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Chapter 1. Introduction and Literature Review

1.1 Hall effect: historical background and development

1.1.1 Ordinary Hall effect

In 1879, Edwin H. Hall discovered that when a current-carrying conductor is placed in a perpen-

dicular magnetic field [Fig. 1.1], the Lorentz force acting on charge carriers gives rise to a voltage,

transverse to both the current (j) and the magnetic field (H) [1].

Figure 1.1: Schematic for the measurement of the Hall effect.

The transverse resistivity/Hall resistivity (ρxy) corresponding to the transverse voltage is found to be

directly related to the applied magnetic field through the relation ρxy = ROH, as depicted in Fig. 1.2

(a), where RO = 1
ne
is known as the ordinary Hall coefficient, n is the charge carrier density, and e is

the electron charge. The sign and magnitude of the ordinary Hall coefficient give information about

the type of charge carriers (electron or hole) and the concentration of charge carriers, respectively,

present in the conductor. This transverse transport phenomenon, which is explained classically, is

known as the ordinary Hall effect (OHE) and is well understood. The discovery of OHE introduced

a simple and elegant device for measuring carrier concentration in nonmagnetic conductors, which

significantly contributed to semiconductor physics and the emergence of solid-state electronics in

the late 1940s.

1.1.2 Anomalous Hall effect

After two years, in 1881, Edwin H. Hall made the historic discovery that the Hall effect is ten times

larger in ferromagnetic conductors such as Fe, Ni, Co, which is related to its property of broken time-
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Figure 1.2: Typical behaviors of the ordinary Hall and anomalous Hall effects. The Hall resistivity
ρxy is plotted versus external magnetic field H. (a) Ordinary Hall effect; (b) Anomalous Hall effect.

reversal symmetry as compared to nonmagnetic conductors [2]. This phenomenon is known as the

anomalous Hall effect (AHE), and the anomalous contribution is often observed to be proportional

to the magnetization (M), as shown in Fig. 1.2 (b). After that, numerous experiments established an

empirical relationship among ρxy, H, and M [3]-

ρxy = ROH +RSM (1.1)

The second term represents the anomalous Hall contribution in ρxy. The coefficientRS is the anoma-

lous Hall coefficient, which depends on the material-specific property, particularly on longitudinal

resistivity (ρxx) [3]. The AHEwas discovered more than a century ago, attained a vast interest in cur-

rent years due to its role in understanding the fundamental physics [3, 4, 5, 6, 7, 8, 21] and potential

for applications in spintronics-based data storage devices andHall sensors [10, 11, 12, 13, 14, 15, 16].

1.1.3 Origin of anomalous Hall effect

1.1.3.1 Karplus and Luttinger theory

In 1954, Karplus and Luttinger (KL) proposed a theory for the AHE in which they showed that when

an external electric field is applied to solids [Fig. 1.3], charge carriers acquire an additional velocity

to their group velocity [17]. This anomalous velocity will be perpendicular to the electric field,
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and hence, contribute to the Hall effect. In the case of ferromagnetic solids, the sum of anomalous

velocity over the whole occupied band state can be nonzero, giving rise to an anomalous contribution

to the Hall conductivity (σxy). As this contribution purely depends on the electronic band structure in

contrast to the scattering of charge carriers, it is known as an intrinsic contribution to the AHE. The

anomalous velocity depends only on the perfect crystal Hamiltonian and, therefore, can be related

to the change in phase of the Bloch wave function of charge carriers when an electric field induces

them to revolve in the crystal momentum space [18, 19].

Figure 1.3: Schematic of intrinsic anomalous Hall effect due to the deflection of electrons from the
Berry curvature [3].

1.1.3.2 Extrinsic skew scattering mechanism

The main drawback of KL theory is the absence of discussion about disorder-induced scattering in

imperfect crystals, which may also contribute to the Hall effect. In 1955, Smit discovered that the

asymmetric scattering (skew scattering) of charge carriers [Fig. 1.4 (a)] from magnetic impurities

caused by spin-orbit coupling (SOC), may give rise to extrinsic AHE [20]. The extrinsic AHE is

purely related to the scattering mechanism. Therefore, the Hall conductivity (σxy) due to the skew

scattering mechanism is proportional to the relaxation time (τ ) between two consecutive scatterings

(σxy ∝ τ , where τ ∝ 1/ρxx). The ρxy can be expressed as σxy

σ2
xx
, where σxx = 1/ρxx is longitudinal

conductivity, and thus, the ρxy due to the extrinsic skew scattering is linearly proportional to the ρxx

(ρxy ∝ ρxx) [3]. A large AHE accompanied by the skew scattering from non-magnetic/magnetic

impurities has been observed in the AV3Sb5 (A = K, Rb, and Cs) topological materials [21, 22].
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Figure 1.4: Scattering mechanisms responsible for anomalous Hall effect. (a) Skew scattering; (b)
Side-jump scattering.

1.1.3.3 Extrinsic side jump mechanism

In 1970, Berger argued that the sudden transverse shift in the propagation direction of charge carriers

[Fig. 1.4(b)] from the spin-orbit coupled magnetic impurity may also give rise to extrinsic AHE [23].

The sudden jump results from the combined effect of the SOC and the time delay suffered by the

charge carriers, and this delay occurs due to the attractive/repulsive nature of the scattering potential

[24]. The side jump-induced extrinsic AHE does not depend on the density of the scatterer and

scattering strength. Therefore, σxy due to the side jump mechanism does not depend on the τ (σxy

∝ τ 0), and thus, the ρxy = σxy

σ2
xx
due to the extrinsic side jump mechanism will be proportional to the

square of the ρxx (ρxy ∝ ρ2xx) [3]. The AHE plays a crucial role in understanding the low-power

dissipation quantum phenomena associated with Berry curvature.

Since the 1980s, the quantum Hall effect (QHE) in two-dimensional (2D) electron systems within

semiconductor hetero-structures has emerged as a prominent research field in physics [25]. The

hallmark of this phenomenon lies in the precise quantization of Hall conductance [26]. Both the

integer effect and fractional QHEs find their explanations in the topological properties (properties

remain invariant under small continuous deformation/perturbation) of electronic wave functions.

