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Chapter 1

Introduction

In this chapter, we will give a basic introduction to peroiskn the context of manganites. We will
discuss the physical properties of manganite in undopedlightly hole doped regions and the un-
derlying physics that makes these system interesting. e taview will be given on some novel and
interesting electronic and magnetic properties assodatith perovskite manganites. An overview of

the thesis will be presented to highlight the main studiederia this thesis.
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1.1 Motivation

Perovskite oxides, in particular manganites, show a faticig range of electronic transport, magnetic
and dielectric phenomena which include effects such asssalanagnetoresistance (CMR), charge
and orbital ordering (COOQ), ferroelectricity, multifertdy and a number of related phenomena due to
their complicated as well as adaptive structure. The phl/gioperties of perovskites are strongly de-
pendent on its structure, chemical composition, orbitah&rge ordering, and spin distributiot, P].
"Perovskites" is the generic name for any oxides which hhgesame crystal structure as calcium ti-
tanate (CaTi@) or ABO3, where "A" stands for rare-earth elements like La, Pr, Nd,"Btrepresents
a transition metal ion like Mn, Ti, Co and O is the oxygen. TH8@ structure is the special case of
Ruddlesden-Popper (RP) phases{f8,03n+1) Which crystallize inl4/mmmor Fmmmspace group
with tetragonal or orthorhombic unit cell. RP phase can aksavritten as A, 1=,BOs+ 1=n and when
n! ¥, it gives ABG;. There are hundreds of different oxides which have thicaire and shows var-
ious electronic and magnetic properties like insulatimgiferromagnetic (AFM), ferromagnetic (FM),
ferroelectric, piezoelectric, thermoelectric, semiaactthg, conducting and probably most famous su-
perconducting 3, 4]. These oxides have been investigated for a long time duggavide spectrum of
electronic, magnetic and structural properties.

In our work, we deal with perovskites havinggt ACxMnO3 (where A = La, Gd ,C = Ca, Sr and
x varies from 0 to 0.15) composition. The manganites exhibitla phase diagram having various
electronic and magnetic properties. The study on thesdretéc and magnetic phases helps us to
gain more insight in correlated electron systems and egfifer possibilities of these material for tech-
nical applications. In these strongly correlated oxiddscteonic states are localized due to strong
electron-phonon coupling mediated by the Jahn-Teller @idtprtion leading to the formation of po-
larons. Below a certain temperatui@+), cooperative JT distortions set in and one obtains a poiaro
insulating state accompanied by a orthorhombic distortibtine lattice p—8]. The orthorhombic po-
laronic insulating state can be destabilized by hole dofxhaising divalent substitution (like Ca, Sr)

at the rare-earth site. This leads to insulator-metal itianswith long range FM order which triggers
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certain phenomena like CMR, COO and electronic phase degard hese form the complete gamut
of phenomena that make the eld of manganites so interesiihg effect of external stimulations that
perturb the ground states of these samples have been anamipesearch interest over the last two
decades], 2] and researchers have studied the effect of external sitiook like pressure9], very
high magnetic eld [LO] as well as high electric eld close t®;t in these eletronic state&]]. There
still remains some unexplored areas in electrical and ntagimansport properties of the parent and as

well as hole doped perovskites which needs detail undetistgn

1.2 Crystal structure of perovskites

As mentioned earlier, perovskite has ABSiructure where B@octahedra ("B" is at the centre of the
octahedra) situated at the body center position of the cuthe'&" at the corner positions of the cube.

The ideal perovskite structure is shown in Fig. 1.1. ThesB©tahedra plays a crucial role in the

(@)

b
o - (b) -
® o

‘B = ™ —

(Y

a
< >
< >

Figure 1.1 (a) Ideal cubic structure of perovskite oxides. (b) Distdrorthorhombic structure from
ideal cubic structure. Image fronh2].

ABOg3 structure. The octahedra can be tilted or distorted depgnaln the chemical composition of
"B" atom and B O bond length. To maintain the ideal cubic structure, the mmsitional ions must
satisfy the relation §+ro) P 2(rs+ro), Where i , rg and p are ionic radii of the A, B and oxygen
ions respectively. The tolerance facter(introduced by Goldschmidt) can be de ned to distinguish

the effects of different chemical compositions, havingnaoof different size with different doping
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levels, on the unit cell structure and it is expressettas p%) [13]. For an ideal perovskite
structure, & 1 and a small deviation (depending on the ionic radii of cositimnal atoms) from this
value leads to a considerable amount of stress. This seasds ko the displacement of atoms from
their ideal positions to minimize the free energy and a distbperovskite structure is formed. The
perovskite structures are stable within the range €.89 < 1.02 in oxides. The oxygen stoichiometry
of these ABQ compounds depend on the synthesis conditions. Most of ttevgidte manganites
(A1 xCxMnQO3) are of cubic structure withg = 1. The cubic structure is distorted by cation concen-
tration, cation size mismatch and JT effect. This distartiesults two most frequent structures like
orthorhombic {g < 0.96) and rhombohedral (0.86tg < 1). For example, parent LaMnryas a dis-
torted orthorhombic structurég 0.89) below 750K havingnmaspace group. The crystal structure
of the manganites depends on the level of dopi)gthie A-site cation size as well as the temperature.
The cubic structure shown in Fig. 1.1 is realized only at a Vegh temperature. The average size
of the A-site cations plays a strong role in determining thgsical properties. This is due to the fact
that the A-site cations are relatively small, such that threaginding MnQ@ octahedra are tilted. The
presence of single valence electron in a degenerate lexds I the JT distortions of these octahedra
which also has signi cant effects on the physical propstti®ue to the reduction of radius of the A
site, BQy octahedra rotate and tilt, resulting in a decrease of th©BB bond angle §) from 180.
The hopping amplitude for carriers to move from one Mn sitth®next also decreases @seduces
from 180 (for a 9¢ bond, the hopping involving a p orbital at the oxygen is zewss the tolerance
factor decreases, the tendencies to charge localizatiwaase due to a reduction in the carrier mobil-
ity. The relevance of the crystal structure arises from #ut that in the manganites the three degrees
of freedom (charge, spin and lattice ) are coupled to eaddr.ofthus, a change in the structure (lattice)
is re ected in a change in the magnetic state (spin degremetibm) or electronic state (charge degree
of freedom) of the system. In addition, extrinsic and irdiinstrain also plays a signi cant role and
due to that single crystals, epitaxial Ims and polycrybted sample of manganites are often found to

behave quite differently.
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1.3 Cationic Disorder

The cationic radius <> plays an important role to determine the physical propsiif the manganites
or perovskites. When two or more different cations placedhenrare earth element (A) lattice site
at random, disorder is introduced in the crystal structdilee cationic disordes ? (quanti ed by the
variance of the A site cation radius distribution) and therage A site radius P are expressed as:

s%= Q(xra) <ra>? (1.1)

i

, where< ra > = §;Xra; is the average ionic radii of the ions "i" with fractional dog levels x and
radii raj, occupying the A sitel4]. For an example, in La xCaMnOj3 system, the doping leved of
divalent cation Ca controls the valence of Mn ions and theageeradius of the cations (both divalent

Ca and trivalent La) can be expressed as:
<ra>=(1 X)rd+xz (1.2)

The variation in radius introduces the distortion in latidMe have mentioned in the earlier section
that transfer integral of angeelectron between two neighbouring Mn sites is mediated kyQh2p
orbitals and hence the hybridization between Mn 3d orbéals O 2p orbitals is sensitive to the lattice
distortion and tilting of the Mn@ octahedra. The distortion increases with the decrease pf >
which causes the narrowing of band. This will localize the itinerant electron and the systwill

become more insulating.

1.4 Electronic structure of perovskite manganites

The physical properties of the parent and doped perovskiteganite system strongly depend on the
electronic structure of the transition metal ion. The titms metal ion Mn in isolation has an active
d shell with ve degenerate levels. In the case of manganégash Mn ion in the perovskite structure
is surrounded by an oxygen octahedra. These degenerale detaffected by the crystal eld of the

surrounding oxygen ions. The degenerate N8d orbitals , placed in such an octahedral coordination,
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get separated into lower lyingg states and higher lyingyestates 15]. The splitting of the degenerate
d levels are shown in Fig. 1.2(a). This crystal eld spligitD:t) between theo and g states is

about 1 2 eV. The Mn ion in manganites can be in its 2+, 3+, and 4+ idiumastate corresponding

a2 g2
(a) g ——:1___ [ 2 “1Ayr
d « Acf
tag et Yz, T2 ]
spherical cubic Jahn-Teller
crystal field
2 !
(b) C ) O O a .,'?:\/'
o Mn°t /iy
'® { r‘\’
- i L) "
QO e . Oy 077 /0 . O -
I S 3 ‘w._(\ .......... P
) Z N \/
A Y , %
(:\ Sx /‘ ('...
O
+

Figure 1.2 Schematic diagram of (a) the crystal eld splittinB¢¢) of Mn d levels into g and bg
levels. Further splitting of glevels occurs due to JT splittin@{t) and (b) JT distortion of the Mng
octahedra. Image fronif.

to 5, 4, and 3 electrons in the 3d level respectively. Thetelas in the £g levels form a localized
core spin of magnitude 3/8g, whereng is the Bohr Magneton. Any remaining electrons occupy the
gy levels and may be localized or delocalized/itinerant. Daliaation of the Mn g electrons occurs
via the intervening oxygen O 2p levels. If there is a singebn occupancy (for Mii) at g level,

the electron suffers a JahnTeller (JT) distortion whichsesua deformation of the oxygen octahedra
surrounding MA*. This distortion lifts the degeneracy of thg levels, which in turn results in the

lowering of energy of the electron (shown in Fig. 1.2(a))orijation of the octahedron along the axis
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through the apical oxygens favours occupation of the 32 orbitals, while compression along the
said axis favours occupation of thé x y? orbitals, of the Mn. The JT effect therefore mediates a
coupling between the electrons and lattice (phond) i manganites. Typical range of JT splitting
energydy;t  0.25 1.5eV. JT distortions can also lead to the localization tieowise itinerant g
electrons by forming lattice polarons with them. In the cakéhe parent compound LaMnrQ Mn
atom has onegeelectron which get localized due to strong JT distortion #nedFermi level lies in the
gap opened in the conduction band. Strong JT distortiongagth onsite Coulomb repulsion (U) as
well as charge transfer energy plays a crucial role to maiesyistem like LaMn@insulating. In the
insulating state, thegeelectron carries the distortion as it hops from site to sigating a JT polaron.
When electron vacancies or holes are created (due to theresf Mrt*) in the g orbital states by
divalnet atom substitution, thg electrons can be itinerant due to the lowering of JT effebusTit can
play the role of conduction electron. This hole-dopinyyrocess thus corresponds to the creation of

mobile Mrf* species on the Mn sites and increases the conductivity cfytsiem.

1.5 Magnetic interactions in manganites

The transition metal ion in perovskite oxides plays an intgoatr role for determining the magnetic
structure as the direct exchange interaction between tienda not possible due to the intervening
oxygen. In case of manganites, magnetic interaction dependhe exchange interaction between the
Mn ions. Wollan and Koehler (1955) published an extensivetnoa diffraction study of the series
of Lay xCaMnOs identifying the type of magnetic order displayed by the eachpounds and built
the rst magnetic structure based phase diagram for the ardtes. These interactions are relatively
large between the two Mn spins separated by an O atom and at®lted by the overlap between
the Mn d orbitals and the O p orbitals. Goodenough and Kanigonaposed some rules with rigorous
mathematical insight for different magnetic interacti@tzurs in manganitesl§]. They suggested
that if neighbouring Mn ions point their empty orbitals tods O, then Mn-Mn separation is small

and coupling between Mn ions is AFM or the interaction is sepehange. Superexchange is a very
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common interaction in most of the oxides mainly in insulgtmagnetic oxides where the magnetic
interaction between adjacent ions is mediated by interatedionmagnetic ion with a closed shell.
The intermediate ion is £ in superexchange. If two orbitals on adjacent ions pointarols each
other, with one orbital fully occupied and the other orbitaving a vacancy, then the electron will
spend part of its time in the empty orbital on the other ior. the case of the manganites, the orbitals
involved are the vacant Mny@rbital and the occupied O 2p orbital, and so it is the O 2ptededhat is
"shared" between the two ions. This virtual transfer of fleeteon is what characterises superexchange.
This mechanism leads either to a FM or an AFM alignment of fiess depending on the occupancy

of the Mn orbitals as depicted in Fig. 1.3. There is strong digoupling between the core Mpgt

Mn3+ OZ» Mn4+

— © —

Figure 1.3 Schematic diagram of spins and orbitals arrangement inrexpleange. The orbitals
involved are Mn g and O 2p. The dashed arrows represent the virtual transfiee@lectron between
these orbitals. This means that the electron is located @otiigen ion for the majority of the time
but can be found in the manganese orbital indicated by ttevarthe three panels result in an (a)
AFM, (b) AFM, and (c) FM arrangement of the core manganesessgaspectively. Image froni§].
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spins and anygelectron(s). There are two cases to consider, namely wieeNlthe, orbital has one
permanent electron (Mh) and occasionally the virtual electron, or only the virtedctron (Mrd*).
For Mr**, the tg and permanentgeelectron will be spin aligned (Hund's rules), so that spirthof
transferred electron has to have the opposite sign, asreeghy the Pauli exclusion Principle. For
Mn#*, the electrons in the Mnyd orbitals align with the virtual electron from the oxygen ioBy
applying these two rules and noting that the two electroomfthe O 2p orbital have opposite spins
and the two adjacent empty Mn orbitals or two half-full oatstwill lead to AFM order, whereas an
empty Mn orbital pointing towards a half-full one will lead & FM alignment of the core Mn spins.

Superexchange always results in an insulating state. Dapgeon the types of orbitals involved, the

i =t

Figure 1.4 Schematic diagram of the double exchange mechanism. Image19].

interaction could be AFM or FM. For an example: Rn O Mn3* interaction is AFM type whereas,
Mn®* O Mn* may be AFM or FM type. LaMn@has all the Mn ions at 3+ states, it's ground state
is AFM.

In addition to super exchange magnetic coupling in theseagnaaites can also be double exchange.
The strong correlation between ferromagnetism and metinductivity in doped manganites, Zener
(in 1951) offered an explanation to understand the corcgldietween magnetism and conductivity of
the magnetic oxides2, 21]. Zener noted that, in doped manganese oxides, the two coatgpns
fi: Mn¥ O, Mn* andf,: Mn** 0O, Mn3® are degenerate and are connected by so-called
double-exchange matrix element. This matrix element snsethe transfer of an electron from Rin

to the central @ simultaneous with transfer from;0 to Mn* (shown in Fig. 1.4). Zener points
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out that the degeneracy 6f andf,, a consequence of the two valencies of the Mn ions, makes this
process fundamentally different from conventional supemange. Because of strong Hund's cou-
pling, the transfer-matrix (t) element has a nite valueymthen the core spins of the Mn ions are
aligned ferromagnetically, again distinguished from sapehange which favours antiferromagnetism.
According to Zener, double exchange (DE) is a magneticactaan mediated by itinerant spin polar-
ized d electrons which coupled according to Hund's rule taliae magnetic moments. The hopping
amplitude of electrons in the MnO Mn bond can be expressed as= ty cos(g), wherety is the
transfer integral andj is the relative angle between the adjacent Ipdore spins (shown in Fig.

1.5). Itis clear thatt" achieves its maximum possible valtgefor g = 0, i.e. under the Zener dou-

T cos(6/2)

Mn(il) MA(V)

Figure 1.5 Schematic diagram of hopping of electron from ¥rio Mn** site. Image from26].

ble exchange mechanism, a FM state is also a metallic stg@cal value of t is 0.2 0.5eV. Since
the electron transfer depends on the angle between neighjonagnetic moments, double exchange
mechanism qualitatively explains the relationship betwkromagnetism and metallicity in mixed
valence (La xCaMnOz) manganites. But it cannot explain the observed metal &sulransition
and CMR effect in hole doped mangnaites.

To explain the CMR effect and metal-insulator transitionmanganites, T.V. Ramakrishnan et. al.
[24] further proposed that the two fold degeneraj¢ds. - and &> 2) orbitals of Mn are dynamically
reorganized into a set of states "I" (which are localizechviétrge local lattice distortion and have
exponentially small intersite overlap) and "b" which formbeoad band by the strong JT coupling
between the gorbitals and lattice modes of vibration (of the oxygen oetiia surrounding the Mn

ions). These "I" and "b" states can coexisted microscogiaid can be in uenced by doping)
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temperature and local Coulomb repulsion (U). This modekiar all the strong interactions occur in
manganitesd4, 25]. For example, Zener double exchange theory, considelydble Hund's exchange
coupling §. However, the theory by the Millis, Mueller and Shraim&$][ additionally includes
the effect of the strong JT coupling of electrons but they considered the local JT lattice distorti
as a static disorder and neglected U. This theory also caexmiin the observed metalinsulator
transition in manganites. The proposed mo@d, 5] by T.V Ramakrishnan has an unique feature
that it consider the coexistence of JT distorted, localiZédtates and undistorted, broad band "b"
states. The theory proposed that external stimuli or sneatbpbations change the physical properties
of manganites because the "I" states, being localized dticelalistorted, are strongly in uenced by
local perturbations, which then affects delicate relasitability of the “I" and "b" states. The existence
of this localized polaronic "I" states in the presence afd¢atU" and J; give rise to a doping dependent
ferromagnetic nearest neighbour exchange couplnigedween they core spins 24,25]. This arises
due to virtual, fast hopping processes of the "I' electranadighbouring empty sites and back. The
calculations by T. V. Ramakrishnan suggest that this Mirtt@arelated double exchange between the
localized electrons is the dominant source of ferromagnetnd of the FM transition temperature

in the hole doped manganites. This ferromagnetism and tber@nce oflc is not governed by the

conventional double exchange due to mobjelkectrons as previously believe2¥] 25].

1.6 Magnetization due to divalent atom doping

In the previous section, we discuss that transfergoélectron from MA* cite to Mrf* site depends
on the angle between the neighbouring magnetic momentalddivatom dopingX) determines the
concentration of Mfit present in a doped La,CaMnOs system. Foix = 0, the material is anti-
ferromagnetic. However, asincreases, the double exchange becomes the dominantiideraand
consequently the FM moment increases. The maximum valueoofant is observed around= 0.33
where the FM moment approaches the theoretical spitly value for a FM mixture of M# and

Mn#* (calculated as (¥-) ng + 3x ng, whereng is the Bohr magneton). Ferromagnetic moment starts
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to decrease whenxis increased further. This is due to the direct overlap betwigg orbitals, which
leads to antiparallel exchange coupling because only timedgpvn states are empty. The competition
between FM (MA*  Mn*") double exchange coupling and the AFM (fin  Mn*") coupling exist

in the doping level of 0.33 x 0.5. Forx= 0.5, AFM state becomes dominant due to superexchange,
charge and orbital ordering becomes important for condngdrocess. Wher > 0.875, the charge
ordered state in LiaxCaMnO3 disappears, and the low temperature state becomes amtifegnetic

again [18,27].

1.7 Resistive switching in perovskites

Resistive switching with hysteresis in perovskite materl@ave been investigated for some time in
persuit of material that can make a Resistive Random Accesadvly (RRAM). Such devices are in
either a top-downZ48-31] or a planar structure8p—34] with a semiconducting or insulating material
coupled with two metal electrodes. The main feature of astigsi switching devices is that it has two
resistive states of high and low resistances (HRS and LR®)avparticular threshold voltagéser.
The Device switches from HRS to LRS on increment of bia¥sgt and returns back to HRS (from
LRS) at a reset bias 8keset If the SET and RESET voltages have same polarity, it is dalld@polar
switching. The resistive switching is called bipolar if tBET and RESET voltages are of opposite po-
larity. The schematic diagram of unipolar and bipolar tassswitching is shown in Fig. 1.6. In recent

il LRS

4 LRS
(@) A (b) A
I
1(A) i I(A) :
1 I

I Vsm‘ VSET ”Rg
Viisais ! ~ / S
RIL//___, HRS G S

. V(Volt)

HRS. ——% 4 V(Volt) o

= Ve W
'Vsm': oo HRS "VReser
W
LRS
\L v

Figure 1.6 Schematic diagram of (a) unipolar and (b) bipolar resistivéching.

LRS
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years, various perovskite materials have been successfuistigated for resistive switching effect,
such as Rr xCaMnOj3 [31, 33-35], Cr-doped SrZrO336], SrTiO3 [37], Lag.7Ca.3MnO3 [29] and
La; xSKMnOj3 [38]. However, the switching phenomena can be different depgnah the material.
The mechanism behind this kind of switching are differemtdifferent materials but most celebrated
are the formation of conducting lament due to oxygen vagamigration [39-41], phase separation
in transition metal oxides3b, 42-44] and Schottky barrier effect in metal semiconductor metal d
vices [{5,46]. In general, switching with hysteresis has been obsenvedanganites due to substantial
mixed valency of Mn ions (M# and Mrf*) and the oxygen vacancy which plays a crucial role to
control the valence state. Modi cations of oxygen vacangythe applied eld has been proposed as
the cause of such switching7—49]. In materials like SrTiQ the observed resistive switching needs
much larger threshold eld and the switching with memory welsited to manipulation of oxygen va-

cancies by the applied eld37]. Most of the resistive switching effects that have beerore are for
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Figure 1.7 Switching of resistance states (HR: High Resistivity, LRW_Resistivity) for single
crystal Pp.7Ca.3MnO3 in the COI state at temperatufe= 20 K, as a function of applied voltage.
Image from Asamitsu et al3p].

compositions that show FMM and COl states. An electric eiduced current switching of resistive
states effect was rst reported by Asamitsu et 8b][in a single crystal of charge ordered insulating

(COI) manganite Rr7Ca:3MnO3. They reported the existence of a threshold voltage (seee §ur)
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above which the resistive state of the sample switched tdue Vawer than that observed for voltages
below the threshold voltage. These observations amountadiore than 3 orders of magnitude de-
crease in resistivity, when the low temperature COI stateltsh (at applied voltages higher than the
threshold voltage) to a metallic state. The reason of théchimg is generally due to the tuning of
volume fraction of metallic phase (FMM) in comparison wittsillating phase (COIl). In our thesis we
investigate the resistive switching in parent manganiteiefivhave different origin than the previously

observed resistive switching in manganites or perovskites

1.8 Phenomena of phase separation in manganites

Perovskite mangnaites have very interesting phase diagiaich is rich with various kind of resis-
tive, magnetic and structural phases. The electronic gnargnanganites depends on the (i) kinetic
energy of g electrons, (ii) Hund's on site magnetic coupling betwegraed by electron spins, (iii)
coupling betweengelectrons and distortion of Mnédctahedra (JT Effect), (iv) crystal eld splitting

in the octahedral coordination, (v) Heisenberg's magnetigpling between nearest neighbour local-
ized electron spins, and (vi) the Coulomb interaction betwe electrons. The competition between
these effects results in different eletronic and magneticiigd states in manganite. For example, the
phase diagram (different electronic and magnetic phasesiatis temperatures and concentrations) of
La; xCaMnOz (LCMO) is shown in Fig. 1.8 . The phase diagrams have beentrmbed from detail
measurements of macroscopic physical quantities liketieity, susceptibility and magnetization on
single crystal and bulk ceramic samples. Even though thegotieagram is different at different com-
positions due to the difference in radii of the atoms invdlvbut they have some common features.
LCMO is an intermediate bandwidth compound and is among & studied compounds of the man-
ganite family. Schiffer et. al. gave the rst phase diagrahL@MO in 1995 [B0] but the complete
phase diagram was established by Cheong and Hwatig The rst phase coexistence has been seen
in the system of NghsLag.25Ca.sMnO3 [52]. At low temperatures, LCMO undergoes the following

transitions: the end compositions £ 0 andx = 1) are insulators at all temperatures, and canted anti-
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Figure 1.8 Phase diagram of LayCaMnO3. PMI: Paramagnetic Insulator, FMM: Ferromagnetic
Metal, FMI: Ferromagnetic Insulator, AFI: Antiferromagditelnsulator, CAF: Canted AF and CO:
Charge/Orbital Ordering. Filled and open circles indicliel (Ty) and Curie Tc) temperatures
respectively. Stars indicate the orbitally ordered Ortloanbic (O) to orbitally disordered pseudo-
Orthorhombic (O) phase structural transition temperature. Image frdn2, [7].

ferromagnetic (CAF) at low temperatures. On increasingdaeoncentration, FMI phase occurs ill

= 0.22. Betweenx = 0.22 andx = 0.5, we get a FMM state exhibiting the CMR effegt= 0.33 is the
optimal doping concentration yielding the highest ferrgmetic Curie temperaturdd) = 270 K. At

x = 0.5 where the M# : Mn** is 1:1, a CO antiferromagnetic insulating phase starts édveat low
temperatures. This phase continuesxi# 0.87, beyond which we again get a CAF regime. At high
temperatures, we get a paramagnetic insulating phase. Kial.eidenti ed a tricritical point in the
La; x Ca  MnO3 phase diagram fax = 0.4, thereby marking a boundary between the rst ordet (
0.4) and second ordex ¢ 0.4) phase transitions within the FM range (022 < 0.5) [199]. Recently,
the point & = 0.25,T; = 205 K) on the X, T) phase diagram of LCMO has also been identi ed as a
tricritical point. If Tc < T;, the FM to PM transition is second order, whileTat> T;, the transition

is rst order [54]. From the phase diagram of LCMO, it is clear that at somempfevelx, there is a
coexistence of different electronic and magnetic phasddtaphase boundaries are not strictly clear

as these phases always coexist and compete with each otktern& stimuli like pressure, electric
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eld, magnetic eld and strain also plays an important robecontrol these phases.

The physics of manganites appear to be dominated by stateardh microscopically and intrin-
sically inhomogeneous. This is due to the several physitatactions such as spin, charge, lattice
and/or orbital being simultaneously active. The resultthebretical calculations have led Dagotto et
al. [55] to argue that phase separation and phase coexistences atarwide range of length scales
from nanometres to microns throughout the doping range arappreciation of these tendencies to-
wards phase separation is fundamental to the understantithg properties of manganites. The type
of phase separation occurs in manganites is not the resaheashical phase separation or structural
inhomogeneities but is intrinsic and caused by the simitz Energies of the competing ground states.
Two types of phase separation are suggested. The rst igmltdy disorder induced by the random
substitution of ions of different sizes on the "A" site of tbeystal and leads to phase separation on
a scale that can be as large as microns. It has been showm¢hpataperties of manganites depend
greatly on both the average size of the "A" site cations asd #ie standard deviation of the sizes
of the substituted atom$§]. The other type of phase separation suggested by Dagotb ef55]
is electronic phase separation where nanometre sizedgsatgth different electron densities coexist
although the composition of the crystal is constant.

There are lots of experimental evidence for the inhomogesietates in manganite§5, 213.
Among the most direct evidences of phase separation in méegdas the scanning tunnelling mi-
croscopy (STM) studies carried out at room temperature gasBien.76MnO3 by Renner et al. g8§.
Another remarkable evidence of mixed-phase charactistimanganites was observed in a thin Im
of Lag.73Cay.27Mn0O3 using scanning tunnelling spectroscopy where a phaseaefastate was ob-
served belowlc [59]. There were clusters with metallic and insulating phases the size of the
clusters depends on the applied magnetic eld (see gur@.1The coexisting clusters have typical
sizes varying from tens to hundreds of nanometers. The leathlsters can be seen to evolve upon
application of a magnetic eld. It has been argued that theeoledTc and associated MR behaviour
are caused by a percolation proceS8][ The presence of inhomogeneous states in manganites is

widely accepted and there is a tremendous amount of ongesgprch focussing on unravelling the
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Ins.

Met.

Figure 1.9 Generic spectroscopic images (O 0.61nm; scale bar: 100 nm) of the local
electronic structure of Lgy3Cay.27MnO3 thin Im taken just belowTc in magnetic elds of 0, 0.3, 1,
3,5, and 9 T (from left to right and top to bottom). Parts of slieface are insulating (light colors),
whereas others are metallic (dark colors) or in an interateditate. Image from58].

role of these inhomogeneities and the effect of these inlgemeaities on the electrical and magnetic

transport of perovskites or manganites.

