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Chapter 1: Introduction

Chapter 1

Introduction

In this chapter, we discuss the fundamentals of metal-insulator
transition and the anomalous Hall effect in the context of rare-
earth nickelates and Heusler alloys. A brief review has been given
on some exotic and novel properties of rare-earth nickelates and
Coz-based topological Heusler alloys. An overview of the thesis is
also presented to highlight the main observations made in this

thesis.



Chapter 1: Introduction

1 Introduction

1.1 Preface

Transition metal-based compounds are unambiguously the main area of interest and the
foundation for a large field of physical phenomena: the physics of strongly correlated electrons.
They exhibit a variety of fascinating phenomena, like metal-insulator transition (MIT), colossal
magnetoresistance, multiferroicity, high-temperature superconductivity, etc [1]. Recently, they
have also attracted particular interest due to their topologically non-trivial band structure which
leads to various exotic transport properties such as the anomalous Hall effect (AHE),
anomalous Nernst effect, Fermi arc surface states, and chiral anomalies [2—10]. The key factor
determining the diversity of behavior of these materials is that their electrons can be in two
conceptually quite distinct states: they can be either localized at corresponding ions or
delocalized, itinerant, as in normal metals. The focus of this thesis is primarily on two particular

phenomena in 3d transition metal-based compounds: the MIT and the AHE.

The phenomena of MIT, where a metal with delocalized electrons makes a transition to an
insulating state with strongly localized electrons, is one of the oldest topics in condensed matter
physics, yet it is also one of the most fundamentally least understood problems. A variety of
systems, including oxides, chalcogenides, and doped semiconductors, exhibit MIT [11-19]. In
contrast to elemental materials, the physical properties of systems near MIT evolve
dramatically with changes in control parameters such as carrier concentration, temperature,
pressure, or external magnetic field [14,18,20-26]. Historically, the field of MIT progressed in
two major directions. One direction is the correlation-driven Mott transition [27], where strong
electron correlation leads to the splitting of the density of states (DOS) at the Fermi level (Er)
and N(Er) - 0. These types of transition are generally first-order in nature and the MIT is
observed as a function of temperature. The other broad direction is the disorder-driven
Anderson transition, where the electronic states close to the E are localized although N(Ey)
remains finite, i.e., N(Ep) # 0[18,28,29]. In general, the concept of a mobility edge is used to
distinguish between extended and localized states in the energy space. These types of transition
are generally second-order in nature, and often tuned by disorder and/or carrier density, which

tune the mobility edge and Eg, respectively. In recent years, there has been a convergence of
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the two directions known as the Mott-Anderson transition, in which both disorder and
correlation are present [17,30,31]. It has been also demonstrated that the existence of disorder

in a Mott transition significantly modifies the N(Er) [32].

The perovskite rare-earth nickelates, with the generic formula RNiOs (where R is a lanthanide
rare-earth), are a large class of solids for which MIT has been extensively studied due to the
strong correlations between the charge, spin, and lattice degrees of freedom [14,15,19]. The
rare-earth nickelates show a temperature-driven MIT from a high-temperature orthorhombic
(Pbnm) metallic phase to a low-temperature monoclinic (P21/n) insulating phase, with the
exception of LaNiOs, which is rhombohedral (R3c) and a paramagnetic metal at all
temperatures in the bulk [15]. Despite numerous experimental and theoretical studies on MIT
in rare-earth nickelates, there are still several fundamental aspects that require a better
understanding, such as the issue of slow relaxations, the consequences of electronic phase
separation, and the nature of fluctuation dynamics close to MIT temperature. In this thesis, we

have studied some of these emerging aspects of MIT in perovskite rare-earth nickelates.

Another phenomenon that we have studied in this thesis is the AHE in cobalt (Coz)-based
ferromagnetic full Heusler compounds (hereafter we will use the word Co2-based for “cobalt-
based” in this whole thesis). The AHE appears in solids with broken time-reversal symmetry,
typically in a ferromagnetic phase, as a consequence of spin-orbit coupling (SOC) [33]. The
origin of AHE in magnetic materials is one of the most intriguing aspects of condensed matter
physics, and the intrinsic or extrinsic contribution of the AHE is still very elusive. In
ferromagnetic materials, in addition to the ordinary Hall effect resulting from the Lorentz force
deflecting moving charge carriers in a magnetic field, there is an anomalous term that is
proportional to spontaneous magnetization [33]. The AHE in these compounds arises by either
an intrinsic mechanism [34] that can be explained by the Berry phase effect of the occupied
electronic Bloch states [35,36] or an extrinsic mechanism which can be explained by
asymmetric scattering of the conduction electrons in the presence of SOC or impurities [37—
39]. For a long time, it was considered that anomalous Hall conductivity (AHC) scaled with
the magnetization of the sample. According to this concept, any ferromagnetic material
possesses an AHE, but it is zero for an antiferromagnet due to magnetic sublattice
compensation. Therefore, the AHE has been regarded as the primary indicator of finite
magnetization in ferromagnets. However, it was only recently discovered that the intrinsic
contribution to AHE is not directly related to the sample’s magnetization but, rather, arises

from its net Berry curvature (BC) [40,41]. A necessary condition for a finite net BC and thus a
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nonzero AHE is the absence of symmetries (e.g. time-reversal symmetry or mirror symmetry).
In contrary to previous notions, it is thus possible to control the BC and the intrinsic AHE
through appropriate handling of symmetries and band structures, regardless of the finite value
of the magnetization [42].

Among various ferromagnetic materials, Co»-based ferromagnetic full Heusler compounds
have attracted immense interest due to their high Curie temperature and tunable electrical and
magnetic properties [43,44]. Particularly, the distinctive half-metallic characteristic makes
these compounds promising candidates for technological applications [45,46]. Recent band
structure calculations for these compounds reveal that the inclusion of SOC results in a unique
topological Weyl semimetal state with broken time-reversal symmetry [47]. Even though there
exist several topological Weyl semimetals with broken inversion symmetry [48-52], the
presence of such a semimetallic state in magnetic systems due to broken time-reversal
symmetry is extremely rare [53,54]. The BC associated with this topologically non-trivial band
structure leads to many novel and exotic magneto-transport properties [3,6-10,55].
Nevertheless, despite belonging to the same space group, Fm3m, their non-trivial topological
and magneto-transport properties are largely determined by their electronic band
structure [2,3,7,8,10,56-58]. In this thesis, we have also studied some of these emerging

topological aspects of AHE in Coz-based ferromagnetic full Heusler compounds.

1.2 Perovskite oxides: an overview

Perovskite oxides have the chemical formula ABO3z, where A and B are the two cations, with
A being larger than B, and O is an oxygen anion. The B cations are 6-fold coordinated with the
oxygen anions, yielding the BOs octahedra that serves as the fundamental structural and
functional unit of perovskites. Whereas, the A cations are 12-fold coordinated with the oxygen
anions [14,59]. The ideal perovskite structure is cubic with the space group Pm3m, as shown
in Fig. 1.1(a). For an ideal cubic structure, the lattice parameter (a) and ionic radii of A cations

(r,), B cations (1), and oxygen anions (7,,) should ideally follow the relation: a = 2(r, + 1) =

V2 (r, + 1,). But, in reality, this relationship does not hold for the majority of the perovskite
compounds, and structural distortions take place to optimize the ionic packing, moving the

system away from the ideal cubic. The tendency to distort can be measured using the

(ra +10)

Goldschmidt tolerance factor t, which is defined as: t = .
\/E(Tb +70)

Most cubic perovskite
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(d) (e) (f)

Figure 1.1: (a) and (b) Ideal cubic and orthorhombic structure of perovskite oxide. (c) The BOg

octahedra in Glazer notation. (d) Top view of BOs octahedra in an ideal cubic structure. (e) Top view
of BOg octahedra in orthorhombic structure. (f) Schematic of the <B-O-B> angle. The A cation is
represented by the purple central sphere in all panels, while the B cations are represented by the orange
spheres positioned at the corner of the cubic unit cell and 6-fold coordinated with the O anions (red).

The image is adapted from the reference [15].

structures are stable at 0.9 < t <1, however, other compounds relax to rhombohedral
symmetry. For t < 0.9, the crystal has a tendency to adopt a rhombohedral or orthorhombic
structure as shown in Fig. 1.1(b). When t > 1, the crystal typically exhibits ferroelectric
instability, and when t is increased further, it forms a hexagonal polymorph. Figure 1.1(e)
depicts the octahedral tilts that result in an orthorhombic structure from a cubic structure (figure
1.1(d)). Glazer's pioneering studies [60,61] classified the symmetry-allowed rigid rotations of
BOs octahedra in perovskite compounds, showing that the most common distortions of the BOg
network can be described as simple octahedral rotations «, f, y about the x, y, z principal
crystallographic axes of the perovskite lattice, respectively, as shown in Fig. 1.1(c). The B-O-

B bond angle (super-exchange angle), depicted in Fig. 1.1(f), which scales proportionally with
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t, is commonly used to measure the degree of distortion of perovskite compounds [15]. In the
next section, we will discuss a particular example of an electronic phase transition in perovskite

oxides: the metal-to-insulator transition.

1.3 Metal-insulator transition

The MIT occurs when a metal with electrons that have extended wave functions enters into an
insulating state with strongly localized electrons. A material can be classified as a metal or as

an insulator depending on its ability to conduct electrical current at T = 0 K. Generally, the

resistivity (p) of a metal increases with the temperature (g—g > 0), while for an insulator the p

decreases with the temperature ( Z—i < 0). However, the pristine definition of a metal and an

insulator is ¢ # 0 and o = 0 respectively at T - 0, where o is the electrical
conductivity [20,26]. In the next subsections, we will discuss how one can achieve a transition
from metal to insulator and vice versa. Particularly, we will discuss the correlation-driven Mott
and disorder-driven Anderson transitions in this context, as other MITs are beyond the scope
of this thesis.

1.3.1 Correlation-driven Mott transition

In a brief description, the energy spectrum of electrons consists of energy bands with forbidden
states (energy gaps) between them, and a material can be classified as a metal or insulator based
on its filling. Thus, for insulators, the highest occupied band is filled, whereas, for metals, it is
partially filled. Although this band theory proved successful in explaining most of the
electronic transport properties of solids, several transition metal oxides having a partially full
d-band, such as NiO, CoO, MnO, or FeO, are discovered to be insulators, contradicting the

conventional band theory [1].

It was N. F. Mott in 1949, aiming to resolve this inconsistency, who proposed strong electron-
electron correlations, in order to explain the insulating state in materials with partially filled
bands [62,63]. His model consisted of a lattice with one electron occupying each site. In the
absence of on-site electron-electron interactions, the atomic orbitals overlap to form a single

half-filled band. When each site is occupied by two electrons, one with spin-up and one with
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spin-down, the band is considered to be full. However, in the case of strong Coulomb repulsion,
the energy cost of hosting two electrons on the same site can be sufficiently large to split the
band into a lower band of singly-occupied sites and an upper band of double-occupied sites.
With one electron per site, the bottom band will be full and the upper band empty, leading to

an insulating system known as a “Mott insulator”.

a a
Upper Hubbard band Upper Hubbard band
e Eam el Eg A[E==——— Eyp
Al U U
p-band
Lower Hubbard band
Lower Hubbard band
p-band
Mott-Hubbard insulator Charge transfer insulator

Figure 1.2: (a) Band diagram for Mott-Hubbard insulator and (b) Charge transfer insulator. The A

stands for the charge transfer energy and U is the Coulomb repulsion.

The first theoretical model was introduced by J. Hubbard in 1963 [64] to explain Mott’s idea

of the insulating state, who proposed the so-called Hubbard Hamiltonian Hy.
Hy = —t Yeijoo Ci Cio + U Tinynyy (1.1)

Where t is the hopping integral and represents the kinetic energy term, U denotes the onsite
Coulomb interaction, and n denotes the number operator. The electrical state of the compound

is determined by the competition between U, B (bandwidth of the d band before splitting), and
t. When % << 1, the kinetic energy term dominates, and the system is metallic; for % >> 1,

the onsite coulomb energy dominates, and the system is driven to an insulating state. Thus, by
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tuning the % ratio, a system can be driven from a metallic to an insulating state; such transitions

are known as "Mott-Hubbard" transitions.

Furthermore, it has been found that the bandgap is modulated by the type of ligand associated
with the transition metal ion [26]. In some transition metal oxides, the direct overlap of d-
orbitals is so small that the d-electrons can hybridize with the ligand oxygen atoms.
Additionally, if the oxygen p-band is located closer to the Fermi energy, the energy gap is
established between the upper Hubbard d-band and the oxygen p band rather than between two
d-bands. This type of insulator is known as the charge-transfer insulator, and it is discussed by
Zaanen, Sawatzky, and Allen [65]. According to this scheme, cuprates and nickelates would
be charge transfer insulators, while titanates and vanadates should be Mott insulators [13]. In
Fig. 1.2(a), we demonstrate that when U < A, the Mott-Hubbard picture is followed and that
the p-band is below the lower Hubbard band. However, when U > A, a gap appears between
the upper Hubbard band and the ligand p-band because the LHB is below the ligand p-band;

these insulators are known as charge transfer insulator and is depicted in Fig. 1.2(b).

1.3.2 Disorder-driven Anderson transition

Both Mott and band insulators were described in the context of a perfect crystal. However, in
reality, crystals are never free of disorder. As the degree of the disorder increases, the material
may become amorphous and lose its lattice periodicity. The question then arises as to how one
would define the insulating state. To be more specific, what will be the wave function of an

electron in a random potential?

In 1958, P. W. Anderson was the first to point out that the wave function can change drastically
in the presence of strong disorder, i.e., in a random potential [28]. He suggested that the wave
function gets localized and its envelope decays exponentially from some point in space r,, and
it can be written as, |¥(1y)| ~ exp(|r — 191/€), where £ is the localization length. Figure 1.3
(@) and (b) illustrate that in the presence of weak disorder, a Bloch wave will lose phase
coherence along the length scale of the inelastic scattering length but will stay extended overall.
The disorder will cause some randomness in the potential, but nearby localized orbitals will
almost degenerate in energy and will thus overlap, forming an extended wave. However, if the
disorder is sufficiently large, the random potential fluctuates strongly throughout the
characteristic distance of orbital exponential decay, and hence nearby states are very unlikely
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to have similar energies. States with similar energies may be very far apart in space, hindering

any overlap and thus the formation of an extended state.
@) (b) s T
— f — - \\
/ it AW Vv
N /\ /\ /\ /\ /\ / 20 7’\”/0\ /\ N ~s

Figure 1.3: (a) The wave functions of extended state with mean free path [. (b) The wave function of

localized state with localization length &. The figure is adapted from the reference [18].

After a brief overview and some basic knowledge of crystal structure and electronic properties
in the context of MIT, in the next section, we will discuss the rare-earth nickelates (RNiO3)

system, which is one of the key materials investigated in the thesis.

1.4 Rare-earth nickelates (RNiO3)

Rare-earth nickelates are a fascinating class of materials that displays a strong interplay
between charge, spin, lattice, and orbital degrees of freedom. Nickelates are perovskite oxides
with the chemical formula RNiO3z where R is a trivalent rare earth R = La, Pr, Nd, Sm,..., Lu.
The nickelates were first synthesized in 1971; however, they were not investigated
systematically until 1991 [11,66]. Nickelates have generally been disregarded in comparison
to other perovskite families such as titanates, manganites, and cuprates. One of the primary
reasons for this was the difficulty in synthesizing nickelates due to the poor stability of the Ni%*
state at ambient pressure and high temperature [67,68]. Later, certain chemical methods were
used to synthesize polycrystalline bulk nickelate samples under ambient oxygen pressure and
high temperature. These compounds have a diverse set of structural and physical properties,
which are described in the phase diagram as shown in Fig. 1.4. In the next subsections, we will

talk more about their electrical, structural, and magnetic properties.
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1.4.1 Structural, electrical, and magnetic properties of RNiO;

For along time, it was believed that the crystal structure of the RNiO3 family was orthorhombic

(space group Pbnm) in both the metallic and insulating regimes, with the exception of LaNiOs,

<Ni-O-Ni> angle (°)
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Figure 1.4: The phase diagram of rare-earth nickelates (RNiOs). The image is extracted from the

reference [15].

which crystallizes in a rhombohedral structure (space group R3C) as shown in Fig. 1.4. Early
on, it was understood that the MIT occurs simultaneously with an increase in the volume of the
unit cell and that sharp MITs often involve a structural phase transition. Neutron diffraction
and high-resolution X-ray diffraction measurements were used to study this phase transition.
These investigations demonstrated that the insulating phase had two distinct NiOs octahedral

groups, leading to a monoclinic distortion and the space group P2:/n [69-72].

The sharp MIT that the rare-earth nickelates exhibit when the temperature falls below a
characteristic temperature, Ty,;, that varies on the rare-earth size, except for LaNiOsz, which is

metallic at all temperatures and is arguably one of the most remarkable characteristics of these
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compounds. The MIT temperature (T,,;) is correlated with the extent of orthorhombic distortion
in the family. As the distortion increases and the Ni-O-Ni angle decreases from 180° (as well
as the tolerance factor t), the p — d orbital overlap and hence the hopping strength decreases
as well. As a result, the bandwidth of the system W is reduced and T,,; increases from ~ 100
K for PrNiOs to ~ 600 K for LuNiOz as shown in Fig. 1.4 [15,73]. In fact, one may tune the
Ty by selecting a combination of different rare-earth elements, such as at room temperature
for the mixed compound NdosSmosNiOsz. Thus, the T,,; is strongly related to the chosen rare-
earth and thus, the Ni-O-Ni bond angle.

In addition to a structural and electrical transition, a paramagnetic to antiferromagnetic
transition also takes place when the temperature of RNiOz compounds is lowered. At high
temperatures, RNiOs compounds are metallic and paramagnetic, whereas the insulating ground
state is antiferromagnetic (shown in Fig. 1.4). On the other hand, LaNiO3 remains paramagnetic
at all temperatures. The spin order of these compounds is also linked to the ionic radii at the R
site. For instance, when the ionic radius is considerably bigger (e.g. Pr and Nd), it exhibits both
the MIT and antiferromagnetic ordering of nickel moments the transition is first-order in nature
and the resistance displays hysteresis upon thermal cycling. For R ions with lower ionic radius,
the antiferromagnetic transition decouples from the MIT and the Neel temperature Ty < T,
and hence, the system goes through two transitions: from a paramagnetic metallic to a
paramagnetic insulating phase at high temperatures, and then to an antiferromagnetic insulating
phase at lower temperatures [26,74]. For R ions with lower ionic radius, in the temperature-
dependent resistivity curves, no hysteresis is observed [20]. In the next subsection, we will try
to understand the MIT in RNiO3z systems.

1.4.2 Understanding of metal-to-insulator transition in RNiO;

The origin of the MIT in rare-earth nickelates and the nature of the insulating state are still

being debated. Nickelates have a 3d’ structure with a filled t,4 band and one electron in the
degenerate e, band. In general, the Ni%* should be Jahn-Teller active [75], which would lift the
degeneracy of the e, orbitals. This kind of lifting of degeneracy is seen in RNiOs, which has

smaller rare-earth ions. Interestingly, Jahn-Teller distortion has not been found for NdNiOz and
PrNiOs due to their large bandwidth [76—80]. Nevertheless, it has been noted that the insulating
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state and symmetry lowering are followed by the breathing mode distortion of NiOe octahedra,

leading to two distinct NiOg octahedra with a small volume difference.

There are several experimental and theoretical findings that are present in the literature to
understand these observations. Here, we will discuss a few of them. The well-known Zaanen-
Sawatzky-Allen (ZSA) diagram places RNiOs at the boundary between low A metals and
charge transfer insulators, implying that it has a poor metallic character [65]. The oxygen
isotope experiment on RNiOs by M. Medarde et al. revealed that electrons and lattice
interactions play a crucial role (other than bandwidth) and should be considered when studying
MIT in nickelates [81]. Later infrared spectroscopy experiments confirm this
hypothesis [82]. Khomski and Mazine's theoretical prediction indicated charge disproportion
(2Ni** > Ni**® + Ni®?) at the Ni site is responsible for the charge ordering in nickelates [79].
The experimentally observed value was found to be 0.2e, where e is electronic charge [79].
Another work by Millis et al. revealed that there is no charge ordering in RNiOs, holes in the
oxygen cause an asymmetrical coupling of the oxygen, leading to a bond disproportion [80].
The understanding of MIT in RNiOs is constantly changing due to new hypotheses and
findings [83,84]. However, the precise understanding of the insulating condition is still up for
debate.

After a brief overview of the MIT and the rare-earth nickelates, in the next section, we will
discuss the Heusler alloy, which is one of the important materials investigated in this thesis.

1.5 Heusler compounds: an overview

The history of one of the most fascinating material classes can be traced back to 1903 when
Fritz Heusler found that an alloy with the composition Cu2MnAl behaved like a ferromagnet
even though none of its components elements are magnetic [85]. The crystal structure of
CuoMnAl was not determined until 1934, when Otto Heusler, and Albert Bradley,
independently determined the structure [86,87]. Today, Heusler compounds are a vast family
of materials that include more than 1,000 compounds with various compositions and lattice
structures. Heusler compounds exhibit a variety of intriguing features, including half-metallic
ferromagnetism, thermoelectricity, spin-caloricity, and high spin-polarization [44,88-90].
They can also be metallic, semiconducting, superconducting, or half-metallic. The Heusler

class of compounds is unique because their structure is stable for a wide range of elements that
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can be replaced on any of the three different atomic sites within the unit cell. Heusler
compounds have also been found to possess several topological properties in addition to the
conventional ones mentioned above, such as topological superconductivity [91,92] and
different magnetic topological semimetals [3,6]. Therefore, Heusler compounds have the
potential for numerous technologically significant applications. Figure 1.5 depicts an overview
of the various elemental combinations that can be used for making these materials [44]. In the

next subsection, we will talk about the crystal structure of the Heusler compounds.

H X,YZ Heusler compounds He
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Figure 1.5: The periodic table of the elements. A large variety of Heusler materials can be obtained by

combining different elements following the colour scheme. The image is taken from reference [44].

1.5.1 Crystal structure of Heusler compounds

In general, Heusler compounds have a cubic structure and either an X>YZ (full-Heusler) or
XYZ (half-Heusler) composition, where X and Y are transition metals, with X being more
electropositive than Y, and Z is a main group element [10]. X atoms occupy (0, 0, 0) and (1/2,
1/2, 1/2) sites whereas Y and Z atoms occupy (1/4, 1/4, 1/4 ) and (3/4, 3/4, 3/4) sites,
respectively. The schematic representations of different Heusler structures are shown in Fig.
1.6. Full-Heuslers can be of two types: full-Heuslers or inverse-Heuslers. Full-Heusler
compounds with Cu,MnAl (L2; structure) as the prototype, adopt the centrosymmetric Fm3m

(225) space group. In contrast, inverse-Heusler with Li2AgSb as the prototype and half-Heusler
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(for which MgAgAs is the prototype) compounds have the noncentrosymmetric F43m (216)
space group. After a brief overview of the crystal structure of the Heusler compounds, in the
next subsection, we will discuss the Coz-based ferromagnetic full Heusler compounds which

is one of the investigating compounds in this thesis.

R ?’,.0?
Q z @

+X | ’

Half- Heusler(F43m) &o@

Exchange X and Y ’ ;f

oﬁ’

@ P

Regular-Heusler (Fm§m) Inverse-Heusler (F43m)

Figure 1.6: Crystal structure of full Heusler, half-Heusler, and inverse-Heusler alloys with their

respective space group. The image is adapted from the reference [10].

1.5.2 Co:-based ferromagnetic full Heusler compounds and
Slater-Pauling rule of magnetization
Among these various Heusler compounds, Coz-based ferromagnetic full Heusler compounds
have attracted immense attention in recent times because of their high Curie temperature and
tunable magnetic, electrical, and structural properties [44]. Especially, the unique half-metallic
character makes them a promising candidate for spintronics applications. It is well-established
that Coo-based half-metallic ferromagnetic Heusler compounds obey the Slater-Pauling (SP)
rule [93,94] of magnetization to predict their total spin magnetic moment, which scales linearly
with the number of valence electrons [46,95]. The SP rule is a straightforward method for

investigating the relationship between valence electron concentration and magnetic moments
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in ferromagnetic alloys [46]. Figure 1.7 displays the SP behavior of various Heusler
compounds including the Co.-based ferromagnetic full Heusler compounds. The electronic
structure of these compounds shows a minimum in the minority density of states, where the
Fermi level is pinned. The minority spin density is therefore fixed at a finite value, and as a
result, the number of majority electrons grows proportionally to the total number of electrons.

Because of this, the magnetic moment scales linearly with the number of valence electrons.

7
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Figure 1.7: Total spin moments for various Heusler alloys. The dashed line represents the Slater-
Pauling behavior. The compounds with open circles represent the deviation from the Slater-Pauling

behavior. The graph is taken from the reference [46].

Co-based half-metallic ferromagnets also exhibit a gap in the minority density of states and
the SP rule for them is given as: m; = Z; — 24, where m; is the total magnetic moment per
formula unit and Z; is the total number of valance electrons per unit cell of the compound [46].
Recently, some of these Co.-based ferromagnetic full Heusler compounds have also been
predicted to host non-trivial topological states in their electronic band structure [47]. Therefore,
Coo-based ferromagnetic full Heusler compounds provide a perfect platform to study various
exotic non-trivial topological phenomena. After a brief overview of the Co»-based
ferromagnetic Heusler compounds, in the next section, we will discuss the different topological

semimetals and their important features.
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1.6 Classifications of the topological semimetals

It is widely recognized that semimetals exhibit a small or vanishing density of states close to
the Fermi level. Among them, there is a particular class of materials in which the three-
dimensional (3D) Brillouin zone (BZ) is crossed or touched by conduction and valence bands,
leading to a finite density of states. Such band touchings typically lead to a topological phase
transition and can be connected to a topological invariant [96]. In other words, semimetals with
band touchings are often topologically distinct from others; thus, they are referred to as
topological semimetals [97-100]. Nowadays, topological semimetals have emerged as a new
frontier in the field of quantum materials. In the next subsections, we briefly discuss some 3D
topological semimetal phases of matter, including Weyl semimetals, Dirac semimetals, nodal-
line semimetals, and unconventional fermionic semimetals beyond the Dirac and Weyl

semimetals.

1.6.1 Weyl semimetal

Weyl semimetals (WSM) are a type of topological semimetal in which Weyl fermions act as
low-energy quasiparticle excitations [101]. In a WSM, two singularly degenerate bands cross
at distinct points, or Weyl nodes, and disperse linearly away from each Weyl node in all three
momentum space directions. Weyl fermions exhibit distinctive chiralities, either left-handed or
right-handed. The chiralities of the Weyl nodes produce chiral charges, which can be thought
of as monopoles and antimonopoles of Berry flux in momentum space. When the opposite
chiral charges are separated in momentum space, they form surface Fermi arcs [102]. The

schematic of a WSM is shown in Fig. 1.8(a).

Real materials that contain the WSM state are typically further divided into inversion-
symmetry-breaking WSM and time-reversal symmetry-breaking WSM. The non-
centrosymmetric TaAs family of crystals is an excellent example of an inversion symmetry-
breaking WSM [48,49,103-105]. The WSMs with broken time-reversal symmetry can be
generally realized in ferromagnetic materials like pyrochlore irridate [55], CosSn2S» [106,107],
and Heuslers [3,6]. The electrical transport and magneto-transport properties have been widely
studied for different WSM materials. The linear band dispersion and non-trivial phases in the
electronic band structure provide a perfect platform to investigate various non-trivial

topological phenomena in various WSM materials.
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1.6.2 Dirac semimetal

Dirac semimetals (DSMs) host Dirac fermions as low-energy quasiparticle excitations [101].
In a DSM, two doubly degenerate bands cross to form a Dirac node and then disperse linearly
in each of the three momentum space directions away from the node. Each Dirac node can be
thought of as a pair of degenerate Weyl nodes with opposite chiralities [102] (i.e. Dirac node
has zero chiral charges). The schematic of DSM is given in Fig. 1.8(b). As a pair of degenerate
Weyl nodes with opposite chiralities is often unstable and may annihilate, extra crystalline

point group symmetries are required to achieve a stable DSM phase [108].

