cooled warming
(FCW) protocol in the temperature range of 2-400 K at a magnetic field of 0.1 T [Fig. 4.1] exhibits
a dip type anomaly around 150 K. The dip may be attributed to some antiferromagnetic component
because of the strong magnetic frustration, which is anticipated due to the coexistence of ferro- and
antiferro-magnetic exchange interaction between the magnetic spins [49, 50, 51]. Such dip or hump
kind of anomaly in M-T data has been observed in various compounds because of the coexistence of
ferro- and anti-ferromagnetic exchange interaction [30, 31, 53, 54]. Around the same temperature,

literature suggests the change in resistivity as well as Seebeck effect [44, 52, 93].
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Figure 4.1: Temperature dependent magnetization (M) curve of the Mn,CoAl compound at 0.1 T
magnetic field.

Magnetization isotherms (M(H)) and Hall resistivity (p, ) data at different temperatures (in the range
0f2-300 K) up to a magnetic field of 1.5 T are shown in Fig. 4.2(a) and (b), respectively. The M(H)
at 2 K and 300 K, and the p,,, data are taken from our recent study on the MnyCoAl compound [52].
Interestingly, the p,, does not follow the M(H) data in the low magnetic field region as shown in
Fig.4.2(c) and (d) at 2 K and 300 K, respectively [11, 56]. This divergence is possibly due to the

presence of THE in the bulk Mn,CoAl compound [56].

The p,, is generally consist of three contributions, i.e., the ordinary Hall resistivity (po) proportional
to the magnetic field (H) (po = RoH, where Ry is the ordinary Hall coefficient), the anomalous
Hall resistivity (pap) proportional to the magnetization (M), and the topological Hall resistivity
(pr) due to the real space Berry curvature associated with non-coplanar spin texture [14, 57, 58].
The papg in a magnetic material may arise from the both intrinsic and extrinsic mechanisms [14,
57]. The intrinsic mechanism is related to the momentum space Berry curvature associated with
the electronic band structure, whereas the extrinsic mechanism receives contribution from skew
scattering and side jump mechanisms [14, 57]. Our previous study on the MnyCoAl compound

suggests that the p 4 is mainly originated by the intrinsic mechanism (pan = Rgpz.> M, where py,
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Figure 4.2: figure
(a) The isothermal field-dependent magnetization at different temperatures. (b) Field-dependent
Hall resistivity curves at different temperatures [52]. (c¢) and (d) Combined plot of anomalous Hall
resistivity, and field-dependent magnetization for the Mny,CoAl system at 2K and 300 K, respec-
tively.

and Rg are longitudinal resistivity and the anomalous Hall coefficient, respectively) [52]. Therefore,

the p,, can be expressed as [1, 14]-

Fig.4.2(c) and (d) indicate that the p,, follows the M(H) data perfectly above the magnetic field
of around 1 T. This observation suggests that when the magnetic field is large enough, the pr is
supposed to be zero due to the complete disappearance of the non-coplanar spin textures [59, 60].

Therefore, in the high field region (> 1T), the above equation can be expressed as [59]-
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Figure 4.3: (a) Magnetic field dependent longitudinal resistivity (p«x-H) data at different tempera-

tures. (b) Linear fitting of £ and ”?”#M in the high magnetic field region to extract the topological
Hall resistivity from the total Hall resistivity (pyy).

pay = RoH + Rsp2, M 4.2)

The expected pr in the low magnetic field region is extracted out from the total p,, by carrying out
the fitting of the high-field Hall data with Eq. (4.2) using p,., versus H [Fig. 4.3 (a)] and M(H) data.
In this procedure, to calculate the coefficients Rp and Rg, we have first plotted ’%y versus %
data (black sphere) in high field region (> 1 T) and then performed linear fitting (red line) with the
reduced relation (divide the Eq. (4.2) by H), i.e., ’%y =Ro+ w, as shown in Fig. 4.3 (b). The

coefficients Rp and Rg are the intercept and slope of the linear fitting. The Eq. (4.2) will be valid
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for low field region (< 1T) if w.7 << 1, where w, is cyclotron frequency and 7 =
electron scattering time [4]. Here, e and m are the charge and mass of the electron, and n is the
carrier concentration, reported in our previous study [52]. The calculated value of w.7 is around
0.00034 << 1 up to 1.5T field, and the condition w,7 << 1 is followed in the entire temperature
range (2-300 K). Therefore, we calculated the p, using the Eq. (4.2) in the whole magnetic field
region (0-1.5 T) with the help of the obtained value of the coefficients Rp and Rg. After that, we
plotted the calculated py, (black line of Fig. 4.4(a) and (b)) with the experimental p,, (blue sphere of
Fig.4.4(a) and (b)). Fig. 4.4(a) and (b) clearly show that the calculated and experimental p,, is not
overlapping on each other in the low field region, which explicitly indicates the presence of THE.

