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CHAPTER 7. OBSERVATION OF THE TOPOLOGICAL HALL EFFECT AND SIGNATURE OF SKYRMIONS

IN HIGH CURIE-TEMPERATURE CO2FEAL HEUSLER COMPOUND

In this chapter, we report the topological Hall effect (THE) in the bulk Co2FeAl Heusler compound.

The observed THE is related to the skyrmion texture in the material, which is further confirmed by

the ac-susceptibility measurements and micromagnetic simulations.

7.1 Introduction

Ever-demanding information and communication technologies necessitate the exploration of novel

materials to enhance the functionality of their components. In recent advancements, the utilization

of topological non-trivial spin structures has attracted immense attention for technological appli-

cations like next-generation spintronics devices and ultra-fast information technology [1–4]. The

topological Hall effect (THE) serves as an effective tool to detect the non-trivial spin texture in the

materials [5–7]. THE emerges as a consequence of real space Berry curvature that an electron ac-

quires while traversing through the non-trivial spin texture of the material [8–10]. This acquisition

results in an additional contribution in Hall resistivity, giving rise to the observed phenomenon of

THE [11–13]. An interesting example of a non-trivial spin texture is magnetic skyrmions, which

are topologically protected nano-domain magnetic structures and have created considerable interest

as they can be driven at very low current density through spin-orbit torque mechanism [14–17]. The

magnetic moment at the core points of the skyrmion is anti-parallel to the external magnetic field

and parallel at the periphery [18]. The whole magnetic moment of the skyrmion wraps a sphere and

gives rise to the topological charge ±1, which makes ensure particle like the feature of skyrmion

[18, 19]. The skyrmions were initially identified in non-centrosymmetric materials, where the lack

of inversion symmetry of crystal lattice induces finite Dzyaloshinskii–Moriya interaction (DMI)

via spin-orbit coupling. For e.g. MnSi[20], FeGe [21], FeCoSi [22] and thin-films heterostructure

[23–26], Heusler alloys [27–31] exhibit skyrmion due to the finite DMI.

In recent discoveries, the formation of the skyrmionic structure is not restricted to non-centrosymmetric

materials. In the centrosymmetric system, the skyrmions might be encountered due to the frustrated

exchange interactions [32] or the competition among the long-range dipolar interaction, magnetic

anisotropy, and exchange interactions. For e.g., the centrosymmetric materials Mn4Ga2Sn [33],

Fe3Sn2 [34, 35], Gd2PdSi3 [36, 37], La(1−x)SrxMnO3 [18], Fe-Gd multilayer film [38], Fe3GeTe2

[39], etc. are reported to have the skyrmionic structure due to different competing magnetic inter-
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actions. It is worthwhile to mention here that in contrast to the DMI stabilized skyrmions with fixed

chirality in the non-centrosymmetric materials, the centrosymmetric systems often exhibit magnetic

skyrmion bubbles with vorticity and helicity and hence the chirality can be manipulated through

stimuli [39, 40]. Heusler compounds are a prominent class of materials due to their wide range of

technological properties [41–43]. Recently the centrosymmetric Heusler compounds are also being

reported to have skyrmions, such as Ni2MnGa [44], NiMnGa [13, 45], (Mn1−xNix)65Ga35 [40], and

NiMnX (X=In, Ga) [46], etc. Co2FeAl, a centrosymmetric Heusler compound exhibits a significant

degree of spin-polarization [47], low damping factor [48], and large Curie temperature [49], which

are favorable conditions for spintronic device application. Additionally, two independent studies

have shown the existence of skyrmions in thin films or layers of Co2FeAl, attributing their forma-

tion to the interfacial Dzyaloshinskii-Moriya interaction (DMI) [23, 50]. We aim to investigate the

existence and behavior of skyrmions in bulk Co2FeAl, specifically focusing on a scenario where

the influence of the Dzyaloshinskii-Moriya interaction (DMI) is disregarded.

This work presents indirect evidence of skyrmion in bulk Co2FeAl using magnetotransport and

AC-χ(H) measurements, along with micromagnetic simulations. The transport measurement re-

veals the presence of THE in a broad temperature range of 2K to 300K, and the maximum topolog-

ical Hall resistivity is about 0.22 µΩ-cm at 300K. The THE shows nearly temperature-independent

behavior, which indicates its correlation with the real space Berry curvature originating from the

skyrmionic phase present in the system. Micromagnetic simulation suggests that the skyrmionic

bubble arising from competition among the magnetic anisotropy, exchange interaction, and long-

range dipolar interaction energy gives rise to THE in the system.