(b) (©)

Weyl Dirac Nodal-line

Figure 1.8: Band crossing is shown schematically for the (a) Weyl, (b) Dirac, and (c) Nodal line
semimetal. In a Dirac semimetal, all bands are doubly degenerate, but in a Weyl semimetal, the
degeneracy is lifted since the inversion symmetry or time-reversal symmetry has been broken. The
opposing chirality of the Weyl points is denoted by positive and negative signs. The pink line shows
how the surface Fermi arc connects Weyl points at the surface projection. The 2-fold and 4-fold
degenerate points are represented in panels a and b, respectively, as crosses of four and two lines. In the
case of a nodal line semimetal, the band crossing occurs in a line or ring, and the topological surface
state is two-dimensional in nature and is referred to as the drumhead surface state. The image is taken

from the reference [102].

One approach is to rely on uniaxial rotational symmetries [108]. A band inversion, in particular,
can generate a pair of 3D Dirac nodes at opposing sites of the time-reversal invariant momenta.
Typical DSMs of this type are NasBi[109], and CdsAsz [109-111]. The use of non-
symmorphic symmetries, such as glide reflections and screw rotations, provides an alternative
strategy. Candidates for this type of DSM include deformed spinels [112] and £-BiO2 [113].

Additionally, the critical point of the topological phase transition between a trivial insulator
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and a topological insulator can be realized as a DSM. This has been achieved in the BiTI(S1-
xSex)2 [114], and Biz2xInxSes [115] systems.

1.6.3 Nodal-line semimetal

The valence and conduction bands of Dirac and Weyl semimetals cross at a point. However,
there may be a more general situation in which the crossing happens along a line or ring that is
protected by certain crystalline symmetries. In such cases, they are known as topological nodal-
line or nodal-ring semimetals [101] as shown in Fig. 1.8(c). Due to spin-orbit coupling,
numerous Weyl and Dirac semimetals originate from nodal lines, highlighting the generality
of the nodal line. Such extended states require additional crystalline symmetries for
stabilization, usually through a mirror reflection [116]. The degeneracy of the line crossings
can be 2-fold, as in a Weyl semimetal, or 4-fold, as in the case of Dirac semimetal.

In addition, there are numerous variations of nodal-line semimetals based on the distinctive
band structure and symmetry protection. First, nodal-lines, also known as nodal-circles, can be
closed loops within the 3D BZ. Generally, these nodal-lines are formed by a band inversion.
Based on symmetry protection, the nodal-lines are further divided into categories. Some nodal-
lines are strictly gapless only when spin-orbit coupling is absent [97,117-119]. They are
generally  protected by the combination of time-reversal and inversion
symmetries [97,117,119]. CusN [118], CasP2[120], and the ZrSiS family [121,122] are
examples of representative materials. Alternately, in noncentrosymmetric crystals protected by
a mirror plane, nodal-lines can occur. These nodal-lines maintain their stability even with the
inclusion of spin-orbit coupling. PbTaSez, TlTaSe,, and CaAgAs are examples of such
materials [123-125]. Second, nodal-lines can also cross the BZ in a straight line such as the
BaNbSs family [126]. Third, the nodal-lines are capable of building Hopf linkages and nodal-
chains in k space [127]. Thus, there are various types of nodal-line semimetals and they are

classified depending on their band structure and symmetry protection.

1.6.4 Unconventional fermionic semimetal

Solid-state materials also possess band crossings beyond the Dirac/Weyl semimetals. These
band crossings include 3-, 4-, 6-, and 8-fold degeneracies, which are collectively referred to as

"unconventional fermions™ [128]. Here, we will very shortly discuss a specific type of 3-fold
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band crossing, as other higher-order band degeneracies are beyond the scope of this thesis. In
triple-point semimetal, three singly degenerate bands cross at distinct points known as the
triple-points. These triple points are protected by a uniaxial rotating axis, mirror planes, and
time-reversal symmetry. MoC, MoP, and ZrTe are some examples of such materials [129—
131]. After a brief overview of the different classes of topological semimetals, in the next
section, we will discuss the magnetic topological semimetals (particularly Co,-based magnetic

topological semimetals) and their exotic topological transport properties.

1.7 Coz-based magnetic topological semimetals

Magnetic topological semimetals display remarkable quantum transport phenomena as a result
of the topological structure of their electronic bands in the presence of ferromagnetic ordering,
which breaks the system's time-reversal symmetry [132]. Due to the non-trivial band topology,
the valence and conduction bands of magnetic topological semimetals have linear band
dispersion at the crossing point, and the crossing points can form zero-dimensional discrete

points, one-dimensional continuous or extended lines in the BZ.

Among the numerous magnetic topological semimetals, Co.-based magnetic topological
semimetals attracted particular interest because of their high Curie temperature and tunable
non-trivial topological properties [44]. A few Coz-based full Heusler compounds have recently
been predicted to have Weyl fermions in their band structure [47]. The Berry curvature
associated with this topologically non-trivial state causes a variety of exotic transport
phenomena such as the AHE, anomalous Nernst effect, and chiral anomalies [3,5,6,8-10].
After an overall overview of the magnetic topological semimetals, in the next section, we will

discuss the AHE which is one of the key phenomena investigated in this thesis.

1.8 Anomalous Hall effect

In 1879, Edwin Hall made a remarkable discovery that a current-carrying conductor
experiences the Lorentz force, which presses its electrons against one side of the
conductor [133]. Later, he claimed that the effect of his pressing electricity was ten times
stronger in ferromagnetic iron than in nonmagnetic conductors [134]. Hall's discovery of a

stronger effect in ferromagnetic conductors eventually became known as the anomalous Hall
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effect (AHE). Although the AHE was discovered more than a century ago, its origin in
magnetic materials remains one of the most intriguing aspects of condensed matter physics.
The primary reason appears to be that the AHE problem includes notions based on topology
and geometry that have only recently been developed. Early researchers struggled with
concepts that would not become evident and fully defined until much later, such as the Berry
phase [135]. What is currently known as the Berry-curvature, formerly known as Luttinger's
"anomalous velocity," naturally developed in the initial microscopic theory of the AHE by
Karplus and Luttinger [34].

Early on, the experimental researchers discovered that the dependency of Hall resistivity p,,,
on applied perpendicular field B, is fundamentally different in ferromagnetic and nonmagnetic
conductors. In the latter, p,, grows linearly with B,, as predicted by the Lorentz force.
However, in ferromagnets, p,,, first rises sharply in weak B, but saturates at a high value that
is almost B, independent. After a few years, it has been observed that, in Fe, Co, and Ni, the
saturation value is approximately proportional to the magnetization M,. Soon after, Pugh
(1930) and Pugh and Lippert (1932) established an empirical relationship between p,,,, B,, and
M, [136,137],

Pxy = RoB; + RsMj, (1.2)

applicable to a wide variety of materials under various external magnetic fields. The second

item represents the contribution to the Hall effect caused by spontaneous magnetization.

Unlike R, which was previously known to be primarily determined by carrier density, R, was
discovered to be slightly determined by some material-specific factors, including the
longitudinal resistivity p,... In 1954, Karplus and Luttinger (KL) proposed a hypothesis for the
AHE that, in retrospect, was an essential step in solving the AHE problem [34]. KL
demonstrated that electrons receive an additional contribution to their group velocity when an
external electric field is introduced to a solid. Because KL's anomalous velocity was
perpendicular to the electric field, it may contribute to the Hall effects. In the case of
ferromagnetic conductors, the anomalous velocity sum over all occupied band states may not
be zero, indicating a contribution to the Hall conductivity oy,,. This contribution has recently
been referred to as the intrinsic contribution to the AHE since it primarily depends on the band

structure and is mainly independent of scattering.
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(a) Intrinsic deflection
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Figure 1.9: The three basic mechanisms that can result in an AHE are illustrated. All of these
mechanisms affect the movement of electrons in any real material. The image is partly adapted from
the reference [33].

The intrinsic AHE produces a contribution to p,, =~ Z"Ty when the conductivity tensor is

xx

reversed, making it proportional to p2, [33]. The anomalous velocity is only dependent on the
Hamiltonian of a perfect crystal and can be correlated with changes in the phase of the Bloch
state wave packets when an electric field causes them to evolve in the momentum space of a
crystal [119]. Nowadays, the intrinsic AHE has been explained by the Berry phase effect of the

occupied electronic Bloch states [35,36].

The primary issue with the intrinsic KL theory was that the obtained Hall response contribution
had no evidence of scattering from disorder. Smit and Berger's semiclassical AHE theories, on
the other hand, concentrated on the role of disorder scattering in imperfect crystals [37-39].
Smit proposed that the primary source of the AHE currents was asymmetric skew scattering
from impurities generated by the spin-orbit interaction. According to this AHE image, py,

P« Berger, however, asserted that the fundamental cause of the AHE current was the side
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jump that quasiparticles experienced when they were scattered by spin-orbit-linked impurities.
The side-jump mechanism could be misinterpreted as the result of a KL anomalous velocity
mechanism acting while a quasiparticle was subjected to an electric field caused by an impurity.
The side-jump AHE current was thought to be the result of the side jumps per scattering event
and scattering rate. One confusing aspect of this semiclassical theory was that all dependence
on impurity density and strength appeared to have vanished. As a result, it projected p,, < pz,
with an exponent similar to that of the intrinsic KL mechanism. However, the side-jump
contribution is generally very small for ferromagnetic materials [6-8]. Figure 1.9 depicts

schematically the three different mechanisms of AHE.

1.9 Overview of the thesis

In this thesis work, we have investigated some physical phenomena in different 3d-transition
metal-based compounds. The thesis mainly focuses on two particular phenomena namely the
MIT and the AHE. We have investigated the MIT in NdNiO3s and Ndo.7Lao3sNiOs3 thin films

and we have studied the AHE in Co»-based ferromagnetic full Heusler compounds.

Specifically, we have addressed the following issues:

a) We have reported that close to a Mott transition there is an emergence of large thermal
noise which occurs simultaneously with large flicker noise in NdNiOs thin films grown
on a crystalline substrate of SrTiOs with different orientations. We have noticed that
the thermal noise, which is distinct from the flicker noise, deviates from the canonical
Johnson-Nyquist value of 4kzTR and reaches a maximum value at a temperature T*
that is close to but distinct from the MIT temperature. We show that the large thermal
noise that occurs along with the large flicker noise both arise from the slow charge
carrier dynamics close to T*. The second spectra calculation reveals strong non-
Gaussian fluctuations near the T*. We also show that the observed large thermal noise
has a close dependence on the in-plane strain in the film. It has been also suggested that
the co-existence of large noise (both thermal and flicker noise) owes its origin to the
electronic phase separation (EPS) that exists near the MIT. A physical model has been
proposed that EPS near the MIT temperature can give rise to a sparse phase of

nanometric small pockets of metallic phases (nanopuddles) which are surrounded by
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and embedded within the minority insulating phase. These isolated metallic

nanopuddles act as a source of large noise near the MIT temperature.

b) We have observed that an introduction of disorder in a controlled way using 1 MeV
argon ion irradiation, suppresses the correlation-driven MIT in NdNiOs thin films. The
film makes a crossover to a heavily disordered conductor governed by weak
localization (WL) and at ever higher disorder, an Anderson localized state. We show
that the pristine films of NdNiOs demonstrate an MIT with the electrical conduction
process being governed by variable range hopping (VRH). For disorders up to 1%, the
conduction in the film exhibits WL behavior with finite conductivity at temperature
T - 0. At higher fluences (~ 2%) the conductivity decreases significantly but the
electrical conduction follows a power-law temperature dependence with a small but
finite zero temperature conductivity o (T = 0) which is expected in a solid with
electrons that are Anderson localized. A similar experiment has been performed in
Ndo.7La0.3NiO3z thin films. We also observe a significant suppression of non-Gaussian
resistance fluctuations in the irradiated films, elucidating the suppression of the
correlated nature of the charge carrier dynamics. Raman spectroscopy and x-ray
measurements demonstrate that the basic integrity of the NiOs octahedra is conserved

and the structure preserves its crystallinity.

C) Magnetic topological semimetals with broken time-reversal symmetry are very rare and
have drawn significant attention due to their numerous intriguing topological
properties. In this regard, the Coz-based full Heusler compound serves as a fertile
playground where various novel topological properties can be investigated. We have
studied the AHE in Co»-based ferromagnetic topological Heusler compound Co2VAL.
We observe that the anomalous Hall resistivity (py) scales near quadratically with
longitudinal resistivity (p,,) and further experimental analysis implies that the AHE in
Co2VAl is dominated by the intrinsic Berry phase mechanism. Experimentally, we have
found an AHC of ~ 85 S/cm at 2 K with an intrinsic contribution of ~ 75.6 S/cm, and
it is weakly temperature-dependent. The first-principles calculations! reveal that the

Berry curvature originated from a gapped nodal line and symmetry-protected Weyl

L All the first-principles calculations used in this thesis (Chapter 5 and Chapter 6) has been done by the Prof. Manoranjan
Kumar’s group (in collaboration) at S. N. Bose National Centre for Basic Sciences, Kolkata.
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nodes near the Fermi level in the presence of spin-orbit coupling is the main source of
the AHE in this compound.

d) We have also studied the AHE in another Co,-based ferromagnetic topological Heusler
compound Co2CrGa. We show that the AHE in Co,CrGa is dominated by the intrinsic
Berry phase mechanism. Experimental results reveal that the AHC is as large as ~ 569
S/cm at 10 K with an intrinsic contribution of ~ 526 S/cm. In addition to the large AHC,
we have also observed an exceptionally large anomalous Hall angle of ~ 8.5% and a
large anomalous Hall factor of ~ 0.23 V! simultaneously at room temperature. First-
principles calculations suggest that the Berry curvature originates from the gapped-
nodal line and triple point generated Weyl nodes near the Fermi level in the presence

of spin-orbit coupling are responsible for the observed large AHC in this compound.

We have arranged this thesis in the following chapters:
Chapter 1: Introduction
Chapter 2: Experimental details

Chapter 3: Emergence of large thermal noise close to a temperature-driven metal-insulator

transition

Chapter 4: Disorder-induced crossover of Mott insulator to weak Anderson localized regime

in an argon-irradiated NdNiO3 film

Chapter 5: Anomalous Hall effect in topological Weyl and nodal-line semimetal Heusler

compound Co2VAI

Chapter 6: Nodal-line and triple point fermion induced anomalous Hall effect in the

topological Heusler compound Co2CrGa
Chapter 7: Conclusion and Scope for future work

Appendix A: X-ray diffraction data of nickelates nanopowder and rocking curves of nickelates

thin films

Appendix B: Scanning electron microscope and energy dispersive X-ray spectroscopy data for

nickelates nanopowder and Coz-based Heusler alloys.
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Chapter 2 Experimental Details

In this chapter, we discuss the growth and characterization of
different samples prepared, as well as wvarious measuring
techniques used for different work. The basic principles of

different instruments that we have used have been also discussed.
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2 Experimental Details

2.1 Preface

In this thesis, we discuss the investigation of metal-insulator transition (MIT) in rare-earth
nickelates (RNiO3) and the anomalous Hall effect (AHE) in Co.-based ferromagnetic full
Heusler compounds (X2YZ). To investigate these phenomena we have prepared all the samples
using various preparation techniques such as the sol-gel method, pulsed laser deposition
system, and electric arc-melting furnace. To characterize the sample we have used various
characterization tools like X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy
(EDX), scanning electron microscope (SEM), Raman spectroscopy, and atomic force
microscopy (AFM). The transport measurements were carried out using liquid nitrogen (LN>),
He-4 cryostat, and 9-T Dynacool Physical Property Measurement System (PPMS, Quantum
Design). The magnetic measurements were performed using a vibrating sample magnetometer
in a PPMS (Quantum Design, USA). The low-frequency 1/f noise spectroscopy was done in a
homemade liquid nitrogen cryostat. The scanning tunneling spectroscopy was performed in a
scanning probe microscopy unit from RHK. All the experimental data acquisition and analysis
programs were written in either LabVIEW, MATLAB, C++, or PPMS MultiVu.

2.2 Sample preparation

2.2.1 Synthesis of rare-earth nickelates nanopowder and pellet

In a beaker, a stoichiometric amount of high-quality (> 99.9%) precursors of, Neodymium
nitrate hexahydrate, Lanthanum nitrate hexahydrate, and Nickel acetate tetrahydrate were
dissolved in a 1:1 acetic and deionized (DI) water solution. The proper amount of ethylene
glycol was added to the solution. The water-to-ethylene-glycol ratio is very crucial in the
synthesis process [1]. In this study, we used 1.5 times the amount of ethylene glycol compared
to DI water. The precursor solution had a molarity of 0.2 M and 0.4 M. The solution was stirred
in a hot plate fitted with a magnetic stirrer for 2 hours at 70 °C and 6 hours at room temperature.

The solution was heated up for 6 hours until sol formed. The sol was allowed to dry and was
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stored at 150 °C for 12 hours before pyrolysis at 350 °C and 450 °C for 1.5 and 1 hour,
respectively. In a flow of ultra-high purity oxygen gas, the final heating for phase formation
was carried out at 650 °C for 8 hours. The main advantage of this procedure is that the
nanoparticles are to get homogeneous and uniform dispersion. The as-prepared nanopowder
was then compressed into a pellet with 80 MPa pressure and sintered at 800 °C in a tube furnace
with a high oxygen flow for 24 hours in order to make the target material for the Pulsed laser
deposition (PLD). After being ground, the pellet was once more sintered for 24 hours at 800
°C with a high oxygen flow. This procedure was repeated seven times, and the sintered pellet
was then placed in a high flow of oxygen at 650 °C for 24 hours to maintain oxygen
stoichiometry. Figure 2.1(a) represents the flow chart for the synthesis and the Fig. 2.1(b) and

2.1(c) shows the rare-earth nickelates nanopowder and pellet.

(a)
R’(NO;),.6H,0 + R(NO,),.6H,0 + Ni(CH;CO,),.6H,0 +H,0 (b)
+ Ethylene Glycol + Accetic Acid

4

Stirring at 70 °C for 2 hours and at room temperature
for 6 hours

4

Dry powder was kept in an Oven for

overnight at 150 °C o
= Black nanopowder

Dry at 350 °C, 450 °C and
annealed at 650 °C (c)

4

Black nanopowder and then
pressed into a pellet at high
pressure

Sintered at 800 °C for
7 days in oxygen flow PLD target

Figure 2.1: (a) The flow chart for the synthesis. (b) The rare-earth nickelates nanopowder. (c) The PLD

target is used for the rare-earth nickelates thin film growth.

2.2.2 Growth of rare-earth nickelates thin films

To grow the thin films of rare-earth nickelates, we have used the pulsed laser deposition (PLD)
technique. PLD is widely used for growing thin films of complex oxides. T. Venkatesan and

his team used the PLD approach for the first time to deposit the high-temperature

-36-



Chapter 2: Experimental Details

superconducting film [2]. A variety of materials, from metal to insulators via semiconductors,
can be deposited using this technique [3,4]. However, the most important use of it is to deposit
complex materials such as perovskites with perfect stoichiometry [5,6]. In PLD, the deposition
takes place in a vacuum or with inert/oxygen gas pressure. A high-power pulsed laser (usually
10-100 MW/cm?) is focused on a target material to be deposited. The high-powered laser pulse

ablates the target material, creating a plume of material that is directed toward the substrate.

-l

fw

1!

sub

/

¢ "Heater wirew; »

Figure 2.2: (a) The PLD setup in our lab. (b) Image of the pulsed excimer laser. (¢) Image of the

substrate mounting area.

The plume of the target material is a plasma including energetic species such as atoms, ions,
molecules, and electrons that expand in a flow perpendicular to the surface and are collected
on a suitable substrate. In PLD, the excimer laser evaporates the target material in a non-
equilibrium manner, generating a large quantity of heat in a few nanoseconds in the target

material's thin surface layer. The sample stoichiometry in the substrate as the target material is

-37-



Chapter 2: Experimental Details

preserved by this method of laser ablation. We rotate the target during the thin film deposition
to achieve uniform ablation on the target (otherwise, high-intensity laser at the same location
can damage the target at one location over time). The PLD setup in our lab is shown in Fig.
2.2(a). Figure 2.2(b) displays the image of the pulsed excimer laser and Fig. 2.2(c) represents

the image of the substrate mounting area.

In this thesis, the film growth was done using a coherent COMPex pro-201F KrF excimer laser
with a 248 nm wavelength [1]. Depending on the laser intensity and spot size, a related value
of energy per unit area known as fluence was optimized for the film growth. Our PLD
chamber-equipped Reflection High-Energy Electron Diffraction (RHEED) gun was used to
carry out layer-by-layer growth. The schematic of the RHEED setup is given in Fig. 2.3(a).

(a) (b)

Detector 40 UC

Plasma plume

Intensity (a.u.)

‘ Samile |

Sample holder 100 200 300 400 500 600
Time (s)

Figure 2.3: (a) Schematic diagram for the RHEED setup. (b) The RHEED oscillations of a 40 UC
NdNiQO; film grown on a SrTiO3 (100) single crystal substrate after 1500 laser pulses.

In RHEED, an electron beam created by the electron gun hits the sample surface at a grazing
angle, where the electrons diffract. This diffraction pattern can be caught by the detector. In
this thesis, we used approximately 1500 laser shots with a repetition rate of 5 Hz to develop
thin films with thicknesses of about 15 nm. The growth of a 40 Unit Cell (UC) (~ 15 nm) thick
NdNiOs film on SrTiOs (100) single crystal substrate is depicted in Fig. 2.3 (b). The target
pellets were ablated before all depositions to remove surface contamination from previous
depositions in the PLD chamber, and a 30-minute pre-annealing was done to achieve
temperature equilibrium between the substrates and the heater. After the deposition, the as-
grown films were cooled in situ with 1 bar of high-quality oxygen gas to retain the oxygen

stoichiometry.
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2.2.3 Growth of polycrystalline full Heusler alloys

To synthesize the polycrystalline Co»-based ferromagnetic full Heusler compounds, we have
used an electric arc-melting furnace. Preparation of the sample in the form of an ingot involves
the melting of high-purity raw elements in a tri-arc electric melting furnace under an argon
atmosphere [7]. The entire furnace chamber consists of the tri-arc furnace (Centorr Vacuum

Industries, Model:5TA), DC power supply, rotary pump, chiller, and vacuum pump unit.

—» Rotary Pump

Paddle switch

Figure 2.4: (a) An image of the electric arc melting furnace in our lab. (b) The enlarged view near the

electrodes. (c) An image of the electrical arc during the sample preparation.

The furnace comprises two primary sections; (i) a copper hearth with positive electrical polarity
located in the bottom section and (ii) three electrodes with negative polarity positioned in the
upper section, as depicted in Fig. 2.4. To allow for visualization, the water-cooled top and
bottom parts of the furnace are separated by a Pyrex glass tube. Moreover, each rod is equipped
with a swivel ball to facilitate angular and vertical movements. This system achieves a
maximum temperature of 3000°C and a corresponding current of ~120 A.

We have utilized Centorr Vacuum Industries 5TA tri-arc furnace to prepare the sample. First,
each raw element is mounted on the copper hearth and set in the furnace. To create an oxygen-
free environment within the arc-melting chamber, the initial step involves evacuating the

chamber to a pressure of approximately 1073 mbar. Subsequently, high-purity argon gas is
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employed for several purging cycles to achieve a condition devoid of oxygen within the
chamber. To mitigate heat-related issues resulting from the high-temperature melting process,
both the copper-hearth plate and the tungsten tip are continuously cooled using a regular flow
of cold water. Once the chamber evacuation process is complete, titanium is melted initially to
eliminate any remaining oxygen present in the furnace. Subsequently, the samples were
remelted five to six times by being flipped upside down to ensure a uniform homogeneity of

the constituent elements.

Figure 2.5: (a) An image of the tube furnace in our lab. (b) The image of a sample with a few pieces of
tantalum foils inside a quartz tube. (c) An image of the low-speed saw cutter in our lab.

After preparing the ingot, it undergoes ultrasonication in an alcohol bath for thorough cleaning.
Subsequently, to prevent oxidation, the cleaned ingot is carefully sealed with tantalum foil
within an evacuated quartz tube. Before sealing, the tube is subjected to roughing and purging
with Ar gas multiple times to ensure the sample remains free from oxidation. Following the
sealing process, the sample is subjected to annealing at their respective temperatures for four
days. Once the four-day heat treatment period is complete, the ingot is rapidly quenched in ice
water to halt any high-temperature phase transformations. To suit the specific requirements of

different experiments, the sample is then cut into various shapes using a low-speed saw,
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specifically the (Buehler Isomet™). For visual reference, Fig. 2.5 presents images of the box

furnace, quartz tube, and cutter machine, respectively.

2.3 Structural characterization

2.3.1 X-Ray Diffraction

X-ray diffraction (XRD) is widely used to examine the phase purity and to investigate the
crystallographic structure of a material. Through XRD analysis, crucial information about the
crystal structure, interplanar spacing, phases, and other crystal-related properties such as lattice
strain and average grain size can be extracted [8]. A schematic diagram of the X-ray
diffractometer is presented in Fig. 2.6(a). When a monochromatic beam of X-ray with a
wavelength compared to lattice spacing of the materials is experienced on the surface of
crystalline material, the incident X-ray diffracts from the crystal plane of the material. The
diffracted beam from the two collateral plans equal to the multiple integers of the incident beam

induces the constructive interference that is determined by following Bragg’s law [9]
2dSinb = n\ (2.1)

Where d is interplanar spacing in the crystal, 0 is the angle of diffraction, A is the wavelength
of the incident X-ray beam, and n is an integer (order of diffraction). The diffracted intensity

of X-rays is exhibited by the detector in different directions.

There are three different experimental methods for the XRD technique. One is the Lau
technique where 0 is fixed and A is variable. The second refers to the Rotating crystal method
in which A remains fixed, where 0 varies with respect to the variation of the single crystal. The
third method is the powder diffraction technique, similar to the second one. The powder
diffractometer divides into two basic segments: 6-0 system and 0-26 system. In the 0-0 system,
both the X-ray source and the detector simultaneously rotate, but the material holder is fixed.
Alternately, in the 0-20 system, the X-ray source remains stationary while the detector moves
at a speed equal to twice the rotational speed of the sample holder. In this thesis, a 6-20 system
of Panalytical X-ray diffractometer is used. To check the orientation of the rare-earth thin films
we have performed the high-resolution XRD rocking analysis. In the rocking analysis, we fixed
the detector at the center of the film's Bragg reflection and followed the diffraction intensity of

the sample while it was rocked [10]. Figure 2.6(b) shows a representative example of the XRD
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pattern of the Co.CrGa polycrystalline sample. Due to the polycrystalline nature of some

investigating compounds, we have also used the powder diffraction technique in our thesis.

(b)

(220)

Intensity (a.u.)

(111)

(200)
(400)
(422)

SV -

20 30 40 50 60 70 80 90
20 (degree)

Figure 2.6: (a) Schematic diagram of an X-ray diffractometer. (b) A representative X-ray diffraction

pattern for the Co.CrGa full Heusler compound.