1.9 Magnetoresistance in manganites

Magnetoresistance (MR) is de ned as the change (increaskaease) in resistance due to the ex-

ternally applied magnetic eld. The MR becomes CMR if the mpa in resistance is huge due to the
r(H) r(o
r(0)

ities of the material with and without eld while indicates the positive and negative MR. Perovskite

applied magnetic eld. MR is expressed a$MR% = , Wherer (H), r (0) are the resistiv-
oxides can show both positive and negative MR depending ®ldments present in the material as
well as disorder in oxygen stoichiometry. But it is the CMRhaeour in hole doped perovskite man-
ganites Re yAxMnQO3, where Re is a trivalent rare-earth (La, Pr, Sm, etc.) and @& dévalent ion

(Ca, Sr, Ba), which has aroused tremendous interest dueitorith fundamental physics and great
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potential application in spintronic4[2,60,61]. MR investigation as well as a phenomenological anal-
ysis was reported for LaxPbMnO3 crystals in 196962]. CMR effect was discovered in thin Im
of Lag.g7Can.33MNn0O3 having thousand fold change in resistance at 77K with 6T regried in mid
1990's [63]. Magnetic eld dependence of the resistivity for epitaxiag.g;Cay.33MnO3 thin Ims at

different temperatures is shown in Fig. 1.10. It is gengiradllieved that the underlying origin of CMR

La~Ca—~Mn-0O film
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Figure 1.10 Magnetic eld dependence of resistivity of kgCan3sMnOs thin Im at different
temperatures. Image fron64].

is closely related to the nature of CMR manganites which @omgly correlated electron systems with
interplay among the lattice, spin, charge, and orbital elegiof freedom, such as double exchange in-
teraction, JT effect, electronic phase separation, andjet@dering. The CMR effect is closely related
to the eld-sensitive complex electrorelectron and electronlattice effects in manganites, which will
result in tremendous conductivity variation in magnetitd® In addition, the insulating/metallic phase
separation is another eld-dependent factor critical foe bbserved CMR effects. Both experimental
and theoretical studies have shown that typical lengtredoalphase-separation in manganites is from
several nanometers to submicrometer scale, dependingeandterial and the dopant levé3-70]. A

phenomenological model was proposed to describe thear#ip between the phase separation and
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CMR in manganites{l, 72]. For example, in a FMM/PI phase-separated system, theresstance

can be considered as a linear combination of the resistdribe ooexisting phases and written as:

R= femRem + (1 fem)Re (1.3)

, where fgy and (14gnm) are the volume fractions, arigy and Rp; are the resistances of the FM
metallic and PI phases, respectivel§1[73]. The metallic resistanc®gy is related to the single

magnon's scattering (A?) and electron phonon interaction TB) [74, 75]. The resistanc®p, can be

described afp; = Cexp in terms of the magnetic polaron picture. The constants Aqrig]

Ea
ksT
activation energ¥, are magnetic eld-dependent and become smaller due to fiyession of single-
magnon scattering in FM metallic regions and the formatibmagnetic polarons in PM insulating
regions under a magnetic eld7f]. Thus, resistivity decreases and CMR appears. Liu et ale ha
employed this model to analyze the magnetic transport ddtapgCa;-sMnO3 Im [ 77]. Magnetic

led dependent transport data of £.gCa-sMnOg3 is shown in Fig. 1.11. Itimplies that the competition
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Figure 1.11 (a) Temperature dependence of (a) resistance and (b) voitaogon of FM for
LaggCagMnO3 Imin 0, 1, 2, 3, 5, 8, and 10 T. The solid red lines in panel (a¢ ¢he tting
results using Eqgn. (1.3). (c) Magnetic eld dependencémaf at different temperatures. Image from

[77).

between the FM metallic and PM insulating phases plays aoiitapt role in the CMR effect. Itis well
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known that the hole doped manganites (e.gs k&aMnO3 with 0.5 x  0.9) become insulating
below the charge ordered transition temperatugg, because gelectrons accompanied by their JT
distortions freeze in a static order followed by a long-d-M spin order at Neel temperatufg

TcO. However, the real-space order gfedectrons can be destroyed by magnetic eld, which will @us
an insulator-metal transition beloWw:.o due to the strong spincharge coupling, thus leading to anoth
kind of CMR effect R,73,78]. Itis found that most of the MR measurements were done ingaaites

in the hole doped region of 0.2 x 0.9 due to the coexistence of different electronic phasekeor
coexistence of phase separated regions which plays antampoole in MR. But there are few reports
available on the MR behaviour of lightly doped or parent naamitgs in which the competition between
Antiferromagnetic (AFM) and FM interaction can play a calaiole to determine the MR behaviour.
In this thesis, we have studied the magneto transport betnain parent manganites € 0). In this
region of interest, manganites have AFM ground state andittetemperature phase is paramagnetic
insulating. But FM moments can appear in these systems dtietpresence of slight Mfi. The
presence of Mff in parent manganites can be due to the intrinsic doping (whidl be discussed in
detail in chapter 3 & 4) which have a different microscopigatjin than the conventional hole doping.

These FM moments can play a crucial role to develop a notieddR effect in parent perovskites.

1.10 Carrier modulation in perovskite using electrostaticelectric double

layer gate

The electronic and magnetic properties of perovskites arganites strongly depend on their carrier
concentration. The several properties of the materials fasieion of their sheet charge density is
shown in Fig. 1.12 where silicon is shown as a refere®€g [The carrier concentration can be varied
by external dopingX) which introduce disorder in the system. Another approacto imodulate the
electrical charge carrier density by application of eieceld in a eld effect device con guration us-
ing the perovskite as a channel like Semiconductor MOSFEThA carrier concentration is a crucial

parameter which governs the properties of these systemldotrostatic eld effect approach is an
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Figure 1.12 lllustration of the zero-temperature behaviour of varioaselated materials as a func-
tion of sheet charge density,p). Silicon is shown as a reference. The examples for igbupercon-
ductors and for colossal magnetoresistive (CMR) mangsirgtect YBaCuzO; 4and (La,Sr)MnG,
respectively. The top bar has been drawn to illustrate sekieaily the richness of materials available
for eld-effect tuning and the spectrum of their phases. ARtiferromagnetic; FM: ferromagnetic;
I: insulator; M: metal; SC: superconductor; FQHE: fracabguantum Hall effect; Wigner: Wigner

crystal. Image from §0Q].

ideal tool to investigate the physics of correlated elatsgstems, allowing controlled and reversible
changes of the carrier concentration without altering iserder B0]. The basic structure of the eld

effect transistor is shown in Fig. 1.13. The eld is appliest@ss a gate insulator using a gate electrode

Contacts

Gate insulator
Oxide channel

S

Figure 1.13 Cross-section of a typical sample geometry used for eféeifstudies. S, source; G,
gate; D, drain. Image from8[)].

(G) and the change in conductivity is measured by the S ané@rebles. When we apply an electric
eld to a material through the gate dielectric, it attractsrepels charge carriers which creates a thin

charge accumulation or depletion layer at the surface. dhésge layer modi es the electrical con-
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ductivity between the source (S) and drain (D) contact. THaracteristic width of the accumulation
or depletion layer is given by the Thomas-Fermi electrastatreening lengtlhg. In standard metallic
systems,/ ¢ is extremely short, fraction of an atomic diameter, and thegligible eld effects are
found. In low-carrier-density systems, larger screenamngths and eld effects are expected, which
are the reasons why standard transistors are made with@ahictors rather than metals. Many of the
interesting physical properties of strongly corelateddesgior perovskites occur at carrier densities in
the range of 18 to 10?2 carriers cm?3 as shown in Fig. 1.12. To achieve substantial carrier medula
tion at these densities, one have to use ultrathin (few nok}tdrain-source (DS) channels and high
dielectric constant material for gate dielectric. The aortional gate dielectric used in semiconductor
FET are generally solid state oxides and they need much higiieges to get a noticeable carrier
modulation in the perovskite channels. Recently, a diffetgpe of eld effect device, the electric
double-layer transistor (EDLT), was found to have the gbit induce suf cient carrier modulation in
perovskite channel at much lower voltages than the corveaitisolid state dielectric8],82]. Instead

of solid gate dielectrics, the EDLT employs ionic condusteuch as electrolytes or ionic liquids. At
the oxide/electrolyte interface, an electric double lageself-organized capacitor with subnanoscale
thicknesses, is formed8]. The working mechanism of EDLT's nearly similar to that afig gated
MOSFET's. But the crucial difference is that the gate vadtdys) predominantly drops at the EDL
interface and produce a huge electric eld (10MV chhwhich results in a high density charge ac-
cumulation of nearly 1% cn? [84]. This value is 12 orders of magnitude larger than that aefuie

in solid-gated MOSFET's, which are breakdown limited. Tipplecation of Vs induced insulator-to-
metal transitions followed by superconductivity was r&rdonstrated in SrTi@(Tc = 0.45 K) [81].
Electric double layer gate are now used vastly to changerdifit electronic properties of perovskites.
Hatano et. al. showed the electric double layer gate coatr@lectronic phases in PxSrMnO3 (x =
0.5) thin Ims [85]. The electric eld effect on the transport properties of arh thick P xSKMnO3
(x=0.5) thin Im is shown in Fig. 1.14. Electrostatic control the metal-insulator transition in the
typical correlated-electron material NdNj@vas also achieved through a large effective capacitance of

the electric double layer at the electrolyte/NdNidterface. The metal insulator transition tempera-
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Figure 1.14 The temperaturel() dependence of the sheet resistariRg &t gate voltage\s) of 0
and 3V. The positive and negativedforrespond to electron and hole doping, respectively. i$eti
shows gate voltage dependence of bg{Curie temperature) anfl; (metal to insulator transition
temperature) de ned as the temperature where B{¢dT = 0 on cooling. Right side image shows
Rs T curves of the device at the magnetic eld (B) of 5 T fog 0 and 3V. Image from B5|.

ture Ty of NdNIiOs is found to decrease drastically by the application of gateage \ [86]. Gating
effect in perovskite insulators such KTaQ87] have also been investigated in EDLT geometry. By
using ionic liquid as gate electrolyte in EDLT, the accuntedielectron density around 20cm?® (

one order of magnitude larger than maximum chemical dopormgentration) and superconductivity
was observed in KTa§) These results demonstrate the possibility of using EBET structure to
induce phase transitions in materials where chemical dogamcentration is inadequate. In this thesis,
we have studied the electrostatic gate effect on the alattiiansport of low hole doped & 0.15)
nanostructured manganite thin Im using an EDL gate.

EDLT's have achieved the maximum accumulated carrier aunggon than the conventional FET
at a moderate gate voltage (1V-5V). They have been prover fordimising to be utilized to inves-
tigate electric eld induced phenomena in a broad range ofeneds and probe correlated electron
physics. However, there are still some technological ehals in ionic liquid gated EDLT's before

they could be possibly applied outside basic scienti c aesk. The foremost disadvantage of ionic
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liquids or/electrolyte gated EDLT's is the liquid form ofdlgate, which will give rise to concerns on
stability, scalability and integration. Another challeng that one needs to go above the glass transition
temperature of ionic liquid (IL) or electrolyte (EL) to makeossible to modulate carrier density mod-
ulation by gate voltage, which would cause dif culties iretdynamic control and ne tuning of the
channel conductance at low temperatu@8.[IL/EL gated EDLT's usually have a signi cantly longer
relaxation time compared with conventional oxide dielecttue to slow motion of the ions, which
may hinder it for ultrafast switching applications. The rogcopic mechanisms of slow relaxations
require a more detailed understanding. The EDLT's may natui@ble for high-temperature opera-
tion because of IL's or EL's degraded chemical stability laated temperatures. The electrochemical
reactions between IL/EL and channel material can affecelbetrostatic carrier doping and one has to

be careful while interpreting the data and it requires a deeferstanding.

1.11 Overview of the thesis

In this thesis work we have investigated the electrical amgmetic transport properties of perovskite
mangnaites on the application of external stimuli like gleceld, magnetic eld, charge induction
due to electrolyte gating and substrate induced strain tidms mainly focussed on undoped (parent)
LaMnOs or lightly doped withx  0.15. In this composition range the manganite is still iagof but
with different variants. Speci cally, we looked at the folling issues:

(a) Effect of electric eld on the destabilization of the institay state at low and room temperature in
the single crystal of nominally pure LaMr@90] and thin Im of GAMnOs . The observed reversible
destabilization of the highly resistive insulating stat@tiower resistance bad metallic state is explained
by bias driven percolation type transition between two @i#g phases, where the majority phase is
a charge and orbitally ordered polaronic insulating (PBgghand the minority phase is a bad metallic
phase. The important physics studied here is that bad eetaithority phase can co-exist with Pl
state due to charge transfer instability driven chargerdjgmrtionation which creates electron hole

(E-H) pair (Mr?* + Mn®* | Mn?* + Mn*"). These E-H pair is depinned by applied eld and shows
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an activated kinetics8D, 90]. This transition is distinct from the eld induced resistze state change
(both with memory and without memory) that have been seerainganites with much higher level of
hole doping (typicallyx  0:2) [91-94].

(b) We have studied the effect of magnetic eld on the electricahsport in single crystals of parent
manganite LaMn@ Interestingly except very early MR measurement on pobtetiine LaMnQ [96],
there was no comprehensive study on single crystals of LaM@ found that though the parent sin-
gle crystal LaMnQ@ has an orthorhombic oribital ordered ground state with segehange interaction
in between Mn-O-Mn electrons, it shows typically small meigaresistance (MR) at room temper-
ature on cooling close to Neel temperatuif)( the MR (negative) is nearly 70% at high magnetic
eld. Interestingly, the MR shows a eld dependence thatmtpes ady is approached. The important
phenomena studied here is the MR behaviour in nominally pahnOs due to the formation of FM
cluster in an AFM matrix by the applied magnetic eld. In peuiar, we have established a correlation
between MR and the extent of FM cluster formation in nominplire LaMnQ.

(c) The effect of electrostatic surface charge induction du¢héoformation of electrical dou-
ble layer (EDL) by an electrolyte gate on the transport ofehdbped functional perovskites like
Lap.gsCay:15sMn0O3 is another important research aspect in this thesis. Invibi& we have explored
a bipolar nanoscopic control that can be obtained on thepiahin such EDL FET device at room
temperature. The main motivation is to control the depietiegion at the grain boundaries (GB) of
a nanostructured Imsg5, 97, 98] and tune the electronic phases through electrostatic §séehave
also modulated the resistivity of the sample and changehisacteristic electronic phase transition
temperatures with applied gate bias without any chemicpindpinto the sample.

(d) We have also investigated the effect of strain / strain inbgemeity in the phase separated
region of FM insulator. We have studied the effect of strdiimXial) as well as local strain inhomo-
geneity on phase separation and its effect on the elecaiwdimagnetic transport af= 0:15 doped
manganite. We have tuned the strain in a controlled way bwigigp epitaxial thin Ims on different
substrates whose lattice constants are close to the samplas investigated the effect of strain on

phase separation. The effect of local electronic phasemiigeneity on the conduction and its evo-
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lution with temperature is studied by tunnelling conductineasurements done in ultra high vacuum
using a scanning tunneling microscope (STM). We found thatincrease or decrease of the energy
gap at the density of states occurs with spatial inhomogenéie also tried to correlate how this gap
effect the electrical as well as magnetic transport in tibsese separated perovskites.

The thesis is made of following chapters:
Chapter 1: Introduction; Chapter 2. Sample preparation, characterisation, and measurememt t
nigques;Chapter 3: Effect of electric eld on the insulating state of undopedMnO; and GdMnQ
; Chapter 4. Effect of magnetic eld on the transport of undoped LaMn@hapter 5: Electrostatic
gate effect on the electrical transport ofglggCan.15MnO3; Chapter 6: Strain and Phase separation
effect on the transport in ferromagnetic insulating maitgaandChapter 7: Conclusion and future

outlook.



Chapter 2

Sample preparation, characterisation and

measurement technigues

In this chapter, we will discuss sample preparation, chéegsation, and measurement techniques
which were used for different investigations. Bulk singlgstals and thin Ims were used for differ-
ent measurements. We will brie y discuss the single crygtaith procedure and different thin Im
deposition techniques. The samples were characterisetidogneasurements like XRD, SEM, EDAX,
VSM, a.c. susceptibility, AFM, EELS, XPS and ellipsoméwytemperature dependent electrical and
magneto transport measurement, we used a commercial anffoge 10T VTI system. An UHV-STM

was used to measure the local tunnelling conductance.

27
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2.1 Introduction

In this thesis work, we have investigated the electrical madnetic transport properties of manganites
on the application of external stimuli like electric eldyain, charge induction due to electrolyte gating
and magnetic eld. For these investigations, most of theeeixpents in this thesis has been carried out
on single crystals, epitaxial and nanostructured thin Inffhree nominally undoped single crystals
of LaMnO3 (LaMnQOs-1, LaMn(;-2 and LaMn@-3) and one doped single crystal ofdgbrp.1MnO3
were used in the resistive switching measurement to seeffédwt of electric eld on their polaronic
insulating state. Nominally pure LaMn@ingle crystals were also used to observe the effect of mag-
netic led on the electronic transport i.e. for the MR measuent. In the next section, we will discuss
about the growth techniques to grow these single crystalshmiere used in measurements in the
present thesis. We have also used thin Im of parent mangd@tMnQ;) as well as low hole doped
manganite like LagsCay.15sMnO3 for our various measurements. GdMathin Im was used for the
resistive switching measurement at room temperature. Wée dn@wn thin Ims of Lay.gsCay.15sMnO3

on three diffrent single crystal substrates of NGO (2 0 0)PSZ 0 0), LAO (1 0 0) for studying the
strain and electronic phase separation effect on the iglalctransport. These Ims are highly oriented
and are likely to be partly strain relaxed. The local turingliconductance measurement were done
on these Ims. The nanostructured Im of k@sCay.15sMnO3 on SiG)/Si were used to study the effect
on the electronic transport due to the electrostatic sarfdarge induction by to the formation of elec-
trical double layer (EDL) using an electrolyte gate. Onehaf thin Im (GdMnOs3 ) were grown by
Radio frequency (RF) magnetron sputtering and rest of times Wwere grown by pulsed laser deposition
techniques. These thin Im deposition techniques will becdissed in the later sections.

We have performed different characterisation measuremehe samples to check the stoichiom-
etry, phase formation, surface morphology , magnetisatiahthickness. X-ray diffraction (XRD) and
Rocking curve analysis were done in the single crystals limd lins to check the phase formation as
well as to measure the strain in the thin Ims. High tempem@t§RD was done in the three LaMBO

single crystals to check the structural transition temipeea(Tr) in the three samples. To check the
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composition of the single crystal and thin Ims, we have ddemergy dispersive analysis of x-ray
(EDAX) which con rms the presence of different compositibrelements. X-ray photo electron spec-
troscopy (XPS) and Electron energy loss spectroscopy (ERlege done in the three LaMnGingle
crystal to check the mix valency of transition metal ion Mmattarise from deviation of stoichiometry
from perfect 3+). To check the surface morphology of the damfmainly the thin Ims), we have
used Atomic force microscopy (AFM) and Scanning electroorosicopy (SEM). The thickness of the
Ims were measured using ellipsometry, cross-sectiondiS&thd AFM. Magnetisation and a.c. sus-
ceptibility of the three LaMn@ single crystals were measured using vibrating sample ntagrater
(VSM) and a.c. susceptibility set up. All these charactdias techniques will be brie y discussed in
this chapter

For our study, we have done electrical, magneto transpari@sal tunneling conductance mea-
surement. In the electrical measurement, we have perfotemeperature dependent |-V and resistivity
(r T)measurements in single crystals and in thin Ims. Measw@ei® were done using a commer-
cial cryogen free (He gas based) low temperaturel (5K) variable temperature insert (VTI) set-up.
For the magneto resistance measurement, we have measuré&ddata in the presence of magnetic
eld up to 10T using an commercial cryogen free supercoridgcimagnet. We have automated the
data acquisition in commercial resistivity measuremenupeby interfacing it with a computer writ-
ing a C++ code. To study the effect of electrostatic gatecefia the electronic transport of low hole
doped manganite, we fabricated an EDL-FET device usingd@ey.15MnO3 as a channel. We have
takenthd V aswellasR T characteristics of the channel in the presence of diffeyate voltages.
Finally, to see the scale of inhomogeneity present in the this grown on different single crystal
substrates, local tunneling conductance measurementamasusing a commercial ultra high vacuum
(UHV) scanning tunnelling microscopy (STM). In this chaptee present a brief description of the
measurement techniques of temperature depemdevyitand resistivity. We also describe the apparatus

in which the measurements were performed and the methodakegd to perform the measurements.
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2.2 Preparation of manganite single crystals

Manganites having the general formula Al where A stands for rare-earth elements like La, Pr,
Nd, Gd and Mn is a transition metal ion which shows a fasaigatange of electronic and magnetic
transports. The introduction or inclusion (doping) of diva atom like Ca,Sr,Ba,Pb at rare earth el-
ement site A, creates a mix valency in Rinsite or develops M# /Mn** ratio. The electrical and
magnetic properties of manganites are very sensitive td/it& /Mn** ratio [1,2]. This ratio is also
affected by oxygen nonstoichiometry or cation (A) nonst@metry. This is so because the crystal
structure of manganites admits vacancies in the rare earsite) sublattice 99, 100. To measure the
physical properties in manganites, one needs to be verjutatsout the quality of the sample, as the
grain boundaries (for polycrystalline sample) and therfate between the sample and substrate (for
thin Im) also play a crucial role to determine the electtieaad magnetic properties. In this regard,
single crystal samples are best choice to measure thealacand magnetic transport in manganite.
In this thesis, we have used four single crystals of paredtlaw doped manganite (LaMnfand
Lag:9Sry:1MnO3 ) for the electrical and magnetic properties of perovskites

In this section, we will discuss the growth of these singlgstals. Generally two techniques are
used for manganite single crystal growth; one is oating edechnique and another is ux growth
technique. All the single crystals used in this thesis weaglenby oating zone technique at Moscow
State and Alloys University (MSAV), Moscow, Russia and Saisditute of Nuclear physics (SINP),

Kolkata, India.

2.2.1 Floating zone technique

In the oating zone technique, radiative heating is usedtf& melting (without any crucible) using
an image furnace9p, 101]. This technique is widely used for growing high quality glim crystals

of metal, semiconductor and insulators. The chance of oun&tion of the melt is avoided in this
crucible less method. This method is generally useful ferftllowing cases: i. The materials with

very high melting point ( 2500 C).
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ii. The oxide materials which needs high pressurelQatm) and speci ¢ atmosphere (like oxygen) for
growth to control the oxygen stoichiometry.
ii. For the doped material, solid solution with controllelemical composition can be prepared. In
this regard, this method is more useful as it avoids contatiwin for not using crucible for melting.

For the single crystal growth, it's desirable that growttershould be in user control. It also requires
a uniform heating in the radial direction of the growth zomkese requirements are generally ful lled
in a image furnace in oating zone technique. In Fig. 2.1, va@éhshown the schematic of the image
furnace and the design of the crystallisation chamber whiere used for manganite single crystal

used in this thesis worklPp1]. The image furnace (in Fig. 2.1(a)) is made of a biellipsbiahirror (1,7
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Figure 2.1 (a) Schematic diagram of the oating Zone melting appardtTsrepresents ellipsoidal
re ectors, 2 is the feeding rod, 3 is the crystal, 4 is the bed represents light ux regulator and 6 is
the xenon lamp. (b) Design of the crystallization chambg&rirfsulator, (2) RF coil, (3) eddy current
concentrator, (4) annealing furnace, (5) siloxane rubbeking, (6) quartz container. Image is from
Balbashov et. al.]01].
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in Fig. 2.1(a)) with a vertical optical axis. A high power damp (xenon lamp) is placed at the focus
of one of the mirrors. The other mirror is kept in a positioglsthat it can be moved along the optical
axis. The feed rod (2 in Fig. 2.1(a)) is placed so that the $aufuthe movable mirror can be placed
anywhere along the length of the feed rod (discussion oneibé fod will be made in nest subsection).
The design parameters of the particular furnace used faoviggothe present crystals can be obtained
from Balbashov et al.101].

The design of the growth chamber is shown in Fig. 2.1(b). Tbeth chamber has an optical grade
guartz container with inner volume 0.5L having diameter 30mm and wall thickness 25 mm. The
pressure of nearly 100 bar can be maintained inside it antethperature at the growth zone can be
as high as 300@. During the growth process, materials may escape or exgpéom the feed rod
and can damage and contaminate the inner wall. To proteatriee wall of the container, replaceable
guartz tubes are incorporated into the container. Two dimgefurnaces are provided among which
the rst uses a radio frequency (RF) heating scheme and aehi@mperatures up to 1600 C. The
second heater is cylindrical shaped and surrounds theycaviis heater can achieve temperatures of

up to 2000C.

2.2.2 Growth of LaMnO3 and Lag.9Srg:1:MnO 3 single crystal

The general stoichiometric formula for manganite singlestad growth is (A xBx)yMnOs3 4, where A

is the rare earth element(like La), B is the divalent atoke(lCa, Sr) doping, y represents the A s

B cation non-stoichiometry and d is the oxygen no stoichimyné&ingle crystals of (A xBx)yMnO3 4
with 0 x 0.3 and B=CA, Sr, were made in oating zone technique from stating material of
LapO3, MNCO;3, SICQ; and CaCQ in high purity [99,100. For the preparation of LaMn§single
crystals (where x=0 and y=1), M0, (obtained from the calcination of MnGGat 1000C for 24hr
)and dehydrated L#3; (heated in air at 90@ for 10hr) were mixed in a desired ratio and pressed
to tablet in a pressure of 0.6 to 0.8 tonfenThe mixtured tablet is then heated in air to 100Gor
24hr. The Tablets were ground to make feed rods of siz88mn? using a pressure of 1 ton/émand

sintered in air at 130 for 24hr. The crystals were then grown in the URN 2 ZM imagedige using
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radiative heatingJ01] from a water cooled xenon lamp. The Ar or air ambient is naiirgd to a pres-
sure of 3 5 bar . The rate of crystallization was controlled betweetol®mm/h. A previously grown
single crystal was used to seed the growth process. The sddtiefeed rod were rotated in opposite
directions at a rate of 50 r.p.m and 1 r.p.m respectivelyhtndimilar manner doped k3Sr:1MnO3
feed rod was formed using the starting material o§@ga MnCQO3, SrCG; in desired weight ratio.
Chemical composition of the nal crystals was obtained gsam electron probe microanalyser and
XRD [99]. In Fig. 2.2, we have shown a single crystal made in oatirang melting techniquelPQ.

Though oating zone melting technique is widely used in hflrity manganite single crystal growth,

0 © N

W

O~ & ™

Figure 2.2 Single crystal of (La7Ca:3)0:03MNO3z made by oating zone technique. scale is in cm.
From Shulyatev et al10Q.

still there are some problems found as given bel®8] [

i. different electronic and magnetic properties for the sarominal composition,

ii. we do not have full information about the factors whictols cation ratio, homogeneity of ele-
ment distribution and defect structure in the crystal.

The process of defect formation and elemental distributictne crystal can be understood by the bi-
nary phase diagram in ait02] shown in Fig. 2.3. In this phase diagram, LaMni@as a homogeneous
region at 0.908 La:Mn< 1.202 at 1123K. The La:Mn ratio in growing single crystal geily de-
pends on the non-stoichiometry of the feed rod and evaporafiMn from the melt during the growth
process in oating zone technique. The increased La:Mrorstifts the composition of the melting
zone towards the eutectic point of 4@ LaMnO;s. In this region, the difference betweeggfq and
Tiiquia is small ( 100 150 C). Due to this small temperature difference, slight vaiain tempera-

ture and concentration in diffusion layer can lead to ciijstdion of LaO3 inclusions. The effective
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Figure 2.3 Binary phase digram of L#s-Mn,Og3 in air. From Roosmalen et allQ2.

o . . C .
distribution coef cient of Ca or Sris expressed @zkc—s (<1),where gand G are respectively the
L
concentration of Cs5r in the grown solid and in the meltliquid zone. Thes@istribution is expressed
as:

Cs=Cill (1 kedext "), 1)

where Gis the concentration of the B-site element (A and/or B) infdwel rod, z is the current length,
and | is the zone length. This causes the concentration ob @etease in the melt during the steady
growth stage 103 causing the cation ratio (La+Ca/sr\Mn in the melt to exceed unity. The ambient
atmosphere has a noticeable effect on the distribution acient of Ca/Sr. For example, a reduced
oxygen atmosphere can increase the distribution coeftdleg) [99]. One has to optimize different

parameters to make a perfect stoichiometric single crystal
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2.2.3 Manganite single crystals used in the experiment

To investigate physical properties of perovskites, we hesexl three LaMn@single crystals and on
Lag.9Sry:1MnOs3 single crystals having different dimensions. Between tinegt LaMnQ single crystal,
one was made in SINP, Kolkata,India and other two are madedschbiv P9, 100. Lag.9Srp.:1MnO3
single crystal was also made in Moscow. In the followingealle have given the dimensions (diameter

D and thickness t) & stoichiometry of different single ceistused in this thesis. As we discussed in

Table 2.1Dimension (Diameter "D" and thickness "t") of the differsigle crystals used in various
experiments.

Sample Size of Crystal Grown at

LaMnOs -1 D: 5mm, t: Imm  SINP, Kolkata
LaMnQOs -2 D: 4mm, t: Imm Moscow, Russia
LaMnQOs -3 D: 3mm, t: Imm do

LagoSrp1MnO3z  D:4mm, t: Imm do

the earlier section that during single crystal growth La:Mtio may not be exactly equal due to the
different melting point and vapour pressure of these twonelgts. Another factor which can effect
this ratio is the stoichiometry at the oxygen site. Due tas¢hfactors and to maintain the neutrality
of LaMnQs, Mn can have slight mix valency i.e. presence of4n Although the concentration of
Mn** is very very less than the hole doped LaMyGo two LaMnQ samples made by same method
can have slightly different stoichiometry with differentit content. Here, LaMn©-1, LaMnQ; -2
and LaMnQ -3 have the dissimilar concentration of Kn(which is shown in Chapter 4 in section 2).

LaMnQO; -3 is self doped with composition kgzMnO3 to maintain La:Mn ratio to 199, 103.

2.3 Thin Im deposition techniques

In this section, we will discuss about the techniques fomgmg thin Ims of manganites which were

used for various experiments. To get a good quality thin lwve have deposited the thin Ims by
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pulsed laser deposition (in our lab) and RF magnetron gjngtéat Moscow). Mainly the thin Ims
of Lap.gsCay:1sMNnO3 were deposited on single crystal substrates of NdGS@B0), SrTiQ; (STO)
and LaAlG; (LAO) in (2 0 0) and (1 O 0) direction. To investigate the maatidn of grain boundary
potential by electrostatic gate, we have grown thgds€ay.15MnO3 Im on polycrystalline SiG/Si
substrate. GdMn@thin Im, used for resistive switching measurement, wasasied by RF mag-

netron sputtering.

2.3.1 Pulsed laser deposition

Pulsed laser deposition (PLD) is widely used method for gngvwthin Im of complex multicompo-
nent inorganic materials. PLD method was rst successfulljised for depositing highlc super-
conducting Im of YBa, CwO7 « (X represents the oxygen vacancies) by T. Venkatesan and his co
workers [L04]. By this method one can deposit a variety of material formaht® insulator via semi-
conductor 105,106]. But the important use of it is to deposit complex materiied lperovskites with
perfect stoichiometry107,10§. Another important aspect of this method is to control talyg layer

deposition of different material with desired thickne$69.

2.3.1.1 Components of a PLD set up

The main component of the PLD set are a pulsed excimer lagars§ing arrangement (like lens) and
a vacuum chamber. The PLD set up in our lab is shown in Fig. Thé.laser used in PLD falls in the
category of the gas laser. The laser uses a mixture of a nab€Kg, Ar, Xe) and a reactive hallogen gas
(F, Cl) as an active medium. The wavelength of the laser digpen the mixture of these two gases.
The term excimer is used for the laser which means excite@danexcited diatomic molecule i.e.
the molecules (active medium) which represent a bound efdteeir constituents only in the excited
electronic state, but not in the electronic ground statee Whvelength of the excimer laser falls in
the range of 126nm-400nm i.e. in the ultraviolet region (s@xcimer laser with their corresponding
wavelengths shown in the table 2.2). For the deposition@htlnganite thin Ims, we have used KrF

excimer laser of wavelength 248 nm with pulse duration 10ns.
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Figure 2.4 PLD set up in our lab.

