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Chapter 1: Introduction

Chapter 1 Introduction

In this chapterweintroducethe fundamentalof metatinsulator transition andxide perovskite

in the context of rare eartmickelates. A brief reviewfdhe underlying physics of structural,
electronic, and magnetic phase transition has been giMendiscuss certaiscenarios that make
nickelates system interesting for the scientific community &basic physics point of @w. This

has been followed by the motiia and overview of the thesis
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1.1 Motivation

The metalinsulator transition (MIT) is one of the oldest problems in condensed matter physics but
still one of the least understoodecause of its mulidimensionality andlue tothe absence of a
coherent theorfheories that can explain most of the observations. A number of systems like
oxides, chalcogenides, and doped semiconductors $¥itiw [1-10]. Change in externally
controllablephysical parameters likdoping, temperature, pressus&ain and magnetic fielchn
alsolead to MIT in a given materifl 1-20]. In generalwhen we talk about MITit is classified

into two broad classes namely correlation driven Mott transéraa disorder driven Anderson
transition[7-10]. In a correlation driven MITthe main factothat contras the transitionis the
density of sates (DOS) athe Fermi level (E). In this transitiona correlation gap in DOS atE
opens up and suctransitions aredriven by temperatufpressure Thesetemperaturedriven
transitions are often first ordar nature Anotherdistinct class of MIT occurs iadisordersolid,

which is known asAnderson transitionin Anderson transitionisorder leads to localized states
although the DOS at the-Eemains finite The mobility edge separates the extended and localized
statesn an Anderson transitiodnderson transition is often tunedryingdisorder or adjusting

the E by carrier dping through sbstitutional doping of one or more consgihts. These types of

MIT are continuous also called second order phase transition in nature [9, 12, 21.

Transition metal oxidegTMO) form a broad class of solids where MIT has been studied
extensively because dhe strong correlation@mongst thecrystal structure, charge and spin
degrees of freedoif2-12]. TMO compounds in that context present a rich physics and even the
i de ass tlriokneg fic overe develapetbr the fgsbtimefrom such class ahaterialsThe
diverse and fascinating properties of the TMO like MiITerroelectricity, colossal
magnetoresistance, spambit coupling and hightemperaturesuperconductivity makes a
versatile system to study basic physrcen decades anthe interests still alive[7,8,10] Most of
the physical propert i e santinerant dedotadizedpicture &f the under
electrons.This dual behavior of electrons (localized or delocalized) in TAV&an even lead to a
jump in conductivity by many ordef8].

A plethora of TMO compoundsvhich show MIT, ferroelectricity, colesl magnetoresistance,

and hightemperature superconductivibelongto a class know as oxide perovskite (AB£),
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wherefA0 site cationgepresent rarearth ion fiBo site cationgepresentransition metal ion and

AOO0 anionsrepresenbxygen.Most of the underlying physicas such compounds driven by the

transition metal ion and by changing tinensition metal ionone cartune the interplay between
lattice, charge and spin degseef freedom Distinct clas®s of compounds like vanadates,
titanates, manganitespbaltates, nickelates, amdparateshow such interplay between lattice,
charge and spin dege®f freedom[7, 10]. The oxide perovskitegshus cover a spectrum of
physical properties and have been investigate@ fong time.The highly susceptible nature of
perovskite oxides to undergo a structural distortion ftbmideal cubic structure makes it an
important candidate to understaitd exotic physical phenomenoj22]. Another important

parameter is the valenstateof the transition metal ionasthey are known to exhibit multiple

valencesvhich essentiallghangehe nature of bonding from being ionic to covaldi, 23]

As it is emerging in last decade or so that the MiTthese materialeas aspects of both Mott
transition and Anderson transitiosg that one has mixed firstder and secondrder transitions
with co-existence of different electronic phag24-28]. In this thesis, we have chosen the rare
earth nickelates (RNi§)which belongs to 3d TMO, to understand MIT in such class of materials.
We havestudied some of the emerging aspects of these phasastencevhichareprobedusing
different physical technique¥/e haveshown that such phase existence indeed occuaad may
lead to electroresistance effe@Ve havealso investigat the nature of the temperatudeiven
transition that has been tuned with isovaleristitutional doping andisorder induced bywsft
heavy ions of inert gase®We have further investigate whether ceexistence leads tthe
development of correlated fluctuations descriptionof these results hdseen given in the later

section of this chapter.

1.2Introduction to perovskites

The first perovskitestructure calcium titanatg(CaTiOs;) was discovered in 183% the Ural
Mountains. The structural analysis shows the titanium &asurrounded by six oxygen anions
and formctahedrg29, 3(. The calcium ion occupies the space between the octahedamasd
a crystal structurdn generalthere are many compounds which follawimilar structure andre

termed as perovskite with general formula ABWhenA-site cationsarereplaced byareearth
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ion, B site cations argeplaced byransition metal iorand Xanionsare replacedy oxygen the
structureis known asTMO perovskiteandalso known as oxide perovskiig 31, 32]. In most of
the oxide perovskitt her eaft er we wil |l wuse t hethewtouctdal oxi de
distortion is primarily decided by A cations while tredence state oB cations playan important

role in deciding the underlying physics i.e. electronic, magnetic and structural properties.

In the crystal structure of ABSxompoundsthe rare eartlationsA sits at the body centandB
sits at the corner of the unit cell arsdsurrounded by sioxygenanion which formsctahedra.
Together this arrangement in a periodic manner leads to a crystal struiiierechematic odn
ideal cubic structure is shown in Figure L(@he A-site cations are twelvéold coordinated with
oxygen anionsindB sitecations are si¥old coordinated with oxygen anionBhe BOes octahedra
area functionaland fundamental unit for the AB structure Looking into the crystal structure of
anideal cubic structure likstrontium titanatéSrTiOs), the T+O-Ti bond angleis almost 186
However inmost of thecasest hi s d o eoedraiddhesthucturedsuffgrs frordistortiondue
to a large mismatchithe ionc radiusof A and B site cation#hich leads to a change in tBeO-

B (also called gperexchange anglépnd angleln total there exissix B-O-B bond angles in an
octahedronthe weighted average o B-OapicarB andfour B-OvasatB bondangles areoften used
to quantify the distortion of the crystal structure frtme ideal cubic structur¢s]. Figure 1(b)
shows a distorted cubic structure (orthorhombic) and the deviatisuperexchange angle from
18 is shown in Figure 1(f).

Ideally, the lattice constantd) and ionic radii of Asite cationsi( ), B site cationsi() and oxygen

anions { ) for a cubic structure should satisfy the critecta: ¢i 1 =M¢ i 1 . Any

deviation from this equality can be estimated by Goldsdhiolerance factor defined aé

_ Most of the compounds are cubic in the rang8 o0 p and may relax to a

rhombohedral symmetry. For® O, the structure, in general, adopts an orthorhombic or
rhombohedral symmetry. Figuiel (b) represents the lattice parameters and corresponding angles
for cubic, rhombohedral, orthorhombic and monoclinic unit cells. (Note: The calculation of
tolerance factor assumes thaimnature of the chemical bond,actual practice, this may no¢ b
always true. As a result of different nature of bonding this ardy give a rough estimation
(especially RNiQ is interpreted as a mixed bonding character)) of the distortion. In Figure 1.1 (a)
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and (b) we show a cubic structure and the lattice parasnefielits distorted counterpart

respectively

L] L] \
/
@ L . L ./ /
R -
L] . L L] \ \.
v, .
o . /
.\

(d) (e)

Figure 1(a)and (b)ldeal cubistructureanddistorted orthorhombic structure of AB@ompound
respectively(c) Representation of B@ctahedrawith crystallographic axesccording to Gazer
notation, (d)top view of B@ octahedra of an ideal cubic structure and (ep view of B@
octahedra in distorted orthorhombic structure in @zer notation.(f) Deviationof B-O-B bond
angle (superexchange angle) from 18([Image is taken fom reference 5 with author
permission.

In crystallographic notation llahe structural distortions are accompanied by either rotation of
octahedra orilting of octahedra. In Figure (&) and (b) we show the structure of an ideal cubic
structure and distorted orthorhombic struetaf ABO: compound The first notation to represent
such rotation or tilt of octahedra was given by Glazer and known as Glazeom$&®j 34]. In
Glazer notationa, b, and c represent the crystallographic direction while the superscript represents
the direction of the rotation for adtedra. The tazer notation %°a for anideal cubicstructure
represents that there is no rotation of octahedra ithelilirections. Further, an orthorhombic
structure (Pbnm space group) haslaZer notation-ac* which represents an out of phase rotation

of equal magnitude along the x an@xis while an irphase rotation of the octahedra along the z

5
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axis [29, 33]. Figure 1(d)ral (e) show the top view @O octahedran Glazer notatiorfor an

ideal cubic structure and distorted orthorhombic strucespectively.

Foro p, the structure undergoes a polar distortion and may lead to a ferroelectric structural
distortion; further increasing theleads to a hexagonal polymorph. In actual casessttheture

can be distorted due severafactors like strain, pressure, teempture, ionic radii mismatch of A

and B site cons, ionic radii mismatch of Aite caions for two or more cationsdtionic disorder)

and Jahsireller (JT) distortion [3&0].

a) b) cubic orthorhombic

a=bh=g¢ akbse
a=B=7=90° a=B=7=90°
rhombohedral monoclinic
. .
a=b=¢ a#b#c
a=B=9#9° g =~y =90°
a # 90°

Figure 1.1(a) Ideal cubic structure of AB@ompoundsand (b) Representation of cubic,
orthorhombic, rhombohedral, and monaoclinic unit cells along with the lattice parameters [Image
istaken from eference [13]].

As discussed above the cationic radius  plays an important role in the physical properties
of the oxidesWhen two omore cations sit at the sarsiée,due toamismatch in the ionic radius
of this random substitutioadisorderis inducedn the crystabndis known asacationic disorder.

If two cations sit at the A sitehe cationic disordetin this case¢can be quantified by the radius

distribution of Asite cations variandg ). The relation is given below as:

, B wi )- i (1)
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where | B i ) is the average radii of th&ion with a fractional dopingiandi
represent the ionic radii of random ion sits at the A site. FexINgINiOs the average radii can be

expresseas:
i p Di +@ (1.2)

The termiichemical pressutchasbeerwi del y used in the | itdéeature
same valence but different ionic radii.that case, by isovalent substitution one can really change
the chemical pressure in the crystal structlmethe later section we will discuss how these

propertiesaffect theelectronicstructureof a material.
1.3 Metal Insulator Transition

Theideal definition ofmetal and insulator is 1and, 1t respectively as I 1+, where,
represent&lectrical conductivitylf we look into the Einstein relatioff QU0 ‘O 'O, where e

is an electronic chargé} O is DOS at E and D is the diffusion coefficient) fadiffusive
transport We can get an insulator in two ways either with having D =0d =0[7, 10]. In

the subsections belgowve will discuss how one can get a transitioonf metal to insulator and
vice-versa.ln particular,we will discuss Mott and Anderson transition in this context as other

MITSG s oatiofehe scope of this thesis.

1.3.1 Mott Transition

Theband theoryvas consideretb bethemost successful quantum theory $otids thaexplaired
most of the electronic transport in the metals, semiconductors, and insutiiaever,it failed
for compoundlike nickel oxide(NiO). According to the band theoryd tothe presence ad half-
filled band, cubic NiGshould exhibit a metallic charactétowever cubic NiOhas been reported
asan insulator along with other TMlike cobalt oxide(CoO) (in 1937 by Verwey. The first
insightto explain theinsulating nature irsuch compounds was given Bgierls Later, Mott
explained how electrealectroninteraction in some compounds can lead to an insulating[gtate
10, 51]

In the mode| Mott suggestedhatwhena singleelecton is sitting at a lattice sit&) theabsence

of electronelectron interaction they will form half-filled band and when two electrons with

7
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opposite spiasit at the ame site the band will be fuHowever n presence of electreglectron
interaction(V), for a filled band where two electrons with opposite spins are sittitigeaame
site, the energy cogU) to keep two electrons #tesame site can split the band iatlower band
of single occupied sitesndan upper band with double occupied sifEse system wouldoe a
AMtt 1 ns uhblavweoban withthesingleoccupied sitas filled while the upper band
with double occupancy is empty Figure 1.2(1) and (II) we show the sa@matic of Mott idea to
understand the splitting of bands. As shdwana norrinteracting picturg(Figure 1.2 (I))all the
lattice sites carrpne electron eacéind electrons hopping can tgidace fromone site to another
with a ransition probability tin the presence of interactiothe energy gained bdyopping can be
compensated by Which leads to splitting ofhe band (Figure 1.2 (lll)). The system woube
insulating if thereis a gap associated with iThe first theoretical miel was introduced by
Hubbardin this contextafter implementing Mtt6 &lea toexplain the insulating statéccording

to the Hubbard model the Hamiltonian for such systems can be written: as

'O OB ; oy YB Euts (1.2)

where t is hopping integral and represddmetic energy termyJ is the onsite Gulombpotential
due to electrorelectron interaction and n is number operafidie split energy bands were
represented as Lower Hubbard Band (LHB) and Upper Hubbard Band (UHB).

The competition between U, B (bandwidth of d band before splitting), and t déoédeature of

the electronic state of the specimens. For one dimensierhoppingntegralt will result in a

single band of bandwidfiB = 2zt, where z is coordination number and t is hopping probability.

For U/B << 1 the kinetic energy term dorates ad the system is metallifgr U/B >> 1 the onsite

coulomb energy dominates and drives the system to an insulating state. Thus tuning the U/B ratio
can drive a system from metallic to insulating regime, such trarsiiaone r ef er-r ed as
Hu b b a r dion andthetanshgof U/B can be done in a numbef ways like strainisovalent
substitutionpressureand carrier doping, etc. Further, it has been observed that the bandgap also

depends on the type of ligand attached to the transition metal ion like Ni, Co, §28]Cu
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ﬁ Unit cell n

» D@ ..DC

1 2 8

o ®@
1 .
(III) E$ ie

QOO

n+1 n+2

. O®

n n+1 n+2

t +E+U
LAt

E =2¢

Figure 1.2 The model for nofinteracting and interacting picterof electronger lattice site(l)

The arrangement of electrons per lattice site; no spin ordering has considered hé&tke¢tron

hopping from one lattice site to another with transition probability t and (ll) Splittingaoidis

due to onsite oulomb repulsion U leds to a splitting of banfimage adapted from reference 23

and modified]

In such caseslong with the onsite coulomb repulsjdine hybridization between transition metal

ion and ligand plays an importarle to understand the electronic properties. This idea was
adopted by ZaaneBawatzkyand Allen (ZSA)they suggested for a strong hybridization between
atransition metal ion d orbital and ligand p orhithk hopping termp§ and clarge transfer energy
aedecide the bandwidth of transition metal [68]. In Figure1.3 (a) we show thattve n a& > U i
follows the Mott Hubbard picture and inthatcasep nd | i es bel ow the LHB
< U the gap opens up between UHB and liga+ichpd since th&HB lies below ligand gand,;

such insulators are named as charge transfer insakghrown in Figure 3(b). Thecuprates and

nickelatedbdong to such class of materials under this schi&g8k
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(2) (b)

UHB A | UHB
A A
| |
I
I
U | A
I
I
I
v LHB IA I
I
I U p- band M
I
I
I
I
I
7
- band
P Y | LHB
U< A U>A

Figurel.3(a) Band diagrarfor Mott-Hubbard insulatoend (b) Charge transfer insulatds.and
k represent onsite coulomb repulsion and charge transfer enérgy ( ) respectively.

Apart from the insulating state, such transition also leads to the emergence of highly correlated
metallic phases which leado a huge enhancementlie effective mas$13]. The description of
such metallic phases has been given under Fermi liquid theory addde@p@ndence of the
resistivity occurg47]. In Fermi liquid description the excitations of such interactiygiems are

known as quasiparticlesd their lifetime is given as
— -w0 0 (1.3)

, Wwhereh is Planck’'s constanY is interaction potentialNs is DOS at Fermi surface ariflis
quasiparticles energy. Thus thé dependence of resistivity is always considered as a signature

for Fermi liquids however, this may not be always correct [47]
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1.32 Anderson Transition

Thereexist another class of insulators evl the disorder can disrugbie local periodicity of the
crystal. Such disordemperfection in thecrystal may come from vacancies, defects, and
impurities etc. which can lead to strong scattering of electrons and hence give rise to an insulating
state. One shouldlwaysremember thathe idea of Mbtt and band insulator assumes a perfect
crystal and a longange periodicity of the crystalt was pointed ouby P. W. Anderson in 1958

that in presence of strong disorder (random pote(¥ig)) the diffusion can vanish for a wave
propagating immrandom potentiathewave function changes dramatically and becsloealized.

On the other hand for a weak disordeenif there is a scattering of Blbavaves from the disorder

solid, the wave function remains extended even after losing phase coherence [12, 13].

In Figurel.4 (a) and (b) we show that for a weak disorder the wavefunction remains extended

while the wave function decays exponentially thoe strong disorderThe decay of the envelope

of the wavefunction at in spacecan be written as @ * A @D i s¥, , where, is

local i zation | ength. The el ectrons i heviginitg h | 0cC ¢
of their positions.It is important to note that the Anderson transition tresonly scale of
conductivity,there is no band gapesent in an Andersansulator.However in the presencef

electronelectroncorrelation one can have eorrelationgapas seen in many oxid€s3].

As shown in Figurd.4 (c), DOS itself shows no gap and the energy spectrum is continuous. If the
Erlies in the white region the system is metallic but ther¢herghaded rgion where the mobility

is zero|if Er lies insuch regions the system would shiogulatingbehavior. The boundary ofhe

white and shaded region is called mobility edge and systa undergoraMIT if EF crosses the

mobility edge from eithersidd0], such transi t-Andhesr soro ctal Aesli i

Nevertheless, real materials @&hmuch more complex behavian that context, it is difficult to
explain the nature of the insulating state when both correlation and disorder are preséi.

1, we show the key difference between Mott and Anderson transition.
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(a)

pI&‘I

(¢ / SN
——/1 p=0 yu\=9\ |

E———>

Figure 1.4(a) The extended state wave functiomth mean free path length |, (b) The localized
state wavefunction decays exponentially over a length sc&eown as localization length and

(c) DOS in a continuous energy spectrum where white region shows the delocalized state and
shaded region shows a localized state with zero mohiii)y The bomdary between them is
known as he mobility edge[Images (a) ad (b) are taken from reference [1&|ith journal
permissionand (c) taken from reference [10]]

For the strongly localized regime where the thermal activation is absent, the transport at low
temperature is governed by the hopping of electrons from oaézied state to other localized
states and is known as variable range hopping (VRH). The conductivity then follows daower

behavior:
K KADD — (1.4)

where n depends on the dimension of the system ansl dharacteristic temperature [S4i.

presence of disorder as well as correlation, n is %.
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Table 1 Keydifference between a Mott and Anderson itansition

Mott Transition Anderson Transition

V Correlation (U)plays an importan V Disorder () plays an importan
role. role.
V  Many-electron problem. V Singleelectron problem.

V Firstorder phase transition whg¢ V Continuous transition (Secon

tuned by parameters like pressurg order).
temperature. V No change irthe symmetryoccurs
V May lead to a change in symmetry truly at T= 0 Kand cannot be tung

by changing TThe only scale ithe
scale of conductivity.

After a brief overview andome basi&nowledge about crystal structuead electronic properties
in the context of MIT, the following sectionis devoted tothe discussion ofexperimental
observationandtheoretical predictionin the context of RNiQ; which is thekey material that

hasbeen investigated in the thesis
1.4Rare Earth Nickelates (RNi(y)

The material was first synthesized in 1971 ardalmost forgotten for 20 yeaf85]. Later,the
discovery of hightemperature superconductivity motivated the scientific communigpMisitthe
electronic, structural, and magnetic properties of RNEarlier results on the bulk RNy
Torrance and cworkers showed an absence of superconductivity, however, some fascinating
properties like temperature dependent Midre observed:-urther, thebservedIT can be tuned

by the size of rarearth ion angrressurg35-40]. It has been shown that all theekelatesexcept
LaNiO3z show a temperatw@ependent MITIt wasalsofound that MIT in RNiQ has a structural

basis with a magnetic transition.
1.4.1 Structural, Electronic and Magnetic Properties of BulkRNiOs

Most of the work in the late @ was carried out in the bulk samplas.the idea of thin filmsvas

not developed that much in the context of complex gxidhech requires high oxygen pressure to

13



Chapter 1: Introduction

stabilize the valence state of transition metaimoRNiOs. The difficulty in the synthesis of RN
single crystals arises due to poor stability of'Nit ambient pressure and high temperaf&ife
57]. Later on,some chemical roas have been adoptedsgnthesizgolycrystalline RNiQ bulk
samples at ambient oxygen pressamd low temperaturd he electronic properties and transport
measurements show that thetatinsulator transition temperaturéy) can be tuned by changing
rare earth sizas well as pressurgurther, it wasobserved that along with MITRNiOz undergo

a structural transition also.

