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Chapter 1 Introduction

Chapter 1 Introduction

In this chapter, we discuss the fundamentals of megailator
transition andthe anomalous Hall effedh the context of rare
earth nicldates and Heusler alloys. A brief review has been given
on some exotic and novel properties of-eaeh nicldatesand
Co-basedopologicaHeusler alloys. An overview of the theisis
also presented to highlight the main observations made in this

thesis.
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1 Introduction

1.1 Preface

Transition metabasedcompounds are unambiguously the main areantdrest and the
foundation for a legefield of physical phenomena: the physics of strongly correlated electrons.
They exhibit a variety diascinating phenomena, like metasulator transition (MIT), colossal
magnetoresistancenultiferroicity, hightemperature superconductivitgtc[1]. Recently, they
havealsoattracted particular interest due to their topologically-trivial band structure which

leads to various exotic transport properties such as the anomalous Hall effect (AHE),
anomaloudNernst effectFermi arc surface statemd chiral anomalig®i 10]. The key factor
determiningthe diversity ofbehavia of these materials is that their electr@as be in two
conceptually quite distinct states: they can be either localized at corresponding ions or
delocalized, itinerangs in normametals.The focus of this thesis imarily on twoparticular

phenomenan 3d transition metabased compoundtheMIT and the AHE.

The phenomena oMIT, where a metal with delocalized electrons makes a transition to an
insulating state with strongly localized electrassine of the oldest topics in condensed matter
physics, yet it is also ond the most fundmentally least understood probkerA variety of
systems, including oxides, chalcogenides, and dogpmitenductors, exhibit MITL1i 19]. In
contrast to elemental materials, the physical eriigs of systems near MIT evolve
dramatically with changes in control parameters such as carrier concentration, temperature,
pressurgor external magnetic field4,18,20 26]. Historically, the field of MIT progressed in
two majordirections One direction ishe corréation-driven Mott tansition[27], where strong
electron correlation leads to the splitting of the density of states (DOS) at the Fermdlgvel (
and0 O TIhH0. These types btransitionare generally firstorder in nature and the MIT is
observed as a function of temperatufdne other broad direction is the disordiiven
Anderson transition, where the electronic states close {0 tlaee localizedalthough( ‘O
remains finite, i.e.y) ‘O 0[18,28,29] In general, the concept of a mobility edge is used to
distingush between extended and localizggtes in the energy sgad hese types of transition

are generally secoratder in nature, andftentuned by disorder and/or carrier density, which

tune the mobility edge arid , respectivelyln recent years, there has been aveogence of
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Chapter 1 Introduction

the two directionsknown as the MotAnderson transition, in which both disordand
correlation are presefit7,30,31] It has beerlsodemonstrated that the existence of disor

in a Mott transition significantlynodifies thed ‘'O  [32].

The perovskite rarearth niclelates, with the generic formuRNiOs (where R is a lanthanide
rareearth), are a large class of solidsWdrich MIT has been extensivesgudied due to the
strong correlations between the charge, sqirt, lattice degrees of freeddi#,15,19] The
rare-earthnickelates Bow atemperatureriven MIT from a hgh-temperature orthorhombic
(Pbnm) metallic phase to a letemperature monoclinic (Rfh) insulating phase, with the
exception of LaNi@, which is rhombohedral @) and a paramagnetic metal at all
temperatures in the bu[k5]. Despite numerous experimental and theoretical studies on MIT
in rareearth niclelates, there are still several fundamental aspects that require a better
understanding, such as the issue of slow relaxatibesconsequences of electronic phase
separationand the nature of fluctuation dynamics close to MIT temperature. In this thesis, we

have studied some of these emerging aspects of My€&rovskiterare-earth niclelates.

Another phenomenon that we haveudiedin this thesis ishe AHE incobalt (Ce)-based
ferromagnetidull Heusler compoundd$ereafter we will use theword@eb ased f-or HfAcol
basedo i n t hThsAH® Gppdars sdlids with brekgn timeeversal symmetry,
typically in aferromagnetic phase, as a consequence ofajbim coupling(SOC)[33]. The

origin of AHE in magnetic materials is oé the most intriguing aspects abndensed matter
physics, and the intrinsic or extrinsic contribat of the AHE is still very elusiveln
ferromagnetienaterials, in addition to ¢hordinary Hall effect resulting frothe Lorentz force
deflecting moving charge carriers in a magnetic field, there is an anomalous term that is
proportional to spontaneous magnetizaf@s]. The AHE in these compounds arises liyex

an intrinsic nechansm[34] that can be explained by the Berry phase effect of the octupie
electronic Bloch statg85,36] or an extrinsic mechanism which can be explained by
asymmetric scattering of the conduction electrons in thegmce of SOC or impuriti€37i

39]. For a long time, it was considerétht anomalous Hall conductivity (AHC) scaled with

the magnetization of the samplaccording to this concept, any ferromagnetic material
possesses an AHE, but it is zero for an antiferromagnet due to magnetic sublattice
compemsation Therefore, the AHE tsmbeen regarded as the primary indicator of finite
magnetizationn ferromagnetsHowever, it was only recently discovered that the intrinsic
contribution to AHE is not directlyelated to thesampl® snagnetization but, rather, arises

from its net Berry arvature(BC) [40,41] A necessary condition for a finite net BC and thus a

-3-
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nonzero AHE ighe absence of symmetri@sg. timereversal symmetry or mirror symmetry)
In contrary to previous notions, it is thpsssible tocontrol the BCandthe intrinsic AHE
through appropriate handlireg symmetries and band structures, regardless of the fialue
of the magnetizatiof#2].

Among various ferromagnetic materials, @asedferromagneticfull Heusler compounds
have attracted immense interest due to their higheQamperature and tunable eleszt and
magnetic propertiegl3,44] Particularly, the distinctive hathetallic chaacteristic makes
these compounds promisirggndidatedor technologicalapplicationd45,46] Recent band
structure calculationfor thesecompounds reveal that theciusion of SOCesults in a unique
topological Weyl semimetal state wibhokentime-reversal symmetr{47]. Even though there
exist severaltopological Weyl semimetals withroken inversion symmetf$#8i52], the
presence of such a semimetallic state in magnetic systems due to brokeevéraa
symmetry is extremely raf&3,54]. The BC associated with thigpologically nortrivial band
structure leads to many novel and exotcagnetetransport propertied3,6i 10,55]
Nevertheless, despite belongito the same space group, &m their nontrivial topological
and magnetdransport properties are largelgetermined by their electronic band
structurg2,3,7,8,10,5658]. In this thesis, we havalso studied some of these emerging

topologicalaspects of AHE in Gebased ferromagnetic full Heusler compounds.

1.2 Perovskite oxides : an overview

Perovskite oxides have the chemical formula AB@here A and B arthe two cations, with
A being largethan B, and O is an oxygen anidine B cationsre 6fold coordinated with the
oxygen anions, yieldingthe BQs octahedra that sergeas the fundamentadtructural and
functional unit of perovskite$Vhereas, the A cations are-fid coordinated with the oxygen
anions[14,59] The ideal perovskite structure is cubic with the sgaoeip Pnom, as shown
in Fig. 1.1(a).For an idealcubic stucture, the lattice parameteq) @nd ionic radii of A cations

(i ), Bcations { ), and oxygen anions () should ideallyfollow the relation® 2@ +i )

Mg (i +1 ). But, in reality this relationship does not hold for the majoritytiod perovskite
compounds, and structuraistbrtions take place to optimize ti@nic packing, movinghe

system away from théeal cubic. The tendency to distoctn be measured using the

Goldschnidt tolerance factoo, which is defined a® Rl Most cubic perovskite

-4-
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Figure 1.1: (a) and (b) Ideal cubic and orthorhombic structure of perovskiide. (c) The BQ
octahedra in Glazer notatio(d) Top view of BQ@ octahedra in an ideal cubic structure. (e) Top view
of BOs octahedra in orthorhombic structure. (f) Schematic of theO<B> angle.The A cation is
represented by the purple central sphiarall panels, while the B cations are represented by the orange
spheres positioned at the corner of the cubic unit cell eotti&oordinated with the O anions (red).
The image is adapted frotinereference[15].

structures are stable at 0.9 6 1, howeverpother compounds relax to rhombohedral
symmetry.Foro 0.9, the eystal has a tendency to ad@thomboledral or orthorhombic
structure as shown in Fig. 1.1(BWhen 6 1, the crystalypically exhibit ferroelectric
instability, and wherd is increased further, fiorms a hexagonal polymorpligure 11(e)
depicts the octahedral tilts that result in aiharhombic structure from a cubic structure (figure
1.1(d)). Glazer's pioneering studig®0,61] classified the symmetrgllowed rigid rotations of
BOs octahedra in perovskimmpounds, showing that the most common distortions of the BO
network can be describexs simple octahedral rotationst ,[ about thexy 3 & principal
crystallographs axes of the perovskite lattiagspectively, as shown in Figj.1(c). The BO-

B bond angldsuperexchange angledlepicted in Figl.1(f), which scales proportionally with
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0, is commonlyused to measure the degree of distortion of perovskite compfisjds the
next sectionwe will discuss a particular exampd&an electronic phase transitimnperovskite

oxides: the metalo-insulatortransition

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 electroAsnaterial can be classified as a metal ®r a

an insulator depending on its ability to conduct electrical currett=aD K. Generally,the

resistivity (') of a metal increases with the temperature (17, while for an insulator the

decreases with the temperature-( ). Howevae, the pristine definition of a metal arash

insulator is 0 and , 0 respectively at’Y 'h 0, where, 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 discussatrelationdrivenMott
anddisorderdriven 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 griegds with forbidden
states€nergy gapsbetween them, and a materiahdoe classifiedsametal or insulator based
onitsfilling. Thus, for insulators, th highest occupieldand isfilled, whereasfor metals, it is
partially filled. Although this band theorproved socessfulin explaining most of the
electronic transport properties of solideveratransition metal oxides having a partially full
‘Qband, such ahbliO, CoO,MnO, or FeO, are discovered to be insulat@antradicting the

conventional band theof{].

It was N. F. Mott in 1949, aimg to resolve this inconsistency, whaposed strong electren
electron correlationsn order toexplain the insulating state in materialgh partially filled
bandg62,63] His model consisted of a lattice with oekectron occupying each sitl the
absence of osite electrorelectron interactions, the atomic orbitals overlap to form a single

half-filled band. When each site is occupied by two electrons, one witkuppind one with
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spindown, the band is considl to be full. However, ithecase of strong Coulomb repulsion,
the energy cost of hosting two electrons on theessite can be sufficiently larde split the
band into a lower band of singbccupied sites andn upper band of doubticcupied sites.
With one electron per site, the bottom band will be full gredupper band empty, leading to

an insulating system known asidott insulaton.

s a
Upper Hubbard band Upper Hubbard band

|
e e Eg K ppeianicin Eg

Al U ul |

p-band
Lower Hubbard band
Lower Hubbard band
p-band

Mott-Hubbard insulator Charge transfer insulator

Figure 1.2 (a) Band diagram for Motdubbard insulator and (b) Chardransfer insulator. The

stands for the charge transfer energy ansltbe Coulomb repulsion.

The first treoretical model was introducéy J. Hubbard in 19684]t o expl ai n Mottt

of the insulating stateyho proposed the swalled Hubbard Hamiltoniai® .
O oB 0 0 YB & ut s (1.1)

Whereois the hopping integral and represents the kinetic energy témenotes the onsite
Coulomb interaction, angl denotes the number operatdhe electrical state of the compound

is determined by the competitibetveen™Y, 6 (bandwidth of théQbandbeforesplitting), and
0. When— 1, the kinetic energy termlominates, and the system is metallic;for 1,

the onsite coulomb energy dominates, and the system is drivenrtsugating state. Thus, by
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tuningthe—ratio, a system can be driven frormatallic to an insulating stgteuch transitions

areknown as "MottHubbard" transitions.

Furthermore, it has been found that the bandgap is modulated by the type of ligand associated
with the transitionmetal ion[26]. In sometransition metal oxides, the direct overlap®f
orbitals is so small that th&-electrons can hybridize witlhe ligand oxygen atomsn
Additionally, if the oxygem-band is located closer to the Fermi energy, the energy gap is
establshed between the upper Hubb&tand and the oxyganband rather than between two
‘Qbands. This type of insulator is knowntaschargetransfer insulator, and it is discussed b
Zaanen, Sawatzky, and All¢&5]. According to thisscheme cuprates and nickelates would
be charge transfer insulators, while titanates and vanadates should besMatorg13]. In

Fig. 1.4a), we demonstrate that whéh Y, the MottHubbard picture is followed arttiat
then-band is below the lower Hubbard band. However, wiven ¥, a gap appears bveten

the upper Hubbard barahd the ligand yband because the LHB is below the ligaptand;

thes insulatos areknown as charge transfer insulator and is depicted in Fi¢o)1.2

1.3.2 Disorder -driven Anderson transition

Both Mott and banéhsulators were described in the context of a perfect crystal. However,
reality, crystals are never free of disordas the degree dhedisorder increases, the material
may become amorphous amgdeits lattice periodicity.The question then arisas to how one
would define the insulating stat€o be more specific, what will bilde wave function of an

electron in a random potential?

In 1958 P. W.Anderson was the first to point otlat the wavéunction can changerastcally

in the presence aftrongdisorder i.e., in a random potentif28]. He suggested that tieave
function gets localizednd its envelope decays exponalhyifrom some point in spade, and
itcanbewritenag 1 & A@® i F ,where, is the localization lengtiFigure 1.3

(@) and (b) illustratehat n the presence of weak disorder Bloch wave will bse phase
coherence along the length scale of the inelastic scattering length but will stay extended overall.
The disordewill cause some randomness in the potential, but nearby localized orbitals will
almost degenerate in energy and will thus overlap, forming an extended wave. Haltbeer
disorder is sufficiently largethe random potential fluctuates strongly throughout the
characteristic distance ofbital exponential decay, and hememarby states are very unlikely

8-
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to have similar energies. States with simédaergies may be very far apart in space, hindering

any overlap and thus the formation of an extended state.

(a) (b) - b \\\
vanlin p /L —f\’/\/\/\ /\/\/\T
VY V>

Figure 1.3 (a) The wave functions of extended state with mean freeop@dih The wave function of

localized state with localization lengthThe figure is adapted frothereferencq18].

After a brief overview and some basic knowledge of crystal structure and electronic properties
in the context of MIT, in the nexdection we will discuss the rarearth niclelates (RNiQ)

system which isone ofthe key materialinvestigated in the thesis.

1.4 Rare -earth nick elates (RNiO 3)

Rareearth nickelatesre a fascinating class of materiatsat displays a strong interay
between charge, spin, lattji@nd orbitaldegrees of freedonNickelates are perovskite oxides
with the chemicaformula RNiQ where R is a trivalent rarearth R = La, Pr, Nd, Sm, L.
The nickelates werefirst synthesized in 1971; however, they were not itigated
systematicallyuntil 1991[11,66] Nickelates havegenerally 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 synthesizingkelates due to the poor stabilifthe NF*
stateat ambient pessure and high temperaty6¥,68]. Later, certain chernal methods were
used to synthesize polycrystallibalk nickelatesamples undesimbient oxygen pressure and
high temperatureThese compounds have a diverse set of structural andcphpsoperties,
which are described in the @®adiagranasshown in Fig. 1.4In the next subsectisnwe will

talk moe about their electrical, structural, and magnetaperties
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1.4.1 Structural, electrical , and magnetic properties of RNiO 3

For a longime, it was believed that the crystal structure of the Rfa@ily was orthorhombic

(space group  &)dn both the metallic and insulating regimes, with the exception of LgNiO

<Ni-O-Ni> angle (°)

™ > D © © .o 9 A 9
. \ . .
RS AR R A &
| | ] |} | |
600 BTy @Tnge
Gd (Pbnm) ‘ (Rf;c)

(P2,/n)
Paramagnetic
Insulator - BD

Paramagnetic
Metal

Sm, ;Nd,

Temperature (K)
N w
3 3

(P2,/n)
Antiferromagnetic
Insulator - BD

100

La]

o L 1 : 1 L 1 1 1 N 1 1 1 " 1
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Tolerance factor t

Figure 1.4 The phase diagram of raearth niclklates (RNiQ). Theimage is extracted frorthe

referencd15].

which crystallizesn a rhombohedral structurspace grouprod) as shown in Fig. 1.£arly

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 highresolutionX-ray diffraction measurements were usedttalyg this phase transition.
These investigations demonstrated that the insulating phase had two distigicchdileedral

groups, leading to a monoclinic distortion and the space group [B2i 72].