In 2D crystals, Hall conductance is connected to the topological integer (Chern number) (C) [26]

[Fig. 1.5], which is defined as the integral of the Bloch state momentum-space Berry curvature over

the first-Brillouin zone. This perspective about QHE began influencing the AHE problems around

1998. Theoretical interest in the Berry phase and its connection to transport phenomena, along with

advances in complex magnetic systems with strong SOC reignited the AHE research, which leads
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Figure 1.5: Quantum anomalous Hall effect proportional to the Chern number (C) in magnetic topo-
logical insulator/topological insulator multi-layer structure [27].

to deeper insights.

1.1.3.4 Intrinsic Berry curvature mechanism

Nowadays, the KL theory is interpreted in terms of the Berry phase and Berry curvature effects in

momentum space. In 1984, Michael Berry wrote a theoretical paper about the adiabatic evolution

of the eigenstate when external parameters of a quantum system change slowly and make a loop

in parametric space [28]. The eigenstate will surely come back to its initial state after traversing

the loop, but there will be an evolution of the extra phase, which is commonly known as the Berry

phase. The Berry phase is a pure geometrical aspect, which can be written as a line integral of a

local geometric quantity over the loop in parametric space. In other words, Berry showed that one

could write the Berry phase as an integral of the fictitious magnetic field, which is now called the

Berry curvature, over a surface suspending the loop.

In brief, to understand the Berry phase concept in momentum space, let us consider an electron in

a periodic potential, and the eigenstate is the Bloch state. The momentum vector k (of the nucleus

as shown in Fig. 1.6 (a)) is slowly taken around a close loop C, while the electron is assumed to be

in the same Bloch state |n(k)⟩ parameterized by k. When finishing the loop, the electron eigenstate

|ψ⟩ does not return to its initial state |n(k)⟩ and acquires a phase χ called Berry phase [Fig. 1.6 (b)],
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Figure 1.6: (a) Electron constrained to same eigenstate |n(k)⟩ as nuclear coordinate k is taken around
a closed path C. (b) Parallel transport of |ψ⟩ in momentum space. As k changes, |ψ⟩ acquires a phase
angle relative to |n(k)⟩ [29].

viz. |ψ⟩ = |n(k)⟩e-iχ. Imposing the assumption on the electronic eigenstate, we find [28, 29] -

δ |ψ⟩ = |n(k)⟩ e−iχ(−iδχ)

⟨n(k)| δ |ψ⟩ = (−iδχ) ⟨n(k)| |n(k)⟩ e−iχ

δχ = i ⟨n(k)| δ |n(k)⟩ (1.2)

On completing the close curve C, the total Berry phase will be line integral-

χ =

∮
C

⟨n(k)| i∇k |n(k)⟩ dk (1.3)

Physically, as k changes, there will be a phase angle between the instantaneous electronic ket |ψ⟩

and initial electronic ket |n(k)⟩, which is know as Berry phase/Berry flux. The form of Eq. (1.3)

suggests that it is fruitful to view the integrand as a (Berry) vector potential [28]-

An(k) = ⟨n(k)| i∇k |n(k)⟩ (1.4)

We may now correlate χwith an Aharanov-Bohm phase caused by a fictitious magnetic field B(k) =
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∇k×A(k), which is also named as Berry curvature Ωn(k) in momentum space. The Berry curvature

tensor Ωn
αβ derived from the Berry vector potential [28]-

Ωn
αβ =

δ

δkα
An

β −
δ

δkβ
An

α

Ωn
αβ = i

[
⟨δn(k)
δkα

| |δn(k)
δkβ

⟩ − (α ↔ β)

]
(1.5)

The Berry curvature tensor Ωn
αβ and vector Ωn are related by Ωn

αβ = ϵαβγ(Ωn)γ with ϵαβγ the Levi-

Civita anti-symmetric tensor. Besides the differential form in Eq. (1.5), the Berry curvature can

be written as the summation over the eigenstates using the Kubo formula approach in the linear

response scheme as follows [28]-

Ωn
αβ = i

∑
n ̸=n′

⟨n| ∂H
∂kα

|n′⟩⟨n′| ∂H
∂kβ

|n⟩ − (α ↔ β)

(ϵn − ϵ′n)
2

(1.6)

where |n⟩ and ϵn are the energy eigenstate and eigenvalue of Hamiltonian H, respectively. In the

presence of an electric field (E), the electron will acquire an anomalous velocity proportional to the

Berry curvature [3]-

vn(k) =
δϵn
ℏδk

− e

ℏ
E× Ωn(k) (1.7)

The first term is the group velocity of electrons driven by the electric field in momentum space. The

second term is the anomalous velocity driven by the combined effect of the electric field and Berry

curvature, which may contribute to AHE. If the crystal system has time-reversal symmetry, then the

symmetry condition is [28]-

Ωn(−k) = −Ωn(k)

If the crystal system has inversion symmetry, then the symmetry condition is [28]-

Ωn(−k) = Ωn(k)

Hence, in a crystal where either time-reversal symmetry or inversion symmetry is broken, Berry

curvature can give rise to AHE in the presence of strong SOC. The anomalous Hall conductivity
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(AHC) arises due to the Berry curvature was evaluated by using the Kubo formula [30]-

σαβ = −e
2

ℏ
∑
n

∫
d3k

(2π)3
Ωn

αβfn (1.8)

where fn is the Fermi distribution function, the momentum space Berry curvature is large wherever

two electronic bands approach each other energetically and hybridize as a consequence of the com-

bined effect of SOC and broken time-reversal symmetry [31, 32, 33]. The interband mixing under

the influence of SOC may create band degeneracy or band splitting, and when the Fermi level re-

sides within the SOC-induced band splitting, the Berry curvature experiences a sharp enhancement

[31, 34, 35, 36]. The momentum space Berry curvature-induced σxy is purely linked with the elec-

tronic band structure. Therefore, it does not depend on τ (σxy ∝ τ 0), and thus, the intrinsic ρxy =
σxy

σ2
xx
will be proportional to the square of the ρxx (ρxy ∝ ρ2xx) [3]. Because both the side jump and the

momentum space Berry curvature induced ρxy show quadratic dependency on ρxx, it is not possible

practically to separate out these contributions in AHE.