The observed structural properties the RNiOs with smaller raresarth ions likeHo, Y, and Er
shows a transition from higtemperature orthorhombic to lei@mperaturemonoclinic phase

while the structural transitiomwas absent in the earlier-pay diffraction (XRD) and neutron
diffraction study for rarearthionsof large sizedike NdNiOs, PrNiOs and other compounds. The
observation of lontemperature monoclinic phase from Raman study leads to the argument that
themonoclinicphase is too small to be picked up by XRDlarge size rarearth iong58]. Using
synchrotron XRD Garcia and ceworkers later showea transition from hightempeature

orthorhombic phase to lotemperature monoclinic phate NdNiOs also[59].

<Ni-O-Ni> angle (°)

> LN © o ,© Vv A Vv
\5'5 \Q \5:\ \‘00 \“J\ \";1’ \‘;\ \9’% \‘°‘°
L] 1 1§ 1 1 1 1] 1 1
600 LLU YER, T i :
R .‘ODY u Mi o Néel
L ~-\___\ 4
s00 B S Gd (Pbnm) (R3¢) 1
(P2,/n) Paramagnetic
= Paramagnetic Metal
1:; 400 = Insulator - BD 1
é Smu sNdy s 1
® 300 F 1
@ L = ) R
2 200 -_7;0
’- _— I’ 4
100 E Antiferromagnetic <
Insulator - BD |
La
0 I A 1 A L i A 1 A i 1 1 raa

086 087 088 089 09 091 092 093 0%

Tolerance factor

Figurel.5 The phase diagram of the rare earth nickelgfbliQ) [Image is taken from reference
5 with autho®@ permission].
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All the RNiOs members except LaNg3xhibit a transition from high temperature orthorhombic
(Pbnm) structure to a low temperature monoclinigyfP structure. The metallic LaN#is
rhombohedral (R3C) throughout the entire temperature range as shown in the phase diagram of
RNiOs. The phaseliagram also suggests thai Tan be tuned continuously from 600 K (LUN)O

to 120 K (PrNiQ) by mixing two rare earth ions according to Vegard's rule J&dfigure 1.5 we

show the phase diagram of RNIO

As mentioned in the previous paragraph alaritly the structural change, the RNiOndergo a
magnetic phase transition from high temperature paramagnetic (PM) phase to low temperature
antiferromagntc (AFM) phase as shown in Figuies. The phase diagram of the material with

ions of different ioniaadii at the R site also has an impact on the spin order. For instance, when
the ionic radius is relatively larger like ionic radii of Pr and Nd, it shows AFM orgléf/188) of

nickel momentsalong with the MIT. For R ions with lower ionic radii, the ARKAnsition gets
de-coupled from the MIT and the Neel Temperatuge<TTw (Figure 1.5 andL.6). This suggested

that the insulating state in RNO a n 0 tbecause obtlee AFM ordering oftkel momentg61-

63]. The transition for smaller ras@arth ionggoes from PM metallic phase to PM insulating phase

and finally AFM insulating phase witl’BFM ordering of spins defined by wave vecteft-)

in orthorhombic notation. This type of transition for smaller rare earth sizes is continuous in nature
(Figure 1.6)

EuNiO,
Okt . L. o , ]

200 0 200
Temperature (K)

Figure 1.6 Firstorder nature of themagnetic transitionfor R = Prand Nd anda continuous
transition for R = Sm and Hilmage is taken from reference &nhd used with journals
permission].
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1.4.2 Thin films of RNiO3

Due to the difficultyin the synthesiof RNiOs single crystals as well as bulk samples for smaller
size rareearth ions,which demand high pressure and temperatureabsence of such high
pressure annealing (200 b#rg closest system to study the pbgbkproperties are thin film3he
availability of growth techniqudske Off-axis sputteringMolecular beam gitaxy (MBE), Laser
MBE/Pulsed laseraposition (PLD)leads to higkguality films, which allows one to control the
sensitive parameters like strain, thickness lagtgrostructur@lso[5]. The epitaxial stabilization

in the thin films due to the lattice mismatch between film and substrate leads to an additional
energy scale in the free energy andhdee breaks the threshofdr annealing inhigh oxygen
pressurdl5]. Transport measurements BNiOz film show that the W canbe strongly tunedly

a number of physical parameters like substiradeiced strairfby growing it on different substrates
as shown in Figre 1.7), lattice symmetrycarrier dopingthicknessand oxygen vacancigestc

[64-69]. Due to the degree of epitaxial stragventhe Neel temperatur€Tn) can be modified

strongly.
10’
? - NNO/STO
' — NNO/LAO
0 — NNO/NGO

1 0_3 y Cooling

0 50 100 150 200 250 300
T(K)

Figurel.7 Resistivity fn as a function of temperature T for NdNifdms grown on LaAKILAO)
SITiQ (STO)andNdGaQ@ (NGO) single crystal substrates of (100) orientation
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Table 1.1 Factors affecting the Tw in NdNiO3 films: A survey of past studies

Controlling

Parameters

Conclusion

Reference

Strain and Thickness

Compressive strain stabiligenetallic state whil
tensile strain stabilizes the insulating state

Reducing thickness lowers thenT

Phys. Rev. B 62, 1
(2000)

Field Controlled StraijLowering of Tw by 3.3 K due to fieleeffec{Sci. Rep. 6, 2222
compressive strain of 0.25 % produced by RPMK(2016)
substrate.

Growth Pressure Lower growth pressure results in a IgAppl. Phys. Lett

compressive strain and hence suppressithe T

106,092104 (2015)

Disorder create by

swift heavy ions

Irradiation by 200 MeV Agions induce the stre
in NdNiQs films and suppress theul.

J. Appl. Phys. 11
073718 (2012)

Strain due to NdNig]

flm and substrat

lattice mismatch

Compressive strain sugsses the T and tensil
strain incite the Wi.

J. Appl. Phys. 114
243713 (2013)

Anisotropic strain

The different orientation of NGO viz. (100), (0
and (110) used for the film growth changes the
by nearly 120 K.

Appl. Phys. Lett
103, 1721102013)

Strain and thickness |[Cross over from nofermi liquid to Fermi liquidSci. Adv. 2015
phasePredictive criteria for Anderson localizatiq1:e1500797

Lattice ymmetry In the tensile strained film, along with MI|Sci. Rep. 6, 2365
symmetry lowering structural changecurs while|(2016)

this changas absent in the compressively strai

film.

Substrate orientation

The Twi occurs at 335 K by using NGO (134
substrate for the growth due to modification

octahalral tilt at the interface.

APL Mat. 3, 06250
(2015)
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To summarizgthe change in the size of the ra@rth ions, strain, pressure, and doping essentially
change the superexchange angle-QNWNi bond angle) which controls the following physical

properties:

9 The electronic bandwidth of the bands.
1 Magnetic ground state.

1 Madelung Potential (The modbminating energy scale exists in a banddap).

1.4.3 Understanding of MIT in RNiO3

In a completely ionic picturehe ground state electronic configuration of'Nin RNiOs is d.
Considering the effect of crystal field the®Nis considered to be ialow spin state withsix
electrons inthe tog manifold and oneelectron inthe e; manifold According to such electron
distribution of NF* in t.g and g manifold, the NFf* is a JahsiTeller (JT) active ion[23]. The half

filled eg manifold at room temperature giseise to a metallic state and RNi@ expected to
undergo a Jahmeller distortion to lift the degenerac$uch uplifting of degeneracy is seen for
RNiOgz, with smaller raresarth ions Surprisingly JT distortion has nbeen observefbr NdNiOz

and PrNiQ due to theitarge bandwidtfi70-75]. However it has been observed thiaginsulating
state and symmetry lowering is accompanied bybtkathing modéistortion of NiQ octahedra
which givesrise to thewo inequivalent bond length of NiO in the system and hence two different

NiOe octahedra with a small difference in volume.

To understand these observatiotiere are variousxperimental andheoretical reportsvhich
exist in the literature are quite debatable. We will highligiiéw of them in this section. As
mentionedearlier, the d configuration of Ni* makes it a JT active iofurthet nomoresignature

of orbital ordering was present. The famous ZSA diagpais RNiOs at the boundary between

l ow & metal s and dhusssuggesigliad naetalicinature of RINK)22). Ehe o r
isotope experiments done by Medarde andvodkerson RNiQ; suggested that electrons and
lattice interactions play an imgant role(other than bandwidjland should be taken into account
in understancthg MIT in Nickelates [40]. Later Ramanathamnd co-workers confirm this
hypothesis by infrared spectroscopy experim#rasshowthe shifting of spectral weight over an

energy scale due theinteraction between electron and lat§cé).
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ca-‘-c:oca-

Figurel.8 Breathing mode distortion of N¥®ctahedra, the circle represents Ni atom and lobes
represent oxygen p orbital. The white portion of lobes show hotea&p orbital.

Theoretical prediction by Khomski and Mazisisggested charge disproportion 2Np

Ni® * & Ni*U at Ni sitearerespondile for the charge ordering inckelateg73]. The picture given
by Khomski and cavorkers (2d' ©  d®+ o) suggest a transfer af electron from one Ni site to
other Ni siteleads to a charge disproportidhat gives rise to an inskating state[73].
Experimentallyobservedvalue fori was f o u n dwheree ibdaectronic @hargjed].
Further claims by Millis etal shows there is no charge orderindRNiOgs, the presence of holes
in the oxygen leads to an asymmetrical coupling of oxygkawn in Figure 1.8andresults ina
bond disproportiomgiven ag74]

(@) + (@) Y (T2 + (d (1.5)

wherei and j represent two different Ni sites and L represghole in oxygenSimilar predictions
were made by Green arob-workers(as shown in Figure 1.9¥he d"*'L? represent smaller
octahedra and"t represents bigger octahedi®]. Further, new theories and new observations
are always evolving to understand MIT in RN{@7, 7§. So far the work carried by Millis and
Green is consered to be the most successful phenomeéonamderstand the insulating state of

RNiOs. Neverthelesghe exact interpretation of the inlsting state is still debatable.
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' x_C ompressed ; Expandcd

(@)

Figure 1.9a) Checkerboard arrangement of Ni@rtahedra, (b) and (aepresentation of wo
inequivalent rickel sites ifNiOs octahedra representation [Imagetaken from reference 7@&nd
used with journals permissi¢n

Interestingly the metallic state of the RNi§€hows a departure from the classical Boltzmann law
and the resistivity powdaw follows a F or T°® behavior. Mikheev et.al shows that depending
on the nature of epitaxial strain the temperature exponent can be changed from 5/3 to 2 [67]. Unlike
conventional metals where thé ®rm is suppressed due to electpgiionon scattering at high
temperature, #1 T2 or T term in resistivity along with, saturation resistance fairly explains the
metallic behavior in nickelates till high temperature. The RNius follows atwo channel
resistivity model:

- — — (1.6)

Where” ” 04 . " is a parallel high resistance when resistivity approaches the
Mott-loffe-Regel (MIR) limit and involves a cutoff time for the electrons scatteringeXpenent

& ¢ and 5/3 shows a Fermi Liquid (FL) and a Neermi Liquid(NFL) behavior respectively.

The saturation resistivity further depends on the epitaxial strain and is insensitive to disorder [47,

67]. However, the exact origin of such fractiongbement is still notvell understood.
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1.50verview of the thesis

In this thesis, we have looked into some of the basic physics issues that are related to-phase co
existence and also the presence of disorder in a correlation driven the transiidraveéV
investigated the nature of MIT in NdNéCand Nd@.7Lao.3NiOs thin films. In the case of
Ndo.7Lao.aNiO3, the substitution of Nd at La site leads to a situation where the MIT as seen in
NdNiOz is gradually suppressede have studied that how the nature of transition can be tuned

by external stimuli like substrataduced strain, lattice symmetmlectric fieldand disorder that

have been produced by swift heavy ion irradiation that does not change the stoichidrtietry o
sample. Further, we show how the correlated fluctuatioesbserve near MIT.This dissertation

used a combination of experimental techniques like temperature dependent electrical resistance
(conducénce) measurement in the rangg00 mK to 300 K (wherever neededl
magnetocoductance measurementsmperature dependent Scanning tunneling microscopy and
spectroscopy(STM/STS) 1/f noise spectroscopy as well as impedance spectroscopy. The
experiments were carried outtime thin films grown byPulsed laser depositidi?LD) on single
crystalline substratesf LaAlO3, SrTiOs, and NdGaOa.

Specifically, we have addressed the following issue

() We have observed the phaseentistence near MIT for a compressively strained NaNiO
film. We haveshown thattheobserved phase @xistence is dynamic in nature. The STS
results reveal that the DOS changes dramatically near the transition. The dwistow
phases have different types of DOS at the@®e phase showed a depleted DOS close
to B with a gnall yet finite correlation gap (~ 18 meV) while the otheiegssting phase
showed a metal like DOS that has no depletion. Thexcience of the two phases leads
to a jump in the resistance fluctuation (as seen through 1/f noise spectroscthgy) at
transition. This has also been corroborated by the Impedance spectroscopy (IS) that shows
a broad hump in the capacitance at the transition region. This investigation adds a new
dimension to the field of strongly correlated systems and shows that the opprong
depletion in DOS at £has a spatial dependence that carexist with a normal

conducting phasthat shows a parabolic dependence of di/dV
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(I

(1)

(V)

We also show how facteiike biaxial strain, substrate symmetry, and substitutional
disorder (induced by @valent substitution of larger La ions in place of smaller Nd ions)
plays important role in the transport properties and can change the nature of MIT. The
combination of these factors makssbstituted nickelates (NelLao.3NiOs) undergo a
continuous trangon as seen in systems undergoing disorder/compositiriven
Anderson transitionWe establish a crossver from a Positive Temperature Coefficient
(PTC) resistance regime to Negative Temperature Coefficient (NTC) resistance regime
does not necessarilgonstitute an MIT since the extrapolated conductivity at zero

temperaturel EAl A though small is finite, which shows a signature of the bad

metallic state as well as an absence of an activated transport.

Application of a bias current (and henfteld) leads to suppression of the electrical
resistance of the insulating state idNNOs films thus leading to large electroresistance.
The resistivity measurement at different currents shows suppression of resistivity by
nearly an ordewithout affectirg the metainsulator transition temperatur€o rule out

the possibility of Joule heating as a cause of electroresistance, we have performed current
induced resistivity switching measurement with low duygle. The continuousVY and

pulsed +V measuremet show absence obdle heating contribution below a critical
currentpower dissipationThermal modeing shows that even at highest current bias, the
maximum temperature rise rearly 12K, which is insufficient for such a change in
resistivity bynearlyan order. The results thus suggested that the observed effects are due
to the intrinsic electroresistance effect in the NdNin. We discuss a certain scenario

like the phase cexistence of the gh temperature metallic and lowemperature
insuating filaments that may lead to this observation.

Presence of disorder in a system undergoing a correlation driven transition is a topic of
considerable current interest. We showed that the introduction of disorder in a controlled
way using swift heavyjon interaction suppresses the correlation driven MIT and makes
the systemooks like a heavily disordered metal governed by weak localization. The
disorder (atomic displacement up to 2% of the total atoms) in the NdiNi® was

created using 1 MeV Af ion irradiation. The extent of disorder was varied by different
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irradiation time. We show, that thmistine film shows an MIT at IBK and consistent

with the Mott type behavior of the MIT. At low temperature, such a film shows Variable
Range Hopping (VRH) with conductivity QY
displaced atoms or lower the insulating state is suppressed and the "ystesra weak

| ocal i zati on b e hSapportmg evidence flomiRantpesiroscopy=a$ .

well as XRay studies show that these effects of Anderson transition and proximity to a

disordered metallic state persist till the basic integrity of ti@s Mctahedra is preserved.

We have arrangedhe¢ thesis inthefollowing chapters:

Chapter 1. Introduction

Chapter 2: Sample peparaton, characterizatiorandmeasuremertechniques
Chapter 3. Phase cexistence neahemetalinsulator transition

Chapter 4: Continuous transition from weak localized regimeattrondy localized regime in
Ndo.7Lao.3NiOs3 films

Chapter 5: Electroresistance in NdNgJilms

Chapter 6: Disorder induced signature of Anderson transition in a Mott system
Chapter 7: Conclusionand Future directions

Appendix A: Low-temperature structural studies ofgMdap sNiOz nanoparticles
Appendix B: Reciprocal space mapping data for different nickelales f

Appendix C: Resistance as a function of current for Ndjiin grown on SrTiQ (100)

substrate
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Chapter 2 Sample preparation characterization and measurement
techniques

In this chapter, we discuss the growth and characterizatfatifferent samples prepared along
with the measurement techniques used for different work. The powder samples/pellets were

prepared by the sajel method and the thin films were prepared by Pulsed laser deposition.
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2.1 Introduction

This thesis discussdise investigation ofmetatinsulator transition (MIT) in rarearth nickelates
(RNIOs). To answer some of the basic physics issues in the context of rare earth nickelates
have grown the thin films (different thickness) and nanopowder of the different nickatates
particular Lanthanum (La) and Neodymium (Nd) based. Most of the observations in this thesis
has been made on the thin films of the NdN#@d N@.7La0.3NiOs. Further to prepare a good film,

a good target material is necessary as all the films usth ithesis has been madethglaser
ablation method. Thusn extensive characterization is much neddembnfirm tre formation of a

right phase.

In this thesis, we have adopted thegel method for preparing timanoparticles followed by high
temperatre sintering to make a target material for the pulsed laser deposition (PLD). The phase
formation was checked by-My diffraction ¥RD), Rietveld analysis, Ramapectroscopy and
Transmission electron microscopy (TEM). The composition wasckdd by theEnergy
dispersive xray spectroscopy (EDX). The thickness of the filmaswneasured by cressctional
Scanning electron microscope (SEM) and in siyuréflection highenergy electron diffraction.

The surface topography was checked usimgtomic force microscope (AFM).

The films used in the thesis wegeown on a single crystal substrate of SriCaAlOs, and
NdGaQ. The choice of substrates was made to modify the-ioustrain and as well as the
interfacial change in symmetry due te tifferent symmetry of the substrates and filfiesinduce
the disorder in filmsthe ion irradiation waperformed at lowenergy ion beam facility, IUAC
Delhi.

The electricabnd magnetic transport data wéaken in a He8, He-4, and liquid nitrogen (LB

based cryostats with aagnetic field of 10 Tesla. The&nning tunneling spectroscopy (STS) was
performed in a commercialcanning probe microscogsPM) unit from RHK. The impedance

and 1/f noise spectroscopy were done in a homemagerlbistat. All the instruments and setups
were calibrated with standard samples before the measurements. réljtimeddata acquision
andanalysis programs were written in either C/C++, Labview or Matlab. In upcoming sections,

we will briefly discusghese techniques.
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2.2 Synthesis of NdNiQ and NdwxLaxNiOs( x ~ (Nangdoywder and Pellet

The growth of nickelates ishallenging, as the NNickel) valence requires high oxygen pressure
to stabilize the +3 oxidation states. Further, the sxilidle reaction method requires a much higher
temperature and pressure for the phase formation of the nickelates. Due to the ungvafldimli
high pressurg200 bar) oxygen [1, 2khe Nd.xLaxNiOsz nanoparticles used in this thesis were

made by polymeric precursor synthesis route. We will now discuss the synthesis process in details.

The stoichiometric amount of high purity (> 99.9 %) precursors of Lantharitete hexahydrate,
Neodymium iitrate hexahydrate, aridickel acetate tetraydrate weralissolved in 1:1 acetic and
deionized (DI) water solution in a beaker. The appropriate amount of ethylene glycol was added
to the solution. The water and ethylengcgl ratio play an important role ideterminingthe
particle size othe specimen [3]. Ithe present workwe have used 1.5 times of ethylene glycol
with respect to the DI water. The molarity of the precursor solution was 0.2 M to 0.4 M. The
solution wasstirred at 70C for 2 hours and 6 hours at room temperatgspectivelyin a hot

plate equipped with a magnetic stirrer. After 6 hours, the solution was heated until the formation
of sol. The sol was allowed to dry and kept at®Sor 12 hourdollowed by pyrolysis at 350C

and 450C for 1.5 and 1 hoyrespectively. The final heating ftie phase formation was done at
650 C for 8 hours in a flow of ultrhigh purity oxygen gas. The advantage of this method is to

get a uniform and homogeneodispersion of the nanoparticles.