2.3.2 Scanning Electron Microscope

To investigate the material’s morphology and composition analysis, a high-resolution field
emission scanning electron microscope (FESEM) is widely used in material science as well as
the engineering field. SEM acts in a voltage range of 2-50kV and their beam diameter that

scans the material’s surface is about Snm- 3pum.

One important segment in SEM is the electron gun from which a branch of electron beams is
produced either by conventional thermionically or cold field emission process [11], which is
shown in Fig. 2.7(a). The accelerated electrons are propelled by a high-voltage electric field
established between the electron source (cathode) and the anode plate. Then these accelerated
electron beams are monitored by electromagnetic lenses such as condenser lenses and object
lenses. The condenser lens provides the ability to finely adjust the spot size of the electric beam,
enabling it to be broader or narrower, while the objective lens focuses the electron beam onto
the examined material. In between them, the scan coil serves the purpose of deflecting the

electron beam on the material’s surface.

-42 -



Chapter 2: Experimental Details

(@) (b)
F Electron gun
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Figure 2.7: (a) Schematic diagram of the scanning electron microscope. (b) SEM micrograph for

NdNiOsz nanopowder. (c) SEM micrograph of Co,CrGa Heusler compound.

When these accelerated electrons interact with the atom of the material, due to an inelastic
collision between the electron beam and material, the incident electrons are diminished because
of energy dissipation. As a result, various signals such as secondary electrons, auger electrons,
characteristic X-rays, backscattered electrons, and cathode luminescence are caused.
Depending upon their energy, secondary electrons, and back scattered electrons are separated.
The secondary electrons take part in the mapping of the surface image of the material. Figure
2.7(b) and (c) represent the example of SEM micrograph for NdNiOz nanopowder and
Co2CrGa.

2.3.3 Energy Dispersive X-Ray Spectroscopy

Energy dispersive analysis of X-ray (EDAX) is a convenient technique to determine the
chemical composition of bulk material to nanoparticles [12]. The fundamental principle of the

EDAX is described in the following paragraph.
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When a high-energy electron beam interacts with the atom of the material, it ejects the electron
out from the inner shell of the material. For example, the emission of a K-shell electron jumps
in an excited state. This causes a position in a particular electronic shell and thus an electron
from a higher energy shell jumps into a vacant energy shell. Therefore, the energy difference
between these two shells is characterized as a characteristic X-ray that can process direct
information about the material’s compositions. This characteristic wavelength of the material
is inversely proportional to the square root of the atomic number (Z) of the material according
to Moseley’s law. In EDAX, a Si or Li detector is generally used as an energy dispersive
spectrometer that can measure the amount of energy and count the number of emitted X-rays.
A typical X-ray spectrum is explained in Fig 2.8(a) and Fig. 2.8(b) depicts the EDAX spectra
for the NdNiO3z nanopowder.

() (b)
S~ O\ w Element  Weight%  Atomic % Ideal
h atomic %
/ o 18.30 59.75 60
-/
£/l [/ Nd 59.24 20.10 20
[ Ni 22.45 20.15 20
N\
AN

Figure 2.8: (a) The schematic diagram for EDAX analysis. (b) EDAX spectra for the NdNiOs

nanopowder.

2.3.4 Atomic Force Microscope

The Atomic force microscope (AFM) is a type of scanning probe microscope that produces a
topographical image of the sample surface based on interactions between a tip and a sample
surface. In 1986 at IBM Zurich, Gerd Binning, and other researchers invented the AFM [13].
A typical AFM comprises a cantilever with a tiny tip (probe) at the free end, a laser, a four-
quadrant photodiode, and a scanner. Surface characteristics can be explored with very high
precision in a range of 100 um to less than 1 um. A tip is utilized for imaging in AFM. It is
typically made of silicon (Si) or silicon nitride (SisN4) and it approaches the sample at a range
of interatomic lengths. Figure 2.9(a) represents the schematic diagram of a basic AFM
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operation given below. Figure 2.9(b) illustrates an example of an AFM image of NdNiOs thin

film.

@ (b)

—300.6 nIn

Laser diode
-302.0
—303.0
-304.0
—305.0
—306.0
—307.0
—308.0

Positon-sensitive
photodetector

Cantilever spring

-310.0

Figure 2.9: (a) The schematic diagram for the basic AFM operation. (b) AFM image of the NdNiOs

film taken over a scan area of 500 nm x 500 nm.

When the tip, which is attached to the free end of the cantilever, comes very close to the surface,
attractive and repulsive forces owing to interactions between the tip and the sample surface
develop a negative or positive bending of the cantilever. A laser beam is focused on the back
of the cantilever. It can be reflected in a four-quadrant photodiode detector. The bending of the
cantilever can be precisely monitored with the help of this position-sensitive photodiode. The
cantilever deflects in response to changes in atomic force between the tip and the sample, and
the detector measures the deflection. The resulting image is a topographical representation of

the sample surface.

2.4 Measurement Techniques

2.4.1 Low frequency 1/f noise spectroscopy

In this thesis, we have used low-frequency 1/f noise spectroscopy to measure the thermal noise
as well as flicker noise close to MIT. Figure 2.10 illustrates the schematic diagram of the noise
measurement setup. In most condensed matter systems, 1/f noise comes from the relaxation of

defects or groups of defects with finite relaxation times [14]. While most other measurements
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pick up on average characteristics, the presence of noise signifies the existence of a statistical
distribution in fluctuating quantities. It is thus a unique and sensitive tool that can provide
information on the underlying statistics of defects and the relaxation phenomena that give rise

to noise.

i M-_ - GGB : E | g —
Lock-in amplifier T |

I+
R,
ADC card —1 L

r Pre-amplifier I M o

= Computer

LA

Figure 2.10: The schematic diagram of the experimental setup for the 1/f noise measurement.

Electrical noise in a solid can be classified into three types: Nyquist noise, shot noise, and
flicker noise [14]. Nyquist noise (also known as Johnson noise or Thermal noise) emerges from
the Nyquist theorem [15,16]. If a resistor of value R kept at a temperature T, the thermal noise
has a spectral power density (SPD) in the order of 4kzTR, where kg is the Boltzmann
constant [17]. In this case, the S,,(f) is independent of the current passing through the resistor
and is not dependent on the materials property of the resistor. It is a very useful tool to measure
the effective electron temperature in a solid. The shot noise, which arises from discrete charge
carrier motion in a solid, is also independent of frequency. The shot noise has a SPD equivalent

to 2ql, where g is the value of charge carrier and I is the current through the solid [14]. The
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magnitude of the charge carrier can be determined using the shot noise. Generally, when the

thermal noise is low enough, the shot noise can be seen at low temperatures.

The other type of noise is the flicker noise, which is mostly measured by the condensed matter
physicist. In addition to the thermal noise and the shot noise, this noise exists in a solid. It is
measurable when a particular conductor is carrying a current. The flicker noise has SPD,
S,(f) < 1/f%, often referred to as 1/f noise when a« =~ 1. For a given frequency f, the SPD
of the flicker noise shows a quadratic dependence on the applied bias V. The quadratic
dependence of the flicker noise on the applied bias V' is generally used to distinguish it from

the thermal noise [14].

In this thesis, we have measured the thermal noise and the flicker noise using four probe ac
measurement techniques in the rare-earth nickelates thin films close to MIT [18]. In noise
measurements, to measure the voltage fluctuations across the sample we bias the sample with
a constant current from a dual channel lock-in amplifier (LIA) SR830 at a frequency
fo [19,20]. The value of series resistance (R) is chosen so that Rs > 75 (at least by 10 order),
where rg is the sample resistance. The voltage developed across the sample is amplified by a
low noisy preamplifier SR554 and fed into the lock-in inputs and then demodulated by the LIA.
Once the signal has been demodulated, it is fed onto the 16 bit analog to digital converter
(ADC) card of bandwidth 200 kHz. The time series of voltage fluctuations were recorded for
nearly 16 minutes (1 million data points). The obtained time series of the voltage fluctuations

were decimated and digitized using digital signal processing techniques.

All the noise measurements reported in this thesis involved the very careful recording of a time
series of voltage fluctuations 6V (t). The SPD of the time series voltage fluctuations can be

obtained using the Fourier transformation, which is given as:
.1 [p+T o 2
So(f) = Jim =[5 sv(tye2mista| (2.2)

Practically, the SPD was determined using the Welch periodogram method [21]. The SPD at

the output channel of the LIA is given as:

So(f,9) = GH{[S,2(f = fo) + BB(f = fo)Sr(F)cos*(9)]} (2.3)

Where S,.(f) and Sf,’g(f) is the PSD of the sample and background respectively. ¢, f, f,, and
G represents the phase, measurement frequency, excitation frequency, and gain of the LIA

respectively [18]. The dual-channel LIA allows us to measure the in-phase and out-of-phase
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components altogether and according to equation 2.3, for ¢ (In-phase component) = 0°, we
measure a sum of the sample and the background noise while for ¢ (Out of phase component)
=90° , we measure only background noise. The contribution of the noise from the sample can
be extracted after subtracting the background noise from the sum of the total noise. The method

is thus best suited for measuring the two noise components simultaneously [14].

10 @ 1.04 (b)
i i 0.81
g Lo <———Flicker Noise
IS Sy(f) < 1/1* < 0.6
2 o @)
= 10" 0.4
"1 107 0.2
N N Ihel;mal Noise Sy,

. .-_4](*B,'1_,R*'*‘*'*' - % '**"HM' 0.0
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Figure 2.11: (a) An example of spectral power density for the flicker noise varying as fia and thermal

noise in the NdNiOs thin film for a particular temperature. The Johnson-Nyquist value of 4kzTR is

marked by an arrow. (b) The corresponding autocorrelation function at that temperature for the NdNiO3
thin film.

In order to investigate the electronic correlation near the MIT, we have calculated the
autocorrelation function C(t) which can be determined from the time series of voltage

fluctuations by using the following relation [22]
C(t) = (dv(t') x dv(t+t))y (2.4)

Where (... ), represents the time average. To investigate the correlated nature of the charge
carrier dynamics close to MIT, we have calculated the second spectra from the filtered time
series of the voltage fluctuations. The second spectrum is defined as the Fourier transform of
four-point correlation in a frequency band. To study the non-Gaussian fluctuations (correlated

fluctuations), we have calculated the normalized second spectrum which is given by [14]

rz= [Iis@g)df, (2.5)
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Where

I (6v@ ()80 @ (t+¢))cos(2nfz6)ds

SO(f) =
: 7 s,croan]

(2.6)

where f; and f, are the frequencies associated with the first and second spectra, respectively.
The central limit theorem suggests that if fluctuations in any system are independent, their
statistics will be Gaussian. However, the statistics will be non-Gaussian if there is a correlation
in the fluctuation due to the correlated nature of the electrons. Any deviation from the value 3

of I'? indicates the non-Gaussianity in the fluctuations.

In Fig. 2.11(a), we present an example of measured frequency-independent thermal noise (S;;,)

and the flicker noise with spectral power dependence S, (f) fia at a given temperature for

the NdNiOs thin film. It clearly shows that one can cleanly measure the thermal noise S;;, along
with the flicker noise. Figure 2.11(b) displays the autocorrelation function C(t) vs t for the

NdNiOs thin film for a particular temperature.

2.4.2 Scanning Tunneling Microscope

The basic working principle of a Scanning tunneling microscope (STM) is the tunneling of
electrons through a potential barrier in an ultra-high vacuum [23,24]. According to classical
physics, an electron with energy E < V (where V is the barrier potential) will not be able to
penetrate through the barrier and will reflect, however quantum mechanically, there is a finite
possibility that the electron will pass through the barrier. Thus, electron flow is not feasible in
classical physics without a direct connection between two surfaces via a wire. However

quantum mechanically there is a finite probability of tunneling.

The STM work reported in the thesis (Chapter 3) was performed on an RHK UHV 350 SPM
machine as shown in Fig. 2.12(a). The system includes two chambers: the main chamber
(where measurements of imaging and tunneling conductances are made), and the sample
transfer chamber or load-lock chamber. An ion pump maintained the ultra-high vacuum (UHV)
level of the main chamber at 1071° mbar, while 10" mbar was the vacuum level of the load lock
chamber. For tunneling measurement, we employed a Pt-Ir tip and a Ni-Al conducting wire.

The system is made up of several components, such as an R9 controller, a sample holder, a
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scan head, a preamplifier, a bias drive amplifier, a lock-in amplifier, and a CCD camera, among

others.
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Figure 2.12: (a) Image of the RHK UHV-STM in our lab. (b) Schematic diagram to detect the tunneling

current. (¢) The schematic diagram for imaging.

The temperature was maintained constant throughout the data scan, and no temperature drift
was noticed. In a modulation mode with a small ac bias, the 5—‘1/ was measured. The data was

collected by applying a constant direct current (dc) bias and a small alternating current
(ac) modulation voltage (much smaller than the dc bias) to measure the differential tunneling

dl . . .
conductance v Performing a raster scan in the presence of ac modulation allows for the

simultaneous recording of topography and spectroscopic data. The measuring system's noise

floor was below 10 %. The local tunneling conductance map (i.e. contour plot of g = Z—‘I/)

taken at a constant dc bias V is the. The circuit diagram for measuring the tunneling current is
shown in Fig.2.12(b). The schematic diagram for imaging is given in Fig. 2.12(c)

-50-



Chapter 2: Experimental Details

2.4.3 Electrical and magnetic transport measurements

We have used a homemade cryostat for electrical measurements up to LN» temperature. For
electrical and magneto-transport measurements below LN temperature, we have used a
cryogen-free Pulsed tube cycle-based cryocooler and a Dynacool PPMS (Quantum Design,
USA) up to a magnetic field of 9T. For the resistivity measurements of rare-earth nickelates
thin films, we have used a Keithley source meter 2400/2410. The resistivity and Hall
measurements of ferromagnetic Heusler alloys have been done in a 9T-Dynacool PPMS using
the electrical transport option (ETO). All the electrical contacts were made with a standard
four-probe method using copper wire and conducting silver epoxy. The electrical resistivity (p)
of all the samples was determined using the following formula:

p=R (2.7)

A
L

where A is the cross-sectional area of the samples and [ is the distance between the two voltage
leads. The schematic diagram of the sample device used for the longitudinal resistivity and Hall
resistivity measurements is given in Fig. 2.13(a). Figure 2.13(b) represents the image of the
PPMS puck for the ETO measurements.

(b)

Figure 2.13: (a) Schematic diagram of the sample device used for longitudinal voltage (V,) and Hall

voltage (14,) measurements. (b) Image of the PPMS puck used for the transport measurements.

2.4.4 Temperature-dependent magnetic measurements

A vibrating sample magnetometer (VSM) is effectively used to determine the dc magnetization
of the sample. The VSM module of PPMS made of a linear transport motor for vibrating the
sample, a gradiometer pick-up coil detecting the response, and electronics set up for signal

detection of the sample as shown in the Fig. 14 [25]. The basic principle of VSM is primarily
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governed by Faraday’s law of induction. Using a superconducting solenoid magnet, a magnetic
field magnetizes the sample when a magnetized sample vibrates inside the pick-up coil, a

voltage is produced in the coil. Then the induced voltage is given by
d d d
Veou = =55 == (52) (&) @8)

Where ¢ is the magnetic flux enclosed by the pick-up coil and z is the direction of the sample
to the coil. When the sample oscillates sinusoidally, the induced voltage in the coil is

established in the following form;
Vcoil = ConoSln(u)t)
= CmAVfSin(2Vft) (2.9)

Here, C is the calibration constant, m is the magnetic moment of the sample, A is the amplitude

of the sample, and f is the frequency of oscillation of the sample.
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Figure 2.14: (a) Image of the PPMS VSM linear transport motor. (b) Image of the PPMS VSM

gradiometer coil set. (c) An image of the PPMS VSM sample holder used to mount the sample.

The output of the pickup coil is connected to the preamplifier along with the VSM module
which is attached to a lock-in amplifier providing phase-sensitive detection. Under a certain
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magnetic field, the moment is induced inside the material. A vertical sinusoidal mechanical
oscillation is provided to the sample so that magnetic flux is enclosed with the help of a pick-
up coil as a function of time. The moment is measured as a function of time, magnetic field,
and temperature. The system has high resolution which means it can detect the change of

magnetic moment less than 10 emu.

For the measurement, the investigating sample is usually wrapped in an insulating Teflon tape
and attached in a non-magnetic quartz paddle /copper sample holder, and then the sample
holder is mounted inside the chamber. The chamber is roughed and purged three times after
mounting the sample. Then the supreme position of the sample is set through the output signal
scanning process. Once the sample position is optimized, then we start the measurement. The
magnetic moment is determined in terms of emu by induced voltage with respect to the
sinusoidal vibration. We have measured the magnetization (M) as a function of temperature
(T) using two protocols and magnetic field (H) from 2-400 K under a fixed magnetic field. In
the zero field cooling (ZFC) process, the sample is cooled to a low temperature from room
temperature without a magnetic field and then M-T data has been recorded in the heating
process under the magnetic field. In the case of field cooling (FC) mode, M-T data is taken
under H during the cooling process. M-H measurements have been performed in the field range

of =5 T < H < +5 T at different temperature ranges.
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Ch apt er 3 Emergence of large thermal noise
close to a temperature-driven
metal-insulator transition

In this chapter, we report that close to a Mott transition there is

an emergence of large thermal noise which occurs concomitantly
with large correlated flicker noise (1/f noise) with significant non-
Gaussian content. This was observed in NdNiOs films grown on
crystalline SrTiOs substrates with different crystallographic
orientations that show a hysteretic transition from a high-
temperature metallic phase to a low-temperature insulating
phase. It has been also proposed that the existence of large noise
(both thermal and flicker noise) owes its origin to electronic phase

separation that exists near the metal-insulator transition.

Content of this chapter has been published in: S. Chatterjee, R. S. Bisht, V. R. Reddy,

and A. K. Raychaudhuri, "Emergence of large thermal noise close to a temperature-

driven metal-insulator transition," Phys. Rev. B, 104, 155101 (2021).
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3 Emergence of large thermal noise close to a temperature-

driven metal-insulator transition

3.1 Preface

In modern condensed matter physics, the physics of metal-insulator transition (MIT), in which
a metal with delocalized electrons makes a transition to an insulating state with strongly
localized electrons, has been an intensively researched topic. Even though this topic has
received key contributions that have enriched it, there are still fundamental issues that need to
be addressed. What distinguishes the MIT phenomenon is its generality, which has been seen
in a variety of systems, and the presence of particular aspects in MIT physics that are present
regardless of material details. The field of MIT has historically progressed in two primary
directions. One direction is the disorder-driven Anderson transition [1-3], where at the
transition the density of states (DOS) at the Fermi level N(Er) # 0. However, the localized
nature of the electronic states at about Fermi level Er gives birth to a unique character for
electronic transport. In general, the concept of a mobility edge is used to distinguish between
extended and localized states in the energy space. This transition is typically influenced by
disorder and/or carrier density, which modulate the mobility edge and Fermi level, respectively.
The other broad direction is the correlation-driven Mott transition [4], in which significant
electron correlation drives the DOS at E to split into two bands and N(Er) = 0. In recent
years, there has been a convergence of the above two directions, known as the Mott-Anderson
transition, when both disorder and correlation are present [5-7]. It has been demonstrated that

the presence of disorder in a Mott transition substantially modifies N(Er) [8].

The thermodynamics of MIT has significant implications. Whereas the Mott transition is
typically conceived of as a first-order transition that can be broadened by disorder [5,9-12],
the Anderson transition is generally thought of as a continuous transition [1,3]. Like any other
phase transition, one may anticipate divergence in the correlation length and a critical slowing
down in MIT. Recently, such critical slowing down at a Mott transition temperature has been

found using noise measurements and nuclear magnetic resonance relaxation time
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measurements in polymeric/organic conductors with the controlled disorder [9-11] as well as

oxides like V203 experiencing Mott transition [12].

In this chapter, we explore one aspect of the temperature-driven MIT. We observe that in a
narrow temperature range close to the transition temperature T,,;, together with a slowing down
of relaxation time, the thermal noise has a significant value that is substantially larger than the
canonical Johnson-Nyquist (JN) thermal noise spectral power density (SPD) 4kzTR [13,14].
JN spectral power density 4kzTR is the thermal noise in a resistor R maintained at a
temperature T. At temperatures close to the MIT temperature (T,;), the large thermal noise

also arises together with large non-Gaussian low-frequency flicker noise with SPD, Sy, (f) «

fia with characteristic « ~ 1. Large flicker noise has been seen in oxides such as VO- [15],

SmNIiO3 [16], and NdNiOs (NNO) [17-19]. However, large thermal noise, as reported in this
chapter, has not been observed in previous investigations on flicker noise. We also address the
possible origin of such large noise that can emerge from electronic phase separation (EPS)
near MIT.

The experiments presented here measured thermal noise at the MIT temperature in films of
NNO grown on single crystalline substrate SrTiOz (STO) with three different orientations:
(100), (110), and (111). NNO undergoes temperature-driven Mott MIT, which has received a
lot of interest in recent years [20,21]. Although the exact nature of the MIT in this material is
unknown, it has been demonstrated that the temperature-driven MIT in NNO contains a
significant contribution from electron correlation. As a result, we refer to it as a Mott transition.
Despite being performed on a specific system NNO, the presented phenomena are of general
validity and should be observed in any correlation-driven transition. JN noise is the
spontaneous thermal noise that occurs when a resistor R is held at a fixed temperature T and
exhibits a voltage fluctuation dv.,. Thermal noise [13,14] is a result of the fluctuation-
dissipation theorem (FDT) [22] and manifests itself as a voltage fluctuation (without an applied
bias) across a dissipative circuit element such as a resistor R maintained at a bath temperature
T. The subscript “th” in dvy, refers to thermally induced spontaneous voltage fluctuations. The
mean square voltage fluctuation of thermal noise dv2, measured over a bandwidth Af is
described by the relationship [13,14].

((8vE)) = (4kpTR)Af (3.1)
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Equation (3.1) assumes that the electron system at temperature T, is in equilibrium with the
phonon thermal bath at temperature T, so that T, = T. The fluctuation provides a fundamental
measurement of the bath temperature T and acts as the basis for noise thermometry in
metrology [23]. The frequency-independent SPD of equilibrium JN thermal noise is given
as [13,14].

Sen = 4ksTR (3.2)

The effective electron temperature T, can be determined using equation (3.2). In a hot electron
system T, > T and the thermal noise S;;, >4kgTR [24]. The JN noise relation is a manifestation
of the FDT's validity [22,25,26]. The deviation of the thermal noise S;,, from the canonical
value of 4kzTR is frequently interpreted as a symptom of FDT violation. Thermal noise
emerges in the absence of a bias and is bias independent. When a bias V' is put across the resistor

R, it coexists with the flicker noise. The flicker noise has SPD, Sy, (f) « fia and is typically

referred to as% noise when a ~ 1. For a particular frequency f, S, (f) « V2. The flicker noise

is usually distinguished from the thermal noise by its quadratic dependency on the bias V [27].

3.2 Experimental methods

NNO films with thicknesses of ~ 15 nm and rms roughnesses of ~ 0.4 nm were grown on
single crystalline STO substrates with different crystallographic orientations using pulsed laser
deposition with a KrF (= 248 nm) laser at a fluence of 2.5 J/cm?. Temperature and oxygen
pressure throughout growth were 0.15 mbar and 625°C, respectively. In addition to
conventional X-ray diffraction (XRD), the XRD data was employed to produce reciprocal
space mapping (RSM). The X-ray RSM measurements are performed using the Bruker D8-
Discover system, which is outfitted with Cu K, radiation, an Eulerian cradle, a Goebel mirror,
and a LynxEye detector. Leptos software is used to analyze the acquired data. Both symmetric
(002) and asymmetric (103) reflections are used for the RSM measurements. The dc electrical
resistivity (p) of the films was measured in a closed cycle cryostat (pulsed tube) in a colinear
four-probe configuration with Cr/Au contact pads down to 3 K. Both heating and cooling cycle
data were collected. The noise measurements (80 < T < 300 K) were carried out in a liquid
nitrogen cryostat using a four-probe ac excitation technique [28], which enables the

simultaneous measurements of the flicker noise and the frequency-independent thermal noise
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Stn- The temperature was maintained at £5 mK. The lock-in amplifier-based ac modulation
noise detection technique allows us to concurrently measure the spectral power of voltage
fluctuation év(t) from the sample and the background noise [29,30]. Whereas the former
contains information about flicker noise, the latter contains information about thermal noise.
The thermal noise S;;, has been calibrated against a standard 1-kQ resistor to ensure that it is
near to the JN value of 4kz TR and that the shielding process is effective in mitigating spurious
noise that contributes to the background and frequently causes S;;, to deviate from the JN value.
An ultrahigh vacuum scanning tunnelling microscope was used to capture a spatially resolution
image of local tunneling conductance G (V) over an aerial range of 0.5 x 0.5 um at a fixed bias
V. The measurements were made at a base pressure of 101° mbar. G (V) represents the spatial
dependency of the DOS at the E and was measured using a modulation method with a small
ac bias added to the dc bias V, which is utilized to hold the tip above the film at a constant

height. The small ac modulation voltage (dv <« V) was used to determine the differential
tunneling conductance g(V) = AA—i from the modulation Ai current. Doing a raster scan in the
presence of ac modulation allows for the simultaneous recording of topography and
spectroscopic data. The system has a current noise level of <10 f—}‘;‘z. The local tunneling
conductance map (LCMAP) is a contour plot of G (V) taken in raster scan mode with a fixed

dc bias V = 0.5V. The color code represents the equivalent value of G(V), with higher

tunneling conductance regions being metallic.

3.3 Results

3.3.1 Structural data

Figure 3.1(a)-(c) displays the RSM data measured along (103) reflections for all three films
investigated. The grown films are highly oriented, as revealed by the XRD data. The RSM data
also indicated that the films are strain relaxed with residual strain (see Table 3.1) due to a finite
mismatch lattice constants of the film and the substrate. Figure 3.1(d)-(f) illustrates the atomic
force microscopy images of all the films collected over a 500 nm x 500 nm area. The film is
compact and has coherent grains, which we attribute to strain relaxation. As observed in the
atomic force microscope (AFM) image, strain relaxation produces coherent grains with typical
sizes of ~ 35-40 nm.
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Figure 3.1: (a)-(c) The RSM data for NNO thin films grown on STO single crystalline substrate with
different orientations measured along (103) reflection. g vectors are in units of nm™. The grey solid
lines show the relaxation triangle. (d)-(f) The AFM images of the NNO thin films grown on STO single

crystal substrate with different orientations taken over an area of 500 nm x 500 nm.

Strain inhomogeneity is caused by strain relaxation and the formation of misfit dislocations,
which modifies the nature of the EPS in the coexisting phases of the film. Table 3.1 display the
relevant parameters derived from RSM data. As the orientation of the STO substrate is altered
from (100) - (110) - (111), there is a progressive shift in the in-plane strain €, (and
concomitantly the out-of-plane strain €, ). The film grown on STO (100) has a small, positive
value for €, whereas the film grown on STO (111) has a large, negative value for €. This

pattern is also seen in the values of relax, which are close to unity, indicating almost perfect

Afilm — Asubstrate

relaxation (R = — ). We also observe a steady increase in the full width at half

Asubstrate™ Asubstrate

maximum (FWHM) of the rocking curve of the films, which initially stood at a value of 0.373°
in the film on STO (100) and eventually rose to a value of 0.607° in the film on STO (111). In
Table 3.1 display all the related parameters. Hence, there is progressive disordering in the films
of NNO grown on STO with different orientations in the order (100) - (110) - (111). This

observation has crucial implications for transport and thermal noise data, as detailed below.
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. _cR
Table 3.1: Relevant structural data obtained from RSM: Out-of-plane strain = ¢, = M in-plane
substrate
. Afilm— a]}silm . . . .
strain = €, = ——————, a = in-plane lattice constant, and ¢ = out-of-plane lattice contant. Subscripts

Asubstrate

“film” and “substrate” refer to the fully relaxed film and the substrate, respectively. The subscript R
refers to the fully relaxed film. Lattice constants of STO (cubic) a, csypstrate = 0-3905 nm; lattice
constant of NNO (pseudocubic), a, C,Bum =0.3807 nm; dw° is the full width at half-maximum of the

rocking curve in degrees.