The sharpMIT that the raresarth nickelates exhibit when the temperaturés faklow a
characteristic temperaturey, , that varies on the rasarth sizeexcept forLaNiOz, which is

metallic at all temperaturesdis arguably one of the most remarkablareltteristics of these
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compoundsTheMIT temperature’{ ) is corrdated with the extent of orthorhombic distortion
in the family. As the distortion increases and theONNi angle decreases from 18(8s well

as the tolerance factdy, thery 'Qorbital overlap andhence the hopping strengtlecrease

as well. As a result, theandwidthof the systemw is reduced andY increases frorn 100

K for PrNiOs tox 600 K for LUNiGs as shown in Fig. 1.[15,73] In fact one may tun¢he

“Y by selectinga combination of different rarearth elements, such as at room temperature
for the mixed compound N@SmvsNiOs. Thus, the'Y is strongly relatedo the chosen rare
earth and thus, the NO-Ni bond angle.

In addition to a structuraand electrical transition a paramagnetic t@antiferromagnetic
transitionalsotakes place when the temperature of RNo©Ompoundss lowered.At high
temperatures, RNi€xompounds are metallic and paramagnetic, whereas the insulating ground
state is antiferromagnetfshown in Fig. 1.4)On the other hand, LaNgdemains paramangtic

at all temperature3 he spin ordeof these compounds also linked to théonic radiiat the R

site. For instance, when the ionic raglis considerably bigger (e.g. Pr and Niogxhibits both

the MIT andantiferromagnetiorderingof nickel monentsthe transition is firsbrder in nature

and the resistance displays hysteresis upon thegoling. For R ions with lower ionic radius
theantiferromagnetit¢ransition decouples from the MAnd the NeelemperaturéyY Y

and hencethe system goes through two transitions: from a paramagnetic metallic to a
paramagnetic insulating pb&aat high temperatures, and then to an antiferromagnetic insulating
phase at lower temperatuif@$,74] For R ions with lower ionic radiysn the temperature
dependent resistivity curgsegno hysteresis is obsen@]. In the next subsection, we will try

to understand the MIT in RNig3ystens.

1.4.2 Understanding of metal -to-insulator transition in RNiO 3

The origin ¢ the MIT in rareearthnickelates and the naturé the insulatingstate are still

being debatedNickelates have a¥ structure with a filledd band and oe electron in the
degenerat® band.In generalthe NF* should be Jahiteller active[75], which would lift the
degeneracy of th@ orbitals. This kind of lifting of degeneracy is seen in RNj@hich has

smaller rareearth ionsinterestingly JahnTellerdistortion has not been found for NdNi@nd

PrNiOs due to their large bandwidffi6i 80]. Neverthelesst has been notdtiat the insulating
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state and symmetry lowering are followed by the breathing mode distortion ebbtéhedra,

leading totwo distinct NiQ octahedra with a smalblume difference.

There are severaxperimental and theoretical findings that are present in the uiterat
understand these observatioHsre, we will discuss a few of thehe weltknownZaanenr
SawatzkyAllen (ZSA) diagram places RNifat the boundary between loMmetals and
chargetransfer insulators, implying that itak a poor metallic characi@5]. The oxygen
isotope experimenbn RNiG: by M. Medardeet al revealed that electrons and ladtic
interactions play a crucial ro(ether than bandwidth) and should be considereadwshelying
MIT in nickelateg81]. Later irfrared spectroscopy experimentsonfirm this
hypothesig82]. Khomski and Mazine's theoretical predictimalicated charge disproportion
(2Ni** THNi®* + Ni*') atthe Ni siteis responsible for thenarge ordering in nickelat¢g9].
The experimentally obsegst value was found to be @2whereQis electronic chargfg9].
Another work byMillis et al revealed thathere is no charge ordering in RNiMoles in the
oxygen cause an asymmetrical coupling of the oxygen, leading to a bond disprdi80].
The understanding of MIT in RN#gJis constantly changing due to ndwpotheses and
findings[83,84] However, the precise understanding of the insulating condition is still up for
debate.

After a briefoverview d the MIT andthe rareearth nicldates, 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 ctradszl back to 190&hen
Fritz Heusler found that an alloy with the compositionMwAl behaved like a ferromagnet
even thoughnone of its components eghents are magneti@85]. The crystal structure of
CwMnAl was not determined until 1934when Otto Heusler, and Albert Bradley
independently determined the struct[86,87] Today, Heusler compounds are a vast family
of materials that include more than 1,0&8mpounds with various compositions and lattice
structuresHeusler compounds exhibit a variety of intriguing features, includatigmetallic
ferromagnetism,thermoelectricity, sphtaloricity, am high spinpolarization[44,88 90].
They can also be metallic, semiconductiegperconducting, or hathetallic. 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 havealsobee found to possesseveraltopological properties in addition to the
conventional ones mentioned above, such as topological suopenctivity[91,92] and
different magetic topological semimetal8,6]. Therefore, Heusler compounds have the
potential for numerous technologlly significant applicationd-igure 15 depicts an overview

of the various elemental combinations that candseldor making these materifg!]. In the

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

H X,YZ Heusler compounds He
2.20

Be =Y C|N|O]| F|[Ne
0.98 42 55(3.04|3.44[3.98
Na| [ . P|S|CI|Ar
0.93 51 1.90 PAE] XL KR
K|[Ca e Co QP Se| Br| Kr
(E:ZIRRW 1.36 1.54 1.63 1.66 83 1.88 1.91 1.90 1.65 1.81 2.01 2.18 pX5 PXe13 KXol
Rb| Sr b Mo[4 Ru Rh Pd Ag Ccd JTe| | | Xe
0.82/0.95 60 2.16 Rl 2.20 2.28 2.20 1.93 1.69 1.78 [1.96 2.05 PAL] PX1: PN
Cs|Ba Ta Re|Os AWM Hg| Tl 2} =1} Po| At|Rn
0.79]0.89 1] 1.50 QY] 1.90| 2.20 ERLIPRLERN] 1.90| 1.80[FREREL] 2 00 2.20
Fr|Ra
0.70]0.90

= AP Eu 0 D U 0 D
0 41.13 1.20 0 0 4 0

Ac|Th|{Pa| U |Np|Pul/AmCm Bk| Cf| Es|Fm|Md|No| Lr
1.10{1.30] 1.50] 1.70| 1.30| 1.28| 1.13] 1.28| 1.30{ 1.30| 1.30| 1.30| 1.30 1.30| 1.30

Figure 1.5 The periodic table of the elements. A large variety of Heusler materials can be obtained by

combining differenelementdollowing the colourschemeThe image idaken from referencil4].

1.5.1 Crystal structure  of He usler compounds

In general, Heusler compounds have a cubic structure and eitbey@n(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 gra@men{10]. X atoms occupy (0, 0, 0) dr(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 representationsdifferent Heusler structures are shown in Fig.

1.6. Full-Heuskrs can be of two types: fuleuskrs or inversddeuslers. FutHeusler
compounls withCwMnAl (L2 structurg as the prototypeadopt he centrosymmetric Fom

(225) space group. In coast, inverseHeusler withLi2AgSb as the prototypend halfHeusler
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(for which MgAgAs is the prototypecompounds havehe noncentrosymmetrictBm (216)
space groupAfter a brief overviewof the crystal structure of the Heusler compounds, in the
next subsection, we will discuss thexd@msed ferromagnetic full Heusler compounds which
is one ofthe investigating compoundis 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, hatfeusler, and inversdeusler albys with their

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

1.5.2 Coz-based ferromagnetic full Heusler compounds and
Slater -Pauling rule of magnetization
Among thesevarious Heusler compounds, £lmased ferromagnetic full Heusler compounds
have attracted immense attention in recent times because diigfeiCurie temperature and
tunable magnetic, electrical, and stwrel poopertieg44]. Especially, the unique hathetallic
character makes them a promising candidate for spintronics applic#tisnsell-established
that Co>-based hatmetallic ferromagnetic Heusleompounds obey the Slateauling (SP)
rule [93,94]of magnetizationo predict their total spin magnetic moment, which scales linearly
with the numbernof valence electrongl6,95] The SP ruleis a straightforward method for

investigating the relationship between valence electron concentration and magnetic moments
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in feromagnetic alloy$46]. Figure 1.7 displays the SP behavior of various Heusler
compounds includinghe Cox-based ferromagnetic full Heusler compountise electronic
strucure of these compousdshows a minimum in the minority densitysthtes, where the
Fermilevel ispinned. 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 \ellectcens.

/

6 Co,MnSi CoMn: \ spl
Co,CrAl Co,MnGe \ ( 0 MnWJ
5 Fe,MnSi Co,MnSn| RhMnin CosFesi

&
= Ru,MnSi RiMnTlg , QCoFeAl
E“ 4 | | RuMnGe 4 O 1
o Ru,MnSn \/ Ni,MnAl
—

s | ]
5 Co,VAI Rh.MnGe
g 5| l'ezMnAla/ RhMnSn |
g & Co,TiSn Rh,MnPb
= 2 4 'Fe,(.rAl
é G / & OCo,TiAl Co,MnAl
i /" Fe,VAI Co,MnGa
S 1 V" % VGe Rh,MnAl
s @ o Rh,MnGa

2| 'Mn,VAl Ru,MnSh 1

Vg
Z

20 21 22 23 24 25 26 27 28 29 30 31 32

Number of valence electrons: Z,

Figure 1.7: Total in moments for variousleusler alloys. The dashed line represethe Slater
Paulingbehavior. he compoundsvith open circles represent the deviatioom the SlaterPauling
behavior. The graph is taken fraherefererce [46].

Co-based halimetallic ferromagnets also exhibit a gap in thimority density of states and

the SP ruldor them is given asi @ ¢ 1whered is the total magnetic moment per
formula unit and is thetotal number of valance electsper unit cell of the compour{d6].
Recently,some of these Géased ferromagnetic full Heusleompounds have also been
predicted to host netrivial topological statgin ther electronic band structufd7]. Therefore,
Co-based ferromagnetic full Heusler compounds provide a perfect platform to study various
exotic nontrivial topological phenomena. After a brigfverview d the Co-based
ferromagnetic Heusler compoundsthe next section, we will discuss the differeqological

semimetad and their important features
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1.6 Classifications of the topological semimetals

It is widely recognized that semimetals exh#gmallor vanishing density of states close to

the Fermi level. Among them, there is a particular class of materiadhich the three
dimensional3D) Brillouin zone (BZ) is crossed or touched by conducaod valence bands,
leading to a finite density of states. Such band touchings typically lead to a topological phase
transition and can be connettt® a topological invariai®6]. In other words, semimetals with

band touchings are often topologically ghst from others; thus, they are referred to as
topological semimetal®7i 100]. Nowadays, bpological semimetals have emerged as a new
frontier in the field of quantum materiali the next subsectionwe briefly discusssome3D
topological semimetal phases of matter, including Weyl semimetals, Dirac semimetals, nodal
line semimeta, and unconventional fernrmiz semimetals beyond the Dirac and Weyl

semimetals

1.6.1 Weyl semimetal

Weyl semimetal§WSM) are a type of topological semimetal in which Weyl fermions act as
low-energyguasipartle excitationg101]. 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 &y fermions exhibit distinctive chiralities, either kaanded 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 chages are separated in momentum spé#oey form surface Fermi arfs02]. The

schematic of a WSM is shown lg. 1.8(a).

Real materialshat contain the WSMstate are typically further divided into inversion
symmetrybreaking WSM and timereversal symmetrpreaking WSM. The non
centrosymmetric TaAs family of crystals is an excellent examipén inversiorsymmetry
breaking?WSM [48,49,103 105]. The WSMs with broken timereversal symmetrycan be
generallyrealized in ferromagnetic materials like pyrochlore at&f55], CasSnS, [106,107]
and Heusler§3,6]. The electrical transport and magnétansport properties have been widely
studied fordifferentWSM materials. The linear band dispersion and-tnwal phases in the
electronic band structur@rovide a perfect platform to investigate various -tronal

topological phenomena various WSM materials
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1.6.2 Dirac semimetal

Dirac semimetals (DSMs) host Dirac fermions as HJemeggy quasiparticle excitationd 01].

In a DSM, two doubly degenerate bands cross to form a Dirac node and then disperse linearly
in each of the three momentwspacedirections away from the node. Each Dirac node can be
thought of as pair of degenerate Weyl nodestlwopposite chiralitiegl02] (i.e. Dirac node

has zero chiral charge The schematic of DSM is given iig. 1.8(b).As a pair of degenerate

Weyl nodeswith opposite chiralities is often unstable and naayhilate, extra crystalline

pointgroup symmetries are required to achieve aestaBM phas¢108].

(b) (©)

Weyl Dirac Nodal-line

Figure 1.8 Band crossings shown schematically for the (a) Weyl, (b) Dirac, andNodal 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-tieversal symmetry has been broken. The
opposing chirality of the Weyl points is denotedgmsitive and negative signs. The pink line shows
how the surface Fermi arc connects Weyl poaitshe surface projection. Thef@d and 4fold
degenerate points are representediimgfs a and,lvespectively, 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 twedimensional in nature and is referred to as the drumhead surfacd B&atmage is taken

from thereference [102].

One approach is to rebn unixial rotational symmetrieg 08]. A band inversion, iparticular,

can generate a pair of 3D Dirac nodes at opposingdfitee timereveisal invariant momenta.
Typical DSMs of this type areNagBi [109], and CkAs2 [109 111]. The use of non
symmorphic symmetries, such as glide reflections and screw rotations, provides an alternative
strategy. Candidates for this typel@®M include deformed spine[412] andf -BiO2 [113].

Additionally, the critical point of the topologitahase transition between a trivial insulator

17-



Chapter 1 Introduction

and a topological insulator can be realizs a DSM. This has been achieuethe BiTI(S-
xS€&)2 [114], andBi2xInkSe; [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 cds®sare known as topological nodal

line or nodalring semimetal$101] as shown in Fig. 1.8(c). Due to ssrbit coupling
numerous Weyl and Dirac semimetals originate from nodal lines, highlightngetherality

of the nodal line.Such extended states require additiocaystalline symmetries for
stabilization, usudy through a mirror reflectiofil16]. The degeneracyf the line crossings

can be Zfold, as in a Weyl semimetal, offdld, as inthecase oDirac semimetal.

In addition, thereare numerous vetions of nodaline semimetaldased on the distinctive
band structure amsymmetry protection. First, nodéihes, also known as nodaircles, can be
closed loops within the 3D B&Lenerally, hese nodalines are forned by a band inversion
Based orsymmety protection, the noddinesare further dividd into categoriesSome nodal
lines are strictly gapless only when sporbit couplingis absenf97,117 119]. They are
generally protected by the combination of timeeversal and inversion
symmetries[97,117,119] CwN [118], CaP-[120], and the ZrSiS familj121,122] are
examples of representative materials. Alternately, in @oinosymmetric crystals protecteyl

a mirror planenodatlinescan @cur. These noddines maintain theirstability even with the
inclusion of spirorbit coupling PbTaSg TITaSe, and CaAgAsare examples osuch
materialg123i 125]. Second, noddines can also crogbe BZ in a straight line such #se
BaNb$S family [126]. Third, the nodalinesare capable ofuilding Hopf linkages and nodal
chains inQspacg127]. Thus, there are various types of netiaé semimetals and they are

classified depending on their band structure and symmetry protection.

1.6.4 Unconventional fermionic semimetal

Solid-state materialslso possess band crossings beyihretDirac/Weyl semimetals These
band crossings include,3}, 6-, and 8fold degeneracies, which are collectively referredsto a

"unconventional fermiongd128]. Here, we willvery shortlydiscussa specific type of 3old
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band crossingas other higheorder band degeneraciase beyond the scope of this thesis
triple-point semimetal,hree singly degenerateahds cross at distingtoints known as the
triple-points These triplepoints are protected by a uniaxial rotating axis, mirror planes, and
time-reversal symmetryMoC, MoP, and ZrTeare sone examples of such materifl9

131]. After a brief overviewof the different clases of topological semimetals, in the next
section we will discuss the magnetic topological semimetals (particulariyb@sed magnetic

topological semimetals) and their exotic topological transport properties.

1.7 Co2-based magnetic topological semimetals

Magnett topological semimetallisplay renarkable quantum transport phenomasa result

of the topological structured their electronic bands in the presence of ferromagnetic ordering,
which breaks the syamn's timereversal symmetri132]. Due tothenontrivial bandtopology,

the valence and conduction bands of magne&tmological semimeta have linear band
dispersion at the crossing point, and the crossing points canzésordimensional discrete

points,onedimensionatontinuous or extended linesthe BZ

Among the numerous magnetic topological semimetals-b@sed magneti¢copological
semimetals attracted particular interbetause of their higurie temperaturera tunable
nontrivial topological propertiept4]. A few Co-based fulHeusler compounds have recently
been predictedo have Weyl famions in their band structufd7]. The Berry curvature
associated with this topologically ndrivial state causes a maty of exotic transport
phenomena such dee AHE anomalousNernst effect, andhiral anomalie$3,5,6,8 10].
After an overall overvievof the magnetic topological semimetals, in the next section, we will

discuss theAHE which is one of the key phenomenaestigated in this thesis

1.8 Anomalous Hall effect

In 1879, Edwin Hall made aemarkablediscovery that a curremarrying conductor
experences the Lorentz force, which pressés electrons against one side of the
conductof133]. Later, heclaimed that the effect of his pressing electrisitygs ten times
stronger in ferromagnetic iron than in nonmagnetic condsift84]. 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, @goorigin in
magnetic materials remains ookthe most intriguing aspectd condensed matter physics.