To m&e the target material for thauBed laser deposition (PLD), the-mepared nanopowder

was pressed into a pellet with 80 MPa pressure and sintered®a® 8@ tubular furnace with a

high oxygen flow for 24 has. The pellet was ground and again sintered &t 800 high oxygen

flow for 24 hours. This step was followed 7 times and finally, the sintered pellet was kept in a high
flow of oxygen at 650°C for 24 hours to maintain oxygen stoichiometry. Theokisined
nanopowder and pellets were characterized extensively before using it for the experiments. The
detailed characterization of the powder and pellets are given latdresection. In Figure 2 (a)

and (b)we show the actual synthesis process followedheyflow chart for the synthesis of

nickelates nanoparticlesd pellet
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R'(NO3)3.6H20 + R(N0O3)3.6H,0 + Ni(CH3CO, ), 6H;0 + H,0
+Ethylene Glycol + Accetic Acid

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

| Dry powder was kept in an oven for
l overnight at 150° C
Dry at 350° C, 450° C and
Annealed at 650° C

{ Black Nano powder Powder

Pressed into a pellet at ‘
high pressure

Sintered at 800° C |
for 7 days in oxygen
flow
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Figure 2(a) The experimental process for making the.N&NiO: nanopowder and Pellet, (b)

The flow chart for the synthesis and (c) Proposed thermodynamic stability phase diagram for
different nickelates. Our synthesis methadrees with the proposed phase diagram for NaNiO
(Image used from refence 2 with permissio of theauthor).

2.3 Growth of NdixLaxNiOs3 thin films

To grow the thin films of nickelatesye have adopted the methodpifysical vapor deposition
(PVD). In particular, we have chosen gad bser eeposition (PLD)Venkatesan and eworkers

first used the laser ablation technique to deposit the thin film of adigpherature superconductor

[4]. Sincethis techniqued being used widely for thidm growth of complex oxides. In PLD a

pulse excimer laser is focusenthe target material/pellet. €highenergy laser pulse ablates the
target material, which in the presence of oxygen/vacuum leads to the formation of a plasma plume
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containing ions, moleculeslectrons, etc.The plasma plume formed due to the ablation flows in

a perpendicular direction to the substrate and the accumulation of materials ablated from the laser
pulse results in the growth of flms on the substrates. Unlike the evaporation technique, this
technique plays an important role in the deposition of thin films of complexesxigthich is not
possible inthermal/evaporation where the stoichiometry is often limited due to different vapor
pressure of different specimen. Another advantage of this techsidfuat ione can really grow a

thin film layer by layer.

The full process of thin films growth by PLD process can be described as follows:

1. Laser pulse and target material interaction.

2. Formation of plasma plume due to the ablated material duringriaskation.
3. Slowing down of the plasma plume in a background oxygen gas.

4. Collection of the ablated material on the substrate.

5. Nucleation at the substrate, which results in the thin film growth.

In this thesis, we have usedherenlCOMPex pro 201F KrF excimer laser of wavelength 248 nm

for the film growth[6]. Depending on the laser energy and the spot size of thedasassociated

value of energy per unit area calledefhce was optimized for tHi#gm growth. In Figure 2.1a)

and (b) we show the formation of dark spots due to the laser on a laser sensitive paper. Figure 2.1
(&) and (b) shows the formation of dense dark and uniform spots on the encircled regions with
respect to the whole area. In order to achieve unifgrnmithe films, hese dark and uniform spots
positionswere useds a marketo mount the substratéefore the depositiod.o perform laye-

by-layer growth we have usedefection highenergy electron diffraction (RHEED) gun, which

is equipped with our A chamber. In RHEEDa beam of electronsriergy 35 K) generated by

the electron gun hits the sample surface at a grazing angle, where the electrons diffract from the
sample surface (As shown in Figure 2.2(&) small fraction of electrons interfere constructively

and leads to the diffraction pattern, which can be captured at the detector [7].
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N

Figure 2.1(a) The dark and uniform spots on a laser sensitive paper from the ablation of (a)
NdNiQ and (b) Nd.7La.3NiCs target.

For thin films prepared in this thesis, we have used nearly 4000 laser shots with a repetition rate
of 5 Hz and 1500.200laser shots with a repetition rate ¢85z to growfilms of thickness nearly

80 nm and 15 nm respectively. Theget pelles wereablated before all the deposition in order to
remove surface contamination due to other depositions in the PLD chamber and a pre annealing
was performed for 15 minutes to achieve a thermal equilibrium between substrates and the heater.
To maintain the oxygen stoichiometry, after the depositioe asgrown films were cooled in situ

in the presence of 1 bar ukiégh purity oxygen gas. Figure 2.2 (b) shows the growth dfi2%

Cell (UC) (nearly 10 nm) thickness NdNifilm on SrTiOs (100) single crystal substrate.

Detector 1890
(a) Plasma Plume ida S (b)
. ﬂ 1750+
e- gun 2 1700-
\ z
.\'\Sample = 16504
; i
Sample Holder
1550 r r T
100 200 300 400
Time (s)

Figure 2.2 (a) The Schematic of RHEED set up and (b) The RHEED oscillations of 25 $JC NdNiO
film deposited on SrTi3single crystal substrate on the application of 1000 laser shots. Inset
shows the electron diffractiopattern.
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2.4 Characterization of Ndo.7Lao.aNiO3 and NdNiOz nhanopowder/films

2.4.1 X-Ray Diffraction

For any material , t he apyr iDmafrfyr acchta roanc t(eXrRiDz) a ttioo r
structure, crystall iXriatyy,diafnfdr adchtaisoenu citise nae i nf cbno |
usedaterial chardaicftferactaitomnt héaomoyn we know tF
wi || di ffract onl yofi ft hteh ee |weacvterl oermaggtnhe t (i ¢ r adi
spagi of the grating. Whem agsmbdmad ¢ Isr coma tai cc rhbyes
interaction of oscillating electric-rfaiyesl dvidndd
scatter. However due to the r esgounheardipree ¢ toido rt
interference wil/ be constructive while in ot
The constructive interferencerdeadarde¢eoim phasw

path differenger vaumesr bgf amhe nwavel engt hs. TI

M ¢cAQEI] (2.1)

,kown as Breaggempl @&shenidsr der [oifs rtehfel eacnngloen ,bet w
pl anes andrangosmihg WwWawvred )y ngs é&rdeopfraensdepnétiesn a r
spaci ng.hew® sthimive usedPPRNaPyoiaad Ri kagu di ff
XRD of f il ms anrde sppoewfdieis v eslreyyrvprt eisn Fi .guWe IR2aBe (
al so used-bagprdhX&®Dr 6 or t he characterization o
present the XRD dat aTofcleck the brientaton 6fthe filresnve hasea mp | €
performed the highesolution XRD rocking analysis. In the rocking curve, we have fixed the
detector at the center of films Bragg reflection and followed tfiadiion intensity of the sample

while it is rocked [9, 10].

I n | ab XRD, wealhavé wsaedlaeangKh 1.54 angstrom
we hadeauwavel ength dheOs98camnagkserno oantd & thaee WaEK
f actlhopraymm. Fi gur e 2he3 Riaet vaenlddoN dol § aOnntley ridaiNg 0

shows that the structure follows a Pbnm symmet

35



Chapter 2:Sample preparation, characterization and measurement techniques
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Table 2 Obtained lattice parameters from Rietveld refinement
Lattice Param{(NdNsO Na L7a Nsi O
a 5.415 5.455
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Figure 2.3(a) §nchrotron XRD of the (a) NdNi@nd (b) Nd-La.3NiOG: nanoparticles. The
Rietveld refinement shows that both the nanoparticles have an orthorhombic (Pbnm) symmetry.
(c) The XRD pattern of Nau.«NiOs; (x= 0 to 1) taken in lab-bay, the merging of 2 peaks to a
single peak near §%hows a transition from rhmbohedral to orthorhombic phase,nd (d)
Zoomed image of (c) near 69
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2.4.2 Scanning Electron Microscope and Energy Dispersive-Kay Spectroscopy

In the Scanning electron microscope (SEM), unlike an optical microscope, an electron beam is
used to achieve the images, topography, and morphology of the specimen under test. In our SEM
(Quantum FEG 20), a field emission gun was used to generate atr@hebeam. The electron

beam travels through a vacuum and after passing through a set of the condenser lens, it is focussed
on the sample. These electrons undergo inelastic and elastic interactions, which result in the
spreading out of electrons into theaterials [11]. In this process, some electrityback to the

vacuum, whichs backscattered electrons while some lose their energy and results in the emission
of secondary electrons andr&y, etc.The secondaryelectrons are detected by the detectois a

used for information about specimen surface topography. Along with the topography, we have also
used the crossectional SEM to determine the thickness of our films as shown in Figure 2.4.

JSrTiO; |

NdNiO4/SrTiO; |

Figure 2.4(a) The agprepared nanoparticles of (a) NdNi@b) Ndh.7La.3NiCs, (¢) and (d) Cross
sectional SEM image of nearly 80 nm thick film of NdMi@ Nd.La3NiG; on SrTi@(100)

single crystal substrate.
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Further, when an electron beam interacts with the samples it can eject an electron from the inner
shell and creates a hole. The hole can be filled by highergy etctrons from another shell,

which results in the emission of-Ky. The energy released in the form ofay in this process

can be measured by the energy dispersive spectrometer [12jsKmown as energy dispersive
X-ray spectroscopy and used in determining the elemental composition of the specimen. In Figure
2.5 (a) and (b) we show the EDS spectra for therepared nanoparticles. The atomic percentage
shows that the samples are hglstoichiometric and there is no oxygen deficiendhe

stoichiometry was checked for the films also.

NdL

(a)
o™ ot (b)
Element | Weight % Atom.lc % | Ideal | Elemen Weight | Atomi | Ideal
Atomic % % c% | Atomic %
17.87 57.36
18.93 59.65 Nd 38.93 13.86 14
N 57.47 20.08  La 17.85 660 6
Ni 23.60 20.27 20 "N 2535 2217 20 NK

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00

(Energy (kV)) ' ‘ (Enf:rgy kV))

Figure 2.5EDS spectra and elemental composition opeepared nanoparticles of (a) NdNIO
and (b) Nd7La.3NiGs

2.4.3 Transmission ElectronMicroscope

Thetransmission electron microscoigyan imaging technique which is used to collect information
like imaging,diffraction patternandelemental composition a thin specimen. Unlike conventional
light microscopy where one uses the photongdpture the imagenitransmission electron
microscopg TEM) one uses the highly enetie electron beam Kergy 200 K) which penetrates

the samples (thickness less th&@®2xm) and after passing through a setmfdenselenses and
aperture, the intertyi of the transmitted beam is recorded via CCD camera [13]. Due to the
thickness variation of the sample at different regiasethe thicker regime of the sample is more

occlude as compared to the thinner regime, the difference in the intensity of transmitted beam leads
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to a difference in contrast which helps in generating the micrographs. In general, the electrons that
arescatered elasticallyandin elasticallyon inteaction withthe samples result in TEM imaging.
The TEMcan be used for both imaging and diffraction technique, unlike SEM where one can use

it for only imaging technique [14].

We have used TEM to get the seéstarea diffraction pattern (SAEDQD check the elemental
homogeneity of the samples and to check the lattice spacing of-tirevas nanoparticles of
nickelates. To check the elemental homogeneity of the specimen we have used thélemedyy
transmiseon electron microscopy (EFTEM)n Figure 2.6, we show the magd elemental
composition and SAED pattern for iidlao.sNiOs and NdNiQ nanoparticles.

Figure 2.6(a) The TEM image and (b) SAED pattern ofANelaNiO: nanoparticles, (c) and (d)
represent the EFTEM mapping of d¥lda.aNiG: and NdNiQ@ nanoparticles. The EFTEM images
show that samples are elemental homogeneous.

2.4.4 Atomic Force Microscope

The Atomic brce microscope (AFM) is a type afcanningprobe microscopySPM) in which
information related tohetopographical image and the surface characteri@tkesgrain size and
roughnessgan be explored down to the nanoscale rahige main component of &M consists
of a cantileverscannerlaser anda fourquadrant photodiode [15]. The @tached to cantilever
is geneally made of silicon nitride and used for the surface imagigenatip comes close to

the surface of the sample, both attractive and repulsive forces come into the ghietucethe
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interaction between the tip and the sample surface which results in a positive or negative bending
of the cantilever which is detected by thé&aser beam. The laser beam reflects biackn the
cantileveronto the fourquadrant photodiode detect Using thepositionsensitive photodiode,

one can measure the bending of the cantilever very atetyirHence during the XY scan, the
bending of cantilever and samples height can be monitored which is eventually used for generating
the AFM image. The advantage of AFM is to get the surface morphology of highly insulating
samples along with the metallic anevhere the former is not possible in a Scan#unmgneling

microscope.

el A “am™
(a) Avgerage Size 8 nm (b) Avgerage Size 35 nm
Rms Roughness 0.6 nm | Rms Roughness 0.5 nm

Ad

-

™M .
% | NNO/LAO

Figure 2.71a) Thenearlylpmx 1 pumAFM topographic image of NdNi@m of 60 nm grown on
LAO, STO ardiGO single crystal substrates.

2.5Measurement Techniques

2.5.1 ScanningTunneling Microscope

The first Scanningunneling microsape (STM) was developed by theBing and Rohrer in 1981

at IBM laboratory. They incorporateate theoretical prediction of Fowler and Northeim into the
real design [16]. The basic principle of @M is tunneling of electrons through a potential barrier

in an ultrahigh vacuum. Classically this tunneling is forbidden but quanneuhanically the dual
nature of electrons allows them to penetrate a potential barrier (V) even if the energy oflectron
(E) is less than the potential barrier (E < V) and thus there is always a finite probability of electrons

tunneling even if E <V, which is forbidden according to classical mechanics.
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q’sa le (a)

tip /
Sample Gap Tip

(b) Sample \\ /// Tip
Sample| Tip \ Tip Sample

Ef + Vbias - —
Er ashs ” Ef - Viias s
Vpias =0 Vpias > 0 Vpias< 0

Figure 2.8@a) The schematic of overlapping of samples and tip wavefunction through a potential
barrier and (b) change in Fermi level; of the sample on application of differentlbiaggb is
taken from reference 17].

In a laboratory STM, for such tunneling tococ a sharp tip of Pit / W is brought inthe close
vicinity (subnanometre) of the samples. This configuration makes a -nestdhtor
metal/semiconductor/insulator junction [18]. In the absence of applied bias, the probability of
electrons to tunnel fra the sample to tip or tip to sample is the same (As shown in Figure 2.8 (a)).
As a result, the net tunneling current is zero. In the presence of applied voltage bias, the Fermi
level (Er) can be raised [17]. When V is applied on the sample with respibet tip, the Eof the
sample can be raised t@¢ £ V. Thus, the electrons from the occupied state of the samples can
tunnel into the unoccupied states of the tip [9,L8% This results in a net tunneling current flow
from the tip to sample. On applyirsgbias to the tip with respect to the sample, this results in a
tunneling current flow from the sample to tip. The rise #DE the application of bias has been
shown in Figure 2.8 (b). The tunneling current is directly related to the density of stage of

sample and is given by:

oY @ 0 0 — 0 O — taichh Q0 — Q0 — QO (2.2)
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Wherec is a constantvhich depends on the tipample effective junction areayepresentshe
distance between tgnd sample, W defines the mean work function of the sample and tip surface,
T representsemperature, tunneling barrier penetration factor is definedMy(E), Ns(E) is the

DOS of tip and sample respectively, dr{i) defines the Fermi function.

The STM/STS results presentedtime thesis has been collected ussngommercial STM UHV
SPM 350 by RHK technology [19]. The system consists of the two chambers namely load lock
and main chamber. The load lock chamber was attached to a turbopump withpeebasee of
10® mbar and the main chamber was attached to an ion pump with a base presstifentfat0

Thus, a condition for ultrligh vacuum (UHV) is always maintained.
The measuring unit of our system consists of the following units:

1. R9 Controller: The backbone of the UHV STM. A fully integrated circuit, which provides
control for the SPM. All feedback loops, leckamplifier, filters, signal generators are part
of this unit.

2. Scan Head and Sample Holder: A unit for the tip to approach the saompéebeetle type
sample holder. The three piezoelectric legs of the scan head with Z piezo sensitivity 1.5 nm/V
and range: 225 nm allows the tip to approach sample in a beetle motion.

3. Thermocouple: The NAI K type thermocouple allows us to measureghmple temperature
correctly.

4. W-Filament: It has been used as a heater while performing tempedapeadent STS.

5. Lock-in amplifier: To detect the dand | as a function of bias (V).

6. IVP Preamplifier:A preamplifier with10® Gain (LOnA/V) wasused taprovide a differential
signal from tip and sample to R9 controller.

7. Vibration Isolation: Most important part for any vibratisansitive measurement. This has
been taken care by a bench floating on three nitrogen gas legs.

Depending on the requirementhie STS was performed by measuring the local tunneling
conductanc&) — . The STS provides the information on spatial dependence of the DOS at the
Fermi level (k). During STS the temperature was kept stable during data scan and no drift in the

temperature was observed. The was measured in a modulation mode vaittmall ac bias. The
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data wagaken with a constant direct current (dc) bias (for keeping a fixed height of the tip above

the film), and a small a.c modulation voltage (much thas the dc bias) that has been used to
measure the differential tunneling conductaree Taking a raster scan in the presence of an ac

modulation allows one to record the topography as well as spectroscopy data together. The noise

floor of the masuring system was less than 10 ljF@dand the tunneling resistance was few
Gigaohms. The local tunneling conductance map is a contour pli of— taken at a fixed dc

bias V.In Figure2.9 we show thechematic ofthe STM unit to detect théunneling current and

the electronics associated with it.

-200
(a) mplifies
STM Tip
Witl I RO ]
i IVP-R9 | R9 Controller
Scan head 2q' i
Preamplifier
1010 mbar‘ vacuum
ample
n = U, Feedback £ Error
( ) h Electronics Signal
Scanner
| Uy M/ U Vesr
{‘i » > /] B «
d— N0\ Current Logarithmic Current
B b _ Prcamplifier ~ Amplifier Set Pour
o Sample ¢

Figure 2.9a) The Schematic of detecting tunneling current through the IVP 200 preamplifier and
(b) The schematic of the electronic circuit in STM [Imaggken from reference 9 and 20

It is a good practice to incorporate these parameters/facts for good spectroscopy data according to
their technical specifications:

i.  Optimization of bias modulation: If the output signal is very small, depending on the
number of bits the digitally showed outpotay not be a correct value given by the

hardware.
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ii.  Lock-in cut off frequency: While choosing the letkbias frequency (f) one has to be sure

that it falls under the bandwidth of the preamplifier. For a given bias frequency (f) the filter

cutoff frequency(F) can be set according8o — AT AD OAOAT P IART 4.

iii.  Adjustment of the lockn amplifier phase to remove the capacitive coupling between the

sample and tip.

In Figure 2.10a) and (b)ywe showthe schematic of experimental setugedfor I-V measurement

using 100 Mohm tunneling simulator aath STS data used as a calibration to make sure that there

is no offsefpresendue to the electronics and broadband noise. We have chosen a narrow range (
v 1t 6) of bias to check whether anyfsdt is present across a test sample or not. To rectify the

offset we have adjusted the gain of preamp and took\amrmkasurement across a standard

tunneling simulator of resistance 100 Mohm. This was used as a calibration before all STS data

taken on thesamples.

(b) Tunneling Gap Simulator

R9

10—10_

I(A)

ll-

10

50 25 0 25 50
V (mV)

Figure 2.1(a) The experimental set up foImeasurement and (b) Th&/Idata for 100 Mohm

tunneling simulator which shows the absence of offset in the data.