Sample €, (%) € (%) Afipm (NM)  Cfipn (NM) dw (°)
NNO/STO(100) -0.081 0.094 0.38107 0.38038 0.373
NNO/STO(110) 0.015 -0.017 0.38063 0.38076 0.489
NNO/STO(111) 0.359 -0.419 0.37906 0.38210 0.607

3.3.2 Transport data

The resistivity (p) data for all of the films as a function of temperature are displayed in Fig.
3.2(a). All of the films feature MIT with hysteresis. Hysteresis occurs in a Mott transition due
to its underlying first-order nature and can be controlled by the extent of coexisting phase

fractions [31,32], as demonstrated in systems such as PrNiO3z and V20z. The Ty,; is determined
by changing the sign of the derivative Z—? as shown in Fig. 3.2(b)-(d). All the T,,; values are

given in Table 3.1l. The transition temperatures vary according to the heating and cooling
cycles. Ty, is lowest in the film grown on STO (100), which also has the lowest resistivity at
300 K, and Ty, is almost similar in the films grown on STO (110) and STO (111). In Fig.
3.2(a), the graph for the film NNO/STO (110) has been shifted vertically for clarity. The Ty,
for these two films is almost 50 K higher than that of NNO/STO (100) (see Table 3.11). Higher
values of p in the films on STO (110) and (111) arise from more disorders as noted before (see
Table 3.1). This particular aspect, however, is outside the scope of this chapter and is not

discussed further.

In the transition region, EPS results in the coexistence of insulating and metallic phases, as
observed by spatially resolved techniques [18,33]. The temperature dependence of the volume

fractions of the coexisting phases can be determined from the p vs T plots using effective
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medium theory [34]. The insulating fractions f; of all the three films and their temperature

dependence are presented in Fig. 3.3(a)-(c) (the metallic fraction f,, = 1 — f;). For all the

(a) = NNO/STO (100) 1.50x10°4 NNOJSTO (100) (b)
= NNO/STO (111) .
10" = NNO/STO (110) 0.00+--
T = 5
? T -1.50x107 4
£ g )/
< 1074 -3.00x10° ! .
~ & Heating
o Cooli
N -4.50x10™* v Looling
N T T — 140 160 180 200 220
0 50 100 150 200 250 300
Temperature (K)
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4 4.0x10° T——
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- .-
0.0}-- —— 0.04---- )
. =
S roxi0*]  &57 = 4.0x10™
s & $
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Figure 3.2: (a) Temperature-dependent resistivity data for all three NNO films grown on STO single
crystal substrate with different orientations. The curve for the film NNO/STO (110) has been shifted

for clarity. (b)-(d) The Z—‘T’ curves for all three films studied.

films, the insulating fraction f; at T = T, ranges between 0.09 and 0.11. The width of the
transition 8Ty, is defined as the temperature range over which the insulating volume fraction
changes from a value of 10 to 90 %. Both the heating and cooling cycles 6T, values are
indicated in Fig. 3.3. These values are shown in Table 3.1l. The width of the transition 6T);
rises from STO (100) to STO (110) to STO (111). This is most likely owing to increased

disorder in the films when the orientations shift, as previously mentioned.
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Figure 3.3: (a)-(c) Insulating fractions (f;) for the NNO films grown on STO substrates with different
crystallographic orientations. The figure also marks the width of the transition 6T),; defined as the

temperature region between 10% and 90% of the transition. Data is shown for both heating and cooling
cycles.

Table 3.11: Parameters from electrical transport and noise measurements: H, heating cycle; C, cooling

cycle; Ty, metal-insulator transition temperature; 6T),;, the width of transition; T*, the temperature

where thermal noise (S;,) exhibits a peak; ¢y, the peak value of the ratio %.
B

T (K) 8Ty (K) T(K) ™ Cm
Sample Ty
H C H C H C H C H C
NNO/STO(100) | 177 | 160 | 47 | 47 | 160 | 142 | 0.90 | 0.89 | 10 4
NNO/STO(110) | 206 | 189 | 68 | 64 | 200 | 182 | 0.97 | 0.96 | 11

NNO/STO(111) | 211 | 187 | 73 66 | 228 | 202 | 1.08 | 1.08 | 12 10

3.3.3 Thermal noise

Figure 3.4(a)-(c) show examples of observed frequency-independent thermal noise (S;;) and
flicker noise with spectral power dependency S, (f) « fia for the three films at a given

temperature. In the figures, the two kinds of noises are indicated. Figure 3.4(a)-(c) indicates
that the thermal noise S;;, in the films, as well as the flicker noise, can be measured accurately.

At the temperatures, the values of S;;, presented in the figures are nearly 4kzTR.
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Figure 3.4: (a)-(c) Spectral power density S,,(f) for the flicker noise varying as fia and thermal noise

Stn (frequency-independent power spectrum) in the three NNO films shown in a temperature region
away from the transition region. The Johnson-Nyquist value of 4k;TR for the resistance R at the

temperature of T is marked by an arrow.

The variation of the measured thermal noise S;,(T) in the three films compared to the

canonical JN value of 4kzTR is illustrated in Fig. 3.5(a)-(b). To quantify the extent of thermal

th( )
4kp

noise deviation from the JN value, we defined the ratio {(T) = , Which is the measured

thermal noise S;;, (T) scaled by the JN value. In Fig. 3.5(a)-(b), we showed the ratio {(T) as a

function of temperature T for all films for both heating and cooling cycles.
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Figure 3.5: (a)-(b) Temperature dependence of the ratio ¢ for the three NNO films grown on STO
substrates with different orientations. Data are shown for both heating and cooling cycles. The arrows

mark the temperature T*, where the ratio { shows a peak.

It is evident that a clear maximum is visible in {(T) around a particular temperature, which we

designate as T*. In the narrow temperature range close to the MIT, all the films studied during
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the cooling cycle ¢, > 5 and the heating cycle ¢,, > 10. Additionally, it is noted that, despite
being very close to the MIT transition temperature Ty, the temperature T*. where {(T) peaks
are distinct from it. Table 3. Il shows the parameters derived from the noise data. The
magnitude of the thermal noise and the scaled value ¢ need to be clarified. The as-measured
frequency-independent thermal noise can get mixed with extraneous contributions which can
add on to the observed noise and thus can make ¢ higher than the expected value of 1 as would
happen when the background noise only rises from the JN thermal noise. However, extraneous
contributions can be reduced by shielding them from external noise sources. It is possible to
acquire a measure of the mitigation of extraneous contributions by measuring the background
noise with a calibrated resistor of value R.;;, held at a known temperature T'. If the extraneous
noise contributions are correctly removed, the measured background noise will be close to the
intended value of 4kgTR_ g4p- IN our experiment, R.,i» = 1 kQ was used. From these
measurements, we establish that the maximum value of ¢ that can arise from extraneous noise
sources would make ¢ < 1.5-2. Hence, the observed increase of to greater than 2 is not due to
external noise sources. The presence of large thermal noise at temperatures close to but distinct
from T),; is an important finding of the study. The enhancement of thermal noise is dependent
on substrate orientation and in-plane strain, as shown in Table 3.1 derived from RSM data. The

value of ¢, and the ratio r

increase progressively for films grown on STO(100) - STO(110)

Tmr

- STO(111) (see Table 3. I1).

3.3.4 Flicker noise

The appearance of large S;, near MIT is accompanied by the appearance of significant low-

frequency flicker noise, as illustrated in Fig. 3.6(a)-(c), which displays the temperature

variation of the exponent o of the SPD of the flicker noise Sy, (f) « fia measured on the three

films. A higher value of a indicates that lower frequency fluctuations contribute more to the
SPD. It is found that for T ~ T*, a deviates significantly from the expected value of o = 1.0
+ 0.1 and reaches a high at T ~ T*, where { also reaches a peak. The value of a at T ~ T™ in
all the films reaches a value of ~ 1.2-1.3, which signifies a substantial shift in the spectral
power to lower frequency. The predominance of lower frequency fluctuation results from the

slowing down of relaxation time, as we will see later. The relative variance of the resistance
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fluctuation (ARLZZ) also becomes large, reaching a peak at T ~ T*. As demonstrated in Fig. 3.6(d)-

(),

NNOSSTO (100 T @ Heating NNO/STO (110) @ Heating NNO/STO (111) T* @ Heating
13{(a) g+ ¢ % Cooling M@  § gt Cooline 13 (©) g Cooling
H 1 @ v
9 * '
1.2 % i 124 ;%:05 12 HE
8 11 *E : z . 0 x 9 3 %p
i*. 19 . ! ‘SP?O 29
w22 % ekl HEx M1, 0 o T ed,
1.0 3 ! KRR R LIE [ ¥ T 1 S o 4 \ * Q
0,9 : H 99 o e ! H ¢ Q L0y * : :
0.94 % & ' é 09 5 o ; * | §
. ‘ i . , 0.9 T L . ;
120 140 160 180 200 140 160 180 200 220 240 260 160 180 200 220 240 260 280
Temperature (K) Temperature (K) Temperature (K)
e o S10” i
5.0x10 NNOSTO (100) . @ Heating 3.0=10 ™ @ Heating 1510 NNO/STO (111) T @ Heating|
. T Cooli + Coolin #* Coolin
o A0 (@ 3 * Looling 2.4x10” (€ 5 T £ 12x10°{ (D . ! ¢
-3 ' o v ? ~ T H
= ' =4
. ! 1 = * Ll
«E"E_ 3.0x10™" Lo o 18x10° 13100 X * c,nr.a‘;:°
T H E *) @920 o ]
&=l 10 H | o 9 * i
3 2.0x10 T , \1,3’1.2:.'10'“ 00' **E N 7 6.0x10™ : . !&Qi;ﬂ** ?( *ﬁoao °
\ ' ' * ok ?
) : ) e g% ; i
1.0x10 Sod *:*yt % %0 ¢ o o 6.0x10™" ? NNO/STO (110) 3.0x10™ :
v L . X . . . - X —1 +
120 140 160 180 200 140 160 180 200 220 240 260 160 180 200 220 240 260 280
Temperature (K) Temperature (K) Temperature (K)

Figure 3.6: (a)-(c) Temperature dependence of the exponent a for the flicker noise spectral power
density (S,,(f) « fia) for all three NNO films grown on STO substrates with different orientations.
The arrows mark the temperature T* where the ratio ¢ shows a peak. (d)-(f) Temperature-dependent

2
<A:2 ) for the three NNO films grown on STO substrates with

relative variation of resistance fluctuation

different orientations. The arrows mark the temperature where the ratio ¢ exhibits a peak.

the peak value of the relative variance might be a factor of 2-3 more than the value at the

baseline that occurs away from T*. (Note: @R%) — 1} ]f WSVV—(ZD df evaluated over the bandwidth

RZ

(AR?)
— donotoccuratT = Ty

but at T* where the thermal noise also peaks. The low-frequency fluctuation that contributes to

of the measurement f,,,4x, fmin)- Interestingly, the peaks in o and

substantial flicker noise around the transition region is correlated, making the fluctuation non-
Gaussian. This can be assessed using the normalized second spectrum, as shown in Fig. 3.7(a)-

(c) for the films. The normalized second spectrum is denoted by [15,18,29]
52 =[SO p)df, (33)

0

where
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Jy <6v@ ()8v P (t+1)>cos(2mfr6)dg

[f;;H 5V(f1)df1]2

SAf) = (3.4)

where f; and f, are the frequencies associated with the first and second spectra, respectively.

Sv(t) is the measured voltage fluctuation.
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Figure 3.7: (a)-(c) The second spectra I"? of the noise spectra for all three NNO films grown on STO

substrate with different orientations with scaled temperature Tl for heating and cooling cycles. (d)-(f)

The correlation time 7 as a function of scaled temperature Tl for heating and cooling cycles for all three

NNO films grown on STO substrates with different orientations. (g)-(i) Plot of ¢ vs t for heating and

cooling cycles for all the three NNO films grown on STO substrate with different orientations.

When the noise sources from which fluctuations arise are correlated in nature, a large value of
I'? as observed close to T* would be expected. The appearance of large noise is correlated with
the emergence of slow fluctuations which can be observed from a longer correlation time (t).
T can be determined from the autocorrelation function [C (t)], which is related to the fluctuation

times series dv(t) by the relation
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Ct) =<dv(t') x dv(t+t') >y (3.5)

where < -+ >, represents the time average. C(t) shows an approximate exponential
dependence for a small time and a non-exponential tail for a longer time. The representative

plots C(t) vs. t are shown in Fig. 3.8(a)-(c).
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Figure 3.8: (a)-(c) Representative correlation function C(t) as a function of t for all the three NNO

films grown on STO single crystal substrate with different orientations at the T*.

T has been approximated as the time when C(t) = iC(O). Figure 3.7(d)-(f) depicts a plot of ©

vs scaled temperature Ti for the three films. It can be seen thatat T ~ T*, the value of t increases

by a factor of three or more when compared to its value away from T*. Correlation of the
appearance of large S;; with the enhanced value of T can be seen from a plot of { vs t given in
the insets of Fig. 3.7(g)-(i). This demonstrates a direct correlation between the two, indicating
that the appearance of large thermal noise happens when there is a slowing down of time scales
of fluctuation. As previously noted, prior findings of noise spectroscopy in polymeric
conductors [9,10], as well as transition metal oxides [12,15-19] have indicated the formation

of low-frequency correlated fluctuations near the MIT as detected from exponent a, variance

(AR?)
R2 '’

the JN value.

and second spectra I'2. However, no report exists that shows a large deviation of S, from

3.4 Discussions

In the context of the Anderson transition, it has been observed that while crossing the metal-
insulator transition from metallic samples to insulating samples in both two-dimensional metal-

oxide-semiconductor field-effect transistors [35-37] and three-dimensional systems of doped
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Si [38], the magnitude of the noise increases rapidly and by orders of magnitude as the electron

localization length decreases T - 0. The ]lc type flicker noise at the Anderson transition has

been found to be a manifestation of Coulomb glass formed by localized electrons associated
by long range Coulomb contact. These issues have been extensively theoretically

explored [39], and it was argued that the slow relaxation of a finite number of fluctuators

needed for the emergence of large % originates from a slow rate of simultaneous tunneling of

many localized electrons and by large activation barriers for their subsequent rearrangements.
This concept has been used to study large flicker noise in quantum dot arrays [40], where the
scenario proposed is a majority metallic phase coexisting with weakly connected dispersed
nanoparticles. The appearance of long relaxation times is needed for the appearance of large
flicker noise, which can be obtained by considering the correlated motion of extended clusters
of charges [39,41].

440
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Figure 3.9: Local tunneling conductance map of an NNO film near the region of electronic phase

separation. The color-coded conductance G (A/V) is shown in the right bar.

It has been claimed that in such systems, there are a few main conductive channels, around
which there are weakly coupled charged clusters with mobile charges, and it is the displacement
of these charges that controls the mobility in the paths as well as acting as a source of long

relaxation time and gives birth to large flicker noise [39,40]. We describe below how, with
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some modifications, such a physical approach can be utilized in the context of Mott transitions
where there is a coexistence of phases originating from EPS to understand the generation of
large correlated flicker noise as well as large thermal noise. The physical prerequisite for both
phenomena is the emergence of fluctuation with a lengthy correlation time.

Mott-type MIT is characterized by a shift in carrier density (n) at T ~ Ty;. Coexisting phases,
as shown in EPS near MIT, introduce significant variation in n. This may be seen in the
spatially resolved image taken by scanning tunneling spectroscopy (STS) on a film of NNO
near MIT, as shown in Fig. 3.9. The STS image is an LCMAP that depicts existing
heterogeneity in the local DOS near the Fermi level E. These heterogeneities can range in size
from a few nanometers to tens of nanometers. The heterogeneous local DOS will result in a
spatially varying local n [18]. The flicker noise in an EPS system, like in a percolating network,
is large [42,43]. We would like to propose, as explained below, that the source of the large
thermal noise can also be directly traced to EPS, which can result in a longer relaxation period.

We present a simple physical scenario to this effect.

We propose the following physical scenario for an EPS near MIT with majority and minority
phases. Figure 3.10 depicts a schematic of the proposed physical scenario. This is analogous to
the physical model described above [39,40], which is made up of conductive paths with weakly
connected charged clusters.

Isolated metallic T li tT
Nano-puddles unnef junction <= Conducting back-bone
formet_] ms-ulatmg layer (majority phase)
(minority phase)
Intervening
insulating phase |
Metallic
Majority phase
Isolated metallic
nano-puddles

Figure 3.10: Schematic model of isolated metallic nanopuddles in the transition region connected to

the metallic majority phase backbone by tunneling through the intervening minority insulating phase.
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Noise, both thermal and flicker noise, will be large if there is a sparse phase of nanometric
isolated metallic islands (which we describe as "nanopuddles™) separated from the main
backbone conducting phase (the majority phase) by an intervening insulating layer (the
minority phase) that surrounds the nanopuddles. By tunneling through the intervening
insulating layer, these metallic nanopuddles would serve as small capacitors coupled weakly
to the main conducting phase backbone. (Fig. 3.3(a)-(c) shows that the insulating phase is the
minority phase in the temperature range T ~ T*.) The concept of a sparse majority phase
trapped within the minority phase and separated from the main body of the majority phase has
been presented in the context of the Griffiths phase [44], where slow electronic relaxation is
observed [10,11,45]. So, the scenario provided here can be related to the general setting of EPS

near a phase change.

The isolated metallic nanopuddles with a small enough average diameter ({(d)) and weakly
connected to the main conducting path would show Coulomb charging when the charging
energy E;. = kgT [46,47]. This notion has been widely applied in the context of charge
transport in granular metal films and other granular metal-insulator composites. One would
expect similar notions to be applicable in an EPS system, which is essentially a metal-insulator
composite [48-51]. The Coulomb-charged weakly connected nanopuddles will have slow
relaxation dynamics, yielding in nonequilibrium electron distribution. As a result, the
Coulomb-charged nanopuddles will serve as a source of heating [52-54] and the polarization
fluctuations around such charged nanopuddles would generate large noise [55]. Therefore,
weakly coupled Coulomb-charged nanopuddles that may exist in the MIT region due to EPS
are the source of both slow relaxation and large noise. The noise will significantly increase
around the temperature T* if the average size of the nanopuddles ({d)) is such that the

associated Coulomb charging energy E. exceeds T".

The temperature T* at which the thermal noise peaks are dictated by two factors: the number
density (N;) of such isolated nanopuddles and their average size ((d)). As schematically
depicted in Fig. 3.11, the N, of such isolated nanopuddles embedded in the minority insulating
phase is anticipated to depend on T. At the temperature range where N, exhibits a broad
maximum, the maximum noise will manifest for the reasons given below. Cooling below Ty,;
causes N, to decrease as the insulating fraction expands to become the majority phase,
progressively subsuming the nanopuddles. At T > Ty, when the majority metallic phase

fraction increases, it gradually subsumes the residual insulating phase, separating the
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nanopuddles from the main phase and causing N, to decrease. It is thus suggested that there
will be an optimum temperature range where the phase fraction is such that a significant

number of weakly connected nanopuddles can exist as part of the EPS and N, has a broad

maximum.
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Figure 3.11: Schematic model of phase separation in the three temperature regions and a suggested
qualitative dependence of N,;, number density isolated nanopuddles embedded in the minority

insulating phase.

The temperature T* can be used to calculate the average size of the nanopuddles. The (d) of
2

the Coulomb-charged nanopuddles can be estimated from E. = % (e = elementary charge),
d

where C; = 2meye4(d) = capacitance of a metal nanopuddle of diameter (d) embedded in a
medium with the dielectric constant €; and €, = free space permittivity [48]. As previously
proposed for T ~ T*, where the noise is high, the nanopuddles will be Coulomb charged, and
this will occur when E; > kgT*. Using the measured T* and €; = 5 as the dc dielectric
constant of NNO [56], an estimate of (d) < 15-20 nm was obtained. (d) < 20 nm for
NNO/STO (100) and it decreases to < 15 nm for NNO/STO (111) that has larger { and higher
T*. Such nanopuddles have been found in LCMAPSs obtained with STM (see Fig. 3.9) as well
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as in previous studies in the context of EPS near MIT in NNO [18]. We should highlight that
the estimate of (d) was made assuming a spherical shape for the nanopuddles, which may have

an ellipsoidal shape in actuality. For very large nanopuddles, the Coulomb charging energy E
is small (since it is « %), hence the relevant energy scales are pushed much below T),;, where

the number density of such puddles is very low due to the insulating phase's large volume
fraction. The charging scale will be high for nanopuddles with very small diameters (< (d)),
and they will exhibit Coulomb charging at T < T,,;. However, as was previously mentioned,
their number density N; will be small (see Fig. 3.11), which will result in a negligible
contribution to the thermal noise observed. So, it appears that an interplay between the
temperature dependent N, and the distribution of the diameter (d) of the nanopuddles will
determine the temperature T* as well as the extent of the temperature range over which the
noise remains large. The size distribution and (d) are supposed to determine the value of and
the maximum value ¢,,. A lower value of (d) will result in higher values of T*. The smaller
the size of the nanopuddles, the larger the thermal noise, and hence the larger the {p,. The
observed emergence of large noise near MIT is presumably a manifestation of EPS in the

transition region.

The temperature T* at which the ratio { peaks, as well as the peak value {,,, are shown to be
highly dependent on the STO substrate orientation on which the NNO films are grown. The
substrate orientation, as shown in Table 3.1, affects both the residual strain and the strain

relaxation. As a result, T* and {;, are affected by the substrate orientation. This dependence is
illustrated in Fig. 3.12 by plotting ¢, and the ratio TT— on the in-plane strain (¢),%). It can be
MI

observed that the two quantities are dependent on the residual in-plane strain. The change in

in-plane strain from small tensile strain [in NNO/STO (100)] to significant compressive strain

[in NNO/STO (111)] increases the {,, and the ratio TT— This dependence can be justified, as
M1

T*

detailed further below. The ), and ratio — are determined by two factors: the average size of

Tmr

the nanopuddle (d) and its temperature distribution N;. The nanopuddles are formed by EPS,

and the size scale of the EPS determines the size and size distribution of the nanopuddles that

T*

constitute the sparse phase. As previously discussed, this determines ¢y, and the ratio Since

Tumr

EPS is a result of strain relaxation in the film, which depends on substrate orientation, it is
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T*

anticipated that the correlation of ¢, and ratio with in-plane residual strain will emerge

Tmi

from this particular dependence on the extent of strain relaxation on substrate orientation.
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Figure 3.12: Dependence of ¢, and on in-plane strain ;.

Tmr

The size scale in EPS increasingly decreases with increasing strain, as does the disorder caused
by the misfit dislocation, which gives rise to the FWHM of the x-ray diffraction peaks (see

Table 3.1). The FWHM is the largest in NNO/STO (111), as is the ¢, and TT— The specific
MI

issue of how the residual strain field and strain field inhomogeneity caused by misfit

dislocations might alter the dependence of the size scale of the EPS has been extensively

explored, particularly on films of perovskite transition metal oxides [57,58]. This has also been

reported in several film systems grown on various substrates, as well as in specific bulk
alloys [59-62] and even on VO2 nanobeams [63-65].

3.5 Conclusion

We report the emergence of large thermal noise (S;;) at the Mott transition in NdNiOz films

grown on STO substrates with different crystallographic orientations. This large thermal noise
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arises concurrently with largely associated flicker noise (% noise) with significant non-Gaussian

content. Thermal noise and flicker noise were measured simultaneously, and S;;, deviated
significantly from the canonical Johnson-Nyquist value of 4kzTR. We demonstrated that the
substantial rise in noise (thermal and flicker noise) results from the dominance of slow

relaxations close to the transition. We further demonstrated that the broad peak of the thermal

noise, as measured by the ratio {(T) = %, does not appear at the transition temperature
B

Ty but rather at a noticeably different but nearby temperature T*. It has been demonstrated
that the temperature T* and the maximum value of ¢ ({) are closely related to the in-plane

strain €,%, which increases when the orientation of the substrate STO is changed from (100)

to (111). A scenario has been suggested in which the large noise is generated by EPS around
MIT temperature, which can result in a sparse phase of nanometric small pockets of metallic
phases (nanopuddles) surrounded by and embedded within the minority insulating phase. The
nanopuddles are coupled to the majority metallic phase by tunneling through the minority
insulating phase layer. If the charged nanopuddles are small enough, they can serve as a source
of noise. It has been proposed that the size distribution and average size of the nanopuddles
will affect the scale of charging energy E. and temperature T*. The dependence of T* and {,
on in-plane strain may arise from the strain-induced variation of the size scale of the
nanopuddles. It is likely that our observation that thermal noise increases near a Mott MIT is
generic and can be observed in other materials as well if there is EPS present, resulting in the

formation of nanopuddles.
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Chapter 4 Disorder-induced crossover of
Mott insulator to weak Anderson
localized regime in an argon-

irradiated NdNiO; film

In this chapter, we show that an introduction of disorder in a
controlled way using 1 MeV argon (Ar) ion irradiation,
suppresses the correlation-driven metal-insulator transition
(MIT) in NdNiOs films. The films make a crossover to a heavily
disordered conductor governed by weak localization and at even
higher disorder, an Anderson localized state. Evidence of
suppression of correlated behavior can also be found in the
irradiated films, where the non-Gaussian nature of resistance
fluctuation close to MIT, a signature of correlated electron
systems, is suppressed on irradiation, leading to the collapse of
the MIT. Raman spectroscopy and X-ray examinations revealed
evidence of increasing disordering of the films after irradiation,
indicating that the basic integrity of the NiOs octahedra is intact

and the structure preserves its crystallinity.

Content of this chapter has been published in: R. S. Bisht, S. Chatterjee, S. Raha, A.
Singha, D. Kabiraj, D. Kanjilal, and A. K. Raychaudhuri, "Disorder-induced crossover of
Mott insulator to weak Anderson localized regime in an argon-irradiated NdNiOs film," Phys.