The primary reasoappears to be that the AHE problem includes notions based on topology
and geometry that have only recently been developedly researchers struggled with
concepts that would not become evident and fully defined until much later, such as the Berry
phasd135]. What is curently knovn as the Berrgurvature, formerly known as Luttinger's
"anomalous velocity," naturally developed in the initial microscopic theory of the AHE by
Karplus and Luttingef34].

Early on, theexperimental researchers discovetieat the @pendency of Hall resistivity

on applied perpendicular fietdl is fundamentally different in ferromagnetic and nonmagnetic
conductors. i the latter,” grows linearly with¢ , as predicted by the Lorentz force.
However, in ferromagnets, first rises sharply in weatt but saturates at a high value that
is almostd independent. Afteafew yearsit has beembserved thain Fe, Co, and Nithe
saturation valuas approximatelyproportional to the magnetizatiah . Soon after, Pugh
(1930 and Pugh and Lippef1932 establishe@n empirical relationshipetweeri ,6 , and

0 [136,137]

” YO YO, (1.2)

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

item represents the contribution to the Hdfectcaused by spontaneous magnetization.

Unlike'Y , which was previously known to be primarily determined by eadeéensity,Y was
discovered to be slightly determined lspme materiatspecific factors, includinghe
longitudinal resistivity’ . In 1954, Karplus and Luttinger (KL) proposed a hypothesis for the
AHE that, in retrospect, was an essential step in solving the AHE pr¢®8mKL
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 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 conductiyity. This contribution has recently

been referred to as the inin 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

. o ™
| Interband coherence induced by an external |
electric field gives rise to a velocity contribution
perpendicular to the field direction. These currents

| do not sum to zero in ferromagnets. )
M

(b) Side-jump i

-,

/The electron velocity is deflected in opposite )
direction by the opposite electric fields
experienced upon approaching and leaving an
impurity. The time-integrated velocity deflection is

\_the side jump.

- ~
Asymmetric scattering due to effective spin-orbit
coupling of the electron or the impurity.

Figure 1.9: The three basic mechanisms that can result in an AHE are illustrated. All of these
mechanisms affect the movementetéctrons in any real materidlhe image igartly adapted from
thereference[33].

The intrinsic AHE prodoes a contribution td — when the conductivity tensor is

revessed, making it proportional fo [33]. The anomalous velocity is only dependent on the
Hamiltonian of a perfect crystal and can be correlated with changes in the pkiasBloth
state wave packets when an electric field causes them tceamalle momentum space of a
crystal[119]. Nowadays the intrinsic AHEhas beerxplained by ta Berry phase effect of the
occpied electronic Bloch stat¢35,36]

The primary issue with thatrinsic KL theory was that the obtainei@ll response contribution

had no evidence of scattering from disord&mit and Berger'semclassical AHE theories, on

the other hand, concentrated on the role of disorder scattering in imperfect ¢BySta%y.

Smit prgosed that the primary source of the AHE currents was asymmetric skew scattering
from impurities generated by the sgrbit interaction. Acording to this AHE image, ©

. Berger, however, asserted that the fundamental cause of the AHE cuasetitenside

-21-



Chapter 1 Introduction

jump that quasiparticles experienced when they were scattered byrspitinked impurities.

The sidejump mechanism could be misinterpreted as the result of a KL anomalous velocity
mechanism acting while a quasiparticle was subjected tieetniefield caused by an impurity.

The sidejump 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 stretigappeared to have vanished. As a result, it pegéct ¢

with an exponent similato that of theintrinsic KL mechanism.However, the sidgump
contributionis generally very smalfor ferromagnetic materia[6i 8]. Figure 1.9depicts

schematically the three differemechanismef AHE.

1.9 Overview of the thesis

In this thesis wdt, we have investigatesbme physical phenomenadifferent 3dtransition
metatbased compound3he thesis mainly focusem two particular phenomena namely the
MIT and the AHE.We have investigated the MIT in NaBg and N@.7Lao.3NiO3 thin films
and we have studied the AHE in G&ueased ferromagnetic full Heusler compounds.

Specifically, we have addressed the following issues:

a) We havereported that close to a Mott transition therarissmergence of large thermal
noisewhich occurs simultaneously with large flicker nais&ldNiOs thin films grown
on a crystalline substrate of SrT#Qvith different orientationsWe have noticed that
the thermal noise, which is distinct from the flickeise, deviates from the canonical
JohnsorNyquist valueof T'Q"Y'Yand reaches a maximum value at a temperé&ire
that is close to but distinct from the MIT temperatWkée show that the large thermal
noise that occurs along with the large flickeise both arise from the slow charge
carrier dynamics close toY. The second spectra calculation revest®ong non
Gaussian fluctuationsear the'Y. We also show that the observed large thermal noise
has a close dependence on thplane strain in the film. It has been also suggested that
the coexistence of large noise (both thermal and flicker noise) owes its origjre to
electronic phase saftion 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 instity phase. These isolated metallic

nanopuddlesct 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 correlationen MIT in NdNiOsz 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 3t&eshow
that the pristine films of NdNi©demonstrate an MIT with the electrical conduction
process being governed by variable range hopping (VRH). For disonpér 1%, the
conduction in the film exhibits WL behavior with finite conductivity at temperature
“Y'h 0. At higher fluences<( 2%) the conductivity decreases significantly but the
electrical conduction follows a powaw temperature dependence with a small but
finite zero temp¢€eY at whicheis expeatatl unca dolid iwithy
electrons that are Anderson localized. A sim#éaperiment has been performed in
Ndo.7Lao.3NiO3 thin films. We also observe a significant suppression ofGanssian
resistance fluctuations in the irradiated films, elucidating the suppressioine of
correlated nature of the charge carrier dynamiaman spectroscopy and-ray
measurements demonstrate that the basic integrity of theddi@hedra is conserved

and the structure preserves its crystallinity.

C) Magnetic topological semimetals with broken tinesersal symmetry are very rare and
have drawn significant attention due to their numerous intriguing topological
properties. In this regardhe Cox-based full Heusler compound sesvas a fertile
playgrourd where various novel topological properties can be investigated. We have
studiedthe AHE in Ca-basedferromagnetidopologicalHeusler compound GWAL.

We observethat the anomalous Hall resistivity () scales near quadratically with
longitudinalresistivity ) and further experimental analysis implies that the AHE in
CoVAl is dominated by the intrinsic Berry phase mechanism. Experimentally, we have
found an AHC of 85 S/cm at 2 K with an intrinsic contributionxof75.6 S/cm, and

it is weakly temperaturdependent. The firgirinciples calculation$ reveal that the

Berry curvature originated from a gapped nodal line and symsettgcted Weyl

L All the first-principles calculations used in this the@@hapter 5and Chapter § has been done by the Prof. Manoranjan
Ku ma r aps(in coilaboration) at S. N. Bose National Centre fori8siencesKolkata.
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nodes near the Fermi levialthe presence of spiorbit couplingis themain source of

the AHE in this compound.

d) We havealsostudied the AHEN another Cg-basederromagneti¢opologicalHeusler
compound CgCrGa. We show that the AHE in g&rGa is dominated by the intrinsic
Berry phase mechanism. Experimental results reveal that the AHC is as lar§é%s
S/cm at 10 K with an intrinsic contributionxof526 S/cm. In addition to the large AHC,
we have also observed an exceptionally largaraious Hall angle of 8.5% and a
large anomalous Hall factafx 0.23 V! simultaneously at room temperature. First
principles calculations suggest that the Berry curvature originatestfregepped
nodal line and triple point generated Weyl nodes tleaiermi level irthe presence

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

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

Chapter 3:Emergence of large thermal noise close to a temperdtiven metalinsulator

transition

Chapter 4:Disorderinduced crossover of Mott insulator to weak Anderson localized regime

in an argonrradiated NdNiQ@ film

Chapter 5: Anomalous Hall effect in topgogical Weyl and nodaine semimetal Heusler
compound CgVAl

Chapter 6: Nodatine and triple point fermion induced anomalous Hall effect in the

topological Heusler compound &2rGa
Chapter 7:Conclusion and Scope for future wor

Appendix A X-ray diffradion data of nicklates nanopowder and rocking curves of diates

thin films

Appendix B Scanning electron microscope and energy dispersikagyspectroscopy data for

nickelates nanopowder and &based Heusler alloys.
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Chapter 2 Experimental Details

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

different instruments that we have used have been also discussed.

-34-



Chapter 2: Experimental Details

2 Experimental Details

2.1 Preface

In this thesis, we discuss the investigation of meslilator transition (MIT) in rarearth
nickelates (RNiQ) and the anomalous Hall effect (AHE) in Lwased ferromagnetic full
Heusler compounds eXZ). To investigate these phenomena we have prepared all the samples
using various preparation technigusuch asthe solgel method, pulsed laser deposition
system, and electric aroelting furnace. To characterize the sample we have used various
characteization toolslike X-ray diffraction (XRD), @ergydispersive Xray spectroscopy
(EDX), scanning electron microscope (SEM), Raman speatmscand somic force
microscopy(AFM). The transport measurements were carried out using liquid nitrogein (LN
He-4 cryostat, and-9 Dynacool Physical Property Measurement System (PPMS, Quantum
Design). The magnetic measurements were performed using a vibrating sample magnetometer
in a PPMSQuantum Design, USAJhe lowfrequency 1/f noise spectroscopy was done in a
homemadéiquid nitrogen cryostat. Thecanning tunneling spectroscopy wasrformed in a
scanning probe microscopy unit from RHK. All the experimental data acquisition and analysis
prograns were witten in either LabVIEW, MATLAB C++ or PPMS MultiVu.

2.2 Sample prep aration

2.2.1 Synthesis of rare -earth nick elates nanopowder and pellet

In a beaker, a stoichiometric amount of highality (> 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 wateethyleneglycol ratio is very crucial in the
synthesis proceg4]. In this study, we used 1.5 times the amount of ethylene glycol compared
to DI water. The precursor solution had a molasit@.2 M and 0.4 M. The solution was stirred

in a hot plate fitted with a maetic strrer for 2 hours at 70C 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 150C for 12 hours before pyrolysis at 38C and 450°C for 1.5 and 1 hour,
respectively. Ima flow of ultrahigh purity oxygen gas, the final heating for phasenttion

was carried out at 650C for 8 hours. The main advantage of this procedure is that the
nanoparticlesareto get homogeneous and uniform dispersion. Ther@gared nanopowder

was then compressed into a pellet with 80 MPa pressure and sintered@ti®@dube 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 morersthtfor 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 63D for 24 hours to maintain oxygen
stoichiometry. Figure 2.1(a) represents the flow ctuarthe synthesis and the Fig. 2.1(b) and

2.1(c) shows the rarearth niclelates 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 ' et
= 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 charfor the synthesis. (b) The raearth niclelates nanopowder. (c) The PLD

targetis used for the rarearth niclelates thin film growth.

2.2.2 Growth of rare -earth nick elates thin films

To grow the thin films of rarearth niclelates, we have used thelged 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 thetdmgberature
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superconducting filnf2]. A variety of materials, from metal to insulaga@a semiconducte
can be deposited using this technifid]. However, the most important use okito deposit
complex materials such as perovskites with perfect stoichiorfte@ly In PLD, the deposition
takes place in a vacuum or with inert/oxygen gas pressure. Apbighr pulsed laser (usually
10-100 MW/cnf) is focused on a target materiab® deposited. The highowered laser pulse

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

Vacuum

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

on a suitable substrate. In PLD, theciner laser evapates the target material in a Ron
equilibrium manner, generating a large quantity of heat in a few nanoseootiek target

material's thin surface layer. The sample stoichiometry in the substrate as the target material is
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preserved by this method of éaasablation. We rotate the target during the thin film deposition

to achieve uniform ablation on the target (otherwise,-mggnsity 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 COMPe2Qdi6 KrF excimer laser
with a 248 nm wavelengtfi]. 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
chamberequipped Reflection Higknergy Electron Diffraction (RHEED) gun was used to
carry out layefby-layer growth. The schematic tife 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 setip) The RHEED oscillations af 40UC
NdNiOs film grown on a SrTiQ (100)single crystal substrate after % 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 carabght 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 nivihe growth of a 40 Unit Cell (UQ) (15nm) thick

NdNiOs film on SrTiGs (100) single crysiasubstrate is depicted #hig. 2.3 (b) The target

pellets were ablated before all depositions to remove surface contamination from previous
depositions in the PLD chamber, and an3@ute preannealing was done to achieve
temperature equilibrium betweehe substrates and the heater. After the deposition, the as
grown films were cooled in situ with 1 bar of highality oxygen gas to retain the oxygen

stoichiometry.
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2.2.3 Growth of polycrystalline  full Heusler alloys

To synthesize the polycrystalline £basd ferromagnetic full Heusler compounds, we have
usedanelectric aremelting furnace. Preparation of the sample in the form of an ingot involves
the melting of higkpurity raw elements in a tarc electric melting furnace under an argon
atmospher¢7]. The entire furnace chamber consists of thargifurnace (CentotvYacuum
IndustriesModel:5TA), DC power supply, rotary pump, chilleand 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 kiig. 2.4 To allow for visudization, the watercooled 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 andoaresponding current ©f120 A.

We have utilzed Centorr Vacuum Industries STA-#ic 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 aroelting chamber, the initial step involves evacuating the

chamber to a pressure of approximately>I@bar. Subsequently, higburity argon gas is
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employed for several purging cycles to achieve a condition devoid of oxygen within the
chamber. To mitigate heatlated issues resulting from the higgmperature melting process,
both the coppehearth 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 mitially t
eliminate any remaining oxygen present in the furnace. Subsequently, the sarepes
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 imiolab. (b) The image of a sample witfew pieces of
tantalum foils inside a quartz tube. (c) An image of thedpeed saw cutter in our lab.

After preparing the ingot, it undergoes ultrasonication in an alcohol bath for thorough cleaning.
Subsequenyl to prevent oxidation, the cleaned ingot is carefully sealed with tantalum foil
within an evacuated quartz tulieforesealing, the tube is subjected to roughing and purging
with Ar gas multiple times to ensure the sample remains free from oxidatitbowirg the

sealing process, the sample is subjected to annealing at their respective temperatures for four
days. Once the fototay heat treatment period is complete, the ingot is rapidly quenched in ice
water to halt any highemperature phase transforioas. To suit the specific requirements of

different experiments, the sample is then cut into various shapes usingspded saw,
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specifically the (Buehler Isom@t). For visual referencedig. 2.5presents images of the box

furnace, quartz tube, and tartmachine, 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 afstild properties sues lattice

strain and average grain size can be extrgd8edA schematic diagram of the-vay
diffractometer is presented iRig. 2.6(a).When a monochromatic beam ofrxy with a

wavelength compared to lattice spacing of the mateisaéxperiencd on the surface of

crystalline material, the incident-pay diffracts from the crystal plane of the material. The
diffracted beam from the two collateral plans equal to the multiple integérsio€ident beam

induces the constructive interference ttatet e r mi ned by f ol[9 owi ng Br a

2051 nib = 2.1

Wheredi s i nterplanar spacing in the crystal, d
of the incident Xray 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 methddr the XRD technique. One is theau
techniquevher e d i s f i xEnhd ®£caml cefers-to thBotatingcrystabmethoel .

in which & remains fixed, whetheasingte crysamlrhiees wi t
third method is thgpowder diffraction techniqyesimilar to the second ond@he powder

di ffractometer dividdssyste@nt aydhaeei synegmen
both the Xray source and the detector simultan&pustate, but the material holder is fixed.

Al t er nat eldy ,s yisn -edyigoeirdedemainX stationary while the detector moves

at a speed equal to twice the rota2donwdt smpe
of Panalytical Xraydiffractometer is used. To check the orientation of theearéh thin films

we have performed the higksolution XRD rocking analysis. In the rocking analysis, we fixed

the detector at the centertbefilm's Bragg reflection and followed the difframt intensity of

the sample while ivas rocked10]. Figure 2.6(B shows a representative example ofXirD
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patternof the Co,CrGa polycrystallinesample. Due tdhe polycrystalline nature of soe

investigating compounds, we have also usegowder 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 ofaX-ray diffractometer. (b) A representativerXy diffraction

pattern for the C&rGa full Heusler compound.

2.3.2 Scanning Electron Microscope

To investigatethemat er i al 6 s mor phol o g yahighretolutono fiefdo s i t i
emission scanning electronaroscope (FESEM) is widely used in material science as well as
the engineering field. SEM acts in a voltage range@-&0kV and their beam diameter that

scans the materi aBuwns surface iIis about 5nm

One important segment in SEM is the electron gun from which a branch of electronibeams
produced either by conventional thermionically or cold field emission pr¢t&gsvhich is

shown inFig. 2.9a). The accelerated electroase propelled by a higivoltage electric field
established between the electron source (cathode) and the anodéha@atthese accelerated
electronbeamsaremonitored by electromagnetierises such as condenseisksrand 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 examind materal. In between them, the scan coil serves the purpose of deflecting the

el ectron beam on the material 6s surface.
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(@) (b)
F Electron gun

S Y. 7

I\

weaq uoNdIY

\‘ Stage /
Figure 2.7: (a) Schematic diagram of the scanning electron microscope. (b) SEM micrograph for
NdNiOs nanopowder. (¢) SEM micrograph of LoGa Heusler compound.