Table 2.2Some excimer lasers with their corresponding wavelengths (

Laser | (nm)

XeCl 308
XeBr 282
KrF 248
ArF 193

The deposition chamber consists of the following compasent
i. laser focussing system (a biconvex UV transparent lensnteal on a movable scale),
ii. few high quality quartz (for passing the laser into thawetber) and glass windows (for viewing),
iii. rotating target holder (shown in Fig. 2.5(a)),
iv. substrate holder with a heater (shown in Fig. 2.5(b)),
V. pumping system for high vacuum
vi. different gas (inert and &) lines for required ambient atmosphere during the deusiti
There is a gate valve between the pumping system and the eha8ik targets can be mounted at

a time inside the chamber on the target holder at an intefahgle 60.
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Figure 2.5 (a) Rotating target holder inside the chamber. (b) Sulzstralder.

2.3.1.2 Pulsed laser deposition technique

PLD is actually a physical vapour deposition process aardet in vacuum or in the presence of
inert/O, gas pressure. A high power pulsed laser (typically of theood 10-100 MW/cr) is focussed

on a target material that is to be deposited. The high poveer lpulse ablates the target material and
make a plume of the material directed to the substrate. Timaglof the target material is actually a
plasma containing energetic species which may be atons, ieolecules and electrons which expands
ina ow perpendicular to the surface and is collected on tafile substrate. In Fig. 2.6, we have shown
the schematic diagram of the deposition technique. In Pkiner laser evaporates the target material
in a non equilibrium way where huge amount of heat is genérnate few ns in the thin surface layer
of the target material. This way of laser ablation presetiiessample stoichiometry (whole compound
material evaporates together at a time) in the substrateedarget material. In the equilibrium thermal
evaporation process, generally it is dif cult to maintatretstoichiometry of a complex material due
to different thermal evaporation rate of building elemeri2siring the deposition of the thin Im, we
rotate the target to get a uniform ablation on the targetfottise in course of time high intensity laser
at same place can damage the target at that area). Also ircdnge particulate (chunk of material)

in the Im which are undesirable for a good quality Im. Thed@rs which control the Im growth in
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Figure 2.6 Schematic diagram of the PLD technique.

PLD are following,

i. stoichiometric and compact target ii. uence (i.e. engeg?) at the target, iii. no. of laser shots
iv. repetition rate of the laser (i.e no. of pulse/sec), vactze gas (@ or N, or Ar) pressure or
vacuum in the chamber, vi. chemically cleaned substrate, stibstrate temperature at the time of
deposition and viii. annealing time after deposition. Oas to optimise these parameters to get a good
quality homogeneous Im of desired composition. We havedusénch non-porous, stoichiometric
target of La.gsCay.15sMnO3 ( detail about the target is in next subsection) for the digipasof the thin
Ims on different substrates. The uence of the laser pulsealculated by E/A where E is the laser
energy (measured by a light meter at the laser window) andtAeisirea of the laser spot on the target
(generally few mm). Area of the laser spot is measured by keeping a laser sensitper at the target
place and focussed laser makes a spot in the paper (showg.ir2Fi(a)). One can change the laser
uence by varying the area of the laser spot by moving the fepsition. The required laser uence
will be different for different materials. We have optimisand used the laser uence of 1-2 Jfkcfor

the deposition of LggsCay.15MNnO3 Im. The no. of laser shots, used for the deposition, deteemi
the thickness of the Im when the other controlling paramgtare kept constant. But the thickness of

the Im can vary with similar no. of laser shots if the substimor the target materials are different.
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Figure 2.7 (a) Area of the focussed laser spot at the target place. {@)de area of the laser plume
at the substrate place.

For the deposition of thin Im of few nm, we have used 500-13&€er shots for the deposition. All
the LargsCan.15MnO3 thin Ims used for the investigation in this thesis are dafswith 1000 laser
shots. The repetition rate of the lase pulse helps to defiwsiim uniformly over the substrate or
helps in the growth process of the Im. High repetition rasn@ile up the material on the substrate
instead of layer by layer growth. We have used low repetitaie of 3Hz to deposit all the Ims. The
thin Ims can be deposited in the presence of different gasése chamber. For metal Im deposition,
high vacuum or inert gas atmosphere is required in the chan@ygen is used in the chamber for
depositing oxide samples and nitrogen is used for growitgdei Ims. Generally, the reactive gas
(O2 or Np) pressure in the chamber plays a crucial role to maintairstiiehiometry of the oxide and
nitride Ims. In our case, we have maintained the @essure of 10° mbar in the deposition chamber.
The substrate on which the Im will be deposited should beankd properly. We have cleaned the
substrates using different chemicals like Tri-chloro Hghg (T.C.E), Acetone, Methanol and mild acid
and base solutions. To make a homogeneous Im, one shouldsexihe larger area of the plume to
the substrate. The exposed area of the substrate to the pamrtee varied by changing the distance of
the substrate holder to the rotating target holder. Befatgéng the substrate into the substrate holder,
we covered the area of the holder by a laser sensitive papayairihe intensity pro le (Shown in Fig.

2.7(b)). We mounted the substrates in the middle of the higtiense area of the plume so that the
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substrate is exposed to larger portion of the plume. Befwaleposition, we heated the substrate up
to 600 -700 C. Then we annealed the deposited Im in @mbient for few hours which helps to lower

the Im's roughness and maintain the oxygen stoichiometryhie deposited Im.

2.3.1.3 Making and Characterisation of PLD target

As we mentioned in the earlier section that the target (theenah which will be deposited on the
substrate) in PLD plays an important role to determine tredityuof the thin Im. In this work, we
have made a LgssCay.15MnO3 target by chemical synthesis route. We prepared a 10ml Oclivlian

of La(CH3CO,)3, Ca(GH305), and Mn(CHCOO), dissolved in 1:1 ratio of CECOOH and HO in
desired proportion. Then the solution is heated and stateldb0 C for overnight. After that, we kept
and stirred the solution at 200 for 6hr. Gradually the solution is heated at 36C(or 1.5hr, 450C
for 1.5hr and at 65QC to 1000C for 6hrs (till the solution become nearly solid). Then wadrthe
solid material and pelletised it. Generally, the as growtepés not compact or it is porous. Due to
that, we heated the pellet in a furnace at higher temperdt@@0C T 1600 C) for different
times until the grains in the pellet developed in larger simd make it compact. In Fig. 2.8, we have
shown the SEM image of the target pellet at different tempeea. From Fig. 2.8, we can see that

N -( s e |
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Figure 2.8 SEM image of the target pellet heated at (a) 110Qb) 1400C and (c) 1600C.

the target pellet becomes more compact when we heated ghetiemperature. The grain size of the
pellet become as large as hundreds of a micron. This typeropact target pellet is very useful for

depositing particulate less high quality Im.
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To check the formation of the desired phase, we have perfbXiRD and EDAX (the detail about
the procedures are in the nest section) on the target péfigtig. 2.9 (a), we have shown the x-ray
diffraction peaks of the LggsCay.15MnO3 (in powder form taken from the target). We nd that all the
experimental XRD peaks are well matched with the standaRDi@eaks of Lag.gsCay.15Mn03. We
have also denoted the corresponding hkl value of all thegeéRD pattern of the LggsCay.15sMNnO3

powder con rms the formation of desired phase without anpumity. In Fig. 2.9(b), we have shown
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Figure 2.9 (a) XRD of the powder taken from the b.gsCan.15sMnO3 target. (b) EDAX analysis of
the target pellet .

the EDAX analysis of the target pellet to check the presericdl @ompositional elements with the
expected atomic ratio. From the EDAX analysis, we found gmes of all the building elements for
the target material like La, Ca, Mn and O with their corregfing La, L, K5, Ky x-ray lines without

any lines form impurity elements. In table 2.2, we have tatad the atomic percentage of all the
compositional elements. From table 2.2, we found that thgd@a).15MnO3 target has nearly perfect
stoichiometry with desired atomic ratios of La, Ca, Mn andT@us we have made a stoichiometric

compact target of LggsCan.15MnO;3 for thin Im deposition in PLD.

2.3.2 RF Magnetron sputtering

In this section, we will discuss RF Magnetron sputtering hodtwhich is one of the common ways

for deposition of thin Im. Sputtering is also a physical \ap deposition (PVD) process like PLD
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Table 2.3EDAX quanti cation of compositional elements in b.asCa:15MnO;3 target.

Elements At%

La 16.4
Ca 2.98
Mn 19.01
o 61.04

which uses a plasma created from an inert gas (generally Bre energetic neutral atoms, ions of
the inert gas collide with the target material and eject atinom the target. These ejected atoms then
travel some distance until they reach the substrate antitestaondense into a Im. The plasma is
created in the vacuum chamber placing the inert gas at aypees§ 1 to 10 mTorr between a high
d.c. voltage. The d.c. voltage is applied between the t{@&thode) and the substrate (Anode). This
plasma is also known as a glow discharge due to the light emitthe Argon ions in the plasma are
now charged and are accelerated to the anode target. Thiiocowith the target ejects target atoms,
which travel to the substrate and deposited. Electronasetéduring Argon ionization are accelerated
to the anode substrate, subsequently colliding with aaftili Argon atoms, creating more ions and
free electrons in the process, continuing the cycle. Thisgss of sputtering method is also applicable
in d.c. sputtering. But in RF magnetron sputtering, a stroragnetic eld near the target area is
used. Due to this magnetic eld, electrons move in spiragclion along the magnetic ux lines near
the target instead of being attracted towards the substiite advantage of this is that the plasma
is con ned to an area near the target, without causing dam#&géhe thin Im being formed. Also,
electrons travel for a longer distance, increasing thegiviity of further ionizing Argon atoms. This
tends to generate a stable plasma with high density of iomselibns mean more ejected atoms from
the target, which increases the ef ciency of the sputtepngcess. The faster ejection rate, and hence
deposition rate, minimizes impurities to form in the thiim! Also the increased distance between the
plasma and substrate minimizes damage caused by stragpakend Argon ionsl10,111].

The GdMnQ thin Im used in this thesis is made by this method at "MiSiBlhscow, Russial12).
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This scheme allows stoichiometric transfer of target niatéo a substrate. The GdMnrQarget was
made by solid-state synthesis using,Gg and MnQ oxides powders. The Ims were deposited on
orthorhombic (001) oriented NdGa@NGO) (space group Pbnm; a=5.431 A, b=5.499 A, ¢ =7.710
A). The substrate was heated to 660The Ims were grown in an atmosphere consisting of a mixtur
of Ar and G, with pressure 1-2 mTorr. GAMnghin Im has generally two types of crystal structure
(orthorhombic and hexagonal) depending on the substrateshizh the Im was deposited. GAMnO

thin Im has orthorhombic structure when it is grown on NGOLP).

2.4 Making of EDL -FET device

The electric double layer eld effect transistor (EDL-FEI3ed for this work was fabricated with PLD
deposited thin Im channel of LggsCay.1sMnO3. We made the channel length 2mm and width 300
mm by using a Si hard mask on top of the $I8 substrate. The source (s) and drain (d) contact
pads were made by thermally evaporating Au/Ti. The sourdedaain pads were protected from the
polymer electrolyte by a thick layer of e-beam resist (PMM¥aked for 3 min at 18@. A window
was opened in the resist layer on the channel for applyinggéte. We used 10:1 mixture of PEO:
LiClO4 electrolyte as a gate dielectric. Electrolyte solution wesle by dissolving PEO and LiClO
mixture in methanol and then stirring it till the methanobhperated and the solution becomes a gel
which was applied to the exposed region of the channel. Arttetal wire was used as the gate contact.
The image of the device and corresponding electronic ¢iistshown in chapter 5. The volta§ps
and channel currenps between "s" and "d" is applied and measured by a 2400 Keitbteycemeter

(SM). Another 2400 SM apply the gate voltage ¥ind detect the gate currditin the circuit.

2.5 Brief description to characterisation techniques

In this section, we will discuss various sample charactiaa methods which were used to check the

phase formation, stoichiometry, valence state of an elérsarface topography and thickness.
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2.5.1 XRD, High Temperature XRD and Rocking curve

X-ray diffraction (XRD) technique is a non-destructive Biaal technique widely used in material
science for detail structural studies. This tool revedigrmation about the crystallographic structure,
chemical composition, and physical properties of mateaal thin Ims. X-ray diffraction is based on
constructive interference of monochromatic X-rays scatteoherently from the atoms in a periodic
lattice in a crystalline sample. X-rays are scattered bynat@ue to the interaction between surround-
ing electron cloud and the oscillating electric eld of thgHt wave). Constructive interfere occurs in
speci c directions given by Bragg's law : 2dsing = nl , wherel is the wavelength of the X-raynd

is the distance between two lattice planes, hkl represaetmiller indices of a crystal plane, repre-
sents the angle between the incoming X-ray and the re edttigce plane, and n is the order of the
re ection (shown in Fig. 2.10(a)). These diffracted X-rayre detected and counted. Normally X-ray
powder diffraction (XRD) is primarily used for phase idecdition of a crystalline material and can
provide information on unit cell dimensions using the Bradgw. By scanning the sample through a
range of 2) angles, all possible diffraction directions of the lattgleould be attained due to the ran-
dom orientation of the powdered material. Conversion ofdifieaction peaks to d-spacings allows
identi cation of the material. X ray diffractometers consist of three basic elements: amay tube, a
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Figure 2.10 Schematic diagram of (a) X-ray diffraction from the crygiknes. (b) XRD measure-
ment technique.

sample holder, and an Xray detector (shown in Fig. 2.10(b)). Xays are generated in a cathode ray
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tube by heating a lament to produce electrons, accelegétie electrons toward a target by applying
a voltage, and bombarding the target material with elestr¥vihen electrons have suf cient energy to
dislodge inner shell electrons of the target material, attaristic X-ray spectra are produced. These
spectra consist of several components, the most commog Beirand K,. To produce Monochro-
matic X-rays needed for diffraction, ltering of Xrays by foils or crystal monochromators is required.
These X-rays are collimated and directed onto the sample.séimple or/and the detector are rotated
and the intensity of the re ected Xrays is recorded. When the angle of the incidentrys satis es
the Bragg condition, constructive interference occursapdak appears in intensity pro le.

In our experiments XRD spectra were recorded using PANalX-PERT PRO diffractometer.
The wavelength of the Xrays used is 1.54A corresponding to Cy Kource. These Xrays have
suf cient energy to penetrate the solids and permit to asalheir internal structures. The operating
conditions are 45kV and 40 mA. Here the sample stage is xetdendoth the source and the detec-
tors are rotated. In the source side programmable diveegsliicis used to automatically select the
slit dimension while we use PIXEL detector for fast measwests with low signal to noise ratio. In
Fig. 2.9(a), we have shown normal XRD data ofykeCa.15MnO3 powder. For a polycrystalline
sample, Bragg peaks appear at differeqtvalues due to the presence of different orientation of crys-
tallite planes having dissimilar hkl values. One can idgritie hkl values of different Bragg peaks by
comparing them to the data base of International Center ifitrabtion Data (ICDD).

High resolution X ray diffraction (HRXRD) is an important technique for stimty individual
Bragg peaks of single-crystal and thin- Im materials. ThRXRD technique requires a highly parallel
X ray beam (to 10 arc-seconds divergence) incident on the sample, whiabhigeved using very
high quality mirror and monochromator combinations. Tabroutine applications of HRXRD include
re ectivity measurements, rocking curves and reciprogalce mapping. This allows for the precise
measurement of layer thickness, layer composition arsabysd diffuse scatter measurements to be
performed. High-resolution x-ray rocking curves are usedrtalyse the thickness, composition, and
strain of epitaxial single crystal Ims. In rocking curveewsually measure scattered X-ray intensity

as a function ofg and 2y such thatg changes in a way that is linked t@2s g= % 2q + offset. It
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is done by xing the detector at the center of the expectedygna ection (from the substrate) and
following the diffracted intensity as the sample is indegamtly rotated (or "rocked"). The intensity of
the diffracted X-rays is measured as a function of angle weisipect to the sample surfagp ,(in a step-
wise manner. Rocking curve on a thin Im is generally perfedrto check the epitaxial and oriented
growth of the sample along the crystallographic directiba single crystal substrate. The sample peak
can be broadened depending on the inhomogeneity, strasermiran the sample and one can estimate
these parameters from the rocking curve data. We have dakangocurve of the LggsCay.15MnO3

Im grown on single crystal substrates of NGO, LAO and STO teasure the variation of strain on
these three Ims (detail discussion is in Chapter 6).

For dynamic monitoring of structural phase change X-rafratition measurements are performed
with varying temperature. Here, we used high-temperatamgpte stage from Anton Paar (HTK 16N)
for in-situ investigations of phase transitions. The dttaent consists of a small chamber which can
be evacuated by a oil-free pump. The sample is directly Heattlh a heating lament which can go
up to 1500C. The heating strip is platinum. The main applications oftHiemperature XRD are:
(a) in situ crystallographic characterization of high-tempemtmaterials (b) phase transformation
studies, (c) structure determination of high-temperapinases, (d) determination of thermal expansion
coef cients, and (e) investigation of chemical reactioWe have performed high temperature XRD
in three LaMnQ@ singe crystal to nd out the structural transition (Orthorhbic to Rhmbohedral)

temperaturdpr (discussed in detail in chapter 4).

2.5.2 Scanning electron microscope

A scanning electron microscope (SEM) in an electron miapsccreating the image of a sample by
scanning a focused electron beam over the sample surfacketeuding the secondary electrons emitted
from it. The electrons in the beam interact with the sampledpcing various signals that can be used
to obtain information about the surface topography and asitipn. The SEM produces images by
scanning the sample with a high-energy beam of electronervilie electron beam hits the surface of

the sample, it penetrates the sample to a depth of a few nsicdepending on the accelerating voltage
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and the density of the sample. As the electrons interact thithsample, they produce secondary
electrons, backscattered electrons and characteristiyX- These signals are collected by one or
more detectors to form images, which are then displayed®odmputer screen. The scattering of the
electrons from the sample surface will depend on the aJailstattering cross section. It may differ in
the different regions and produce a intensity pro le of tisatters electrons which makes the contrast
in the image of the materiall]l 3. The schematic diagram of the different components in SBM f

imaging is shown in Fig. 2.11. A regular SEM is mainly compgbséelectron source, condenser lens,
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Figure 2.11 Schematic diagram of the SEM imaging technique (courtesy: [R14]).

scanning coils, secondary electron detectors and vacuamladr. There are three types of commonly
used electron sources: 1. Tungsten lament 2. Solid statsalr(CeB; or LaBg) and 3. Field emission
gun (FEG). Electrons are produced at the source by thermiogating. These electrons are then

accelerated to a voltage between 1-30 kV and condensed @@y beam which is used for imaging
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and analysis. A series of condenser lenses focus the eldo#tam as it moves from the source down
the column. Narrower the beam, smaller will be the spot sizeontact with the surface. After the
beam is focused, scanning coils are used to de ect the beattmeirX and Y axes so that it scans
in a raster fashion over the surface of the sample. Sampéemaunted and placed into a chamber
that is evacuated. The sample chamber can include a tianstaage, tilt and rotation devices, feed-
throughs to the outside, temperature stages, optical eamnand a variety of other devices to assist
in imaging the sample. The detector collects the electramsirmy from the sample. Two types of
electrons are typically used for imaging: secondary ebasti(SE) and backscattered electrons (BSE).
Secondary electrons are low energy electrons produced albetrons are ejected from the k-orbitals
of the sample atoms by the imaging beam. The most populactdeia SEMs is the Everhart-Thornley
detector. It consists of a Faraday cage which acceleratesléttrons towards a scintillator. This in
turn produces a current, which is directed towards a pholtiptier, and the ampli ed signal is read

on the monitor.
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Figure 2.12 (a) SEM image of one of the PLD grown §.gsCa:1sMnO3 Im on NGO. Image
shows a smooth surface with lower concentration of padiesl. (b) Approximate thickness of a
Lag:gsCay:1sMnO3 Im grown on Si substrate with 4000 laser shots in PLD usingss+sectional
SEM.

The imaging can be done either in vacuum10 3 mbar) or in a desired ambient (depending on

the sample). As it uses electron as an imaging tool, it hasehnigesolution than the optical imaging
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techniques. To image a sample which has much lower dimernis@nthe wavelength of the visible
light, it is an useful and ef cient technique. Mainly vari®iypes of inorganic and organic samples,
having dimension in sub micron to nanometre range, are usechfiging in SEM. We have used SEM
for imaging the growth of the grain size of §.&Cay.15MnO3 target pellet with different temperatures
(shown in Fig. 2.8) and to check the surface quality (comedion of particulates and the presence of
grains on the Im surface) of a deposited thin Im (shown ingFi2.12(a)). We have also used cross
sectional SEM imaging to measure the approximate thickoitse deposited thin Ims (shown in Fig.

2.12(b)).

2.5.3 Energy dispersive X-ray Analysis

Energy-dispersive X-ray analysis (EDAX) is an analyticat¢hinique used for the elemental analysis
or chemical characterization of a sample. It is complemgrttaelectron microscope, which enables
us to determine the composition of the features imaged bynilkeoscope. EDAX makes use of the
X-ray spectrum emitted by a solid sample bombarded with afed beam of electrons to obtain a

localized chemical analysis. The principle of EDAX is th&atron beam is incident on the sample
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Figure 2.13 Schematic diagram of (a) interaction of sample surface witrgetic electron beam (
from Ref. [L115) and (b) emission of characteristic X-rays form the elemen
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surface to achieve X-rays having energies characterisfithe element. When the incident beam
interacts with the sample creating secondary electronsnigdnoles in the electron shells where the
secondary electrons used to be. If these holes are in inedis,sthe atoms are not in a stable state.
To stabilize the atoms, electrons from outer shells willpdirito the inner shells, losing some energy
in the form of X-rays. Essentially, each element has charestic X-ray line(s) that allow a sample's
elemental composition to be identi ed by a nondestructisehnique. The schematic diagram of the
interaction of the sample with energetic electrons and siomisof X-ray lines are shown in Fig. 2.13.
Since the X-rays are formed by the electron beam interagtittinthe sample surface, what ever area
of the sample being imaged is analysed. This allows the SEpktiorm elemental analysis in very
selected areas. The X-rays emitted from the sample atontharacteristic in energy and wavelength
not only to the element of the parent atom, but also to thdssfreim which electrons have been lost
or replaced. The emitted X-rays are represented as K, L aridéd Hepending on the transition to the
speci ¢ shell of K, L or M. Greek lettea andb subscribed to a X-ray line (K or L or M) to distinguish
the transition from different high energy levels to a parte low energy levels like K, L and M.
All elements from atomic number 4 (Be) to 92 (U) can be detkateprinciple as the energy of the
characteristic x-ray from an element is proportion al squdthe atomic no. Z i.en p Z2. Qualitative
analysis involves the identi cation of the lines in the sppam and is fairly straightforward owing to the
simplicity of X-ray spectra. Here, we have used environrakestanning electron microscope (ESEM)
from FEI, Netherland (model Quanta 200) which can be opérat¢h at High vacuum or at required
environmental condition with a maximum operating voltag8@kV.

EDAX is used in this thesis for checking the presence of caitipmal elements and stoichiometry
of the investigated materials like LaMaGingle crystals, LagsCay.1sMnO3 target (shown in Fig.
2.9(b)) and all the thin Ims used for the different experint® In Fig. 2.14 ,we have shown EDAX
data of LaMnQ@ -1. Itis con rmed form the EDAX data that all the compositarelement of LaMn@

-1 are present in the sample without having any impurity elets (similar analysis were done in
the other two LaMn@ single crystals). We also found that La:Mn ratio slightlywidgées from 1:1

in the three LaMn@ single crystals due to the nominal mix valence at Mn sitec(dised earlier in
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Figure 2.14 EDAX data of LaMnQ -1 .

section 2.1). But it is dif cult to quantify this nominal mixalency (Mr#* : Mn*") from EDAX as the
difference in binding energy ( 4eV) of electrons in M# and Mrf* are less than the resolution (
100eV) of the EDAX. We have tried to found out the mix valentyin site from the spectroscopic

measurements like EELS and XPS which will be discussed indéesections.

2.5.4 Electron energy loss spectroscopy

Electron energy loss spectroscopy (EELS) is an useful antef technique for elemental character-
isation of a material and to determine the valance state @l@ment in a compoundL]16,117. In
EELS, we measure the energy distribution of electrons theé finteracted with a specimen and lost
energy due to inelastic scattering. EELS is generally edrgut in high vacuum in a transmission
electron microscopy (TEM) in which higher energy (100-3@@kelectrons pass through the specimen
(provided that the sample thickness islmm ). The high energetic electron beam is made to an imag-
ing tool of smaller probe having diameter of few nm to prodadeansmitted image of the specimen
with a special resolution down to atomic scale. Thus EELSsuesl in TEM has very high spacial

resolution. When a high energetic electron pass througHi@d sosuffers collision with the atomic
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nuclei of the constituent elements and with the electrorteérspecimen due to electrostatic Coulomb
force. These collisions can be elastic or inelastic. In asta collisions between the atomic nuclei
and the fast electrons, there is no net transfer of energgmyramall energy transfer which is hard to
detect by the spectrometer. The transmitted electron beatindcted into a high-resolution electron
spectrometer that separates the electrons according itokthetic energy and produces an electron
energy-loss spectrum showing the number of electronstésedtintensity) as a function of their de-
crease in kinetic energy. EELS spectrum of a material wtsaheasured up to a few tens of electron

volts is called the low-loss regiori17,118. In Fig. 2.15, we have shown the zero loss peak and the
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Figure 2.15 Energy-loss spectrum of LaMnrQ1 nano particle in the low loss region.

low loss region in the measurement of EELS in the nanoparti€bne of the LaMn@single crystal.

The most intense peak in the spectrum occurs at OeV and efoinercalled the zero loss peak. It repre-
sents electrons that did not undergo inelastic scattenmegraction with the electrons of the specimen)
but which might have been scattered elastically (throutgraction with atomic nuclei) with an energy
loss too small to measure. The width of the zero-loss pektigically between 0.22eV which is

mainly the energy distribution of the electron source. ®tbe-loss features can come from inelastic
scattering by conduction or valence electrons. The en@sg ik higher for the fast electrons when it

collide with the inner shell electrons of the elements. Duthis collision, inner shell electrons make
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an upward transition above the Fermi level if it absorbs anuhof energy similar to or greater than
its original binding energy. The fast electron loses an eguoeount of energy as the total energy is
conserved at each collision. Due to this inner-shell sdagiethe target atom will be in highly excited
(or ionized) state and will quickly lose its excess energythle de-excitation process, an outer-shell
electron (or an inner-shell electron of lower binding eggngndergoes a downward transition to the
vacant place at the core level and the excess energy isthioeas electromagnetic radiation (x-rays)
or as kinetic energy of another atomic electron (Auger eimigs For inner shell excitations, electron
intensity in EELS takes the form of edges instead of peaks.ifiier-shell intensity rising rapidly and
then falling more slowly with increasing energy loss. Tharghrise occurs at the ionization thresh-
old whose energy-loss is approximately equal to the bindimgrgy of the corresponding atomic shell.
Since inner-shell binding energies depend on the atomidoeuof the scattering atom, the ionization
edges present in an energy-loss spectrum reveal which etsiae present within the specimen. Quan-
titative elemental analysis is possible by measuring aa aneler the appropriate ionization edge. Both
the valence electron (low-loss) peaks and the ionizatigeggossess a ne structure that re ects the
crystallographic or energy band structure of the specié@6-{118. Even with an energy resolution
of 2eV, it is possible to distinguish between different ferof an element. That is why EELS is an
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Figure 2.16 Energy-loss spectrum of LaMr¥®1 nano particle .
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useful tool to measure the valence state of an element. VdeREES to nd out the Mn valency in the
three nominally pure LaMngsingle crystals (detail discussion in chapter 4). We preplag sample
for the EELS measurement by taking some powder samples fretitee LaMn@ single crystals and
mixed them in ethanol. Then, we make it a colloidal solutibh@VinO3 particles and put few drops
of the solution on a TEM Cu grid. The Cu grid was dried overhigihd loaded to the TEM chamber.
In Fig. 2.16, we have shown the EELS spectrum in nanopaidittse of the LaMn@ single crystals
which shows the K (inner shell excitations from 1s), L(inséell excitations from 2p) and M (inner

shell excitations from 3D) of O, Mn and La respectively.

2.5.5 X-ray photo electron spectroscopy

X-ray photo electron spectroscopy (XPS) is widely usedditall tool for surface analysis (within

tenth of a nm) of a material which gives the minute detailsualibe chemical and electronic states
of the compositional elements, relative composition of ¢bastituents in the surface region and the
valence band structure. It is actually a photo electricatfiehere electrons come out of the material
due to the interaction with high energetic X-rays. XPS and. &enerate nearly same information

from a material. Butin XPS, high energetiaifphotons (instead of electrons) interact with the valence

Figure 2.17 Schematic diagram of the XPS measurement procedure.

electrons and come out from the material if the binding enéRJE.) of s hn, where "h" is the
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plank constant and is the frequency. These photo electrons are then collentedspectrometer in
ultra high vacuum ( 10 °mbar). The photoelectrons spectrum is generated by miattia intensity
of the photoelectrons with their kinetic energy (K.E.) g féllowing the equation K.E = h-(Eg + ),
wheref is the work function of the material. In Fig. 2.17, we havewhdhe schematic digram of

the XPS method. We have used XPS to check the valence state of MaMnO; -1 single crystal
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Figure 2.18 Core level XPS spectra of LaMnQ1.

(detail discussion in chapter 4). Measurement was done wsicommercial VG  microtech XPS

instrument at 1.0.P, Bhubaneswar, India. We have used M{KR53.6eV) radiation as the photon

Table 2.4B.E values of different element form the XPS spectra.