Rev. B 105, 205120 (2022).
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4 Disorder-induced crossover of Mott insulator to weak

Anderson localized regime in an argon-irradiated NdNiOs film

4.1 Preface

The metal-insulator transition (MIT) is an intriguing phenomenon in which a metal with
extended wave functions enters an insulating state with strongly localized electrons when one
or more physical parameters are varied [1-5]. In one MIT class, the transition is primarily
regulated by a crystallographic transition that opens a gap in the conduction band, resulting in
a shift in the density of states (DOS) at the Fermi level (Er) as a result of the change in lattice
symmetry [6]. Another MIT class that has recently received a lot of attention is an electronic
transition. This form of MIT is broadly classified into two categories. One class is the
correlation-driven transition (similar to a Mott-type transition), in which the DOS develops a
gap such that the DOS at E, g(Er) = 0. The transition is of first order in nature, and the MIT
is observed as a function of temperature [1,7,8]. The other major class is the disorder-driven
Anderson transition, where the electronic states close to the E are localized even while g(Er)
is still finite, i.e., g(Er) # 0[9,10]. The MIT can be ushered in by adjusting the disorder

parameter A. The transition to the insulating state happens when the disorder parameter is

scaled by the bandwidth B, § = ﬁ, reaches a critical value 6. ~ 1. Similarly, for correlation

driven transitions, the scaled parameter u = %, which quantifies the on-site Coulomb repulsion

U, is tuned, and the transition occurs at a critical value u,. ~ 1 [1,7,8]. Extensive investigations
that have been undertaken over the years have established that in a real physical system the
transition has aspects of both disorder and correlation. The phenomenon becomes more
complicated when both § and u have finite values, especially when § and u are close to their
critical values and the strength of the correlation and disorder are comparable (6§ ~ u) [11]. The
MIT is known as an Anderson-Mott transition when a Mott transition occurs with disorder.
Despite the complexity of the topic, several unifying scenarios have emerged throughout time.
For example, it has been demonstrated that destabilization of the gapped insulating state
beyond a certain level of the disorder can result in a transition from insulating to a correlated

disordered metallic state, which at a higher level of disorder § can change over to an Anderson
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insulator (Al) [12-14]. At zero temperature [12], as well as at finite but low temperature [13],
a phase diagram with parameters § and u has been provided [15], which shows how a steady
enhancement of § can drive a Mott insulator (with u > u,) to a disordered metallic state and
eventually to Al depending on the values of the parameters § and u. Figure 4.1 depicts a
schematic phase diagram taken from Ref. [13] for simplicity of discussion. Although the phase
diagram was established in the context of the Mott-Anderson MIT, it may also be used to show
how the level of the disorder can modify a correlation-driven MIT. The specific context of the

Mott insulator is utilized to illustrate a general class of similar transitions.

Correlated Al

Metal MI

Figure 4.1: Schematic of the phase diagram with correlation and disorder: MI: Mott insulator, Al:
Anderson insulator, WL: weak localization regime. The vertical arrows illustrate the schematic path of
disordering by 1 MeV Ar ions for (a) NdNiOs film and (b) Ndo7LaosNiOs film. Shading around the
arrows represents expected variations arising from the strain for films grown on different substrates.

The phase diagram has been adapted from [13].

The schematic of a qualitative phase diagram in Fig. 4.1 is placed in context with the
experimental realization presented in this paper. If we start from a region deep inside the
insulating region where u > u, and increase the disorder by tuning the §, we can crossover

to a region of Al or at least a region of weakly localized metal for sufficiently large. If the
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disordering process does not affect u, the disordering path following vertical (a) can be
realized. In this situation, it is expected that when the crossover happens, the conductivity will
increase on the collapse of the gapped insulator as the gap at E closes, and then decreases as
the disorder increases. It will also be intriguing to investigate the case where such a disordering
process follows vertical (b), where the initial sample is not in a gapped insulating state but
rather in a weakly localized regime that is close to the critical boundary (u = u.). In this case,
unlike the disordering following vertical (a), the disordering following vertical (b) would result
in a continuous decrease of conductivity due to disorder enhancement because there is no
crossover involved. Hence, qualitative differences are likely to be noticed when disordering

occurs following vertical (a) and (b).

The substitution of isovalent ions with different ionic radii is one method to introduce disorder
into a system [2,16,17]. Although this approach is commonly used, it has co-lateral difficulties
such as changes in crystal structure and changes in ionic radii that might cause internal pressure,
resulting in a change in bandwidth B. This would not only change &, but it may also change u
as well. A cleaner strategy to change § solely and move along vertical (a) and (b) in Fig. 4.1 is
to use energetic heavy ion irradiation in a controlled way as a tool to induce disorder without
modifying the chemistry. High-energy ion irradiation can create high-density defects in a short
period. When the sample utilized is thin enough (such as a thin film on a substrate), the
projected ions do not stop inside the film and, as a result, the irradiation does not change the
chemistry. Consequently, an extremely useful investigation will be to use irradiation to induce
controlled disorder and investigate the progressive destabilization of the gapped insulator, as
indicated in the schematic illustrated in Fig. 4.1. It will be especially important to study the

nature of electrical conduction in solids when the insulating state is suppressed by the disorder.

In strongly correlated organic conductors, X-ray irradiation was used to investigate disordering
a Mott insulator [18]. The radiation-induced disorder increases conductivity, yet the insulating
condition is retained at low temperatures. At low temperatures, hydrostatic pressure can be
used to induce the disordered insulating state to change over to a weakly localized conducting
state, hence increasing the conduction bandwidth by increasing the transfer integral. Whilst
high energy, swift heavy ions have been utilized in the past to disorder oxides such as NdNiO3
films, these studies did not address the issue of the collapse of an insulating state such as a Mott
insulator when it is disordered progressively [19-21]. The energy of the ions used in these
studies was extremely high (200 MeV). In these energy ranges the defects created are distinct

due to the predominance of the electronic energy loss mechanism. In this work, we have
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investigated the disordering of NdNiOs (NNO) films of thickness about 15 nm which were
grown on (001) oriented crystalline substrates LaAlOz (LAO) and SrTiOs (STO) using 1 MeV
Ar ions. The stopping distance of 1 MeV Ar ions in such oxides is about 500 nm, which is
substantially greater than the film thickness. As a result, the ions do not stop inside the film,
but rather deep within the substrate. The route of disordering thus follows the vertical (a)
depicted in Fig. 4.1.

The RNiOs (R = rare earth except for La) is known to have a first-order MIT. The MIT is also
associated with a structural transition from a high-temperature orthorhombic phase to a low-
temperature monoclinic phase [22,23]. Several scenarios have been addressed in the literature
to understand the nature of the insulating state in RNiOs. However, the exact mechanism
remains elusive and controversial [22-24]. One possibility suggested that a charge
disproportionate Ni site could be responsible for charge ordering in nickelates [25]. Charge
ordering in RNiOs has also been proposed as a cause of the MIT, which is caused by a site-
specific Mott phase [24]. A negative charge transfer scenario for the MIT the RNiO3z has been
advanced experimentally [26]. Although we are aware that RNiOs may not be the best example
for a Mott system, we placed the RNiOs close to the Mott insulators in the current investigation.
We have also performed similar ion irradiation-induced disordering on a film of Ndo 7Lao.3NiO3
(NLNO), which is close to the critical region of MIT obtained by Nd substitution with
La [27,28]. The (Nd1xLaxNiOz) film exhibits substitution attributed to MIT due to bandwidth
change around a critical concentration x = 0.3 — 0.35, the exact value of which depends on the
strain arising from the substrate. When Nd is substituted by La close to the critical region of a
composition driven MIT, as in an Anderson type transition, the nature of the first order MIT in
NdNiOs changes [28]. Consequently, the disordering of NLNO films by Ar irradiation follows
path (b) in Fig. 4.1. Suppression of the Mott transition where a substitution driven closing of
the gap at E has also been observed in Sr3(Ir1-xRux)207, where the introduction of disorder can
lead to the opening of a power-law gap in the system on Ru substitution [29]. The observations
made by us in this experiment using ion irradiation are comparable to the observations made
above. The experimental findings of this study confirm the general validity of the qualitative
phase diagram depicted in the schematic in Fig. 4.1, which was developed from earlier
theoretical studies on Mott-Anderson transitions [13]. The present research demonstrated that

ion induced disordering, even at low fluence, suppresses the insulating phase, resulting in a
weakly localized regime with a negative temperature coefficient (NTC) (Z—’T’ < 0) but a finite

zero temperature conductivity [o (T = 0) # 0]. In fact, the resistivities at low temperature for
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the films disordered at low fluence are much lower than those of the pristine film that shows
an MIT.

4.2 Experimental details

The NNO and NLNO films with thicknesses of about 15 nm were prepared using a 248 nm
KrF pulsed laser deposition (PLD), and their growth was monitored using in situ reflection
high energy electron diffraction (RHEED), which was also used to calculate the thickness of
the films based on the number of oscillations in RHEED intensity. The films were grown at
625°C and 0.11 Torr oxygen pressure. The laser fluence during deposition was about 2.5
Jlem? [30,31]. lon irradiation was carried out utilizing 1 MeV Ar** ions and a beam current of
250 particle nA (pnA) at the electron cyclotron resonance (ECR) ion source-based irradiation
facility. Using the Monte Carlo method-based software "Stopping and Range of lons in Matter"
(SRIM) and "Transport of lons in Matter" (TRIM) [32], the relevant parameters for ion-
irradiation were computed. During the irradiation, the Ar** ion beam was scanned uniformly
over an area of 1 cm?, which was greater than the area of the material used. A greater beam
scan area in comparison to sample size enables homogeneous irradiation. To prevent
temperature rise during ion irradiation, the films were mounted on a liquid nitrogen-cooled
copper back plate. Figure 4.2(a) depicts a schematic of heavy ion irradiation geometry and ion
stopping in the substrate. Figure 4.2(b) depicts the electronic energy loss and nuclear energy
loss for Ar ions in NNO films as determined by SRIM [33]. Table 4.1 show how the effects of
Ar** irradiation varied by varying the irradiation time. The fluences used to irradiate the films
were 1 x 10%/cm?, 5 x 10™/cm? and 1 x 10%/cm? The range of 1 MeV Ar ions in
materials such as NNO, STO, and LAO is approximately 490-500 nm. Since this is greater
than the film thickness, the ions stop deep in the substrate after disordering the film. The
irradiation causes the film to become progressively disordered, but it contains no implanted Ar.
The energy loss for the Ar ions employed is predominantly nuclear in nature, causing ions to
be directly displaced from the lattice locations. TRIM [32,33] was used to calculate the number

of vacancies generated by Ar ions in NNO.
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Figure 4.2: (a) Schematic of the geometry of ion irradiation and the projected ranges calculated using
TRIM. (b) Electronic and Nuclear energy loss of Ar ions as a function of depth in NdNiOs.

The total knocked-out atoms (atomic displacements) is ~ 3.5 x 10%%/cm? for a fluence of 1 x
10%%/cm?. In general, ~ 99% of the damage anneals instantly at room temperature and the
nominal vacancy created for the fluence is 0.35 vacancies/target atom [33]. After thermal
annealing, the retention was ~ 3.5 x 10%/cm®. Scaling by atomic density results in a nearly
2% disorder in the NNO film. Table 4.1 summarize the sample details (including acronyms),

fluences employed in the experiment, and the disorder (atomic displacement) generated.

Table 4.1: Details of the samples (and acronyms), the fluence used in the experiment, and the disorder

(atomic displacement) generated are summarized.

Fluence (cm™@) | Disorder Film Film Film Film
(%) NNO/STO NNO/LAO | NLNL/STO | NLNO/LAO
0 0 NNO/SO NNO/LO NLNO/SO NLNO/LO
1x 10 0.2 NNO/S1 NNO/L1 NLNO/S1 NLNO/L1
5 x 101 1.0 NNO/S2 NNO/L2 NLNO/S2 NLNO/L2
1x10% 2.0 NNO/S3 NNO/L3 NLNO/S3 NLNO/L3

Following irradiation, samples were examined using X-ray diffraction (XRD) and Raman

spectroscopy, as well as pristine films, to determine progressive disordering when fluence was
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increased. Raman data were collected utilizing a LABRAM HR micro-Raman system with an
Ar ion laser (wavelength 488 nm) as an excitation source. In a pulsed tube cryocooler,
resistivity (p) measurements were carried out in a collinear four-probe geometry down to
nearly 3 K. Electrical contacts were made using Cr/Au contact pads placed on the films using

a thermal evaporator through a shadow mask. Using an ac-biased digital signal processing

approach, the ]lc noise spectroscopy measurement was performed in a four-probe geometry [34—

36).

4.3 Results

4.3.1 Structural data

The 6-26 XRD scans on the pristine and irradiated films reveal that the films are free of any
impurity phase and that the texture of the film is preserved. Because of the lattice mismatch
between films (NNO and NLNO) and LAO [a,.(A) = 3.79] and STO [a,.(A) ~ 3.90], the
films formed on them will undergo in-plane compressive and tensile strain (a,. represents a
pseudocubic lattice constant). Figures 4.3(a)-(d) show the full-range XRD scans of the pristine
and irradiated films. Figures 4.4(a)-(d) represent the XRD scans of the pristine and irradiated
films around the most prominent (002) peaks. Except for the pristine films, all samples showed
an extra feature in the substrate peaks. The additional feature in the substrate's Bragg peak can
be attributed to x-ray scattering from the damaged area of the underlying substrate as a result
of ion radiation. The stopping of the ions within the substrates causes strain. This has been
noticed, for instance, for the titanium-irradiated SrTiOs substrate [37]. The growth directions
of the films have been designated as (002),c, where the pseudocubic notation is represented by
the subscript pc. Table 4.11 summarizes the line locations and FWHM values of the XRD lines
corresponding to the (002) indexed lines of the films. The positions of the (002) peaks suggest
that the out-of-plane (in-plane) lattice constant is smaller (larger) in NNO/SO than in NNO/LO.
Thus, the NNO/LO film exhibits a minor in-plane compressive strain. Progressive irradiation
causes the XRD peaks to shift to the lower 26 values, indicating that the out-of-plane (in-plane)
lattice parameters expand (compress). However, the line shifts caused by irradiation are
negligible and only range from 1% to 2%. The indicated (002) lines in both NNO and NLNO
films grown on STO exhibit distortions for the highest fluence values. It is possible that the
contraction in the lattice happens as a result of the irradiation-induced vacancy and the
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subsequent relaxing of the lattice around the vacancy. This is likely to increase the FWHM of
the observed XRD peaks. The retention of the Bragg peaks after irradiation demonstrates that

the films retain their crystallinity, albeit with the disorder.
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Figure 4.3: (a)-(b) Full range x-ray diffraction data for pristine and irradiated films of NdNiO3 (NNO)
grown on SrTiO3(STO) and LaAlO; (LAOQ). These two figures are reproduced from reference [38]. (c)-
(d) Full range x-ray diffraction data for pristine and irradiated films of Ndo7Lao3NiOs film grown on

STO and LAO substrate. The corresponding fluence has a unit of cm2,

Raman spectroscopy was used to analyze the structural evolution and integrity of the NNO
structure in irradiation films. Raman spectroscopy is a local structure-sensitive tool that can
reveal what happens to the NiOs octahedron at the heart of the NNO structure. The LAO
substrate's strong Raman signal ensures that Raman spectra are acquired from scattered light
that covers the whole thickness of the film and a portion of the substrate. NNO has an

orthorhombic (Pbnm) crystal structure at ambient temperature. According to group theoretical
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considerations, there are 24 Raman active modes expected for structurally distorted oxides such

as NNO [39].
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Figure 4.4: (a)-(b) X-ray diffraction data around indices (002) in pristine and irradiated films of NNO
grown on STO and LAO. (c)-(d) X-ray diffraction data around indices (002) in pristine and irradiated
films of NLNO grown on STO and LAO.

However, only a few Raman modes have been seen experimentally, and our observations are
in line with past studies [40,41]. The major detected modes feature E; and A, symmetries
related to the NiOg octahedra. Any changes in these modes indicated by Raman spectroscopy
data would provide information on the structural integrity of the NiOs. The Raman spectra of
pristine and irradiated films of NNO and NLNO grown on LAO are shown in Figs. 4.5(a) and
4.5(b). It is noteworthy that the Raman modes of NNO and NLNO films grown on STO
substrates were too weak to detect due to the high background from the STO substrate and the
small thickness of the film. Table 4.11 summarizes the positions of the Raman lines measured

in pristine and irradiated films, as well as the modes assigned.
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Table 4.11: The table summarizes the peak position (26002) and the FWHM (A(26,,,) of the pristine
and irradiated samples along the (002) plane as obtained from the XRD data. The w1 (cm?), w, (cm™),
w3 (cm™) represent the different Raman modes for the measured samples.

Sample XRD data Raman Spectrum
26002 (°) A(20002) (°) wi(cm™) w2 (cm?) | ws (cm™)
Film NNO/STO
NNO/SO 47.77 0.411
NNO/S1 47.66 0.412
NNO/S2 47.23 0.410
NNO/S3 - -
Film NNO/LAO
NNO/LO 47.55 0.10 443.9 305.5 251.1
NNO/L1 47.44 0.288 444.9 305.5 251.1
NNO/L2 46.57 2.10 444.5 304.8 -
NNO/L3 46.55 2.71 - - -
Film NLNO/STO
NLNO/SO 47.50 0.362
NLNO/S1 47.46 0.404
NLNO/S2 - -
NLNO/S3 - -
Film NLNO/LAO
NLNO/LO 46.93 0.384 437.6 284.3 246.2
NLNO/L1 46.89 0.372 437.4 282.6 238.2
NLNO/L2 46.26 1.42 437 - -
NLNO/L3 46.22 2.20 - - -

The observed values for the Raman mode positions in films [41] and bulk [39] are comparable
to those found in NNO/LO and NLNO/LO. The most intense peak at 443.9 cm™ and the weak

shoulder at 431 cm™ in NNO/LO are caused by E, modes, where the former is bending of the

NiOe octahedral cage and the latter is a breathing mode with out-of-phase oxygen oscillations
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in the apical and basal planes. The medium-strong line at 305.5 cm™ in NNO/LO is caused by

A, modes that reflect octahedral rotation out-of-phase and in-phase, respectively.
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Figure 4.5: The Raman spectra on pristine and irradiated films on LAO substrate for (a) NNO and (b)
NLNO. Progressive smearing of NNO peaks on disordering can be seen.

Table 4.111: The full width at the half maxima (FWHM) Aw: (cm?), Aw2 (cm™), Aws (cm™?) for the

samples marked in Table 4.11.

Sample Awi (cm™) Awz (cm™) Aws (cm™)
NNO/LO 16.46 12.93 14.20
NNO/L1 18.49 16.93 10.01
NNO/L2 21.85 22.05 -
NLNO/LO 16.76 26.41 1.45
NLNO/L1 16.44 29.15 10.42
NLNO/L2 32.63 - -

These modes also give rise to weaker peaks at shorter wavelengths. The corresponding Raman
modes in NNO/LO soften in NLNO/LO when La is added, increasing the length of the Ni-O
bond. Additionally, some of the weak lines in NNO/LO could not be seen in NLNO/LO [40].
Most Raman lines soften a little bit after being exposed to radiation. Although the intensity of
the lines decreases with a line broadening as measured by the full-width at half-maxima as

shown in Table 4.111, there are negligible changes (< 0.5%) for fluences < 5x10%* cm for
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some of the Raman lines. The retention of Raman lines (albeit widened) at relatively low
fluences indicates that the integrity of the metal-oxide octahedra is mostly preserved, despite
the fact that the creation of oxygen vacancies on irradiation reduces the number of unaffected
octahedra and leads to progressive matrix disordering. The Raman modes are entirely
suppressed at higher fluence (1x10% cm) due to substantial disorder in the lattice [42]. Hence,
the XRD and Raman measurements demonstrate that on 1 MeV Ar ion irradiation, the films
become gradually disordered without undergoing any major structural changes up to a fluence

of 5x10* cm when the disorder (atomic displacement) is =~ 1%.

4.3.2 Electronic transport in pristine and disordered films of
NNO/STO and NNO/LAO

This section discusses changes in resistivities/conductivities caused by the progressive
disordering of NNO films grown on STO and LAO substrates in the vertical (a) path seen in
Fig. 4.1. Figures 4.6(a) and 4.6(b) exhibit resistivity data for NNO films deposited on STO and
LAO substrates, respectively. As the temperature is reduced, the resistivity of the pristine NNO
films changes from a negative temperature coefficient of resistivity (NTC) to a positive
temperature coefficient of resistivity (PTC). The metal-insulator transition temperature (Ty;)
was discovered as a change in resistivity slope. Ty,; = 180 K for the NNO/STO film, and T),;
~ 75 K for the NNO/LAO film.
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Figure 4.6: Temperature-dependent resistivity data for pristine and irradiated films of NNO grown on
(a) STO and (b) LAO substrates. Figure 4.6(a) is reproduced from reference [38].
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The significant decrease in T,,; in NNO/LAO is attributed to compressive strain in the film
stabilizing the high-temperature metallic phase [30]. The measurements on the
irradiated samples show that irradiation completely suppresses the MIT even at the lowest
fluence (1x10* cm). As expected, the resistivity in the insulating side of the pristine NdNiOs
films grown on STO and LAO (i.e., NNO/S0 and NNO/LO) follows the Mott VRH relation as
described in Eq. (4.1) [43,44]. Figures 4.7(a) and 4.7(b) present the data as well as the fit. These
results are in line with those previously reported for the pristine NNO films [43]:

o(T) = oouT Y+ exp (- %)1/4 (4.1)
where gy, and T, are constants derived from the fit. T, is related to the density of localized
states [1,45].
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Figure 4.7: Low temperature fit to VRH law for pristine NNO films grown on (a) STO, and (b) LAO.

The red line through the data shows the fit. (c) The logarithmic derivative W = % for the pristine and

irradiated samples to show a crossover from insulating to a weakly localized metal with g #0as T >

0. Figure 4.7(a) is reproduced from reference [38].
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The values obtained from the fits for the NNO/SO are g,y = 42.5 S/cm and T, = 600 K,
respectively, and the values for the film NNO/LO are 18.8 S/cm and 16 K. We also notice, as a

in

test of the insulating character of the pristine films, that the quantity W = Zl—n; diverges as the

temperature approaches zero [46,47], indicating that o (T =0) = 0as T = 0. It is worth noting
that W - 0 when the conductivity o (T = 0) becomes a finite value as T - 0. Figure 4.7(c) for
the NNO/STO films illustrates this.

As previously stated, this progressive disordering occurs along the direction denoted by the
vertical (a) in Fig. 4.1. In the section below, we look at how the conductivity a(T) of the films
evolved after being subjected to radiation. Figures 4.8(a) and 4.9(a) illustrate the conductivities
(o) as a function of atomic displacement for films grown on STO and LAO at 300 and 3 K.
The electrical data are summarized in Table 4.1V. The conductivities gradually decrease upon

irradiation for both films at 300 K.
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Figure 4.8: (a) Evolution of room temperature (300 K) and low temperature (3 K) conductivity (o) as
a function of atomic displacement in NNO/STO film on Ar ion irradiation. (b)-(d) Low-temperature

power low dependence of o on T.
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Figure 4.9: (a) Evolution of room temperature (300 K) and low temperature (3 K) conductivity (o) as
a function of atomic displacement in NNO/LAO film on Ar ion irradiation. (b) and (c) Low-temperature

power low dependence of o on T.

This is to be expected in a conventional solid where disordering by ion irradiation increases
resistance. The conductivity at T = 3 K, however, demonstrates that stunningly distinct
behavior is seen at low temperatures. In this case, there is a nonmonotonous dependence of o
(3 K) on the disorder. The conductivity of the sample NNO/S1 with 0.2% atomic displacement
is 30 times higher than the conductivity of the pristine sample NNO/S0. Even though the
fluence is increased by a factor of 5, as in the sample NNO/S2 with a 1% atomic displacement,
o (3 K) is higher by a factor of 2.25 than in the pristine sample NNO/SO. For the sample
NNO/S3, when the fluence of radiation increases, resulting in a larger disorder (atomic
displacement of 2%), o (3 K) decreases precipitously and drops to less than 2% of the value of
(3 K) of the pristine sample. The temperature dependence of the conductivities of the irradiated

samples differs significantly from that of the pristine NNO/SO sample.
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Table 4.1V: The Fitting parameters obtained from the VRH (equation 4.1) and power law equations
(equation 4.2) as described in the text for different samples. For NLNO/LO and NLNO/L1, the metallic

resistivity follows power law p(T) = p, + BT™

Sample Observed Low-temperature fit of data (T < 30 K)
conductivity
o(3K) 0(300K) | VRH fit Power law fit
S/cm Slem | a0y | T g m A
(K)
Film NNO/STO
NNO/S0 0.8 207 42.5 | 600 = - -
NNO/S1 23.86 151 - - 23.82 217 | 15x10°%
NNO/S2 1.8 86 = - 1.64 1.83 1x 10?2
NNO/S3 1.7 x 102 18 1.6 x 102 1.64 | 23 x10*
Film NNO/LAO
NNO/LO 3.2 333 18.8 | 16 = - -
NNO/L2 3.6 14 - - 2.83 0.8 0.26
NNO/L3 3.3 x 10* 3 3.2 x10* 2.7 | 6.28 x10%
Film NLNO/STO
NLNO/SO 31.4 31.4 - - 30.81 1.86 2x10°
NLNO/S1 16.0 20.6 - - 15.96 1.56 2x10°%
NLNO/S2 0.052 1.2 1.71 | 407 7.6 x 102 117 | 7.4 x10*
NLNO/S3 4.6 x 103 2.3 = = 4.7 x 10% 1.87 1.1 x 10°
Film NLNO/LAO
NLNO/LO 1533 362 00=629x10% | 2 | B=653x
N.cm 108
NLNO/L1 660 207 po =147 x 103 2 B =127 X%
fn.cm 107
NLNO/L2 0.18 1.02 0.18 126 | 25x10*
NLNO/L3 0.14 0.77 0.135 152 | 33x10°

This demonstrates that the Mott insulating state with VRH-type transport observed in the

pristine sample transitions to a disordered conductor in the irradiated samples, which exhibit
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power-law conductivity with limited conductivity at zero temperature. This is illustrated in
Figs. 4.8(b)-(d), where the conductivities of the irradiation samples NNO/S1, NNO/S2, and
NNO/S3 are displayed below 30 K, where they follow a power law:

o(T) = o(0) + AT™, 4.2)

where a(0) is the conductivity at T = 0 K, A and the exponent m are constants. a(0) is
significant for NNO/S1, and it reduces as fluence increases in NNO/S2 and NNO/S3. A
disordered conductor with WL is predicted to have power-law conductivity before approaching
an Al state with increasingly decreasing values of (0). The progressive disordering of the
pristine NNO/SO film suppresses the insulating state with a relatively low disorder, as seen in
the sample NNO/S1 with atomic displacements as low as 0.2%, and results in a disordered
conductor with WL. As a result, the proposed scenario for increasing the disordering of a Mott
insulator to a WL-disordered metal along the pathway vertical (a) of Fig. 4.1 is validated. The
a(0) =1.6 x 10 S/cm for the sample NNO/S3 with the highest disorder is very low to support

a metallic state and can be considered on the verge of Anderson localization [16].