The intrinsic contribution of the AHE is calculated by integrating the Berry curvature over the whole

Brillouin zone as shown in Eq. (1.8) [31, 34]. The existing symmetry element within the crystal

structure plays a crucial role in deciding the net Berry curvature, and thus, AHE. Nonzero AHE is the

result of the absence of symmetries like time-reversal symmetry and mirror operations that reverse

the sign of local Berry curvature on reversing the sign of the momentum vector [31]. A strong

AHE due to non-vanishing Berry curvature associated with the electronic band structure having

non-trivial features like multiple band-contact points or nodal lines near the Fermi level, has been

observed in various compounds such as Co3Sn2S2 [37], and binary compounds like Mn3Sn [38],

Mn3Ge [6], Fe3Sn2 [39, 40, 41, 42], Fe5Sn3 [43], Mn3Pt [44], etc. A most recent study suggests

that the electronic band splitting in the presence of SOC may also trigger large Berry curvature and,

consequently, the AHE [35]. Therefore, the magnetic systems characterized by the band structure

with non-trivial features, such as linear band crossings as a consequence of strongly hybridized

electronic states, leading to the presence of band-touching points as well as band splitting near the

Fermi level as a result of SOC, offer a promising platform for exploring the AHE.

Furthermore, a sign reversal in the intrinsic AHC of Mn3Sn [45] and Mn3Pt [44] compounds have
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been reported under the variation in the orientation of spin polarization with temperature. Recently,

extensive research has been carried out to understand the manipulation of sign and magnitude of

AHE due to many factors, such as spin orientation [44, 45, 46, 47], the value of magnetization [48]

and the interface induced SOC or breaking inversion symmetry [49]. In recent findings, a specific

group of binary compounds like FeGe [50], MnGe [51, 52], MnAs [34], MnBi [53] has also been

observed to exhibit the AHE. The AHE is valuable for spintronics, characterizing magnetization in

small devices, and developing materials for data storage, magnetic sensors, and magnetoresistive

random-access memory (MRAM) by enabling electron spin measurement and manipulation [3, 28,

54, 55, 56]. Although substantial progress has been made in understanding, the origin of AHE [1]

has remained unclear for more than 5 decades. Extensive theoretical and experimental research has

been carried out to develop a generalized perception and comprehensive understanding of AHE in

different materials.

1.1.4 Topological Hall effect

In addition to the magnetic field-dependent OHE and magnetization-dependent AHE, a Hall contri-

bution has been observed due to the real space non-coplanar magnetic spin textures. The additional

Hall contribution is generally observed due to the mesoscopic topologically stable non-coplanar spin

textures (size 100-200 nm) such as skyrmion, and therefore, named as topological Hall effect (THE)

[57].

Topologically stable structure means exceptional stability of spin texture with non-trivial topology,

and the corresponding topological number remains invariant under a continuous small external per-

turbation (like an external magnetic field or mechanical deformation) [59, 60]. Fig. 1.7 displays a

comparison between topologically stable skyrmion and bubble (non-coplanar spin structure without

topological stability), which indicates the skyrmion is stable upto a larger field as compared to the

bubble, clearly demonstrates the meaning of topologically stable under the external perturbation of

magnetic field [58]. The topological number or skyrmion number (S) is a measure of the winding

of localized magnetization (m) about the unit sphere. The topological number can be expressed as

[59, 60]-
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Figure 1.7: Magnetic field dependence of the bubble and the skyrmion phases. (a) Evolution of the
bubble phase with increasing fields. (b) Evolution of the skyrmion phase with increasing fields [58].

S =
1

4π

∫
m(r).

[
δm(r)

δx
× δm(r)

δy

]
d2r (1.9)

In the presence of a non-coplanar magnetic texture with non-zero spin chirality or skyrmion, the

charge carriers experience a fictitious magnetic field, which introduces a real space Berry phase in

the eigenstate of the charge carriers, giving rise to THE [61, 62], as shown in Fig. 1.8. The THE is an

effective tool for the electrical detection of these non-trivial phases [60]. Not only THE but there are

also many other developed tools like neutron diffraction, Lorentz transmission electron microscopy

(LTEM), magnetic force microscopy (MFM) [63] and spin-resolved scanning tunneling microscopy

(STM), etc., for the direct detection of skyrmion [60].

Magnetic systemswith large SOC and broken inversion symmetry are expected to haveDzyloshinskii-

Moriya interaction (DMI), which is initially believed to be an essential mechanism for develop-

ing skyrmion-like non-coplanar spin structure [64]. The THE due to skyrmion-like topological

spin textures has been detected in various non-centrosymmetric bulk chiral magnets, including B20
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Figure 1.8: Schematic of electron motion as it traverses a skyrmion spin texture, generates the topo-
logical Hall effect, and the motion of skyrmions driven by an applied current, responsible for the
skyrmionic Hall effect [60]

compounds [65, 66, 67], β-Mn type Co-Zn-Mn alloys [68], as well as in materials exhibiting non-

centrosymmetric D2d symmetry [69, 70, 71, 72, 73]. This non-trivial texture arises from the interplay

between exchange interactions and chiral forces, such as bulk DMI. Instead of these bulk systems,

multilayer heterostructures like LaMnO3/SrIrO3 [74], SrRuO3/SrIrO3 [75], SrRuO3/BaTiO3 [37],

and SrRuO3/SrTiO3 [76], etc., are also found to exhibit a large THE due to such non-trivial mag-

netic textures that emerge as a result of the interfacial DMI.

Several theoretical studies suggest lattice imperfection-induced local DMI, which may be of a size-

able magnitude in defect-rich polycrystalline magnets [77, 78, 79]. This local DMI may give rise

to the spin chiral non-coplanar spin texture/skyrmion, depending upon the strength and competi-

tion with other magnetic energy contributions [80, 81]. Recently, in Pd doped Mn3Ga compound,

the emergence of THE has been observed due to the spin chiral non-coplanar spin texture, devel-

oped because of the possible existence of DMI. The DMI is supported by local symmetry breaking

caused by introducing substitutional defects within the crystal structure [82]. Nowadays, instead

of the non-centrosymmetric compounds with DMI, the topological skyrmion-like spin texture has

also been observed in centrosymmetric compounds like MnPdGa [83] and NiMnGa [84], as a re-

sult of the interplay between uniaxial magneto-crystalline anisotropy and magnetic dipole-dipole
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Figure 1.9: Various magnetic textures of skyrmion characterized by vorticity (m), helicity (γ), and
topological number (S) [85].

interaction without the existence of DMI.