When these accelerated electrons interact with the atom of the material, alumétastic
collision betweenheelectron beam and material, the incident electrons are diminished because
of energy dissipation. As a result, vasaignals such as secondary electrons, auger electrons,
characteristic Xays, backscattered electrons, and cathode luminescence are caused.
Depending upon their energy, secondary elecframs backscattered electrons are separated.
The secondary electne take parin the mapping of the surface image of the material. Figure
2.7(b) and (c) represent the example of SEM micrograph for NgdNadopowder and
CoCrGa.

2.3.3 Energy Dispersive X -Ray Spectroscopy

Energy dispersive analysis of-pdy (EDAX) is a conenient technique to determiribe
chemical composition of bulk material to nanopars¢ie]. The fundamental principle of the

EDAX is described in the following paragraph.
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When a higkenerg electron beam interacts with the atom of the material, it ejects the electron
out fromtheinner shell othe material. For exampleéhe emission ofa K-shell electron jumps

in an excited state. This causes a position in a partic@etrehic shell and thus an electron
from a higher energy shell jumps intovacant energy shell. Therefore, the energy difference
between these two shells is charaestias a characteristic-bay that can process direct
information abouthemat eri al 6 s compositions. This <char a
is inversely proportional to the square root of the atomic number (Z) of the material according
to Mosel ey 06s abiamL detector iEgererélly used as energy dispersive
spectrometer that can measure the amount of energy and count the number of eraygted X

A typical X-ray spectrum is explained kg 2.8(a)and Fig. 2.8(b) depicts the EDAX spectra

for the NdNiQ nanopowder.

® T~ ®

Element ‘Weight % Atomic % Ideal

atomic %
) o 18.30 59.75 60
e/l / Nd 59.24 20.10 20
o Ni 22.45 20.15 20

Figure 2.8: (a) The schematic diagram f&DAX analysis. (b) EDAX spectra for the NdNiO

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 aatipaamule
surface. In 1986 at IBM Zurich, Gerd Binnirand other researchers invented the ARMS].

A typical AFM comprises a cantilever with a tiny tip (probe) at the free end, a laser-a four
guadrant photodiode, and a scanner. Surface characteristics can be exiloresywhigh
precision in a range of 10fn to less than £m. A tip is utilized for imaging in AFM. It is
typically made of silicon (Si) or silicon nitride &8ls) and it approaches the sample at a range

of interatomic lengths. Figure 2.9(a) represents the schematic diagram of a basic AFM

-44-



Chapter 2: Experimental Details

operation given below. Figure 2.9(b) illustrates an exampém&f-M image of NdNiQ thin

film.

@ (b)

—300.6 nIn

Laser diode
Positon-sensitive
photodetector

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

Cantilever SPNE_

-310.0

Figure 2.9: (a) Theschemat diagram for the basic AFM operation. (b) AFM image of the NdNiO

film taken over a scan area of 500 nn00 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. & lasam is focused on the back

of the cantilever. It can be reflectera fourquadrant photodiode detector. The bending of the
cantilever can be precisely monitored with the help of this possgmsitivephotodiode. The
cantilever deflects in responsechanges in atomic force between the tip and the sample, and
the detector measures the deflection. The resulting image is a topographicantapicas of

the sample surface.

2.4 Measurement Techniques

2.4.1 Low frequency 1/f noise spectroscopy

In this thesiswe have used lovirequency 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 rfetematien of

defects or groups of defects with finite relaxation tifd&d. 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 ¢kexation phenomena that give rise

to noise.

v ‘ — 3 ‘ 4 m- - ] ,'.‘_ 7 . =
Lock-in amplifier T |

ADC card —1 L

r Pre-amplifier WA

= 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 theorerfil5,16] If a resistor of valugr kept at a temperatui®& the thermal noise

has a spectral power density (SPD) in the order’©f Y'Y whereQ is the Boltzmann
constan{17]. In this case, théY "Q 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 noisehwahises from discrete charge
carrier motion in a solid, is also independent of frequency. The shot noise has a SPD equivalent
to ¢y ;Qvherer) is the value of charge carrier ai@@bs the current through the soliti4]. 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 tfiecker 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,
Y "Q ¢ pXQ, often referred to gsf noise whenm p. For a given frequenc{) the SPD

of the flicker noise shows a quadratic dependence on the appliedobiBise quadratic
dependence of the flicker noise on the applied Gi&sgenerally used tdistinguish it from

the thermal noisgl4].

In this thesis, we have measured the thermal noise and the flicker noise using four probe ac
measurement technigeién the rareearth niclelates thin films close to MIT18]. In noise
measurements, to measure the voltage fluctuations across the sample we bias the sample with
a constantcurrent froma dual channel lockn amplifier (LIA) SR830 at a frequency

"Q [19,20]. The value of series resisice (Y ) is chosen so th& i (at least by 19order),

wherei is the sample resistance. The voltage developed across the sample is amplified by a
low noisy preamplifier SR554 and fed into the laoknputs 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.he time series of voltage fluctuations were recorded for
nearly 16 minutes (1 million data points). The obtained time serieg oollage fluctuations

were decimated and digitized using digital signal processing techniques.

All the noise measurements reported in this thesis involved the very careful recomlimgeof
series of voltage fluctuatiofis &0 . The SPD of the time ses voltage fluctuations can be

obtained using the Fourier transformation, which is given as:
YQ 1T E+_. 1 a0Q Q0 (2.2)

Practically, the BD was determined using the Welch periodogram mdg@ijd The SPD at

the output channel of the LIA is given as:
Y "G Y QO Q0 0Q QY Q0 E e (2.3)

WhereY "Q and”Y Qs the PSD of the sample and background respectivel2"Q and
“Orepresents the phase, measurement frequency, excitation frequency, and gain of the LIA

respectively{18]. The duaichannel LIA allows us to measure thepihase and oubf-phase
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componert altogether and according to equation 2.3,+fafin-phase component) r , we
measure a sum of the sample and the background noise whilé@ut of phase component)

= w 1T, we measure only background noise. The coniobuif 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 simultanddiisly

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

. .-_4](*B,'1_,R*'*‘*'*' - % '**"HM' 0.0

10_ T T T T T 1

0.1 1 10 0.0 0.5 1.0 1.5 20
Frequency (Hz) t (sec)

Figure 2.11:(a) An example of spectral power density for the flicker noise varyirg asd thermal

noise in the NdNi@thin film for a particular temperatur@he JohnsoiNyquist value oft Q"Y'\s

marked ly an arrow. (b) The corresponding autocorrelation function at that temperature for thesNdNiO
thin film.

In order to investigate the electronic correlation near the MIT, we have calculated the
autocorrelation functiord 6 which can be determined from the time series of voltage

fluctuations by using the following relati¢22]

00k § 0O 100 o0 (2.4)
Where® O 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 speus defined as the Fourieransform of

four-point correlation in a frequency band. To study the-Gamssian fluctuations (correlated

fluctuations), we have calculated the normalized second spectrum which is giieij by

@ Y Q0 (2.5)
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Where

Y Q  — (2.6)

where’Qand™Qare the frequencies associated witafirst and second speefrrespectivly.

The central limit theorem suggests that if fluctuations in any system are independent, their
statistics will be Gaussian. However, the statistics will be@aussian if there is a correlation

in the fluctuation due to the correlated nature of thetreles. Any deviation from the value 3

of @ indicates the nofBaussianity in the fluctuations.

In Fig. 2.11(a), we present an example of measured frequiietegendent thermal noise/()

and the flicker noise with spectral power dependéMc& ©¢ — at a given temperature for

the NdNiQ thin film. It clearly shows that one can cleanly measure the thermalWoiglng
with the flicker noise. Figure 2.11(b) displays #netocorrelation functio® o vs o for the

NdNiQg thin film for a particlar 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 uhigh vacuun|23,24] According to classical
physics, an electron with ener§y ® (wherew 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
classical physics without a direct connection between two surfaces via a wire. However

guantum mechanically there is a finite probability of tunneling.

The STM work reported in the thesiSHapter 3 was performed onreRHK UHV 350 SPM
machine as showm 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 loddck chamber. An ion pump maintained the utirgh vacuum (UHV)

level of themain chamber at 1§ mbar, while 1 mbar was the vacuum level of the load lock
chamber. For tunneling measurement, we employediatiptand a NiAl conducting wire.

The system is made up of several components, such RS aontroller, a sample holdea
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scan head, a preamplifier, a bias drive amplifier, a-ln@mplifier, and a CCD camera, among

others.

(b) IVP-200

preamplifier |
l' IVP-R9 R9 Controller
24 stage fm———l,
preamplifier

_R9 connectors |

= ) ‘]E.- ] /

STM Tip
Iy With
5 Scan head

10-10 mh;\rI\;u‘uum
Sample }J
(©
U Feedback > Error
Electronics Signal
Scanner
I N Up U,
‘ l/ (‘ TN Current
B o m Y Current Logarithmic Set point
o ik 0.0 Preamplifier Amplifier
0900 O
O ® 900 @

Sample

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

current. (c)The £hematic diagram for imagin

The temperature was maintained constant throughout the data scan, and no temperature drift
was noticed. In a modulation mode with a small ac bias;thveas measured. The data was

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

conductance—. Performing a raster scan in the presence of ac modulation allows for the
simultaneous recording of topography apedroscopic data. The measuring system's noise
floor was below 1QM:. The local tunneling conductance map (i.e. contour ploéQof —)

taken at a constant dc bias V is the. The circuit diagram for measuring the tunneling current is

shown in kg.2.12(b). The schematic diagram for imaging is given in Fig. 2.12(c)
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governed by Far aday asspertoaducting solenord chagoatnagoatic Us i n
field magnetzes the sample when a magnetized sample vibraigide the pickup coil, a

voltage is produced in the coil. Then the induced voltage is given by
[ — —_ - (2.8)

Wheree is the magnetic flux enclosed by the pig coil and z is the direction tdie sample
to the coil. When the sample oscillates sinusoidally, the indwo#idge in the coil is

established in the following form;
) #1 B3 EJO
CMASInCIN®) (2.9)

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

of the sample, and f is the frequency of oscillation of the sample.

(a) (b) —— (c) [

wire coils -
5 o
: =
: o
3 =<
: £ =
< é
: L
o g S
: =
v =
'f'-
i = e
|
Linear transport Gradiometer Quartz made
motor coil set sample holder

Figure 2.14: (a) Image of the PPMS VSM linear transport motor. (b) Image of the PPMS VSM

gradiometer coil set. (c)Mimage of the PP 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 lodk amplifier providing phaseensitive detection. Under a certain
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magnetic field, the momeig 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 than8ému.

For the measurement, the investigating sample is usuedlyped in a insulating Teflon tape

and attached in a nemagnetic quartz gudle /coppesample holderand thenthe sample

holder is mounted inside the chambBEne dvamber 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. Ontlee sample position is optizgd, 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) fror4B0 K under a fixed magnetic field. In

the zero field cooling (ZFC) process, the sample is cooled low temperature from room
temperature withoud magnetic field and then M data has been recorded in the henti
process under the magnetic field.the case of field cooling (FC) mode, -W datais taken

under H duringhecooling process. MH measurements tiabeen performed in thediid range

of VY O U “Yat different temperature range

-53-



Chapter 2: Experimental Details

References:

[1]

[2]

[3]
[4]

[5]

[6]

[7]
[8]
[9]

[10]

[11]

[12]

[13]
[14]
[15]
[16]
[17]

[18]

Ravindra Singh Bisht, Investigation of Metal Insulator Transition in 3D Transition Metal
Oxides, Ph.D. thesis, University of Calcutta, India (2019).

T. Venkatesan, X. D. Wu, A. Inam, and J.\Wachtman, Appl. Phys. Letb2, 1193
(1988).

T. J. Jackson and S. B. Palmer, J. Phys. D. Appl. Pify4581 (1994).

Y. Hiroshima, T. Ishiguro, I. Urata, H. Makita, H. Ohta, M. Tohogi, and Y. Ichinose, J.
Appl. Phys.79, 3572 (1996).

M. A. Paranjape, K. S. Shankar, and A. K. Raychaudhuri, J. Phys. D. Appl.3hys.
3674 (2005).

R. Bachelet, D. Pesquera, G. Herranz, F. Sanchez, and J. Fontcuberta, Appl. Phys. Lett.
97, 121904 (2010).

M. Ohring and A. Haldipur, Rev. Sci. InstruA®, 530 (1971).
P. B. Hirsch, Phys. BulB, 237 (1957).
J. C. Woolley, J. Mech. Phys. Solids 6, 83 (1957)

Rajib Nath, Investigation of novel electrical and magnetic properties of perovskite
oxides, Ph.D. thesis, University of Calcutta,i&tn(2018).

D. McMullan, Scannind.7, 175 (2006).

M. Scimeca, S. Bischetti, H. K. Lamsira, R. Bonfiglio, and E. Bonanno, Eur. J.
Histochem. (2018).

G. Binnig, C. F. Quate, and C. Gerber, Phys. Rev. 561930 (1986).
A. K. Raychaudhuy Curr. Opin. Solid State Mater. Séi.67 (2002).
J. B. JOHNSON, Naturg19, 50 (1927).

H. Nyquist, Phys. Rew82, 110 (1928).

H. B. Callen and T. A. Welton, Phys. R&3, 34 (1951).

A. Ghosh, S. Kar, Aveek Bid, and A. K. Raychaudhuri, arXiv: Gbtad./0402130 v1,

-54-






Chapter 3: Emergence of large thermalnoise close to metatinsulator transition

Emergence of large thermal noise
Chapter3 close to a temperature -driven

metal -insulator transition

In this chapterwe report that close to a Mott transition there is

an emergence of large thermal noise which ocansomitantly

with large correlated flicker noise (1/f noise) with significant-non
Gaussian content. This was observed in NdMii®ns grown on
crystalline SrTiQy substrates with different crystallographic
orientations that show a hysteretic transition rfroa high
temperature metallic phase to a lemmperature 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 mataulator 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 oflarge thermal noise close to a temperature

driven metal-insulator transition

3.1 Preface

In modern condensed matter physics, the physics of mmstahtor transition (MIT), in which

a metal with élocalized electrons makes a transitionan insulating statevith 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 phenomenité generality, which has been seen

in a variety of systems, and the presence of particular aspects in MIT physics that are present
regardless omaterial details. The field &flIT has historically progressed in two primary
directions. One direction ishé disoderdriven Anderson transitiofii 3], where at the
transitionthe density of states (DOS) at the Fermi leveD 0. However the localized

nature of the electronic states at abouttdevel O 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/ocarrier density, which modulate the mobility edge and Fermi level, respectively.
The other broad direction is the correlatinmven Mott transitio{4], in which significant
electron correlation drives the DOS'@t to split into two bands and ‘O [HO0. In recent

years, there has been a convergence dltbgetwo directions, known as the Metinderson
transition, when both disordand correlation are presdbi 7]. It has been demonstrated that

the presence of disorder in a Mott transition substantially modifi€s [8].

The thermodynamics of MIfas significant implications. Whereas the Mott transition is
typically conceived ohs a firstorder transition that can be broadened by disof8e3i 12],

the Anderson transition is generally thoughée a continuous transitigh,3]. Like any other
phase transition, one may anticipate divergence in the correlatigthand a critical slowing
downin MIT. Recently, such critical slowing dowat a Mott transition temperature has been

found using noise measurements and nuclear magnetic resonance relaxation time

-57-



Chapter 3: Emergence of large thermalnoise close to metatinsulator transition

measurements in polymeric/organic condustwiththe controlled disordef9i 11] as well as

oxides lke V203 experiencing Mott transitiofi2].

In this chapter, we explore one aspect of thepematuredriven MIT. We observehat in a
narrow temprature range close to the transition temperawirgtogether with a slowing down

of relaxation time, the thermal noise has a significant value that is substantially larger than the
canonical JohnseNyquist (JN) thermal noise spectral power denétyD)tQ "Y'Y[13,14]

JN spectral power density’Q"Y'Yis the thermal noise in a resistdf maintained at a
temperaturéY At temperatures close to the MIT temperattiie ), the largethermal noise

also arises together witarge norGaussian lowfrequency flicker noise witlsPD,"Y "Q ©

— with characteristi¢ x 1. Large flicker noise has been seen in oxides suc¥iCaq15],

SmNIQs [16], and NdNiQ (NNO) [17i 19]. However large thermal noise, as reported in this
chapter, has not been observed in previous investigations on flmker Ve alsaddress the
possibleorigin of such large noise that can emerge from electronic phase separation (EPS)
nearMIT.