Element B.E (eV)
C(1s) 284.5
O(1s) 529.5, 532

Mn (2Psp1s) 6419, 653.5
La (3d5;2;3:2) 835, 851

source. We have done the core-level XPS spectra in LaviiGsingle crystal from which we get
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peaks at different energy levels for different elements s, O) due to the transition of electrons
form various spin-orbit coupling states (shown in Fig. 2.Tfhe peak position are assigned by taking
C 1s signal as reference having B.E.= 284.5eV. We have tgou(an table 2.4) the B.E values of the
different elements from the XPS spectra (in Fig. 2.18) whictiches well with the previously reported

data fL19].

2.5.6 Atomic force Microscopy

Atomic force microscopy (AFM) is an imaging tool to measuiegace topography of a material fromin
sub micron to atomic scale. Unlike optical and electron micogss (which uses photon and electrons
for imaging), the imaging probe for an AFM system is a shgogltiaving dia 30nm) made of Si or
SiN mounted on a cantilever. To construct the image of théasey mechanical interaction force
(attractive or repulsive) between the atoms in the tip amthsa is considered. Due to the undulation
(height variation) on a speci ¢ surface, the ford@H) between the tip and the sample surface changes
which de ects Ox) the cantilever a®F= KDx, where K is the force or spring constant of the tip. The
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Figure 2.19 Schematic diagram of the AFM measurement procedure.

cantilever in an AFM system plays an important role for tgkérnsurface topography. The cantilevers in
AFM have spring constant (0.01-10 N/m) comparable or eves tlean the molecular spring constant

(  1-10’nm). This is why it can be sensitive to various atomic forcéghe AFM tip scan the area
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of a sample surface in a raster method. To detect the derdfaantilever during the scanning of
the sample surface in raster mode, a laser is focused on #uedfighe cantilever. The de ection of
the laser beam is collected in quadrant photo detector aalysed. The height pro le or the image
of the surface is generated using a feedback loop. The derecf the cantilever is used as input to a
feedback circuit that moves the cantilever scanner up anth dfoz direction, responding to the surface
topography by keeping the cantilever de ection constarg.tiie cantilever de ection is held constant,
the total force applied to the sample is constant. Thus ttagérs generated from the piezoelectric
scanner's z-motion with respect to X-Y motion. The scanrspged is thus limited by the response
time of the feedback circuit. The detection scheme of the AEMhown in Fig. 2.19. A vibration
isolation system is attached to the AFM system so that thehtiuld not be perturbed by any external
source.

The AFM can be operated in three modes: Contact, non- coatactapping mode. The distance
between the sample and tip should be a few angstroms in ¢antzae imaging. The tip should be
in physical contact with the sample surface. Depending upertopography of the sample surface,
the repulsive force then bends the cantilever. In contactanthe de ection of the cantilever is kept
constant. However, in non-contact mode, the tip is oseillait the resonance frequency and the am-
plitude of the oscillation is kept constant. Tapping mod@iketween these two ways of imaging.
Contact mode imaging is heavily in uenced by frictional aahesive forces and can damage samples
and distort the acquired image. Non-contact imaging gdiggreovides low resolution and can also be
hampered by the contaminant like water layer which canfisterwith oscillation. In tapping mode,
frictional forces is eliminated by contacting the surfand ascillating with suf cient amplitude to pre-
vent the tip from being trapped by adhesive meniscus foroes the contaminant layer. Depending on
the nature of the sample surface (hard or soft) and qualitygfiness), one has to wisely choose one
of these three techniques. AFM has some advantages ovealoptid electron microscopes like as :
(a) the resolution of the image in AFM is not diffraction limd (as electron or photons are not used),
(b) image is free from aberration effects (as it is a lens fpgssess), (c) AFM can measure the vertical

dimension while optical and electron microscopes gengta2D image of a surface and (d) imaging
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can be done without vacuum.

We have used AFM in contact mode for imaging the thin Ims ofyk&Ca.15MnO3 grown on
different substrates like NGO, STO, LAO and $iSi by PLD. From the AFM image of the Ims,
we have extracted the informations like surface roughngissn size distribution and height varia-
tion which determine the quality of the thin Ims. In Fig. 22we have shown the images of three

Lag:gsCay:1sMnO3 Im deposited on SiQ/Si with different no. of laser shots. From Fig. 2.20, we can
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Figure 2.20 AFM image of the La.gsCay.15sMNnO;3 thin Im deposited with different laser shots on
SiO,/Siin PLD . Color code representing the height variationtundurface.

see that the structure and size of the grains in the Ims dferdnt with different laser shots. For higher
laser shotsX 1000), surface of the Im is covered with uniform sphericaaips of tenth of a nm. We
have used the lgagsCay15MNnO3 Im grown (with 1000 laser shots) on Si/SiGsubstrate to study its
electrical transport due to electrostatic carrier indarctdy an electric double layer (in chapter 5). AFM
image of the LagsCay.15MnO3 Im on single crystal substrates of NGO , LAO and STO are shown
in Fig. 2.21. As expected, the surface of the Im on singlestay substrates is quite different from
the Im on polycrystalline SiQ/Si. Films on NGO, LAO and STO have preferential pattern gho
by the dotted line) and layer by layer growth (instead of teting of spherical grains) in Fig. 2.21.
However, there is no such preferential pattern presentanliins on SiO,/Si. The preferential growth
pattern occurs due to terracing on single crystal surfacenvthey get heated in the growth chamber
before deposition. All the Ims has maximum r.m.s surfacaginess of 1-2 nm which signi es the

smoothness of the Im. The unit cell dimension of manganite8.8nm. Thus the surface smoothness
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Figure 2.21 AFM image of the Lg.gsCay.1sMnO3 thin Im deposited with 1000 laser shots in PLD
on (a) NGO, (b) LAO and (c) STO substrates. Dotted lines aosvgig the preferred pattern of the
the Ims.

is around 1 2 unit cells. We have also used AFM to measure the approxithatkness of the Im.
We have deposited a bgsCa.1sMnO3 Im on SiO,/Si substrate with 1500 laser shots in PLD. Then
we covered the half of the Im by a polymer resist and othef fsgtched by using citric acid solution
(concentration 500 mg/ml) at 5@ for few minutes. Then we removed the photo resist from therot
half by acetone. We have estimated the thickness of the bmfthe edge of the Im to the etched
region on the substance by measuring the vertical distapnéd-M at three different positions ( shown
in Fig. 2.22). The average thickness comes out7.33 nm for 1500 shots. On average a 10 nm Im
is grown by 1000 shots. The thickness of the Im is again coned by ellipsometry (which will be

discussed in later section).

2.5.7 Thickness of the thin Im by ellipsometry

Ellipsometry is a technigue to measure the thickness andabmtonstants (refractive index and ex-
tinction coef cient) of a material mainly in the thin Im fan using an elliptically polarised light. In
Ellipsometry, we measure the change in polarization stilight re ected from the surface of a sam-
ple. When a beam of light is incident on a sample surface aesanbitrary angle of incidence, it
suffers a re ection as well as refraction. The re ectionritahe surface change the polarisation state

of the incoming light beam. The change in the polarisati@tesof the re ected light depends on the



2.5 Brief description to characterisation techniques 61

[ glale] sl 841 nm | Section
- r

J -
2
3

-

Film

A E Spectral Period 5.72 pm Speciral Frequency 0,175 /um
Substrate

Spectral RMS Amplitude 155 nm  Temporal Freg 0.00 Hz

*

Par | Horizontal Dist... | Vertical Distance | Surface Distan... | Angle Rmax
0 2.653 (pm) 17.219 (nm) 2.656 (pm) -0.372(°) 46.351 (nm)
1 3.526 (ym) 17.056 (nm)

3.529 (pm)

0.277 (°) 58.398 (nm)

<

1
0o Height 17.8 pm

81.4 nm

Figure 2.22 (a) Measurement of the vertical distance of the etcheglgd@a.15sMnOz Im on
SiO,/Si substrate in AFM. (b) Height pro le at 1, 2, and 3 (greeadrand blue) lines and corre-
sponding vertical heights (from the zero reference leve)gaven in the below table.

sample thickness, dielectric constant and refractivexindiee complex re ectance ratio is related to
the re ection amplitude ratiy and the phase differend®in uenced by the re ection asr = 2—;: tan

y expD), whereRp andRs are the Fresnel re ection coef cients for p (in which elactreld vector is

in the plane of incidence) and s (in which electric eld vadperpendicular to the plane of incidence)
polarized light respectively. The ellipsometer measwreand D over a large wavelength range from
which we extract the useful information. Since this techridgnvolves the ratio of two quantities it is
an accurate and sensitive method. The measurement schemédbipsometer is shown in Fig. 2.23.
Ellipsometry is based on models on non-depolarizing sedagith planar interfaces. For calculating
r, we need the value of the dielectric constant as a functiomavklength. This can be obtained with
the help of various models. In Ellipsometry, we measuredhiukness of a Im by the following pro-
cedures: measune andD! simulate data by considering appropriate mddeltting the simulated

data to the experimental datataking the thickness value at which error in tting is least.

Ellipsometry measurements was done by a M 2000 SpectrasEdjisometer (J.Woolam Co.,Inc)
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Figure 2.23 Schematic diagram of the ellipsometry method .

which is of rotating analyser type con guration. To analyke change in ellipticity due to re ected
polarized light from sample, an ellipsometer should theshtre following components: Light Source
(Xenon lamp), Polariser (Calcite crystal), Compensatargi@r wave plate), Phase modulator, Anal-
yser (calcite crystal) and a Detector (Photo multiplierefub

We have used to ellipsometry measure the thickness of thegt®n Ims of Lag.gsCay.15MnO3
on different substrates. In Fig. 2.24, we have shown thergégek and experimental ellipsometry data
for Lag.gsCay.1sMNnO3 Im on SiO,/Si, NGO, STO and LAO substrates grown in PLD with 1000 laser
shots. The thickness of the Ims comes out tenth of a nm froen tting of experimental datay vs.
| andDvs.J ) and the values are tabulated in table 2.5. The thicknedseofrns are comparable to
the values found from SEM data (in Fig. 2.11(b)) and AFM dat&{g. 2.21(b)). All the Ims used in

the experiment have thickness around 10 nm.
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Figure 2.24 Ellipsometry data of LggsCay.15sMnQOz thin Im grown on SiO,/Si, NGO, STO and
LAO substrates by PLD with 1000 shots .

Table 2.5 Thickness (estimated from the different measurementsh@fLi.gsCay.1sMnOz Ims
grown on different substrates with 1000 laser shots.

Sample Thickness (nm)
LaggsCay:1sMnO3 on SIG 11.32
Lag-g5Cay:15sMNnO3 on NGO 13.30
Lag-g5Cay.15sMNnO3 on LAO 12.32
Lag-g5Cay.1sMnO3 on STO 12.90

2.6 Magnetisation measurements

In this section, we will brie y discuss the magnetisation asarement techniques used to investigate

the presence of different magnetic phases in the three LaMm@le crystals. MagnetisatioM( of a
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material is de ned as the magnetic moment per unit volumesliged inside it due to the application
of external applied eld H). M andH are related ab = ¢ H, wherec is the magnetic susceptibility
of the material. Magnetic susceptibility determines the behaviour of a material in an externally
applied magnetic eld. Depending on the magnitude and teatpee (T) dependence af, we can
distinguish material in three main classes as diamagnet&( 0 and independent df ), paramagnetic
(c is small but positive angl %), ferromagnetismd¢ >> 0 and :Tiq’ C is the Curie constant
and g is Curie temperature) and antiferromagnetisscn> 0 and :T%q)' By the magnetisation
measurement, we can nd out the magnetic nature of the saniiie measurement can be done in
both d.c. and a.c. magnetic eld. D.C. magnetisation meament gives us the information about
evaluation of the magnetic moments or magnetisation of @mahtdepending o andH orM T
andM H curves of a material. D.C. magnetic measurements detertmnequilibrium value of the
magnetization in a sample. A.C. magnetisation deals withetraluation of the magnetic spins with
time or the magnetisation dynamics in the material. In the sebsections, we will discuss both these

two techniques.

2.6.1 D.C. Magnetisation in Vibrating sample magnetometer

A Vibrating sample magnetometer (VSM) is used to measurengtagbehaviour of magnetic materi-
als with the variation of temperaturé)and eld (H). VSM operates on Faraday' Law of Induction,
according to which a changing magnetic ux can produce anfeomvoltage. This voltage can be
measured. The sample which is to be studied is kept in a applagnetic eld generated by an elec-
tromagnetic pole pieces. The applied magnetic eld magestthe sample by aligning the magnetic
domains, or the individual magnetic spins, along or oppottthe eld direction. The stronger the
applied magnetic eld, the larger the magnetization woud he magnetic dipole moment of the
sample creates a magnetic eld around it, known as the magsieay eld. As the sample is moved
vertically up and downZ direction), this magnetic stray eld changes as a functibtime and can be

sensed by a set of pick-up coils. The alternating magnetit (ehanging magnetic uxphi) causes an
df _df dz

induced voltage in the pick-up coils according to Faradage of Induction i.e \&qjj= 4T azdT
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. This induced voltage is proportional to the magnetizatbthe sample. If the sample is vibrating
sinusoidally then ¥qji=2p f KM Zysin(2p ft), wheref is the frequency of oscillation, K is the coupling
constant, M is the D.C. magnetic moment of the sample Zanig the amplitude of oscillation. The
greater the magnetization, the greater is the inducedgaltd@he induction voltage is ampli ed and
detected by a lock-in ampli er. As a lock in ampli er can detean induced voltage as low as few/,
VSM can detect a change in magnetisation as low asfewn.u. For our measurement, we have used
a commercial VSM and a Quantum Design Magnetic Property Measent System (MPMS) XL-7
magnetometer. The maximum magnetic eld generated for exy@at was 1.6 T. The eld produced
had homogeneity of 0.1% over a circular area of diameter 5cm. The low tempegangasurement
was performed using a variable temperature cryostat whiclv&ameasurements from 80 K to 400 K.
The various components are interfaced and automated to putem We have done thd T and
M H curve varying the temperature (80300K) and applied eld (10 Oe to 1.6T) in three LaMgO

single crystals (discuss in detail in chapter 4.)

2.6.2 A.C. susceptibility measurement

In a.c. magnetisation measurement, we apply an oscillatiagnetic eld to develop a time dependent
magnetic moment in the sample. It actually measures the rifagation of the magnetic spins in a
material. The induced magnetization in a material due tosaillating eld Hyc.cosft) superimposed

on ad.c. applied eldHg with frequencyw can be expressed as:
M(t) = & Hadclcognwt) + ic2%in(nwt)] (2.2)

,.wherec? and c%are the real and imaginary susceptibilities. These twopstilitities can be directly

measured from the M(t) by the following relations:

o 1%w

ch= oH o M (t)sin(nwt)d(wt) (2.3)
oow 1 %2
Ch = oA o M(t)coq nwt)d(wt) (2.4)

, wheren = 1 represents the linear susceptibility, ard 2, 3, 4 denotes non-linear susceptibilities with

higher order harmonics.
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Figure 2.25 Schematic diagram of the set up coils in the a.c. susceiptibileasurement. Image
from Ref. [L20.

We have done A.C. susceptibility measurement in three Lap/bifyle crystal using a calibrated
homemade a.c. susceptibility set up in our centi2]. A.C. susceptibility was measured using two
coil system. The two secondary coils or the detection cti8 &nd "B") are connected in differential
mode and balanced in such a way that the signal is minimum wiee is no sample. Susceptibility
system is shown in Fig. 2.25. The sample is kept inside thebtiee secondary coil "A". It gets excited
and magnetised by an a.c magnetic eld produced by the pyimait "C". Magnetic eld is generated
by sending current in the primary coil. The change in the maeignux in the coil A introduces a
voltage drop @V) between the leads of "A" and "B" which is detected by a loclampli er. A

homemade cryostat system was used to vary the temperafe [

2.7 Electrical and magneto transport measurement

We have performed electrical and magneto transport meaasmts in different single crystals and thin

Ims of parent and hole doped manganites to investigate ffexteof various external stimuli like
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Table 2.6Different electrical and magnetotransport measureméqts, I, V, T, Ips, Vps, | andVg
represents resistance, resistivity, current, voltageptrature, source to drain current, source to drain
voltage, gate current and gate voltage respectively.

Sample Measuremnets Phenomena studied Chapter
LaMnOs -1, T dependent V, Resistive switching 3,4
LaMnO; -2, r T, and Magnetoresistance

and LaMnQ -3 H dependent T,

T dependenR H

Lag-9Srp:1Mn0O3 T dependent V Resistive switching 3

GdMnQOs | VatT =300K Resistive switching 3

LaggsCay:1sMnO3 Im Vg dependentps Vps, Electrostatic EDL gate effect 5
on Si/SIQ | Vg at xed Vps,
Ips twith pulsedVg,
I twith pulsedvg,

R T with differentVg

Lag-gsCay:15sMnO3 Im r T, Effect of strain 6
on NGO, LAO and STO local tunneling and Phase separation
conductance

electric and magnetic eld, electrostatic charge induttiy a dielectric and lattice strain and inhomo-
geneity. In this section, we will discuss about differergattical and magnetotransport measurement
techniques (which is tabulated in table 2.6) which are usedifferent studies. All the measurements

were done in high vacuum to avoid any contamination to thepganfue to atmospheric effect.

2.7.1 Electrical measurement in constant current and voltge method

We have measured the T curve of the samples using a very low current afAlin a four probe

con guration to avoid unnecessary Joule heating and comesistance effect in the samples.
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T measurement was also done using a different constant esltgig study the resistive switching
behaviour). In Fig. 2.26, we have shown the schematic diagrathe electrical measurement in four

probe con guration using a constant current and constalthge sources. We have used thermally

Voltmeter +V

Current
Source

Voltage

Source

Figure 2.26 Schematic diagram of four probe measurement method fariel@aneasurement with
(a) constant current source and voltmeter and (b) constdtdge source with currenimeter and
voltmeter

evaporated Au/Cr and Au /Ti pads (thickness of Au, Cr/Ti id00nm and 10 nm respectively ) for
electrical contacts and highly conductive silver paint wasd to connect Cu wires to the sample. We
have used keithley 2400 surcemeter (SM) for applying comstarrent and voltage in the electrical
circuit. SM can apply a constant current frommd to maximum 1A and voltage up to 1kV depending
on its input power limit 2000W. SM measures a current in threuii as low as 10nA to as high as
1A . SMis very useful instrument to measure resistive sviiighvith high threshold voltage. Keithley
2400 SM and a Keithley 2000 Digital multimeter (DMM) were d¢e measure the voltage drop across
the sample. The voltage resolution of the voltmetersni¥ And they can measure safely up to 200V
depending on the input power of 200W. In constant currenhotktwe apply a constant curretj {(n

the circuit (shown in Fig. 2.26(a)) and measure the cormedipg voltage drop across the sample)(

. : o . V.
with the varying temperature. This gives us the temperatapendent reS|stanEe(|—S) of the sample.
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In constant voltage method, we apply a constant voltageas Wi across the sample which is in
a series combination with a variable resistier); We measure the corresponding voltage digpand
V. across the sample and the load resistor respectively (sholig. 2.26(b)). The total voltage drop

across the sample 6 V_. The total resistance (between thé & | contact pads) of the sample

vV
I

i.e. R=f(V, T) and the material shows high and low resistive states (HRIS_&E) after a switching

is

. This method is very useful when the resistance of the natdeipendent on applied bias

V
voltage¥tn). The current in the circuit is= ————— (in Fig. 2.26(b)). We have used this method
geWin) RV T+ R, (N Fig- 2.26())
6 HRS —e—150 K —o—220K
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Figure 2.27 Sample Resistancdr) versus applied bias voltag¥) with corresponding values of
variable resistorR, ) in the circuit.

to observe the resistive switching in the three LaMrgihgle crystals, LggSr:1MnOs single crystal
(detail discussion in chapter 3).

In Fig. 2.27, we have shown th& vs. V curves of a LaMn@single crystal at different temperatures
and corresponding values Bf for the circuit. The value of the series resisRyrwas selected to be
much less than the total sample resistaRgat low bias € i) to ensure that it did not control the
current through the circuit. When the sample goes to the émistive state after the bias driven transi-
tion, the current in the circuit increases and it reachestimepliance limit (after which the instrument
cannot measure) of our measuring instrument. However, thélpresence dR,_ the total resistance
of the circuit remains large enough to avoid the compliamtdt land we can see the switched state

of the sample. From. Fig. 2.26(a) and (b), we can see therdumehe circuit (in Fig. 2.25(b)) at
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low bias ¥ < VW) is controlled by HRS*¥> R,) of the sample but after the switching to LRS, the
current in the circuit is control by R In the absence d®_the current would be ten times higher at low
temperature which<g 220K) is not possible to measure due to the compliance lifrth@instrument

and the switched state can not be seen. Depending on thianesiof the different samples, we have

variedR, to see the switched state and limit the current in LRS.

2.7.2 Measurement-set up for transport and magneto transpo

The electrical and magneto transport measurement was deaaedmmercial cryogen free (without
liquid N, or He) 1.5K Variable temperature insert (VTI) system frony@enic limited. It uses a
Gifford-McMahon cryo cooling system in which temperature can be achieved as low5& But
depending on the purity of the He gas,the normal achievatgéerature range is 4kK325K. The
magnetic eld is applied by a 10T superconducting magnetesysattached with the VTI. The magnet
is made in a solenoid form made of copper stabilised lamgnsaperconducting wire of NbTi (outer
coil) and NI3Sn (inner coil). It can generate magnetic eld as high as IO magnetic eld decays
only very slowly (typically less than 1 part in 3¢hour). The direction of the magnetic eld is along the
axis of the solenoid. the inductance of the magnet coil i8l3@nd the resistance across the terminal
at 300K is 4.2V. The image of the set-up is shown in Fig. 2.28(a). The mainpmorants of the
measurement set up are: (a) cryostat (vacuum insulatedb&rammose primary function is to support
and thermally shield the superconducting magnet and Vi) sperconducting solenoidal magnet (c)
cryo-cooler system ,(d) variable temperature insert (\&hiJ (€) sample mounting stick with electrical
connections.

In Fig. 2.28(b), we have shown the image of the sample stickdérof stainless steel) on which we
mount the sample on a sample platform. On the sample platfitvene are 10 electrical connections
for connecting samples. A calibrated cerh¥¥xsensor and a 10W heater is kept just beneath the
sample inside the sample platform. The wiring from the sa&(s)] heater and thermometer, is tted
inside the sample rod. The 6 pin Fischer connector provitketrical contact for the thermometer and

heater while the 12 pin Fischer connector provides eledtdontact to the samples. Heater and sensor
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Figure 2.28 (a) Image of the measurement set up. (b) Schematic diagraimeasample stick
connected with different measurement sep. SM: Sourcemeter, TC: Temperature controller.

was connected to a Lakeshore 332 Temperature controllerlefigth of the stick is such that when it
is inserted in the VTI, sample platform is in the centre of timform magnetic eld. The sample is
kept on a mica sheet and then mounted on the sample platfong ashermal grease. The control of
the magnet and VTI system is fully automated and run by a Gmgimglabview programme. We have
automated the measurement system. Temperature depeesistivity with and without eld was done
using a C++ code written by us. For theT measurement, we have varied the temperature by 1 K/min.
Cooling in the system is done by a standard two-stage ccgoler. The main function of the rst
stage is to cool the radiation shield around the low tempeggparts of the system. Cooling for the
magnet (to around 4K) and the VTI (below 4K) is provided byd¢beler second stage. The cryo-cooler
cold head is tted to the cryostat top plate. The compressaonnected to a dedicated high pressure
hoses. The VTI provides the means to vary the sample temjperbéetween 1.6325K as standard.

The VTl is supported in the bore of the magnet. Cooling of tHé &hd sample is provided by the sec-
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ond stage of the cryocooler using circulating helium gas. In Fig. 2.29, we havavaihthe schematic
diagram of the VTI operation. The cooling in the VTI occurgtie following ways:

Sample Chamber
|><|::! Gate
Valve V10
V11
VTl
< ® C :@ Pressure

Helium Dump A
\/12 Pressure Gauge Helium Gas

Intet

@ P r—]

\l/ Charcoal

Helium

Oil-free Reservoir

pump
He{pot

VTI Heat
Exchanger

Needle Valve

V15 V14
Rotary pump

He cylinder

Figure 2.29 Schematic diagram of the VTI operation. Image from R&2]].

(a) High purity (99.999%) He gas is stored at room tempeeaituithe reservoir vessel with pressure
0.25 bar,

#
(b) He gas passes to the second stage of the a@goler via He inlet where it is cooled below 4.2K
and condenses in the He pot.

#
(c) He liquid passes across a needle valve and then entamsaihesample space.

#
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(d) This is then driven by a "dry" (oil-free) pump, back to tHe gas dump. Needle valve can be
controlled manually and it maintain the He gas ow rate. Hegsure is monitored via a dial gauge,

#
(e) The heat exchanger at the bottom of the VTl is tted witheanox thermometer and heater con-
trolled from the temperature controller depending on thigeit of the measurement,

#
(f) The sample is inserted through an airlock inside a sfigaasigned vacuum probe. The outside of
the probe is in contact with the VTI gas stream and the sarsptedled via a copper link. An airlock
is provided to change the sample without contaminating dinepée chamber.

Keithley 2700 multimeter is used to scan the temperaturdefdifferent stages of the VTI and
magnet cooling system. The magnet is tted with a persisteatle switch that allows it to operate
in persistent mode. Under these conditions the superctinduarcuit is closed and the current can
ow in a continuous loop, as long as the magnet remains swpeiecting. To set a magnetic eld ,
a power supply ramps the lead current to match the eld ptesethe magnet. Then the Heater is
switched ON and the system waits until the temperature obttitch rises and the switch goes into
the normal (nonsuperconducting) state. The current framihgnet power supply into the magnet is
then increased at the rate speci ed until the target is red¢lramp rate is 0.1A/sec for 0 to 7T eld
while itis 0.06A/sec for above 7T led). The operating curtéo generate 10T magnetic eld is nearly
130A. After that the heater is switched OFF, the switch catwe/n and becomes superconducting.
The lead current is then quickly ramped to zero. The magniet iersistent mode at the new value
of eld. For the non persistent mode, the heater is normally &d the switch is in the normal state.
To set the eld to a new value, the power supply simply rampes ¢brrent through the magnet. For
our magneto transport measurement, we have used magnetic eld up to b@Twe have read the
magnetic eld by measuring the output voltage (by a Keith2§00 DMM) of the magnetic power

supply which is 2.001mV/A and 0.0363T magnetic eld prodacémV output.
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2.8 Local tunneling conductance measurement using UHV-STM

Vacuum tunneling was theoretically predicted by Folwer Hoddheim in 1928. However, the scanning
tunneling microscope (STM) appeared in 1981. Gerd Binnig ldeinrich Raohrer of IBM Zaurich
constructed a tool for studying/probing the local densftgtates and to get topographic images down
to atomic scalel22]. It's working based on the principle of tunneling throughaarier in high vacuum.
In quantum mechanics the electrons exhibit wave like pitggseand which allow them to penetrate the
potential barrier. According to classical physics for aacélon of energye < V (Barrier potential)
the electron will not be able to pass through the barrier amdllire ect while quantum mechanically,
there is a nite probability that the electron will pass thgh the barrier. Thus in classical physics the
electron ow is not possible without a direct connection byvae between two surfaces. However
guantum mechanically there is a nite probability of tuningl

In general STM involves a sharp conductive tip made of mditedsPt/Ir which is brought within
tunneling distance (sub-nanometre) between the tip andahmple surface, thereby creating a metal-
insulator-metal/semiconductor/oxide con guration. e trepresentation of one-dimensional tunneling
(Fig. 2.30), the tunneling wave function of the sample etawty s and the wave function of a STM tip

electronsy; overlap in the insulating gap, allowing a current to owl23. From Fig. 2.30, we can

Sample Surface Gap STM Tip

Figure 2.30 Schematic diagram of overlap of electronic weave functmfrsample and tip. Image
from Ref. [L123.

see that the region where wave functions are overlappiogvalthe current to ow.
In metals, electrons Il the continuous energy levels uphte Fermi level () which de nes an

upper boundary to accessible electronic states for coimductAbove & we nd electrons that are
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activated (like thermally). We can raise the Fermi leved.(eof the sample) in regards to a second
material (e.g., tip) by applying a voltage. Even in abserfce lmias tunneling occurs. But net current
is zero as tunneling from the tip sample and samgle tip has same probability. This symmetry is
broken by the bias and this give the net current. To observéutimeling curreni of electrons through

the vacuum gap between the sample and the tip, a bias volfgge is applied as shown in Fig. 2.31.
At Wpias = 0, the electrons cannot ow in either direction since kes in same level for both the tip
and the sample. Whéw,i.s > 0 (positive bias w.r.t the tip), thedEof the sample is raised Byias and

the electrons in the occupied state ( lled with electrons)h@ sample can tunnel into the unoccupied
state of the tip. Similarly, wheRyias < 0 (negative bias), the electrons in the occupied state of the
tip and tunnel into the unoccupied state of the samp22f124]. These conditions are shown in Fig.

2.31. The tunneling current between the sample and thé Yiis firectly proportional to the tip sample

Sample \ / Tip
Sample Tip Tip Sample
Ef + Vbias E— -
B o
Etpml _ Et - Vbias
Vpias = 0 Vpias > 0 Vpias < 0

Figure 2.31 Schematic diagram of the tunneling phenomenon in diffés&sing conditions. Image
form Ref. [L123.

distance(z), local density of statdd;f of the sample and applied voltage(V) and can be expressed as

z ¥
\V \V \V \V
(ZVWT)= ¢ Ns E+ >~ N E & GzEW) f E & f E+Z dE
¥ 2 2 2 2
(2.5)
where E is the energy of the tunneling electroiis a constant dependent on the tip-sample effective
junction areaz is the tip-sample separation, W is the average work funabibthe tip and sample
surfaceV is the applied bias between tip and samplas the temperature\;(E) is the tip DOSf(E)

is the Fermi function al andt is the barrier penetration factot25. From equation 6.1, it can be
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seen that the tunneling current is directly correlated éddcal density of sates of the localized region.
The STM work described in the thesis (chapter 6) was dongglURHK UHV 350 SPM system
(shown in Fig. 2.32). The system has two chambers one is maarople chamber (where imaging
and tunneling conductances measurement is done) and theistsample transfer chamber or load-
lock chamber. The main chamber was kept in ultra high vacuuiiM) level of 10 19 mbar by an ion
pump and the vacuum in the load lock chamber was maintaink@ &mbar. The sample is transferred
from load lack to the main chamber by a magnetic handle at gaessure (10° mbar). We have

used a Pt-Ir tip and placed a Ni-Al conducting wire on the denfigr tunneling measurement. The

/

Load Lock
Chamber

Main
' , . Chamber

Figure 2.32 Image of the RHK-UHV 350 STM system in our lab.

system consists of different parts like R9 controller, Senmplder, Scan head, Preampli er, Bias drive
ampli er, Lock in ampli er and CCD camera etc. The R9 Contaevlgenerates a differential bias signal
that is received by the IVP-R9 prampli er and is turned into a single-ended bias signal {0V) to
be fed into the STM between the tip and sample. The STM preagmalsis fed into the IVP 200

(10° Gain, 10nA/V) and is turned into a differential signal thetttien sent to the differential input of
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the R9. Using differential transmission on the signals leefwthe scan head and the R9 Controller
help maintain signal purity and eliminate noise (using adsatorth Iter with 2kHz cut off and 48dB
roll off) picked up from the environment. The noise level in thstinment was always maintained
below 10-30 pA5J Hz. The circuit diagram for measuring the tunnel current iswshin Fig.2.33.