2.5.2 Impedance Spectroscopy

An LCR meter is generally used for the measurement of complex impedance in a frequency range
from 10 Hz to 100 MHz. The LCR meter generally uses different methods nBnae method,
Network analysis method, etc. to measure the impedance, phase asigiance, capacitor, etc.
Depending on applications, a different type of bridge circuit elements which may be a combination
of an inductor, capacitor, resistor, etc. are used in different instruments. Amongst all the methods

the most familiar bridge metldas autebalancing bridge method which works in a wide frequency
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range from 20 Hz to 100 MHz. A typical LCR meter measures the current across the source under
test, voltage and the phase angle between current and voltage. All other parameters can then be
calculated. An LCR mter generally hatur terminals low current, high currengw potential,

and hgh potential. Low current /High currei#t for current measurement ara potential/high

potential for voltage measurement [21]. In our experiments awe bised comercial Hioki 3532

50 LCR meter, which works from 42 Hz to 5 MHz.

2.5.3 Low temperature electrical and magnetic transport
For the éectrical measurements up to liquid nitrogen ¢} Nemperature, we have used a
homemade cryostat which had fauires connected (highuality coaxial cables) to the base where
the Pt100 was fixed with a GE varnish and used as a seAspranganin wire was used as a
heater. Thgacket ofcryostat was pumped down to3fbar pressure before insertiiigo the
LN2 bath. The electrical and magnetotransport measuremieelsw LN> temperaturewere
performed in a cryogefriee and cryogen based cryocooler. For the crydgsncryocooler, we
have used the Gifford McMahon cycle based cryostat from cryogenics and Phisegdie based
cryocooler. For the cryogdmased cryostat, we have used3iasert from the oxforthstruments.
Further the set up was equipped witls@perconducting magngtat can produce a magnetic field
of 16 TeslaThe method of producing a cdldm these cryocooler has given in the standard books.
However, the main parts of a cryocooler are the compressor, regenerator, and dispiaégr [22
The basic difference between a pulsed tube cryocdBlE€) and a GM cryocoole(GMC) is
summarized below

1 The displacer in a PTC is replaced by a pulse tube.

1 The PTC is more expensive than GMC.

1 The performance of a PTC is orientation dependence while it is not orientation dependence

on GMC.

We have used the following systems for the-lemwperature measuremts

Temperature Range System Used
20 mK [25] Dilution Refrigerator (Oxford Triton 400 XL)
300 mK [24] Helium-3 Refrigerator (Oxford Heliox VT)
3 K[23] PTC 405 (Cryomech)
10 K [22,26] GMC ( Coldedge, and Cryogenics)
80 K Homemade LN cryostat
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Before the electrical measurements, we have calibrated the cryostats with a stafi@arseasor.

The measurement was done in a psdiodo-probe configuration. In Figure 2.11 (b) we show the

RT data for RLOO RTD sensor and which is known to follow a Ble@Gruneisen relation. The
obtained Debye temperature of 240.004 K matches fairly with the Debye temperature reported for
the platinum. The RT measurements of the samples presented in this thesis were done in a four
probe configuration with the use of a Keithley source meter 2400/2410. In some of the cases where
the sample resistanceaw quite low, we have used the lankamplifier (LIA) basedac technique.

In Figure 2.11 (awe slow the schematic of the measuremsstupin a fourprobe configuration.

a7 (a) 1204 © Experimental Curve (b) ;
‘ y ——Bloch Grunisen Fit &

1004

804
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Figure 2.11(a) The experimental schematic of fgmmobe measurement and the low
temperature cryostat and (b) The experimental RT data of standard Pt 100 s€hsafata ere
fitted with Bloch Gruneisen relation for resistivipdthe Debye temperaturextracted from the
fit was 240.004 K. The Debye temperatunatches excellemy with reported value for Pt in
literature.

2.5.4 Low-temperature 1/f noise spectroscopy

In this thesis, we dwve used 1/f noise spectroscopy in a fprabe configuration to probe the
dynamic nature of phase-existence and to probe the disorder induced by the ion irradiation. In
Figure 2.12 we show the schematic of the noise measurement setup. In the noise measurement one
bias the sample with a constant curféht '‘Q€"Qwhere™Qis the frequency of LIA27-30]. The

value of series resistances|I& chosen in such a way thatR rs where gis the sample resistance.

In this way, the samples voltage is amplified through a preamplifier and fed into tha lopkits

and demodulated by the loak amplifier. After the demodulation, the signal is fed into the analog
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to digital converter (ADC) card where the signal is processed vialkawing, decimation, and

digital signal processing [30].

Figure 2.12a) Theschematic of experimentdbur-probe 1/f noise measurement. Insef the
computer shows the time series of sample and background.

In the noise experiment, we record voltage fluctuatidbs as a function of the time. From the
Y& 0 one can get a power spectral density (PSD) using Fourier transformation, which is given as
follows:

Yo I Ef. YooA@Dct Q0d (2.3)
In actual practice, the PSias calculated from the method of average periodogram developed by
the Welch [31]. As the PSD at the letkoutput is given as

Y B VYQ 'Q '0"Q QY "Qcod ] (2.4)

where"Y "Q is the PSD due to background fluctuatiois,"QR , Go is the resistance fluctuation

of the samples, phase of the LIA reference with respect to the measured voltage and the product
of gain of LIA and Preamplifier [30]. Thus fdr = 0, we measure both the samples as well as
background noise. While for= 90, we measure only background noise and the samples noise can

be extracted after subtracting the background noise from the sum of the total noise (dasnple
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background noise).his is one of the major advantages for the LIA based ac technique to measure

the noise as one can measure the sample as well as background noise together.

In Figure 2.13 (a), we show the PSD of a low noise carbon resistance of 90 ohms at room

temperatureAs can be seen the PSD for sample goes-as  Wh e n 1 0.2 itis cdlledB1/f

noise. The background matches the Nyquist noiseT® where kK, T, and R represent
Boltzmann constant, temperature and resistance of the sample. Figure 2.13 (b) shows that the PSD

is proportional to the ¥
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Figure 2.13a) The PSD eaimple fusbackgroundsample and background noise for a low noise
carbon resistance of 90 ohms at rodgemperature and (b) The PSD show\? dependence.
According to the central limit theorem, if the fluctuations are independent in any system, their
statistics will be Gaussian. Howa, if there is a correlation in the fluctuation due to the physical
reasons the statistics will be r@aussian. Often the correlation between the fluctuations can be
established through higherder statistics. To establish that we have chosen the dspeaatra
method. The second spectra define as the Fourier transform-gidfimticorrelation in a frequency
band.Our method follows the one proposed by Seidler and coworkersTB&)Gaussian/non

Gaussian behaviavas established usirige normalizedexcond spectrum which is given as:

Y Q- (2.5)
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wheref: andfz represenfrequencies associated with the first and second spectrum respectively.

The numerator represents the second spectrthardknominator represents the fggectra.

Another way to establish the Gaussian and-@anssian behavior is through the probapilit
distribution function [33]. The probability distribution functiGiDF)for a Gaussian distribution

of fluctuationsYo which is centered at zero means follows the relation:

0 oS m:AQD&) (2.6)

For a Gaussian distribution, plottihgd ¥6s as a f u &% tsihoonu lodf gi ve a | i

and any deviation fr omnohGaassidntynear ity woul d si

The second spectra and PDF becomes an important tool to probe any transition where the
correlated fluctuations play a significant part in the systemalsgstem which shows M[Tthe

phase coexisting region can be easily identified from the magnitudeaid spectra. The large
change in the second spectrum close o ¢an be better appreciated as a result of phase co
existence. Similarlynear the MIT the correlated fluctuations end up with a@anssianity tail

in the plot of probability distributiofunction as a function of mean square fluctuations. In Figure

2.14 (a) and (b), we have shown how second spectra and PDF develops a change near MIT.
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Figure 2.14a) The PDF and (b) integrated second spectra of NdMi©grown on LaAl®

single crystal substrate.
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Chapter 3: Phase cexistence near the metal insulator transition

Chapter 3 Phase ceexistence near the metahsulator transition

In this chapter, we discuss the observation of phasexistence near the metiamsuator
transition (MIT) in a film of NdNi@grown on single crystalline substrate LaAlO’he three
techniques namely scanning tunneling spectroscopy (STS), 1/f noise spectroscopy, and impedance
spectroscopy (IS) were used to probe the observation. The spatially resolved STS show the two co
existingphases have different types ehdity of tates (DOS) at the Fermi level{E One phase
showed a depleted DOS close tovidith a small yet finite correlation gap while the other co
existing phase showed a metal like DOS that has no depletion. The existence of the phase
separation leads to a jump the resistance fluctuation (as seen through 1/f noise spectroscopy)

at the transition and importantly the fluctuation becomes-@Ganssian for a weak phase
separation even in the metallic phase. We discuss a certain scenario that leads to such a phase
separation in the general context of strongly correlated oxidéss observation of the phase
separation may be generic mature and maye present in differentorrelated electron system

whichundergoes MIT
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3.1 Introduction

The phase cexistence anthe depletion of the density of sta{®O0S) at the Fermi level dkin

a correlated material have been observed experimentally for many correlated ox@fieBdre

is clear evidence of depleted D@8bed by barrier type tunneling spectroscopy in nedtelike
manganites and NdNgJ3-4]. Theoretical predictions also suggest that in correlated metals the
DOS at EE may show depletion [5]. In NdNi relatively recent experiment reported depletion
of DOS even in the metallic state (T xiT(metatinsulator transition temperature)) before the
insulating state sets in with a small but clear hard gap [4]. Even in metallic taNeDe is
evidence for depletion in DOS when the film is disordered primarily arising from eleztomon
interactions [6]. i the context of LaNi@with Mn substitution at Ni site, it has been shown that
a hard gap although small (~10 meV) can open up at the-mstdétor trasition (MIT) [7]. Thus
there isample evidence that there can be depletion of DOS in such correjated even in the
metallic state and as the transition to the insulating state is approached a hard gap may open up in
the DOS.

The formation of nanoscopic insulating domains in Nd&i@m grown on NdGa® has been
observed using photoemission electron microscopy very recently. However, the insulating domain
starts growing just belowwl [8]. Catalan et. al described the transport properties of Nl

using a percolation approach [9]. Whileiting this thesiswe came across two publications by
Daniele Preziosi et. al and K. W. Post et. al-11(. Daniele and cowerkers have mapped the
phase ceexistence using a conductiAgpomic force microscopfAFM) and the asymmetric nature

of the FV curve wa related to the presence of the Schottky barrier between tip and sample. Their
observation shows that some of the high conductance phases survive even above the transition
temperature [10]. K. W. Post and coworkers show that the MIT has aspects of ltottaiition

and Anderson transition so that one has mixed-dirder and secordrder transitions with co
existence of different electronic phases [11]. In general, no comments have been made on the
degdetion of DOS in the system. However, one cahrmally compare the resulebtainedfrom

optical conductivityexperimentsand scanningtunneling spectroscopgxperiments[7, 11-15].

In this chapter, we show an observation, that in films of NdNIMDIO) grown onLaAlO3 (LAO)

substrate (hereafter NNO/LAQthereis coexistence of two phases and it waspped using
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spatially resolvedcanning tunneling spectroscopy (STS) and supported by prigbesfl noise
spectroscopy andmpedance spectroscopy (IS). We find the phasexgience even in the
metallicphase of NNO(T>Ww) , as the insulating stwite is ap
DOS at the Eis not spatially homogeneous and shows depletion in pockets. Broadly there are two
phases that eexist in the film: a normal metallic phase, which hagdapletion in DOS, which

co-exists with another phase which has depletion in DOS. This is seen in the metallic phase with

T > Twmi. This observatiors enabled by the spatial resolution of STS which is not possible to obtain

in barrier type tunneling expergnmts as done in the past. Theeoasting phases, in essence, make

the materiainhomogeneouw®on a nanoscopic scale (few tens of nm) where the twexisiing

phases evolve as the temperature is lowered and the MIT is approached.

We also show that thishomogeneous behavior observed througlexistence of two phases in
STS is also observed if noise spectroscopy. The 1/f noise dsit@ws that at the transition
region the noise magnitude is severely enhanced with a shift of spectral weight tirégquency
and there is also an appearance of a strong3aussian component. We further strengthen this
claim by observation of a peak in the dielectric constant of the filmuathat establishes the
existence of internal boundas between phases wittlifferent conductivities. The three
observations together presenhew view of MITin the nickelates that have not been observed

before.

In this work, the films used are thick enough to be strain relaxed. However, they have a residual
compressive straithat lowers the Mi and stabilizes the metallic phase with a positive temperature
coefficient of resistance. We choose NNO/LAO for our experiment, because, the metallic state in
NNO/LAO is stabilized strongly by the compressive strain and recent omtacaluctivity
experiments on such films have shown that the Drude peak actually gets strengthened on cooling
[13]. It is thus fascinating that even in such a system we observe the appezfra phase with a
depletedDOS. The present investigation addsamimension to this and shows that the opening

up of depletion in DOS at#has a spatial dependence that caexist with a normal conducting

phase which follows parabolic dI/dV as expected foredatinsulatormetal junction.

To summarize this, Ithis chapter our results and discussion address to the iiogguoints:
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V Observation of phase @xistence of higliemperature metallic phase and {emperature
insulating phase near the MIT.

V The twophases have a spatially depend@@tS. One phase siws a normal DOS atfE
while other phase shows a depletion in DOSrat E

V The observed phase-eaistence is dynamic in nature.

V We discuss certain scenarios which may be responsible for this phasistence.

3.2 Strain state of the NdNiOs film grown on LaAlOs single aystal

In this section, we will disas the strain state of the NNiln grown on LAO single crystal. The
XRD was used to calculate the substiatiuced strain (as discussed in chapter 2). The XRD
pattern was recorded by varying the angle between the detector and incerayndrigure 3 (a)

showsthg —XRD scan whth reveals thahefilm is strongly textured in the (10Q)or (110)
direction and the calculated substratduced strain-( ——— ) was near0.5 %. (The strain

calculated as a shift of the lattice constant from the bulkeyalu
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Figure 3(a) XRD pattern shows the film and substrates reflection and (b) STM topography image
of the film, the red lines are guided to the eye which shows the underlying terrace pattern in
which the film was grown.

The negative sign shows thatplane strain is compressive in nature and subscript pc and o
represents the pseudocubic and orthorhombic notation respectivelythed®TM topography
image in Figure3(b), one can see that the film is strain relaxed amddm into coherent regions
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(grains) ~ 40 nm in size. The grains are oblate with the long axis aligned to the underlying substrate

terrace axis. The grown film has a thickness of nearly 60 nm.

3.3 Resistivity as a function of temperature

In this section, w discuss the resistivity measurement of the NNO film grown LAO substrate. In
order to perform the electrical measurement, Cr/Au contact padsmadeon the films by

thermal evaporation. The resistivity measurement was done in a collinegrdiear georatry

down to 30 K in a cryogefree closeecycle refrigerator. Other experimental details and schematic

of resistivity measurements are given in chapter 2 of the thesis. The distance between the voltage
pads was 200 um. Resistivity)(data (Figure8.1(a)) show the transition from the metallic state

to an insulating state. The compressive strain in the film stabilizes the metallic state, and the T

is shifted to a lower temperature (Figure 3.1(b) shows the derivatiwes T). The changeover

the sign of the derivative curve where Ttis taken as thewi. For the cooling curve, thewl'is

~110 K, and for the heating curve, it is around ~148 K. The ramp rate for the temperature sweep
was adjusted to 1 K/minute.
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Figure 3.1(a) Resistivity of NdNgJilm as a function of temperature during heating and cooling
cycle and (b) The derivative of resistivity as a function of temperature for both heating and
cooling cycle.

In the metallic state’ 2.5 mmrcm at room temperature (RT), and the temperature coefficient

of resistivity (TCR)k — ~5x10%K. In metallic LaNiQf i | m typically the |
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lower (0.50.6 nmycm) with somewhat higher TCR of ~1®x10% K. The val ue of
does depend on the substrate, thickness, and the oxygen pressure at growth. The crucial point here
is to note that for T > Wi, the TCR is strongly positive and the resistivity is in the range of
maximum metallic resistivity aproposed by Mott [1, 16, L8The hysteresis in the resistivity

graph can be attributed due to the fostler nature of the phase transition. If this is the scenario

we canexpect ceexistence of higliemperature metallic phase and H{@mperature insulating

phase in the transitioregion. In the next section, we show the observation of apatiase

separation near MIT.

3.4 Spatial phase separation and observation of -@xisting phases

To probe the spatial phase separation near the MIT we have used a UHV Scanning Tunneling
Microscope (STM)The STS provides the information on spatial dependence of the DOS at the
Fermi level (E) as discussed in chapter Phe data were taken at 256 points (16 x 16) over a scan
area of 200 x 200 nm. At each point, the data were taken 19dimdethen averaged. The tunneling
conductance was measured in a modulation mode with a small ac bias. The data were taken with
a constant direct current (dc) bias (for keeping a fixed height of the tip above the film), and a small
a.c modulation voltagé<< the dc bias) that has been used to measure tieeedifial tunneling

conductance —). The local tunneling conductance map is a contour ploXbf — taken at a

fixed dc bias V. The dc bias thus defines the electron energy (E = eV).

Figure 3.2 (a) and (b) shows the local conductance map of NNO film grown on LAO substrate
observed for a bias voltage of 0.1 V. The data are shown at two temperatures. One data is close to
room temperature (290 K) where T >/ T(Figure 3.2 (a)). The map shown as a normalized

tunneling conductande— , where "Q is defined as the root mean squarag value of'Q

taken by a spatial average of the tunneting n d u ¢ forargiven bias V over the 256 points.
This method allows us fguantify the extent of spatial inhomogeneity that arises due to the spatial
dependence of DOS. At290 K for V=0.1\Q = 1.36x10'°A/V. As shown inFigure 3.2 ()

at 290 K the tunneling conductance is more or less uniform where the local valdis @fithin

0.8 to 1.2 of Q , although there are small local patches (dark blue) where the val(es of

noticeably lower (< 0% ) and even as small &3Q . The isolated pockets of such I6&
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have a length scale of a few tens of nanometers. The length scale over which condQadtance
uniform are relatively large and they extend over a few tens of nhanometer length scales. This

inhomogeneity an be called as weak phase separation.

The inhomogeneity ameasured by the spatial variation ef— grows as the temperature is

lowered, and loser to the transition region (T=130 K; Figure. 3.2 ()¢ sample is completely
inhomogeneouandmogly consists of regions of rather 10 (i.e. regions with depleted DOS)

i.e. lower than 0.3) . At this temperature’Q itself is low (~ 3.95x10! A/V). Due to the
positive TCR, thg at 130 K is nearly 2 times lower than that at RT. However, the average

tunneling conductance is lower than a factor of more than 3. Interestingly, at this temperature there

are small pockets where the local tunneling conductance is relatively high-ansl >> 1. These

pockets are tens of nanometer in size andseparated by regions of rathew tunneling
conductance. These regions of high tunneling conductance are responsible for carrying the bulk of
the conduction current, and we will seeldve that they are the reason for large resistance
fluctuations that are ne@aussian in nature. This -existence of isolated metallic (high
conductance) regions separated by regions of much less conductivity also leads to the peaking of
the capacitance aivi, as we will see in the impedance spectroscopy section.

The coexistence of two phases with wideliffdrent tunneling conductanceX? that have been
seen in the conductance map as shown in Figuréa3and (b) can be seen very clearly in the
tunneling conductancé® ) curves taken at different locations. This allows us to quantify and
clearly identify the regions with depleté® We also studied the evolution & was a function

of temperature with spatial restitn. This is shown in igure 3.3(a), where we show the
temperature evolution of tH€ ® curves & some of the marked location§higse regions are
marked by respective symisoin Figure 3.2 (a) and 3.2 (b)Jhe red arrow marks the high

tunneling conductance region and black arrow marks the low conducting region.
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‘Figure 3.2 ocal tunnehg conductance map at (a) 29q(\Weak phase separation) and (b) 130 K
(Strong phase separation). The data are plotted as normalized conductaree

The regions that show very high tunneling conductance show pargboliccurvesi.e.;Q |

T where U andoDOSamdenean auhnalingebdrriet height. A parab&fic o

curve is expected for a tunneling junction (with trapezoidal barrier formed by the vacuumn) barrier
with metallic electrodes and a nearly flat DOS, as in metal arotd®E As shown in Figug 3.3

(@), "Q w curves in the region of high tunnel conductance remain nearly parabolic, even on
cooling, although their volume fraction decrease on cooling as shown in Figure 3.2. In regions,
where the tunneling conductance is low, e wcurve is early parabolic at high temperatures,

but on cooling, there occurs a clear deviation from the parabolic behavior, as the DOS near the
Fermi level gets depleted. This shows up as a depression @ thi curve near zero bias. To

accentuate as well as quinthe deviation from the normal parabolic behavior, we plotted the
normalized tunneling conductante, defined asQ w ——, where’Q  is the fit to the
tunnel conductance datafgssO 0. 4 t o the parabolic relation.

the data in the bias regi@us< 0.2V where the depletion opens up, the normalized conductance

curve shows a clear dip. We find that the dip in the tunneling curve in this regidrefredation
Qe ap .o, (3.0

The energy scal® - is the correlation gap [37, 19]. We find that at T=130K at the transition

region the fit of the data to equati@il gives the parameteés 0. 85 and 2&2®=18 meV
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of @ may grow at a | ower temperature). The va

correlation gap (15 meV) near the MIT measured by barrier tunneling [25] and the-fatio

1.5. This is much smallehan the correlation gap seen in Lahi& low temperatures when it
undergoes a disordarduced MIT [4]. The exponerit p but is close to it, which has been

seen in many oxides close to the critical region of MIT. In many oxides, barrier tunneling data
show that as the MIT region is approached, n grows from n = 0.5 (expected of a DOS with soft
gap and electroplectron interaction) closer to 1 at the critical region [3, 20, 21]. A value of n =
0.85 is thus consistent with the expectation from the M¢jlore To rule out the fact that the dip

in conductance is due to the depleted grain boundaries (if any), the data was taken on grain
boundaries (GB) at 130 K and 290 K, however, a parabolic nature of differential conductance is

consistent with the metalli€© was shown in Figure 3&).