1.1.4.1 Types of skyrmion

There are two conventional types of magnetic skyrmions: Néel type (Fig. 1.9 (a)) and Bloch type

(Fig. 1.9 (b)), characterized by vorticity (m), and helicity (γ) depending upon sense of rotation of

magnetic moment from the center of the non-collinear magnetic texture to the periphery [85]. In

a Bloch-type skyrmion, the spins rotate in the tangential planes, that is, perpendicular to the ra-

dial directions, when moving from the center to the periphery of the non-collinear magnetic texture

[86]. Such spin texture is typically found in bulk systems of B-20 [65, 66, 67] and β-Mn type chi-

ral compounds [68]. In a Néel-type skyrmion, the spins rotate in the radial planes from the core to

the periphery of the non-collinear magnetic texture [86]. Néel skyrmions are generally realized in

ultra-thin film heterostructures with broken inversion symmetry at the interface of two consequent

thin layer [74, 75]. Therefore, the realization of these typical skyrmionic textures depends upon

the underlying crystal symmetry or on the presence of an interface in a magnetic material. Their

extremely small nanometer size, inherent high stability, dynamics and ultra-low current density re-

quirement for manipulation make them potential candidates for the next generation energy-efficient

information storage and logic technologies [60, 87, 88, 89, 90, 91].
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The primary challenge hindering the practical use of skyrmions in daily life applications is the

skyrmionic Hall effect (SHE) due to the transverse deflection of skyrmions when driven by the

spin-polarized current [Fig. 1.8]. As a result of SHE, when the current is applied to the system, the

skyrmions are pushed towards the edge of the system, leading to pinning or even loss of data [85].

This is one of the reasons why no skyrmion-based device exists today. There are many interesting

theoretical predictions to suppress SHE, but they are challenging to realize. Since SHE depends

on the topological number and rotational symmetry of non-trivial topological texture. Hence, the

effective way to suppress SHE is to utilize nano-objects having the topological number (S) = 0 or

objects with broken rotational symmetry. This means there is a need to explore more alternative

topologically stable magnetic quasiparticles. Application-wise, Anti-skyrmion (Fig. 1.9 (c)) and

bi-skyrmion [Fig. 1.9 (d)] are more attractive since they can move with negligible SHE because of

the broken rotational symmetry [85]. The anti-skyrmion exhibits co-existence of Bloch and Néel

type spin dynamics and typically emerges in the systems having non-centrosymmetric D2d symme-

try [70, 71, 86]. The bi-skyrmions are two closely spaced and interlocked skyrmions and generally

observed in hexagonal centrosymmetric compounds [86]. In addition, there are many other theo-

retically predicted quasiparticles like higher-order skyrmion [Fig. 1.9 (e)] with broken rotational

symmetry, and skyrmionium [Fig. 1.9 (f)] and antiferromagnetic skyrmion [Fig. 1.9 (g)] with zero

topological number are potential candidates to suppress SHE and need experimental realization [85].

1.1.5 Possible origin of topological Hall effect

Besides skyrmions, the THE has also been observed due to the microscopic non-coplanar spin tex-

ture (size of a few nanometers) with non-vanishing spin chirality [Si.Sj×Sk) ̸=0, where Si, Sj, and

Sk are three neighboring spins making a particular solid angle] [93] and therefore should be named

the spin chirality Hall effect, according to a recent review article [63]. However, to be consistent

with previous literature, we will proceed using THE. The different possible origin of THE is shown

in Fig. 1.10. The non-coplanar spin structure with non-zero spin chirality and consequently large

THE, has been realized in several frustrated magnets with triangular lattice such as Mn5Si3 [93],

Mn3Ga[94], Mn3Sn [95], and Fe1.3Sb [96]. In these magnets, the evolution of such non-coplanar

magnetic structure from the non-collinear magnetic structure occurs due to spin canting as a result
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Figure 1.10: Topological Hall effect, caused by topological states like skyrmion, spin chirality on
Kagome, triangular and pyrochlore lattice, and chiral (right- and left-handed) domain wall [92].

of the interplay between uniaxial magnetocrystalline anisotropy (MCA) and weak structural distor-

tion/defect. In addition, Fe-doped Mn3Sn [97, 98] and Mn3Ge [99], and Kagome magnet YMn6Sn6

[100] with hexagonal crystal structure have recently been observed to exhibit a large THE due to

the non-coplanar spin structure, which emerges as a result of the competition between Heisenberg

exchange interactions and uniaxial MCA. The oxides with pyrochlore structure (A2M2O7, where

A = Nd, Pr, Y, Tb; M = Mo, Ir, V)), has also been found to exhibit THE due to the non-coplanar

structure with scalar spin chirality associated with pyrochlore lattice within the unit cell [101]. The

THE from chiral domain walls in the multi-domain state has been suggested in topological insulator

heterostructures [102]. In addition to the interesting phenomena observed in transverse resistivity,

such as the AHE and THE, the longitudinal resistivity (measured along the current direction) can

also exhibit anomalous features like superconductivity [103], Kondo effect [104], and giant negative

magnetoresistance [105]. In the present thesis, we have studied the Kondo effect in addition to the

AHE and THE.
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1.2 Kondo effect

Figure 1.11: (a) Kondo effect in the metal (red line) as compared to normal metallic (green line) and
superconducting (blue line) behavior [106]. (b) Variation in resistivity minima with the change in
the percentage of Fe impurity [114].

In normal metal, resistivity decreases with a decrease in temperature because of lessened scattering

of conduction electrons from lower lattice vibration called phonon. In very low-temperature regions,

the resistivity drops gradually and is maintained up to absolute zero [green curve of Fig. 1.11 (a)] due

to the scattering of electrons from phonon, defects such as dislocation and grain boundaries, or else

impurities [107, 108, 109, 110]. On the other hand, some metals like lead, niobium, and aluminium

demonstrate an anomalous drop in resistivity upto nearly zero below a critical temperature [blue

curve of Fig. 1.11 (a)] and become superconducting [111]. Whereas in 1934, it was discovered

that the electrical resistivity increases with the lowering of temperature in metallic systems [112], as

shown by the red curve in Fig. 1.11 (a). After three decades, the origin has been explained due to

magnetic impurities based on the studies reflecting the correlation between resistivity minima and

the percentage of magnetic (Fe) impurity in metal (Au) [Fig. 1.11 (b)][113, 114, 115].
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Figure 1.12: (a) Anderson model of magnetic impurity with one electron at energy level of ϵ0 below
the Fermi level of metal (red). The Fermi level is occupied by one spin down electron (blue). (b)
Density of state as a function of energy [116].