At last, the value of pr [red sphere of Fig. 4.4(a) and (b)] is obtained by subtracting the calculated

Pay from the experimental p,,,.
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Figure 4.4: (a) and (b) Combined plot of experimental Hall resistivity (blue sphere), calculated Hall
resistivity (black line), and topological Hall resistivity (red sphere) at 2 K and 300 K, respectively.
(c) Variation of the calculated topological Hall contribution (pt) with the magnetic field at different
temperatures. The inset shows variation in the maximum absolute value of topological Hall resistiv-
ity (|pr|m) with temperature. (d) Contour plot of THE as a function of temperature and magnetic field.
(e) Comparison of the maximum absolute value of topological Hall resistivity (|p7|,) obtained in the
present study with previously reported values [4, 12, 19, 30, 36, 59, 60, 61, 62, 63, 64, 65, 66, 67,
68, 69, 70]. We have listed the variation in topological Hall resistivity with respect to temperature.

The pr at different temperatures, as shown in Fig. 4.4(¢c), is maximum around the magnetic field of
0.1 T and nearly vanishes above the field of ~0.3 T due to the appearance of spin-polarized state in

the high field region. The inset of Fig. 4.4(c) represents the variation in maximum pr with temper-
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ature, which indicates that the THE is slightly decreasing with the increase in temperature. The pr
reaches to its maximum value of about 2.6 ;£2-cm at 2 K, and the minimum value of about 2 x£2-cm
at 300 K. To clearly observe the variation in the THE with the magnetic field and temperature (7'), we
create a contour plot [Fig. 4.4(d)] of the H-T phase diagram. The contour mapping shows that a large
pr persists up to room temperature around the field of 0.1 T and it converges to zero above the field
of ~0.3 T. Similar behavior has been observed in various systems due to fully spin polarized state at
higher magnetic field [4, 27, 28, 29, 30, 31, 32, 33, 34, 35, 39]. The comparison with the previously
reported bulk systems [4, 12, 19, 30, 36, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70] [Fig. 4.4(e)]
indicates that the large topological Hall persists in the wider temperature range of 2-300 K, which
make the MnyCoAl compound an ideal platform for the spintronic applications. The moderate de-
crease in the maximum py with temperature can be ascribed to the microscopic non-coplanar spin
texture [4, 28, 29, 32]. Although, this kind of behaviour in the p7 has also been anticipated due to
the topological mesoscopic spin texture [12, 36]. Therefore, to explore the underlying cause of the
observed THE, we have planned to carry out AC-susceptibility measurement, which is well known
for its ability to serve as a probe for studying the dynamics of collective spin structures [71]. The
presence of kink/dip type anomaly in the magnetic field dependent AC-susceptibility (y '(H)) curve
has been extensively used as an indirect tool to probe the skyrmion phase in several skyrmion host-
ing materials [33, 72, 73, 74, 75, 76]. In contrast, the x '(H) curve shows a smooth and continuous
behaviour rather than any anomaly for the microscopic non-coplanar spin texture with non-zero spin
chirality [41]. Therefore, we collected x '(H) data of the Mn,CoAl compound to explore the possible

non-trivial spin texture, which gives rise to the THE.