7.2 Result and discussion

7.2.1 Sample preparation and characterization method

The sample preparation and characterization methods for the present compound can be found in

Chapter 4.
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7.2.2 Magnetization and magnetoresistance measurements

Figure 7.1(a) shows magnetic isotherms at different temperatures (between 2K to 300K) up to±7T

of the applied magnetic field. The saturation magnetization is 5.75 µB/f.u. at 2K and 5.50 µB/f.u.

at 300K, which are close to the reported in literature [49, 51, 52]. To ascertain the temperature at

Figure 7.1: (a) Field-dependent magnetic isotherms M(H) at different temperatures. (b) Saturation

magnetizationMs versus T data (black color) and the fitting is shown in red color. (c)M versusH
data (black color) and the fitting using the Eq.7.1 is shown in red color. (d) Field variation of MR%

at different temperatures.

which Curie transition occurs, we have plotted saturation magnetization Ms versus T data (black

color) in Fig. 7.1(b) and fitted the data using an empirical relation M s = M 0[1 − ( T
Tc
)2]1/2 [53],

where Tc is the Curie temperature. By fitting [red curve in Fig. 7.1(b)], we found Tc about 1080K

for the present compound, which is comparable to the reported in literature [54]. It is well estab-

lished in the literature that magnetic anisotropy plays a pivotal role in skyrmion formation in the

centrosymmetric system [33, 46, 55], we utilize “Law of approach to saturation” [56] to calculate

magnetic anisotropy, expressed as follows;

M(H) =M0(1−
A

H2
) (7.1)
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where M(H) is the field-dependent magnetization of the material. In Fig. 7.1 (c) we have plot-

ted high field M(H) data (black curve) and fitted this using Eq.7.1 (red curve) to find out the

value of constant A. We calculated the value of magnetic anisotropy (K) by using relation A =

8
105

(K2/M0
2) [56] and found K about 0.3 MJ/m3 at 300K, which is in the same order as reported

in the literature [23, 50, 57]. The magnetoresistance (MR%) was calculated using the formula

MR(%) = ρ(H)−ρ(0)
ρ(0)

× 100%, where ρ(H) is the longitudinal resistivity at field H and ρ(0) is the

zero field longitudinal resistivity. It is worthwhile to mention here that the field-dependent ρxx data

was symmetrized with respect to the field direction [i.e ρxx =
ρxx(+H)+ρxx(−H)

2
] to subtract the Hall

component from ρxx. The field variation of MR at different temperatures is shown in Fig.7.1(d). The

MR% of about 0.48% and 0.13% were found at 2K and 300K, respectively. The values of MR%

are small because ρxx remains nearly constant in response to changes in the magnetic field.

7.2.3 Topological Hall effect

The field-dependent Hall resistivity data in the temperature range of 2K to 300K is shown in

Fig.7.2(a). Hall resistivity is given by equation [58]

ρxy(H) = R0H +RsM + ρT , (7.2)

whereR0H is the normal Hall resistivity andRsM is the anomalous Hall resistivity [49, 59, 60] and

the last term ρT is topological Hall resistivity induced by the non-trivial spin texture of the sample.

The factor Rs is weakly magnetic field dependent term[61–63]. The RsM can be simplified as

RsM=SAρ
2
xx
M , where SA is a factor independent from the magnetic field and propositional to spin-

orbit coupling[13, 64]. Thus, Eq.7.2 can be expressed as ρxy(H)=R0H+SAρ
2
xx
M+ρT . At the higher

magnetic field magnetization reaches its saturation point i.e. all the spins are aligned in the same

direction which results in the vanishing ρT due to the absence of spin texture. Therefore, at high

field region intercept and slope of linear fitting between
ρxy
H
and

ρ2
xx
M

H
givesR0 and SA, respectively.

The values of R0 and SA are given in Table 7.1. The negative value of R0 suggests electron-like

conduction in the sample. Using the obtained values ofR0 and SA, we calculated the Hall resistivity
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Figure 7.2: (a) Hall resistivity ρxy at the different temperatures. Experimental (black curve) and

calculatedHall resistivity (red curve) for (b) 2K (c) 200K (d) 300K. (e) Field-dependent topological

Hall resistivity at different temperatures. (f) An enlarged view of topological Hall resistivity around

±1T.

using the relation

ρcalc
xy

= R0H + SAρ
2
xx
M (7.3)

The difference between the experimental and calculated Hall resistivity gives the value of ρT . In

Fig.7.2(b),(c),(d) we have plotted the experimental (black curve) and calculated Hall resistivity

(red curve) at 2K, 200K, and 300K, respectively. We can clearly see the difference between the

experimental and calculated Hall resistivity at the low-field region. The values of ρT (ρxy - ρ
calc
xy

) at

various temperatures are given in Table 7.1.