Another set of samples made from the film NNO/LAO showed a crossover of a correlation-
driven insulator to a disordered metal (likely with WL) and subsequently to a highly resistive
state but with ¢ (T = 0) # 0. Because of the compressive strain in the NNO/LAO film, the
metallic state is maintained at a lower temperature, lowering the Ty, and the film has a higher
conductance than the NNO/STO film. The full data on the pristine and irradiated samples are
given in Figs. 4.9(a)-(c). Table 4.1V presents a summary of the data. The conductivity of
pristine sample NNO/LO at low temperatures follows VRH. Irradiation-induced progressive
disordering in the samples NNO/L2 and NNO/L3 follows a similar pattern as in irradiated
NNO/STO films, where irradiation-induced disordering leads to disordered conductors with
power-law conductivity [Eq. (4.2)] due to WL and approaches disordered induced Anderson
localization. Thus, our observations show that the insulating state in NdNiO3z that exhibits a
temperature-driven MIT like a Mott insulator, on progressive disordering by ion irradiation,
does crossover to a disordered conductor with WL and moves to a verge of Anderson
localization. This is depicted schematically in Fig. 4.1 as the method of disordering a Mott

insulator down the vertical (a).
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4.3.3 Radiation-induced disordering in NLNO/STO and
NLNO/LAO films

In this section, we compare the radiation-induced disordering found in pristine NdNiOs films
to that observed in a metallic NLNO film grown on LAO or a weakly localized disordered
conductor in an NLNO film grown on STO [28]. Both unirradiated pristine films thus differ
qualitatively from pristine NNO films grown on STO or LAO, which exhibit low-temperature
insulating states. The disordering of the films by 1 MeV Ar irradiation follows the path (b) in
Fig. 4.1, which differs from the pathway illustrated by vertical (a) in the previous section.
Figures 4.10(a)-(b) exhibit temperature-dependent resistivity data for NLNO films grown on
STO and LAO (pristine and irradiated).
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Figure 4.10: Temperature-dependent resistivity for pristine and irradiated films of NLNO grown on (a)
STO and (b) LAO substrates. Evolution of room temperature (300 K) and low temperature (3 K)
conductivity (o) as a function of atomic displacement in NLNO film grown on (c) STO and (d) LAO

substrates.
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Table 4.1V summarizes the data, which may be compared to the data reported in the previous
part on the NNO/STO and NNO/LAO films (pristine and irradiated). The pristine NNO films
and the NLNO films exhibit qualitatively different characteristics. However, there are
significant similarities in the temperature dependence of the irradiated films' resistivities. The
resistivities exhibit shallow negative temperature coefficients (NTC) for the NLNO/SO and
NLNO/S1 films. The resistivities in the NLNO/S2 and NLNO/S3 films have a strong NTC and
exhibit disordered conductor behavior, as detailed below. Due to compressive stress, the
pristine sample NLNO/LO and the sample irradiated with the lowest fluence NLNO/L1 exhibit
metallic resistivities with positive temperature coefficients for NLNO/LAO films. However,
the resistivity of NLNO/L1 is approximately 2.5 times greater than that of NLNO/LO. Further
disordering increases resistivities rapidly, resulting in NTC. Figures 4.10(c) and 4.10(d), which
are displayed o at T = 3 and 300 K, respectively (see also Table 4.1V), quantify the
aforementioned claims for the NLNO/STO and NLNO/LAO films.
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Figure 4.11: (a)-(d) The power law dependence of low-temperature conductivity of pristine and
irradiated films of NLNO on STO.
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For both NLNO/S0 and NLNO/S1, shallow temperature dependency with a small NTC ensures
o (300 K) = o (3 K), whereas for larger fluences, ¢ (300 K) > ¢ (3 K). As demonstrated in
Fig. 4.11(a)-(d) and Table 4.1V, the conductivities of all NLNO/STO films obey power law
[Eq. (4.2)]. The pristine layer NLNO/SO has a significantly greater extrapolated zero
temperature conductivity o(0) than the suppressed Mott insulator NNO/S1. The metallic-
type temperature-dependent resistivities (with positive temperature coefficient) of the
NLNO/LO and NLNO/L1 are comparable to those observed in a vast class of metallic oxides

at low temperatures [16] as demonstrated in Fig. 4.12(a)-(d) and Table 4.1V).
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Figure 4.12: (a)-(d) The power law dependence of low-temperature conductivity of pristine and
irradiated films of NLNO on LAO.

The increasing irradiation changes the metallic behavior to that of a disordered conductor with
power-law conductivity and an extremely low o(0). We conclude from the preceding
discussion that irradiation produces a disordered conducting state on the verge of Anderson
localization, regardless of whether the starting pristine sample is an insulator, such as a Mott-
insulator, following the pathway shown schematically in vertical (a), or a metallic sample with

-101 -



Chapter 4: Disorder-induced crossover of Mott insulator to weak Anderson localized...

a positive temperature coefficient of resistivity following the pathway shown schematically in

vertical (b).

4.3.4 Noise spectroscopy near the MIT and the effect of disorder

The influence of irradiation-induced disordering on the NdNiO3z film formed on STO was
investigated using flicker noise spectroscopy. Significant flicker noise has been seen in
correlated electron systems such as NdNiOs, V203, and VO2 at MIT in the past [28,31,48-52].

This flicker noise has a spectral power density S(f) « fia The representative plot of the

frequency-dependent spectral power density is shown in Fig. 4.13(a) for the pristine and
irradiated samples of NNO/STO. The exponent « is close to 1 away from T),; in the pristine film
as shown in Fig. 4.13(b)]. However, it exhibits a sharp rise at T = T, indicating a shift in the
spectral weight to a lower frequency. In the irradiated films for T > T),;, « > 1 denotes the
dominance of lower frequency fluctuations. However, at lower temperatures, a exhibits similar

temperature dependence as the pristine film, albeit without a large surge in « at the transition

<AR?>
R2

region T = Ty,;. The MS fluctuations for each film are presented in Fig. 4.13(c). The

<AR?>
RZ

pristine films have a nearly temperature-independent except at T = Ty, Where the

variation increases by an order of magnitude over a short temperature range. The MS variations

<AR?>
RZ

in the irradiated films are higher than those in the pristine film due to disordering, and

has a shallow T dependence, as found in metallic oxide films that do not show MIT, such as
LaNiOs [53,54]. However, there is no increase in the MS fluctuations as a result of the lack of
any observable MIT in them. The absence of an MIT signature in the irradiated film is also
observed in the second spectra displayed in Fig. 4.13(d). In pristine film "2, it has a shallow
temperature dependency and a value of ~ 12 throughout most of the temperature region, but at
T = Ty, it leaps to a value as high as 70 due to the emergence of a substantial non-Gaussian
component in the fluctuation. In the irradiated films, I'? has a shallow temperature dependency
with values ~ 10-12, and there is no indication of a large I"2 near MIT, in contrast to the pristine

film, indicating the lack of strong correlated non-Gaussian fluctuations.
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Figure 4.13: (a) Representative data of the frequency-dependent spectral power density at T = 100K
for the pristine and irradiated samples of NNO/STO. (b) Temperature variation of the exponent « for
the pristine and irradiated samples of NNO/STO. (c) Normalized mean square resistance fluctuation

(AR )

dependent normalized second spectra I'? in the pristine and irradiated films of NNO/STO. The metal-

insulator transition temperature is marked as Ty;.

4.4 Discussion

4.4.1 Ion irradiation on oxide conductors

The nature of defects created by energetic ions is determined by their energy, with lower energy
ions producing point defects such as vacancies and interstitials by nuclear collisions. Higher
energy ions with energies well above a few MeV produce extended defects as a result of
electronic excitation and electron energy loss mechanisms. In the energy range we use, nuclear

collisions will be the main source of energy loss, resulting in the creation of mainly point
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defects, with small contributions from electronic energy loss. The formation of defects in
oxides formed by energetic ions has been studied extensively for many years [55-58]. The
dynamics of defect formation are complicated and depend on the target's structure and chemical
contents, as well as the energy of the ions utilized. Nonetheless, certain broad characteristics
are shared by the majority of oxides. The energetic ions displace atoms into the interstitial
space, leaving vacancies. In an irradiated solid, the defects created are generally vacancies in
the top layer of a few tens of nanometers, which is of the same order as the thickness of the
films used here, while deep inside the solid, cascade formation may lead to more complex
defect structures, which in our case may occur within the substrate [32,33]. The displacement
of the oxygen sublattice is important in oxides. This results in the formation of three types of
vacancies: neutral oxygen atoms in interstitial places, neutral oxygen vacancies, and singly or
doubly charged vacancies formed by electron localization within the vacancies. The creation
of vacancies leads to the formation of strong electron localization sites. The charged vacancies
that are randomly positioned also operate as strong random scatterers, which can lead to
disordered induced localization. Amorphization can occur beyond a critical temperature of
irradiation, which is typically > 450 K in oxides depending on the ionic radii of the constituent
cations, at higher fluences and ion energy of more than a few MeV [56,57]. To avoid heating,
the sample in our experiment is kept mounted on a liquid nitrogen-cooled copper plate. As a
result, it is envisaged that considerable amorphization will not occur in the films. The films
primarily preserve their crystalline structure. To put our findings into context, a summary of

previous investigations on NdNiOz irradiation is provided below.

Previous experiments on thick (200 nm) NdNiOz films grown on SrTiOsz and LaAlOs substrates
with very high energy (200 MeV) heavy ions (Ag) ions revealed suppression of the T,; and its
shift towards lower temperatures. This has been accompanied by increased resistivity [19-21].
The fluence was used in this energy range at a rate that was more than two orders lower than
in the current work. The defects created by an ion with an energy of 200 MeV are not point
defects but rather of an extended character. These investigations focused mostly on the
enhancement of resistivities due to ion irradiation. However, the suppression of the MIT and
the insulating state, as well as its crossover to a disordered conductor with WL and eventual
approach to the Anderson localized state, remain unaddressed. The observations were

explained as the result of stresses caused by irradiation.
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4.4.2 Nature of electrical conduction in the irradiated films at low
temperature

The evolution of low-temperature conductivity o (T < 30 K) in the disordered conducting state
that arises as a result of ion irradiation follows a power law as shown in Eq. (4.2). The evolution
of the exponent m on disordering and the way to Anderson localized state would
need comments. In substitutional systems such as LaNi1-xC0xO3, NaxWO3z, and LaNi1-xSrxOs,
the exponent is 0.5 < m < 1. However, the exponent 1 < m < 2 in the Ndo.7Lao 3NiO3 system
with La doping. In such disordered systems, the exponent m can evolve due to the relative
weights of the WL component (which provides a correction to conductivity) as well as an
electron-electron interaction term (EEI). While the EEI term contributes a VT temperature to
conductivity, the contribution from the WL term comes from the term correction to
conductivity that depends on the temperature-dependent phase coherence length L, (T) given
as [3]

6aWL(T)=2f;h( L ) 423)

Ly(T)

The temperature dependence of L, (T') is determined by the scattering process, which is derived
from the relationship L, (T) = (Dr(p)l/z, where D is the electron diffusivity and z,, is the phase
relaxation time. Generally, 7, o TP with 1.5 <p < 4. When electron-electron scattering

dominates the phase relaxation, 1.5 < p < 2 is obtained, and when electron-phonon scattering

dominates the phase relaxation, 2 < p < 4 is obtained. Thus, the observed m is = g. In our
experiment, 1 <m < 2 demonstrates that the scattering is dominated by electron-phonon
scattering, which is expected in the temperature range of the investigation, as well as strong
electron-phonon coupling in oxide systems. Taking both the EEI and the WL contributions into

account, we formulate the temperature dependency of o at T < 30 K as [16].

Figures 4.14(a) and 4.14(b) provide several illustrative examples to fit Eq. (4.4). Thus, it can
be assumed that the variation of the exponent m results from relative changes in the weight of
the two contributions, which change as the disorder changes the electron diffusivity D. The
progressive disordering significantly decreases o(0) and changes m as well. The samples with

the highest disorder have low (0) values, indicating that they are most likely nearing a
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disordered-induced localized insulating state with a(0) - 0.
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Figure 4.14: (a) The low-temperature fit of the data to equation 4.4 for (a) NNO/S2 and (b) NNO/L2.

Despite having low conductivity (high resistivity), the samples that have been irradiated with
the highest fluences do not exhibit a clear insulating behavior (activated transport), in contrast
to the pristine samples, which exhibit a VRH type of conduction [Eqg. (4.1)]. Instead, these
samples exhibit a power-law conductivity [Eq. (4.2)] with a finite conductivity ¢(0) as > 0. A
small value of a(0) in the range of 10 to 5 x10 S/cm would require comments, even though
this is predicted in samples that exhibit weak localization or approach the Anderson insulator
state. This Mott minimum conductivity (o) value, which is typically in the range of oy¢¢
< 100 S/cm in disordered oxides [16], is substantially lower than those observed in such
materials. As the system Ndo7Lao.3NiOs passes through a region of substitution-induced
continuous MI transition, it is noted that a low value of ¢(0) < 10 S/cm has also been
observed [28]. A low value of ¢(0) may arise from two sources. It might be caused by
extremely low DOS at E, which could occur given that the collapse of the insulating state
would require filling the hole in Fermi level DOS. It is possible that the emergence of
significant disorder will cause the samples to become inhomogeneous, resulting in the
coexistence of insulating and conducting (but low conductivity) regions. It has been
demonstrated in the context of rare-earth manganites that the presence of a minority phase
conducting region at low temperatures in the majority phase of an insulating solid can result in
a situation at low T where the current is predominately carried in the regions of higher

conductivities, which can lead to a finite ¢(0) [59].
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4.5 Conclusion

To summarize, we show that ion irradiation-induced disorder in an insulator such as NdNiOs,
which is similar to a Mott insulator, can lead to the collapse of the insulating state and a
crossover to a disordered conductor that approaches Anderson localization due to increasing
disordering. It has been suggested that radiation-induced disordering is a better technique to
disorder a correlated insulator than the more traditional process of ionic substitution, which
may introduce additional variables. It is conventional wisdom that when a solid is disordered it
leads to a lowering (raising) of conductance (resistance). We, however, make a counterintuitive
observation that at lower fluence at low T the conductivity enhanced on irradiation. This
develops, as was previously discussed when the insulating state collapses under disordering.
Using noise spectroscopy, it has also been found that the non-Gaussian content of the resistance
fluctuation, which comes from the correlated character of the fluctuation in pristine films and
isreadily seenat T = Ty, is suppressed in the irradiated films.
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Anomalous Hall effect in topological
Chapter 5 Weyl and nodal-line semimetal
Heusler compound Co,V Al

In this chapter, we present a thorough investigation of the
anomalous Hall effect (AHE) in the ferromagnetic full Heusler
compound Co2VAI Experimentally, it has been found that the
longitudinal resistivity (pyy) scales quadratically with the
anomalous Hall resistivity (p#,). Our experimental findings
further indicate that the anomalous Hall conductivity is
approximately 85 S/cm, with an intrinsic contribution of
approximately 75.6 S/cm at 2 K. The first-principles calculations
suggest that the Berry curvature originated from a gapped nodal
line and symmetry-protected Weyl nodes near the Fermi level are

the main source of the observed AHE in the studied compound.

Content of this chapter has been published in: S. Chatterjee, J. Sau, S. Ghosh, S.
Samanta, B. Ghosh, M. Kumar, and K. Mandal, "Anomalous Hall effect in topological

Weyl and nodal-line semimetal Heusler compound CoVAL" J. Phys.: Condens.
Matter 35, 035601 (2023).
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5 Anomalous Hall effect in topological Weyl and nodal-line

semimetal Heusler compound Co2VAI

5.1 Preface

Magnetic topological semimetals (TSMs) display remarkable quantum transport properties due
to the topological structure of their electronic bands in the presence of ferromagnetic ordering,
which breaks the system's time-reversal symmetry [1-4]. The valence and conduction bands of
magnetic TSMs have linear band dispersion at the crossing point due to their nontrivial
topology, and the crossing points may form zero-dimensional discrete points [5], one-
dimensional continuous or extended lines [6] in the Brillouin zone (BZ). Since the
ferromagnetic TSMs with broken time-reversal symmetry include nontrivial electronic
structures in addition to intrinsic magnetic order [7,8], they may be prospective materials for
next-generation spintronic devices. Hence, identifying compounds with readily visible
ferromagnetic Weyl or nodal fermions constitutes a key issue in the investigation of this
topological phase. For their high Curie temperature and tunability in structural, electrical, and
magnetic properties, cobalt (Co.)-based ferromagnetic full Heusler compounds have recently
gained attention [9-12]. Several of these Coz-based ferromagnetic full Heusler compounds
have also been expected to host the Weyl fermions in their electronic band structure [13], and
their unusual half-metallic feature makes them attractive candidates for device
applications [14,15]. While examples of Weyl fermionic materials with broken inversion
symmetry abound in the literature [16—20], examples with broken time-reversal symmetry are
very rare [21,22]. These nontrivial topological materials result in numerous unusual
phenomena, including the anomalous Hall effect (AHE), anomalous Nernst effect, Fermi arc
surface states, the chiral anomaly effect, etc [2,23-29].

One of the most intriguing topics in condensed matter physics is the genesis of AHE in
magnetic materials, and it is still ambiguous whether AHE contributes in an intrinsic or
extrinsic way. Along with the ordinary Hall effect that results from the Lorentz force deflecting
moving charge carriers in a magnetic field, ferromagnetic materials also exhibit an anomalous

term that is proportional to spontaneous magnetization. The AHE is caused by three
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mechanisms, namely skew scattering, side jump, and intrinsic deflection [30]. Karplus and
Luttinger originally suggested a model related to the band structure of ferromagnetic metals
with the spin-orbit interaction (the intrinsic Karplus-Luttinger (KL) mechanism) [31], and it is

demonstrated that the anomalous Hall resistivity (pz,) grows quadratically with the

longitudinal resistivity (p,,). Eventually, Smit [32,33] and Berger [34] found two fundamental
extrinsic mechanisms, skew-scattering, and side-jump, respectively. These mechanisms can be
explained as asymmetric scattering caused by the spin-orbit interaction acting on conduction
electrons or impurities. However, side-jump scattering is proportional to p2,., which is identical
to the intrinsic KL mechanism, whereas the p7,, for skew-scattering is linearly proportional to
Pxx- The intrinsic KL mechanism is intimately related to the Berry curvature of the occupied
electronic Bloch states [35-37]. AHE has been considered the primary signature of finite
magnetization in ferromagnetic materials for a very long time. However, it has been established
in recent years that the intrinsic contribution of AHE is not directly related to magnetization
but is instead determined by its nonvanishing Berry curvature [38]. Hence, by carefully
modifying a material's electronic band structures and symmetries, it is possible to regulate the

Berry curvature and intrinsic AHE [39].

The AHE in a few Co»-based ferromagnetic full Heusler compounds has been explored both
experimentally and theoretically [6,40-47]; nonetheless, their non-trivial topological and
magneto-transport features depend substantially on their electronic band structure, despite their
belonging to the same space group, Fm3m. For instance, the AHE in Co,MnAl is dominated
by the intrinsic mechanism [46], whereas Co:TiAl exhibits skew-scattering dominated
AHE [45]. The temperature-dependent skew-scattering similarly dominates the AHE in
CooFeSi and CooFeAl [42], in contrast to Co2CrAl, where the intrinsic mechanism
predominates [40]. In a different investigation on Co,TiSi and Co.TiGe, the intrinsic
mechanism is discovered to be the predominant mechanism for AHE [44], however, for
Co2MnSi and Co.MnGe, the skew scattering is discovered to be the dominant mechanism for
AHE [41]. Furthermore, while a number of these full Heusler compounds have topological
nontrivial states in their band structure, they are fundamentally different from one another.
CozFeGe, for example, is a nodal-line TSM [47], but CooMnAl has both a topological Weyl
and a nodal-line semimetallic state [46]. Thus, the topological and magneto-transport

properties of these compounds are strongly influenced by the electronic band dispersion of
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these compounds. As a result, the phenomenon of AHE in these compounds is intriguing due

to the rich physics and intricacy connected with understanding its origin in specific compounds.

The primary purpose of this chapter is to investigate the topological origin of AHE in the Co.-
based ferromagnetic full Heusler compound Co2VAI both theoretically and experimentally.
The majority of previous investigations on this system have been limited to magnetic
properties [48,49], but the topological nature of this system has remained unexplored so far.
We observed that the experimental anomalous Hall conductivity (AHC), which has an intrinsic
contribution of about 75.6 S/cm and exhibits weak temperature dependency, is about 85 S/cm
at 2 K. Our ab initio first-principles simulations of the electronic structure reveal a
magnetization-induced gapped nodal-line in the electronic band dispersion close to the Fermi
level (Er) as well as symmetry-protected Weyl points. We further demonstrate that the
significant Berry curvature along the nodal-line and at the Weyl points is the primary source
of AHE in Co2VAI, implying that the intrinsic KL mechanism is prominent in this system. We
also determine the charge chirality of the Weyl points at the Er and compare it to the calculated
intrinsic AHC using the Green-Kubo formalism, which is 64 S/cm and is in good agreement

with the experimentally obtained result.

5.2 Experimental and theoretical details

High-purity Co (99.99%), V (99.9%), and Al (99.99%) components were utilized in a typical
arc-melting furnace containing a high-purity argon environment to produce polycrystalline
Co2VAI To ensure a uniform melting, the sample was repeatedly remelted. The ingot was then
vacuum-sealed in a quartz tube and annealed at 1173 K for five days before being quenched in
cold water. The structure and phase purity of polycrystalline Co,VVAI were determined using
the X-ray diffraction (XRD) technique (Rigaku SmartLab) with Cu K, radiation. The
FULLPROF software was used to perform Rietveld refinements on the experimentally obtained
XRD data. A vibrating sample magnetometer was used in a physical property measurement
system (PPMS, Quantum Design, USA) to measure the magnetization. The magnetization
measurements were performed as a function of the applied field up to 5 T and temperature
down to 2 K. The magnetic measurements were performed on a sample with approximate
dimensions of 0.4 x 0.5 x 4.2 mm®. To obtain a good thermal equilibrium, we stabilized the
temperature for at least 45 minutes for each M(H) isotherm. We found no difference in M(H)

isotherms between rising and decreasing fields. Using a 9-T PPMS (Quantum Design, USA)
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equipped with the AC transport option down to 2 K and magnetic field up to 9 T, electrical and
magnetic transport measurements were conducted. A conventional four-probe technique was

used to measure both the longitudinal and the Hall resistivity. The final Hall resistivity (py,)

was computed using the difference between the transverse resistance obtained at the positive
and negative fields to completely rule out the longitudinal resistivity (p,,) contribution caused

by the voltage probe misalignment.

Using first-principles electronic structure simulations! we also studied the electronic band
structures and transport characteristics of Co2VVAI. The calculations were done using the
projected augmented wave method, which was implemented in the Vienna ab-initio simulation
package [50]. The exchange-correlation function was approximated by a generalized gradient
of the Perdew-Burke-Ernzerhof type. Using a plane-wave basis, the kinetic energy cut-off is
600 eV. The BZ sampling was performed on a 6 x 6 x 6 k-point mesh, and the electrical integral
across BZ was computed using the Gaussian smearing method with a width of 0.05 eV. Cell
parameters and internal atomic positions were thoroughly relaxed until all-atom forces were
less than 0.01 eV A, Using Wannier90 [51,52] and Wanniertools [53] starting with the plane
wave basis state, the AHC, the chirality of the Weyl fermion, and Berry curvature were
computed. Using the limit of the tight-binding model, the AHC computations were performed
using a dense k-grid of 501 x 501 x 501.

5.3 Results

5.3.1 Structural and magnetization properties

Figure 5.1(a) depicts the room temperature XRD pattern of the polycrystalline Co2VAI
compound, as well as its Rietveld refinement, the difference between observed and fitted
patterns, and the Bragg peak positions. There are no impurity peaks seen in the observed XRD
pattern. The single-phase character of the compound and its crystallization in cubic L2;
structure with a space group Fm3m are confirmed by the Rietveld refinement of the XRD
pattern. The existence of (111) and (200) superlattice reflections [inset of Fig.
5.1(a)] demonstrates that this material organizes in an L2:-type structure. Co atoms occupy (0,
0, 0) and (1/2, 1/2, 1/2) sites, respectively, whereas V and Al atoms occupy (1/4, 1/4, 1/4) and
(3/4, 3/4, 3/4) sites. The lattice parameter obtained from the refinement is determined to be

5.7732 A, which is in good accordance with the previously reported works [48,49,54]. Figure

L All the first-principles calculations used in this chapter has been done by the Prof. Manoranjan
Kumar’s group (in collaboration) at S. N. Bose National Centre for Basic Sciences, Kolkata.
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5.1(b) depicts the magnetic field dependence of dc magnetization at 2 K. It is also noteworthy
that the half-metallic full Heusler compounds obey the Slater-Pauling (SP) type behavior of
magnetization [15]: M35 = Z,,. — 24 uglf.u. where, MZE is the total magnetic moment and
Z:ot 1S the total number of valance electrons in the unit cell of the compound. The value of Z;,;
for Co2VAI is 26. As a result, the total magnetic moment should be 2 ug/f.u. according to the
above-mentioned formula. The value of saturation magnetization (M) is inferred from Fig.
1(b) to be around 1.86 ug/f.u., which is compatible with the SP rule. The magnetic behavior

seen here is consistent with what has been reported in the literature [48].
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Figure 5.1: (a) Room temperature Rietveld refinement of the XRD pattern for Co.VAI. The
experimental data are represented by black circles, while the calculated result is shown by a solid red
line. The vertical magenta lines represent Bragg positions, and the solid blue line at the bottom
represents the difference in intensities between the experiment and the fitted intensities. The presence
of (111) and (200) superlattice reflections in Co.VAI is shown in the inset. (b) Magnetic field
dependency of dc magnetization (M vs H) at 2 K. The temperature dependence of dc magnetization (M
versus T) measured at 100 Oe is shown in the left inset, while the derivative magnetization dM /dT vs

T is shown in the right inset.

The temperature dependence of dc magnetization under a 100 Oe applied magnetic field is
illustrated in the left inset of Fig. 5.1(b). This indicates a continuous change from the
paramagnetic (PM) to the ferromagnetic (FM) phase. The Curie temperature (T;) is predicted
to be around 343 K based on the temperature derivative of the magnetization curve, as seen in
the right inset of Fig. 5.1(b).
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5.3.2 Resistivity, magneto-transport, and anomalous Hall

Figure 5.2(a) depicts the change in longitudinal resistivity (p,,) as a function of temperature
from 2 to 380 K. At 2 K, the residual resistivity value is calculated to be around 176 pu€ cm,
yielding a residual resistivity ratio of 1.14 [RRR = p,,(300 K)/ p,,(2 K)]. Though the
magnetization curve [left inset of Fig. 5.1(b)] shows a clear continuous PM to FM phase
transition around 343 K, we have not found such behavior in the p,,; rather, the longitudinal
resistivity exhibits a broad maximum at ~ 200 K, well below the Curie temperature. A similar
type of behavior in the p,, has already been reported in Co2VAI [55]. The broad platform in
P @bout 200 K, which is significantly below its Curie temperature (343 K), emerges due to a
major change in the electronic band structure near the Ex as for a half-metallic ferromagnet
there is a vanishing of the energy gap in one sub-band of electrons with spin down [56]. At
lower temperatures, the electron-magnon contribution of a half-metallic ferromagnetic
compound is generally nonexistent. As a result, the predominant contribution to the p,, is
attributable to (a) electron-electron (T2 dependence), (b) electron-phonon (T dependency), and
(c) double magnon scattering (T °/? dependence at lower temperatures and T7/? dependence at

higher temperatures) [57].

To investigate the various scattering mechanisms of the p,,, we fitted the temperature-
dependent p,, curve in three different temperature ranges of 2 K - 230 K (region 1), 230 K -
325 K (region 1), and 325 K - 380 K (region Ill), as shown in Fig. 5.2(a). In the low-
temperature range, i.e., 2 K to 230 K, the p,, fits well with the relation, p(T) = p, + AT +
BT? + CT®/?, while in the temperature range 230 K to 325 K, the best fit is given by, p(T) =
po + DT + ET7/2 and in the high-temperature range, i.e. 325 K to 380 K, the p,, fits very
well with the relation, p(T) = po + FT. Here, p, is the residual resistivity, A, D, and F are the
temperature coefficients for electron-phonon scattering, B is the temperature coefficient for
electron-electron scattering, and C and E are the temperature coefficients for two magnon
scattering. As a result, the temperature-dependent p,, data clearly show the presence of
multiple scattering mechanisms in the present compound. Figure 5.2(b) depicts the isothermal
magnetization (M) curves as a function of the applied field (H) for various temperatures. M (H)
isotherms demonstrate a dramatic increase with an increasing applied field in the low field area
and saturation-like behavior begins to develop in the high field region far below T.. With

increasing temperature, the saturation magnetization decreases gradually. When we get closer
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to the T, the overall character of the M(H) isotherms in both the low and high field areas

changes dramatically.
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Figure 5.2: (a) Dependence of the longitudinal resistivity (p,,) on temperature. The fittings in three
temperature ranges are shown by the solid red (2 to 230 K), yellow (230 to 325 K), and dark yellow
(325 to 380 K) lines. (b) Magnetic field dependency of dc magnetization (M vs. H) at the temperatures
indicated. (c) and (d) Magnetic field-dependent Hall resistivity (py,) at different temperatures. (e)
Temperature dependency of the ordinary Hall coefficient (R,). The temperature-dependent carrier
density n is shown in the inset. (f) Obtained temperature-dependent anomalous Hall resistivity (py,).