The experiments presented here measured thermal noise atTthenvperature in films of
NNO grown onsingle crystalline substtae SrTiQ (STO) with three tiferent orientations:
(100), (110), and (111). NNO undergoes temperaduren Mott MIT, which has received a
lot of interest in recent yeaf20,21] Although the exact nature of the MIT in this material is
unknown, it has been demonstrated that the tempesdtiven MIT in NNO contains a
significant contribution from electron correlation. As a result, we refer soatMott transition.
Despite being performed on a specific system NNO, the presented pherammeingeneral
validity and should be observed in any correlatioiwen transition. JN noise is the
spontaneous thermal noise that occurs when a reMssohneld at a fixed temperatui&and
exhibits a voltage fluctuatiodid . Thermal nois¢l3,14] is a result of the fluctuatien
dissipation theem (FDT)[22] and manifests itself as a voltage fluctuation (without an applied
bias) across a dissipative circuit element such as a reSistaintained at a bath temperature
“Y The subscripid®in G0 refers to thermally induced spontaneous voltage fluctuations. The
mean square voltage fluctuation of thermal naide measured over a bandwidiQis
described by the relationship3,14].

010 O tQYYof (3.1)
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Equation 8.1) assumes that the electron system at temperatusein equilibrium with the
phonon thermal bath at temperatiyeso that'y =Y The fluctuation provides a fundamental
measurement of the bath temperatiivaand acts as the basis for noiserthometry in
metrology[23]. The frequencyndependent SPD of equilibriudN thermal noise is given
as[13,14]

Y =4Q°YY (3.2)

The effective electron temperattivecan be determimteusing equation (3.2)n ahot electron
system’Y > "Yand the thermal nois& >4°Q"Y'Y[24]. The JN noise relation is a manifzon

of the FDT's validity{22,25,26] The deviation othe thermal nois€Y from the canonical
value of 4Q"Y'Vis frequently interpreted as a symptom of FDT violation. Thermal noise

emerges in the absence of a bias and is bias independent. Whew iz piatsacross the resistor

Y, it coexists with lhe flicker noise. The flicker noise h&PD,"Y "Q 8 —, and is typically

referred to as noise when * 1. Fora particular frequencf)”Y "Q® « . The flicker noise

is usually distinguished from the thermal noise by its quadratic depeyde the bias)[27].

3.2 Experimental methods

NNO films with thicknesses of 15 nmand rms roughnesses*of0.4 nm were grown on

single crystalline STO substrates with different crystallographic orientations using [agee
deposition with a KrF<£ 248 nm) laser at a fluence of 2.5 Jicifemperature and oxygen
pressure throughougrowth were 0.15 mbar and 6Z5 respectively. In addition to
conventionaX-ray diffraction (XRD),the XRD datawas employed to produce remgal

space mapping (RSM). The-cdy RSM measurements are performed using the Bruker D8
Discover system, which is outfitted with ®u 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 () of the flms wasneasured 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 measuremdtts<(T < 300 K were carried out in a liquid
nitrogen cryostat using a fowprobe ac excitation techniq{@8], which enables the

simultaneous measurements of the flicker noise and the freguretegyendent thermal noise
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"Y . The temperature was maintainedt&tmK. The lockin amplifierbased ac modulation
noise detection technique allows us to concurrently measure the spectral power of voltage
fluctuation] L0 from the sample and the background nd@30] Whereas the former
contains information about flicker noise, thé&da contains information about thermal noise.
The thermal nse”Y has been calibrated against a standakeh resistor to ensure that it is

near to the JN value dfQ "Y"™\and that the shielding process is effective in mitigating spurious
noise that contributes to the background and frequently cusesdeviate from the JN value.

An ultrahigh vacuum scanning tunnelling microscope was used to capture a spatially resolution
image of local tunneling conductari€w over an aerialrange 6f. 5 1 aba.fifed kam

®. The measurements were made base pressure of tBmbar."Ow represents the spatial
dependency of the DOS at thle and was measured using a modulation method with a small
ac bias added to the dc bi@swhich is utilized to hold the tip above the film at a constant

height. Thesmall ac modulation voltagep(OL w) was used to determine the differential
tunneling conductanc®w ;/— from the modulatio”urrent. Doing a raster scan in the
presence of ac modulation allows for the simultaneous recording of topography and
spectroscopic data. The systéhas a current noise level ofl0 T The local tunneling
conductance map (LCMAP) is a contour plof@fo taken in raster scan mode with a fixed

dc biasw T® w. The color code represents the equivalent valuéOob , with higher

tunneling coductance regions being metallic.

3.3 Results

3.3.1 Structural data

Figure 3.1(a)c) displaysthe RSM data measured along (103) reflectitmm all three films
investigatedThe grown fims arehighly oriented, as revealdy the XRD dataTheRSM data
alsoindicated that the films are strain relaxedhwigsidual straifgsee Table 3) due to a finite
mismatch lattice constanté the film and the substratEigure 3.1(dX(f) illustrates theatomic
force microscopy images all thefilms collected over 00 nm x 500nm area. The film is
compact and has coherent grains, whichattgbute to strain relaxatios observed in the
atomic force microscop@FM) image, strain relaxation produces coherent grains with typical
sizes ofa  IAGnm
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Figure 3.1: (a)(c) The RSM data for NN@hin films grown on STGsingle crystalline substrate with
different orientations measured along (103) reflectipmectors are in units of ntn The grey solid
lines show the relaxation triangle. {d) The AFM images of theNNO thin films grown onSTOsingle

crystal substratevith different orientatioataken over an area of 500 nnb00 nm

Strain inhomogeneity is caused by strain relaxation and theafmn of misfit dislocations,

which modifies the nature of the EPS in the coexisting phases fihth&able 3l display the
relevant parameters derived from RSM data. As the orientation of the STO substrate is altered
from (100) My (110) o (111) there is a progressive shift in thedlane strairf & (and
conconitantly the outof-plane straiff ). The fim grown on STO (100) has a smadbsitive

value forf &, whereas the film grown on STO (1143s a large, negative value fqg This

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

relaxation Y ). We also observe a steady increase in the full width at half

maximum (FWHM) of the rocking curve of the films, which initially stood at a valuef o
in the film on STO (100) and eventually rose to a value@frt xn the film on STO (111)in
Table 3l displayall the related parametetdence there is progressiwdisordering in the films
of NNO grown on STO with different orientations in the or0) H(110)H(111) This

observation has crucial implications for transport and thermal noise data, as detailed below.
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Table 3l: Relewant structural data obtained from RSM: @itplane strain ¥ =———, in-plane

strain 5 = —————, = in-plane lattice constant, amokE outof-plane lattice contanSulscripts
Aifilmo and Asubstrated refer to the fullyY rel ax
refers to the fully relaxedilm. Lattice constants of ST@cubic) ¢ & = 0.3D5 nm; lattice
constant of NNQ(pseudocubic)¢ ® =0.3807 nntt 1Jis the full width at haHmaximum of the

rocking curve in degrees.

Sample %) ') dgo.@m)  dgo.em) % o)
NNO/STO(100) = -0.081 0.094 | 038107 038038 0373
NNO/STO(110) | 0.015 0017 | 038063 | 038076 & 0.489
NNO/STO(111)  0.359 0419 = 037906 038210  0.607

3.3.2 Transport data

The resistivity {) data for all of the films as a function of temperature are displayEdyin
3.2(a). All of the films feature MIT with hysteresis. Hysteresis occurs in a Mott transition due
to its underlying firsiorder nature and can be controlled by the extémoexisting phase

fractions[31,32], as demonstrated in systems such as Py&in@ \,Os. The"Y is determmned
by changing the sign of the derivative as shown irFig. 3.2b)-(d). All the "Y values are

given in Table 3ll. The transition temperatures vary according to the heating and cooling
cycles.”Y is lowest in the film grown on STO (100)hweh also has the lowest resistivity at

300 K, and’Y is almostsimilar in the films grown on ST@L10) and STO (111)In Fig.

3.2(a), the graph for the film NNO/STO (110) has been shifted vertically for clafibe”Y

for these two films is alwst 50 K higher than that of NNO/STO (1@8geTable 3ll). Higher
values of } in the films on SF&ndethetbre(seend (1
Table 3l). This particular aspect, however, is outside the sadpiis chapterand is not

discussed further.

In the transition region, EPS results in the coexistence of insulating and metallic phases, as
observed bypmatially resolved techniqug$8,33]. The temperature dependence of the volume

fractions of the coexisting phases can le¢éetdnined from thé vs "Yplots using effective
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medium theory34]. The insulating fraction¥of all the three films and #ir temperature

depenénce are present@dFig. 3.3a)-(c) (the metallic fractionQ p Q. For all the

(a) = NNO/STO (100) 1.50x10°4 NNOJSTO (100) (b)
= NNO/STO (111) .
1074 = NNO/STO (110) 0.00+--
T = 5
? T -1.50x107 4
= = )/
< 1074 -3.00x10° ! .
~ & Heating
e s Coolin
N -4.50x10™* v g
N T T — 140 160 180 200 220
0 50 100 150 200 250 300
Temperature (K)
Temperature (K)
4 4.0x10° T——
1.0x10 NNOBTO (1) © NNO/STO (111) (d)
- .-
0.0}-- —— 0.04---- )
: )
S 1ox10t] &7 = 4.0x10°
s g $
= 4 & 5
-2.0x10 },ﬁ’ - Heating -8.0x10"1 <& Heatfng
&f . v Cooling
4 w Cooling
-3.0x107 -1.2x10™'
180 200 220 240 180 200 220 240
Temperature (K) Temperature (K)

Figure 3.2: (a) Temperaturelependent resistivity data for all three NNO filgrown on STO single
crystal substrate with different orientatiihe curve for the film NNO/STO (110) has been shifted

for clarity. (b)-(d) The— curves for all three films studied.

films, the insulating fractiofiQat™yY “Y ranges between 0.09 and 0.11. The width of the
transitiori “Y 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’Y values are
indicatedin Fig. 3.3 These values are shownTable 3ll. The width of the trangon| Y

rises fromSTO (100) to STO (110) to STO (11I)his is most likely owing to increased

disorder in the films when the orientations shift, as previously mentioned
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~ 1.0 90% ~ 1,07 90% ~ 1.0+ 90%
S = <
= 0.84(a) 8T yyy=46.5K = 0.8 = 0.8 8Ty =66K
2 = 2
2 0.6 S 0.61 S 0.6
£ \ £ £
& 04 & 04 2 04
£ 02 5Ty 47K | 10% = 029 BTy 68K 10% = 0.2 8Ty, c=73K 10%
E .04 (a) NNO/STO (100) E 0.0 (b) NNO/STO (100) E 0.0 () NNO/STO (111)

0 50 100 150 200 250 300 0 S0 100 150 200 250 300 0 S50 100 150 200 250 300

Temperature (K) Temperature (K) Temperature (K)

Figure 3.3: (a)-(c) Insulating fractions'Q) for the NNO films grown n STO substrates with different
crystallographic orientations. The figure also marks the widtthefransition] “Y defined as the

temperature region between 10% and 90% of the transitioni€stawn for both heating and cooling
cycles.

Table3.ll: Parameters from electrical transport and noise measurements: H, heating cycle; C, cooling
cycle;"Y , metatinsulator transition temperatufie;”Y, the width of transition;"Y, the temperature

where thermal nois€Y ) exhibits a peak: , thepeak value of the ratie—.

Y 0 1Y 0 Y 0 Y —
Sample Y
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 7

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 fregucyindependent thermal noiséy ) and

flicker noise with spectral power dependenidy "Q @ — for the three films at a given

temperature. In the figures, the two kinds of noises are indidaitgare 34(a)(c) indicates
that the thermal nois® in the films, as well as the flicker noise, can be measured accurately.

At the temperatureshé vdues of 'Y presented in the figures are fgafQ Y'Y
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Figure 3.4: (a)(c) Spectral power densit)y "Q for the flicker noise varying as- and thermal noise

"Y (frequencyindependent power spectrum) in the three NNO films shown in a temperature region
away fromthe transition region. The Johnsbiyquist value of tQ"Y'Yfor the resistancér at the

temperature ofYis marked by an arrow.

The variation of themeasured thermal nois& “Y in the three films compared to the

canonicalDN value of4Q"Y"Ys illustrated inFig. 3.5(a)(b). To quantify the extent of thermal

noise deviation from the JN value, we defined the ratiy Kk ——, which is the measured

thermal nois€Y “Y scaled by the JN valuén Fig. 3.5(aj(b), we showed the ratie Y as a

function of temperaturévfor all films for both heating and cooling cycles.

15 15
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A NNOJ/STO (110) " T* (a) A NNO/STO (110) C(mlmg (b)
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Figure 3.5: (a)-(b) Temperature dependence of theoratfor the three NNO films grown on STO
substrates with different orientations. Data are shown for both heating and cooling cycles. The arrows

mark the temperatuf&/, where theatio— shows a peak.

It is evident that a clear maximum is visible-riY around a particular temperature, which we

designate asY. In the narrow temperature range close taMiig, 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 abse to the MIT transition temperattifé , the temperaturéy. where— Y peaks

are distinct from it. Table 3.l shows the parameters derived from the noise data. The
magnitude of the thermal noise and the scaled valueed to be clarified. The -seasured
frequencyindependent thermal noise can get mixed with extraneous contributions which can
add on to the observed noise and thus can malgher than the expected value of 1 as would
happen when the background noise aidgsfrom the JN thernlanoise However, extraneous
contributions can be reduced by shieldthgmfrom 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 vale  held at a known temperattré If the extraneous

noise contributions are correctly removed, the measured bacidyrmise will be close to the
intended value o#Q"YY . In our experiment)Y 1 km was used. From these
measurementsve establish that the maximum value-ghat 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 atamgseclose to but distinct

from Y is an important finding of the study. The enhancement of thermal noise is dependent

on substrate orientation andpiane strain, as shown frable 3l derived from RSM data. The

value of—~ and the ratie; increase progressively for films grown 8O(100)HSTO(110)

MSTO(111)(see Table. II).

3.3.4 Flicker noise

The appearance of larG¥ near MIT is accompanied by the appearance of significant low

frequency flickernoise, as illustrated ifrig. 3.6a)(c), which displays the temperature

variation of the exponertd of the SPD of the flicker nois&r "Q ® — measured on the three

films. A higher value of' indicates that lower frequency fluctuations contribute more to the
SPD. It is found that fo"¥ “Y, Udeviates significantly from the expected valueJof 1.0

T and reaches a high & "V, where—also reaches apeak The v aMu¥inof U
all the films reaches a value of1.21 1.3, which signifies a substantial shift in thepectral
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?— also becomes large, reaching a pedkat’yY. As demonstrated iRig. 36(d)-

(),
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Figure 3.6: (a)(c) Temperature dependence of the exponerfor the flicker noise spectral power
density Y "Q® — | for all three NNO films grown on STO substiawgth different orientations.
The arrows mark the temperattide where the ratie- shows a peakd)-(f) Temperaturedependent
relative variation of resistance fluctuatigﬂ—ofor the threeNNO films grown on STO substrateith

different orientation. The arrows mark the temperature where the raéighibits a peak.

the peak value of the relative variance might be a faofa2-3 more than the value at the

baseline that occurs away fréM. (Note:ﬁy—o’ é& ww\i’o—f ‘Q "(@valuated over the bandwidth
Qe

of themeasuremenf2 ,"Q ).Interestinglyt he pea 1¥s%do mot ottur atvi d"Y

but at"Y where the thermal noise also peakise lowfrequency fluctuationhat contributes to
substantiallfcker noise around the transition regimncorrelated, making the fluctuation ron
Gaussian. This can be assessed using the normalized second spectrum, asFEo&: (a)
(c) for the films.The normalizedecondspectrum is denoted §¥5,18,29]

YQO0 (3.3)

where
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Y Q- (3.4)

where"Qand™Qare the frequencies associated withfirst and secod specis, respectively.

1 00 is the measured voltage fluctuation.
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Figure 3.7: (a)(c) The second spectra of the noise spectrar all three NNO films grown on STO

substrate with different orientatiomsth scaled temperature; for heating and cooling cycle@)-(f)

The correlation timé as a function of scaled temperatutdfor heating and cooling cyclésr all three

NNO films grown on STO substra®iith different orientations(g)-(i) Plot of— vs t for heating and

cooling cycles for althe three NNO films grown on STO substrate with different orientations

When the noise sources from which fluctuations arise are correlated in, matange value of

@ as observed close ¥ would be expected.he ppearancef large noise is correlated with
theemergence of slow fluctuations which can be observed&bno nger correl ati o
T can be determined from the autocorrelation fundtiom ], which is relatedo the fluctuation

times series 00O by therelation
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86 1 00 ] 0O O (3.5)

where E represents the time averageé.0 shows an approximate exponential
dependence fom small time and a neaxponential taifor alonger time. The representative

plotsd O vs. 0are shown irFig. 3.8(@)(c).
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Figure 3.8 (a)(c) Representative correlation functi@{o) as a function ob for all the three NNO

films grown on STO single crystal substrate with different orientaabthe"Y .

t has been approximated as the tiniend 6 -6 1. Figure 3.7(dXf) depicts a plot of)

vs scaled temperatutefor the three fims. ltcan be seen thatat Y, the value oflincreases

by a factor of three or more when compared to its value away ‘ffonCorrelation of the
appearance oflarg¥ wi t h t he enhanced val ue odwenih can
the insetof Fig. 3.7(g}(i). This demonstrates a direct correlation between the two, indicating
that the appearance of large thermal noise happens when thsi@ving down otime scales

of fluctuation. As previously noted, prior findings of noise smEtopyin polymeric
conductorg9,10], as wdl as transition metal oxidd42,15 19] have indicated the formation

of low-frequency correlated fluctuations near the MIT as detected from expdneariance

a’—c,y and second spectia. However no report exists that shows a large deviatiotyofrom

the JN value

3.4 Discussions

In the context of the Anderson transition, it has been observed that while crossing the metal
insulator transition from meta samples to insulating samples in both imensional metal

oxide-semicondutor field-effect transistor§35i 37] and threedimensional systems of doped
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Si [38], the magnitude of the noig&reases rapidly and by orders of magnitude as the electron

localization length deceses YI'H0. The- 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 mxeigngheoretically

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

needed for the emergence of largeriginates from a slow rate of simultaneous tunneling of

many localized electrons and by large activation barriers for thesegulent rearrangements.