The actual image of the surface is obtained by scanning timpleasurface in constant current and

(a)

STM Tip
With IVP-R9 R9 Controller

Scan head ” e
Preamplifier

(b) = U,4 Fccdbaclf €, Biror

* Electronics Signal
Scanner

I Ur LU = Yese
e WP W W~~~ Current Logarithmic Current
T (OO0 ~£3 113 1
r o~ o o Preamplifier ~ Amplifier Set Point
© © 0o © 0 o

© o o Samplco

Figure 2.33 (a) Schematic diagram of to detect the tunnel current. (beB8atic diagram of the
electronic circuit for imaging in constant current mode4.

constant height modes. In constant current mode, a feedbagplkeeps the tunneling current constant
and the change in the vertical (z) position due to the sang@egraphy is monitored. This mode is
more sensitive to the topography of the structure and isefoee, the preferred mode for imaging. In
constant height mode, the tip is kept at a constant heiglggdifack is then disabled) over the sample
and the change in the tunneling current monitored and itafulifor spectroscopicg—\ll) measurement.

For imaging, we have used 400pA to 1nA current depending @sample surface and bias voltage is



2.8 Local tunneling conductance measurement using UHV-STM 78

kept from 0.5V to 1V.

It is possible to obtain spectroscopic (V curve) information about a sample surface by using
modulation techniques in which a constant current topdgragnd the spatially resolved tunneling
conductance (dI/dV) can be acquired simultaneously. Thathod is called local conductance map-
ping. The local conductance map (LCMAP) is basically a twmahsional map of the differential
tunneling conductance across the surface for a xed biasaarad xed average tunnel current. The
a.c. modulation bias is chosen to be much smaller than théohs applied to the sample. The tunnel
current has a d.c. as well as an a.c. component. At the a.itatexe frequency, the AC component of
I(t) =lpc + (3—\'/) dV cosim) +..... . The AC component df is measured by a lock-in ampli er which
gives the in-phase component giving t I directly [126]. For spectroscopic measurement, we have
varied the voltage betweenlV and resolution was 1mV. We have applied modulation of #&omge
10mV with 1kHz frequency. There was a stabilisation delag: @& wait time after re-engaging the feed-
back loop between each spectrum to be sure that the probatibpads back to where it started before
repeating the spectroscopic measurement) ofr@0 few ms between each spectra and sampling time
was kept at few ms.

Another important part is to mount the sample in a sampledra@dd to approach the probe to the
sample properly. The scan head consists of three piezdeltays which works on transverse piezo-
electric effect (Z piezo sensitivity 1.5 nm/V and Z can vagyto  225nm). In Fig. 2.34, we have
shown the image of the scan-head with the tip and the samjidiethon order to produce rotation,

a sawtooth voltage is applied to each leg. Once approachiipleted, the raster scan waveform are
applied to piezo-legs to create back and forth motion of tiizeescan head which helps in moving the
probe (mounted in the centre of scan head). The tip appredche distance from the sample surface
where it gets the set current. The sample holder is slopaahdrine outer section of the holder which is
necessary to bring the tip and sample close enough for anaatiten to take place. To study the temper-
ature dependence of local conductance, the temperatuhe siimple, and the heating /cooling stage
was controlled by the liquid nitrogen and radiative heatifigere are three thermocouples in a sample

holder which allows us to measure sample temperature, tatondemperature of the heating/cooling
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Figure 2.34 Image of the Scanhead of an UHV-STM syatem with the schematic view of the sampl

holder [127.

stage and to monitor cryostat temperature respectively.

STM measurements are very sensitive to the vibrations wheparise from buildings, and pumps.
Generally, the distance between the sample and tip is veajl §mfew nm). Therefore, a mechanical
stability of the order of nm is very important. For this reasweibration and external noise isolation

of the system is necessary for stable functioning of theesysfThe UHV-STM system was placed on

four air/N, lled legs to avoid mechanical vibrations.



Chapter 3

Effect of electric eld on the insulating

state of undoped LaMnO; and GdMnO3

Investigation of nonlinear transport and eld driven switng due to externally applied electric eld
in the adiabatic polaronic insulating state of three nomipgure single crystals of LaMng£and thin

Im of GAMnO;3, have been performed. Both LaMyénd GdMnQ has highly insulating ground state.
We observed reversible destabilization of the highly tesisnsulating state to a lower resistance state
at low temperature (for LaMng) and at room temperature (for GAMnrD The low resistance state
is a bad metallic state. The resistive state transition eg@t a particular threshold eld (kn) and

it has a memory or hysteresis. This resistive switching da@xed by bias driven percolation type
transition between two coexisting phases, where the ntgjphiase is a COI polaronic insulating
phase and the minority phase is a bad metallic phase. Thertamophysics studied here is that
bad metallic minority phase can co-exist with Pl state dueharge transfer instability driven charge
disproportionation which creates electron hole (E-H) p@#n® + Mn3 1| Mn?* + Mn*"). These
E-H pair is depinned by applied eld and shows an activateakkics. This transition is distinct from
the eld induced resistance state change (both with memodyvaithout memory) that have been seen

in manganites with much higher level of hole doping (tygical 0.2).

80
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3.1 Introduction

The localization of electronic states due to strong elecpioonon coupling in strongly co-related ox-
ides like RMnQ (R = rare-earths like La, Pr, Nd etc.) and the effect of exdestimulations on these
states has been an important research interest over thetegecades]], 2]. In materials like RMnQ

, the strong coupling between the electrons and phononsateelddy the JT distortion leads to the for-
mation of polarons. Below a certain temperaturg ) cooperative JT distortions set in and one obtains
a polaronic insulating state accompanied by an orthorhordisitortion of the lattice. Depending on
the Rion the value ofT;1 can vary between 750K fdR = La to 1150K forR = Nd. At a much lower
temperature AFM order sets in at the Neel temperalyre 150K leading to an A-type AFM insu-
lating state. The physical properties, including crysgaphic structure and its temperature evolution
throughT;t of RMnO;3 systems (like LaMn@) have been studied in detail using various techniques.
Although many important issues still remain unsolvédd]. The orthorhombic polaronic insulating
state with cooperative JT distortion can be destabilizedhdig doping using divalent substitution at
the rare-earth site. This leads to insulator-metal treamsivith long range FM order. In addition to the
hole doping, the polaronic insulating state can be de&ahilby external stimulants like pressug}, [
very high magnetic eld 10] and by high electric eld close td;t [11].

In this investigation we nd that an applied electric eld afoderate magnitude can induce insta-
bility at room temperature or below in the resistive stateafinally pure single crystal of LaMnO
and thin Im of GAMnQ;. This leads to a reversible destabilization of the highligtve insulating
state to a lower resistance bad metallic state. (Note: TWerloesistance state is called a bad metallic
because it has a temperature independent resistivity wdligh though lower than the insulating state,
is higher than those seen in metallic states of manganitieénelol after substantial hole doping). The
observed eld induced destabilization can be sharp at ldeemperature and it can lead to resistance
changes of even few orders of magnitude occurring shargy@gmall eld range. The destabilization
of the insulating state which we have observed in case of maligipure LaMnQ single crystals and

GdMnQ; thin Im is distinct from the eld induced resistance statbange (both with memory and
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without memory) that have been seen in manganites with migttehlevel of hole doping (typically
x 0.2) 91-94]. In manganites with higher level of hole doping (that shoMIFor CO state), the
resistive switching has been seen in single cryste8[129, in Ims [ 130 and also in hanoscopic
regions that can be created by local prokdE®1[132]. Creation of FM laments by high electric eld
in charge ordered manganites have been repo84d IResistive state switching in Schottky junctions
involving manganites have also been se#8j.[ The above list of observation of resistive state switch-
ing is not exhaustive and is suggestive of a number of exptargafor the resistive state transitions in
hole-doped manganites. These explanations are ionic timgracar room temperature particularly in
junctions R7], electron heating133], Joule heating 134, 135 and electric eld induced structural
changes 132 136. However, the observed phenomena in nominally pure Lapsi@gle crystals and
GdMnG;s thin Im, reported here, are different from those reportedhiole-doped systems. In this
case, the starting insulating state is a polaronic inswdastate with JT distorted Mn{arranged in a
cooperative long range ordered state. The observed chastics in this case have different eld and
temperature dependences including a sharp eld driversitian. The eld driven transition appears
to change critically for hole doping aroumxd 0.1. In earlier reports involving hole-doping with con-
centrationx  0.15, the starting insulating state was either a chargereddstate (occurring for hole
doping 0.5) or a FMI state (occurring for hole doping0.15-0.22).

In this chapter we have studied the effect of external siifiké electric eld on the polaronic
insulating high resistive state of parent manganites. Mpem@ments have been carried out on three
nominally pure single crystals of LaMnraving different dimensions (LaMnQ1, LaMnG; -2 and
LaMnO; -3), Lag:9Sip:1MnO3 and on GdMn@thin Im to establishes the generality of the phenomena
and the extent of its sample dependence (detail about thplesnvas discussed in Chapter 2). In the

next section (3.2) we will discuss the normal resistivitiéshese samples.
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3.2 Polaronicinsualting state in LaMnQOg, Lag.gSro.MnO 3 and GdMnO3

In strongly co-related parent perovskites, electronitestare localized due to strong electron-phonon
coupling mediated by JT distortion. This distortion leadl$hte formation of polarons. Strong JT dis-
tortion along with onsite Coulomb repulsion (U) as well aargfe transfer energy plays a crucial role
to make the system, like LaMnQinsulating. High pressure studies on LaMyi@ve shown that even

if the JT distortion is removed, the insulating phase stiksl not collapse. Below a certain tempera-
ture (T;T1), cooperative JT distortions set in and one obtains a poi@iasulating state accompanied
by a orthorhombic distortion of the lattice5{8]. The electronic transport in this state depends on
temperature as:

r =roT"exp % (3.2)

, Whererg is related to the hopping frequency, length, and dimensitgnand E, is the activation
energy.E, can be expressed &= g +W+/ 2 2" whereg, is the energy required to produce intrinsic
carriers, 2W is the polaron formation energy dnds the transfer integral. There are two limits of
this polaronic transport; one is adiabatic limit and otlsenén adiabatic limit. In adiabatic limikgT
(characteristic polaron energy scale which gives the paldaunnelling rate) is greater than polaron
formation energyhW,, (Where, Wy, is the characteristic phonon frequency involved in the foola
formation) and exponent = 1 in equation 3.1. For nonadiabatic limit exponent 3/2 and electron
tunnelling event is not necessarily faster than relevatitapmode lattice vibration.

We have measured the resistivities of LaMnQ@, LaMnG; -2, LaMnGQ; -3 and La.gSrp.1MnO3
single crystals with a low bias current off in a standard four-probe method (measurement procedure
is given in Chapter 2). In Fig. 3.1(a), T data of three LaMn@single crystals are shown. All the
three LaMnQ single crystals qualitatively shows similar kind of resigy (102-10° WCm) but the
quantitative difference arises due to the slight variabbMn** in these samples (sample details and
characterisations are discussed in chapter 2 & 4). Theativatom (Ca, Sr) doping at rare earth site
in RMnO; creates mix valence Mn (presence with Mhand dilutes the local JT distortion. Presence

of Mn** destabilize the polaronic insualting state and reducerttud the system. In Fig. 3.1(b),
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Figure 3.1 Temperature dependent resistivitie9 6f (a) LaMnG; -1, LaMnQ; -2 and LaMnQ -3
single crystals, (b) LegSrp:1MnOg3 single crystal and (c) GdMngxhin Im.

r T data of LagSrp:1MnO3 is shown which has lower resistivity than the three LaMrgihgle

crystals. This is due to the presence of nite amount of*Mfor Sr substitution. With the substitution

of divalent atom like Ca or Sr in parent LaMgQa hole is created in the,devels of the 3d-orbital

of Mn. It leads to the de-localization of carriers and insesathe conductivity. The introduction of

Mn#* dilutes the cooperative JT distortion and enhances thegttvef the FM Double Exchange (DE)

interaction. For the Sr doped systex 0.1 region is the critical regiorilB7]. In this region of hole

concentration, slight variation of Mf can change the system from highly insulating CAF regime to
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ferromagnetic FMI state at low temperaturés?, 137]. As a result, in Lg.gSr:1MnQOs, there are three
distinct regions; Pl (145-300K), FMI (starts below 120Khdain between there is a small metallic
region (120K-145K) wher%iT is positive. This would also imply co-existence of compldrapes in
this region of hole concentration. This complexity makesxh= 0.1 region very sensitive to exact
Mn#* concentration. Increasing the Sr concentratior 300.15 stabilizes the FMM statd 38 139.

Resistivity of the GdMn@ thin Im is shown in Fig. 3.1(c).r T curve of the GdAMn@ Im is
measured with a constant low bias voltage of 1V as the Im is/\J@ghly resistive at room temper-
ature. For a xed bias measurement the joule heating is gamc:\iflRE As a result, when it is cooled,
resistance (R) increases which reduces the Joule heatimg.oRstant current measurement, the heat-
ing being PR, on cooling the joule heating increases. The resistarweases on cooling and reaches
a compliance limited range below 180K (The noise in the dathue to the compliance limit).

To nd out the nature of the insulating state, we tted the T curve of the three LaMn®sin-
gle crystals and GdMn&thin Im with the equation (3.1) considering = 1 for adiabatic polaronic
transport. From equation (3.1) with= 1, we can found that the plot ¢fi(r T 1) vs. T lis a linear
curve and the slope of the curve is the activation enekyy for the transport. We have plotted the
r Tecurve adn(rT 1) vs. T 1for all the LaMnQ single crystals, LggSry.1MnO;z single crystal
and GdMnQ thin Im (shown in Fig. 3.2). From the linear tin Fig. 3.2(awe found that all three
samples of the nominally pure LaMa®ave almost the same activation enefigy, 217 235meV
and this matches well with the previously reported daf#)]. The sample LaMn@-2 shows deviation
inther T curve around 180K from the t following singl&,. This is likely due to the magnetic
inhomogeneity caused by local FM moment/cluster formatitich is discussed in chapter 4. From
Fig. 3.2(b), we found thaE, for Lag.oSrp.1MnO3 is nearly equal to 180meV which is due to the Sr
substitution discussed earlier in this section. GdMititn Im hasE;  230meV which is comparable
to LaMnQ; single crystals and other parent manganites.

In this section, we discussed about the nature of the insglatate of the parent manganites
(LaMnQ;3 single crystals and GdMng&hin Im) and the effect of divalent atom doping (Sr) on the-po

laronic insulating state of these oxides. We observed than LaMnQ single crystals and GdMn$
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Figure 3.2 Adiabatic polaronic t ofr T for (a) LaMnG; -1, LaMnQ; -2 and LaMn@ -3 single
crystals,(b) La.gSrp.1:MnO3 single crystal and (c) GdMngxhin Im.

thin Im have nearly samé, while Lay.gSrp.:MnO3 single crystal has loweE, due to the Sr doping.

3.3 Effect of electric led on the polaronic insulating state of LaMnO3

single crystals and GAMnG; thin Im

In this section, we will discuss the effect of electric eleh dhe polaronic insulating state of three
nominally pure LaMn@ single crystals, LggSrp:1MnOs single crystal and GdMng&thin Im. The
experiments were carried out on different single crystalsaMnOsg, lightly doped La.9Srp.1MnO3
and GdMnQ@ thin Im having different dimensions and morphology to dsish the generality of the

phenomenon and the extent of its sample dependence. Effibet electric eld on the insulating state
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was measured by varying the bidé) @cross the sample and measuring the corresponding ciiyent
through it in a four probe con guration (four thermally evapted Au/Cr and Au/Ti pads were used
for metal contacts). To avoid the Joule heating we have ugedlsad voltage with 50% duty cycle for
LaMnOs; and continuous low bias for GdAMnQhin Im. | V measurement was done in the three
LaMnO;s single crystals varying the temperature from room tempeeatio 150K (data are taken up to
150K as below this temperature sample resistance reachesitipliance limit of the instrument) and
IV was measured at room temperature for GdMii@n Im. The electrical circuit con gurations
for four probel V measurement for three LaMa@ingle crystals, LggSry:1:MnO3 single crystal and

GdMnG; thin Im is shown in Fig. 3.3. LaMnQ@ single crystals and lgaSr::MnOs3 single crystal

@ —— Q

Figure 3.3 Circuit con guration to measure bias voltag¥)(versus sample current(l) for (a)
LaMnQOs single crystals and lgySrp:1MnOg3 single crystal. R is the variable resistor to limit the
current through the sample and (b) GdMg@in Im. Due to the high resistance of the InR_was
not used in the circuit.

have low resistance of 300W. We used a current limiter resistBy series with the sample to make
sure that high current (in the compliance limit of the instant) should not pass through the sample in
the switched state (low resistive state). We adjui&effrom KWto MW) with lowering of temperature,
depending on the sample resistance and applied magnitule loias ¥) (discussed in detail in chapter
2). The sample voltagd/§) was measured across the two middle probe of the sample tbheyattual
threshold eld (which exclude the contact resistance) foitching for LaMnQ; single crystals and
Lap-9Srp:1Mn0O3 single crystal (it will be discussed in the later sectionut B. was not used in the

circuit con guration in 3.3(b) as GdMn®thin Im has a very high resistance of few Wiand the
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applied bias\) was low & 10V). Detail discussion on the circuit con guration is inagter 2.

3.3.1 Temperature dependent V data and bias induced destabilization of the pola-

ronic state in LaMnO 3
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Figure 3.4 Temperature dependent V data for (a) LaMn@ -1,(b) LaMnG; -2 and (c) LaMnQ
-3 single crystals.

In this subsection, we will discuss the temperature dep@rideV characteristics of three nom-
inally pure LaMnQ single crystals (LaMn@-1, LaMnG; -2 and LaMnQ -3). Details of the three
nominally pure (slight variation in Mt ) LaMnOs single crystals is discussed in chapter 2. Here,
in Fig. 3.4, we show thé V data for the three samples. It can be seen from Fig. 3.4 thext af
particular voltage (which we call threshold voltagg) the current through the sample switches to a
higher value. This arises because the resistive state ragkassition from a high resistive state (HRS)
to a low resistive state (LRS). The current in the LRS shoviigration due to the compliance limit of

the source. The LRS prevailed until the voltage was lowerddvb a threshold value after which it
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again returned back to the HRS. This transition region skicavbysteresis and it persisted up to 260-
280K (depending on the LaMn@single crystal). We found that both below and above the Huoiles
voltage, thel V characteristics follow an approximate power law V", belowV;, (in the HRS)

n 1 and above the threshold (in the LR®> 1 (see Fig. 3.5). In Fig. 3.6(a), we have plotted the

—o0— Expt. Curve LRS,n>1
Linear fit@HRS
Linear fit@LRS

4t

/
o

Switching Region

6F LaMnO3-1

In1

-8
180 K
HRS, n~1

4.0 4.5 5.0 5.5 6.0
InV

Figure 3.5Power law dependence bf V curve before and after switching at 180K for LaMnQ.

sample voltageMs) with the applied bias voltage/{ at different temperatures. This way of plotting
the data (s as a functiorVV) identify theVry, at which the transition occurs. When the sample is in
HRS (high resistance insulating state), the sample voltali@vs the applied bias. On reaching the
threshold voltag&4n, the sample makes transition to the LRS, leading to a falhinkias across the
sample because the bias now drops predominantly acrossriterlR_.. The Fig. 3.6(b) shows an
example of the eld induced transition and the hysteresis r&presentative temperatufe= 150K and
the threshold voltag¥, is marked (direction and colour of the arrow indicating thed and transition
between HRS and LRS respectively). From this valudgfthe eld Eg, is obtained. In the Fig. 3.6(c)
we show the temperature variation &f, for all the three samples. All the samples show a steep rise
with the decrease in temperature and have values that ailarsfmithin a factor of 2). E;;, becomes
very small € 100V/cm) for temperatures higher than 298D0K, beyond which there is no resistive
state transition. The change in the resistance at the ti@nsis a function of temperature is shown in
Fig. 3.7(a). High resistance state is marked as HRS and Isista@ce state as LRS. As temperature
is increased, the decrease in sharpness of the transitiolecseen. It can be noted that LRS is nearly

independent of temperature. The size of the hysteresisrregs well as the jump in the resistance at
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Figure 3.6 (a) Sample voltageVk) versus bias voltagev(| at different temperatures, (b) Typical
threshold voltag&/ry, at which the sample voltage jumps to a lower value and (c)atamn of the
threshold eldE, for the three different LaMn@crystals used.

the transition, reduces with increasing temperature amadyhganishes after 280-290K. In the HRS,
resistivity has strong temperature dependence (see Fiy. Bowever the LRS has resistance that is
nearly temperature independent. In Fig. 3.7(b), we havieguldhe percentage of change in resistivity
vs. temperature for the three samplgé.is de ned as'“fffrsr”s (We have used s in the denominator
and notr s to avoid unnecessary magni cation of the resistance charngean be seen that the change
is nearly 100% below 210K for all the crystals and it appr@ascbimall values for ¥ 280K. While for
the other two crystals (LaMn§2 and LaMnQ@-3) the data are identical but there is small quantitative
difference near the region whePé I 0 for LaMnQs-1. This actually re ects the differences in the

exact Mrf* content of the samples.
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Figure 3.7 (a) Sample resistanc®)vs. applied bias voltag®/{ for LaMnOs -1 and (b) Percentage

of change in resistivity with temperature for the three Labjrsamples used at the resistive state
transition.

We have observed two eld dependent resistive states (HREBRS) form the V characteristics
of LaMnQOs. Normal (low eld) resistive state is insulating and higtred switched state shows a nearly
temperature independent low resistive state. In spiteeofabt that three LaMn@single crystals have
a slight variation in composition (in respect of Kr) and as well as in dimension, all the sample shows
this eld driven resistive switching which shows that thesistive state transition is an intrinsic effect
in parent LaMnQ. Thel V characteristics of the three LaMg®amples also show that an optimum
electric eld can destabilize the normal insulating statéaMnOs.

In the next section we will discuss the difference betweeneld driven resistive state transition in
LaMnOs with lowering of resistivity due to the increase of Kncontent due to divalent atom doping
(like Sr) in LaMnG; (as in Fig. 3.1). This will prove that the observed effectas due to the presence

of Mn** content in LaMnQ rather it has a different origin (which will be discussed &tall in next

section.)

3.3.2 | V data for hole doped Lay.gSrp:1MnO 3

To investigate the effect of Mfi on the eld driven transition, we repeated these measurésnien
Lag.oSro:1MnO3 single crystal where the M#A content is signi cantly larger than that of a nominally

pure LaMn@. Choice of the doping concentratior= 0.1 was motivated by the fact that it marks the
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at higher temperatures> 160K and (b) Sample voltage versus bias voltage at diffeaegnperatures
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boundary between the CAF state and the FMI state, as statedb@&hel V data in La.gSt:1MnO3

(in Fig. 3.8(a)) were taken in the same way as it was done irother crystals. In LggSr:1MnOs

the resistive state transition softens compared to that sekaMnQ;. The resistive state transition
occurs at low temperatures below 50K, althoughlthe/ data are strongly non-linear for all T below
140K. The minimum eld ( 7 KV/cm) needed to enact the transition is also much largerFig.
3.8(b), we plot \§vs. V from 10K to 240K. The data at lower temperature /50K are shown in the
inset. For T 50K, the sample voltage shows similar kind of jump as obskmehe three LaMn@
samples, showing existence of HRS to LRS transition. At &igemperature there is a strong non-
linearity leading to a substantial decrease of the samplstasce showing precursor of a resistive state
transition that may occur at higher bias. Our data is qusitly similar as seen by one of u&37]

in Lag:gSrp:1MnOs single crystal with nominally same composition. Howeviere are differences in
details that will re ect the difference in exact Mh content and also the possibility of co-existence of
many phases near the critical concentration 0.1. The data taken by us as well as those reported
in Ref. [L37] show that introduction of Mff gradually changes the nature of the sharp resistive state
transition seen in LaMn@

From thel V data of La.gSr.1MnO3 we observed that divalent atom doping or introduction of
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hole in parent LaMn@noticeably reduces the resistive switching which esthlthe fact that existence
of Mn** due to chemical doping is not responsible for this kind oftsiing. The origin of the eld
driven resistive state transition in LaMga@s rather more intrinsic in nature for LaMnr parent
perovskites. To establish this fact, we have performed damieof | V measurement in GAMn
thin Im which has different composition and morphology tvitespect to LaMn@ In the next section,

we will discuss thd V measurement on GAMnrO

3.3.3 | V data of GAMnOg3 thin Im

In this section, we will discuss the bias driven switchingresistive states in a thin Im (thickness
10 nm) of GAMnQ@ at room temperaturel V data on the Im was measured using the circuit

con guration as shown in Fig. 3.3(b) with four Au/Ti metalgmof area 1mm square with distance

between pads 250 nm. The switching [ V) data of the GdAMn®@ Im at room temperature is

shown in Fig. 3.9(a)l V curves of the sample was taken with the bias from -8V to +8\batrr

10-2 ; ; -6 —e— Expt data LRS
: V.th V+th -8 |——linear fit@ HRS h~1.4
10 10 r— |inear fit@LRS
6 i
10 12}
<10° s 141
~ 16}
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Figure 3.9(a)l V curve of the GdAMn@ Im with positive and negative bias; green arrows show-
ing the threshold voltage for switching to LRS and blue ag@lowing the threshold voltage for
switching to HRS. (b) Power dependence oftheV curve.

temperature. The applied bissis varied in steps of 10mV. It can be seen that at a certain(bigs
the current through the sample switches nearly three oidersagnitude from one tenth of @A to

one tenth of a mA. Before the threshold eld, sample resistais nearly few MVand due to this high
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resistance of the Im we didn't use the current limit8r in the measurement circuit (in Fig. 3.3(b)).
The state having low (or highR) is the HRS while that has high(or low R) is the LRS. The observed
switching occurs between two stable resistive states ayesiarp.

The voltage at which the system switches from the HRS to LR&peesented aé,. i, for positive
cycle anaV  for negative cycle anl,y, 2.5V (shown in Fig. 3.9(a)). The system remains in this
state up to the highest bias applied. The switching from HRBERS is extremely sharp and occurs
within one step of the applied bias (10mV). When the bias @rageduced back to zero, the sample
state stays in the LRS state fdr<< V., and switches back to the HRS state at a much smaller bias
of  0.25V (which we call\/fth). Due to the symmetric nature of the electrodes, the switclis
symmetric and similar resistive jump is also observed imihgative bias cycle at a de ned bias which
we mark a¥&/ ¢, where the absolute values\fy, is close to that of/, . On reducing the negative bias
to zero the LRS state is retained and transition to the HR8reaat much smaller bia&/f,,) which
also has similar absolute value clos/f,..

It is also unipolar switching as the polarity of thie;, andV?,, biases are same and the resistance
jump occurs symmetrically in both positive and negativesblenportantly, the resistive state switching
maintains a substantial hysteresis in theV curves between the, (, andVJf’th as the two biases are
well separated\y, / Vgth 10). The large difference between the two resistive std@grdR rs
10°) is maintained almost over the whole bias window betwégmndV?,,,. Even at a bias just above
Vfth the ratioRyrdR rs Stays high. We have repeated V measurement over many cycles and each
time we get the two state transition which establishes thedricibility of the switching phenomena.
Between cycle to cycle there is some wandering of the szeexndeth by 0.75Vand 0.05V
respectively.

The two resistance states have different characterispiertence on bias (in Fig. 3.9(b)). The
HRS state shows an ohmic conduction with negligible noediity ( 1 V,n 1). However, the LRS
state has a non-linear characteristicst (V" with n  1.4). This non-linearity does not arise from
heating. If heating would have been the cause of non-litygarishould be< 1. The issue of joule

heating will be discussed in later section. In this sectior, found that GdAMn@ thin Im shows
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Table 3.1 Comparison of resistive switching in the LaMg8&ingle crystals and GdMnghin Im.

Dr
Sample Ewn (Vicm) -T%

150K 300K 150K 300K

LaMnGs -1 1000 100 100 60

LaMnGs -2 1000 100 100 45

LaMnGs -3 1000 100 100 45
GdMnG; 100 100

similar kind of resistive switching like LaMngsingle crystals but for GdMn§) switching occurs
at room temperature while for LaMnrQt occurs around 150K. The threshold voltage for switching
is much lower than LaMn@ But the qualitative features of the resistive state ttarsiare similar.
For both the samples, an optimum eld destabilize the pal@réansulating state. The two samples
(LaMnO3 and GdMnQ@) shows ohmic conduction in HRS and non-ohomic behaviout ) in the
switched state. The comparison of the resistive switchirtpé LaMnQ single crystals and GdMnO
thin Im are tabulated in table 3.1. The reason for differé&perature regime for resistive switching
in LaMnQO; single crystals and GdMnghin Im will be discussed in a section where we will explain
the microscopic origin of the switching. But interestindlighly insulating parent manganites like

LaMnOs; and GdMnQ shows resistive switching on the application of a smallaait eld.