Figure 7.2(e) summarizes the variation of ρT with magnetic field at various temperatures. We found

that THE stabilizes in all temperature ranges (2K to 300K) and the peak value of ρT increases

rather slowly with increasing temperature. The maximum ρT
max

= -0.22 µΩ-cm was found at 300K.

To achieve maxima in ρT , the required magnetic field is slightly increasing with decreasing the

temperature as guided by the blue arrow in Fig. 7.2(f). This suggests that the magnetic field required

to induce maximum THE is a function of temperature. A similar feature has been reported for
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Tem R0 SA ρT

(K) (µohm-cm/T) (gm/ohm-m-emu) (µΩ-cm)
2 -0.0107 141.74 -0.13

10 -0.0093 142.71 -0.14

50 -0.0116 144.68 -0.14

200 -0.0065 133.5 -0.17

250 -0.0054 135 -0.19

300 -0.0074 142.74 -0.22

Table 7.1: Value of R0, SA and ρT at various temperatures.

THE in skyrmion hosting materials [13, 64]. In addition to this, the magnitude of ρT is nearly T -

independent in a broad temperature range, which suggests its association with the real space Berry

curvature originated from the skyrmionic texture in the system [65].

7.2.4 AC-susceptibility measurement

It is widely recognized that the field evolution of skyrmion is accompanied by the hump/dip anomaly

in AC-susceptibility (AC-χ(H)) measurements. The DC magnetization measurement is sensitive

to the sample magnetization, while the AC-χ(H)measurement is sensitive to the change in magne-

tization with field variation and hence gives the magnetization dynamics [66]. To check the similar

type of features in the present system, we performed four-loops AC-χ(H)measurement in the field

range of±1 T and the temperature range of 2K to 300K. The results are depicted in Fig. 7.3(a) with

a y-axis offset for clarity. The AC-χ(H) decreases monotonically with an increase in the magnetic

field. It shows a small hump around ±0.2 T as shown by the arrows in Fig.7.3(a). Furthermore,

Fig.7.3(a) clearly shows hysteresis in field-dependent AC-χ(H) data at different temperatures. To

enhance the clarity of the hump/dip anomaly, we have included enlarged plots of the AC-χ(H)

at 300K, 250K, 50K, and 10K in Fig. 7.3(b)[(i)-(iv)]. The detection of the hump-like anomaly

in the AC-χ(H) suggests the existence of skyrmion texture in the present sample. Interestingly,

the hump in AC-χ(H) aligns with the magnetic field, where THE reaches its maximum value. It

is worthwhile to mention here that the hump-like feature in magnetic field-dependent AC-χ(H)

measurement has been observed in the skyrmion host materials and can be used as a tool to in-

directly probe the skyrmions in the systems [33, 64, 67–69]. Figure 7.3(c) displays the derivative

of AC-χ(H) at different temperatures, offset along the y-axis for clarity. The sharp changes in the
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Figure 7.3: (a) Field-dependent AC-χ(H) at different temperatures plotted with an offset along the
y-axis. The arrows indicate the hump in the AC-χ(H). (b) The enlarged view of the AC-χ(H) at
(i) 300K (ii) 250K (iii) 50K and (iv) 10K. The arrows indicate the hump in the AC-χ(H) data. (c)
Derivatives of AC-χ(H) at the different temperatures plotted with an offset along the y-axis. (d)
The derivative of the AC-χ(H) at different temperatures (without offset) from 0.5T to -0.5 T. The

inset shows the enlarged view around 0.2 T.

derivatives of AC-χ(H) occur around±0.2T, and are the result of hump/dip anomaly present in the

AC-χ(H) data. The sharp change around ±0.2 T displays hysteresis behavior during both increas-

ing and decreasing magnetic field cycles, which shows nucleation and annihilation of skyrmionic

texture with increasing and decreasing field. This kind of hysteretic behavior for the formation of

skyrmionic (anti) texture has been reported for Mn1.4PtSn Heusler alloy [68]. This suggests that

THE observed in the present system is linked with the potential skyrmion phase in the material.