1.2.1 Anderson model

In 1961, Anderson proposed the simplest model of magnetic impurity [115], which has only one

electron at the energy level of ϵ0 and width Γ [Fig. 1.12 (b)]. He has argued that the electron can

quantum mechanically tunnel from the impurity and escape provided its energy lies above the Fermi

level, otherwise, it remains trapped. Adding another electron is prohibited by the Coulomb energy,

U, while it would cost at least energy of |ϵ0| to remove the electron. Fig. 1.12 (a) depicts the transfer of

an electron from a localized impurity state to an unoccupied energy state at the surface of Fermi sea,

necessitating a substantial energy input, typically ranging from 1 to 10 eV for magnetic impurities

(virtual state). While this process is classically forbidden, the Heisenberg uncertainty principle in

quantum mechanics allows for the existence of such a configuration for a very brief period around

h/|ϵ0|, where h is the Planck constant. Within this short time-frame, another electron must tunnel

from the Fermi sea back to the impurity. Notably, the spin of this electron may be opposite to the

initial spin of the impurity, resulting in the different initial and final spin states of the impurity. This

phenomenon, known as the spin exchange process, triggers a spin excitation in the Fermi sea. When

many such processes are considered collectively, they give rise to a distinct state referred to as the

Kondo resonance at the Fermi level with the width of energy corresponding to Kondo temperature

(Tk) [Fig. 1.12 (b)].
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1.2.2 Kondo model

In 1964, Kondo explained how the internal spin flip of conduction electron and impurity during

the scattering of conduction electrons from magnetic impurities affect resistivity [114]. Consider

conduction electron with wave number k and spin-down ↓ collide with impurity in a state with spin

up ↑ and scattered into a final state of wave number k′ with spin-down ↓, along with the impurity

remains in a state with spin up ↑. The matrix element during this scattering process can be expressed

as-

J(k↓, ↑→k′↓, ↑) (1.10)

Figure 1.13: Schematic representation of the spin-flip scattering process in which a down-spin con-
duction electron (thick line) is scattered by the impurity (dotted line) into an intermediate spin-up
state [117].

This type of scattering has initially been considered and J is the exchange coefficient. Kondo con-

sidered a higher-order correction term in Eq. (1.10) that involves intermediate state of spin-flip of

impurity and conduction electron where the electron is scattered into the state with wave number k′′

and spin up ↑ leaving the impurity is a spin down state ↓ after scattering before going to final state as

in Eq. (1.10). The schematic representation of this scattering process is shown in Fig. 1.13. Accord-

ing to quantum mechanics, the total matrix element after a sum of k′′ over all possible intermediate

states involved in this scattering process is given by-

∑
k′′

J(k↓, ↑→k′′↑, ↓).J(k′′↑, ↓→k′↓, ↑)
1− fk′′

ϵk − ϵk′′
(1.11)
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where ϵk is the energy of electron with wave no. k and fk is unity if the state k is occupied and 0 if

it is empty. The term 1− fk′′ is taken to exclude an occupied state k′′ from the sum. Let us assume

J is a constant and the sum over k′′ is replaced by the integral over the density of state ρk′′ , which is

also assumed to be a constant. The Eq. (1.11) becomes-

J2ρ

∫
1− fk′′

ϵk − ϵk′′
dk′′ = J2ρ

∫ D

ϵF

1

ϵk − ϵk′′
dk′′ (1.12)

In the above expression, we assume the electron energy takes a value between 0 and D, and the states

below the Fermi level ϵF are occupied. For the occupied states below ϵF , fk = 0. The result of the

integral in Eq. (1.12) is-

J2ρlog

(∣∣∣∣∣ϵk − ϵF
ϵk −D

∣∣∣∣∣
)

(1.13)

We must add the first term J to the above spin flip correction term to the matrix element-

J + J2ρlog

(∣∣∣∣∣ϵk − ϵF
ϵk −D

∣∣∣∣∣
)

(1.14)

The scattering probabilityWk of the electron is proportional to the square of the total matrix element,

which gives-

Wk ∝ J2 + 2J3ρlog

(∣∣∣∣∣ϵk − ϵF
ϵk −D

∣∣∣∣∣
)

+O(J4) (1.15)

To calculate the resistivity, we must consider the electrons whose energy lies within a window of

about kBT about the Fermi energy. This means |ϵk − ϵF | ≈ kBT and find the resistivity of the form-

R(T ) = R0

[
1 + 2Jρlog

(∣∣∣∣∣ kBT

D − ϵF

∣∣∣∣∣
)]

(1.16)

Hence, the internal spin flip of the impurity and scattered electron could give rise to a resistiv-

ity contribution behaving as log(T) , and hence provide a satisfactory explanation of the observed
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resistance minima. If J>0, then the interaction leads to align the spin of conduction electron and im-

purity in the same direction (ferromagnetic case). If J<0, then the interaction leads to align the spin

of conduction electron and impurity in the opposite direction (antiferromagnetic case). Only in the

antiferromagnetic case the extra scattering term give a contribution to the resistivity that increases as

the temperature is lowered. The so-called Kondo temperature (Tk) is roughly a temperature at which

the resistance starts to increase logarithmically. As the temperature is lowered (T tends to 0), the

above expression diverges and the magnetic impurity spin screened out by conduction electron and

behaves like non-magnetic impurity giving a temperature independent contribution to resistivity. In

several systems, the very low temperature behaviour (T << Tk) of resistivity can be explained in

term of a Fermi-liquid [118] or a non-Fermi liquid [119] of heavy quasi-particles (heavy fermion is

electron with enhanced effective mass).

Figure 1.14: Sketch of the (a) Kondo screening, and (b) RKKY interaction [120].