3.4 Temperature dependence of switched state in LaMngand GdMnO3

From thel V measurement of LaMnfand GdMnQ, the existence of a low resistive state above
a critical eld (Eg) is con rmed. We also observed that high eld resistive stétiRS) in these two
samples has adiabatic polaronic transport. In this sgotverwill explore the temperature dependence
of the low resistive states (LRS) in LaMa@nd GdMnQ. The temperature dependences of the HRS
and LRS states have been investigated by measuring théuidess at constant bias voltag®s> Vij,

(Vv 300V for LaMnG;,V 6V for GAMnG;) andV < Vi, (- 1V for both LaMnQ; and GdMnQ)
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Figure 3.10r T curves for a LaMn@single crystal measured at different constant bias from 1V

to 310V in four probe con guration. The transition in resily from LRS to HRS on cooling at
different bias can be seen.

in four probe method (as in Fig. 3.3) to compare with the tegistate transition as seen in the V
data in LaMnQ@Q and GdMnQ. The variation inr with T measured at different biases are shown in
Fig. 3.10 for one of the LaMn@samples (LaMn@-2). For lower biases 200V (corresponding to
Ein < E), the sample makes transition to the HRS on cooling belowtaicetemperature and below
100K, we cannot measure the resistivity due to the instraah@measurement limit (marked in the Fig.
3.10). At higher biasX 200V) the resistivity is in the LRS till the lowest tempenabOK due to the
steep rise o&,. This data (along with the data of Fig. 3.6(c)) clearly destmates the existence of
a threshold eld for the transition and its steep tempetigpendence. At higher temperatures when
Ein is small and appliedE > E;n, the sample is in LRS. On cooling in a xeH, the E;, increases
sharply and whenevdty, E, the transition occurs to the HRS. For the sample shown in &i0,
there is a clear resistivity jump in the range 125K to 150Kkcadh be seen that while the resistivity in
HRS (rins) has a strong temperature dependence (the polaronic tingukdate), the resistivity of the
LRS, which is stable foEi, < E, is nearly temperature independent (markedam Fig. 3.10). From
Fig. 3.10, it can be seen tha}s equal to or comparable tqg, above 280K and there is no observable
resistivity transition above 280K. The exact value of thi§ depend on the exact crystal used and the

difference betweeni,s andr ,, will determine the switching.
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Figure 3.11r T measurement in GdMngwith different bias showing the temperature dependent
resistivities in the two states.

For GAMnQ;, we have also observed temperature dependgnandr n, as like LaMnQ. In Fig.
3.11, we show the resistivity as a function off measured witle < Ey, (HRS state) ande > E,
(LRS state). The resistance increases on cooling and react@mpliance limited range below 180K
(The noise in the data is due to the compliance limit). Theperature dependence offor the HRS
state is activated as discussed in section 3.2. In the saapd gre show the temperature dependence
of r measured down to 40K in the LRS state that has been createdrattemperature by applying
a bias ofV > V.. It can be seen that in the LRS, theT curve is similar to that of a high resistive
metal withg—; > 0. The shallow T dependence ofin the LRS is not discernable in Fig. 3.11 that has
a log scale for the y-axis. From Fig. 3.12, we shows a function ofl in the LRS state which shows
a metallic behaviour. Thoug%lr is positive but the change Dr is not very large in between 300K to
50K which is similar to that found in many highly resistive taléic oxides fl41]. We ttedther T
curve with:

r=ro+AT" (3.2)

Wherer g is the residual resistivity. The power m was found to bé from tto the data, as one would
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expectinametalrg.  60m\Wemin the LRS and is comparable to but greater than that gepdoalhd

in metallic oxide Ims[141]. From Fig. 3.2(c) and 3.11, itis clear that the two statda/ben which the

Figure 3.12Linear tto r T curve in LRS for GAMnQ.

transition occurs are distinct electronically. HRS is apohic insulating state (from Fig. 3.2(c)) while
LRS is a metallic one. On the application of switching voigy: ), there is an insulator to metal
transition mediated by the electric eld. T data establishes that two bistable states are qualitativel
different; one being a metal (though it is a bad metallic baha) while the other is an insulator. From
Fig. 3.11, we nd that the difference in,s andr, between HRS and LRS is nearly three order at room
temperature and itincrease to nearly 5 order at low temperathich is extremely large and that is why
in GAMNnG; thin Im resistive switching occurs at room temperatureislnoted that GdMng) even

it is substantially hole doped, does not show a metalliestalike LaMnQ. which on optimal hole
doping (i.e., creation of adequate Kir) leads to a metallic FM state. This is due to the narrow band
width in GAMnG; that originates from relatively smaller ionic size of Gd soriThus the observation
of a stable metallic state in pure GdMg@reated by a eld is truly fascinating and suggest that this
resistive state transition has an electronic origin.

The switching in the present investigation on LaMygihgle crystals and GdMnghin Im have
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been seen in a planar con guration of electrodes where thmeecuis in plane (CIP) of the single
crystal pellet or the Im and the electrodes play no role ie tibserved switching phenomena. The
measurement of the 4-probe resistivity establishes tieadithitched states that show insulting/metallic
behaviour are in the bulk of the Im and are not in electrodgioa. The observed eld driven switched
state (LRS) in LaMn@single crystals and in GdAMnIm shows nearly temperature independent low
resistive state (in LaMng) or bad metallic state (in GdMn§)with shallow temperature dependence.
The two bi-stable statesifs andr,) are of qualitatively different nature than the switchirfgserved
before in oxides including manganites, as discussed hefdMe also observed that the difference in
magnitude between;,s andr , plays a crucial role in the resistive switching. For LaMntbe dif-
ference in resistivities between HRS and LRS at room tentyeras small and there is no resistive
state transition. But for GdMn&Xxhis difference is large enough to see a eld driven resestwitch-
ing at room temperature though the switched states aretafingdly similar. Interestingly, the LRS in
LaMnOs has a much higher (10°  10* Wem) compared to that in GAMnQ  100m\em). It may
arise form the single crystal (LaMnand thin Im (GdMnOs) nature of the samples. The nature of
the switched states will depend on the morphology and coitipo®f the samples used. In the next
section, we will argue that switching in LaMr@nd GdMnQ occur from a similar electronic origin
where the bi-stability is ensured by the existence of anrtiteclectronic phase separation in undoped

manganites that may arise due to charge disproportionation

3.5 A phenomenological model for the transition

In this section we will discuss a phenomenological modeltf@ observed resistive switching in
LaMnO3z and GAMnQ@. The model is based on the basic premises that there is a pbesistence
of two phases in LaMn@and GdMnQ below the structural transition temperatuieX 750K). One
is the orthorhombic JT distorted polaronic insulating ghasth resistivity rjns (the majority phase)
and other is the bad "marginally" metallic resistance plfdseminority phase) which has nearly tem-

perature independent resistivity, (note: r, may be high butr, << ri,s). The rationale for this
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phase co-existence will be discussed in the next sectioa.vblume fraction of the minority phase at
room temperature or below is very small in zero applied biesa result the observedis determined
predominantly by the.s. The volume fractionf can be represented as the "mobile" (or de-pinned)
fraction of the phase that will contribute to the transpdYe make this distinction, because some part
of the minority phase can be pinned and will not contribut¢hetransport. This issue will be elab-
orated in next section. The phenomenological model usegpltifisical scenario that the conducting
volume fractionf can be enhanced with an applied didas well as with increase of temperatUre
The eld driven transition to the LRS occurs whédnon application of the eldE, crosses the volume
fraction for percolation threshold. In Fig. 3.13, we havewh the schematic diagram of the above

discussed phenomenon. The suggested phenomenologicel fooithe resistive state transition is thus

Figure 3.13(a) Two phase model belof® < Ey,; f represents the metallic phase (the dirk circles)
and (1 f)is the polaronic insulating phase. (b) Formation of theafj@r conducting channer ¢,)
aboveE > Ey, whenf becomes equal to a critical concentratiign

a eld induced percolation transition between two phases tbexist at and below 300K. In this model
the applied eld does not create any new minority phase, hbtaces its mobile fractioh. f is also
enhanced by the increase of temperature by thermal activaile evaluated the volume fractidn

from the observed data (as a function oE) in the frame work of effective medium theor¥42 :

_ IinsI'm
fobs= (1 f)yrm+ frins 33)

f= I'm(rins I obg (3.4)

robs(rins  'm)

rins(T) andr, are marked in Fig. 3.10 and 3.11.
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In Fig. 3.14(a) we show the data of the metallic volume fiactf as a function ol or E for
different temperatures for one of the LaMn&amples (as resistive switching is more or less similar in
nature for all the three LaMn$samples). Thd is very small at lower temperatures but it grows very
rapidly as the temperature rises. It can be seen thatak;,, f crossesf; 0:25, which is close to

the critical value for volume percolation in 3[142], leading to the resistive state transition. From Fig.

Figure 3.14 (a) Variation of the fractiorf with the applied eldE for LaMnOs -1. (b) Activated
temperature variation of the fractidnfor LaMnO;3 -1.

3.14(a), we nd that the growth of the volume fractidnis strongly enhanced by an applied eld. At
lower temperatures, fdE ! 0, f being very small, the effect of the applied bias is strongading to
a sharp transition between HRS and LRS. As the temperatpreaghes to 280K290K the decrease
in the difference between,s andr, (see Fig. 3.10.) softens the transition considerably.

The transition at a given temperatufe in an applied eldE, occurs when the fractiofi(E; T)
= f.. This de nesEn(T) at a given temperatur€. On application of the eld,f grows rapidly. As
f also increases witli even in zero eld, the threshold. is reached at much lower bias for higher
temperature. This results in the resistive state trams#@t@maller bias at higher temperature. The steep
dependence d&y(T) on T is thus a re ection of the strong dependencd oh T andE. We will show
that thef depends on thermal activation and eld induced de-pinnggpectively.

The temperature and eld dependence fo{determined from the Egqn. 3.4 using the measured
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values ofr , rins andr ops ) was found to be an activated process following the relation

f= f(E)exp kB—$ = Cexp g exp kB—$ (3.5)

, WhereC is a constantt is a scale for de-pinning eld for the minority phase andbeing the activa-
tion energy. The temperature dependencé isfshown in Fig. 3.14(b) for three representative biases.
Thermal activation energ is found to be in the region of 20@35meV and largely independent of
E. Interestingly the value dD is the same as the activation energy)(found in the polaronic state in
the three LaMn@ crystals. The pre-factof(E) increases witle. We nd that the predominant effect

of the electric eldE is to change the pre-factdi(E), as discussed below.

Figure 3.15 Variation of metallic fractionf vs. electric eldE in increasing and decreasing eld
sequencef vs. E tted with an activated dependenceBn

In Fig. 3.15, we have shown the variation bfwith the electric eld €) in GAMnO; which has
been obtained by using tHe V curve (Fig. 3.9(a)) and experimentally knows and r ,, using
equation 3.4. The eld dependence bfs also found to be an activated process following the r@bati
f(E) u exp % (as the pre factor in the Eqn. 3.5). This is very similar torglation found in many

eld driven de-pinning phenomena including charge dengiive de-pinning143,144].
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To summarize, the observed resistive transition has besarided as a bias driven percolation type
transition between two states with coexisting phases: elegnic insulating phase and a "marginally”
metallic phase. The transition is controlled by two paraarset The rst is the mobile fractiorf of
the more conducting phase that has a steeggnd T dependence that is described by Egn. 3.5. The
second parameter is the relative differences between thehases s andry, as shown in Fig. 3.10
and 3.11. This difference determines the magnitude of thistige jump at the transition. For LaMrO
, the transition is not observable ner 280K 290K asrins! rm. However, asins >> rp, for
GdMnG;, a sharp transition is observed near room temperature.

The creation of Mfi" by Sr substitution in LaMn@changes the nature of the transition and can
gradually suppress it. The data on the single crystghBa.1MnO3 taken by us show that in most of
the temperature range the transport shows strong norritindait f may not exceed.. The strong
non-linearity can also be modelled by the phenomenologieadiel described for the nominally pure
LaMnQOs, where the mobile fractiorf gets enhanced by the applied bias leading to the strong non-
linearity. In this case the bias dependencef dbr most of the temperature range is much less steep
compared to the nominally pure systems. From the experaheiata using the 2-phase model, we

nd the resistivities of the two phases,s andr n, for Lag.9Srp:1:MnOg3. In Fig. 3.16, we show the data.

Figure 3.16 Resistivities of LaMn@, GAMnQ; and La.gSr5:1MNnO3 in HRS in comparison to the
rm of the LRS as deduced from the experiment.
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The resistivityr ins in the polaronic insulating state is much suppressed by ISstisution compared to
LaMnOs; and GAMnQ@. However, forT 150K, the resistivity of the minority phasg, is identical

to that of the value of , that we found for LaMn@. This is an important observation that while the
creation of Mi* suppresses the resistivity of the polaronic insulatintestansiderably, the resistivity
of the minority bad metallic phase is not affected. This ssgg that the bad metallic phase that gives
rm, is different from the low resistive state due to delibefadée (Mrf*) doping (Sr substitution). It
can be seen that in the temperature rahge150K, the value of j,s for the Sr substituted system being
lower it is not much different from the,,. As a result the resistive transition becomes soft and kbose
the sharpness as seen in the case of LaMnOshows up as a non-linear V curve asf changes
with bias (in Fig. 3.8). Below 150K, when the FM state setdhiere is phase co-existence with lower
resistance FMM phase (in Fig. 3.1(b)). This brings dawn However, it recovers below 100K when
the FMI state sets in. In this regiamns also rises rapidly on cooling. This leads to a sharp tramsiti
at lower temperature (in Fig. 3.8). The quantitative dstaflthe transition where one has co-existing
phases of different kind would depend on the exact valuesoMt** . From Fig. 3.16, we can observe
the quantitative difference iny, for LaMnO; and GdMnQ and this difference arises due to the internal
chemical structure, morphology and dimensions of the twaptas which leads to variation in volume
fraction of the minority phasd. We have found that these minority phases can lead to foomati
FM clusters which are dispersed in the insulating PM and AFdses of LaMn@ (details in chapter
4). We observed that bias driven percolation type tramsitiocurs in parent manganites due to the
coexistence of two phases (polaronic insualting and "maityi* metallic phases) and external applied

eld can control this percolation driven transition.

3.6 Microscopic scenarios for the phenomenological model

The phenomenological model given above is based on phaseistence of a relatively low resistance
marginally (or bad) metallic phase that has nearly tempegahdependent resistivity along with the

polaronic insulating phase. This was seen to occur in ndiyipare LaMnQ; as well as in GAMn@.
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In this subsection, we explore whether there are eviderfcasch phase coexistence and a microscopic
scenario for such a marginally metallic phase.

In nominally pure LaMn@, there exists unintentional (explained in Chapter 2*MnThe dom-
inant phase below the structural transition temperattiye) (s an orthorhombic polaronic insulating
phase which leads to A-type AFM ordering below 150K. Howetlegre are evidences based on Neu-
tron scattering studieslfi5, Resonant X-Ray scatterind46], and also from optical conductivity
experiments 147] that this picture may not be complete and there are eviden€¢he presence of
small concentration of a phase that have similarity in stmgcand electronic properties with the high
temperature phase that is found ab@ye This minority phase can be another orthorhombic and rhom-
bohedral FM phases with a considerably smaller unit-céllme with a FM transition temperature near
Tn. Based on the above experiments, it has been recently sadd@d] that such a minority phase can
be a marginally metallic phase. Strong evidence of this sofran pressure induced metallization of
LaMnQOs. It had been observed]that the pressure induced destabilization of the insujasitate in
LaMnOs at 300K (at pressure 32 GPa) leads to an orbital disordered phase that is like artedl
with temperature independent resistivity. SubsequerayXAbsorption Spectroscopy in LaMr@n-
der pressurell48 showed that although the insulator-metal transition impleted above 32 GPa, there
is co-existing orbital dis-ordered phase that exists in@ewiressure range above 7GPa till the transi-
tion is complete. Thus there is evidence that a marginal ltitgpdnase with small volume fraction can
co-exist with the insulating phase well beldy; in LaMnOs.

It is also experimentally observed that a dilute metalliag# can exist in GdMngwhich is the
minority phase and it was found in hexagonal GdMn@in Im grown in low O, pressure by XPS
study [L49). In this case the presence of minority phase is due to thgexgtoichiometry. In our case
GdMnQ; has an orthorhombic structure and the existence of suchimatiygmetallic phase can be due
to the oxygen stoichiometry.

It has been suggeste®d] recently that charge transfer (CT) instabilities can leadynamic charge
disproportionation NIn®* + Mn®> | Mn* + Mn?*) in nominally pure manganites, which can act as

an electron-hole (EH) pair. The presence of this instgbiéads to phase separation between a JT
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distorted polaronic insulator (the conventional phase) aphase that behaves as a bad (or marginal)
metal comprising of EH droplet${n** Mn?* pairs). There are evidencek5,151] that such a phase
is present well below ;T and even at 200K with a nite volume fraction. Increase in parature leads
to enhanced volume fraction of this phase and the phasetioanat T;7 is envisaged to be facilitated

by this phase. It is suggestive that the metallic minoritag#) proposed in the phenomenological

Figure 3.17 Schematic diagram of the adiabatic potentials for (a) witheharge transfer and (b)
with charge transfer. Q is related to the lattice degreesesgidom and U is the charge disproportion
energy. Image is reproduced froB9 with author's permission.

model above, may be related to this CT instability driven Ebptet phase §9, 90, 152. The full
volume of EH droplets that make the minority phase need nohdleile and it can be self-trapped at
lattice sites or may also be trapped by local impurity patdsit The schematic diagram of the charge
transfer (CT) instability driven charge disproportionati CD) effect B9] is shown in Fig. 3.17. In Fig.
3.17, we have shown that manganites may have two phasess @iestable system with only lower
energy minimum (in Fig. 3.17(a)) for a certain charge conaion and other is the bistable, or CT
unstable systems with two energy minima for two local chagegurations B9]. One of the bistable
states is associated with the self-trapped CT excitondtirgdrom self-consistent charge transfer and
electron-lattice relaxatiorg8p).

The applied electric eld in our measurement depinned thki$ tsapped E-H pairs. The volume
fraction (f) of the minority metallic phase estimated from the eleetriesistance data gives the volume
fraction of the mobile phase. The enhancement aftcurs with temperature following an activated
process that is very similar to the activation energy seeraimsport in the polaronic insulating phase.

The applied electric eld can lead to de-pinning of the EHplats from the lattice sites or impurity
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pinning sites. The nature of tHe dependence of seen by us suggests that this can indeed be the
case. Creation of Mii by Sr substitution is likely to be different from the Kfnin the EH pair. In a
very qualitative sense, Mt in EH pair is like intrinsic doping while that created by stitagion is like
extrinsic doping. With creation of more Mh due to substitutional doping, they will dominate over the
intrinsic EH pair seen in nominally pure LaMa@nd GdMn@. The inhibition of the resistive state
transition in La.gSrh:1:MnO3 can be a manifestation of this crossover from a dispropaation (EH
pair) controlled region to an intentionally hole doped cegivhere disproportionation created by #1n

has negligible effect.

3.7 Issue of Joule heating

Joule heating has been suggested as one of the origin divesiste switching observed in manganites
[134,135. Here we will discuss that such is not the case for the oleskeswitching in the parent
manganite samples. To check the contribution of Joule mg#ti our observed resistive switching, we
have done a current level measurement as a function of timeni of the LaMnQ@ samples (at low
temperature) and GdMnQhin Im (at room temperature) with two xed voltages (in Fi@.18(a) and

(b)). In LaMnGs, we found nearly a constant sample current level with the tivhen a bias of 200V

Figure 3.18 Time dependent current measurement on application of alswg voltage for (a)
LaMnQO;3 -2 and (b) GdMnQ@ thin Im.

is stepped to 305V. These are voltages just before and héeesistive state switching. If there is any

substantial Joule heating that has occurred in the sangstgle resistance and hence the current in the
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sample would drift with time. We apply 200V in the sample fearly 3 minutes and then suddenly
step the bias to 305V (blue arrow at t3 min.) and we observe that the sample current switches to
higher level but stays constant with the time. Secondly tidathe Joule heating (as we applied high
bias in LaMnQ, we have performed the V measurement with pulsed voltage of 50% duty cycle.
We have also done a calculation for the maximum temperatseein the sample (LaMn§) due to

the Joule heating considering the heat generated in thelsgm@ON pulse) and dissipated from the
sample (in OFF pulse) through the metal base via the GE-$farund thermal greas@(] (for detail
calculation see Appendix A). We found that the temperatige eéven at the lowest temperature is

4K with maximum power applied. These rule out any substhotiatribution of the Joule heating to
the observed result.

To overrule the effect of Joule heating in GdMf@ve have measured the current as a function of
time with different applied biase¥ (<< Wi, toV > V) (shown in Fig. 3.18(b)). From Fig. 3.18(b),
we see that for biases beldwy, (e.g, 0.1, 0.5 and 1V), the current remains constant oveduingtion
of measurements and shows no drift or resistive switchinghdws that the HRS is stable as long as
V < Vth. When we apply a bias greater than the switching volt&gewhich is marked by blue arrow
in Fig. 3.18(b)) att 1.5 min. (before the bias was ¥t< V), the current immediately shows a
jump by nearly three orders (in LRS state). As long as theibiast changed back to beldmfth, the
LRS state is maintained and it is independent of time. Thed.RS like the HRS state is also a stable
state. The power at the time of switching for GdAMNI® 2501V (see Fig. 3.9(a)). The maximum
temperature ris®T was estimated to be 2.5K, which was calculated using the thermal boundary
resistance between the substrate and the thermal bathefipetature ris®T is thus too small to be
of any relevance.

From our time dependent current measurement in Laj/in@ GdMnQ, we rule out the effect of
joule heating as the resistance in the switched state ddeshow any drift PO] and the temperature
rise at maximum applied power is too small to have any eff#ée have also showed (for LaMrO
-2) that when data are taken with a constant bias the mateakks a sharp transition from a lower

resistance state to a higher resistance state at low tetnpe(a Fig. 3.10) which is opposite to what
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one expects if the entire effect is due to Joule heating.

3.8 Conclusion

In summary, we observe a sharp transition in the resistiate sif nominally pure LaMng@single
crystals at temperatures below 300K and in GdMridn Im at room temperature with a moderate
applied bias. The eld induced resistive state transitierrsin this work is different from those seen
in manganites with higher level of Mh content. Thus the mechanisms proposed for them are not
applicable for the observations made in these parent méegann this case the transition occurs
between the polaronic insulating state of LaMn&ahd GdMnQ to a bad metallic phase that has a
nearly temperature independent resistivity.

All the three crystals and the Im, despite differences iis@lote values of resistivities, show quali-
tatively similar bias induced resistive transitions. Avkr temperatures change at the transition can be
as high as four orders of magnitude and for GdMiitd@s nearly three orders in room temperature. The
transition becomes softer and eventually is not observedeaB80K for LaMn@. Similar experiments
were also carried out on single crystal of Sr substituteglyBa.1MnQOs. In this case we nd that the
increase of Mfi* content on Sr substitution inhibits the resistive statesition.

The observation has been explained as bias driven peolgtpe transition between the two
coexisting phases mentioned above. The applied bias calgehtthe mobile fractiorf of the bad
metallic phase leading to a percolation type transitiorhtolower resistive state when the fractibn
crosses a critical volume fraction for percolation trapnsit The mobile fractionf (as estimated from
the experimental data) has an activated dependence onrmeewith activation energy 200meV.
The fractionf has a dependency on the eld &s Cexr(?EO. This leads to rapid enhancementfadn
application of eld leading to a sharp transition in the stsie states. Likely microscopic mechanisms
for co-existing phases have been proposed based on reggeissions for appearance and existence of
such phases. It appears that a bad metallic minority phaseczaxist in nominally pure LaMngand

GdMnG; or in parent perovskite due to charge transfer instabilityeth charge disproportionatio89).



Chapter 4

Magnetoresistance of nominally pure

LaMnO 3 single crystals.

In this chapter, we investigate MR in nominally pure LaMnOhree single crystals have been used
for the investigation and the MR behaviour in the three algstvere found to be different. Struc-
tural characterisations and magnetic measurements corthat three LaMnQ@ single crystals have
Orthorhombic crystal structure with orbital ordered gradirstate with antiferromagnetic insulating
(AFI) phase. However, the magnetic measurements also stesgnee of FM clusters below certain
temperature. The magnetic clusters arise from presencenafl @mount of Mf* ions which induce
FM interaction in an otherwise AFI lattice. The presence ai*Mhas been detected by XPS and
EELS. Samples have low negative MRX0-15%) at room temperature but on cooling below 200K,
close to |, MR increases and in one of single crystal a large MR70%) at highest applied mag-
netic eld (14T) has been observed. The observed MR in ndiyipare LaMnQ; is different from the

conventional colossal MR found in chemically doped martgamwith higher hole concentration.

110
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4.1 Introduction

Magnetotransport in perovskite oxide manganites have steeiied extensively as they exhibit colossal
magneto-resistance (CMR) i.e. the large change in resistaith the externally applied magnetic
eld, mainly in the vicinity of insulator-metal transitiotemperatureTy;) and it is generally observed
in single crystals. The highest MR is foundxat 0.33 doping (x represents atomic fraction of divalent
atom) La CaMnOs3 and theTy, shifts to higher temperature with the application of magnetd. A
number of theoretical models have been introduced to exthiég MR behaviour in manganites but still
we do not have full theoretical understanding of this megdman Zener double exchange mechanism
can explain the FMM ground state in the optimum doping regibm  0:2 0:5 [153-155 but it
cannot explain the MR effect observed in low hole dopgdr(anganites and it can not also explain the
polaronic insulating state aboVe [156]. Manganites, having very low doping € 0.1), can also have
small negative MR ( 20%) due to the small concentration of #n[96, 157).

In this chapter, we have discussed MR in the low temperahs@ating phase of parent LaMgO
single crystals. The single crystals are nominally pure@mdot have any intentional substituted hole
doping. The ground state of pure LaMg€ingle crystals is A type antiferromagnet where thegins
are ferromagnetically coupled to each other in the ab plamiéevin subsequent ab spins are ordered

antiferromagnetically (shown in Fig. 4.11538 159. Room temperature magnetic phases of these

Figure 4.1"A" type AFM structure of perovskite unite cell. Spins of Mtoans are represented by
upward and downward arrows.
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single crystals are paramagnetic (PM). In pure LaMn®in should have a xed valance of Mh.
Nominally pure LaMnQ (as grown crystal) has often a small amount of #nwhich can be due to
the unintentional metal vacancy that occurs during crygiaivth at high temperature 000 C) in an
image furnace (discussed in detail in chapter 2). The matalwcy creates MAh and makes the oxygen
strictly 3+d with d << 1. Another "natural cause" may be dynamic charge disprimpation which
creates E-H pailin®* + Mn®* | Mn** + Mn?") in parent LaMnQ as discussed before. The Presence
of Mn** | that changes effective oxygen stoichiometry, gives GseM interactions. Such interactions
of very small Mrf* create deviation from perfect AFM order leading to spin tanf159 160. As
the M concentration increases, the FM interactions lead to foemaf isolated FM clusters, which
may be detected by magnetisation and susceptibility studiventually for Mi* fraction  12%,
long range FM order sets il4, 159.

In this chapter, we investigate MR in nominally pure LaMyghgle crystals where FM cluster for-
mation may occur depending on the single crystal growth itimmd The MR in hole doped manganites
(x> 0.1) is adequately investigated (discussed in chapteroljeter there is no investigation in pure
(or nominally pure) LaMn@single crystals. One reason may be that nominally pure Lajb®hg an
insulator, its resistivity can be very high making trangpneasurements dif cult. Other reason may be
the expectation that pure AFM order LaMa@ill not show any MR. In this chapter our investigation
has shown that nominally pure LaMg®as a reasonable MR and which may even be large beyond
certain temperature. We have linked the observed MR to tsepice of FM cluster in an AFM matrix.
We used a phenomenological model to add quantitative valoartanalysis.

The magnetotransport measurements were performed omibmgeally pure LaMn@ single crys-
tals (LaMnQ-1, LaMnGs-2, LaMnG;s-3) having slightly different oxygen stoichiometry. Allghihree
single crystals behave as an insulator (at low current ord@s) throughout the whole temperature
range (120K-300K) and show AFM ground state. We found thegettsingle crystals have different
kind of MR behaviour and one of them (LaMgQ) has the largest negative MR (70%) around the
Neel temperatureTf). We established the presence of FM cluster by magneticeptibdity mea-

surement (in d.c. & a.c. method). The reason of MR behaviouhiiee single crystals is attributed
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to the presence of different volume concentration of FMtelugnd also having different interaction

strength) due to the intrinsic stoichiometric imbalance elnarge disproportionation (CD) phenomena.

4.2 Investigation of presence of Mfi" in the three LaMnO 3 single crys-

tals

In this section we will discuss the process of detection ofMpresent in the three LaMnGsingle
crystal as it plays an important role in the MR behaviour imgemnites. To nd out the presence of
Mn#* in these samples, we have performed several charactenigathniques like high temperature
X-ray diffraction (HTXRD), electron energy loss spectrogg (EELS) and X-ray photoelectrons spec-
troscopy. HTXRD, EELS and XPS measurements are generafjyuseful to nd out the very small
amount of Mif* (< 10%). In the next subsections, we will discuss about theaeackerisation mea-
surements on the three LaMg®amples. As discussed in chapter 2, we have also done EDAXda t

LaMnOs; samples to con rm that no impurity element present except\Nlaand O.

4.2.1 High temperature XRD of LaMnOg3 single crystals and variation of structural

transition

Parent LaMn@ has a John-Teller (JT) distorted orthorhombic structur8Cft K. On heating, or-
thorhombic structure gradually disappears800K by transforming to a Rhombohedral (R) struc-
ture [6, 161-163. This structural transition temperatur@g} decreases with the increase in ¥in
concentration{, 50,51, 139 177]. High temperature XRD (HTXRD) is thus a good check to con rm
the presence of M¥i in parent LaMnQ. The HTXRD curves for all the three single crystals in the
temperature range from 26 to 800 C are given in Fig. 4.2(a),(b) and (c). In room temperatufe al
the three samples show an Orthorhombic structure with ti@8clpeak at 32.5with hkl value (1 1
2) and two nearby low intensity peaks at (0 2 0) and (0 2 1) whighmarked as black arrow in the
graph (in Fig. 4.2(a),(b) and (c)). Two low intensity orthombic peaks gradually vanish at 773K for
LaMnOs-1 (Fig. 4.2(a)), 1050K for LaMn@2 (Fig. 4.2(b)) and 1073K for LaMN&3 (Fig. 4.2(c))
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Figure 4.2 (a), (b) and (c) High temperature XRD of three LaMn€ngle crystals.

which is a clear indication of structural transition fromtmrhombic to rhombohedral and all the three
samples have nearly perfect stoichiometry. As LaMRrDhas lowefTg than other two crystals, it has

higher Mrf* content in respect to the other two.