This concept has been used to study large fliokése in quantum dot arraj#0], 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 motateatled clusters

of charge$39,41]

440

4.875E-09
9.750E-09
1.463E-08
1.950E-08
2.438E-08
2.925E-08

Figure 3.9 Local tunneling conductance map of ENO film near the region of electronic phase

separation. The colaroded conductanc®0 7w is shown in the right bar.

It has been claimed that 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 consdhe mobility in the paths as well as acting as a source of long

relaxation time and givebirth to large flicker noisg39,40] 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 i® coexistence of phases originating from EPS to undeddtae generation of
largecorrelated flicker noise as well as large thermal noise. Tigsigal prerequisite for both
phenomena is the emergence of fluctuation with a lengthy correlation time.

Mott-type MIT is characterized by a shift in carrier densityat™¥ “Y . Coexisting phases,

as shown in EPS near MIT, introduce significaatiation in&. This may be seen in the
spatially resolved image taken by scanning tunneling spectroscopy (STS) on a film of NNO
near MIT, as shown irFig. 3.9. The STS image is an LCMAP that depicts existing
heterogeneity in the local DOS near the FeawelO . These heterogeneities can range in size
from a few nanometers to tens of nanometers. The heterogeneous local DOS will result in a
spatially varying locat [18]. The flicker noise in an EPSstgm, like in a percolatingetwork,

is large[42,43] We would like to propose, as explained below, that the source of the large
themal noise can also be directly traced to EPS, which can result in a longer relaxation period.

We present a simple physical scenario to éfffisct.

We propose the following physical scenario for an EPS near MIT with majority and minority
phasesFigure 310 depictsaa schematic of the proposed physical scenario. This is analogous to
the plysical model described abof&9,40], which is mae up of conductive paths with weakly
connected charged clusters.

Isolated metallic T li tT
Nano-puddles ~unncdjunction <= Conducting back-bone
iormct_] 1ns-ulatmg layer (majority phase)
(minority phase)
Intervening
insulating phase |
Metallic
Majority phase
Isolated metallic
nano-puddles

Figure 3.1Q Schematic model of isolated metallic nanopuddles in the transition region connected to

the metallic majority phase backbone by tunneling through the intervening minorigtinguhase.
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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) bynemvening 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 backboiég.(3.3(a}(c) shows that the insulating phase is the
minority phase in the temperature rarie "Y8 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 therdext of the Griffiths phasi4], where slow elecbnic relaxation is
observed10,11,45] So, the scenario provided here can be related to the genéngl sEEPS

near a phase change.

The isolated metallic nanopuddles wihsmall enough average diamet@®J and weakly
connected to the main coucting path would show Coulomb charging when the charging
energyO QY [46,47] This notion has been widely applied in the context of charge
transport in gramlar metal films and other granular meitadulator compositesOne would
expect similar notions to be applicable in an EPS system, which is essentially-answeédbr
compositg48i 51]. The Coulomkcharged weakly connected nanopuddles will have slow
relaxation dynamics, yielding in nonequilibrium electron distribution. As a redu, t
Coulombcharged nanopuddles wikrve as a source of heat{®gi 54] and the polarization
fluctuations around such charged nanopuddles wouldragienkarge noisgs5]. Therefore
weakly coupled Coulombharged 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
aroind the temperaturéY if the average size of the nanopudd({@ is such that the

associated Coulomb charging ene@yexceedsY.

The temperaturéY at which the thermal noise peak®dictated by two factors: the number
density (0 ) of suchisolated nanpuddles and their average siZ€X). As schematically
depictedn Fig. 3.11the( of such isolated nanopuddles embedded in the minority insulating
phase is anticipated to depend ‘0hAt the temperature range whebe exhibits a broad
maximum, the maximum noise will manifest for the reasons given below. Cooling bélow
causesl to decrease as the insulating fraction expands to become the majority phase,
progressively subsuming the nanopuddles™t “Y , when the majority ntallic phase

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

number of weakly connected nanopuddles can exist as part of the EPS had a broad

maximum.
r 3 — \
B Metallic N
’
|| Insulating / \\
/, \
I/ Transition I\
,’ | region | \\
Q Insulating / © "\ Metallic
= region ' | |\ region
/o |
~ I | .
/ | om /
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! | T~T" | |

, >
Temperature ——

Figure 3.11 Schematic model of phase separation in the three temperature regions and a suggested
gualitative dependence af , number density isolated nanopuddles embedded in the minority

insulating phase.

The temperaturéY can be used to calculate the averaige of the nanopuddl€Bhe 6000f
the Coulombkcharged nanopuddles can be estimated itom — (Q= elementary charge),

whereo ‘T T 0= capacitance of a metal nanopuddle of diam@®embedded in a

medium withthe dielectric constarit and] = free space permittivitj48]. As previously

proposed foif'¥ Y, where the noise is high, the nanopuddles will be Coulomb chamygd, a

this will occur whenO QY. Using the measuret’ and] & & the dc dielectric
constantof NNO[56], an estimate o0 1520 nm was obtained® 20 nm for
NNO/STO (100) and itdecreasestddc 5 nm f or NNO/ STO (111) that
"Y. Such nanopuddles have been found in LOMAbtained with STM (sefg. 3.9 as well
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as in previous studies in therdext of EPS near MIT in NN{18]. We should highlight that
the estimate ofQOvas made assuming a spherical shape for the nanopuddles, which may have

an ellipsoidal shape in actuality. For very large nanopuddles, the Coulomb charging@nerg
is small (since it i8 -), hence the relevant energy scales are pushed much Bélpwhere

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 nanopudaléh very small diameterd_( 6,

and they will exhibit Coulomb chargingat Y . However, as was previously mentioned,
their number density) will be small gee Fig. 3.1)1 which will result in a negligible
contribution to the thermal noise obsed. So, it appears that an interplay between the
temperature dependefit and the distribution of the diameté®@Jof the nanopuddles will
determine the temperatui¥ as well as the extent of the temperature range over which the
noise remains large. €hsize distribution an@0are supposed to determine the value of and
the maximum value- . A lower value ofdQOWill result in higher values of Y. The smaller

the size of the nanopuddles, the larger the thermal noise, and hence the largerThe
observed emergence of large noise near MIT is presumably a manifestation of EPS in the

transition region

The temperaturéY at which the ratiae peaks, as well as the peak vakig are shown to be
highly dependent on the STO substrate orientatrombich the NNO films are grown. The
substrate orientation, as shownTable 3l, affectsboth the residual strain and the strain

relaxation. As a resulty and— are affected by the substrate orientation. This dependence is
illustratedin Fig. 3.12by plotting— and the ratie— on the inplane strainf(g%0). It can be

observed that the two quantities are dependent on the resigulahi strain. The change in

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

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

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

the nanopuddl&X3and its temperaterdistributiond . The nanopuddles are formed by EPS,

and the size scale of the EPS determines the size and size distribution of the nanopuddles that
constitute the sparse phase. As previously discussed, this determaresthe ratie—. Sine

EPS is a result of strain relaxation in the film, which depends on substrate orientason, it
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z

anticipated that the correlation ef and ratio— with in-plane residual strain will emerge

from this particular dependence the extent of strain relaxation on substrate orientation.

1.1 1.1
Cooling 110 h Heating | |
(100)
1.0 1g 1.0F .
_ 110
s s & \
~ I *® {10 =
" - - >
0.9 16 0.9+ i
n
™ (111)
m-4
0-8 T T T T T T 0-8 T T T T T T 8
-0.4 -0.3-0.2 -0.1 0.0 0.1 -0.4-0.3-0.2-0.1 0.0 0.1
&)(%) &%)

z

Figure 3.12 Dependence ¢ and— on in-plane straif

The size scale in EPS increasingly decreases with increasing strain, as does the disorder caused
by the misfit dislocationwhich gives rise to the FWHM of theray diffraction peakg¢see

z

Table3.l). The FWHM is the largest in NNO/STQ11), asis the— and—. The specific

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 perdkige transition metal oxid€®7,58]. This has also been
reported in several film systems grown on various substrates, lassvim specific bulk
alloys[59i 62] and even on V&nanobeam§3i 65].

3.5 Conclusion

We report the emergence of large thermal noige) @t the Mott transition in NdNigfilms

grown on STO substrates with different crystallographic orientations. This large thermal noise
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arises concurrently with laryeassociated flicker nogs- noisg with significant norGaussian

content. Thermal noise and flicker noise were measured simultaneouslyy adeviated
significantly from the canonical Johnsblyquist value o8 Q"Y'YWe demonstrated that the
substantial rise in noiseh@rmal 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 raticdY k ——, does not appear at the transition temijpeea

"Y but rather at a noticeably different but nearby temperéaiirdt has been demonstrated
that the temperatur&y and the maximum value ef (— ) are closelyrelated to the iplane

strainf &%, which increases when the orientation of shbstrate ST@ 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 ty @nbedded 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 hadeen proposed that the size distribution and average size of the nanopuddles
will affect the scale of charging ener@y and temperaturéf. The dependence 6¥ and—

on inplane strain may arise frorthe straininduced variation of the size scaté 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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Chapter4 Disorder -induced crossover of
Mott insulator to weak Anderson
localized regime in an argon -
irradiated NdNIO 3 film

In this chapter,we show that an introduction of disorder in a
controlled way using 1 MeV argon (Ar) ion irradiation,
suppresses the correlatidnven metalinsulator transition
(MIT) in NdNiO 3 films. The films make a crossover to a heavily
disordered conductor gerned ly weak localizatiomnd at even
higher disorder, an Anderson localized stakevidence of
suppression of correlateoehavio can also be found in the
irradiated films, where the ne@aussian nature of resistamc
fluctuation close to MIT, a signaturef carelated electron
systems, is qupressed on irradiation, leading to the collapse of
the MIT. Raman spectroscopy aneray examinations revealed
evidence of increasing disordering of the films after irradiation,
indicating that the basic integrity of the Ng®ctahedra 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. Kanijilal, and A. K. Raychaudhuri, "Disorderinduced crossover ¢f
Mott insulator to weak Anderson localized regime in an afig@diated 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 argosirradiated NdNiO 3 film

4.1 Preface

The metalinsulator 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 phygal parameters are varig¢th 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 sies (DOS) athe Fermi level Q ) as a result ofie 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
correlationdriven transition (similar to a Metype transition), in which the DOS develops a

gap such that the DOS@t, "QO 1. The transition is of first oet in nature, and the MIT

is observed as a function of temperafr,&,8]. The other major class is the disordiiven
Anderson transition, where the electronic states close {0 thee localized even whil®'O

is still finite, i.e.,"Q0O 0[9,10]. The MIT can be ushered in by adjusting the disorder

parametery. The transition to the insulating state happens when the disorder parame

scaled by the bandwidth,| = -, reaches a critical valie x 1. Similarly, for correlation

driven transibns, the scaled parameter —, which quantifieshe onsite Coulomb repulsion

"Y, is tuned, and the transitioecurs at a critical value x 1[1,7,8]. Extensiveinvestigations

that have been undertaken over the years have established that in a real physical system the
transition has aspects of both disorder and correlatidine phenomenon becomes more
complicated when both ando6 have finite values, espediwhen] ando are close to their

critical values and the strength of the correlation and disorder are comgfaralid¢ [11]. The

MIT is known as an AnderseMott 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 destalmtizaf the gapped insulating state
beyond a certain level dfiedisorder can result in a transition from insulating to a correlated

disordered metallic state, which at a higher level of dispra=an change oveo an Anderson
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insulator (A[12i 14]. At zero temperaturd 2], as well as &finite but low temperaturgl 3],

a phase diagram with parameterando has been provided15], which shows how a steady
enhancement df can drve a Mott insulator (witld 0 ) to a disordered metallic state and
eventually to Al depending on the valuestibé parametefls and 6. Figure 4.1depicts a
schematic pase diagram taken from R§E3] for simplicity of discussion. Although the phase
diagram was established in the context of the Maottlerson MIT, it may also be used twosv
how the level othedisorder can modify a correlatiairiven 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 disokflefMott insulator, Al:
Anderson insulator, WL: weak localization regime. The vertical arrows illustratetitamatic path of
disordering by 1 MeV Ar ions for (a) NdNgJilm and (b) N@ LaoaNiOs film. Shading around the
arrows represesexpected vadtions arising from the strain for films grown on different substrates.

The phase diagram has been adapted from [13].

The schematic of a qualitative phase diagramFig. 4.1is placed in context with the
experimental realization presented in this paper. If we start from a region deep inside the
insulating region wheré 6 and increase the disordey tuning thé , we can crossover

to a region of Al or at least a regiah weakly localized metal for sufficiently large. If the
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disordering processloes not affect, the disordering path following vertical (a) can be
realized. In this situation, it is expected that when the crossover happens, the conductivity will
increaseon the collapse of the gapped insulator as the gap afloses, and then decreass

the disorder increasdswill also be intriguing to investigate the case where such a disordering
process follows vertical (b), where the initial sample is not gapped insulating state but
rather in a weakly localized regime that is close to the critical boundlary ¢ ). In this case,
unlike the disordering following vertical (a), the disordering following vertical (b) would result

in a continuous decreasé @onductivity due to disorder enhancement becauseetlts no
crossover involvedHence, qualitative differences are likely to be noticed when disordering

occurs following vertical (a) and (b).

The substitution of isovalent ions with different ionic raslione method to intiduce disorder

into a systenfi2,16,17] Although this approach is commonly used, it hatateral difficulties

such as changes in crystal structure and changes in ionic radii that might cause internal pressure,
resuting in a change iandwidthd . This would not only change, bu it may also changé

as well.A cleaner strategy to charigesolely and move along vertical (a) andifb}ig. 4.1 is

to use energetic heavy ion irradiation in a controlled asg tool to induce disorder without
modifying the chemistry. Higlenergy ion irradiatiogancreatehigh-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 notthbange
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 illustratedFig. 4.1. Itwill be espeially important to study the

nature of electrical conduction in solids when the insulating state is suppresbedibgrder.

In stronglycorrelated organic conductors;ray irradiation was used to investigdisordering

a Mott insulatof18]. The radiatioAinduced disorder increases conductivitgt the insulating
condition is retained at low temperatures. At low temperatures, hydrostatic pressure can be
used to induce the disordered insulating state to changéooaaveakly localized conducting

state, hence increasing the conduction bandwbgtincreasing the transfer integral. Whilst

high energy, swift heavy ions have been utilized in the past to disorder oxides such as NdNiO
films, these studies did not address the issue of the collapse of an insulating state such as a Mott
insulator whentiis disordered progressivel¥9i 21]. The energy of the ions used in these
studies was extremely high (200 MeV). In these energyesmthe defects created distinct

due tothe predominance of the electronic energy loss mechanism. In this werkave
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investigated the disordering NdNiOz (NNO) films of thickness about 15 nm which were
grown on (001) oriented crystalline substsat@AlOz; (LAO) and SrTiQ (STO) using 1 MeV

Ar ions.The stopping distance of 1 MeV Ar ions in such oxideabigut500 nm, which is
substantially greater than the film thickness. As a result, the ions do not stop inside the film,
but rather deep within éhsubstrate. The route of disordering thus follows the vertical (a)
depictedn Fig. 4.1.