The Kondo effect was subsequently explained in terms of antiferromagnetic exchange coupling be-

tween the delocalized conduction electrons and localized spins associated with the magnetic impu-

rity atoms [115]. The localized spin is screened by conduction electron and gives rise to the Kondo

effect, as shown in Fig. 1.14 (a). When the concentration of the magnetic impurity is sufficiently

large, another resistivity minimum may appear above or below the Kondo minimum temperature
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depending on whether the RKKY interaction between the spins [Fig. 1.14 (b)] is stronger or weaker

than the Kondo coupling [118, 121, 122, 123, 124].

Kondo systems can show fascinating magnetic behavior as the localized spin S can interact with

conduction electrons of the host matrix through n different orbital channels (name them like dxx,

dxy, etc.) [125, 126] which in turn decides whether the spin will be (i) exactly compensated, leading

to spin singlets giving rise to Fermi liquid behavior, (ii) under-compensated, leaving an effective

spin degeneracy at low temperatures in zero field for magnetic elements with more than one spin

configuration and (iii) over-compensated leading to quantum critical behavior as temperature and

magnetic field tend to zero, giving rise to non-Fermi liquid behavior [125, 126, 127].

Since the initial discovery of the Kondo minimum in the temperature-dependent resistivity of dilute

systems, this phenomenon has been observed in a wide array of materials, including graphene [128],

indium tin oxide (ITO) nanowires [127], and quantum dots based on Ga-Al-As interfaces [129], all

without the introduction of magnetic dopants. The presence of local magnetic spins in these systems

primarily arises from defects and vacancies. For example, defects in graphene lead to an imbalance

between its sublattices, resulting in the emergence of π-states with energies close to the Dirac point.

When these states are singly occupied due to Coulomb repulsion, they give rise to amagneticmoment

[130]. In the case of ITO nanowires, oxygen vacancies near Sn sites serve as magnetic impurities

[127].

The Kondo effect has been the subject of extensive investigation within heavy fermion Ce, Yb, and

U-based intermetallics and compounds. This phenomenon arises from the single-ion Kondo ex-

change interaction, where the localized 4f/5f moments hybridize with itinerant electrons, resulting

in the creation of either dense Kondo lattices or Kondo insulators characterized by a finite band gap

[131]. In these systems, the on-site Kondo interaction competes with long-range RKKY exchange

interactions mediated by itinerant Landau quasiparticles, leading to the emergence of long-range

ordered magnetic states [123, 132, 133, 134, 135, 136]. In certain compounds, non-thermal param-

eters such as pressure, magnetic fields, and composition have been manipulated to drive the system

toward a quantum critical state, unveiling intriguing and exotic properties [135, 137, 138, 139]. In

most heavy fermion systems, the long-range ordered anti-ferromagnetic or ferromagnetic phases
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become evident at temperatures below the Kondo minimum temperature [140]. This thesis work is

primarily focused on investigating and enhancing the understanding of the above mentioned intrigu-

ing transport properties (AHE, THE, and Kondo effect) in Mn-based intermetallic compounds.

1.3 Intermetallic compound

Intermetallic compounds are a class of metal alloys that form ordered solid compounds involving

two or more metallic elements and optionally one or more non-metallic elements [141]. The inter-

metallic compounds are not only fascinating from the fundamental perspective owing to their rich

functional properties but also for their potential applications, such as magnetic materials, supercon-

ductors, hydrogen storage, shape memory alloys, coating materials, and dental amalgams [142].

Particularly, Mn-based intermetallic compounds gained wide interest due to their exotic functional

properties, such as large anomalous Hall [6] and Nernst effects [143], shape memory effect [144],

magnetocaloric effect [145], skyrmionic phase [69], giant barocaloric [146] and baromagnetic ef-

fects [147], superconductivity [148] and many other properties, which make them useful candi-

dates for potential applications in refrigeration, biomedical, aerospace, future spintronic devices,

etc. [142]. In the present thesis work, we have studied the specific group of Mn-based intermetallic

compounds such as Mn-based Heusler compound, Mn-based pnictide, Mn-based antiperovskite.

1.3.1 Mn-based Heusler compound

In 1903, Friedrich Heusler first discovered a ferromagnetic material Cu2MnAl, although none of

its constituent elements is magnetic at room temperature by itself [149, 150]. Heusler compounds

are a large family of binary (X3Z), ternary (X2YZ and XYZ), and quaternary (XX′YZ) compounds,

where X, X′, and Y are transition metals or lanthanides, and atom Z belongs to main group ele-

ments [151, 152, 153]. The Heusler compounds, a tunable class of materials, have recently gained

tremendous interest in the field of spintronics [151, 152, 153, 154, 155]. The extensive tunability

of the Heusler compounds, like modification in the crystal structure through chemical substitutions

and structural motifs puts these systems particularly interesting from both fundamental physics and

technological application point of view [152, 156, 157, 158, 159]. On the basis of stoichiometry and
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Figure 1.15: (a) Regular cubic Heusler structure. (b) Regular tetragonal Heusler structure. (c)
Inverse cubic Heusler structure. (d) Inverse tetragonal Heusler structure [160].

crystal structure, Heusler compounds can be divided into three main classes: full-Heusler, inverse-

Heusler, and half-Heusler [152].

Full Heusler compounds have complete Heusler composition X2YZ (2:1:1) and can be divided

into two groups of regular and inverse Heusler compounds [151]. Regular Heusler compounds

exhibit either the face-centered cubic [centrosymmetric space group Fm-3m (225)] or the body-

centered tetragonal [centrosymmetric space group I4/mmm (139)] crystal structure, as shown in

Fig. 1.15 (a) and Fig. 1.15 (b), respectively [151]. Inverse Heusler compounds have an inverse

crystal structure as compared to the regular Heuslers. Inverse Heuslers may crystallize in either

face-centered cubic [non-centrosymmetric space group F-43m (216)]] or body-centered tetragonal

[non-centrosymmetric space group I-4m2 (119)], as shown in Fig. 1.15 (c) and Fig. 1.15 (d), respec-

tively [151]. Half-Heuslers are Heusler compounds with chemical composition of XYZ (1:1:1). The
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half-Heusler compounds exhibit the same crystal structure as inverse Heuslers [151].