4.2.2 XPS and EELS Analysis to check the mix valency of Mn

As LaMnQs-1 sample shows lowelx than the other two samples, it is expected to have mor& Mn
concentration. We have done the core level XPS analysiseadmple to check the concentration of
Mn** present in the sample. Mn 2p core level XPS spectra of LaMn€l is shown in Fig. 4.3(a).
The Mn-2p XPS spectrum has two broad lines with maxima at%étad 653.5 eV for Mn 22, and
Mn 2p,—, emission respectively and the binding energy of the Ma.2peak is usually used to study
the Mn valence state in manganitdssf]. The binding energy of M# is close to 641.2 eV and if
there is a presence of Mhin the system, 2p, peak shows an asymmetry and frpeak develops at
642.5 eV. The percentage of Kis calculated by the ratio of the area under the curve for tiné"M
and Mrf* peak [L19. We have made the background correction (black line) oetigerimental XPS
spectra and then t the spectra with a Gaussian-Lorentziarec(red line) using the XPSPEAK-4.1
software as shown in the Fig. 4.3(a). The area under the swi#n** and Mrf* shows that the
content oMn** (< 10%) is<< Mn3*.

To nd out the actual difference in Mn valence state in threenmally pure LaMnQ@ samples,

we performed EELS analysis. Mn valence can be determinetidintensity ratio of k and Ly lines
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Figure 4.3 (a) XPS spectra of Mn 2p, peak for LaMnQ@-1. (b) Mn EELS peak for LaMn@1 (c)
Mn EELS peak for LaMn@-2 and (d) Mn EELS peak for LaMn£3.

originated from electronic transitions in between spihibcoupled states of 2f7 to 323 (L3
peak) and 252 to 3d™? (L, peak). lz and L, peaks appear at the same binding energy for all the
three samples shown in Fig. 4.3(b), (c) and (d) but havinfgint intensity ratio. We have tted each
EELS spectra by multiple Gaussian peaks and found HiRed line) and kL (Green line) peaks for
the three single crystals (in Fig. 4.3(b),(c) and (d)). Wewdate Ls:L, form the ratio of the heights
of the two peaks. t=/L, values for LaMnQ@-1, LaMn(;-2 and LaMnQ@-3 are 1.7, 1.8 and 2.06.
We compared these values with the calibrated valuesstfoLfor MNO, Mn,O3 and MnG with Mn
valence state +2, +3 and +4 (shown in Fig. 4.465. From the calibration curve, we found that
Mn valence state in LaMn§1 3.1, for LaMnQ-2 3.04 and itis 2.82 for LaMnQ-3. EELS
analysis implies that Mn valences in the three LaMrgamples are mix valence which is the reason
for existence of tiny volume of M . The existence of Mii is due to the intrinsic doping (vacancy
at the metal sites) during the crystal growth and the chdrfocaula for LaMnG; can be expressed as
La(3f X)[Mn?I SX)Mn§;]O§ wherex is the fraction of cation vacancy. This type of self dopedeys

is equivalent to L& Mn>0O3; 4 where<Mn> is the mix valence Mn and is the oxygen excess or
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Figure 4.4 Calibration of Mn valence from the intensity ratio o Bnd Ly lines of different known
Mn valence oxide compounds. Image forb6§

de cient. From the EELS data of the three LaMg&amples, we know the average valence din>
from which we have calculated. The d values of the three LaMngsamples are tabulated in table

4.1.

Table 4.1Determination ofd in the three LaMn@samples .

Sample LaMn@-1 LaMn(O;-2 LaMnGs;-3

d 0.05 0.02 -0.09

In this section, we found that three LaMp®amples have a variation in ¥ (from HTXRD, XPS
and EELS measurement) due the intrinsic doping. In the rention, we will discuss the magnetic

properties of these LaMngBamples due to this variation in Mn valence.

4.3 D.C. Magnetisation in the three LaMnO; samples

HTXRD and EELS analysis in the three single crystals con ha presence of slightly higher N
in LaMnOs-1 than the other two single crystals. It is established thatamount of Mf* is not
large enough that one may see onset of FM order. But it is langeigh that might lead to formation
of isolated FM clusters. Temperature dependent magnietis@l T) measurements in the three

LaMnO3; samples were done to check the formation of magnetic monietite PM as well as AFM
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phase.M T measurements were performed both in zero eld cooled (ZF@)ia eld cooled (FC)
modes. In ZFC, the sample is cooled to lowest temperatuteuiitapplying any external magnetic eld
then a small eld is applied to measure the temperature etialn of the magnetisation of the sample
as it is warmed up. The sample is cooled under a nite magnekitin FC method then warmed up
and the magnetisation is measured as function of tempertihe constant applied eld. In the ZFC
mode, the moment of the clusters will be locked by the randaisctropy eld (Ha) if the applied
magnetic eld at lowest temperature s Ha. Due to this, moment will be low till the temperature is

raised enough to unlock the moments from the anisotropy. Bid-C mode, since the eld is applied

Figure 4.5Zero eld cooledM T data of the three LaMn§samples with 20 Oersted eld.

at higher temperature (above the temperature where cliostey, it will show larger magnetisation. In
Fig. 4.5, we have shown the ZFC data with 20 Oe eld for theglHtaMnQ; samples. ZFC data in the
three LaMnQ samples show a peak at temperaflire 143K exhibiting a sharp peak. We assign this
peak as a signature of PM to AFM phase transition which isectoghe reported value d§ = 140K
for LaMnOs [159. In Fig. 4.6, we have shown the M-H curve of the three LaMrs@amples aT =
135K which is just belowly. Data were taken for eld up to 1.6T. All the three single dajs show a
soft FM hysteresis loop with non saturated magnetic momeet ep to highest applied eld. All the
three LaMnQ@ samples have low and asymmetric coercive eldKl;) and exchange eldHg) which

are tabulated in table 4.2.



4.3 D.C. Magnetisation in the three LaMg@amples 118

Figure 4.6 (a) M H curve for all the three LaMn@samples belowly. Inset shows thi1 H
curve at 300K). Ferromagnetic hysteresis loop at lower feld(b) LaMnO; -1, (c) LaMnQ; -2 and
(d) LaMnGs -3.

Table 4.2Coercive and exchange elds for three LaMg€mples from Fig. 4.6.

Sample +H:;(Oe) H;(Oe) Hg=DH; (Oe)

LaMnGOs -1 109 121 12
LaMnOs -2 84 108 24
LaMnG;s -3 60 98 38

The asymmetric coercive eld generally occurs when makenéth FM-AFM interfaces are cooled
through the Neel temperaturé,() leading to an anisotropy (exchange bias) in FM phd&&[ The
phenomenon of exchange bias occurs due to exchange apisateated at the interface between an

AFM and an FM material]66,167]. The hysteresis loop shift is generally known as excharnage bld
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He. The presence dfig stabilizing the fact that there is a presence of small FM ndrirethe AFM
phase of the three LaMnGamples. From table 4.2, it is clear that LaMyQ@ has the highest coercive
eld and lowest exchange eld than the other two single caystwhich establishes the presence of
higher FM moment. Due to the lower amount of firand the FM moment in LaMng-3, it has low
coercive eld. However, the exchange bias seen in LaMpr®is the largest as it has strongest AFM
interaction. M-H curve for all the three samples show PM plets300K (in the inset of Fig. 4.6(a)).
To check the evaluation of FM moment with the applied eld, measured thtd T curves of
all the three samples with varying the eld from 10 Oe to 1.6M. T curves with different applied

magnetic elds for all the three samples are shown in Fig(a),4b) and (c). From Fig. 4.7(a), 4.7(b)

Figure 4.7M T curves in the presence of different applied magnetic eldf¢a LaMnOs-1 ,(b)
for LaMnOs-2, and (c) for LaMn@-3.

and 4.7(c), we found thatc = g—l\l—? ] is larger at higher temperature and get reduced b&jpwhere
the AFM phase develops in the samples. From tleeTL(derived formM T) curve of LaMnQ-1 for
each eld, we found a temperaturés ) where the curve deviates from Curie-Weiss behaviour (show
in Fig. 4.8). This denotes formation of FM clusters in the Pivage of the sample. In a similar way,
we have determinedc in LaMnOs -2. In Fig. 4.9, we have shown the variatidp, with different
eld. But we did not found any clear signature of cluster fation for LaMnQ-3 (shown in Fig. 4.10)
and it may be due to the small volume concentration of clustetail discussion in the next section).
It is clear from the% vs. T plot for the three LaMn@ samples, there is a presence of FM cluster in

LaMnQOs -1 and to a lesser extent in LaMaGR. In Fig. 4.11, we have shown the variancelgf for

LaMnO;s -1 and LaMn@ -2 with the applied eldH. T increases with the applied eld and at the
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Figure 4.8 Determination offc| with different applied eld (50 Oe, 100 Oe, 500 Oe and 1000 Oe)
for LaMnQOs -1.

Figure 4.9 Determination offc, with different applied eld (50 Oe, 100 Oe, 500 Oe and 1000 Oe)
for LaMnQOs -2.

highest applied eld (1.6T)D Tc. 90K for LaMnQs; -1 and 50K for LaMnQO; -2. The applied
magnetic eld actually increases the cluster formation penature Tcp). At lower eld (< 500 Oe),
there is a sharp rise ify, for LaMnOs -1 but it does not change appreciably for LaMy@ up to this
eld. The change inTc, with the applied eld is much higher in case of LaMg@L. At 1.6 T, the

cluster formation temperaturdg; 230K (for LaMnQ; -1) and 267K (for LaMn@ -2) which are
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. 1 - .
Figure 4.10 - vs. T plot with different applied eld (50 Oe, 100 Oe, 500 Oe and Q0De) for
LaMnQO;s -3.

Figure 4.11 Variation of Tc| with applied eld.

some what lower but close to the FM in optimally doped Lgg7Cay.33MnO3 (Tc  275K).

From theM T curves (taken at different elds in FC method) of the thrempkes, it is clear
that LaMnG; -1 and LaMnQ -2 have FM cluster formation at higher temperature or in thieghase.
The eld cool M T data with various magnetic eld (10 Oe to 1.6T) show existef FM cluster
formation temperature higher thag for LaMnOs -1 and LaMnQ@ -2 but it is not found in case of
LaMnOs -3. M-H curves of the three LaMngsamples show a nite but small FM hysteresis loops
with non saturation magnetic moments bel®y even for a eld of 1.6T. This shows the dominant

contribution of the AFM order in the samples. The FM clustes embedded in the AFM matrix and
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the FM clusters have a short range order. We have tabulagaddment of the three samples at highest

(1.6T) and one of the lowest (50 Oe) eld in table 4.3.

Table 4.3M in ng/Mn for the three LaMn@ samples aT < Ty andT > Ty

Sample M at 1.6T M at 50 oe

135K 300K 135K 300K

LaMnOs;-1 0.13 0.04 131023 13 10°
LaMnO;-2 0.13 0.06 610° 15 10*“
LaMnO;-3 0.13 0.05 301023 8 10°

From the eld dependenM T data (in FC method) an H curve, it is evident that size and

volume concentration of the FM cluster are different in threé LaMnQ samples.

4.4 A.C. susceptibility of the three LaMnO; samples

To nd out the different volume concentration of FM clustérsthe three samples, we performed
frequency dependent (11Hz-1kHz) susceptibility measergrmroundly. In general a.c. susceptibility
gives us a better understanding of the dynamics of the miagsyettem in the time scale de ned by
the measuring frequencies. The magnetisatMi ¢f a system can be expressed in terms of applied

magnetic eld H) as below:
M(H)= Mg+ ciH + coH?+ caH3+ nunn: (4.1)

,whereMj is the spontaneous magnetisationjs the linear susceptibility anch, cs....are the nonlinear
susceptibilities. A.C. susceptibility measurement ignsamnsitive to the change in slopeM{H) not to
the absolute value unlike the case of d.c. magnetisatidmibasured/. This makes an effective tool
to detect small shifts in magnetic order in the system. Foy l@v frequency ¢! 0) of the applied
magnetic eld, a.c. magnetic measurement has equivalelfm:%l\l_él form the d.c. magnetisation.

In A.C susceptibility, we measured the real and imaginaryspaf the susceptibility. The real and
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imaginary susceptibility follow the relation:

. q
= ccos; c¢™I=csinf; c= (cRea)2+(cimg)2 4.2)

c Real

, wheref is the phase and is the magnitudec™9 represents the dissipative process in the sample.
In general for conductive sampt™9 is due to the eddy current while relaxation of spins, domaif w
motion gives rise to nonzero value of™ in an insulator. ¢ and ¢'™9 are also very sensitive to
thermodynamic phase changes.

For all the three samples, the real part of the linear a.centibility (clRea') is plotted with tem-
perature at various frequencies (11H&KHz) of a.c magnetic eld of amplitude 40 Oe (shown in Fig.

4.12(a), 4.12(b) and 4.12(c)yRe shows a peak similarly as ZFC magnetisation (at low eld) #el

Figure 4.12Frequency dependent real part of linear a.c susceptibdity(a) for LaMnQ-1 ,(b) for
LaMnOs-2, (c) for LaMnG;-3. (d) Activated t of relaxation time ).

peak position Tg) shifts with the applied frequency ) for all the LaMnQ samplesTg is the blocking
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temperature. This kind of peak shift with the frequencyf atependence ofg shows the absence of
normal long range FM ordefd pg. A parametel- can be estimated from thiedependence aflRea' as

the following equation.
F = i
TBD|Oglof

(4.3)

In general, the values d¥ in between 0.02-0.005 found in canonical spin-glassestaitglasses,
interacting superparamagnets and the valué @ nearly two orders of magnitude lower than that
observed in non-interacting superparamagn&@8{171]. We have tted all the peaks with Gaussian
function and found out th&g with f. For all the LaMnQ@ samples, peak shift is nearly 2.5K whén

is varied by nearly two orders from 11Hz to 1 KHz. Using theatmn 4.3, the calculated value bf
comes out nearly 0.01 which is in good agreement with thatebgal in samples with cluster. From the
corresponding peak shift, we found out the relaxation titrre {/f) of the magnetic cluster in presence

of a.c. eld for all the three LaMn®@ samples.t shows an activated temperature dependence (shown

in Fig. 4.12(d) for an ensemble of non-interacting spins fatidws the Neel Arrhenius law [L72],

t = toexp % (4.4)

wheret is the time constant corresponding to the characteriggogit frequency anl; is the average
anisotropy energy barrier. The calculateds. T data from peak shift oa‘:lRea' in Fig. 4.12(a), (b) and
(c) is tted with the equation 4.4 and we found the tting pamatersto ( 10 126to 10 77 s) andE; (
3.4ev to 2eV) have nonphysical value for all the three LaNs@mples. NeelArrhenius (NA) law
signi es presence of interaction between the FM spin chgst@bsence of physical tting parameters
signi es that the samples may have cluster glass behavierconsider the Vogel-Fulcher (VF) law

for interacting spin cluster dynamics as given beld®g 172,

_ E
t = toexp m (45)

where the temperaturk corresponds to the strength of inter-cluster interactiMe. have ttedt vs.
Tg data by equation 4.5 which is shown in Fig. 4.13(a), (b) and (c

Though the values ofy improve from that obtained from NA tting, still it is much ger than the



4.5 Magneto-transport measurements 125

Figure 4.13Fitting of Vogel-Fulcher equation for (a) LaMrQ1, (b) LaMnG; -2 and (c) LaMnQ
-3.

Table 4.4Fitting parameters from VogelFulcher equation.

Sample to (S) E: (eV) To(K)
LaMnO3-1 4.5 10 ° 0.6 80
LaMnO3-2 4.2 10 4° 0.4 85
LaMnOs-3 9 10 40 0.7 59

conventional spin glass system but qualitatively suppibiesexistence of FM cluster with signi cant
interactions. This FM cluster interactions are not stromgugih to make it a spin glass and FM moments
will not freeze out even at very low temperatures. But anslp$ the frequency dependent a.c.
measurement suggests that there is a formation of FM clasitthere is a variation of FM cluster
in the three LaMn@ samples. From table 4.4, we can see that inter cluster ati@nastrength Tp)

is higher in LaMnQ@ -1 and LaMnQ -2 but it is lower in LaMnQ -3 where cluster formation is less
signi cant. The inter cluster interaction strength willgknd on the cluster volume present in the three
LaMnOs; samples. A.C. susceptibility in the three samples cleadicates the formation of FM cluster

with different strength in the three LaMnr@ingle crystals.

4.5 Magneto-transport measurements

In this section, we will discuss the effect of magnetic eld the electronic transport on the three

LaMnQO;s single crystal samples. From the magnetisation measutamére three LaMn@ samples,
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we found the clear evidence of FM cluster formation witheliént strength. We will now see that in
the presence of applied magnetic eld how do they affect freteonic transport. We have performed
MR measurements on the three LaMyamples in four probe con guration (with very low current of
1mA) with applied magnetic eld up to 14T. To nd out the depemde of the MR on the applied eld,
we did the MR vs.H measurement with a xed bias current at different tempeestwarying only the

magnetic eld from OT to 8T.

45.1 Temperature dependent Magnetoresistance of the theed.aMnO 3 single crystals

We have done the temperature dependent resistivity measatefrom 1200K to 300K. The T
curves in presence of the applied eld for LaMgQ, LaMnQ;-2 and LaMnQ@-3 are shown in Fig.

4.14(a), 4.14(b) and 4.14(c). All the three single cryssilsw highly insulating behaviour and up to

Figure 4.14 r T curve in the presence of magnetic eld (a) for LaMg®, (b) for LaMnG;-2, (c)
for LaMnOs-3. (d) Temperature dependent MR for the three samples ae&IT
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250K, r T curves at OT can be tted with adiabatic polaronic model

r=roTexp % (4.6)

, Whererg is related to the hopping frequency, length and dimensignahd E; is the activation
energy PQ]. All the three samples have hidgf, around 210-230meV (discussed in chapter 1) which
match well with previously reported datd4Q.

All three single crystals show negative MR under the apphegjnetic eld. However, the magnitude
of MR andT dependence are distinct in the three single crystals. MiR@ses for all the three LaMnrO

single crystals a3 decreases (shown in Fig. 4.14(d). The change (decreasegigiance due to the

r(H) r(Q

applied magnetic eld or MR of the samples are de ned%sz 20)

, Wherery andrg are the
resistivities with and without eld respectively. HighdgtR of nearly 60% was observed for LaMgO
1 at low temperature while it is 5% near room temperature (shown in Fig. 4.14(d)). LakiGnd
LaMnOs-3 have nearly same MR at 300K. However arolRd LaMnOs3-3 has three times less MR.
In LaMnOs-2, the temperature dependence of MR is different. It shoslsa#iow peak near 220 K and
has MR of 20% at 300K. The temperature variation of MR obstimeLaMnO; samples is different
from that observed in highlyx( 0.2) doped manganites, where there is well developed lorger&M

order.

4.5.2 Field dependence of MR

To nd out the dependence of MR on the applied eld), we have measured the R-H curve of the
three LaMnQ samples sweeping the magnetic eld from -8T to +8T at sevewd temperatures
(140K-250K). In Fig. 4.15, we have shown the change in thistaasce of the three LaMn{samples
R
R(0)
LaMnO;s -2). For LaMn@ -3, R H curve is shown (in Fig. 4.15(c)) only for 140K as at higher

by plotting vs. H (whereR(0) is Rfor H = 0T) atT < Ty andT > Ty (for LaMnOs -1 and
temperatures MR is so small that it can not be perfectly nredsand will introduce unnecessary error
in the dataR H curve for all the three LaMn@samples are symmetric. The change in the magnitude

of resistance as well as the dependenc® ain H is different for the three LaMn@samples. The
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Figure 4.15 ()R H curve for LaMnQ-1 atT < Ty. Inset showR H curve afl > Ty. ()R H
curve for LaMnQ-2 atT < Ty. Inset show®R H curve atT > Ty. ()R H curve for LaMnQ-3
atT < Ty.

nature of theR H curves also change below and abdwe Below Ty and at highest applied eld
(8T), the change in resistance for LaMfi€l is much higher than the other two crystals. From the
measuredk H data at different temperatures (140K-250K), we found oait&hd dependence of MR

(shown in Fig. 4.16). The magnitude of MR has a strong depereden the applied eld H. The nature

Figure 4.16 Magnetic eld dependent MR for (a) LaMng1, (b) LaMnG; -2 and (c) LaMnQ@ -3.

of the eld dependence of MR changes as the temperature elarkpr LaMn@ -1 and LaMnQ -2
where the MR is substantial, the change in eld dependencersaroundly signifying the effect of
AFM order in magnetotransport. In Fig. 4.16(c), the chamg®R with H atT < Ty for LaMnO;3 -3

is lower than that seen in the other two crystals as the AFMroirdLaMnG; -3 is more dominating.
Another fact for different MR behaviour in the three sampethe presence of FM cluster in the AFM
matrix in different strength which is evident from our matis&tion measurement. In the next section,
we will explain the observetl andT dependence of MR considering FM cluster in an AFM matrix.

We used a phenomenological model to add quantitative valoartanalysis.
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4.5.3 Phenomenological model for MR in LaMnQ

In this subsection, we propose a model to explain the obdé@namdH dependence of MR in LaMng)

In particular, we would like to address the observation thatthree crystals show different MR even
if they are nominally same. The model we have used is phenologioal and is based on model of
FM droplets in AFM matrix. The model was developed for expilag transport in low hole doped
manganitesi74]. We extend the model with the some modi cation as explaibetbw. We explained
the observed MR arising due to the formation of FM clusterit(ass con rmed by the a.c. and d.c.
magnetisation measurement). The difference in MR in thestlerystals is proposed to arise from the
extent of size and concentration of FM clusters in them. Mududion of these FM clusters, with the
applied magnetic eld and temperature, determine the aleseMR in three LaMn@ single crystals.
We consider FM clusters of radiua™in PM (T > Ty) and AFM (T < Ty) matrix in the three LaMn©
samples with the assumption that the concentratijprof FM droplets is less than a critical volume

(nc) which is the percolation threshold and needed for longedfig order formation. The conduction

of electron form one cluster to another will experience o éhectrostatic interactioA g and
resistivity can be expressed as beldv4],

r = CTex 4.7

P 2keT (4.7)

, whereC is a constant. This is similar to transport in granular cosifes with coulomb charging of the
metal dispersed phasé has a dependence on the applied magnetic eld (H). H incectisecluster

size 'a" which decreasesA" and in rst order it can vary with the eld as:
Aq = Ag[l bH] (4.8)

, WhereAy is the modi ed interaction in the presence of eldy is the interaction with zero led and
b is a constant depending on the Heisenberg exchange intE@jakotal spinS, gyromagnetic ratiq
and Bohr magnetrong [174]. The constanb can be expressed bs %& Using equations 4.7 and

4.8, we can derive the expression for MR due to the presenE®aflusters. MR can be expressed as
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(negative sign represents the negative MR)

r(H) r© _ A Ao bAcH
r@ TP et T P T

MR= (4.9)

, Wherer (H) andr (0) are the resistivities with and without the applied magnégid. From equation
4.9, it can be seen that at low&rand higherH, the value of MR increases (as seen in Fig. 4.14(d)
and 4.16). This model does not include the dependence of MReoconcentrationn) of FM clusters.
There will be dependence afonH andT and this will further affect the MR. To include the effect of
FM clusters, we modify the equation 4.9 with two phenomegiaial parameters as discussed below,

_ Dr _ bAH
MR= r—O—C 1 D(H)exp 2kaT

(4.10)

.The parameter C is taken as proportional to the maximumevadtFM cluster moment present in a
sample a ! 0. This parameter is needed to acknowledge the fact thaighest value of MR occurs
at low temperatureD(H) is a parameter related to the cluster orientation at a nékl. We have tted

the equation 4.10 to MR vsT curve for all the LaMnQ@ single crystals (shown in Fig. 4.17). From

Figure 4.17 Fitting of FM cluster model (Egn. 4.10) to MR v3. curve for all the three LaMn®
samples at 8T eld.
Fig. 4.17, it can be seen that LaMpEB shows qualitatively similar MR dependence Brand the
low MR in LaMnQ;s -3 re ects much less FM clusters compared to that in LaMrQ The nature

of the MR for LaMnQ; -2 is different than the other two single crystals. It can be tb the reason
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that LaMnQ; -2 may have two types of FM clusters and these clusters deeninaifferent regions.
We have tted our model separately in these two regions. FFdgm 4.17, we can see that after a
certain temperaturel (> 200K) tted curves deviate from the experimental curve faMnQO; -1 and
LaMnOs -3. ForT > 200K, FM clusters are not fully formed and we cannot t thigjian with our
proposed model (which is discussed later). We have taloutate tting parameters for all the three

samples in table 4.5. From table 4.5, it is clear that ttiraygmeter<, D(H) andb vary in the three

Table 4.5 Fitting parameters from MR VE data tted with equation 4.10 for H = 8T.

Sample C D(H) bAy (eVT 1) Ag(eV) b(T D
LaMnOs -1 80 3.8 7 103 3.5 2 103
LaMnO;s -2 43 4.4 1 102 35 3 10°3

(T > 225K) (T > 225K) (T > 225K) (T > 225K)

59 4.4 72 10°3 3.5 2 10°3

(T < 180K) (T < 180K) (T < 180K) (T < 180K)

LaMnO; -3 37 1.62 3 10° 3.5 1 103

LaMnOs; samples. This is expected as the three samples show diffdiRibehaviour. The parameters
(C, D(H) andb) related to clusters are distinctly higher in LaMf€l compared to that in LaMng
-3, re ecting larger contributions from FM clusters, as egfed from magnetic measuremeniH)
andb values of LaMnQ@ -2 is similar to LaMnQ -1 atT < 180K but it differs above 225K. This is the
reason LaMn@ -2 shows different nature of MR &t > 225K than that seen in the other two single
crystals.

As LaMnO; -1 has well formed clusters, we have further applied our psed model (Eqn.4.10)
to the MR vs. T data at different elds (8T and 14 T). The data are shown in Big.8(a). From the
tting of the MR vs. T curve in Fig. 4.18(a) to equation 4.10, we get the corresipgndalues of the
tting parameters (shown in table 4.6). It can be seen that.Egl0 ts well for both the data at 8T &
14T below certain temperaturek(1 & Tcr2) where cluster formation occurs.

From table 4.6bA, andC are eld independent parameters dbdhas a eld dependence that increases
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Figure 4.18((a) MR vs.T data of LaMnQ -1 at 8T and 14T. Red curve shows the tted curve with
Eqgn. 4.10. (b) Theoretically calculated curve using the . E4ri0 with the tting parameters form
experimental curve.

Table 4.6 Fitting parameters from equation 4.10 for LaMnQ.

H(T) C D(H) bAy(evT b

14 80 10 7 103
8 80 3.8 7 103

with H. We have found out that thé dependence dd(H) can be written a®(H) = 1+ pH+ qH?

which is shown in Fig. 4.19. In LaMng®, FM cluster formed due to the Mh andb 5%19(]8333

Figure 4.19Dependence dd(H) onH and tted with D(H) = 1+ pH+ qHZ2.
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2 10 °T *can be calculated considerigg 2, ng = 5.8 10 %evT 1, J(0) 100K or 8.62meV and
S = 3/2. Using the value df, we found out thaf\, 3.5eV which is comparable to the onsite electron
-electron interaction found in manganitd/fj.

From Fig. 4.18(a), we can see that after a certain temperéligr:, TcL2 are the cluster formation
temperatures for 8T and 14T respectively) tted curve dmgafrom the experimental curve. The
signature of thdc is also found from our eld dependent d.c. magnetisation @MnQ; -1 (in Fig.
4.11). ForT > T, FM clusters are not fully formed and we cannot t this regiwith our proposed
model (Egn. 4.10). It is also observed that higher appliegimetic eld shifts theTg, to higher
temperature (and gets saturated at higher eld) which ig fdend from Fig. 4.11. Due to the highly
insulating nature of the sample, we could not measure trelgdbw 130K. To nd out the behaviour
of MR at low temperature, we calculated the MR data from 1K 8K using equation 4.10 with
the tting parameters tabulated in table 4.6 and the sinedla¥IR vs. T curves are shown in Fig.
4.18(b). From Fig. 4.18(b), it can be seen that MR saturatéssatemperature Tsan & Tsap). This
is expected due to the freezing of cluster momég; shifts to higher temperature at high magnetic
eld as magnetic moments get suf cient energy to overconettiermal energy at higher temperature.
These temperatures are theoretically the cluster formagimperatures (which is also observed in Fig.
4.18(a)). The above discussion shows that Eqn. 4.10 canduetasnalyse the MR data in LaMgO

-1 which have very well formed FM clusters.

4.5.4 Role of D(H) in the three LaMnO; samples

In the previous section, we found that the cluster orieote®i(H) = 1+ pH+ gH? in the three samples
are different. To understand the role@fH) in the three samples, we have tted our model (equation
4.10) to the MR vs. H curves of the three LaMn&amples (shown in Fig. 4.20) beloiv< Tc. We
have tted equation 4.10 to MR curves in LaMgGR considering the values of\; at T < 180K and

T > 225K from table 4.5. Th®(H), p andq values for LaMnQ@ -1, LaMnQ; -2 and LaMnQ -3 are
tabulated below.

From table 4.7, it can be observed tipatalues for all the three LaMn§samples are nearly similar but
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Figure 4.20 Magnetic eld dependent MR for (a) LaMng1,(b) LaMnG; -2 and (c) LaMnQ@ -3.
Red curve is the tted curve with eqn. 4.10.

Table 4.7 Variation of D(H) for three LaMnQ single crystals.