4.2.2 AC-susceptibility Measurement

We performed y '(H) measurement at various temperatures up to a field range of =1 T, as shown in
Fig.4.5. The x '(H) curves do not exhibit any anomaly around the field where a large THE is found,
as depicted in the inset of Fig.4.5. This indicates that the THE observed in the bulk Mn,CoAl
compound is not associated with any skyrmion-type topological spin texture. In addition, the value
of pr in our studied compound is significantly larger than the values reported in most of the bulk

systems exhibiting a skyrmionic phase [6, 20, 33, 35, 41]. The size of the topologically stable
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Figure 4.5: Magnetic field dependent AC-susceptibility (y '(H)) data at different temperatures. Inset
shows the zoomed view of AC-susceptibility data in the lower magnetic field region.

skyrmion like mesoscopic non-coplanar spin texture [6] varies in the range 100-200 nm, giving
rise to pr in the order of n{2-cm [34, 41]. Since, the value of pr is inversely proportional to the
size (density) of the non-coplanar spin texture, it is expected that the observed pr in the Mny,CoAl
compound, which is in the order of uf2-cm, is resulted from the microscopic non-coplanar spin

structure [41] with size of a few nanometers [6].

Now, to gain insight into the spin texture of the Mn,CoAl compound, we looked at its crystal struc-
ture and the type of exchange interaction present among the magnetic atoms. The Mn;CoAl com-
pound exhibits a cubic crystal structure (space group F43m), as shown in Fig.4.6 (a). The sim-
ilar crystal systems (cubic) such as Mnslr [77] and GdPtBi [78] exhibit antiferromagnetism with
a triangular lattice arrangement of magnetic atoms along the diagonal [111] direction. If we look
at the crystal structure of the MnyCoAl compound particularly in the [111] direction as shown in
Fig. 4.6 (b), we can observe a triangular lattice of magnetic atoms (Mn and Co) [zoomed view is
shown in Fig. 4.6 (c)]. Previous theoretical studies on the Mn,CoAl compound suggest antiferro-
magnetic intra-sublattice (Mn-Mn and Co-Co) interactions, along with ferro- and antiferromagnetic
type inter-sublattice interactions [involving interaction of Co with Mn at 4c (0.25,0.25,0.25) and

4a (0,0,0) sites, respectively] [50, 51]. The antiferromagnetic intra-sublattice interaction [50, 51]
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Figure 4.6: (a) XA type crystal structure of the Mn,CoAl compound (blue, red and green spheres
indicate the Mn, Co and Al atoms, respectively). (b) Rotated crystal structure along [111] direction.
(c) Triangular lattice arrangement of magnetic atoms in [111] direction. Question mark represents
the geometrically frustration on the triangular lattice.

may give rise to non-collinear spin texture due to geometrical frustration associated with the tri-
angular lattice arrangement. In addition, the presence of both antiferromagnetic and ferromagnetic
type inter-sublattice interaction [50, 51] along with the disorder [52] in the compound may develop
strong magnetic frustration [49, 52]. It is well established that the MCA plays a crucial role in the
formation of the non-coplanar spin texture [4, 27, 28, 31, 32]. Therefore, we calculated the MCA of
the cubic Mny,CoAl compound with the help of M(H) data using the law of approach to saturation

method.

To calculate the MCA, we used the law of approach to saturation method, which involves the least-

square fitting of M(H) data with the following expression [79]-
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A
where, My, x, and A are spontaneous magnetization, high field susceptibility, and constant, respec-
tively. The fitting is shown in Fig. 4.7(a). With the help of the obtained value of parameter A, we

calculated the value of the cubic MCA (K) by using the following relation [80]-

8

= o= (K?/My?) (44)

We obtained the value of MCA (K) is ~46 kJ/m? at 2K, which is comparable to the value of K
observed for the NiMnlIn cubic system [42]. In the NiMnIn cubic Heusler compound, the THE
has been reported due to the formation of non-coplanar spin texture in which cubic MCA plays
a crucial role. Therefore, we argue that the MCA in the cubic MnyCoAl compound itself could
lead to the emergence of non-coplanar spin texture. The inset of Fig.4.7 (a) shows the variation
of K value with temperature, which follows the similar behavior as pr. It demonstrates that the
MCA has a significant effect on the formation of non-coplanar spin texture [29]. Upon increasing
the temperature, the declination in MCA gradually lowers the competition with different exchange
energies, thus leading to the reduction in pp [29, 31]. Therefore, our findings suggest that the MCA
competing with the ferromagnetic and antiferromagnetic exchange interaction may give rise to the

non-coplanar spin texture, which is responsible for the observed THE [29, 31].