All the aforementionedHeusler classes are ternary. In addition to these, Heusler alloys are sometimes

extended to binary and quaternary structures as a result of the structural variations and chemical

substitutions. The Binary Heuslers with chemical composition X2Z and X3Z (for example Mn2Sb,

Fe2Sb, Fe3Al andMn3Ga,) exhibit the same crystal structure as the half and full Heusler compounds,

respectively [151, 152]. Quaternary Heuslers have two different X atoms from transition group in

the structure, forming chemical composition of XX′YZ, for example CoFeMnSi [151]. Quaternary

Heuslers show the same crystal structure as half or inverse Heusler compounds [151].

Heusler compounds have recently attracted tremendous interest due to their exoticmagneto-transport

properties associated with the unique electronic band structure, which gives rise to non-trivial topo-

logical phases of matter, such as topological insulators, Dirac and Weyl semimetals [153]. Several

Heusler systems such as Co2MnGa [153], Co2MnAl [161], and Co2TiX (X=Si, Ge) [162] are found

to exhibit large AHE originating from their unique band structure due to the combined effect of

crystal structure and spin-orbit interaction. In recent years, the correlation between crystal structure

and AHE has been widely studied in Co2-based [156] and Fe2- based Heusler compounds [163].

Figure 1.16: Density of state for (a) Metal (b) Half-metal (c) Spin-gapless semiconductor [181].

24 Nisha Shahi



Chapter 1. Introduction and Literature Review

Among Heuslers, Mn-rich Heusler compounds have attracted a great deal of interest as spin gapless

semiconducting and half-metallic ferri- and ferromagnets and as materials for spintronic applications

[164]. Half-metals and spin-gapless semiconductors are a specific class of materials that have novel

spin-dependent electronic properties, owing to their unique electronic structure [165]. The band

structure of these materials have an energy gap for one spin state (minority spin down) in contrast to

metal and the band gap disappears for the other spin state (minority spin up), as shown in Fig. 1.16.

Fig. 1.16 (b) and (c) indicates that the only difference between the band structure of half metal and

spin gapless semiconductor (SGS) is that the maxima of valence band and minima of conduction

band for majority spin up channel touch each other at a point in the SGS, whereas in half metal

these bands are completely overlapping on each other near the Fermi level [165]. This phenomenon

leads to 100% spin-polarization and promising spin-controlled electronic andmagnetic properties for

spintronics applications [165, 166]. Another important difference between a half-metal and SGS is

the value of AHC at room temperature, SGSs generally have about one order less AHC as compared

to the half-metals [165].

Figure 1.17: Schematic diagram of thermally driven martensitic transition [180].

In addition to the aforementioned properties, Mn-richHeuslers show other fascinatingmulti-functional

properties like magneto-caloric effect [167], shape memory effect [144], THE [69, 70, 71, 72, 73],

etc. Mn-based Heusler compound with shape memory effect exhibit thermally activated structural

phase transition from high temperature austenite (cubic) to low temperature martensite (tetragonal)

phase [168, 169, 170, 171] [Fig. 1.18], may provide a perfect platform to better understand the cor-
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relation between crystal symmetry and electronic transport properties of materials. A similar study

has recently been done on Ni2MnGa magnetic shape memory (MSM) Heusler compound exper-

imentally, in which a large intrinsic anomalous Hall conductivity (IAHC) ∼57.9 S/cm has been

observed in low-temperature tetragonal phase as compared to the IAHC of ∼21.5 S/cm in the high-

temperature cubic phase [172]. This study indicates the intrinsic mechanism is getting suppressed

when moving toward the highly symmetric cubic crystal system.

Particularly, Mn-based inverse Heusler compounds are interesting for realization of skyrmion like

topologically stable spin texture because of their low saturation magnetization, low damping and

high Curie temperature [173]. Notably, these compounds often exhibit competition between ferro-

magnetic and antiferromagnetic exchange interactions, which may lead to non-collinear magnetic

texture [174, 175, 176]. In spintronics, one of the critical challenges is to find suitable materials

that can retain their magnetic properties at room temperature or higher temperature [177]. In this

context, the high Curie temperature Mn-based inverse Heusler compounds, which exhibits low sat-

uration magnetization and low damping, is a potential candidate to explore skyrmion like non-trivial

spin texture [178, 179].

1.3.2 Mn-based pnictide

Figure 1.18: Crystal structure of (a) Mn-based binary pnictide; (b) Mn-based antiperovskite [182].

A pnictogen is the group (V) elements of the periodic table, which is also known as nitrogen group
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or nitrogen family. Group (V) consists of the elements nitrogen (N), phosphorus (P), arsenic (As),

antimony (Sb), bismuth (Bi), and moscovium (Mc) [183]. Binary compounds having a single el-

ement from the group (V) can be referred to collectively as pnictides. A theoretical study on Mn-

based pnictides with formula MnX (X=N, P, As, Sb) suggests the occurrence of exciting properties

like unique electronic band structure, elastic properties and mechanisms of superconductivity under

high pressure [184]. The Mn-pnictides like MnBi, MnSb, MnAs with NiAs-type hexagonal struc-

tures [Fig. 1.18 (a)] gained renewed recognition in high-temperature spintronics research due to their

high Curie temperature, spin reorientation transition (SRT), and large uniaxial magneto-crystalline

anisotropy with the magnetic easy axis parallel to the c-axis of the crystal system [185, 186, 187,

188, 189, 190]. These fascinating properties of Mn-pnictides make it a potential candidate for com-

prehensive magneto-transport studies such as AHE and THE.