In Fig. 7.3(d), we once again present the two-cycle derivative of AC-χ(H) spanning from +0.5 T

to -0.5 T, this time without any y-axis offset. Inset within Fig. 7.3(d) provides an enlarged view

around 0.2 T, revealing that the peak value of the AC-χ(H) derivative at 300K surpasses that at

2K, as indicated by the arrows. This observation correlates with the behavior of ρT , which attains
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Figure 7.4: Different equilibrium magnetic states (top view) at the magnetic field values (i) 0 T (ii)

0.1 T (iii) 0.2 T (iv) 0.3 T (v) 0.4 T (vi) 0.5 T magnetic fields. The magnetization (mz) is depicted

using red color for positive values (+mz) and blue color for negative values (-mz), while in-plane

magnetization is illustrated by a white region surrounded by blue features.

its maximum value at 300K, slightly exceeding that at 2K.

7.2.5 Micromagnetic simulation

Motivated by field-induced hump-like signature in χ(H) data, we conducted the micromagnetic

simulation to investigate the presence of skyrmionic phase in the system. For the present system,

micromagnetic simulations were conducted using the 3D object-orientedmicromagnetic framework

(OOMMF) code, employing the LLG function[70]. The slab geometry of dimensions 400 nm ×

400 nm × 80 nm was used for the simulation with a grid of dimensions 10 nm × 10 nm × 4 nm.

We have used the saturation magnetization Ms and magnetic anisotropyK about 1.1MA/m and 0.3

MJ/m3 as found from the experiment. The exchange stiffness constant (Aex) was estimated using

formulaeAex ≈ kBTc

a
, where the terms kB, Tc and a are Boltzmann constant, Curie Temperature and

lattice parameter, respectively. We foundAex about 26
pJ
m
, which is in the same order as reported in

the literature [23]. The equilibrium states were obtained by fully relaxing the randomly distributed

magnetization. Figures 7.4[i-vi] show the simulated spin-textures at different values of applied out-

of-plane external magnetic fields. At zero magnetic field, we observed the opposite aligned mag-

netic strip domains as shown in Fig.7.4(i). With increasing the magnetic field strip domains shrink
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and start to break into circular magnetic domains (often called skyrmionic bubbles/dipole-stabilized

skyrmion) at the field value of 0.2 T [Fig.7.4(iii)]. The observed skyrmionic bubbles possess Bloch-

type dynamics and are stable up to a field of 0.4 T [Fig.7.4(v)]. On further increasing the magnetic

field to the 0.5 T the circular magnetic domains collapse into the spin-polarized state [Fig.7.4(vi)].

The disappearance of skyrmion at 0.5 T in the micromagnetic simulation, in contrast to the experi-

mental vanishing of ρT around 1 T might be due to the difference in sizes of the domain structure

between the simulated and real case of material [10, 71]. Simulating a larger cell to match real-world

conditions would be computationally expensive and therefore not practical [71]. To calculate the

winding number (S), we have chosen the slab geometry of 250 nm × 250 nm × 80 nm with a cell

size of 5 nm × 5 nm × 2 nm such that a single skyrmion would nucleate in the slab. We found

the value of S ≈ -0.95 which is close to 1 that supports the formation of skyrmions in the present

system. To further confirm the topology of skyrmion we plotted the side view (not shown here)

of the spin texture at 0.4 T and found that the +mz (red color) and -mz (blue color) states are op-

posite to each other with respect to the center (i.e. helicity γ=π/2), which also precludes S=0 for

the observed skyrmionic bubble in the system. Therefore, the observed THE in the present system

is related to the skyrmions developed by competition among the magneto-crystalline anisotropy,

exchange interaction, and long-range dipolar interactions. Our work presents a new opportunity

to explore THE associated with real space Berry curvature originated from the skyrmionic struc-

ture of the bulk centrosymmetric material. It would be assuming the further observation of real or

reciprocal space images of skyrmion texture in the present system.

7.3 Conclusion

To conclude, we studied THE in the bulk Co2FeAl Heusler compound through magnetotransport

measurements. We found that THE stabilizes in a wide temperature range (2K to 300K), with a

maximum value of 0.22 µΩ-cm at 300K. The THE varies rather slowly with temperature suggest-

ing its correlation with the skyrmions present in the compound. Furthermore, the hump anomaly

in AC-χ(H) measurement, which aligns with the field where THE reaches its peak, provides fur-

ther evidence of skyrmion formation in this system. The micromagnetic simulations demonstrate

the emergence of a skyrmionic state resulting from competition among magnetic anisotropy, ex-
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change interaction, and dipolar interactions. This study presents indirect evidence of the signature

of skyrmions and triggers the additional observation through Lorentz transmission electron mi-

croscopy (LTEM) or diffraction studies in the future. Owing to the high Curie temperature and

significant THE, this material is useful for potential technological applications at room temperature

as well as high temperatures.
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