The resultglepicted in Figure 3.2 and 3.3 very clearly show that there are tegisting phases

in the NdNIiQ film that evolve when the temperature changes. A region with depleted DOS shows
up for T > Twi, which co-exists with a metallic phas&€he depletion of DOS is enhanced as the
transition region is approached from the metallic side on cooling. Likely, these are precursor
regions where the insulating phase nucleates and eventually percolates through tsanvplde

at the MIT. Our results are in qualitative agreement with the barrier tunneling data reported before
[4], which, however, is a spatial average over an exteretgdn. The films used in this work are

strain relaxed, and there are definite domasseen by STM data. It will be tempting to attach

the phase separation to the existence of these domains. It is quite likely that they act as nucleating
centers for phase separatibat we note that there is an element of stochasticity in the formation

of the phase separation. As a result, it is quite unlikely that the observed phase separation is
completely determined by these domains. The size of the pbpaeated regions is much larger

than the size of the domains.
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Figure3.3 (a) The bias dependence of the local tunneling conductaitte — taken at two

locations marked by arrows in Figure 3.2, (b) The normalized tunneling conducanaes
defined in text for the region with low conductivity at 130 K, the solid line shibwsfit to
equation 3 and(c) The parabolic nature of tunneling conductance at the grain boundary (GB).

3.5 Dynamic nature of phase c@xistence andi noise spectroscopy

In the previous section, we have seen that STS results show that there & coixéstence near

MIT that consist of regions that have different values of tunneling conductance. It is most likely
that the phase with strongly depleted DOS has a low electrical conductance compared to the other
phase that has no depletion in DOS anthe metallic part. The phase with depleted DOS may
evolve at T << Ty as the insulating phase. But abovyg The depletion of DOS does not mean

that the phase is insulating, and we refer t
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The phaseo-existence for T > W cannot be picked up easily by resistivity measurements alone
because the metallic regions will carry the bulk of the current and will shunt the less conducting
regions. A good probe of the electrical inhomogeneity that arisesstiomceexisting phases is

1/f noise spectroscopy, which is more sensitive than the resistivity experiment [22]. The observed
phase ceexistence can be static or dynamic depending on the time scale associated with them. In
a dynamic phase eexistence, a anducting (insulating) region can convert to an insulating
(conducting) region by crossing an activation barrier that stabilizes the phases. This will give rise
to a finite time for the dynamics to change. If that happens, one will get a resistancdifinctua
that can be pickedp using 1/f noise spectroscopy, if the time window of the noise spectroscopy
is compatible with the time scale of the dynamics. The dynamic pbaseastence leading to large

1/f noise has been reported recently in Smd\a®wellas in VQ at theMIT [23, 24].

The resistance fluctuation (noise) was recorded as a time series of voltage fluctwationn a

current biased fodprobe configuration as shown in Figure 3.4 (a). The measurement was done in
a homemade setp which uses an ac carrier frequency and the noise was measured in a bandwidth
of 10 mHz to 10 Hz. The details of the noise measurements are given in chaptegaZhAt
temperature, the resistance fluctuataia werecollected for ~ 16 minutes. The stability in the
temperature at a given value during data acquisitionrtvasK. This ensures that the fluctuation

3w 0 dataare free from thermal drift, Figure 3 i) (represersta flat background (Nyquist noise)

at 220 K which itself suggest there is no thermal drift. Figure 3.4 (c) shows the spectral density of
the voltage fluctuations across the sample and corresponding background noise, the spectral
density of bakground noise is in good agreement vttile theoretical value afke TR at 220 K.

The ks, T, and R represent Boltzmann constant, temperature, and resistance of the sample
respectivel y. For R ~ 200 Y, the poewd108spectr
This has been shown in Figudé (b).

We have calculated the normalized spectral power density | for the whole temperature region
from the recorded voltage fluctuation tirseriesY® 0 . The data are shown in Figure. 3.5 (a)

taken at different temperature. The spectral power density shewseahavior. The exponent

shows a clear dependence on temperature and its value range from 1 to 1.4 and is shown in Figure
3.5(b).
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Figure 34 (a) Schematic of the noise measurement setuprepresents the standard series
resistor, (b) The time series of the fluctuation across sample and background at 220 K and (c) The
spectral density of the sample noise and background noise.

The temperature variation of the normalized mean square resistance fluctuatiprs (shown in
Figure 3.5(c) (— k p¥w _ Y "QQ"Q where, théQ and "Q define the bandwidth of

measurement). In the metalliast both the mean square fluctuatien decreases on cooling.

The temperature variation of the fluctuation is similar to that seen in metallic kaa8Qvell as
in conventional metals and alloys [25, 26]. This is primarily due to a decrease ihatifeation

that contributes to the 1/f noisa cooling However, due to an even sharper rise of R as well, the

— decreases belowvl. The transition region marked in Figure 3.5(c) is expanded and shown in

the inset. It can be seen that in tfansition region there is a rise+#- overthe small temperature

range of 130 K to 149 K. The sharp rise occurring in the transitionrég)i@ clear signature of

phaseco-existence.
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Figure 3.5(a) Normalized spectral power density of fluctuatias a function of frequency at

different temperatures (dta taken during a heatingcydex 6060 +*F NAFGA2Yy 2F (K
temperature T,and €) Normalized mean square resistance fluctuation shown fasmetion of

temperature T. The inset shows the exuled part of the marked region.

This is similar to that seen in the region of MIT in Smpladd VQ [23, 24]. We also note that

there is a sharp rise nin the same region where the resistance fluctuation also shows a clear

jump. In general in— noise in solids the exponenti s generally O 1.2 whe

predominantly arises from activated lattice defects that act as electron scatésries. The

sudden rise df in the transition region would mean that there is a spectral shift of fluctuation in
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the lowfrequency region. This can be also seen in Figure. 3.5 (a) which shows the shift for the

data at two temperatures (130 K and 13%ldye to the transition.

In addition to the change in the spectral power deigit{2 as well as the fluctuation— evolving

with the temperature that shows a clear signature of phasdstence, we find that the resistance
fluctuation becmes strongly noiGaussian at the transition region ()l where there is a sharp
rise in the fluctuation. To establish the AGaussian behavior we calculate the second spectrum

which is given as:

Y Q- (3.2

Wheref, andf; are the frequencies associated with the first and second spectrum respectively. The
spectrum has been calculated within the frequency bandwidth of 0.25 Hz, wisede2b Hz, f

=0.25 Hz, and{ = 0.5Hz. In Figure 3.6 (a) we show the second spectral dansit® as a
function of frequencyff) at a different temperature, which shows the evolution ofQ as we
approach the . It can be seen that there is a large jumipénspectral weight as the transition is
approached. "Q is normalized by the square of the first spectrum so that for a perfect Gaussian
fluctuation it is equal to 3. Any deviation from 3 would measure the extent eGaassianity.

The large changaithe second spectrum close @ §an be better appreciated from the magnitude

of the integrated normalized second spectium Y "Q'Q"Q Another way to establish

the nonGaussianity is to plot the probability distribution function asirecfion of mean square
fluctuations. The probability distribution function for a Gaussian distribution centered at zero

means follows:

O Yas  —=A gD ( 3). 3
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Figure 3.7 shows the integrated value of the second spectrneer the entire temperature range.

It can be seen that there is a riset inof nearly 1.5 orders in the tratisn region. W also show
the — in the same grapfhere is a clear dependencetof on—8At atemperaturgreater than
180 K (in the metallic region) where- is more or less constant and positive,s low and also
constant. For temperature, less th&80 K, as the transition region is approachedchanges sign
and the resistance starts to change rapidly. At this rangdows a rapi rise and eventually at a

lower temperaturas— starts toapproacha high (negative) valuet passes through a peak and

also goes to a low value. In the region marked by arrows in Figure 3.7,
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Figure 3.6(a) Normalized second specti#(f2) calculated at different temperatures and (b)
probability distribution function for a Gaussian and A@aussian fluctuation (nelinear tail).

Wherethe relative volume fraction of the two-existingphaseshangest shows a large value.

Figure 3.7 clarly establishes that the inhomogeneity (resulting from the twexisting phases)
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as observed in the spatially resolved tunneling spectra also leads to plesstaze of two

phases with different electrical conductivities which is picked up by tise niata as well.
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Figure 3.0 2 N I £ A T S R)of@dcondl 3pgtitaGinddap a function of temperature T, the
arrows mark the region of phase-existence.

3.6 Additional confirmation of phase ceexistence by Impedanc&pectroscopy

In this section, we will present an additional confirmation using impedance spectroscopy. The STS
as well as the 1/f noise data, clearly establish that there is a phasisteace of two phases with
differenttunneling as well as electricabnductivities. These two eexisting phases will have
interface regions where the charge relaxation will be controlled by the electrical conductivities of
the surrounding regions. Close to MIT, it may happen that regions of higher conductivities will be
surrounded by regions of | ower conductivities.
has been shown recently [27] that the existence of such intatedhces between esxisting
phases may enhance the dielectric constant. We carried oediame spectroscopy to provide
additional support to the observation of phasexistence.

Impedance spectroscopy in the film was measured usih@R meter in a frequency range of 40
Hz to 1 MHz in the temperature range 80 K to 300 K. To avoid tlg sapacitance from the

connecting cables we performed the open circuit and short circuit compensahergetailed
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impedance (Z) data taken in the heating cycle (Total impedance (Z) as a function of frequency and
temperature) are given in Figure 3.84ajl (b). The impedance data were fitted with a model with
equation 34. Inset in Figure. 3.10 shows the model. The@, and R weremodelledas contact
resistance, samples capacitance including stray capacitance and sample resistance respectively.

The impedance data of the film can then be given by the following relation:

1 "2 — (3.4
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Figure 3.8Total impedance (Z) as a function of frequency and temperature, the solid lines show
the fit to equation 34.

In equation 3.4for] ©0,Y Y  2-probe dc sample resistance between the leads. From the
values of Rand R obtained from the fit of the data at different temperatures, it was validated that

it is indeed the 2probe dc sample resistance between the leads. This is shown in Figuiiend.9

value of the capacitancé as a function of the scaled temperature is shown in Figurg.1Q

It is interesting thatd shows a broad peak arourgr 1 where the resistance fluctuatior~)

as well as the second speatrwf the fluctuation¥ ) also show a peak. The value of the

capacitanc® remains high even well into the metallic phase up+o 1.6 and then starts to go

done beyond that. It is likely that at this temperature the phaseistence begin to appear. This
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is corroborated by the temperature variation ofittegratedsecond spectrudn (see Figure 3.7)

where we observethat startk t o r i se at T 4 180 K.
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3.7 Discussion

The results of the STS presentedthis chapter clearly show two -®&xisting phases (with
nanoscopic dimensiongne phase which has a depletion in DOS and a metallic phase which has
no depletion in DOS. Using 1/f noise spectroscopy (including analysis of fluctuations of higher
moments)as well as impedance spectroscopy we show that these two phases have different
electrical conductivities. The volume of these two phases, as well as relative values of their
conductivities also evolve on cooling. The low conducting phase (depleted DGS)ikety
evolves into the insulating phase. While no claim can be made of the generality of this observation
in the case of films of other oxides undergoing MIT, the observation nevertheless has a generic

content that may apply to other systems as well.

The observations that we made depend on crucial physics that there is indegstase of a

phase with depleted DOS in NdNs@nd more importantly the DOS in such a system becomes
spatially dependent. We argue that recent theoretical developments indeed lead to this type of
scenario in strongly correlated oxides. Predictions of agagdtin presence of correlation (Ieng

range @ulomb interaction) and disorder with parabolic energy dependence nbav& been

known for a long time [1, 2]. Recently, it has been shown that a soft gap or a depleted DOS (with

a powetrlaw density of state) can arise even for shange interaction4]. These approaches,
however, dondt raise the possibility of phase
phase so that one may have electronic psaparation and phase-ewistence. The possibility of
interactions leading to a situation déetronic phase separation has been praposéhe context

of manganite [28]. It was proposed that electrons populating the doubly degengrstates

(around Mn ions) can have the presence of two types of carriers. One type is a band like electrons
and the other type is more localized polaronic states. Existence of strong Coulomb repulsion
between the two types of electrons was shown to lead to nanoscopic phase separation. There is an
apparent similarity of this picture which has been observed by tBedafa. The electrons in
nickelates have strong interaction with the lattice and have polaronic nature. However, it is not
clear at this stage whedr a similar scenariexists in nickelates that one may observe a phase
separation. Another scenario magabe considered. It has been suggested that the strain breaks
the degeneracy of the Sprbit and Crystal FieldEffect determined gorbitals [13, 29]. The

occupancy of the orbitals split by the strain would depend on the nature of the strain
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(compressie/tensile). Presence of local strain inhomogeneity can, in fact, lead to occupancy of
orbitals of different type and thus different phases. More recently the observation of negative
magnetoresistance for NdN§Qilms suggestthat the emergence of the Zemmsplitting of

localized states due to the thermally induced local disorder may also lead to such phase co

existencd30].

Our investigation of phase @xistence deals with two fluctuations: the temporal fluctuation, as
recorded by the noise spectral mywand the spatial fluctuation that has been observed through a
scanning probe like STS. A pertinent question arises whether a direct connection can be established
between the two. The phaseexistence has been probed by both the probes yet it israigfhst

forward to establish a quantitative connection between the two. This is because of the time scales
of observations and data acquisition associated with the two probes are different. The map of the
local conductanc&from which the spatidluctuation has been observed has been taken over a
time scale of ~ 2.5 sec at a given sfdite noise spectra have been acquired over a time scale of

~ 16 minutes. This gives the time scale (spectrally resolved) of the dynamics that are associated
with the resistance fluctuations. In the scale over which the fluctuation is imaged by STS image
can thus be cosBotderefd talke at dmmampal fl uctuat.
averaging effect over a longer time scale due to small and rameéomat drift that blurs out some

of the contrast in the images of spatial fluctuation. Due to these effects, the time scale associated
with the spatial fluctuations cannot be uniquely specified. As a result, no tight quantitative
correlation between themporal fluctuation (noise spectroscopy) and the sghtcliation (STS)

data can be established although one can image by STS the spatially resolved fluctuation over a

finite time scale.

Thelarge resistance noise,particular, the noiGaussian fluctation, ariss in the transition range.

In this temperature rangbee STS data show the metallic regions (regions with large tunneling
conductance) have low volume fraction and are not connected. However, they can carry large
current density, this may lead a charging and discharging of the metallic islands which are
separated by a phase of low caothnce.This phenomenon can give rise to largese due to

charge fluctuationThe large norGaussian component of the fluctuation arises from the transport
through a system that has such isolated metallic islands due to the correlation of the current paths

that develop by a random (and dynamic) tdependent distribution of current patB4 [ 33.
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3.8 Conclusion

To conclude our study established that thHT in a film NdNiOs shows phase separation in the
nanoscopic scale (few tens of nanometers) and phasdstence. We have used three techniques
namely scanning tunneling spectroscopy (STS), noise spectroscopy and impedance spectroscopy
(IS) experimentso establish the phase-eaistence. The local conductance map generated from

the STS shows that how the inhomogeneity is associated with the phexdsteace. The two €o

existing phases (with nanoscopic dimensions) have different contribution to thenD@&® one

phase has depletion in DOS and a normal metallic phase which has no depletion in DOS. It appears

that the phase eexistence may actually start well above the Ml transition temperature (1.6)

and t he system becomses Bl ghtyonmiicnahloompgehese
temperature. We suggest that such phenomena reported in the context of Mdii&ctually be
generic in nature. Such phase separation may be associated with other strongly correlated systems

that show a temperatdriven MIT.
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Chapter 4:Continuous transition from weak localized regime to a strongly localized régime

Chapter 4 Continuous transition from weak localized regime taa

strongly localized regimein Ndo.7.a0.3NiO3 films

In this chapter, we show how a combination of factors like strain, substrate symmetry, and disorder
plays an important role in the transport properties and can change the nature of the metal
insulator transition (MIT). The combination of these factors makebstituted nickelates
(Ndo.7La0.3NiO3) (that are known to exhibit firgirder Mott type transition), undergo a continuous
transition as seen in systems undergoing disorder/composition driven Anderson tra3ition.
investigation was done on bdlag 3NiOs films grown on crystalline substrates of LaAIRAO),

SITi®: (STO), and NdGa@ (NGO) by pulsed laser deposition (PLD). The conductivity
measurement shows that film grown on LAO experiences a compressive strain and shows metallic
behavior with the oset of a weak resistivity upturn below 2 K which is linked to the onset of weak
localization (WL) contribution. Films grown on STO and NGO show a @ressfrom a Positive
Temperature Coefficient (PTC) resistance regime to Negative Temperature Coe(fdi€)t
resistance regime at definite temperatures. Our results establish that aosrsgom PTC to

NTC does not necessarily constitute an MIT since the extrapolated conductivity at zero

temperatured "Qa ,,  is small, buffinite, which shows aignature of the bad metallic state as

well as an absence of an activated transport.
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4.1 Introduction

Often the metainsulator transition temperaturd ( ) is identified as a crossver from a positive

temperature coefficient of resistivity (PTG—( 1) to a negative temperature coefficient of

resistivity (NTC)—  m). However, without any qualification, this does not necessarily mean

entry to an insulating state and the crossr temperature cannot be recogniasd . For many
casesthis identification of metainsulator transition (MIT) may indeed be correct but the pristine
definition of the insulating state tells that the conduction is activated and an absence of conduction

by the extended state would mdgl’n‘:,,l'o 1. There is enagh evidence to suggest that a cross

over from PTC to NTC region may occur when ,, and it has been seen in many disordered
oxides as well as semiconductors@]L The continuous MIT has been widely studied in oxides
like LaNiOs, SrRuQ@, LaNi1.xCoO3, NaOsQ, andNaWOs3[7-12]. These studies show that the

role of disorder, reduced dimensionality, and renormalization of eleeteatron interactions at a
lower temperature can give rise to an upturn in the resistivity which may be considered as a

guantum correction to the conductivity-16].

In such a system, the tunneling conductance (that measudentity of states (DOS) at the Fermi

level (E)) can become temperature dependent due to the presence of correlations. This has been
predicted theretically and also observed in oxides as well as doped semiconductors [13]. It has
been seen that quantwonfined LaNiQ shows such a transition from firstder MIT to
Anderson transition [10]. Theoretical investigations have also raised the postibilitisorder

in a Mott insulator can tune the MIT to a continuous transition [14, 15]. The disodiered
continuous transition has been proposed in the context of-fillealfAnderson Hubbard model

at a finite temperature where the quenched dispedewell aghe auxiliary field fluctuations, is

responsible for No#frermi Liquid scaling [14].

Coming to the nickelates, the MIT in substituted nickel@ish.xLaxNiO3) has been investigated
for differentx. The temperature dependent resistivity measargs show that NdLaxNiOsz (x >
0.4) system is completely metallic with a temperatineen metallic to semiconductor transition
for x O .ORe8uBs o NdyLaNiG fhin films suggests that the MIT looks similar to
their bulk counterpart, but a change in the lattice constant and-Débind angle shifts the to

a slightly lower temperature [7]. Our study has been principally motivated by the identification of
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metallic and insulating state in NglL.axNiO3 when x is close togxand modifications that occur

due to strain, quenched disorder (due to substitution) and orthorhombic distortion.