The temperature dependency of the anomalous Hall coefficient is shown in the inset (Rg).

The Hall resistivity (py,) as a function of an applied magnetic field is shown in Fig. 5.2(c) and
(d) at various temperatures. With a small applied magnetic field, the p,, (H) grows sharply,
and anomalous behavior is observed up to 0.6 T. Up to 9 T, p,,,(H) in the high field area
exhibits a very weak linear field dependence. Similarities between the shapes of the p,., (H)
and M (H) curves indicate the existence of AHE in this compound. In contrast to magnetization,
the value of p,, (H) increases monotonically with increasing temperature up to 175 K. As the
temperature rises further, p,, (H) starts decreasing gradually. In general, the Hall resistivity
pxy In ferromagnetic materials receives a contribution from the spontaneous magnetization M,

which is empirically described as [30],
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Pxy = pa(c)y + palcqy = RoH + RsuoM (5.1)

where p?,, and pg, are the ordinary and anomalous contributions to Hall resistivity, Ry and R
are the normal and anomalous Hall coefficients, and u, is magnetic permeability in a vacuum.
From the expression R, = 1/ne, where e is the electronic charge, we can determine the carrier
density (n) and carrier type (electrons or holes) as a function of temperature. The linear fit of
the py, (H) curve in the high field region yields the values of R, and p5),. The slope and y-axis
intercept of the linear fit correspond to R, and p3,, respectively. When we go closer to the Tg,
the magnetic transition has a greater impact on the overall nature of the Hall resistivity, hence
R, and Rg change dramatically. As a result, such an analysis is impossible to execute when the
magnetization does not saturate in the high-field region [44]. Hence, near the Curie
temperature, R, and py,, cannot be extracted. The R can be calculated using the formula py,, =
RsuoM; at temperatures much below the Curie temperature. We estimated the Mg from the
M(H) curves at H = 5 T [44,58]. Figure 5.2(e) depicts the R, as a function of temperature.
Positive R, values indicate that holes are the majority charge carriers over the whole
temperature range of 2 to 200 K. The carrier density n is calculated using R, values, as
illustrated in the inset of Fig. 5.2(e). It is nearly temperature independent, with an estimated
carrier density of ~ 8 x 10%° cm™ at the lowest temperature (2 K). At 2 K, the associated carrier
mobility (uy,) is calculated to be ~ 44.32 cm? V1 S Figure 5.2(f) depicts the extracted
anomalous Hall resistivity (p;?y) as a function of temperature, demonstrating that the p;‘y
increases monotonically with temperature increase from 2 K to 175 K and then begins to
decrease above 175 K. This is also reflected in the obtained anomalous Hall coefficient R, as

seen in the inset of Fig. 5.2(f).

To understand the origin of AHE in Co2VAI, we investigated the scaling behavior of p,?y ona
double logarithmic scale in the temperature range of 2-175 K. However, we assume that the
magnetic transition comes into effect above 175 K, and p;‘y begins to decrease at higher
temperatures [Fig. 5.2(f)]. Hence, for a valid comparison, the plot between p,?y and p,, is
confined to the temperature range of 2 to 175 K [43,44]. As shown in Fig. 5.3(a), a linear fitting
is used to obtain the exponent based on the scaling relation p#, o pg,. [30]. The almost
quadratic dependence between py;, and p,, (i.e. a = 2) implies that the intrinsic KL or the
extrinsic side-jump mechanism, rather than the extrinsic skew-scattering mechanism,

dominates the AHE in this material, rather than the linear dependence between py;, and py.
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Figure 5.3: () log p#,(T) vs. log py,(T) plot. According to the relation “py,, o pg,”, the solid red
line represents the fit. (b) The fitting using equation (5.2) is represented by the dotted magenta line in
the plot between pf, and pZ,. The intrinsic AHC, o/3f, is provided by the appropriate slope. (c)
Temperature-dependent longitudinal conductivity o, and anomalous Hall conductivity cr;;‘y. (d)

Temperature dependency of the scaling coefficient (Sy).

To estimate the intrinsic AHC value, we plotted py;, with pz, as shown in Fig. 5.3(b) and fitted

with the equation [43],

p;ly = f(pxxo) + Gaégtp%x (5.2)

where f(p,x0) IS a function of residual resistivity p,,o, including contributions from skew-

scattering and side-jump mechanisms, and a,‘;’;t is the AHC caused solely by the Berry

curvature effect. For this compound, we determined an intrinsic AHC o %" of ~ 75.6 S/cm. It

has been demonstrated that the extrinsic side-jump contribution of the AHC |a,fy'sj| Is in the
2 (o

order of Z—a — ), where €50, h, a and E are the spin-orbit interaction, Planck constant, lattice
F
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constant, and Fermi energy, respectively [59,60]. For metallic ferromagnets, SES—O is typically of
F

the order of 102 [44,58]. Using the lattice constant a ~ 5.7732 A for the investigated compound

and (Zf—:) ~ 107, the derived side-jump contribution |0fy,sj| is only approximately 6.7 S/cm.

As a result, the extrinsic side-jump contribution to overall AHC is negligible when compared
to the intrinsic AHC. Consequently, the intrinsic Berry-phase driven KL contribution
dominates the AHE in Co2VVAI. Furthermore, to understand the microscopic origin of the AHE

in this compound, we must investigate the variation of AHC with temperature and with

A
longitudinal conductivity (a,,). For this, we estimated the AHC (g}, ~ —Z% = —%)

at various temperatures [44]. Figure 5.3(c) depicts the temperature dependence of AHC and
longitudinal conductivity. The resulting AHC is nearly temperature independent, but the
longitudinal conductivity is temperature dependent, implying that the intrinsic process
dominates the origin of AHE in Co.VAI [5,47,61]. Since the intrinsic AHC |a};’;t| is nearly

A .
proportional to magnetization, the scaling coefficient (S, = Rsz“ 0 = Zxvin

Pxx M

) should be constant

and temperature independent [44,62,63]. Figure 5.3(d) shows that S is almost temperature
independent, confirming the dominant intrinsic Berry phase contribution to AHC in Co.VAL.
The computed value of Sy, is comparable to that reported in the literature for numerous Heusler
systems and ferromagnetic materials (~ 0.01 — 0.2 V1) [40,44,58]. We performed the first
principles calculation on Co2VAI since the intrinsic AHE depends on the band structure of a

material to gain a better understanding of its origin.

5.3.3 First-principles calculations

Understanding the magnetic properties of the compound under study is crucial because of the
strong correlation between intrinsic AHE and magnetism [46]. Figure 5.4(a) depicts the crystal
structure of Co2VVAI as well as the associated high symmetry point in the BZ. Magnetic
moments of Co.VAI are calculated using the first-principles calculations and transition metal
atoms Co and V atoms have major contributions to magnetic moments ., = 0.911 ug/f.u. and
Uy = 0.210 pg/f.u. respectively. Al acts like a non-magnetic atom, with a total magnetic
moment per formula unit of 2.02 ug/f.u. Whereas one Al atom gives three valence electrons,
the two Co and one V atoms each donate 18 and 5 valence electrons. The effective magnetic

moment of Co.VAI is therefore predicted to be around 2 pg/f.u.
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Figure 5.4: (a) The Co,VAI crystal structure with the Fm3m space group. Co, Al, and V atoms are
depicted in blue, green, and red, respectively, and the Brillouin zone (BZ) of the crystal Co,VAI. (b)
The total density of state (DOS) of Co,VAI The blue and red curves reflect the total DOS for the
majority and minority spins, respectively. (¢) Co,VAI band structure in the absence of SOC (crossing
points are marked by blue circles). The magnified picture of the crossing points is shown in the inset.
(d) The band structure of Co,VVAI in the presence of SOC (gapped nodal lines are shown in blue circles).
The magnified view of gapped nodal lines is shown in the inset.

Our calculations suggest that this material is a half-metallic system with a magnetic moment
of 2.02 ug/f.u. and follows the SP rule. The observed magnetic behavior is consistent with
previous work [49]. The estimated magnetic moment for Co.VAI agrees well with our
experimentally determined value. Figure 5.4(b) depicts a spin-resolved density of state (DOS),

and we find that the DOS is entirely gapped for minority spin but metallic for majority spin.

To understand the topological aspects of the compound, the band dispersions are computed in
the absence and presence of spin-orbit coupling (SOC) using plane wave-based
pseudopotential [64]. In the absence of SOC, there are several band crossings from nodal lines.
All nontrivial crossing places around Fermi energy are designated by a blue circle without SOC

along high symmetry points in Fig. 5.4(c), and the inset gives an expanded view of the crossing
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spots. However, except for a few Weyl points that are symmetry-protected, the nodal lines are
gapped out in the presence of SOC. The nodal line stays gapless in the k, = 0 plane when the
SOC and magnetic polarisation direction are taken into account along the [001] direction.
Figure 5.4(d) depicts the band dispersions in the presence of SOC near the Fermi energy.
Gapped-out band crossings are indicated by blue circles along the I'-W and I'-X symmetry
paths. The expanded picture of the gapped nodal lines may be seen in the inset of Fig. 5.4(d).
In the absence of finite magnetization, the Co2VAI point group crystal symmetry is Fm3m
(space group 225) and features three mirror planes [65], M, (k. =0), M,, (k,, =0), and M, (k,
=0), as well as three C, rotation axes. The gapless nodal lines in the band structure in the k.,

k,,and k, = 0 planes are protected by these mirror planes.

The presence of SOC along the [001] direction only preserves the mirror symmetry M, =0 and
the C,, rotational symmetry. As a result, it is anticipated that two nodal lines on the k, = 0 and
k,, =0 planes will gap out, and the nodal line along the k, = 0 plane should be intact, and some
Weyl points will be present outside of the k, = 0 plane. We investigated the electronic band
structure of the tight-binding model Hamiltonian calculated with Wannier90 [51,52] and
Wanniertools [53]. Figure 5.5(a) depicts the color plot of the energy gap at the k,, = 0 plane,
with SOC present, between the lowest conduction and topmost valence bands, using a
logarithmic scale. The oval structure seen in Fig. 5.5(b) is generally gapped except for Weyl
points, which are regarded to be gapless for gaps smaller than 10 eV. Figures 5.5(b) and 5.5(d)
demonstrate the considerable Berry curvature in the k, = 0 and k,, = 0 planes caused by minor
gaps at the nodal lines. Figures 5.5(b) and 5.5(d) exhibit the Weyl points with chiral charges
+1land -1ink, =0 and k,, = 0 by filled and open circles. Table 5.1 show the position of the
energy and momentum coordinates of the Weyl points. To corroborate the chirality at Weyl
points, Wannier charge centers are also calculated. The Berry curvature, which is a geometrical
characteristic of energy bands, is proportional to the AHC. The electronic motion exhibits a

transverse anomalous velocity due to the Berry curvature, which results in a significant AHC.

The intrinsic AHC can be assessed using Kubo formalism's [37] linear response theory, and
the intrinsic AHC in the xy plane can be described as

Ory = — % [ 2K 5,05 (k) (5.3)

07 is the Berry curvature and it can be written as
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<Pnklvx| Pme> <lpmk|vy|lynk>

_Qﬁ = —=2i Zm #n [Em(k)— En(k)]z

(5.4)

where f,, (k) represents the Fermi—Dirac distribution function, n is for the occupied band's

dH(k)

index, E, (k) is the eigenvalue of the n‘" eigenstate ¥, (k), v; = % 7

is the velocity

operator along the i (i = x,y, z) direction.
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Figure 5.5: (a) The energy gap AE (k,,, k) is plotted in k,, - k, plane at k, = 0 with SOC. (b) and (d)
The Berry curvature distribution in k,, - k, plane and k, - k, plane. (c) Energy (E - Er) dependence of
the AHC. The inset represents the enlarged view of the energy dependence of the AHC close to the Er.

In order to calculate AHC, the spin-orbit coupling is taken into account along the [001], which
is also a magnetic polarisation direction. As seen in Figs. 5.5(b) and 5.5(d), almost degenerate
bands in the k, = 0, k,, = 0 planes have large Berry curvature and contribute to the intrinsic
AHC.

-125-



Chapter 5: Anomalous Hall effect in topological Heusler compound Co.VAl

Table 5.1: The Weyl points’ positions, Chern numbers, and the energy relative to the E of Co,VAI.

Weyl points k, ky k, Chern number E - Ep (eV)
1 -0.52 0.009 -0.36 -1 0.26
2 -0.23 -0.007 -0.76 +1 0.04
3 0.78 -0.004 -0.22 +1 0.07
4 0.10 0.01 0.91 +1 -0.20
5 -0.0006 -0.27 -0.69 -1 0.14
6 -0.009 0.89 -0.12 +1 -0.16
7 0.01 0.13 -0.88 -1 -0.15
8 0.0009 -0.46 0.40 +1 0.29
9 -0.95 -0.05 0.03 -1 -0.26
10 0.008 -0.81 0.20 -1 -0.03

The calculated AHC value of Co2VAI at the Er is ~ 64 S/cm, which agrees well with the
experimentally determined intrinsic AHC of ~ 70 S/cm. The experimentally estimated AHC
is equivalent to that reported for several Co.-based ferromagnetic full Heusler compounds and
other magnetic materials [43,44,47,66,67]. Figure 5.5(c) illustrates the energy dependence of
AHC for Co2VAI and the inset depicts a zoomed view of the energy dependence of AHC near
the Eg.

5.4 Conclusion

To summarise, we explored the AHE in the half-metallic full Heusler compound Co,VAI
experimentally and performed first principle calculations to understand the origin of AHE in
this compound. The dominant intrinsic Berry phase contribution to the AHC is confirmed by
the quadratic dependence (o ~ 2) between p,’}y and p,., and the nearly temperature-independent
character of the scaling coefficient Sy. Experimentally, it is found that the AHC is around 85
S/cm at 2 K with an intrinsic contribution of 75.6 S/cm. Our electronic structure calculation
indicates that the intrinsic mechanism dominates the AHE in Co.VAI, and the AHC estimated

using Berry curvature yields 64 S/cm, which is comparable with the experimentally measured
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value. We further demonstrate that the electronic band structure features gaped nodal lines and
symmetry-protected Weyl points near the E in the presence of finite internal magnetization
and SOC. The charge chirality of these Weyl points has also been determined. It is extremely
rare for gapped nodal lines and symmetry-protected Weyl points to coexist in full Heusler
compounds. Our detailed analysis reveals that the half-metallic full Heusler compound Co2VAI
exhibits intrinsic AHE resulting from non-trivial band topology and features a rare co-existence
of gapped nodal lines and symmetry-protected Weyl points in its electronic bands. Lastly, our
findings corroborate current studies on the Berry curvature origin of AHE and give a viable
platform for exploring TSMs both theoretically and experimentally.
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Chapter 6 Nodal-line and triple point fermion
induced anomalous Hall effect in

topological Heusler compound
Co.CrGa

In this chapter, we presenta comprehensive study of the
anomalous Hall effect (AHE) in the ferromagnetic full Heusler
compound Co2CrGa, based on both experimental and theoretical
findings. Our experimental results indicate that the intrinsic
Berry phase mechanism dominates the AHE in Co2CrGa.
Experimental results further indicate that the anomalous Hall
conductivity (AHC) at 10 K is as high as 569 S/cm, with an
intrinsic Berry phase contribution of 526 S/cm. According to
first-principles calculations, the observed large AHC in this
compound is caused by the Berry curvature originating from a
gapped nodal line as well as Weyl nodes generated from the triple

point near the Fermi level in the presence of spin-orbit coupling.

Content of this chapter has been published in: S. Chatterjee, J. Sau, S. Samanta, B.
Ghosh, N. Kumar, M. Kumar, and K. Mandal, "Nodal-line and triple point fermion

induced anomalous Hall effect in topological Heusler compound Co2CrGa," Phys. Rev. B 107,
125138 (2023).

-133 -



Chapter 6: Anomalous Hall effect in topological Heusler compound Co.CrGa

6 Nodal-line and triple point fermion induced anomalous Hall

effect in topological Heusler compound Co2.CrGa

6.1 Preface

In recent years, three-dimensional topological semimetals (TSMs), a new class of gapless
quantum states, have been the subject of significant investigation in condensed matter physics
as they exhibit fundamentally new physical phenomena with potential applications [1-4].
These TSMs have an intriguing band dispersion with linear crossing, and they are categorized
into three categories based on the degeneracy of the band crossing points and their distribution
in the Brillouin zone (BZ). The first one is zero-dimensional (0D) nodal points, which comprise
Weyl points [1,5], Dirac points [6,7], triple points [8], and other higher degeneracy nodal
points [9]. The second category is one-dimensional (1D) nodal-line systems, which
constitute nodal rings [10], nodal chains [11], and nodal nets [11]. Two-dimensional (2D)
nodal surfaces [12] are the third type. Because of their nontrivial topological features and
unusual transport phenomena, 0D nodal point systems have been widely explored over the last
decade [6,13,14], whereas 1D nodal-line systems have just recently been investigated [15,16].
The previously mentioned classification of fermions has recently been extended to include
triply-degenerate nodal points. This three-fold degeneracy generates triple-point (TP)
fermions [17], which have been experimentally validated [18]. However, in cobalt (Coz)-based
full Heusler compounds, the existence of TP fermions and their consequences in transport

properties is yet to be understood.

Coo-based Heusler compounds have piqued the interest of researchers because of their high
Curie temperature (T.) and tunable magnetic and electric characteristics [19,20]. As a result,
these materials have the potential to be very useful for spin manipulation and spintronic
devices. Recently, a few Co»-based full Heusler compounds were predicted to feature Weyl
fermions in their band structure [21]. The Berry curvature (BC) associated with this
topologically nontrivial state results in a variety of exotic transport phenomena, including
anomalous Hall effect (AHE), anomalous Nernst effect, and chiral anomaly, [22—-30]. The AHE
in these compounds is caused by either an intrinsic mechanism [31] that can be explained by
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the Berry phase effect of the occupied electronic Bloch states [32,33], or by extrinsic
mechanisms that can be understood as a result of asymmetric scattering of conduction electrons
in the presence of spin-orbit coupling (SOC) or impurities [34-36]. The AHE in a few Co>-
based full Heusler compounds is investigated both theoretically and experimentally [22-27];
however, these materials have largely different electronic band structures, resulting in
substantial differences in the AHE's magnitude. For instance, Co2MnAl exhibits a
large anomalous Hall conductivity (AHC) of around 1300 S/cm at ambient temperature
because of a gapped nodal ring [26]. Co2MnGa exhibits an AHC of 1600 S/cm at 2 K due to a
large BC in momentum space, whereas Co.VGa displays an AHC of approximately 137 S/cm

at 2 K due to a slightly gapped nodal line [23].

In this chapter, we present a comprehensive investigation of the AHE on ferromagnetic full
Heusler compound Co.CrGa utilizing both experimental and theoretical analysis.
Experimentally, we observed a large AHC of ~ 569 S/cm at 10 K, with an intrinsic contribution
of ~ 526 S/cm exhibiting weak temperature dependence. At ambient temperature, we also
noticed an exceptionally large anomalous Hall angle (AHA) of ~ 8.5 % and a large anomalous
Hall factor (AHF) of ~ 0.23 V1. Additionally, we have used density functional theory (DFT)
based on a first-principles analysis and have shown topologically protected TP fermion in the
BZ without SOC. In the presence of SOC, we explored the creation of Weyl nodes from this
triple point. We also discuss the presence of a few symmetry-protected Weyl nodes and their

effect on anomalous transport features.

6.2 Experimental and theoretical methods

Using 99.99% pure individual elements, the polycrystalline Co.CrGa compound is synthesized
in a typical arc-melting furnace in a high-purity argon atmosphere. The sample is re-melted six
to seven times to ensure chemical homogeneity. After being obtained, the ingot is sealed in an
evacuated quartz tube and annealed for five days at 1173 K before being quenched in cold
water. The magnetization of the sample is measured using a vibrating sample magnetometer
(VSM) in a physical property measurement system (PPMS, Quantum Design, USA).
Magnetization data are recorded as a function of the applied field up to 5 T and temperature
down to 10 K. The sample utilized for the magnetic measurements is approximately 0.4 x 0.6

x 4.0 mm?3 in size. To obtain a proper thermal equilibrium, we stabilized the temperature for at
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least 30 minutes for each M(H) isotherm. The transport measurements are performed with a 9-
T Dynacool PPMS (Quantum Design, USA) equipped with the electrical transport option
(ETO). The electrical contacts for both the longitudinal and Hall resistivity measurements are
made using a standard four-probe method with conductive silver epoxy and copper wires. To
effectively eliminate the longitudinal resistivity (p,,) contribution owing to voltage probe
misalignment while measuring the Hall resistivity (p,,), the final Hall resistivity is

determined as the difference of transverse resistance measured at positive and negative fields.

We also investigated the electronic band structures and transport properties of Co.CrGa using
first-principles electronic structure calculations! The projected augmented wave approach is
used to depict ion-electron interactions. Vienna ab-initio simulation package (VASP) [37] is
used to do the calculations. For the electronic exchange-correlation functional, the generalized
gradient approximation (GGA) [38] of the Perdew-Burke-Ernzerhof (PBE) [39] type is
utilized. The plane-wave basis uses the kinetic energy cutoff of 600 eV. The electronic integral
over BZ is estimated using the Gaussian smearing method with a width of 0.05 eV, and a 12 x
12 x 12 Monkhorst-pack k-point mesh with a I"-centered is utilized for the BZ sampling. Cell
parameters and internal atomic positions were thoroughly relaxed until the forces on all atoms
were less than 0.01 eV/A. Both with and without SOC are considered in the calculation.
Starting from the plane wave basis state, the AHC, energy gap, BC, and Wannier charge center
(WCC) are calculated using Wannier90 [40,41] and Wanniertools [42]. A dense 501 x 501 x
501 k-grid was used for the AHC calculations, with the tight-binding model's limit.

6.3 Results and Discussions
6.3.1 Structural, magnetization, and longitudinal resistivity

The room-temperature X-ray diffraction (XRD) pattern of the sample is collected for structural
investigation and phase purity. The FULLPROF software is used to do the Rietveld analysis of
the XRD pattern. Figure 6.1 depicts the XRD pattern of the sample as well as its Rietveld
refinement, and the crystal structure of the compound is presented in the right corner. The
crystallographic coordinates of the Co atoms are (0, 0, 0) and (1/2, 1/2, 1/2), while the Cr and
Ga atoms are (1/4, 1/4, 1/4) and (3/4, 3/4, 3/4), respectively. The Rietveld refinement of the
XRD data verifies the single-phase nature of the present sample and its crystallization in the

cubic L2 structure with the space group Fm3m. Generally, the ordered structure of full Heusler

L All the first-principles calculations used in this chapter has been done by the Prof. Manoranjan
Kumar’s group (in collaboration) at S. N. Bose National Centre for Basic Sciences, Kolkata.
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alloys is characterized by (111) and (200) superlattice reflections [27]. The existence of both
(111) and (200) superlattice reflections in Co.CrGa implies that this material organizes
perfectly in the cubic L2; structure. The refined lattice parameter was found to be 5.796 A,

which is consistent with previously reported works [43,44].

0= Yohs

— Yeal

Yobs — Yeal {
I Bragg peak ¢
positions |

Intensity (a.u.)

20 30 40 50 60 70 80 90
20 (degree)

Figure 6.1: Rietveld refinement of the room temperature XRD pattern for Co,CrGa. The black circles
represent the experimental data, and the solid red line illustrates the calculated result. The vertical blue
lines represent the Bragg peak positions, and the solid magenta line at the bottom corresponds to the
difference between the experimental and calculated data. The inset shows the crystal structure of
Co.CrGa.

As topology and magnetism are interrelated, we measured the magnetization of the sample to
determine its magnetic properties. Figure 6.2(a) represents the magnetic field dependence of
dc magnetization up to a field of 5 T at 10 K. Co.-based full Heusler compounds often obey
the Slater-Pauling (SP) magnetization rule [45], which states that M; = Z, — 24 ug/f.u., where
M, is the total magnetic moment and Z, is the total number of valance electrons in the unit cell
of the compound. The value of Z, for Co,CrGa is 27. Hence, if the SP rule is followed, the total
magnetic moment should be 3 ug/f.u. According to Fig. 6.2(a), the saturation magnetization

(Ms) is calculated to be around 3.01 up/f.u. at 10 K, which is in accordance with the SP rule.
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The temperature-dependent dc magnetization under a field of 500 Oe is also shown in the left

inset of Fig. 6.2(a).
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Figure 6.2: (a) Magnetic field-dependent dc magnetization (M vs H) at 10 K. The left inset depicts the
temperature-dependent dc magnetization (M vs T) measured at 500 Oe, and the right inset represents
the derivative magnetization dM/dT vs T. (b) Temperature dependence of the longitudinal resistivity
Pxx- The solid red and yellow lines illustrate the fittings in two different temperature regions. The inset
represents the schematic diagram of the sample device used for longitudinal voltage V,, and Hall

voltage V;,,, measurements.

It undergoes a continuous paramagnetic (PM) to ferromagnetic (FM) phase transition at T,
~ 500 K, as seen by the Z—AT/I curve in the right inset of Fig. 6.2(a). The measured magnetic

behavior is quite similar to previous investigations [43,44]. Figure 6.2(b) exhibits the
temperature variation of the longitudinal resistivity (p,,) from 10 K to 300 K. The schematic
diagram of the sample device utilized for longitudinal voltage (V,,) and Hall voltage (V,,)
measurements is given in the inset of Fig. 6.2(b). The residual resistivity value at 10 K is 113
pQ-cm, resulting in a residual resistivity ratio [RRR = p,, (300 K)/p,, (10 K)] of ~ 1.34,
which is comparable to previously reported values for other Coz-based full Heusler
compounds [25,46]. For a half-metallic ferromagnetic material, the electron-magnon
contribution is typically absent at low temperatures. As a result, the main contribution to the
pxx Comes from (i) electron-electron scattering (7' dependence), (ii) electron-phonon
scattering (T dependency), and (iii) double magnon scattering (T°/? dependence at lower
temperatures and T7/? dependence at higher temperatures) [47]. So, in order to comprehend

the various scattering mechanisms to the p,, in Fig. 6.2(b), we fitted the data in two distinct
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temperature ranges, namely between 10 K and 125 K and 125 K to 300 K. In the temperature
range of 10 K to 125 K, the p,,, fits very well with the relation, p,,(T) = p, + ATY/? + BT? +
CT®/? (shown in a solid red line in Fig. 6.2(b)), while in the high-temperature range, i.e. 125
K to 300 K, the best fit is given by p,,(T) = po + DT + ET7/? (shown in a solid yellow line
in Fig. 6.2(b)). Here, p, denotes the residual resistivity, A denotes the temperature coefficient
for the disorder present in the system, B denotes the temperature coefficient for electron-
electron scattering, D is the temperature coefficient for electron-phonon scattering, and C and
E denote the respective temperature coefficients for two magnon scattering. Thus, the
temperature-dependent p,, data strongly suggests the presence of a variety of scattering

mechanisms in the present compound.