To further confirm the formation of the non-coplanar spin texture, we have performed a micro-
magnetic simulation to theoretically simulate the magnetic structure by considering cubic MCA,
exchange stiffness constant (A ) (linked with the exchange interaction among magnetic atoms). Be-
fore performing the micromagnetic simulation, we have calculated the A.x by using M(H) data. The
exchange stiffness coefficient (A.,) represents the strength of direct exchange interactions among
neighboring spins. The demagnetization of magnetic materials often induces the excitation of spin
waves. The excitation energy can be estimated in terms of the spin-wave stiffness coefficient (D)
[81]. At low temperatures, the amplitude of the spin wave will be small, and therefore the non-

interacting spin wave may approximate the ground state excitation. To determine the A.,, a theory
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Figure 4.7: (a) Fitting of high field magnetization versus magnetic field data by using Eq.(4.1). Inset
shows the variation of cubic MCA with temperature. (b) Fitting of temperature-dependence (T%/?)

of magnetization ratio (Mg(T)/Mg(0)) at low temperatures, measured at 1.5 T field for the Mny,CoAl
compound.

was proposed by Landau and Lifshitz [82]. In this method, one first finds the D by fitting the temper-
ature dependence of spontaneous magnetization to Bloch’s law, which describes the low-temperature

magnetization [83, 84]-

M;s(T)

=1— BT%? 4,
Ms(0) 2
and,
3/2
gpuB kp
B = 2.612 2 4.
6 Mam(%ﬂ) (30
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where Mg(7"), Mg(0), g, g, and kp are spontaneous magnetization at temperature 7, spontaneous
magnetization at 0 K, Bohr magneton, Lande’s splitting factor, and Boltzmann constant, respectively.
The fitting shown in Fig. 4.7(b) gives the value of B and, thus, the value of D is calculated using

Eq.(4.4). Further, the A., can be estimated by using the following relation [85]-

_ 2Agit

D
Mg

(4.7)

The value of A., at 2 K is calculated to be 4.8x107'2 J/m.

4.2.3 Micromagnetic Theory

Figure 4.8: (a) Schematic representation of magnetization (m) precession around effective field
(Heyss) without energy losses. (b) Precession of m around H.; in the presence of energy losses
leading to the damping of magnetization [86].

The theory of micromagnetics provides a solution to the time-dependent Landau—Lifshitz—Gilbert
(LLG) equation, which offers insight into the dynamics of magnetization (m) influenced by an ex-
ternally applied effective field (H.s¢). The magnetization dynamics of a system at finite temperature

is described by the LLG equation as follows [87, 88, 89]-

dm

d
=& = —himx Hey; + a(m x —m> (4.8)

dt

Nisha Shahi 125



Chapter 4. Possible topological Hall effect in the Mn,CoAl Heusler compound

where the first term on the right-hand side of the LLG equation indicates that there is an angle
between m and H.¢; due to the torque experienced by the magnetization under the H.ss. The mag-
netization precesses around the direction of H.; [Fig.4.8 (a)] as a consequence of the torque. The
torque due to the H. is proportional to the time derivative/evolution of m and the constant of pro-
portionality is called gyromagnetic ratio (7). The second term on the right-hand side of the LLG
equation describes the effect of dissipative phenomena and energy loss, which prevents the preces-
sion of magnetization indefinitely. The parameter « is a constant, called damping constant. Fig.4.8
(b) illustrates that the dissipative phenomena/energy loss leads to the damping of magnetization,

which brings the magnetization in the direction of H.¢s. The H. s is expressed as [90, 91]-

1 dEtotal
Hypp = — 4.
eff <M0M5)< dm ) (4.9)

here jiy represents permeability in vacuum and E;.,; is the total magnetic energy of the system,

which is given by Brown’s equation [91, 92, 93]-

Etotal = /(Eex + Ea + Ez + Ed + ED]VII)dV (410)

The terms E.,, Ea, E., E4, and Epj; represent exchange energy, anisotropy energy, Zeeman energy,
demagnetization energy, and Dzyaloshinskii-Moriya interaction (DMI) energy, respectively. The

micromagnetic simulations are carried out by repeatedly solving the LLG equation.