Our investigations focus on W@ ao.aNiOs system. The substitution dfanthaaum (a) in
(Neodymium)Nd (NdixLaxNiO3) poses an interesting set of questions. For x below a certain La
concentration x(xc 1@ U discussed belowm)he finite Tw is sustained as expected for a
temperaturariven MIT. However, foxc 1@ uthe transition may take the characteristics of a
composition driven MIT as seen for Anderson transition. It is expected that for a critical
concentrationof La he transition would show features of
the issues like @ak localization (WL) and quantum corrections to conductivity will appear to
contribute with the Mottype transition. In this regime along with strain, factors like quenched

disorder (cationic disorder) will also play an important role.

Conventional wisdm says that in a system like NdlaxNiOs, where the insulating state is
severely suppressed due to the presence of La, thearessrom PTC to NTC does not
necessarily mean MIT. This issue assumes particular renewed significance in doped &diNiO
NdixLaxNiO3, wherg there exists a critical concentratigd and it becomes metallic fad @&

(as discussed before). The question that we would like to raise and investigate is whether the
transition from PTC to NTC close @ can be a contiraus transition and the cresser from a

PTC to NTC at some finite temperatdreneed not necessarily signify MIT as one would see in

a Mott type transition.

In this chapter, the issue of continuous transition for the substituted &§#liOz (x = 0.3)system

has been investigated in the context of perturbative effects from physical factors like strain,
substrate symmetry, and quenched disorder that can tune the nature of the transition. The particular
composition being used here NdaxNiOs (x = 0.3) is at the verge of a composition drivéiT .

In the bulk, the sample with x = 0.3 shows a metallic behavior at a higher temperature and an
upturn in resistivity at a lower temperature [16]. The resistivity data down to 4.2 K was interpreted
using variable range hopping, indicating an insulating state. Thin films (8 Unit Cell) of Nd
xLaxNiO3 (x = 0.25) grown orLaAlO3 showa metallic resistivity down to 75 K and an upturn in
resistivity below 75 K [7]. If upturn in resistivity is taken agi,Tthe phase diagram of Nd
xLaxNiOs films suggests tha@* m@& v[7]. In both the studigsan upturn in resistivity was
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identified a4 . Fromthed 4 phase diagram, it appears that the composition x = 0.3 is on

the insulating side though close to the composition driven MIT.

Our investigation has been done on films of1N@&NiO3z (x=0.3) grown on singlerystal
substratesof LaAlOs (LAO), SrTiOs (STO) and NdGa® (NGO). The crystal structures of
substrates used LAO (100), STO (100), and NGO (100) are rhombohedral, cubic, and

orthorhombic respectivelyas seen in Figure 4.1.
The main motivation fochoosing different substrate are

U To vary the amount dduilt-in strain that ranges from compressive to tensile.

U The cubic symmetry imposed by the LAO and STO due to their cubic nature while
orthorhombicity for film grown on NGO.

U The orthorhombic distortion imposed by the NGO (100) which can push the tmansitio

temperature to a higher value and it has been already reported for N#RIiO

The question we have askéere is even if we tune the transition to a somewhat higher
temperature (by inducing orthorhombic distortion using NGO (100)), does the nature of transition

retain its first order character or it shows a metallic state albeit with vel, “Y 11, but finite.

Pseudocubic lattice constant (in Angstrom)

< 3.79 3.82 3.86 3.90
LaAlO; Nd,-La;;NiO; NdGaO;  SrTiO;
(Rhombohedral) (Orthorhombic) (Orthorhombic) (Cubic)

Figure 4.1 The pseudocubic lattice parameters and symmetry of substrates used and
Ndb.7La.3NiOs bulk.

4.2 Substrateinduced strain in Ndy.7Lao3NiOs3 films

In this section, we will discuss the nature of strain experienced by the films when they have grown
on different crystallographic substrates. Thaax diffraction (XRD)[ ¢ [scan is plotted in
Figure 4.2, where the intensity is plotted in log scale. iihes out the presence of any other phase
and the data show that the films are free from minority/impurity phases. The monitored XRD peaks

for substrates match with their standBrdggsreflection. The full width at half maxima (FWHM)
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was calculated by prming a peak fitting. The differemt [values for films indicate a change in

lattice parameters due to the substiatkiced strain. To quantify the strain-ptane misfit

strain | ) has been calculated as follows:
f =— 4(a)
Where®d and @ are the pseudocubic lattice parameter of substrate and NLNO bulk
respectively. The out of plane strairf ( ) was calculated as follows:
T =—7 4(b)

Where’ is the Poisson ratio. For NdNéOs 1i&; 18] andthe out of plane strains agiven
asx = -0.6&x . The orthorhombic NLNO film and NGO substrates can be

represented in pseudocubic notation As dypc = - @ ® and gc=—.

The XRD data show that NLNO/LAO and NLNO/STO filmase strongly textured in the (110)
direction with a similar full width at half maxima (FWHM), while NLNO/NGO film is textured
along (100) direction with a relativelpw value of FWHM. (The Millerindices of peaks from
which FWHM are calculated are givenTable4.1). The different growth directions and FWHMs
can be attributed to the fact that films NLNO/STO and NLNO/LAO have a cubic symmetry while
the film NLNO/NGO has an orthorhombic symmetry which arises from the different
crystallographic nature of tleaibstrates. In Table 4.1 the relevant structural parameters like lattice
parametersAAMA , pseudocubic lattice parameterd {, crystal structtes, strains, growth
directions and FWHM are summarized. The-ptane strain is compressive for the film
NLNO/LAO while it is tensile for the films NLNO/STO and NLNO/NGO. Theplane strain is
expected to be almost isotropic for the films grown on rhombohedral BAOX A and cubic
STOA A A substrates sinceand b can change freely in (110) directithis has been shown

for STRuQ@ (110) and NdNi@(110) films [17,19, 20]. However, due to orthorhombic distortions

(A A A, the inplane biaxial strain in the NLNO/NGO film is expected to be anisotropic. The
XRD thus establish that the substrate symmetry phaysnportant role in the film growth and

nature of strain experienced.
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Figure 4.2XRD sanof NLNO films grown on LAO, STO, and NGO single crystal substrates. The
intensities are plottedn log scales.

Due to relatively larger thickness, films are noherently strained as it happens in very thin films
(few unit cells). Nevertheless, a mismatch between substrate and film lattice constants lead to
interfacialstrainand the elaxation of interfacial straiteads to additional disorder. Thaslds to

the quenched disorder arising from a random substitution of Nd (@] &% La (1.216J) [21,

22]. This two quenched disorders woulshtribute to electronic transport in this system.

Table 4.1 Structural parameters of NLNO bulk, substrates, strain, anddWHM as obtained
from XRD curves. The subscript in FWHM shows the Miller indices for the peaks for which

FWHM was calculated.

Sample Crystal ad) [bA) |c@) |[adA) |FWHM @it | "o mmde| "o 0 oaffum -
Structure er Indices)

NLNO(bulk) | Orthorhombic | 5.403 | 5.377 | 7.644 | 3.82 - - -

[16]

LAO Rhombohedral| 3.79 | 3.79 | 13.11 | 3.79 0.27220) -0.79 0.52

STO Cubic 3.905 | 3.905 | 3.905 | 3.905 0.3Q220) 2.22 -1.46

NGO Orthorhombic | 543 | 550 | 7.71 | 3.86 0.18200) 1.04 -0.68
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4.3 Resistivity asa function of temperature down to 0.3 K

To check whether the films grm on different substrates shaaransition from PTC to NTC, the
resistivity as a function of temperature down to 0.3 K was measured in a collineg@rdbar
configuration. Theesistivity (') data for all the films are shown in a linear temperature scale in
Figure 4.3. Data have been taken in the heating cycle. At room tempeftatigréopwest in
NLNO/LAO with compressive iplane strain and highest for the film NLNO/STO whiahs

highest builin in-plane tensile strain (Table 4.1). The derivative has been used to mark the

crossover temperaturd”® from PTC to NTC behavior. The derivative Tt defines4’. A clear

crossover with welkmarked T has been seen for tfigns with tensile strains (grown on NGO
and STO, marked by arrows) while for the film with compressive strain grown on LAO, no clear
4’ is observed” for NLNO/NGO at 300 K is substantially lower than that of NLNO/STO.
However, due to rather largd” p v 1, at lower temperature of the film, rises rapidly on
cooling and fod v T#, it becanes larger than that of the NLNO/STO film.

O NLNO/LAO
* —fit
O NLNO/STO

R RTe TS
AH@DIDN
Z) O NLNO/NGO
— it

p (Q—cm)

I L] L) L]
0 50 100 150 200 250 300
T(K)

Figure 4.3Resistivity m as a function of temperature T for NLNO films grown on LAO, STO, and
NGO single crystalbstratesThe fitto equation4.3 are shown as solid lines.
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4.3.1 Interpretation of extrapolated zero temperature conductivity

To understand the behavior of conductivitylds 11, we have converted the resistivity data into
conductivity. Conductivity, “Y data for the three samples for the entire temperature range (0.3

K - 300 K) are shown in Figure 4.4he films with tensile strairy, "Y shows positive temperature
coefficients of conductivity-~ 1 below 100 K, as has been seen at-tempeature limits in

transition metal oxides close to the composition driven MIT [2, 3, 13]. It is well known that the

power laws at low temperature follow the relatign , &a”Y for metals and,

., Qwn — forinsulators. For mtals — © 1tas the temperature approaches 0 K while for

insulators — © Hb asthe temperature approaches (1K2].

o NLNO/LAO
05 NiNokTo
102- : o %ﬂj’
-— 15 00 f@@mﬁ” 7
1c
;E, 1% .. NO/LAO
> NO/NGOJ
N LNO/STO
b
10'4
SR TR Y T bz
10 10 10 10
T(K)
Figure 44 2y RdzOGAGAGe 6 0 Fa | FdzyOldAz2y 2F (SYLISNI

LAO, STO, and NGO single tatysubstrates. The inset shows the derivativekW—as a
function of temperature for T < 10 K.
To establish that the conductivity though low, reaches a finite va®ar (I_E,i "Y  m fwe

have plotted the derivativ®@ k —— vs 4 in the inset of Figure 4.tor 4 p 1 [18, 37]. For

an insulator]O E,i"Y mdue to activated nature of the conductivity, @ndliverges agt © 18
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On the contrary, whep "Y approaches a finite value however small it byl E,1"Y T,

7 O mas4 © 1t Inset of Figure 4.4 shows that in all the three films indée® mas4 © 1
signifying a finite zero temperature conductivity. This establishes that at low temperatures in all
the three filmd _E,I"Y 1@ or NLNO/LAO I E,I "Y* 300 S/cm, in films ith tensile strain

» Y though finite are very low, particularly in the film NLNO/NGO.

The data thus support the hypothesis that a combination of physical factors like the strain, lattice
symmetry, as well as disorder can make thel Mbntinuously tunable close to a critical
composition on La substitution and the fistlerMIT seen in NNO is not observed. In general,

in a disordered system, it has been shown that strain, hydrostatic pressure, as well as disorder, can
tune in a contiuaus MIT as has been shown inSisystem close to the critical P concentration

[1, 23-26]. This is also well documentedrfother disordered oxides-fl 8-10]. In La substituted

NLNO, approach to the MIT thus assumes the nature of a disordecoamglosiion driven

Anderson tansition.

The approach to MIT in the lotemperature regime in an Anderson transition generally follows
a power law in the metallic side of the transition [25]. ThéY vs4 data atlow T4 ¢+ is

fitted with a poweilaw inlinear scale (Figure 4.5 (a)) to derive the limiting conductivity:
L A (4.1)

The low temperature limiting powdgiw behavior starts in the three films at different temperatures.

For NLNO/LAQO it starts below 2 K. For NLNO/STO it starts below 20 K and in NLNO/NGO at
somewhat higher temperatures. However, to bring them on the same basis, the power laws have
been fitted a# ¢ + for all the films. The exponegatevolves ag decreasewhen itapproacks

to the MIT. The data aneery similar to that observed previously on a number of disordered oxides

undergoing Anderson type MIT {3, 6, 8, 9].

Figure 4.5 (b) shows the evolution,of as a function of n, which is a parameter that measures
closeness to MIT. Of particular interest is the value of p seen in the film on NGO substrate,
andhas the lowest value ¢f. In oxides with similarities to NNO, it has been seen that close to
the MIT, the exponert © p ¢ 80ften a scale of Mott minimum metallic conductivity is

used as a scale of conductivity that signals a transition to a bad metallic state. For most oxides like
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NNO where the charge density is in the vicinitypoft &8 h, *x v pm p " "Voda

Thus for the film NLNO/LAO,, * and for the other two films L .The value of
, Is also a small fraction of the parameger , L , k" hthis makes the metallic
statebelow4® a bad metallic state. We can also make a comparison, with(, k —

OTTTD TtV §.

3444 @) I 1® o
= NLNO/LAO (NLNO/LAO)
342 O NLNO/STO e
= O NLNO/NGO 10°-
E ——Fit to Equation 1 E 9
9340 7 2
£ 18 EEEEEaEEEEeEEEEEE A
o 16 b 1 (NLNO/STO)
14 I
12 y o (NLNO/NGO)
10 10 3 (o]
8 0 z 4 Lo : L] L) L] L)
0 T(Kl) 2 00 05 1.0 15 20 25

n

Figure 4.5a) The exerimental data and fit to equation 4fbr films grown on all three substrates
for the range@+ 4 ¢+ and (b), as a function of exponent for NLNO films grown on
LAO, STO, and NGO single crystal substrates.

Table 4.2 Parameter values for the fiof conductivity data to equation 4.1for the range

8 £ N 3
Sample n do (S/lcm) | A (Slcmé *)
NLNO/LAO 2.20+£ 0.2 343.28+£0.02 | 0.21+£0.03
NLNO/STO 0.24% 0.008 16.10 + 0.06 2.03x 0.06
NLNO/NGO 1.02+ 0.007 9.011+ 0.003 | 0.494+0.004

In NLNO/LAO which has the highest conductivity, the behavior is metallic in all regions (with
PTC) and the conductivity is essentially flat below 30 K with a smalhs expected from

corrections to conductivity arising from weak localization [2,25]. In this regime, the correction to

conductivity due to disorder is small and is given by [25]:

LY TovyT (4.2)
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Wherethe factorQk —, e is the electronic charge andde-phasing length scale) is related to

the Thouless length .4 T . From weak localization theory, when the interaction effect is
weakrl T o0 ) experimentally observed ¢& 4 A AtigA is very close to the expected
value of Nf¢. The accuracy of the estimation &fis limited due to very weak temperature
dependence. In NLNO/STO, the expon&nt T& T1is somewhat smaller than what is expected in
this regime when electreglectron interaction is associated with wealal@ation. The value of

¢ is %2 in such cases. In this case, thegphdasing length is such that it is dominated by thermal
effects. As the transition is approached, the exponent in many oxides approaches a &alue of
pXo, which has been explained as apanent in the metallic side close to the critical region of
MIT [1]. It may happen that the Thouless lengtmuch greater than the thickness of the film. In
that case, the dominant length scale will be determined by the thickness, being smaller than
Thouless lengthrhis may also modify the exponent. There is no theory available that explains the

evolution of the exponent in such a confined sample size.

4.3.2 Hightemperature resistivity data § {°): A transition from Fermi liquid behavior
to non-fermi liquid behavior

The resistivity” “Y data in the temperature range 4° for all the three films are fitted with a
powerlaw of 4 to check whether there is a N&ermi Liquid (NFL) behavior present in these
systems. Past studies on NNO films withmpressive strain have shown the existence of NFL

behavior [27, 28]. To investigate this, the data are fitted to the equation below:

z

Y — (4.3)

where”” Y " 04 and” s a parallel high resistance when resistivity approaches the
Mott-loffe-Regel limit [27]. The value of exponemtis 2 for a Fermi Liquid (FL) andfor aNFL

[27]. B defines the strength of electrefectron scattering. The fit of the data i®wh in Figure
4.3 as solid lines. The results are tabulated in Table 4.3.
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Table 4.3 Parameterobtained from fit of high-temperature resistivity data to equation4.3

Sample m Z v+ (e Yen) z ( m¥m)
NLNO/LAO 1.43£0.10 0.060 £ 0.01 3.22 £0.03
NLNO/STO 2.14 +£0.01 0.086 £ 0.01 55.02 £ 0.19
NLNO/NGO 2.01+£0.06 0.029 £ 0.02 9.80 £ 0.27

It can be seen that the films with tensile strain have ¢8 However, for the film
NLNO/LAO, & p8& bwhich is close tod  -. The observed behavior in NLNO/LAO is in

conformity with the observations and proposed stdaiven phase diagram for NNO [27].The
observed” in the NLNO/STO and NLNO/LAO films are similar in order, while in
NLNO/NGO, it is somewhat smaller althglu of the same ordér. is proportional to the inter
band spacing, which arises due to the formation of conducting channel because-lmdiridter
scattering [27].Typical values for Melvffe-Regel Imit (* ) for nickelates is 0-® . 3 -cmY
[27, 28]. All the films here show  ” suggesting bad metallic nature of films. The value of

seems to depend on the bdtstrain. It is largest in the most strained film NLNO/STO. For
the films NLNO/STO and NLNO/LAO, the observedfromthe hightemperature fit is very close

to — obtained from the conductivity data below 2 K (see Table 4.2). Interestingly, due to the large

temperature variation gfin NLNO/NGO,” L —.

4.4. How good are the metallic states?

All three films showmetallic behavior at high temperaturé ( 4° , but they have different
resistivity. The film NLNO/NGO shows a very low conducting (highly resistive) state béfow
We ask the question of whether we observe an anomaly in the DOS at Feri@i (évéD . We
obtained a measure 6f O from the tunneling conductance da@xn measured as a function
of biasw applied to film as the tip was grounded with respect to the film. Thewdata for the
films at room temperature and 120 K are shown in FigueFor all the films, the tunneling
conductancéQ® has a parabolic dependence on dhsis expected for tunneling of electrons

between two metal electrodes (tip and the film) through the symmetric trapezoidal barrier. Any
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asymmetry in the trapezaitibarrier would lead to an offseb ) from parabolic behavior at low
bias [29]. Due to the asymmetric nature of e w curve, the tunneling data are fitted to the

parabolic equation that incorporates[29]:

Mw | o0 o o 4.4)

wherg is a measure of DOS,is related to mean barrier height ands the offset from parabolic
behavior due to the asymmetric trapezoidal barrier. The quadratic term containsca tesin
accounts for any small shift of the minimum'&f& from the origin. The fit to the data are shown

as solid lines and the parametef$ h are obtained. The values @f as obtained from the fit
(shown in Figure4.7 (b)) is small and negativéddeviation from parabolic tunneling equati
(equation4.4) can occur if applied bias is comparable to the work function leading to a departure
from the trapezoidal barrier and also if the bands from whégdtrens tunnel are narrow-pands)

so that assuption of a flat DOS cannot be made.

In oxides like NNO, the d band (hybridized with*Narbitals) has a width f1 eV. The tunneling

conductance has been measured with a bias V < 0.2eV. At this small bias deviation from parabolic

tunneling, the equativis not expected. Sin¢eis a measure af O h — as a function of T

wouldi AAOCOBRA T b A OGVOMEOMA@ED B Data for the three films are shown in
Figure 47 (a).

Note: To rule out the possibility of the offset coming frloraadband noise or offset in preamplifier
gain of the STM unit, we have recorded thé ¢tharacteristics of an artificial tunneling simulator
(Resistance 100 MY) in a narrow voltage rangeé

observed. The detailedeasurement circuit is given in the experimental section of chapter 2.
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Figure 4.6Q — as a function of bias voltageat 120 K and 293 K for the three NLNO films.
The lires through the data are fit togeiation4.4.
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Figure 4.7a)

as a function of temperature for the three NLNO films and (b)The variation

of w as a function of T in alhe films. The magnitude @b is less than 20 meV.

For the NLNO/LAQ O O is more or less temperature independent as it should be in metal,
barring a step decrease at around 150 K. For NLNO/SWhich has a distinc” the 0 'O

shows a drop below 150 K as well. Interestingly, the temperature range is close to the teenperatur
478 In NLNO/NGO, which lies closest to the Miboundary, there is a large dropinO on

cooling even in a state where the resistivity shows PTC. In a strongly correlated metal, it has been
shown that due to electraglectron correlation the DOS cha depressed close to the Fermi energy

'O and it also has a temperature dependence where the depression©lcsght@ancesn cooling

[13]. The tunneling conductance data thus establish that the NLNO/NGO differs strongly from a

conventional metal du® strong correlation.