The RNiIQ (R = rare earth except for La) is known to have a-@rgier MIT. The MIT is also
associated with a structural transition from a Higimperature orthortmobic phase to a low
temperature monoclinic phag2,23]. Several scemes have been addressed in the literature
to understand the nature of the insulating state in RNH@wever, the exact mechanism
remans elusive and controversi@2i 24]. One possibility suggested that a charge
disproportionate Ni site could be responsible foarge ordering in nickelat¢®5]. Charge
ordering in RNIQ has also been proposed as a cause of the MIT, which is caysedite
specific Mott phas§24]. A negative charge transfer scenario for the MIT the RX&3been
advanced experimental[26]. Although we are aware that RNi@ay not be the best example

for a Mott system, we placed the RNi€ose to the Mott insulators in the current investigation.
We have also performed similar ion irradiatioduced disordering on a film dfldo 7Lao 3NiO3
(NLNO), which is close to the critical region of MIT obtathéy Nd substitution with
La[27,28] The (Ndi.xLaxNiOs3) film exhibits substitution attributetd MIT due to bandwidth
change eound a critical concentratiao=0 . 3.35, thie exact value afhich 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
NdNiO3z changeg$28]. Consequently, the disordering of NLNO films by Ar irradiation follows
path (b)in Fig. 4.1.Suppression of the Mott transition where a substitutigven closing of

the gap aD has also been observed in(8i-xRu)207, where the introduction of disorder can
lead to the opening of a powkaw gap in he system on Ru substitutifiz9]. 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 outdgagive
phase diagram depicted in the schematid=ig. 4.1, which was developed from earlier
theoretical studiesn MottAnderson transitiongL3]. The present research demonstrated that

ion induced disordering, even at lowdhce, suppresses the insulating phase, resulting in a
weakly localized regime with a negative temperature coeffi¢dmC) (— 1) but a finite

zero temprature conductivity,] Y 1 1. In fact, the resistivities at low temperature for

-85-



Chapter 4: Disorder-i nduced crossover of Mott insul ator

the films dsordered 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 atbout1l5 nm were prepared using a 248 nm
KrF pulsed laser deposition (PLD), and their growth wamitored 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 pressurEhe laser fluence during deposition was about 2.5
Jicnt [30,31] lon irradiation wagarried out utilizing 1 MeV A ions and a beam cumneof

250 particle nA (pnA) at the electron cyclotron resonance (ECR) ion sbasesl irradiation
facility. Using the Monte Carlo methduhsed software "Stopping and Range of lons in Matter"
(SRIM) and "Transporbf lons in Matter" (TRIM)[32], the relevantparameters for ion
irradiation were computed. During the irradiation, thé*Aon beam was scanned uniformly
over anarea of 1 crfy 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 filmere mounted on a liquid nitrogeooled
copper back platé-igure 4.2(aflepicts a schematic of heavy ioraffiation geometry and ion
stopping in thesubstrate Figure 4.2(bXdepicts the electronic energy loss and nucbrergy

loss for Ar ions in NNO fins as determined by SRI[83]. Table4.l show how the effects of

Ar* irradiation varied by varyinthe irradiation time. Théuences used to irradiate thenfis

were 1 10%cn?, 5 10"%cn?, and1  10"%cm?. The range of 1 MeV Ar ions in
materialssuch as NNO, STO, and LAO is approximately ¥8@0 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 progresly 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. THB2,33]was used to calculate the number

of vacancies gemated by Ar ions in NNO.
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Figure 4.2 (a) Schematic afhe 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 NdNiO

The total knockedbut atoms (atongidisplacementsy 3.5 10?%cm? for a fluence of 1
10'%cn?. In general 99% of the damage anneals instantly at room temperature and the
nominal vacancy created for the fluence is 0.35 vacancies/targe{38pnAfter thermal
annealing, the retention was3.5 10?°%cn?. Scaling by atomic density results in a nearly
2% disorder in the NNO filmTable 4.1 summarizéhe sample details (including acronyms),

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

Table 4.I:Details of the samples (and acronyms), the fluence used in the experiment, and the disorder

(atomic displacement) generated are summarized.

Fluence (crif) | Disorder Film Film Film Film
(%) NNO/STO | NNO/LAO | NLNL/STO | NLNO/LAO
0 0 NNO/SO NNO/LO NLNO/SO NLNO/LO
1 10t 0.2 NNO/S1 NNO/L1 NLNO/S1 NLNO/L1
5 10" 1.0 NNO/S2 NNO/L2 NLNO/S2 NLNO/L2
1 10% 2.0 NNO/S3 NNO/L3 NLNO/S3 NLNO/L3

Following irradiation, samples were examined usiwgay 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 colleaiglizing a LABRAM HR micreRaman system with an

Ar ion laser (wavelength 488 nm) as an excitation source. In a pulsed tube cryocooler,
resistivity () measurements were carried out in a collinear-psabe geometry down to
nearly3 K. Electrical contastwere made using Cr/Au contact pads placed on the films using

a thermal evaporator tbugh a shadow mask. Using antaased digital signal processing

approach, the noise spectroscopy measurement was performed in-pfobe geometr{34i

36].

4.3 Results

4.3.1 Structural data

The —2—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 filns (NNO and NLNO) and LAO¢ (A) 3.79] and STOd (A) 3.90], the

films formed on them will undergo iplane compressive and tensile strain (represents a
pseudochic lattice constagt Figures 4.3(ajd) show the fulrange XRD scans of the pristine

and irradiated filmsFigures 4.4(a)d) represent te XRD scans of the pristine and irradiated
films around the most prominent (002) peaks. Except for the pristine films, all samples showed
an extra featura the substrate peaks. The additional feature in the substrate's Bragg peak can
be attributed to xay 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 titanivimadiated SrTiQ substratg37]. Thegrowth directions

of the films have been designated as (R)®)here the pseudocubic notatismepresented by

the subscript pclable 4.llsummarizes the line locations and FWHM values of the XRD lines
corresponding to the (002) indexed lines of thadil The positions of the (002) peaks suggest
that the oubf-plane (irplane) lattice constant is smaller (larger) in NNO/SO than in NNO/LO.
Thus, the NNO/LO film exhibits a minor4plane compressive strain. Progressive irradiation
causes the XRD peaksghift to the lower 2values, indicating that the eof-plane (irplane)

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 irradiatchrced vacancy and the
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subsequent relaxing of the lattice around the vacancy. This is likelgreaise the FWHM of
the observed XRD peaks. The retention of the Bragg peaks after irradiation demonstrates that

the films retain their crystallinity, albeit with tliksorder.
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Figure 4.3 (a)(b) Full range xray diffraction data for pristine aridadiated films of NdNiQ@ (NNO)
grown on SrTiQ(STO) and LaAIQ (LAO). These two figures ameproduced from reference [38)-
(d) Full range xray diffraction data for pristine and irradiated films ofoMda 3NiOs film grown on

STO and LAO substrat&he corresponding fluence has a unit offcm

Raman spectroscopy was used to analyze the structural evolution and integrity of the NNO

structure in irradiation films. Raman spectroscopy is a local strus@usitivetool that can
reveal what happens the NiGs 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

orthorhombid0 & &)@rystal structure at ambient temperature. According to group theoretical
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considerations, there are 24 Raman active modes expected for strudigtaitgd oxides such

as NNOJ[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. (e)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 studiegl0,41]. The major detected modes feati@eandd symmetries

related to the Ni@octahedra. Any changes in these modes indicated by Raman spectroscopy
data would provide information on the structural integrity of thesNibe Raman spectra of
pristine and irradiated films of NNO and NLN@ogvn on LAO ae shownn Figs. 4.5(a) and

4.5(b). It is noteworthy that thd&kaman modes of NNO and NLNO films grown on STO
substrates were too weak to detect due to the high background from the STO substhate and t
small thickness of the filmTable 4.1l summarizethe 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 posit®#ad2) and the FWHM Y ¢—  of the pristine
and irradiated samples along the (002) plane asraatdiom the XRD data. The: (cn?),1 2 (cn?),
1 s (cnt?) represent the different Raman modes for the measured samples.

Sample XRD data Raman Spectrum
2—602 (J) Y2-00) ) | 1 acm® |1 2(cm?) |1 a(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 4449 305.5 251.1
NNO/L2 46.57 2.10 4445 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 th@aRan mod@ositions in filmg41] and bulk[39] are comparable
to those found in NNO/LO and NLNO/LO. &most intense peak at 443.9"tand the weak
shoulder at 431 crhin NNO/LO are caused B9 modes, where the former is bending of the

NiOe octahedral cage and the latter is a breathing mode wibfgaliase oxygen oscillations
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in the apical and basal planes. Thediumstrong line at 305.5 ctin NNO/LO is caused by

0 modes that reflect octahedral rotation-otsphase and iphase, rgsectively.

8000 8000 .
(a)NNO/LAO — Pristine (b)NLNO/LAO — Pristine
6000 — 1x10" ¢m™ 6000+ \ — 1x10" em?
= — 5x10" ¢m™? =3 —5x10" em™?
g 40004 — 1x10"% em™? 54(}00— —1x10" em
Z
S g
g 20007 £ 2000
NNO  NNOLAO

100 200 300 400 500 600 100 200 300 400 500 600
Raman Shift (¢cm-1) Raman Shift (cm-1)

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 (FWHNY)  (cnm?), ¥ 2 (cnib), ¥ s (cntd) for the

samples marked in Tabikll.

Sample Y 1(cm?) Y 2 (cmh) Y 3(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 1@e Ni
bond. Additionally, some of the weak lines in NNO/t8uld not be seen in NLNOOD [40].

Most Raman lines soften a little bit after being exposed to radiation. Although the intensity of
the lines decreases withline broadening as measured by thé-futth at halfmaxima as

shownin Table 4.11} there are negligible changes §.5%) for fluences 5 10 cm? for
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some of the Raman line¥he retention of Raman lines (albeit widened) at relatively low
fluences indiates that the integrity of the metatide 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 ralg enti
suppressed at higher fluende (L0* cn?) due to substaial disorder in the latticg42]. Hence,

the XRD and Raman measurements demonstrate thatv@V1Ar ion irradiation, the films
become gradually disordered without undergoing any major structural changes up to a fluence

of 5 10" cm?when the disorder (atomic displacement) i$%.

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

This section discusses changes in resistivities/conductivities caused pyodhessive
disordering of NNO films grown on STO and LAO substrates in the vertical (apgethin
Fig. 4.1.Figures 4.6(a) and 4.6(bxhibit resistivity data for NNO films deposited 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
temperatee coefficient of resistivity (PTC)I'he metalinsulator transition temperaturéy()
was discovered as a change in resistivity slope. 180 K for the NNO/STO film, andY

75 K for the NNO/LAO film.

2 4
- 10 (a) NNO/STO —— Pristine - 10 (b) NNO/LAO — Pristine
g 101_ —1x10™ em? E 103} —5x10"* cm™
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Figure 4.6 Temperaturelependent resistivity data for pristine and irradiated films of NNO grown on
(a) STO and (b) LAO substratdsgure 4.6(a) iseproduced from reference [38]
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The significant decrease Y in NNO/LAO is attributed to compressive straintire film
stabilizing the higkitemperature metallic phaf&0]. The measurements on the
irradiatedsamplesshow that irradiation completely suppresses the MIT even at the lowest
fluence ( 10 cm?). As expected, the resistivity in the insulating side of the pridluhigiOs

films grownon STO and LAO (i.e., NNO/S0O and NNO/LO) follows the Mott VRH relats
described in Eq. (4.1%3,44). Figures 4.7(a) and 4.7(p)esent the data as well as the fite¥a
results are in line with those previously repdrter the pristine NNO film$43]:

o 1% 7 _ 7
. Y, Y T oexp 4.1)

where,, and”Y are constants derived from the fi¥. is related to the density of localized
stateq1,45).

25 3.0 —
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Figure 4.7: Low temperature fit to VRH law for pristine NNO films grown on (a) Sa@q (b) LAO.
The red line through the data shows the fit. (c) The logarithmic derivative¥* for the pristine and

irradiated samples to shamcrossover from insulating toweakly localized metal with 0 as"YI'h

0. Figure 4.7(a)s reproducedrom reference [38].
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The values obtained from the fits for the NNO/SO are = 42.5 S/cm andY = 600 K,

respectively, and the values for the film NNO/LO are 18.8 S/cm and 16 K. We also notice, as a
test of the insulating character ogtpristine films, that the quantity W — diverges ashe

temperature approaches z§46,47), indicating thatl (T = 0)'H0 as TTHO0. It is worth noting
that WIh0 when the conductivityi (T = 0) becomes a finite value agH0. Figure4.7(c)for
the NNO/STO filmsllustratesthis.

As previously stated, this progressilisordering occurs along the direction denoted by the
vertical (a) inFig. 4.1 In the section below, we look at how the conductiyityy of the films
evolved after being subjected to radiatiBigures 4.8(a) andl.9(a)illustrate the conductivities
(0) as a function of atomic displacement for films grawnSTO and LAO at 300 and 3 K.
The electrical data are summaridzedrable 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) conductjyigs(
a function of atomic displacement in NNO/STO film on Ar ion irradiation:(@)Low-temperature

power low dependence pfon”Y
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Figure 4.9 (a) Evolution of room temperature (300 K) and low temperature (3 K) conductiyitys(
a function of atomic displacement in NNO/LAO film on Ar ion irradiation. (b) and (c)-temperature

power low dependence gfon”Y

This is to be expected in arogentional solid where disordering by ion irradiation increases
resistance. The conductivity a¥= 3 K, however, demonstrates that stunningly distinct
behavior is seen at low temperatures. In this case, there is a nonmonotonous deperidence of
(3 K) on hedisorder. The conductivity of the sample NNO/S1 with 0.2% atomic displacement

is 30 times higher than the conductivity of the pristine sample NNO/SO. Even though the
fluence is increased by a factor of 5, as in the sample NNO/S2 with a 1% atomicethegrigc

0 (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%)}) (3 K) decreases precipitously and drops to leas £% 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 (eaqumad.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 "Y =" +0§"Y
Sample Observed Low-temperature fit of datdY 30 K)
conductivity
» (3K) » (300K) | VRH fit Power law fit
S/cm Slcm | | Y , a 0
(K)
Film NNO/STO
NNO/SO 0.8 207 42.5( 600 = - -
NNO/S1 23.86 151 - - 23.82 217 15 10°
NNO/S2 1.8 86 = - 1.64 1.83 1 107
NNO/S3 1.7 10?2 18 1.6 10?2 1.64| 2.3 10%
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 10 3 3.2 10 2.7 | 6.28 10°
Film NLNO/STO
NLNO/SO 31.4 314 - - 30.81 1.86 2 103
NLNO/S1 16.0 20.6 - - 15.96 1.56 2 10°
NLNO/S2 0.052 1.2 1.71| 407 7.6 102 1.17| 7.4 10°
NLNO/S3 46 103 2.3 = = 4.7 10% 1.87| 1.1 10°
Film NLNO/LAO
NLNO/LO 1533 362 " =629 10*| 2 | 6 6.53
.cm 108
NLNO/L1 660 207 " =147 10° 2 6 1.27
.cm 107
NLNO/L2 0.18 1.02 0.18 1.26| 2.5 10°
NLNO/L3 0.14 0.77 0.135 1.52| 3.3 10°

This demonstrates that the Mott insulating state with Mg transport observed in the

pristine sample transitions to a disordered conductor in the irradiated samples, which exhibit
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powerlaw conductivity with limited conductivity at zero temperatureisTis illustrated in
Figs. 4.8b)-(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:

” "Y ” -’-[ 6"Y ) (4'2)

where, 1 is the conductivity atY= 0 K, 0 and the exponenit are constants, T is
significant for NNO/S1, and it reduces as fluence increases in NNO/S2 and NNO/S3. A
disordered conductor with WL isguticted to have powdaw conductivity before approaching

an Al state with increasingly decreasing valueg af . The progressive disordering of the
pristine NNO/SO film suppresses the insulating state with a relatively low disorder, as seen in
the sampldNNO/S1 with atomic displacements as low as 0.2%, and results in a disordered
conductor with .. As a result, the proposedenario for increasing thiksordering of a Mott
insulator to a Widisorderednetal along the pathway vertical (a)fog. 4.1 isvalidated. The

, Tt =1.6 102 S/cmfor the sample NNO/S3 with the highest disorder is very low to support

a metallic state and can be considered on the ér§aderson localizatiofil6].

Another set of samples made from the film NNO/LAO showedbasover of a correlatien
driveninsulator to a disordered metal (likelgth WL) and subsequently to a highly resistive
state but with, ("Y=0) 0. Because of the compressive strain in the NNO/LAO film, the
metallic state is maintained at a lower temperature, loweringrthend the film has a higher
conductance than the NNO/STO film. The full data on the pristine and irradiated samples are
givenin Figs. 4.9(a)c). Table 4.1V presentsa summary of the data. The conductivity of
pristine sample NNO/LO at low temperatures follows VRH. Irradiatimluced progressive
disordering in the samples NNO/L2 and NNO/L3 follows a similar pattern as in ieddiat
NNO/STO films, where irradiatiemduced disordering leads to disordered conductors with
powerlaw conductivity [Eq. (4.2)] due to WL and approaches disordered induced Anderson
localization. Thus, our observations show that the insulating state in NdiNOexhibits a
temperaturarivenMIT 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 schematicaitlyFig. 4.1 ashe 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 radiatinoduced disordering found in pristine NdNi@ims

to that observed in a metallic NLNO film grown LAO or a weakly localized disordered
conductor in an NLNO film grownn STO[28]. Both unirradiated pristine films thus differ
gualitatively fom pristine NNO films grown on STO or LAO, which exhibit isamperature
insulating states. The disordering of the films by 1 MeV Ar irradiation follinvepath (b) in
Fig. 4.1,which differs from the pathway illustrated by vertical (a) in the previacsican.
Figures 4.10(afb) exhibit temperaturdependentesistivity data for NLNO films growron
STO and LAO (pristine and irradiated).