6.3.2 Anomalous Hall Effect

After studying the sample's structural and magnetic properties, we performed thorough
magneto-transport measurements at temperatures ranging from 10 K to 300 K to investigate
the AHE in Co.CrGa. The field-dependence of Hall resistivity (p,,) up to a field of 9 T at
various specified temperatures is depicted in Fig. 6.3(a). At a low field of ~ 0.7 T, the p,,(H)
sharply increases as the field increases, and in the high field region over ~ 1 T, the p,,,(H)
exhibits a weak linear field dependence up to 9 T. The field-dependent dc magnetization at
various temperatures is illustrated in the inset of Fig. 6.3(a). The shape of the p,,,(H) and M (H)
curves in the low field area are identical, confirming the presence of AHE in this compound.

In addition to the ordinary Hall effect, the Hall resistivity p,, in a ferromagnetic material

receives an additional contribution from spontaneous magnetization M and is given as [48],
Pyx = pgx + psjlx = RoH + RspuoM, (6.1)

where pJ. and pj, are the ordinary and anomalous contributions to total Hall resistivity,
respectively, and R, and R are the ordinary and anomalous Hall coefficients. The linear fit of
the pyx Vs H curve in the high-field region yields the values of p;}, and R,. The intercept of the
y-axis and the slope of the linear fit are denoted by p;‘x and R, respectively. The temperature-
dependent carrier density n and carrier type can be calculated using the equation R, = 1/ne,
where e is the electronic charge. The temperature variation of R, from 10 to 300 K is shown
in Fig. 6.3(b). The positive R, values suggest that throughout the whole temperature range,

holes predominate as charge carriers. The carrier density n is calculated using the values of R,
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as demonstrated in the inset of Fig. 6.3(b). The estimated carrier density at 10 K is ~ 1.37 x

10%° cm3, and it is nearly temperature-independent. The associated carrier mobility (uy,) is

determined to be around 340 cm?V1S1,

3
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Figure 6.3: (a) Magnetic field-dependent Hall resistivity p,,, at various temperatures. The inset shows
the magnetic field dependence of dc magnetization at different temperatures. (b) Temperature-
dependent ordinary Hall coefficient R,. The inset shows the calculated temperature-dependent carrier
concentration n. (c) Anomalous Hall resistivity (p;}x) as a function of temperature. (d) Temperature

dependence of anomalous Hall coefficient (Rg).

The obtained temperature-dependent p;‘x is illustrated in Fig. 6.3(c), and it increases
monotonically with increasing temperature from 10 K to 300 K. The R can be calculated using
the equation p, = RspoMs. We have estimated the Mg using M (H) curves at H =5 T, similar

to many other ferromagnetic systems [25,49,50]. The determined R is shown as a function of

temperature in Fig. 6.3(d), and it rises with temperature from 10 to 300 K.
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To identify the mechanism responsible for the observed AHE in Co,CrGa, we examine the
scaling behavior between py, and p,, over the entire temperature range on a

double logarithm scale. As shown in Fig. 6.4(a), a linear fitting is employed to determine the

exponent B according to the scaling relation py, o pfx [48].
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Figure 6.4: (a) Plot of log pJ‘,‘x(T) vs log p.(T); the solid red line is the fit using the relation pj}x x

pfx . (d) Field-dependent Hall conductivity o, at various indicated temperatures.

It is generally known that if § = 1, the origin of the AHE is due to skew scattering, and if f =
2, the origin of the AHE is due to intrinsic or side-jump mechanisms [25,27,48]. We determined
the exponent § = 1.94, which indicates that intrinsic Karplus-Luttinger (KL) or extrinsic side-
jump mechanisms dominate the AHE in Co2CrGa. It has been demonstrated that the extrinsic

side-jump contribution of the AHC is on the order of %(?—0), where &g, is the spin-orbit
F

interaction and E is the Fermi energy [51,52]. The terms e, h, and a are the electronic charge,

Planck’s constant, and the lattice parameter, respectively. The term (‘;5—0), is typically in the
F

order of 102 for most of the ferromagnetic materials [25,49,50]. Hence, compared to the

intrinsic AHC, the extrinsic side-jump contribution should be very small or insignificant.

Therefore, the intrinsic Berry phase-driven KL mechanism dominates the AHE in CoCrGa.

In order to understand the microscopic origin of the observed AHE in Co.CrGa, we need to

investigate how the AHC changes with temperature and p;‘x in this compound. Hence, we

calculate the Hall conductivity g, using the tensor conversion relation [23,53].

_ Pyx
O'xy - m (62)
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The field-dependent Hall conductivity at different temperatures is shown in Fig. 6.4(b). In Fig.
6.5, the field-dependent p,., data are presented. At a given temperature, the p,.,, does not change

significantly with the magnetic field.
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Figure 6.5: Field dependence of the longitudinal resistivity (p,.,) at indicated temperatures.
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Figure 6.6: (a) Anomalous Hall conductivity (a;‘y) as a function of temperature for Co,CrGa. (b)

Anomalous Hall resistivity p§‘x and anomalous Hall conductivity a,fy as a function of temperature.
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The AHC (ay;,) is calculated using zero-field extrapolation of high-field Hall conductivity data
on the y-axis. AHC is determined to be ~ 569 S/cm at 10 K and does not change significantly
up to room temperature (~ 561 S/cm). Figure 6.6(a) depicts the temperature dependence of the
AHC. In general, the AHC changes significantly towards T, but not much below T, as has
been seen before in numerous Heusler compounds [25,50]. The temperature-dependent AHC
and py, are presented in Fig. 6.6(b), and the change of AHC is almost temperature independent,

showing that the genesis of AHE in Co2CrGa is intrinsic in nature [54,55].

To differentiate the intrinsic and extrinsic components of the AHC, we plot p;, with p,, in

Fig. 6.7 and fit it with the equation [27,56,57],

skew

P = asVp, + b pZ (6.3)

where as*¢" and b stand for the skew-scattering coefficient and intrinsic AHC, respectively.
We found as*¢¥ of ~ 0.005 and an intrinsic AHC b of ~ 526 S/cm. Therefore, the intrinsic

Berry phase-driven mechanism is responsible for more than 92% of the total

2
AHC. Theoretically, the intrinsic AHC under resonance conditions is of the order of Z—a where

e is the electronic charge, h is Planck's constant, and a is the lattice constant [52,58]. Using a
=5.796 A for the investigated compound, we estimate the intrinsic AHC for Co,CrGa to be

around 669 S/cm, which is comparable to our experimentally obtained value of 526 S/cm.

- 12' O p?x
g — Fitting
g
= 101
o
«Z
< oskew 0,005
81 cint - 526 S/cm

110 120 130 140 150
pxx (pQ-cm)

Figure 6.7: Plot of p§‘x VS p,.., and the fitted curve using equation 6.3 is shown in red.
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Finally, the AHE of Co.CrGa is compared to that of other ferromagnetic systems. Here, we

focus on two characteristic factors, specifically the anomalous Hall angle 0,45 and the

Ox:

A
anomalous Hall factor Sy. The 0,45 can be calculated using the formula 04y = o—y which

estimates the relative contribution of the anomalous Hall current to the normal current [48].

A
Similarly, the Sy can be calculated using the equation Sy = % = (:V’I‘—y which estimates the
S

XX

relative magnitude of the anomalous Hall current with respect to magnetization [59]. In light
of this, these two variables help to assess the relative strength of the AHE in a compound,
which is crucial for practical applications [60]. The temperature-dependent variation of @,y is
shown in Fig. 6.8(a), and the temperature-dependent variation of S is shown in the inset of

Fig. 6.8(a).
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Figure 6.8: (a) Temperature-dependent anomalous Hall angle (04, = ?). The inset shows the

temperature dependence of the anomalous Hall factor Sy,;. (b) 44 and Sy for Co,CrGa are plotted as a

function of temperature along with other reported metallic ferromagnets.

The parameter Sy exhibits a very weak temperature dependence, and a similar type of
temperature dependence in Sy was previously observed in other metallic ferromagnets where
the intrinsic Berry phase mechanism dominates the AHE [25,50,60,61]. At room temperature,
the maximum values of 6,5 ~ 8.5% and Sy ~ 0.23 V! are obtained, which are among the
highest among metallic ferromagnets. It is quite uncommon to find a metallic ferromagnetic

system with high S, and 0, at ambient temperature. Even recently discovered Mn-based
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antiferromagnets, or half-Heusler antiferromagnets, have either a large 6,5 with a small Sy or
vice versa [62,63]. We additionally compare the 6,5 and Sy values in Fig. 6.8(b) with values
for several ferromagnetic compounds that have been previously reported [25,49,54,59-61,64—
68]. In the next subsection, we discussed the first-principles calculations for Co.CrGa since the
intrinsic AHE depends on the band structure of a material to better understand the origin of the

observed large intrinsic AHE.

6.3.3 First-principles calculations

Using the first-principles method, the magnetic moments of Co.CrGa are determined. The
transition metal atoms Co and Cr contribute significantly to the magnetic moments, with values
of puco =0.706 pg/f.u. and uc,- = 1.701 ug/f.u., respectively. Ga acts like a nonmagnetic atom,
with a total magnetic moment per formula unit of 3.019 ug/f.u. Two Co and one Cr atom
contribute 18 and 6 valance electrons, respectively, while one Ga atom contributes 3 valance
electrons. Co.CrGa is therefore anticipated to have an effective magnetic moment of about 3
ug/f.u. According to our calculations, this compound is a half-metallic system that obeys the

SP rule and has a magnetic moment of 3.019 ug/f.u.

—_
=

DOS (states/eV)
BN o O N &~ o]

i | ) | 0 | 2 ' 4
Energy (eV)

Figure 6.9: Total density of states (DOS) of Co,CrGa. Blue and magenta curves represent the total
DOS for the majority and minaority spins.
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The estimated magnetic moment for Co.CrGa agrees well with the results of our experimental
study. The spin-resolved density of states (DOS) is shown in Fig. 6.9, and it can be seen that
while the DOS is metallic for majority spins, it is entirely gapped for minority spins. The partial
density of states (PDOS) calculation shows that near the Er DOS is mostly produced from Cr
d orbitals with a majority contribution from spin electrons. To understand the topological
characteristics of the compound, band dispersions are estimated in the absence and presence of
SOC using a plane wave-based pseudopotential [69]. In the absence of SOC, numerous band
crossings produce nodal lines, as seen in Fig. 6.10(b). In the presence of SOC, several
topological nontrivial crossings exist, as indicated by the blue, green, and magenta circles in
Fig. 6.10(c), and substantial BC is seen in the vicinity of these nontrivial crossings.

(@) © s , . — .
AVERY ‘f/\\‘ N
4\/ W '\/ ,
AN A0
ST W T X W I U
(b)

0.6

0.4}

=1
2

Energy (eV)

(=4
)

X WU
Figure 6.10: (a) Brillouin zone of Co,CrGa. (b) The band structure of Co,CrGa without SOC. In the
inset, we also point out the triple points (TPs). (c) The band structure of Co,CrGa with SOC. The Weyl

points and the gapped nodal lines are shown by green and blue circles. (d) The Berry curvature along

the high-symmetry lines due to the nontrivial crossings.

Crystal symmetries are considered to further characterize the class of these nontrivial crossing

points. Co2CrGa has the space group Fm3m (space group number 225), and the associated BZ
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with a high-symmetry point is illustrated in Fig. 6.10(a). In the absence of finite magnetization,
this symmetry group has three M, (k, = 0), M,, (k,, = 0), and M, (k, = 0) mirror planes in
addition to three C, rotation axes [70]. These mirror planes in the k, =0, k, =0, and k, = 0
planes protect the gapless nodal lines in the band structure. Only the mirror symmetry M, =0
and the rotational symmetry C,, are preserved in the presence of SOC along the [001] direction.
As a result, two nodal lines on the k, = 0 and k,, = 0 planes are expected to gap out, while the
nodal line along the k, = 0 plane should be intact. The band dispersions around the Fermi
energy in the presence of SOC are depicted in Fig. 6.10(c), and the blue circles along the I'-W
high-symmetry path denote band crossings that are gapped out. A large negative BC is detected
along the high-symmetry path I'-W in Fig. 6.10(d), corresponding to gapped nodal lines. A
large Berry curvature in the k,, = 0 plane is observed because of small gaps along the nodal
lines. The energy gap and corresponding BC in the k, = 0 plane are shown in Fig. 6.11(a) and

(b).
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Figure 6.11: For Co,CrGa with SOC (a) Energy gap, between two crossing bands at E = -0.045 eV and
white line represents gapped out nodal line. (b) Along the gapped nodal line, the Berry curvature

distribution is shown at k,, = 0 plane.

This crystal structure also features a Cs,, point group high-symmetry axis, which possesses
threefold rotational symmetry (C5) along the [111] direction. This symmetry results in twofold
degenerate bands, which are indicated by the thick, solid black and dashed green lines in the
inset of Fig. 6.10(b). In the absence of SOC, the crossing point of this doubly degenerate band
with a nondegenerate band yields a pair of triple points [17], denoted as TP1 and TP2 in the
inset of Fig. 6.10(b). In the presence of SOC along the [001] direction, TP1 splits out as

depicted in the inset of Fig. 6.10(c) inside the magenta circle and TP2 separates into a pair of
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Weyl points as depicted in the inset of Fig. 6.10(c) inside the green circle at around 0.08 eV.
To better comprehend the texture of these Weyl points, we calculate the normalized BCs that
represent the flux at these two opposite-chirality Weyl points, and their precise position and
topological charges are shown in Table 6.1. As illustrated in Fig. 6.12(a), W1+ is a source type,
where the flux is in the outward direction, whereas W:- is a sink type, where the flux is along

the inward

TN
Y
VALY

0.34.5 o
(b) freee o1 (d) s
=| wcc - 5 ‘. WCC
5 ..0.// 5 X, .o.'
. . // \ 9 o ° :
° e » '/ \,‘ . o :
2 0 . !
l.lguulh K North South K North

Figure 6.12: For Co,CrGa with SOC normalized Berry curvatures are shown for Weyl point W,. (a)
Source type (W1+), which is indicated by outward red arrows from the marked black circle. (b) Average
position of the Wannier charge center (WCC) corresponding to the +1 Chern number. (c) Sink type
(W), which is indicated by inward blue arrows from the marked black circle. (d) Average position of

the WCC corresponding to —1 Chern number.

direction in Fig. 6.12(c). Furthermore, we investigate the average position of the WCC
computed using the Wilson-loop approach on a sphere enclosing these two nodes of opposite
chirality. As can be seen in Fig. 6.12(b), the average WCC is observed to shift from north to
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south when the Chern number of W1 is +1, while it shifts from south to north when the Chern

number of W1 is -1 as shown in Fig. 6.12(d).

Table 6.1: The Weyl point positions, Chern numbers, and energy relative to E of Co.CrGa.

Weyl points k. ky k, Chern number E - Ep (eV)
Wi 1.080 -0.0014 -0.41 -1 -0.10
W -1.080 -0.0077 0.41 +1 -0.11
W3 -0.004 1.0811 0.41 +1 -0.06
W, 0.005 -1.0815 -0.4165 -1 -0.04
Ws -0.0139 -0.9110 -0.0062 +1 -0.01
Ws -0.01 0.910 -0.014 -1 -0.02

The AHC is proportional to the BC, resulting in a transverse anomalous velocity in the
electronic motion and a large AHC. The intrinsic AHC can be assessed using Kubo formalism's

linear response theory, and the intrinsic AHC in the xy plane can be expressed as

Oy = —5 [ 2K 5,07 (0fu(k) (6.4)

2m)3
07 is the Berry curvature and it can be written as

<Ykl | P me> <lI"mk|”y|ank>
[Em (k) — En(K)]?

0% = ~2i Tman (6.5)

where f,, (k) is the Fermi-Dirac distribution function, n is the index of the occupied bands,

E, (k) is the eigenvalue of the n'" eigenstate ¥, (k), v; = % % is the velocity operator along

the i (i = x,y,z) direction. To determine the AHC, the SOC is taken along the magnetic
polarization direction [001]. As demonstrated in Fig. 6.11, nearly degenerate bands along the
nodal line in the k, =0, k,, = 0 planes have large BC and contribute to the intrinsic AHC. The
energy dependency of the AHC is shown in Fig. 6.13. The giant value (~ 1000 S/cm) of the
AHC near the gapped nodal line (~ 0.05 eV below the E) is shown inside the red circle in Fig.
6.13. This AHC value is supposed to be large due to the maximum BC value at that point, as

described above, but at E, the AHC value reduces to ~ 504 S/cm due to the positive BC near
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the Weyl point crossing. The experimentally found intrinsic AHC value is comparable to the

theoretically calculated intrinsic AHC value for this ferromagnetic full Heusler compound.

1500

1000

500

AHC (S/cm)

| ,
0 0.2 0.4
E-E,

Figure 6.13: Energy (E — Er) dependence of the AHC for Co,CrGa, where the red circle is the position
of the gapped nodal line (at an energy of —0.05 eV).

6.4 Conclusion

In summary, we explored the AHE in the ferromagnetic full Heusler compound Co2CrGa both
experimentally and theoretically. p;, scales quadratically with p,,, and our extensive
experimental analysis revealed that the observed AHE is generated by the intrinsic Berry
curvature-driven KL mechanism. At 10 K, an AHC a;‘y ~ 569 S/cm with an intrinsic
contribution of ~ 526 S/cm is seen experimentally. The observed AHC is almost temperature-
independent up to room temperature. Moreover, at room temperature, an exceptionally large
AHA of ~ 8.5 % and a large AHF of ~ 0.23 V! is observed, which is rarely present in metallic
ferromagnets. First-principles calculations revealed that the AHC in Co.CrGa is ~ 504 S/cm,
which is compatible with the experimentally obtained intrinsic AHC value. Theoretical
calculations revealed that the BC contributes most significantly to the AHC and has a

substantial value close to the gapped nodal line. In the absence of SOC, we detected the
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topologically protected TP fermion in its band structure, and in the presence of SOC, we
demonstrated the formation of Weyl points from this TP. Furthermore, the impact of these
nontrivial crossings on anomalous transport features was discussed. In addition, we noted that
hole doping causes the E} to shift to 0.05 eV, which results in the system's AHC value reaching
its maximum (~1000 S/cm). Consequently, future material engineering of this molecule would
give a feasible pathway to tune its multiple fascinating topological features both theoretically

and experimentally.
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Chapter 7 Conclusion and scope for future

work

In this chapter, we provide a summary of all the findings from
previous chapters and draw a conclusion. We also point out a

few areas where future work can be done.
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7 Conclusion and scope for future work

7.1 Summary

This thesis work primarily focused on two physical phenomena, namely the metal-insulator

transition (MIT) and the anomalous Hall effect (AHE) in various 3d-transition metal-based

compounds. The main observations of this thesis are listed below.

The results obtained in Chapter 3 for NdNiOs films grown on crystalline SrTiOs

substrates with different crystallographic orientations reveal the emergence of

large thermal noise (((T) = %) close to the temperature-driven MIT. The
B

ratio ¢ reaches a maximum value of {j, at a temperature T* that is close but

T*

distinct from the MIT temperature T,,;. It has been observed that the ratio -
MI

and ¢, are highly dependent on the in-plane strain of the films. The enhanced
thermal noise and large correlated flicker noise both arise from slow kinetics of
relaxation, as determined by the temperature dependence of the correlation time
(t), which grows much larger in the temperature range around T*, reaching a
maximum at T = T*. It has been proposed that the presence of significantly
large noise (both thermal and flicker noise) is due to the existence of electronic
phase separation (EPS) near the MIT. A physical model has also suggested that
EPS near the MIT temperature can give rise to a sparse phase of nanometric
small pockets of metallic phases (nanopuddles) that are surrounded by and
embedded within the minority insulating phase. Such isolated metallic
nanopuddles can be Coulomb-charged if the charging energy E. = kT and

have slow relaxation of fluctuations acting as a source of large noise.

The results obtained in Chapter 4 show that an introduction of disorder using 1
MeV argon (Ar) ion irradiation, suppresses the correlation-driven MIT in
NdNiOs films. The films make a crossover to a heavily disordered conductor

governed by weak localization (WL) and at even higher disorder, an Anderson
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localized state. The pristine films of NdNiOs exhibit an MIT with the
conduction process being governed by variable range hopping. For disorders up
to 1%, the insulating state arising from a gap in the density of states (DOS) at
the Fermi level (Er) as in a Mott insulator is suppressed and the conduction in
the film shows a WL behavior with finite conductivity at temperature T - 0.
This behavior is expected in a disordered conductor that does not have a gap in
DOS at Er. At higher fluences, the conductivity reduces substantially but the
electrical conduction shows a power-law temperature dependence with a small
but finite zero temperature conductivity o (T = 0) which is expected in a solid
with electrons that are Anderson localized. A similar experiment was performed
on La substituted NdNiO3z films (Nd;-xLaxNiOz) with x = 0.3 that are grown in
the same way. Evidence of suppression of correlated behavior can also be seen
in the irradiated films where the non-Gaussian nature of resistance fluctuation
at T ~ Ty, a signature of correlated electron systems, is suppressed on

irradiation leading to a collapse of the MIT.

In Chapter 5, we report a comprehensive study of the topology-induced AHE
in the half-metallic ferromagnetic full Heusler compound CoVAI. The
anomalous Hall resistivity p;‘y is observed to scale quadratically with the
longitudinal resistivity p,,. Our experimental results also reveal that the
anomalous Hall conductivity (AHC) is ~ 85 S/cm at 2 K with an intrinsic
contribution of ~ 75.6 S/cm, and is nearly insensitive to temperature. The first
principle calculations note that the Berry curvature originated from a gapped
nodal line and symmetry-protected Weyl nodes in the presence of spin-orbit
coupling near the Ep is the main source of AHE in this compound. The
theoretically calculated AHC is in good agreement with the experimentally
obtained AHC.

In Chapter 6, we present a systematic investigation of the AHE in the Co.-based
ferromagnetic full Heusler compound Co.CrGa using combined experimental
and theoretical studies. The anomalous Hall resistivity p;, is observed to scale
nearly quadratically with the longitudinal resistivity p,,, and further

experimental analysis suggests that the AHE in Co2CrGa should be dominated
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by the intrinsic Karplus-Luttinger Berry phase mechanism. Experimental results
also reveal that AHC is as large as ~ 569 S/cm at 10 K with an intrinsic
contribution of ~526 S/cm and the observed AHC is nearly temperature-
independent. In addition to the large AHC, we also found an exceptionally large
anomalous Hall angle of ~ 8.5% and a large anomalous Hall factor of ~ 0.23
V1 simultaneously at room temperature. First-principles calculations suggest
that the Berry curvature originates from a gapped nodal line and that Weyl nodes
which are generated from the triple point near the E in the presence of spin-

orbit coupling are responsible for the observed large AHC in this compound.

-7.2 Future directions

% Itis interesting to study the effect of disorder on the thermal noise as well as the flicker

noise close to MIT.

K/

AS

% It is also very intriguing to understand the disorder-induced crossover of the Mott
insulator to weak Anderson localized regime through scanning tunneling microscope

(STM) measurements.

% The effect of disorder in the Berry curvature as well as in the AHE of Co»-based full
Heusler compounds. It is also very interesting to study the effect of disorder on the half-

metallicity of these compounds.

% More experimental and theoretical studies are needed to understand the effect of triple
point fermion in transport and magneto-transport properties in Coz-based ferromagnetic

Heusler compounds.
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Appendix A: X-ray diffraction data of nickelates
nanopowder and rocking curves of nickelates thin films

Here, we present the X-ray diffraction (XRD) data of the rare-earth nickelates nanopowder.
Figure A.1 represents the room temperature Rietveld profile refinement of the XRD patterns
for NdNiOs and Ndo.7Lao.3sNiO3 nanopowder, respectively. It shows that the structure follows

the Pbnm symmetry at room temperature.
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Figure A.1: Rietveld refinement of the XRD pattern for (a) NdNiOs and (b) Ndo7Lao3NiOsz at room
temperature. The black circles represent the experimental data, and the solid red line depicts the
calculated result. The vertical magenta lines show the Bragg peak positions and the blue line at the

bottom corresponds to the difference between experimental and calculated data.

In Table A.l, we summarize the lattice parameters of the NdNiOz and Ndo7Lao3NiOs
nanopowder after Rietveld refinement. The obtained lattice parameters match well with the

earlier reports [1]

Table A.l: The obtained lattice parameters from Rietveld refinement

Lattice parameters (A) NdNiOs Ndo.7La03NiOs3
a 5.417 5.453
b 5.365 5.377
c 7.621 7.611

-161 -



Appendix A: X-ray diffraction data of rare-earth nickelates nanopowder...

Figure A.2(a)-(c) represents the rocking curves obtained from high-resolution XRD
(Reciprocal space mapping) measurements of all three NdNiOz (NNO) films grown on SrTiO3
substrates with different orientations. The full width at half-maximum is given below in Table
A.ll of all three films. It suggests that there is progressive disordering in the films of NNO
grown on STO with different orientations in the order (100) - (110) - (111).

[0 NNO/STO (100) (a) © NNO/STO (110)

! > ] b © NNO/STO (111) C
— Gaussian Fit o |— Gaussian Fit ( ) ( )

— Gaussian Fit

Intensity (a.u.)

Intensity (a.u.)
Intensity (a.u.)

0 B
@ (deg) o (deg)

Figure A.2: (a)-(c) Rocking curves obtained from high-resolution XRD data for NdNiO3z (NNO) films
grown on SrTiOs (STO) substrates with different orientations. The fit to the data is a Gaussian from
which the full width at half-maximum dw given in Table 3.1 (Chapter 3) have been obtained.

Table A.ll: The full width at half-maximum Sw of all the NNO films grown on STO substrate with
different orientations.

Sample dw (°)
NNO/STO (100) 0.373
NNO/STO (110) 0.489
NNO/STO (111) 0.607

References:

[1] G. Catalan, Phase Transitions 81, 729 (2008)
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Appendix B: Scanning electron microscope and energy
dispersive X-ray spectroscopy data for nickelates
nanopowder and Co--based Heusler alloys

Figure B.1(a)-(b) represents the scanning electron microscope (SEM) image of NdNiOs and
Ndo.7La0.3NiO3 nanopowder, respectively. Figures B.1(c)-(d) show the SEM image of bulk
polycrystalline Co2VVAI and Co,CrGa respectively.

Ndo.7Lao3NiO3

Figure B.1: SEM image of (2) NdNiOsz and (b) Ndo7Lao3sNiOz nanopowder at room temperature. SEM
image of bulk polycrystalline (¢) Co,VAI and (d) Co,CrGa.

In Figs. B.2(a) and (b) we show the energy dispersive analysis of X-ray (EDAX) spectra for
the NdNiO3 and Ndo.7Lao.3NiO3z nanopowder, respectively. Figure B.3(a) and (b) represent the
EDAX spectra for the bulk polycrystalline Co2VAI and Co.CrGa, respectively. The
corresponding atomic percentage is also given in the table for each of the compounds. The
atomic percentage shows that the samples are highly stoichiometric.
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Nd0.7La0_3Ni03

1.00 2,00 3.00 4,00 5.00 6.00 T.00 $.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
Energy (KV) Energy (kV)
o 19.54 077 60 ) 18.86 59.84 60
Nd 40.62 14.30 14
Nd 54.29 19.42 20
La 18.38 6.12 6
Ni 26.17 20.81 20 Ni 22.14 19.74 20

Figure B.2: EDAX spectra for the as-prepared (a) NdNiOsz and (b) NdosLaogsNiOs; nanopowder,
respectively.

() ' (0)
Co, VAL v~ Co,CrGa

N o ey v o 7 34 51 &8 53

Energy (kV) Energy (kV)
Co 50.43 50.08 50 Co 50.40 50.10 50
A% 22.05 24.89 25 Cr 21.80 24.91 25
Al 27.52 25.03 25 Ga 27.80 24.99 25

Figure B.3: EDAX spectra for bulk polycrystalline (a) Co.VAI and (b) Co.,CrGa compounds,
respectively
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