4.5 Effect of disorder: Magnetoconductance at low temperature (T < 2 K)

In this section, we discuss the magnetoconductance in all theadntss apotent tool to study

MIT and electron localization. Two factors with opposite signs can contribute to the
magnetoconductanceM(C) close to MIT. The quantum interference (QI) arising due to
backscattering in a disordered metal leads to weak localizatidr). (@ is suppressed in an
applied magnetic field due to lack of timeversal symmetry. fis leads to a positive M(This

we refer as WL contribution80]. The other contribution arises from localized spins. Near the
MIT, localization of electrons leads the formation of localized spins at energies close to the

Fermi level [25, 31, 32]. The localized spins can lead to weak magnetism and can also participate
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in electron scattering, giving rise to negative MC. Since the contribution comes from the exchang

correlation of spins at a different site, we refer to this contribution as EC.

The films studied being close to the transition region (at least 2 of them), the MC is expected to
have comparable contributions from both the effects. These two contributitraddup and

would give rise to a netrivial dependence of MC on the applied magnetic fi&d Since direct
measurement of weak magnetic moments through magnetic measurements (like magnetization) in
such films become difficult, the MC measuremegite us an alternate way to gain information

of the existence of spins in such filnThe MC data are shown in Figur&84t 0.3 K and 1.8 K in

all the three films. The magnitudes of the MCs are small and they decrease rapidly above 2 K. At
0.3 K at a feld of 8 T (data not shown), the maximum MCs observed are 1.1 %, 3.9 % and 8.0 %
in the films NLNO/LAO, NLNO/STO, and NLNO/NGO respectively. In all the filmsat v +,

— 1 P For this reason, the data anadysi restricted in the temperature rangioty 2 K.

In general, the contribution of WL to ME&-) has a characteristic dependenddO[37, 40]. The

EC contribution to MC is given by the phenomenological relatioriO 02 :

where O is field required for spin alignmef1-32]. FofOl O, — 'O saturates. At low field

(OL '0),— "0x 08

Assuming that the MC contributions are additive, the MC is fitted to the relation below:

6 "YUO (4.5)

whereA(7) and B(T) is temperature dependent but field independent constants.
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Figure 4.8Magnetoconductance data for all the films at 0.3 K, and 1.8 K. The solidHioeg
the data are the fit to quation 4.5. Individual contributions are shown by dotted lines.

In Figure 48, the two contributions are shown separately. The coefficiedtd @ decrease on
heating (Table 4) leading to weakening of MC on heating. In the case of WL, enhanced

temperature leads to enhanced thermapfigsing and the fielthduced suppression of WL
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becomes less effective. This also happens with the negative MC contribution because the ground

state spin population decreases at a higher temperature.

The values of MCs have a small dependence on the direction of field scansuffield field

down scans) in films NLNO/ STO and NLNO/NGDis likely that the spins get aligned by the
random anisotropy fieltbadingto hysteresis in MC for the field szaip and scawlown. In order

to keep the state of the film unaffected by the history of the applied field, the data shown are for
field scanup direction only. The values @ arex 0.4 T, 0.05 T and 0.17 T for NLNO/LAO,
NLNO/NGO and NLNO/STO respectiie In all the three films, the values '@ are temperature
independent which strongly suggest tiatmay arise from local anisotropy like a random field.
The values for the coefficieitfor the films on NLNO/LAO and NLNO/STO are low. However,

for the film NLNO/NGO which is on the verge of becoming insulating, the coeffidestmuch

larger. Stronger localization of electrons in NLNO/NGO leads to enhanced effects from localized

spins.

Table 4.4 Fitting parameter "A'H1 “Aobtained from fitting data to equation 4.5 for the films
for field scan-up H (0-3T).

T(K) (NLNO/LAO) (NLNO/STO) (NLNO/NGO)

A B A B A B
0.3 0.005 0.005 | 0.0028 | 0.015 0.012 0.033
1.8 0.0047 | 0.004 | 0.0015| 0.005 0.004 0.010

4.6 Discussion

The main results obtained in this chapter establish that the resistivity upturns in films NLNO/STO
and NLNO/NGO below the temperatwédo not mean entry into an insulating state, rather there

is an entry into a metallic phase with NTC but a finiteL ,, . The results also establish that
even with the same value @f 1@ in NLNO the limiting resistivity at © 11, can be tuned by a
factor of nearly 40 by changing the strain, substrate symmetry, and the orientation of the films
grown. In particularthe presence of orthorhombic distortion (as in the film NLNO/NGO) appears
to have a strong effect that it almost drives the film to a critical region of MIT. The observed MIT
has the features of an Anderson transition (continuous transition) in coatfast-drder Mott

type transition seen in NNO. The La substitution in NNO close to the critical composition thus
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changes the nature of the transition. The n this case, turns into a cresger temperature that
marks the change from a PTC region toNilfC region.Theoretical investigations on the half

filled Anderson Hubbard model have shown that the resistivity scaling strongly depends on the
strength of interaction and disorder [14]. Also, the quantum corrections to conductivity at lower
temperaturehave been seen in disordered Ladi€ystem and modeled as electeactron

interaction and ® weak localization [10].

In the three films we have studied, the effect of strain, as well as substrate symmetry, play a
dominant role in deciding the naturktbe lowtempeature transport. The highealue of” in
NLNO/STO compared to that f in NLNO/NGO can be understood in terms of stiaiduced

‘Q orbital splitting [27]. Tablel.1 shows the magnitude of strain is highest for NLNO/STighet

tensile strain in the film NLNO/STO leads to higher while it is independent of the disorder.

If the magnitude of strain is solely responsible fardhe would expect highef Tor NLNO/STO.
However, the crosever temperature is less thdrat of the NLNO/NGO. Interestinglydue to

higher T in NLNO/NGO films, its resistance starts to rise in this film much faster than that of
NLNO/STO films when cooled to lower temperatures and eventually in NLNO/NGO the
conductivity, becomes lower than that of NLNO/STO by a factor of nearly 1.7.

Recent work on the NdNgXilms grown on NGO, Lanthanum aluminaggontium aluminum
tantalite (SAT) and LAO substrates, which possess orthorhombic, cubic and rhombohedral
symmetries respdaetly show that the transport properties change drastically and depend on the
tilting pattern of oxygen octahedra at film/substrate interface. It has been suggested by imposing
the specific tilts of oxygen octahedra using NGO (111) substrate, the MITleqarsbhed to 335 K
[33,34]. Thus the unconventional direction of substrate used for growing nickelates film changes
the transition temperature dramatically. The existence of highiarNLNO/NGO likely happens

due to substratenduced lattice orthorhombdistortion which is consistent with the earlier results

on NdNiQ; [17]. In our case, the (110) direction of NLNO/STO allows theplane lattice
parameters to get fixed with the substrate, Koster et. al suggested for such casesdb&ahiOra

can rotag freely in the irplane diredbn and the rotation follows al&er tilt (dac®) [19-20]. In

that case, the orthorhombicity® p, while for the film NLNO/NGO with growth direction (100),

the Abo parameter is fixedut oot hethsuplsamatiad -

from XRD (532 angstrom). For this film- 1@ x hplower - means more orthorhombic

distortion. It is thus clear that the substriaiguced orthorhombic distortion makes thehigher
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for NLNO/NGO. Note: While prearing this thesis we came across a recent thesis by Jennifer
Fowlie, where an unusual discontinuity imTas been observed near x = 0.2 for-N@NiO3
solid solution, and this composition was identified merset for firstorder phase transition [35].

The observed MCs in NLNO films though very small have distinct behavior that has not been
observed before in nickelates. The MC shows a contribution from the weak localization and
contribution arises from the@fmation of local moments at energies close to thet Ehe approach

of MIT. The two contributions addp and give the nefrivial temperature dependence of the MC.
Both the components are enhanced adecreases and MIiB approached. The appearance of
local moments close to the critical region is an important hallmark of Anderson Transition [25].
The MC result thus reinforces the inference that the substitution leads to a regime of Anderson
type transition.

The results presented in this chaptbowthat transport properties have dominant contributions
from strain, as well as substrate lattice symmetry. The strain is responsible for tuning the transition
from compressive (NLNO/LAO) to tensile strain (NLNO/STO or NLNO/NGO) but the substrate
symmetry andrientation plays an important role in the case where transport is investigated on
films experiencing tensile strain (NLNO/STO and NLNO/NGO in this case). This, however, masks
any systematic dependence on the disorder. Nevertheless, there exists alisbedef in the

films.

4.7 Conclusion

In this chapter, we show that the first order MIT (like a Mott transition) in NdNt@nges its
nature when Nd is substituted by La close to the critical region of a composition driven MIT as in
an Anderson type traition. The distinct i changes to a cross/er temperaturd” that marks

a change from a PTC of resistivity4t 4 to NTC of resistivity at a lower temperature. The
transition carbe further tuned by a combination of factors like strain, substrate symmetry, and
guenched disorder. Probes like structural study and introduction of controlled disorder would help
further the scientific community to understand the detailed underlying meohar such a
phenomenon. A further detailed crystallographic analysis is necessary to understand the effect of
strain and lattice symmetry on the Ni@ctahedra in NLNO films. Also, introducing the disorder

in a controlled manner retaining other factonshanged would clarify the role of disorder in MIT

of such systems (In the chap@we extend our investigation in this context and discuss the role
of disorder in the context of MIT).
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Chapter 5 Electroresistance in NdNiQ films

In this chapter, we discuss the electroresistance effect observed in thesNitivig@rown on the
SrTiOs (111) single crystal substrate using pulsed laser deposifitie film shows metal
insulator transition nea20 K. The resistivity measurement down to 10 K at different current
shows suppression of resistivity nearlyan order without affecting the metimsulator transition
temperature. To rule out the possibility of such suppression in resistivity due to Joule heating, we
have performed currenhduced resistivity switching measurement which shows a transient
behavio of the resistance. In additiomw that, the continuousV and plsed }V measuremerst
show the absence abule heating contribution below a certain current (1.8 mA). Even at highest
current bias, the maximutemperature rise is 1K, which is insuffi@nt for such a change in
resistivity by an oder. The results thus suggebat the observed effects are due to the intrinsic
electroresistance effect in the NdNi@m. We discuss a certain scenaafthe phase cexistence

of the high temperature melialand lowtemperature insulating filaments that may lead to this

observation.
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5.1 Introduction

As discussed in earlier chapters also, the mesailator transition (MIT) in rarearth nickelates

can be modulated widely using a number of physical parameters like subuitated strain,
electric field controlled strain, lattice symmetry, ete7]1In rareearth manganites like LaMnrO

as well as in holeloped LaCa/SFMn-O systems, colossal electroresistance effects have been
observed and reported by a number of authedb|8Further, it has been shown that in some cases
the metalinsulator trangion temperaturéTwm) can be modulated by the current bias while for
some of the cases theTremains unaffected [12]. The different literature existed in this context
have a different interpretation. Whereas, the exact interpretation of such restilisiebatable.

In many cases, it has been understood as a consequence due to the ion ionization mechanism, hot
electron theory, and eexistence of different phases-I8]. However, for most of the cases, the
melting of charge ordering state was accodrite the suppression of resistivity nevertheless the
phase ceexistence of ferromagnetic metal and the antiferromagnetic insulator also plays an

important role [12].

Observation of colossal electroresistance motivated us to look into the electroressstalycof
thenickelatedNdNiOs. Notwithstanding the differences bidNiOz and LaMnQ in terms of basic
physics of the insulating state, it is felt that destabilizing the MIT in NdKiyCa current/electric

field will lead to new phenomenology that has not bestimvestigated in the nickelates. Though

it's debatable, the insulating state of the nickelates is interpreted as a charge ordering state. It will
be tempting to see how elactcurrent acts on charge order state in the nickelates. Yet another
reason to look into the electroresistance phenomenon is the phaséstence of the high
temperature paramagnetic metallic state and the low temperature antiferromagnetic insatating st

in NdNiOs system [16].

In this study, we have grown the NdNim on different SrTiQ single crystal orienteon of
(100)and (111). Irboththe films we have seen suppression of resistivity on the application of the
current bias without affectingpé Twi. We report the detabresults on filmthat isgrown on (111)
orientation of SrTi@single crystal substrate [17, 18]. To understand the electroresistance in this
film we have alscstudiedthe current induced resistive switching using a-texel pulse train
measurementTo avoid the dule heating phenomenon we have also incorporated the ptNsed |

technique that mitigatdbe bule heating contribution. In the pulself kechnique, duringhe off
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state of the pulse, the dissipated power will drain out of the system to the Cu base that mounts the
sample through the intervening Ge Varnish and N grease interfaces [19, 20]. This will lead to
cooling down of the filml-V, Pulsed 1V and curretrinduced resistive switching dataeretaken

in 2 probe configuration @ween probe 1 and 3).

5.2 Resistivity as a function of temperature at different current

The films were deposited by the pulsed laser deposition (PLD) technique as descciinezotén

2. The reciprocal space mapping (RSM) shows that the film is highly orientediri fhedirection

of the substrateThe pseudocubic (103) Bragg spot further suggests that the films are partially
strained relaxed. The 3 pum atomic force microsc@pEM) micrograph shows the surface
roughness of the filns nearly 0.44 nm. In Figure @e present the results of RSM and AFM.
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Figure 5a) The reciprocal space mappisSMpand (b) the AFM image of the NdNi®m grown
on SrTi@(111) single crystaubstrate.

The resistivity as a function of temperature at different current was taken in a collineardoer
configuration down to 10 K. The initial current range used for the resistivity measurement was
from 1 pA to 5 mA. The upturn in resistivity all as the change in the slope ef was identified

as the metainsulator transition temperaturen(). For the films used in the experiment tha T
was observed at 220 K as can be seen from Figutés) and (b), in particular, the insetfFogure

5.1 (b) where we have plotted the zoomed version near the transition region.
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Figure 5.1(a) The resistivity data as a function of temperature for different current bias and (b)
corresponding— for NdNIQ film grown on SrTi®(111) single crystal substrate (Note the

logarithmic scales). Inset shows the zoomed version of (b), around the transition region. T
identified as the crossing of two lines viz. change in slope.

The resistivity plot shows a very important result tihare is no change in theaTon changing
the current bias as shown in Figure 5.1 (a). The'dataY as well — “Yboth shows no change
in Tmi but there are changes in resistivity. To accentuate the changes more and to identify the T

we have potted the zoomed version of the on a smaller scale. The data thus shows thaisT

unaffected by the current bias. Further, it shows that the softening—oin temperature
dependencegs can be seen in Figure 5.1 (b). The onset oérsiofy moves to highemlueswith

higher current and—© Tttat the highest measurement current.

Figure 5.1 (a) also shows a monotonous decrease in resistivity bgloon The application of

high current bias. Figure 5.2 shows that contour ploteofekistivity as a function of temperature

at different current bias. The resistivity data reflects a change in the resistivity by a factor of nearly
90 % on application of highest and lowest current (1pA and 5 mA) at 10 K. This sutgeste

observeduppression of resistivity on the application of high current is due to the electroresistance

effect. The electroresistance was calculated as

ER (%) =— pTmnm (5.1)
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and plotted ag¥ Zas a function of temperature. Figure 5.3(a), we show the electroresistance
calculated from the resistivity data forgh (5 mA) and bw (LHA) as shown in Figure 5.1 (an

enormous change in the elec#sistance has been observed.
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Figure 5.2Contour plot of the temperature for NdN#@iIIm grown on SrTi¢(111) single crystal
substrate at different current bias.
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Figure 5.3a) The resistivity data for the lowest and highest current and electroresistance as a
function of temperature for NdNi&Xilm grown on SrTi€(111) single crystal substrate and (b)

Electroresistance as a function of current bias at 10 K and 220 K tespec
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Below the MIT, particularly at lower T, the electroresistance is substantial and increases with the
bias current. In contragihe effect is small at the MI transition temperature and does not have a
clear dependence dhe current biasThis is shown in Figure 5.3 (bQur results show that the

Twm remains unchanged even on the application of a high currerdfinaarly 5 mA.In Appendix

C (Figure C) we show that on the application of the high current bias, the suppression in the
resistivity for NdNiQ film grown on SrTiQ (111) substrate without affecting thgTs consistent

with the NdNIiOs film grown on other orientation (100) of SrT3®ingle crystal substrate.

For materials that show negative temperature coefficient ofivétyi$— 1T such a suppression

of the resistivity can occur from Joule heating. We show below to what extent Joule heating affects
the data and establish that a good part of the observed data is not a consequence of heating arising
from Joule heatig. In our experiment, &hange in sampleurrent from 5 mA to 1 pA changes

the dissipated power by nearly 6 orders of magnitude from 15 mW to 6.75 nW at the lowest
temperature measured 10 K. In conventional wisdom, such a significant change isiplagiioigs

power may increase the tempera of the sample due to theule heating, which may also
suppress the resistivity of the insulating state. Nevertheless, if these effects are intrinsic and are
not an aifact due to theallle heating, one would p&ct a current induced resistance switching

in such systemsimilar to thatobservedn manganite systesj10,11] In later sections, we will

address these issues in details.

Briefly, one way to separate out the Joule heating effects is to use pulsed currents with small duty
cycles (~20%) anth such casegjuring the OFF period the film can cool down if there is any
heating. If the data is now taken with different duty cyble ¢lectreresistance will become a

function of the duty cycle. In the sections below we follow this procedure.

5.3 Current induced resistive switching

To understand the suppression of resistivitytteapplication of different current bias, we have
adoped the pulsed current techniqgue and measured the resistivity withlavaurrent pulse

as a function of time. This type of measurement is also called as the current induced resistivity
switching in the literature [&80]. In Figure 5.4we show the schematic of the current induced
resistivty switching measurement @pplication of a twdevel pulse train. The input current pulse

after passing through the samples shows a transient response. In our measurements, the choices
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of high and dw current values were made from tR¢ tata (As shown in the next section). The
choice has been made on the following consideration, (1). At such value of currenig,datl
doesndt show any hyvsstlimear éosthedow eufmat vehietit is noplideéar. T h e
for the high value of current. Thus taking th¥ Hata as a guide, we have fixed the minimum
current (hin) at 1A and the maximum currenkg) at 1.8 mA. In terms of power at the lowest T

of 10 K, this leads to the power disation of nearly 10 mW.

| ‘ | |
| | b

_— 4

I|-:-1.'|.'

Inieh

I|-:u1.'|.' I|1'| eh

Figure 5.4Schematic of twdevel currentinduced resistivity switching.

The adoption of this techniquerther allows us to record theule heating also. In our C++
program for data acquisition, the switching time between highlew current pulses was set

approxi mately 167 ¢s. The instant voltage r e:
sampling time of 20 ms and a precisiorefdigits resolution [21]iImportantly there was no filter

used during the data acquisitias it would contribute a delay time to the measurements. The time
constant of the RC circuit formed due to the samples resistance and cable capacitance (300 pF)
and other spurious capacitance was nearly 4 order of magnitude less than the sampling time. In
Figure 5.5 we see that the resistance of the sample changes reversibly on the application of the

pulse train and is shown for four cycles.

Figure 5.5 further suggests that the resistance takes some time to reach a steady value. In our data
acquisition pogram, we have used the ON/OFF states time such that for high as well as for the
low pulse the resistance reaches a timgepement steady value. As mentionedthe previous
paragraphthe samples resistance value of nearly 14000 ohms and cable capa@fa300 pF

would lead to a time constant 4.2 ps, which is much smaller than the sampling time (20 ms) for
the data collection. This suggests the resistance relaxation is an intrinsic effect associated with the
sampl e and di dnféactfromtheinsteimeahtyparametds. b Figueers.6 (a) and

(b), we show the transient response on the application of the high and low current pulse. Such
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transient response of resistivity has been observed for manganites. In the context of manganites,
this transient nature of resistivity has been interpreted as a decoupling of electrons and phonons
temperature [8, 10]. Whereas in the present fraseickelatesve don 6t have an und

this transient nature of resistivity for the ant inducedesistive switching.

16000
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14000 4 : - ® L 10°
12000 4
€ 10000 ° ; 10
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E 83000 - —O— Current z
& .
£ 6000+ 10
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-10°
2000 '
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0 50 100 150 200 250 300 350
Time (s)

Figure 5.8Current induced resistive switching for Ndhflbm between two current pulses of the
magnitude dighand low. Power dissipation at the lowest currentaghighest current is 14 nW and
10 mW respectively.
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Figure 5.6The resistance relaxation of NdNifdm for two current pulses (ajphand (b) figh.