1.3.3 Mn-based antipervoskite

Antiperovskites (or inverse perovskite), which are derived from perovskites, are the most adapt-

able and well-studied crystal structure [191]. Antiperovskites have stoichiometry X3BA with cubic

structure and Pm-3m space group [Fig. 1.18 (b)], same as perovskites with a general formula ABX3

[191]. The key difference is that the positions of the cation and anion constituents are reversed in

the unit cell structure as compared to the perovskites. Antiperovskites constitute an important class

of materials with potential for a diverse range of technologically important functional and multi-

functional properties like geometrically frustrated magnetism [192, 193, 194, 195], giant magnetore-

sitivity [196], magnetostriction [197, 198], magnetocaloricity [199, 200], superionic conductivity

[201, 202, 203], superconductivity [204, 205], meta-thermal expansivity [206, 207, 208, 209], elec-

trocatalysis [210], luminescence [211, 212], to name a few. The structure of these antiperovskites

offers enormous flexibility in accommodating various chemical substitutions at the three sites and,

thereby scope for improving the functional behavior of these materials. Among these antiperovskite

compounds, the Mn-based antiperovskites with the chemical formula Mn3BA, where B can be Ni,

Ga, Sn, Cu, etc. while A can be C, N, B, have attracted a lot of attention in recent years due to

their large negative thermal expansion [213, 214, 215, 216], large magnetovolume effect [217], gi-

ant barocaloric effect [146], large AHE [218, 219, 220, 221], anomalous Nernst effect [143, 222]
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and electrical switching of spin-orbit torque [223].

1.4 Objective of the present work

TheMn-based intermetallic compounds, which facilitate high Curie temperature [178, 179, 185, 186,

187, 188, 189, 190] and the enormous flexibility of accommodating various kind of structural defects

[224, 225, 226, 227, 228] andmagnetic transitions [185, 186, 187, 188, 189, 190], are not only poten-

tial platform to establish a correlation between crystal structure, magnetic structure, Berry curvature,

and magneto-transport properties but also for real-life applications of spintronic-based devices. No-

tably, these compounds typically exhibit significant magnetocrystalline anisotropy [229, 230] that

may give rise to the THE due to the emergence of the microscopic non-coplanar spin textures or

mesoscopic skyrmions, which is promising for future energy-efficient data storage-based spintronic

devices [60, 87, 88, 89, 90, 91]. Furthermore, magnetic impurities arising due to defects/disorders

may give rise to other exotic transport phenomena, such as the Kondo effect [104].

The discovery of the spin gapless semiconducting behavior in aMn-richHeusler compound,Mn2CoAl,

puts this material forward as an important candidate for technological application in the field of spin-

tronics [11, 14, 179, 231]. Experimental studies on thin film as well as bulk systems of Mn2CoAl

reflect that most of the systems crystallize with compositional and/or anti-site disorder [227, 228,

232, 233, 234, 235, 236, 237, 238, 239, 240]. Theory suggests that the AHC, due to Berry curvature

in theMn2CoAl compound, should be close to zero as a consequence of the broken time-reversal and

space-inversion symmetry. However, the reported experimental value of AHC is not consistent with

the theory [231]. A theoretical investigation considering anti-site disorder suggests an enhancement

in AHC, necessitating a detailed experimental and theoretical investigation to understand the origin

of AHC in the Mn2CoAl Heusler compound [241]. Our objective is to investigate the crystal struc-

ture and AHE in the Mn2CoAl compound through both experimental and theoretical approaches.

Recently, skyrmionic THE has been observed in the thin film form of the Mn2CoAl compound due

to interfacial DMI in the system [242]. Although the Mn2CoAl 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 [243].
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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 theMn2CoAl

compound [175, 176, 240]. Therefore, the competition between the cubic MCA, which is expected

in the cubic crystal systems [229], and the Heisenberg exchange interactions may create the non-

coplanar spin texture [97, 100, 148, 229]. Our aim is to search for the THE resulting from the

anticipated non-coplanar magnetic texture in the bulk Mn2CoAl compound.

Another class of Mn-based Heusler compounds that exhibit the AHE and shape memory effect fea-

turing the structural phase transition from high-temperature austenite (cubic) phase to low-temperature

martensite (tetragonal) phase [168, 169, 170, 171], are fruitful candidates to establishwhether there is

any straightforward connection between crystal structure, Berry curvature and anomalous transport

phenomena. Our aim is to study the different aspects of the scattering mechanism in the Mn2NiGa

MSM Heusler compound by analyzing the resistivity, magnetoresistance, and Hall data.

A recent study on a Mn-pnictide, MnAs compound has been demonstrated the SOC-induced band

splitting and enhanced intrinsic AHC depending on the magnetization orientation [34, 36]. This ob-

servation inspired us to explore other Mn pnictides. The electronic band structure and magnetic state

of the MnSb Mn-pnictide suggest significant hybridization between the Mn 3d and Sb 5p orbitals,

which is responsible for the stabilization of the ferromagnetic state as compared to the other 3d

transition metal mono-antimonides [185]. A neutron diffraction study [244] and a recent magneto-

transport study [188] in a composition close to MnSb indicates the presence of spin reorientation

transition (SRT) and AHE, respectively. Our objective is to investigate the AHE in a pure stoichio-

metric MnSb compound using both experimental and theoretical methods to explore the effect of

SRT on the strongly hybridize electronic band structure and the AHE.

Very recently, in a similar Mn pnictide, MnBi, the THE has been discovered due to the microscopic

non-coplanar spin structure and the mesoscopic topological skyrmionic bubble, resulting from the

uniaxial magnetocrystalline anisotropy [230]. This finding motivated us to search for the possible

THE in the MnSb compound with large uniaxial magneto-crystalline anisotropy. Therefore, we

also aim to search the THE due to the possible emergence of skyrmionic bubble and/or microscopic

non-coplanar magnetic structure in the MnSb compound.
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Besides the Mn-rich Heusler compounds and Mn-based pnictides, the Mn-based antiperovskite ni-

trides offer exotic transport properties such as AHE [224] and anomalous Nernst effect [143, 222]

due to their ability to accommodate atomic disorder/displacement at any of the three atomic sites

[224, 225, 226]. Our objective is to analyze the temperature-dependent resistivity data in order to

search the Kondo effect due to a very small fraction of Mn spins occupying the Ga lattice sites in

a geometrically frustrated antiferromagnetic compound Mn3GaN, belonging to the family of Mn-

based antiperovskite nitrides.

In a similar Mn-based antiperovskite nitride, Mn3SnN, the AHE has been observed due to the weak

magnetic moment induced by spin canting from Γ5g antiferromagnetic spin configuration [224].

The spin canting occurs due to structural symmetry lowering induced by large displacements of the

magnetic manganese atoms away from high-symmetry positions. Similar atomic displacement has

also been expected in the Mn3GaN compound [224]. Our aim is also to investigate the AHE in the

Mn3GaN compound due to the possible spin canting from Γ5g antiferromagnetic spin configuration.
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