The Object-Oriented Micromagnetic Framework (OOMMEF) utilizes the Finite Difference Method
(FDM) to solve the Landau-Lifshitz-Gilbert (LLG) equation. This approach necessitates the division
of the sample into identically-sized parallelepipeds called cells. The OOMMF Micromagnetic Input
Format (MIF) contains essential input parameters and initial conditions for addressing any problem.
Within each cell, physical properties like total energy (E;.q;) and magnetization (m) are computed
based on the specified input energy parameters. The magnetization update process within each cell
can be executed using two distinct evolvers: a time evolver, which tracks the dynamics of the LLG,
and the energy minimization evolver, which locates local minima in the energy surface through di-

rect minimization techniques. Evolvers are controlled by drivers and should be matched with the
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suitable driver type, such as time evolvers with time drivers (Oxs_TimeDriver) and minimization
evolvers (Oxs_MinDriver) with minimization drivers [94]. There are currently three time evolvers
and one energy minimization evolver in the standard OOMMEF distribution. The time evolvers are
Oxs_EulerEvolve, Oxs RungeKuttaEvolve, and Oxs_SpinXferEvolve [88]. The Oxs_EulerEvolve
(Euler evolver) implements a simple first-order forward Euler method with step size control on the
Landau-Lifshitz as an ordinary differential equation (ODE) in time. The Oxs RungeK- uttaEvolve
(4th-order Runge-Kutta evolver) uses several Runge-Kutta methods for integrating the Landau-
Lifshitz-Gilbert ODE, with step size control. In most cases, it will greatly surpass the Oxs_ Eu-
lerEvolve class. The Oxs_SpinXferEvolve integrates an Landau-Lifshitz-Gilbert ODE augmented
with a spin momentum term. The energy minimization evolver is Oxs CGEvolve, which is an
in-development conjugate gradient minimizer with no preconditioning [88]. The evolvers and cor-
responding drivers facilitate the transformation of the magnetic state from an initial configuration,
obeying either Landau-Lifshitz-Gilbert (LLG) dynamics or direct energy minimization. Here, we

have performed micromagnetic simulation using the energy minimization evolver (Oxs_CGEvolve).

4.2.4 Micromagnetic Simulation

A detailed micromagnetic simulation has been performed using Object Oriented MicroMagnetic
Framework (OOMMEF) software package [95]. The micromagnetic simulations are carried out on
the area of 600x600x75 nm? with the cell size of 10x10x5 nm?. The value of A, K, and saturation
magnetization used in the simulation are 4.8x10712 J/m, 46 kJ/m?, and 3.46x10° A/m , respectively,
which are obtained from the experimental data. The studied compound stabilizes the non-coplanar
spin texture at 0.1 T magnetic field [a clear view is shown in Fig 4.9 (a)], which is comparable with
the field where the experimental maximum THE is observed. On increasing the magnetic field, the
system is going towards field polarized state as shown at 0.2 T field in Fig 4.9 (b). For the mag-
netic fields >0.3 T, pure field polarized states are observed as shown in Fig 4.9 (¢) and (d), and no
change is observed on further increase in the magnetic field, which is consistent with the experimen-
tal observation that the THE vanishes above the field around 0.3 T. Similar behavior is observed for
simulations with the negative applied magnetic field. Therefore, a detailed experimental and theo-

retical observations suggest that the THE observed in the Mn,CoAl compound may arise due to the
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Figure 4.9: Simulated spin textures at different fields, (a) Non-coplanar spin texture at 0.1 T. (b)
Nearly polarized spin texture at 0.2 T. (¢) Fully polarized spin texture at 0.3 T. (d) Fully polarized
spin texture at 0.4 T.

formation of non-coplanar spin texture as the result of the competition between the cubic MCA, and

the ferro- and antiferromagnetic exchange interactions.

4.3 Conclusions

To conclude, we report a giant THE across a wide temperature range (2-300 K) by performing the
magneto-transport measurements in the bulk Mn,CoAl compound. The magnetic field-dependent
AC-susceptibility measurements exhibit a smooth and continuous behaviour without any anomaly,
suggests that the THE arises due to the microscopic non-coplanar magnetic texture. The existence
of similar behaviour of the THE and the cubic MCA with temperature suggests that the interplay
between the cubic MCA, the ferro- and antiferromagnetic exchange interactions may develop the
non-coplanar spin texture, which is responsible for the THE observed in the bulk system of the
Mn,CoAl compound. This is further supported by the micromagnetic simulations, which reveal the
presence of the possible non-coplanar spin structure. Our finding opens the possibility to search for

the THE in previously unexplored cubic Heusler compounds, which can be a fruitful platform for
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future spintronic applications.
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