5.4 Issue of dule heating

It is important to understand whether this change in resistivity is due to the Joule heating or it is

primarily due to the electroresistaneféect. To capture the change in samples temperateréodu
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the joule heating, if any, vhave followed the relation below to estimate the temperature rise due
to Joule heating.
ya 2 1 (5.2)

whereY4 is the temperature rise due to the power dissipdtiom sample and R( —)is the

total thermal boundary resistance calculated according to the geometry of sample mounting as
shown in Figue 5.7(b), Here x is the thicknesstbé material, Qis the thermal conductivity and

A is the area. In our casthe total thermal boundary resistance can be writtefiYas 'Y

Y "Yx crease@nd the modified relation for the temperature rise can be writt&# as

Y Y "Yn creasd U . The thermal boundary resistance was calculated using the
available data of thermal conductivity for GE varnish (Thickness ~ 0.1 meg A0 mm),

Apiezon N Grease (Thickness ~ 0.1 mm, Area %)cemd SrTiQ (Thickness ~ 0.5 mm, Area 10

mm?) from manufacturers [23, 24] and the temperatigpendentvalue@® n t he cal cul at
STO was used f Dero the edrydawdrrofcrmeca ¢h@et (< 1 K/W), we have

neglected its contribution in the calculation.

As discussed above, at 1 pA current the maximum power dissipated at 10 K is 6.75 nW, and it is
insufficient for producing anyalile heating effect. Now if we assume thatehére suppression

in the resistance fchigher current is due to theule heating then one can write the dissipated
power asl ="0OY vy . According to this relation, the power dissipation for higher currenbean

written as
1 '0=1?(R (1pA) +R (1) (5.3)

where R (1pA) is the resistance corresponding to 1gA current and R (I) isesisance
corresponding to theurrentl. Below we show that the temperature sise¢ different bath

temperature for 2 mA and 5 mA.

Table 5 Temperature rise ) due to the current bias at base temperature T calculated at

two different curr ent according to equation 5.2.

T (K) | ¥ (K) for 2 mA current bias | Y4 € at 5 mA current bias
10 12.91 65.10
100 0.36 1.68

300 0.04 0.23
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Table5 thus suggests the rise in samples temperature due to the Joule heating effect is maximum
at 10 K. However at 2 mA or below, this temperature is insufficient to change the resistivity by
one order. In various systems, it has been observed that joulegheatyngive rise to the nen

linear conduction which may develop hysteresis also [12, 25]. Further, it is known that Wik |

follow a nonlinear relation for an electresistive material, we will see the nbnear behavior of

the LV curve in the upcoimg section. In nanostructured NdNi@his nonlinear conductance

below 2 K was described by the Landau Zener breakdown relation [26]. To understand the issue
of Joule heating in our sample, we have performed the two prgbmdasurement at different
temperature. We have employed two methods to take-thelata. In the first method, we have
swept the voltage continuously am@éasured the value of curremt,the second method, we have

changed the voltage in a pulse mode and measured the current (Asishéigare 5.7(a)).

25

Duty cycle =20 % ?
0 On time = 400 ms (a) o 9 ‘. (b)
07 ofrtime =1.6 s & Varnish NdNiO;

151 L N — SrTiO,

S
§ 1.04 0 p N-GreaseT_E\Mica
= i asa L Sheet

051 e

o p S U e Sample Holder
0.0 : ) .
0 10 20
Time (s)

Figure 5.7(a) The Pulsed Voltage as a function of time for the duty cycle 20 % and (b) Schematic

of the thermal mounting of the sample.

The advantage of using pulsed voltage is that during the off state of the voltage patseteted

power can be released to the metallic sample holder via Ge Varnish and N grease (Figure 5.7 (b)
shows the thermal mounting of the sample). In Figure 5.8 (a) and (b), we show the continuous |
V as well as the pulseeM data taken at differentrigperature. As can be seen from the continuous

I-V data, the 4V develops a hysteresis as the temperature decreases down Atdve the T

the FV is more or less linear as expected for an ohmic system. Interestingly, the scale of hysteresis
and the with of the hysteresis decreases significantly in the pulséddta. This suggests above

a critical current there is @ule heating in the system. In Figr@ (a) and (b) we have marked a

critical current value of 1.8 mA (which we have used as an Uppieof the current pulse train in
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the current induced resistance switching measurement as described in the previous section ) below
which all the hysteresis effects have diminished. This value of critical current does involve any
hysteresis effect in blotcontinuous and pulseeM data. In the temperature range abowe We

have limited the voltage range up to\ to avoid unnecessary heating of the sample.

—10K

, Continuous I-V ]| — s 210l [—Pulse I-V 20 % duty cyele| o«
2.5x10 "1 (a) —80K 2 (b) —80K
o 2.0x107

100 K
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-, 2 = 180 K
+«1.5x10 "1 —200K & 3 —200K
P —us5k 5 1,0x107 Pk
= 2 —230K & pK
51.0x10"1 S — 230K
o —20k ¥ 5.0x10° ek
3 - =
5.0x10"1 _;:Sﬁ s
—260K 0.0+ —250K
0.0J — T —270K T r r . —260K
0 1 2 3 4 §5—280K 0 1 7] 3 4 270K

——280 K

Voltage (V) Voltage (V)
Figure 5.8a) The continuousV sweep at different temperature and (b) The Pulsdtdfdr 20 %
duty cycle voltage pulse at different temperature for Ndiiin grown on SrTigX111) single
crystal substrate.
Further, ifthere is any contribution fronodle heatig in the resistivity data below 1.8 mA, it Wil
reflect in the current induceesistance switching data on changing thetime (T(lhign)) for a
current pulse. As increasing the-time will dissipate more energy (E = I*V*t, where E, I, V and
t representhe energy, current, voltage and on time respectively). To explore this, we have varied
the duty cycle of the current pulse. In our measurement, we have fixed imaefT (low)) for

the current pulse and varied thenk). In Figure 5.9, we have showvihe electroresistance ER

(%) =—  p m,7s a function of the duty cycle. Th& land highwere set as 1pA ah

1.8 mA respectively. The timmdependent value of resistance was used in the calculation
electroresistanceFigure 5.9shows that the electroresistance changes less than 2% as a function

of the duty cycle at 10 K. This suggests that the electroresistance effect in the sample is the intrinsic
property and there is merely angule heating in the sample at sunkasuring current. Thus, the

I-V and the electroresistance measurement shows that the associated electroresistance is not

associated with any joule heating.
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Figure 5.%lectroresistance of NdNi@iIm grown on SrTie(111) single crystal substrate as a

function of the duty cyclat 10 K.

To furthe rule out the contribution ofolile heating, we perform further analysis using pulséd |

data, in our saple, the associatedule heating can be dissipated to the base cfahmple via GE

Varnish and N grease. In that case, one can write a heat balance equation as suggested by the
Fursina and covorkers [27]:

06— — 0 0 (5.4)

60— ©Ow—— (5.5)
Usingt Y 6®¢& @ "OcwherethY h"Y® & ®are the therml relaxation, thermal
boundaryresistance, base temperature, and heat capasjigctively{27].

- - — (5.6)
The solution of thequations.6is given below27]:

YO Y —p ADB (5.7)

We have calculated the thermal relaxation time from Figure 5.6 (b) using the curve fitting of
exponential decay function, R sBxp ) +A, where A is the timendependent resistance.

Assuming the thermal relaxation is saméhi@presentase as it has been calculated from current
induce resistivity switching data. Now usitige value oft  p8t «from the fit and the value of

thermal boundary resistance as describetieprevious sectionThe temperature rise during the
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ON state of vtiage was calculated according to equati@BIn Figure 5.10we show that the
maximum rise in the temperature from puldéik nearly 4.2 which is less than the value ¥fY

(T- Ty at 10 K from Tablé, as expected for pulseM characteristics.
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Figure 5.10The rise in temperature as a function of time for different voltage pulse. The total
temperature rise is nearly 4.2 K. The pulse data was taken for a 20 % duty cycle of the voltage

pulse.

In this section, we show that the amount of temperaiseedue to the Joule heating is very small
(nearly 12 K) and such small rise in temperature is not sufficient to change the resistivity by an
order or to change theul In the next section, we discuss certain scenarios which lead to such a

phenomenon imickelates.

Note: In conventional wisdom, the pulsed data should always lower the heating effect which we
have also seen in this section. While the calculation is done from equation 5.2 uses a continuous
current, the calculation done from equation 5.7 aspslsed V. This additionally suggests that

Jouleheating is unlikely a reasdar the observed electroresistance effect below 1.8 mA.
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5.5 Discussion

The previous report of such an observation in nickef@®shas argued that the destruction of

charge ordering state due to the dc current bias essentially changes nickel oxygen bond and further
changes the tilt of Ni©octahedra environment which lead to suppression in the resistivity and
change in Ti. There isno other experiment in support of this hypothebisthe context of
nickel at es, our results dono6t b0z (SMNO)h ear |
thin film grown on LaAlQ. The results reported on SNNO shtvat the T varies monotonidby

on the application of a gh current density [28]. In contrashe observation made by us has been

seen for phasseparated manganitg29-32] where a large change in resistivity on the application

of a high current density has been observed without affecting@@932]. In thin films of the
nickelates,thefiand Neel temperature doesnodt coincide
if the destruction of charge ordering is the reason for the observed electroresistance, the change in
Twmi in reference 28s still not understood. Further, the report shows that an increase in sample
temperatue by 40 K (as a consequence ofilé heating) \wich in our opinion can really suppress

the resistivity by 4 times as reflected in the RT data provigetie authors. Thus theule heating

is likely associated with the observel@ctroresistance in the past redas.

In many cases it has been séleait the metainsulator transitiorcan be induced because of the
Joule heating, such observations are reported by many authors $ahMdilms and even for
manganites also [27,33,34]. It has been proposed in the context of manganites that thieemetal li
region on the application of high current grows while an insulating phase shrinks. Similar results
havebeenseen for the V@film under applied bias. In most of manganites system, it has been
argued due to the fact of -@xistence of ferromagnetic mbika phase and antiferromagnetic
insulating phase [29, 32]. In this scenario, nickelates show a transition from paramagnetic
(metallic) to the antiferromagneti@nsulating) phasetransition. The antiferromagnetic state is a

charge order state for the netltes.

We link suchresultsto the observation of phase-existence present in the nickelates, wtiels

been shown in chapter Ihe ceexistence of the two phases can be really affected by the applied
current. As it has seen that the electric fiddlly affects the direction of the orbitals which is
essentially an electron cloud [35]. Thus, theeggstence of the two phases will have a different

response to the electric current [36]. The electric field hence may change the orbital occupancy

110



Chapter 5:Electroresistance in NdNiJilms

which may lead to the cexistence of phases and thus different conductivity on the different

current bias. Near the MIT the population of metallic filament is large as compared to the insulating

filaments even if there is weak phase separation. As the densigutdting filaments increases

(on going to lower temperature), the current distribution would beundorm and may change

the effective electroelectron interaction and may lead to suppression of resistivity without

changing the Wi. The suggestions atle above are speculative and more definitive experiment

that can capture the changes occurring within the filtheapplication of current are needed.

5.6 Conclusion

1

The resistivity of the insulating region is highly suppressed in the applicatdiffesent

current bias without affecting the metakulator transition temperature.

Joule heating is unlikely responsible for the observed effect below a certain bias current.
The observed suppression in the resistivity without affecting the4metdhbr transition
temperature was attributed due to theegestence of high temperature metallic and-low
temperature insulating phase.

The bias dependent Raman spectroscopy at low temperature can give more insight into
how the insulating fraction changes dre tapplication of current bias. As expected the
Raman modes associated with the monoclinic structure may diminish or may get weaken

on the current bias.
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Chapter 6:Disorder induced signature of Anderson transition in a Mott system

Chapter 6 Disorderinduced signature of Anderson tansition in a
Mott system

Presence of disorddan a system undergoing a correlation driven transition is a topic of great
interest from last decade. We show that the introduction of disorder in a controlled way using swift
heavy ion irradiation suppresses the correlation driven rAellator transiton (MIT) in
NdNiGs films and makes the systdooks like a heavily disordered metal governed by weak
localization. The disorder (atomic displacement up to 2% of the total atoms) in the NdKEO

was created using 1 MeV “Arion irradiation. The extent fodisorder was varied by different
irradiation time. We show, that the pristine film shows an MIT at 180 K and consistent with the
Mott type behavior of the MIT. At low temperature, such a film shows Variable Range Hopping
(VRH) with c¢ondEor disorder, yp tal 1%0of displacedl atoms or lower the
insulating state is suppressed and the system
Supporting evidence from Raman Spectroscopy as welRag/$tudies show that these effects of
Andeson transition and proximity to a disordered metallic state persist till the basic integrity of

the NiQ octahedra is preserved.
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6.1 Introduction

As discussed earlier, being one of the oldest problems, the ima&i&dtor transition (MIT) istill

one of the interesting problems in the scientific community, particularly in oxides. The oxides are
widely used to understand the phenomenon and to probe different issues like charge ordering,
orbital ordering, spin ordering, phase separation, ahdeaf insulating states [1, 2]. In oxides

like rare earth nickelates (RN that is well known to show the first order MIT for all rare earth
except Lanthanum (La), a plethora of external stimuli can change theinsetaltor transition
temperature (Wi). While the effect of strain, lattice symmetry, pressure, and carrier doping is
widely investigated for RNig) the effect of disorder is not looked imdth much details [3].

It is interesting, as it is emerging in last decade or so that the MIBdpests of both Mott
transition and Anderson transition so that one has mixeebfider and secondrder transitions

with co-existence of different electronic phases. As it is known that the presence of disorder in an
interacting system gives rise to iars physical phenomenon-J. It is well known for correlated
metals that sufficient disorder can lead to localization effect which further decreases the
conductivity alog with an opening up of a soft g@iNote: This transition is from a metal to a
metd with adisorder that may have higher resistance on opening of a sofigmy.theoretical

and experimental woskhaveshown such behavior [8].

Theoretically near the MIT, it has been shown that for a weak disorder, the pkadstence in
thesystendoesndt change and it [blowhkrsas aniinoneasirgthe t o a
disorder, Anderson localization comes into the picture and it has a wide imp#ot phase

coexisting regime.tlwas shown that the phase-@xstence region shrinksrféhe sufficiently

strong disorder [6]We note thamost of the problems atine introduction of the disorder were
approached from metallic sidelore recently it has been shown that isovalent substitution of Ru

in Sp(IrixRw)207for m @ ™  drives the system to an antiferromagnetic metallic state.

In this case, the problem was approached from the insulating side and it has been shown that the

disorder can also open up a V shape gap in the Mott system [9].

Earlier reports show 200 MeV AY ion irradiation on NdNi®@induces strain in the sample and
suppress the metaisulator transition (W) by increasing the bandwidth of d bands [10]. It has

been shown that at such choice of ion and fluence the dominant contribution to the transport is
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mainly by strain induced by a lattice. A recent report of He irradiation on LashOws that there

is a thermal crosever from metal to insulator regime, howembe extrapolated zero temperature
conductivity rather looks finite in insulating state and e&any equal to the mott minimum

c o n d u c tndy) Yor sugh oxidés [11]. The present work is motivated by keeping the earlier
reports in mind where we would like to study how disorder induced by ion irradiation can be used
as a probe to understand the effect of localization in a correlation driven ydtatms[612].
Specifically, we address the problem from the insulating side. We would like to investigate how a
system, driven into an insulating state by corretatioven transition (e.g. Mottdnsition) can

change on introduction of disorder. In pewtar, the specific question we address is whether the
Mott type of transition can be suppressed by disorder and the insulating state can be driven into a

metallic state although disordered showing weak localization.

In this chapterthe structural analysand transport measurement were done on NegfN®IO)

films irradiated by At*ions to introduce disorder. The doses of*Avere varied with a Fluence

of 1 x 13*ions/cnt, 5 x 160%ions/cnt, and 1 x 1&ions/cnt. The irradiated films show that
transpot properties are completely dominated by the induced disardkthe disorder indeed can
suppreas the correlation driven Mottansition.Furtherconfirmation was done by Ramapestra

which shows a broadening of pedhkatcan be observed as going frooer fluence to higher
fluence. Our result thus suggests that instead-pfane compressive strain in NNO films at such
fluence the disorder plays a dominant role in transport properties and drive the system from

electronelectroncorrelationdriven Mdt system to localization driven Anderson system.

6.2 Disorder nduced by ion irradiation

To calculate the damage caused or disorder induced by the Swift heavy ion irradiation (SHII), we
have performed the simulatiarsingthe stopping and range of ions matter (SRIM) program

[13]. The density of NdNi@ (NNO) was used from the previous reports on crystallographic
properties [14]. When an ion passes through the target material, it undergoes electronic energy and
nuclear energy loss [15, 16]. In our caltidns, the choice of using 1 MeV Ar ions was made on

the following fact:

1. The availability of the ion source.

2. At this energy, the electronic energy and nuclear energy loss were minimum.
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3. At this energy, the ion travels a distance of ~ 490 nm (Thicknessrdfims were ~ 15

nm) and they donét stop in the NKBOIO)Ffi |l m

substrate.

Figure 6.1 (a) and (b) shows the electronic energy and nuclear energy loss foiotieiANNO

film. Further, the damage and vacancies created by the Ar ions on interactions with NNO were
calculated from the Monte Carlo based program called TRIM (transport of idims matter). In

Figure 6.2 we show the recoll distributions for the different elements of NNO. The knamkied

atomsNd, Ni, and O are 0.8 x100.9 x10, and 1.8 x10 ———— respectively.The total

knocked out atoms (atomic displacements) is nearlxB0% atoms/cm. Now for a fluence ofl
x10Y ion/cn?, if 99 % of the damage anneals instantly and the vacancy rate is 0.35 vacancies/
target atom (as calculated from TRIM). Thetention after thermal annealinig ~ 3.5x1G°

atoms/cm. Now dividing it with the atomic density of NNO gives a disorder of nearly 2 %.
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Figure 6.1(a) Electronic energy loss and (b) Nuclear energy loss for the NNO films.

The ion irradiation was performed in a tandem accelerator with irradiationNdgVLAr** to
achieve an ion current of 25@A. Depending on the charge state of the Ar, the ion curi@nt (

-) was calculated accordingly. During irradiation a beam 6fidns was scanned uniformly over

1 cntarea, the scanned area over the films weneitmi@d during the irradiation. The large beam
area with respect to sample size (5 mm x 2 mm) ensures uniform irradiation. The dos¥s of Ar
were varied by varying the irraation time as given in Table &he films were irradiated with a
Fluence of 1 x10*/cn?, 5 x 13%cn?, and 1 x 1&/cn? respectively (hereafter NNO1, NNO2,
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and NNO3). After the irradiatigrsamples were characterized byray diffraction and Raman

spectroscopy.
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Figure 6.2Recoil distribution of Nd, Ni and O ions on irradiation.

Table 6 The atomic displacement and irradiation tme calculated on the basis of lkence
from TRI M.

Sample Fluence Disorder (atomic Irradiation time
(ions/cn) displacement) (minutes)
NNO1 1x 10 0.2% 1.06
NNO2 5x 104 1% 5.33
NNO3 1x 10 2% 10.66

6.3 Structural study of pristine and irradiated films

To understand the effect of SHthe highresolutionf] ¢ [scans were taken on both pristine
and irradiated filmsf thickness nearly 1&m. The pristine samples were characterized using RSM
(Reciprocal space mapping and XRDhe reciprocal space mapping (RSM) shows that the film

is highly oriented in the direction of the substrate, however partially relaxed. The pseudocubic
(103) Bragg pot further suggests that the films are partially strained relaxed (As shown in

Appendix B (Figure B). The Raman spectroscopy was performed with the Argon laser
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(wavelength 488 nm) as the excitation source. Note: Due to the high backgrounsirins(
STO) substrate in Ramamsctroscopy, we have used NNO film grown on La&AIGAO) for the
Raman pectroscopy to monitor the crystallinity of the samples after irradiation. The NNO/LAO

films were irradiated with the same conditionsvaused for NNO/STO.

Figure 6.3a) Full range XRD data for pristine and irradiated films of NNO/STO, (b) Full range XRD
data for pristine and irradiated films of NNO/LAO (c) Zedmersion of the XRD along (200
direction of STO, and (d) Zoomed version of tR®Xalong (20@irection of LAO. The XRD shows

a peak broadening for the films irradiated at higher fluence.

The full scan XRD shows that film is free from any impurity phase and the oriented growth is
maintained even for films irradiated with the highest dose. Dueetelbse lattice mismatch of
NdNIiO3 (ay (A) ~ 3.81)from STO &, (A) ~3.99, the films will experience a tensile stralfine growth
direction (2209 of the films has been represented in orthorhombic notation which can also be
interpreted as (00g)in pseudocubic notatioilhe shift of the XRD peaks to the lowdr values
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