3 i
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Figure 4.10 Temperaturaependent resistivity for pristine and irradiated films of NLNO grown on (a)
STO and (b) AO substrates. Evolution of room temperature (B0Oand low temperature (K)

conductivity () as a function of atomic displacement in NLNO film grown on (c) STO and (d) LAO
substrates.
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Table 4.IVsummarizeshe data, which may be compared to the datarted 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 dependendéefrradiated 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 stkarg and
exhibit disordered conductor behavi@s 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 NLN@L1 is approximately 2.5 times greater than that of NLNO/LO. Further
disordering increases resisties rapidly, resulting in NTGrigures 4.10(c) and 4.{d), which

are displayedi at T = 3 and 300 Kyespectively (see als®able 4.1\), 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 lb@mperature conductivity of pristine and
irradiated films of NLNO on STO.
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For both NLNO/S0 and NLNO/S1, shallow temperaturesdelency with a small NTC ensures

& (300 K)

0 (3 K), whereas for larger fluence$,(300 K)| 0 (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 haa significantly greater extrapolated zero

temperature conductivityi(0) than the suppressed Mott insulator NNO/S1. The metallic

typetemperaturaependentesistivities (with positive temperature coefficient) of the

NLNO/LO and NLNO/L1 are comparable tooke observed in a vast class of metallic oxides
at low temperates[16] as demonstrated Fig. 4.12(a)(d) and Téle 4.1V).
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Figure 4.12 (a)(d) The power law dependence of ldemperature conductivity of pristine and

nsul ator

irradiated films of NLNO on LAO.

The increasing irradiation changes the metallic behavior to that of a disordered conductor with
powerlaw conductivity and an extremely low(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 shovechematically in vertical (a), or a metallic sample with
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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 irradiatioinduced disordering on the NdNj@ilm formed on STO was
investigated using flicker noise spectroscofignificant flicker noise has been seen in
correlated electron systems such as N&NWQO3, and VQ at MIT in the pasf28,31,48 52].

This flicker noise has a spectral power dens¥¥Q © —. The representative plot of the

frequencydependent spectral power density is shown in Fig. 4.13(ajhéompristine and
irradiated samplesf NNO/STQ The exponent is close to 1 away frorfY in the pristine film
as shownn Fig. 4.13(b)].However, it exhibits a sharp rise"at="Y , indicating a shift in the
spectral weight t@ lower frequency. In the irradiated films foY>"Y | | 1 denotes the
dominance of lower frequency fluctuations. However, at lower temperatueghjbits similar

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

y

region“Y="Y . The MS fluctuathns for each film are presented Fig. 4.13c). The

pristine films have a nearly temperatﬂmelependen{y— except at'Y="Y , where the
variation increases by an order of magnitude over a short temperature range. The MS variations
in the irradiated films are higher than those in the pristine film due to disordering,y—and

has a shallowYdependence, as found in metalixide films that do not show MIT, such as
LaNiO3 [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 displapeig. 4.13d). In pristine film @ , it has a shallow
temperature dependency and a value @2 throughout most of thertgoerature region, but at
“Y="Y , it leaps to a value as high as 70 due to the emergence of a substarGalussian
component in the fluctuation. In the irradiated filmes has a shallow temperature dependency
with values 10-12, and there is nadication of a largey near MIT, in contrast to the pristine

film, indicating the lack of strong correlated R@Gaussian fluctuations.
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Figure 4.13 (a) Representative data of the frequedependent spectral power density ¥t 100K
for thepristine and irradiated sampleE NNO/STQ (b) Temperature variation of the exponerfor
the pristine and irradiated samplesNNO/STQ (c¢) Normalized mean square resistance fluctuation

¥ 95s afunction of temperatui@ the pristine and irradied samplesf NNO/STQ (d) Temperature

dependent normalized second spegiran the pristine and irradiated films of NNO/STO. The metal

insulator transition temperature is marked¥s

4.4 Discussion

4.4.1 lon irradiation on oxide conductors

The nature oflefects 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 walbovea few MeV produce extended defects aesult 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 energgsl The formation of defects in
oxides formed by energetic ionsshaeen studied extensively for many yej@si 58]. The
dynamics of defect formation are complicated and depend on the target's structure and chemical
contents, as well abe energy of the ions utilized. Nonetheless, certain broad characteristics
are shared by the majority of oxides. The energetic ions displanes into the interstitial

space, leaving vacancies. In an irradiated solid, the defects created are geaeaaltyes 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 thetsatb[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 formied 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
disorderedinduced localization. Amorphization can occur beyond a critical temperature of
irradiation, which isypically 450 K in oxides depending on the ionic radii of the constituent
cations, at higher fluences and ion energgnofe than a few MeV¥56,57. To avoid heating,

the sample in ouexperiment is kept mounted on a liquid nitrogemledcopper 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, enayof
previous investigations on NdNi@radiation is provided below.

Previous experiments on thick (200 nm) Ndglfibns grown on SrTiQand LaAlQ substrates

with very high energy (200 MeV) heavy ions (Ag) ions revealed suppression”af thadits

shift towards lower temperatures. This has been accompanied by increased rdai8itiity

The fluence was used in this energpge at a rate that was more than two orders lower than

in the current work. The defects creabgdan 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 resivities 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 lowmtemperatureonductivity, ("Y 30 K) in the disordered conducting state
that arises as a result of ion irradiation follows a power law as shown ih.EqThe evolution

of the exponentd on disordering and the way to Anderson lomadstate would
needcommentsin subsitutional systems such as LaiNC0xO3, NaWOs, and LaNi-xSKOs,

the exponentis 0.5 & 1. However, the exponetit &  2in the Nd.7Lag3NiO3 system
with La doping. In such disordered systems, the expomecén evolve due to thelative
weights of the WLcomponent (which provides a correction to conductivity) as well as an
electronelectron interaction term (EEI). While the EEI term contributé§¥iemperature to
conductivity, the contribution from the WL term comes from the term correction to
conductivty that depends on the temperatdepenént phase coherence length “Y given

as[3]
1, Y — — (4.3)

The temperature dependenc&of”Y is determined by the scattering process, which is derived
from the relationship "Y 'Ot 7, whereQis the electron diffusivity an#i is the phase
relaxation time. Generallyf © “Y with 1.5 1 4. When electrorelectron scattering
dominates the phase relaxation, 1.5  2is obtained, and when electrphonon scattering

dominates the phase relaxation, 2) 4 is obtained. Thus, the observédis -. In our

experiment, 1 & 2 demonstrates that the scattering is dominated by eleptronon
scattering, which is expeed in the temperature range of the investigation, as well as strong
electronphonon coupling in oxide systems. Taking both the EEI and the WL contributions into

account, we formulate the temperature dependengyabfY 30 K as[16].

.. oY &Y (4.4)

Figures 4.14(a) and 4.@®) provideseveal illustrative examples to fit Eqg. @4). Thus, it can
be assumed thé#te variation of the exponeat results from relative changes in the weight of
the two contributions, which change as the disorder changes themlddfusivity O. The
progressivalisordeing significantly decreaseq0) and changes m as well. The samples with

the highestlisorder have low (0) values, indicating that they are most likely nearing a
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Figure 4.14 (a) The lowtemperature 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 (axitt@nsport), in contrast
to the pristine samples, which exhibit a VRH type of conduction [E4)]( Instead, these
samples exhibit a powdaw conductivity [EQ. 4.2)] with a finite conductivity, (0) asl'H0. A
small value of, (0)in the range of 18to 5 103 S/cm would require commentsyen though
this is predicted in samples that exhibit weak localization or apptbadnderson insulator
state. ThisMott minimum conductivity ( ) value, which is typically in the range pf

100 S/cm in disordered oxid¢s6], is substantially lower than those observed in such
materials. As thesystem Nd7Lao.3NiO3 passes through a region of substituinduced
continuous MI transition, it is noted that a low value,q0) 10 S/cm has also been
observed28]. A low value of, (0) may arise from two source#t might be caused by
extremely low DG at’O, 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 lbeeoinhomogeneous, resulting in the
coexistence of insulating and conducting (but low conductivity) regions. It has been
demonstrated in the context of raaarth manganites that the presence of a minority phase
conducting region at low temperatures in itigority phase of an insulating solid a&sult in
a situation at low'Ywhere the current is predominately carried in the regions of higher

conductivities, which can lead to a finji€0) [59].
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4.5 Conclusion

To summarize, we show that ion irradiatimiluced disorder in an insulator such as NaiNiO
which is similar to a Mott insulator, can lead to the collapséhefinsulating state and a
crossover to a disordered conductor that approaches Anderson localization due to increasing
disordering. It has been suggested that radiatidaced disordering is a better technique to
disorder a correlated insulator than therentraditional process of ionic substitution, which
may introduce additional variables. It is conventional wisdom that when a solid is disotdered
leads to a lowering (raising) of conductance (resistance). We, however, make a counterintuitive
observatn that at lower fluence at lowYthe conductivity enhandeon irradiation. This
develops, as was previously discusadntn the insulating state collapses under disordering.
Using noise spectroscopy, it has also been found that th&aoessian content of the resistance
fluctuation, which comes from the correlatgthracter of the fluctuation in pristine films and

is readily seen &Y Y , is suppressed in the irradiated films.
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Anomalous Hall effect in topological
Chapter S Weyl and nodal -line semimetal
Heusler compound Co 2VAI

In this chapter, w® present a thorough investigation of the
anomalous Hall effect (AHE) in the ferromagnetic full Heusler
compound C&/Al. Experimentally, it has beefound tha the
longitudinal resistivity (" ) scales quadratically with the
anomalous Hall resistivity ’( ). Our experimental findings
further indicate that the anomalous Hall conductivity is
approximately 85S/cm with an intrinsic contribution d
approximately 75.&/cmat 2 K The firstprinciples calculations
suggest that th&erry curvature originated from a gapped nodal
line and symmetryprotected Weyl nodes near the Fermi level

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 Co2VAI" J. Phys.: Condens.

Matter 35, 035601 (2023
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5 Anomalous Hall effect in topological Weyl and nodaline

semimetal Heusler compound CgV/Al

5.1 Preface

Magnetic topological semimetals (TSMs) display aekable quantum transport properiies

to the topological structure of their electronic bands in the presence of ferromagnetic ordering,
which breaks the syem's timereversal symmetridi 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 zdirnensional discrete poinfs], one
dimensional continuous or extended lif@s in the Brillouin zone (BZ). Since the
ferromagnetic TSMs with broken timreversa symmetry include nontrivial electronic
structures in addition to intrinsic magnetic orfie8], they may be prospective materials for
nextgeneration spintmic 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
magretic propertiescobalt Co)-based ferromagnetic full Heusler compounds have recently
gained attentiof9i 12]. Several of these Gdased ferromagnetic full Heusler compounds
have also been expected to host the Weyl fermions in their electronic band s{dRjtuaed

their unusual halmetallic feature makes them attractive candidates for device
applicationd14,15] While examples of Weyl fermionic materials with broken inversion
symmetry abound in the literaturEsi 20], examples with broken timeversalsymmetry are

very rarg[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 anomdifget, etc[2,23 29].

One of the most intriguing topics in condensedttar 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 graetic 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, sidaguand intrinsic deflectiof80]. Karplus and
Luttinger originally suggested a model related tolihad structure of ferromagnetic metals
with the spirorbit interaction (the intrinsic Karplukuttinger (KL) mechanism)31], and it is

demonstrated that the anomalous Hall resistivity \ grows quadratically with the

longitudinal resistivity( ). Eventually, $it [32,33]and Berge{34] found two fundamental
extrinsic mechanisms, skeseatteringand sidgump, respectively. These mechanisms can be
explained as asymmetric scattering caused by theospininteraction acting osonduction
electrons or impurities. However, sifilenp scattering is proportional to , which is identical

to the intrinsicKL mechanism, whereas tfie for skewscattering is linearly proportional to

" . The intrinsic KL mechanism is intiately related to the Berry curvature of thewgied
electronic Bloch statd85 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 magregtizati
but is instead determined by it®nvanishing Berry curvatuf88]. Hence, by carefully
modifying a material's electronic e structures and symmetries, it is possible to regulate the

Berry curvature and intrinsic AHE9].

The AHE in a fewCo-based ferromagnetic fulleusler compounds has been explored both
experimentally andheoretically[6,40/ 47]; noneheless, their notrivial topological and
magnetetransport features depend substantially on their electronic band structure, despite their
belonging to the same space gro&dol . For instance, the AHE i@o,MnAl is dominated

by the intrinsic mechanisn6], whereas CAiAl exhibits skewscattering dominated

AHE [45]. The temperane-dependent skewcattering similarly dominates the AHE in
CoFeSi and CoFeAl[42], in contrast to CoCrAl, where the ininsic mechanism
predominate$40]. In a different invetigation on CoTiSi and Co:TiGe, the intrinsic
mechanism is discovered to be theedominant mechanism for AHE4], however for
CoMnSi andCoMnGe, the skew scattering is discovered taHeedominant mechanism for
AHE [41]. Furthermore, while a maber of these full Heusler compounds have topological
nontrivial states in their band structure, they are fundamentally different from one another.
CoFeGe, fo example, is a noddine TSM[47], but CooMnAl has both a topolgical Weyl

and a nodalline semimetallic statpl6]. Thus, the topological and magnétansport

properties of these agpounds 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 cormapound

The primary purpse of this chaptes to investigate the topological origof AHE in theCo,-
based ferromagnetic fuleusler compoundo;VAI both theoretically and experimentally.
The majority of previous investigations on this system have Miedted to magnetic
propertieg48,49], but the topological nature of théystem has remained unexploredfao

We observed that the experimental anomalous Hall conductivity (AHC), which has an intrinsic
contribution of about 75.6 S/cm and exhibits weakgerature dependency, is about 85 S/cm
at 2 K. Our abinitio first-principles simulations of the electronic structure reveal a
magnetizationinduced gapped nodéhe in the electronidand dispersion close to the Fermi
level (O) as well as symmetrgrotected Weyl points. We further demonstrate that the
significant Berry curvature algnthe nodaline and at the Weyl points is the primary source
of AHE in CopVAI, implying that the intrinsic KL mechanism is prominent in this system. We
also determine theharge chirality of the Weyl points at thle and compatre it to the calculated
intrinsic AHC using the Greeubo formalism, which is 64 S/cm and is in good agreement

with theexperimentally obtainegesult

5.2 Experimental and theoretical details

High-purity Co (99.99%), V (99.9%), and AB9.99%) components were utdd in a typical
arcmelting furnace containing a highurity argon environment to pdace mlycrystalline
CoVAI. To ensure a uniform melting, the sample was repeatedly remelted. The ingot was then
vacuumsealed in a quartz tube and annealed at 1173 K for five days before being quenched in
cold water. The structure and phase purity of polycrystallio®/Al were deternmed using

the Xray diffraction (XRD) technique (Rigaku SmartLab) wiu Ky 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 propsasurement
system (PPMS, Quantum Design, US&)measure the magnetization. The magnetization
measurements were performesia function othe applied field up to 5 T and temperature
down to 2 K. The magnetic measurements were performed on a samplapptitximate
dimensions 0D.4 x 0.5 x 4.2 mr To obtain a good thermal equilibrium, we staieitl 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 #BMS (Quantum Design, USA)
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5.1(b) depicts the magnetic field dependence of dc magnetization at 2 K. It is also noteworthy
that the haldmetallic full Heusler compounds obey the Sl&auling (SP) typ behavior of
magnetizéon[15]: 0 = 24 ' [f.u. where,0 is the total magnetic moment and

@ is the total number of valance electrons in the eglltof the compoundlhe value ofd

for CapVAI is 26. As a result, the total magnetic moment shoul? ‘bef.u. according to the
abose-mentioned formulaThe value of saturation magnetizatian ) is inferred from Fig.

1(b) to be around 1.86 /f.u., which is compatible with the SP rule. The magnetic behavior

seen here is consistent with what hasrbreported in the literatuj48].

Figure 5.1: (a) Room temperature Rietveld refinement of the XRD pattern foiVA&lo The
experimental datarerepresented 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 andethénfiénsities. The presence

of (111) and (200) superlattice reflections in,ZAal is shown in the inset. (b) Magnetic field
dependency of dc magnetizatian {s O at 2 K. The temperature dependence of dc magnetization (
versus'Y measured at 100 G shown in the left inset, whileahderivative magnetizatidl 0FQ “Vs

“Yis shown in the right inset.

The temperature dependence of dc magnetization under a 100 Oe applied nfiagghétic
illustrated in the left inset of Figh.1(b). This indicats a continuous change from the
paramagnetic (PM) to the ferromagnetic (FM) phase. The Curie temgefaturs predicted
to be aroun®43 K based on the temperature derivative of the magnetization cureenas s
the right inset of Figs.1(b).
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