Sample H (T) D(H) p q
LaMnOs -1 8 3.8 0.14 0.024
LaMnOz-2 8 44T <180K) 0.19  0.03( < 180K)
8 A(T > 225K) 0.16  0.022 [ > 225K)
LaMnO;-3 8 2 0.15 4 10 °

guadratic coef cientg is much smaller in LaMn@-3 than the other two LaMngsingle crystals. To

understand the difference in D(H) in the three LaMrs&@amples, we have plotteeliD(H) ! p+ qH

= p+
D(H) 1 )
vs. H in Fig. 4.21. We found that% for LaMnQOs -1 and LaMn@ -2 vary similarly but it is

1
vs. H for three LaMnQ samples.

Figure 4.21 Variation of D(H|_)|
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nearly constant for LaMn©-3. From Fig. 4.21, itis clear that orientation of FM clustearies withH
in LaMnQO; -1 and LaMnQ@ -2 while it is nearly independent of eld for LaMn§)-3. As the parameter
D(Hi)l is low for LaMnQ; -3, we get low MR for LaMnQ@ -3 than the other two LaMngsamples.
In table 4.8, we have tabulated all the important parametbish actually determine the different MR

behaviour observed in the three samples.

Table 4.8 Comparison of o€, D(H) 1, E; (eV), To, Tr andJ(0) in the three LaMn@samples.
DH) 1
Sample C % E:(eV) To(K) Tr(K) J(0) (meV)
LaMnOs;-1 80 0.35 (8T) 0.6 80 773 8
LaMnO;-2 43  0.42(8T) 0.4 85 1050 8
LaMnO3-3 8 0.12 (8T) 0.7 53 1073 16

- . . D(H) 1 .
From table 4.8, it is clear that the difference in paramdtbes% (measure of the cluster orien-
tation), E; (the energy required to align moment%y,(the cluster interaction strengthlj (structural
transition temperature which is related to fincontent) and exchange interaction enedgg) is re-

sponsible for the observed different MR behaviour.

4.6 Conclusion

Strongly correlated oxides are electronically inhomogeseand this type of behaviour manifested
better in the rare-earth manganitdg'$]. Thus these materials consist of different spatial regjiwith
different electronic and magnetic orders and the phenomdmat has come to be known as phase
separation and this is most clearly found in weakly dopedgaaites. Generally in parent manganites
these special regions can be existed due to intrinsic dapisglf doping. In LaMn@, intrinsic doping

or self doping occurs due to the vacancy at the La site duhiagctystal growth which creates mix
valence Mn (MA*  Mn*"). The other natural cause is charge transfer (CT) instglbitiven dynamic
charge disproportionation (Mh + Mn3* I Mn* + Mn?*) [89] even in the absence of any chemical

doping &). The presence of this CT instability driven EH pair (mindrage) in the conventional
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polaronic insulating phase (major phase) leads to an pt@esdsted regions.

This minority phase (due to intrinsic doping and charge rdigprtionation effect) can have FM
moment and form FM cluster in the PM and AFM phase of the sampdecan be detected in magneti-
sation measurement. These kind of FM clusters have beenvebsa a complex study (a.c. magnetic
susceptibility, magnetization, MR, and neutron diffraai of slightly nonstoichiometric LaMng) 4
system 177]. The evaluation of these FM clusters with the applied mégneld and temperature
gives rise to MR in nominally pure LaMnfO Depending on the concentration and strength of these
FM clusters, MR can be different in the nominally pure LaMn&amples. The FM ordering temper-
atures of these clusters can be closd@yo With the application of applied magnetic eld, size and
concentration of the cluster increases which decreasddhtastatic interaction of the electron hop-
ping from one cluster to another. This leads to increasegctimductivity of the sample under magnetic
eld or give rise to negative MR. The observed difference iRMehaviour in the three LaMnG&ingle
crystals is due to the presence of different volume cona#atr of FM clusters. The concentration of
the FM cluster can vary in the three LaMg®amples for the presence of Kndue to the different
extent of self doping and charge disproportionation effédtis is also the reason that we observed
differentDr—r in case of resistive switching of three LaMg@ingle crystals under applied electric eld
(Fig. 3.7(b) in chapter 3).

In conclusion, we have observed different MR behaviour rer¢H_aMnQ single crystals and one
of the sample (LaMn@-1) shows a large MR ( 60%) at low temperature. The MR in the three
LaMnOs; samples increases with the lowering of the temperature @nidades at very low temperature.
The observed magneto transport, in the three nominally pakénOs single crystals, is explained by
the formation of FM clusters in different strength due to ititeinsic doping and CT instability driven
dynamic CD effect. We have con rmed the presence of the FMtels in the three samples by the
structural & magnetic characterisation techniques likeXRD, XPS, EELS, d.c. and a.c. magneti-
sation. Magnetic measurements show the variation in ictierastrength of the FM clusters with the

applied magnetic eld.



Chapter 5

Electrostatic EDL gate effect on the

electrical transport of Lag.gsCag.1sMnO 3

The effect of electrostatic surface charge induction dukedormation of electrical double layer (EDL)
by an electrolyte gate on the transport of hole doped funetiperovskites like LggsCag:15sMNO3 has
been studied. In this work, we have showed that a bipolarreaboén be obtained on the transport
in such an EDL FET device using a nano-structured hole doped perovskita elsannel at room
temperature. We also showed that the modulation of eldctgimases can be achieved in such EDL
gated device. We observed that the depletion region at thie gpoundaries (GB) and the electronic

phases of a nano-structured Im can be controlled and turedugh electrostatic gate.

137
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5.1 Introduction

In recent years use of ionic liquid (e.g. DEME-TFSI, DEMBF,) or solid electrolyte (e.g. PEO-
LiClOg4, PEO-KCIQy) as a gate dielectric to control physical properties of fiomal oxides has become
an active eld of research8B, 178-18(. Formation of the Electric Double Layer (EDL) at the solid
electrolyte surface leads to a large speci ¢ capacitantendh excess of AFcm 2 that can give rise
to surface charge density more thad0'3cm 2 for moderate gate bias of 1V. The electron density
in oxides is orders of magnitude greater than that in commeat semiconductors. As a result, charge
induced by conventional gates are much less than the efed#&osity in oxides. Thus conventional
dielectric based gate insulators have marginal or no eiffieztide channels. However, induced charge
by the electrolyte gate is orders of magnitude higher tha itduced by conventional oxide gate
insulators like SiQ, SrTiOs for the same bias. Large induced charge by electrolyte batedan control
the electrical transport of strongly correlated oxideke(liransition metal perovskites) which depends
strongly on the carrier density and often on the co-exisélagtronic phases with different electrical
resistivities (like hole doped manganites). The modufati carrier density by electrolytes or ionic
liquids (as gate dielectric) give rise to various intemggtphenomena like metal-insulator transition
[87], superconductivity 3], EDL gate tuned magnetism in nano-particl&87], gate enhanced photo-
current and persistent photo-conductivity when an apjtgfunctional oxide is made a channel in an
EDL-Field Effect Transistor (FET) con guratiorilB(. The oxides studied range from binary oxides
like ZnO and VQ [83, 180,187 to strongly correlated perovskite oxides with ABGtructure like,
SrTiOs, KTaO;s, Lag:75S1h.2sMNO3, NdNiO3, Ca; xRyMnOs etc. [87,178 181,183 184).

In this chapter we discuss how a bipolar control can be aeliév the non-linear transport of a
nano-structured Im of functional perovskite oxide like d.s&Cay.15MNnO3 using an EDL gate. The con-
trol has been achieved in two ways. The rst effect is to matkithe grain boundary (GB) region with
induced surface charge by gate bias which affects the GBaltmut conductivity. The Second effect is
to tune the carrier concentration (speci cally hole cortcation) and due to that the conductivity within

a grain was modulated. We will also show that the second telffadls to the control of coexisting
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phases and through it control of electronic transport caottained in such nano-structured Ims of
functional oxides at the level of GB. The work presented lmegbeen divided into two parts. In one
part of the work, we have presented the main motivation théb control the depletion region at the
grain boundaries (GB) of a nano-structured Im through Eitey In the other part we achieve control

on coexisting electronic phases.

5.2 Modulation of GB controlled non-linear transport in nano-structured

Im

The depletion layer in the GB regions controls the currearidport through the Im and are predomi-
nantly responsible for the non-linear transport that ismftbserved in then®p, 97]. The effect of the
gate appears to be the modi cation of the GB potential baifiig; and the depletion widthat the GB
region. The response of the channel to the applied gate didistinct from that seen in an epitaxial
Im because the change occurs primarily in the non-lineansport that is controlled by tunnelling at
the GB region. The nano-structured nature of the Im alsg@iéh enhancing the gate effects as the
electrolyte (while settling from liquid to the gel statencaw around the nano-crystallites and creates
an all around gate condition.

We show that an effective bipolar control of the transpontoaim temperature can be obtained in
EDL-FET made from a nano-structured Im of a manganite whitie conductivity at room temper-
ature can be modulated by nearly0% with a moderate gate bias obV. We have also found that
application of a gate bias can control the relative fractbthe co-existing electronic phases leading
to a large change in the transport properties at low temyerat

For our investigation we have chosen a hole doped mangaaitg CaMnO3, x = 0.15. The hole
doped manganite La,CaMnOj3 evolves from an insulating orbital ordered AFM phasexer0 to a
FMM phase forx  0.22 through an intermediate FMI phase that typically ogdnrthe range 0.13
X <0.22. In our case, sample shows a FMI statd at 150K. In this region of composition, the

conductance of the material is not too high or too low and #lkas a large sensitivity to the degree
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of hole doping X) even at room temperatures. It is expected that such depeadell make it more
susceptible to the gate induced carriers in the EDL-FET garation.

Grain boundary (GB) controlled transport in manganitesistindt from bulk transport has been re-
alized before when enhanced grain boundary contributidfRavas found in manganites La,CaMnO3
(x = 0.33) with grain size down to 15nmi85. Subsequent investigations on transport through arti -
cial GB junctions in Ims of La yCaMnOsz and La xSKMnOj3 atx = 0.3-0.33 showed that the grain
boundary regions in manganites act like hole depleted negith low conductance9b, 97,186 and
give rise to non-linear transport. The hole-depleted megidhe GB region is not sharp and is generally
diffused. The non-linear transport through grain boundagjons in polycrystalline manganites in the
FMM state of La yCaMnO;3 at x = 0.30-0.33 have been investigated. At temperaterek)K, the
transport through the grain boundary is governed by tuimgg(elastic process) as well as multi-step
inelastic tunnelling which gives rise to non-linear contiltity [ 187,188. At much lower temperatures
(T < 10K) elastic tunnelling through the barrier becomes the idant mode of conduction1B9].

In spite of extensive investigations on GB transport in naeniigs, it has never been investigated that
whether the GB transport can be modulated by a gate, patigdt room temperature. The observa-
tion discussed in this chapter thus allows a voltage cdettatanoscopic control of the GB transport

in such materials.

5.2.1 Making of EDL-FET device and formation of electric dowble layer

EDL-FET with effective channel length of Imm with Au/Ti cawt pads as Source (s) and Drain (d)
was fabricated on LgssCay.15MnO3 (LCMO) thin Im grown on a SiG/Si substrate. The thin Im
channel of thickness 10nm and width 308m was grown by pulsed laser deposition (PLD) method
with a uence of 1 J/crd using a Si hard mask for patterning (detail in chapter 2). nditoforce
microscopy (AFM) image of the nano-structured Im (see Fdl(a)) shows island type growth pattern
with bimodal distribution of grain size. One distributianarrow with an average size of3nm and
the other is a broad distribution with average grain siz22nm (see Fig. 5.1(b)). The Im has a low

surface roughness of 0.5nm. The composition of the Im wasc&lbd with Energy Dispersive X-ray
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Figure 5.1 (a) Surface topography of the §.gCa:.15MNnO3 Im taken by AFM. (b) Grain size
distribution of the Im.

Analysis (EDAX). The Im has the desired composition thatlsse to the bulk pellet from which it
was grown (see chapter 2).

The FET device was fabricated with LiCJGs gate material. The ands pads were protected
from the polymer electrolyte by a thick layer of e-beam re@®8VIMA) which is baked for 3 min at
180°C. A window was opened in the resist layer on the channel fptyamy the gate. PEO/LICI®
polymer-electrolyte made of 10:1 ratio of (-GEH,0O-), and LiCIO4 was used as gate dielectric which
was applied to the exposed region of the channel. A thin nveital was used as the gate contact.
Schematic of the EDL-FET and the biasing arrangements angrsin Fig. 5.2. Herdps represents
the source to drain current or the current through the cHavipeis the applied bias between the source
and drain and/g is the applied gate bias in the polymer electrolyte throdghahannel. Generally it
has been observed that the applied negative bias to the gde¢etdc with respect to drain creates
charge separation in the electrolyte (see Fig. 5.2(a)).itiB@$ons move towards the gate electrode
and negative ions accumulate near the channel electraligeace and correspondingly attract holes
or positive charge near the interface. The accumulatediioakectrolyte forms charge layer near the
interface and it is known as electric double layer (EDL). Efotmation works as a gate dielectric and

that is why electrolyte gated FET device is referred to as BHHBI. For negativé/s, one can see the
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Figure 5.2 Schematic diagram of the EDLFET device for measuring gate biags] dependent
Ips Vpscurves. (b) Biasing arrangement of the EDEET device for measuring T curves with
differentVg.

reverse effect i.e. the electrons in the channel will acdatewnear the channel-electrolyte interface.
Applied gate bias ( Vi) can electrostatically dope electrons or holes in the chlgprovided there is
no charge transfer occurs between the channel and elaeti@y electrochemical reaction occurs.

Now the EDL capacitance can be described by the followington

1 1 1
— = + (5.1)
C Chelmholtz CGouy Chapman

, where GieimnoltziS the capacitance due to the charge separation at theadytetelectrode interface
(charged electrodes attracts opposite polarity ions aspletts similar ions) proposed by Helmholtz
and Gsouy chapmanis the capacitance of the diffuse layer in the electrolytatgmn due to the combined
effects of diffusion and electrostatic forces on the molafes in the electrolyte which is proposed by

Gouy Chapman19( . The two capacitances can be expressed as

CY:] &8

Chelmholtz= ;CGouy Chapman= —— (5.2)
H Ip

, Whereg, is the free space permittivityg is the relative permittivity of the electrolyte solutiors,
is the thickness of the Helmholtz double layer dngis the Debye length of the electrolyte with the
assumption that electrode radius is much greater than d gijél8,190. The estimated capacitance

can be about fewrF/cn? due to the very small d anldp (in nm) and such large capacitance would
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enable large carrier accumulations at moderate bias. Dtlegdarge modulation in carrier by the
EDL, one can achieve similar carrier concentration as cbalngioping in strongly correlated electron

systems like perovskites.

5.2.2 Static and dynamic characteristics of the channel

The static characteristic of a FET device is the measutggivith varyingVps keepingVg constant.
Measurements of thips-Vps curves with different applie¥s was done using Sourcemeters at room
temperatures by the circuit diagram shown in Fig. 5.2(aypAcall V curve with no gate bias taken
on the device is shown in Fig. 5.3. The V curve is non-linear but symmetric. The symmetric nature

is expected because of the identical electrodes adhed. The effect of the gate bidg; on the device

Figure 5.31 V curve of the device with LggsCay.15MNnO3 channel without any gate bias.

current has been demonstrated through the static chasticteurve (ps-Vps) taken with different gate
biases. The data are shown in Fig. 5.4. We have scavipefiiom 0 to 1 V with differentVg (+5 V to

-5 V). We have appliet¥s with an interval of few minutes then measured theV so that the channel
stabilizes with each gate voltage (reason for this will Isedssed in section 5.4). A negative gate bias
(that induces more holes) enhances the cuiligitwhile the positive bias (that compensates holes in
the channel) reducdsgs for the samé/ps. The change ips with gate has a bipolar effect. For both
maximum negative and positi%gs, the change imps atVps = 1V is nearly 40% , which is quite large

compared to reported gate effects in manganite based EOLaFEbom temperature.
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Figure 5.4 Static Characteristic of the EDLFET device with nano-structured ¢.gsCa.15sMNnO3
channel.

To ensure that the observed effect is electrostatic, we Aaemeasured dynamic characteristic
of the device i.e. the change in gate curréqitby varying the gate bia¥s keepingVps constant.
The leakage curreng is measured at xedps of 0.6V by varyingVg from +4 to -10V. The dynamic

characteristic of the device is shown in Fig.5.5. We varfiedgate bias slowly at a rate of 6 mV/s so that

Figure 5.5 Dynamic Characteristic of the EDL-FET device with nanatstured La.gsCay.15sMNnO3
channel. Black arrow is showing gate currénform Vg = +4V to -10V and green arrow is showing
g formVg =-10V to +4V.

the effect of gate bias stabilizes within the time interviaiva subsequently applied gate biasksys.

Vg curve shows hysteresis which is a characteristic signatupelymeric gate due to the involvement
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of ionic motion in the leakage current. From Fig. 5.5, we fdtimat the leakage current\&t =-5V and
Vps=0.6Vis -25nA wherebhs tens ofmA (in Fig. 5.4) for samé/g andVps. So the gate current

Ig is nearly three order less than the channel curggtor all the gate voltages (-5¥ 0< +5V). But
after Vg > -6V, | increases rapidly and g =10V, I becomes one tenth tfs. That is why we have
restricted our measurement\gt = 6V in which we have a proper FET operation. This is the reason,
we cannot apply very large gate bias in an electrolyte gatevéadiscussed in section 5.2.1).

In this section we observe that the channel conductanceedfidle doped perovskite FET device
can be modulated bipolarly at room temperature using an Eié dielectric applying moderate gate
bias. In the next section we will discuss how does chargeascied by applied gate bias modulate the
conductance of the GB region in thed.gCay.15MnO3 channel of the FET device at room temperature

and the basic physics behind the observed effect.

5.2.3 Modulation of the Grain boundary conductance by the EL gate dielectric

From Fig. 5.3 and 5.4, we observed that the transport thrtugbhannel region is strongly non-linear.
We express the conductance as a bigs)dependent differential conductanGéVps)(= dlps=d\ps).

To show the nature of non-linear conducti@(Vps) is plotted vsVpsin Fig. 5.6. The data also show

Figure 5.6 The conductanc&(Vps) = dips/dVps of the channel as a function ¥ps for different
applied gate bias.

how the bias depende@(Vps) depends strongly on the applied gate bhigsFor 5V Vg +5V,
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G(Vps) increases monotonously withs. For Vg 5V, when the conductanc&(Vps) becomes
larger the bias dependence of the channel conductancatestui his generally occurs fdps > 0:5V.
The important observation is that the non-linear compomérhe transport is strongly affected by
the gate bias. Grain boundaries in most oxides are stroragieted by carriers making the transport
through them controlled by barrier depletion. Applicatiohthe gate bias modulates the potential
barrier in the depletion region leading to a large effectltmdurrent through the channel. Analysis of
the effect, as done below, will show that the non-linear congmt of the transport which is related to
the tunnelling in the grain boundary of the nano-structuledis enhanced/reduced signi cantly with
the appliedvs.

The observed data have been quantitatively analysed bagbd nature of the GB controlled trans-
port and its modi cation by the applied gate bias has beeaiobd. In our case at room temperature
where the barrier has a width that is much larger than theiekasnelling length, multi-step inelastic
tunnelling is the dominant mode of transpd®5[98]. In this case, the conductan@eas a function of
source-drain bia¥ = Vps s given as:

G= Gog+ & GV" w1 = Go+ GV4B+ Gv52+ o (5.3)
n=1
,where the direct tunnelling ter@gq and the rst term in the summatiom & 1) are both bias indepen-
dent. They are taken together in the teBgp= Ggq + G;1. The term with coef cientG; is for multi-step
tunnelling withn = 2 and that with coef cieniGs is for multi-step tunnelling witim = 3. The coef -
cientsGp's become smaller as the value mfncreases. They are related to the depletion widihd

the inverse tunnelling lengtb by the relation:

2ct
Gn = Aexp 1 (5.4)
2e06 f r 2mf
where the depletion width= 947 an and inverse tunnelling length = m B feeisthe GB

e2n3D h?
potential barriemy, is the hole density in the bulk of the grain agds the dielectric constanip1,192].

A, is a constant independent ofandt. The observe®(Vps) was tted to Egn. 5.2 as shown in Fig.

5.7. In the region of low bias where the conductance vanatioes not saturate, we could t the data
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Figure 5.7 The conductanc&(Vps) = dips/dVps of the channel as a function ¥ps for different
applied gate bias. The lines through the data are t to the#gnG = G+ GV4=3.

using the relatiorG(Vpsg) = Go+ G423, which is Eqn. 5.2 fon 2 (reason for x-axis in Fig. 5.7
being plotted aS/ST:f). The higher order terms make very small contributions aedhat considered.
The values of the term&y and G, are obtained from the t. In Fig. 5.8(a) and 5.8(b), we show th
dependence dby andG, onVg as obtained from the analysis of the data. These leading®gmand
G, have dependence &g and this leads to the gate bias dependence of the conductemtiie most
part, the change occurs due to the change of the @rmvhenVg is applied, establishing that the gate
effect is large on the non-linear conductivity. (Note: Ttaeginduced effect occurs within a layer of
thickness Debye-length. The Im thickness is more than that. It thus/rhappen that there will be
a parallel layer that is not affected by the gate. Such a legeieads to the saturation ligs at higher
Vps). The termGg, which is independent dfps and leads to linealps Vps enhances linearly with
Vs. However, the coef cientG, enhances exponentially with the gate bias contributing most to the
gate induced effect. The exponential dependence on theb@gatds an important observation which
we explained below.

The croef cients of the multi-step tunnelling ter®, has an exponential dependence onahprod-

dmee
62h2n3D
changeG, (Note: the change iy is much more suppressed compared to thdbdrbecause of the

uct, ct = f se. Thus a change ihgg andny, on application of the gate bias can substantially
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Figure 5.8 Dependence of (&g and (b)G; on gate bia¥/s.

likely contribution of the parallel layer that is unchand®dthe gate bias). Application of the gate bias
will change the carrier concentration of the channel. THe khoncentration of the lggsCay.15MnO3

Im is in a region where its conductivity is susceptible evena small change in the hole concentra-
tion that can be brought about by the gate. Application oftieg gate bias induces more holes in the
channel which leads to the enhancement of its conductiVie enhancement in the conductivity in the
neighbouring grains leads to reduction of the barrier gae(f gg) at the grain boundary. This reduces
the ct product and enhancement of the te@xn This enhancement will be further strengthened by the
enhancement af, which occurs due the negative bias in the GB region. Pogiiite bias that reduces

the hole concentration has an opposite effect.
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5.2.4 Transient response of the EDL-FET device and charadatistics of the gate dielec-

tric

The response of tHgs andlg (at a given source-drain bi&gs) for a step change in the gate bigshas
been investigated to correlate the time response of the Eid.and the response in the nano-structured
channel. Itis noted that analysis of the transient respbaseaot been done in such EDL-FET devices

before. The data are shown in Fig. 5.9. The top panel showstépechange in the applied gate bias

Figure 5.9 Top panel shows the step change in the voltdge Middle panel shows the transient
response of the normaliselh§=Imay drain currenips at xed Vps = 0.4V and bottom panel shows
the transient response of gate currient

from OV to -5V to OV with a 50% duty cycle. The gate current ispense to the step change to the
gate bias (the charging and discharging current of the gataditor) are shown in the bottom panel of
the Fig.5.9. The magnitude &f is << than that ofips for the range of appliedg showing a proper
FET operation. The transient response oflghashows the process of charging the electrolyte as well

as the EDL capacitor (discussed in subsection 5.2.1). We herd the growth and decay curves of
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Ips andlg using the bi exponential equations,

1= lo+(Imax 1[L (1 c)exp til + cexp tiz L (5.5)

t t
I'=1lo+(lmax l0)[(1 c)exp n ek o I (5.6)

wherelg, Imax are the currents at= 0 andt = ¥ , t,, t, are the time constants associated with charg-
ing and discharging of the EDL capacitor as well as electeobapacitor andc" (0 < c< 1) is the
weightage factor of; andt, . From Fig. 5.9, we found that the growth and decay curvdg ébllow

two time scales. The fast time scdlg ( 1sec) is the same for both the growth and decay curves of
Ig. This part of the transient response of the gate current & fikely the charging and discharging
of the EDL capacitor. From the maximum gate charging andhdiggng current we found that the
gate charging occurs through an equivalent resistan&y; Gf \I/_E) 200MOhm. From the fast time
constant of the charging and discharging current we nd anvedent speci ¢ gate capacitan€e;
2nFlent.

The slow component of the charging partlgfhas two time scales, one exponential component
with tg> 200 sec and a creep like behaviour over a longer time scale.lofiger time scale occurs
only whenVg is ON and it can arise from the movement of ions in the gatdrelgte under the applied
bias. In case of the discharging part, that occurs Wglr 0V, t g is nearly same order 150 sec but
there is no creep like behaviour in the absence of a gate bias.

The response of the channgg current to the gate bias¥s= 0:4V is shown in the middle panel.

In the gure Ips has been normalized by dividing it to the maximum channelexir The growth and
decay curves dips mirror (qualitatively) the time response lgf and also follow two characteristic time
scalest, andt,. The fast time constartt is same for both the growth and decay curves§) and

is similar to the fast time scalg; for thelg. Ips also has a slow componetit which is qualitatively
similar tot 4 of I and in this time scal&s saturates to its maximum value. The slow comporteid
about an order larger than for the growth curve ( 60s) and even larger for the decay curvel(50s)
which exactly follow the slow component &. The initial response of the channel current is thus a

re ection of the charging/discharging of the capacitor.istton rms that the changes occurring in the
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gate region control the transport in the channel region.

5.3 Control of Electronic phases in manganites using EDL-FE

In section 5.2, we observed that electrostatic gate caraslpanodulate the GB conductance at room
temperature tuning the depletion widthy changing the GB potentidlsg. We discussed earlier that

the composition of our sample falls in the region where ddift electronic phases coexist together
depending on the temperature. In this section, we will disdhe effect of electrostatic gate on these
coexisting electronic phases. Here, we used low bias fombasurement so that the non-linear con-

duction arising from GB region does not contribute appiagia

5.3.1 Gate bias modulated temperature dependent channel sestance with coexisting

electronic phases

We have measured the temperature dependent conductianrmddistructured LogsCay.1sMnO3 chan-
nel with differentVg in EDL FET con guration (Shown in Fig. 5.2(b)). The resistancehs thannel
was measured using a low constant currentrof 5o that the voltage across the s-d Mgg s less then
0.4V where the non-linear conductance due to GB effects tdocwur. As itis discussed in section 5.2,
at higher bias, non-linear conduction sets in due to thediling type grain boundaries where one can
tune the GB barrier heights and GB depletion layer by an EDe ff®3. ForR T measurement, we
used a low bias between the drain and source in the channghtsodn-linear effects do not come into
play (Note: the gate curreii is found to be much lower than the channel currémg)(in the presence
of Vg con rming a proper FET operation).
TheR T curves with different gate biases (+4V to -6V) are shown ig. F5.10. The relative

change in the resistance of the channel at room temperateréodhe highest applied Vg is nearly

40% (which is also observed in the static characteristitk@FET device in Fig. 5.4). The change in
Rgets enhanced at low temperatures. For instandezat00K, a change of from +4V to -6V makes

the channel resistandé@change from nearly 3Mohm to 0.2Mohm. The evolution of théstaace of
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Figure 5.10R T curves of the channel with different gate bias.

Figure 5.11(a) Lay xCaMnOs phase diagram for chemical doping (x) vs. temperatli)ep{ane.
Different phases are PI: Paramagnetic Insulator, FM: Feagnetic Metal, FI: Ferromagnetic Insula-
tor, AF: Antiferromagnetic Insulator, CAF: Canted AF and Gharge/Orbital Ordering. "O" repre-
sents the Jahn-Teller distorted orthorhombic structuce@nrepresents octahedra rotated structure.
Image from [1,2,7,50,51,139. (b)r T data of Lg.g2Cay.1sMnO3 (LCMO18) and N@.7Pky.3MnO3
(NPMO30) single crystals showing existence of differemictionic phaseslc is the onset of Pl to
FM transition andlgy is the onset of Fl state. Image is adopted frd94.

the channel as a function of gate biasshows shift in some of the characteristic temperaturestwhic
mark the transformation between different electronicgpamt regimes in the Im. These regions can
be clearly identi ed inR T data of a low doped manganite single crystal and in the {@aMnO3
phase diagram (shown in Fig. 5.11(a) and (b)). To identigséhtemperatures and the regimes clearly,

- InRT 1
we have taken the derivative of tlie T curve (shown in Fig. 5.12) where we plgt(dr(lril)) as
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a function of T atVg = 0V and at few representatiwg;. The derivative curve accentuates the three

Figure 5.12 The characteristics temperature regions (I, Il and Ill)le& £t CMO channel as deter-

, , _d(|nRT !
mined from transport data by plotting normallzegd_l_il) vs. T atVg =+4V, OV and -4V . Colour
boundaries indicate different characteristic transitemperatures. Red arrow shows the position of
Tc.

regions clearly as a deviation from a smooth variation. €htemperatures are marked in our sample
atVg = +4V, 0V and -4V. We track from evolution of the derivativerees how these temperatures
change withvg. In our sample, we have identi ed three distinct regiongige |, Il and Ill). In region

I, the system is in Paramagnetic insulating (P1) statéwithorhombic phase with JT distortions (O

phase), in region | it is in a low temperature FMI state andeigion 1l it is a predominantly mixed

phase region with co-existing low resistance FM phase (whiay be metallic) and an high resistance
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insulating phase with different crystallographic struesulike "O" andO®phases (orthorhombic phase
with rotated regular octahedra). We have marRegp in Fig. 5.12 where the experimental curve
deviates from linear region cﬂﬂlr(fiﬂ)l) vs. T curve at theOQPstructural transition (Note: Resistivity
data taken on single crystals also show this transition dsaage in slopel4Q]). In region I, the
paramagnetic to FM transition that shows up as a change sldpe of theR T curve. This we mark
as the temperatur& (Note: We do not call it a FM transition temperatuigas it is not determined
by a magnetic transition in our experiment). In region |, timset of the FMI state is marked by the
temperaturelg,. The characteristics temperatures obtained fromgﬂﬁéﬂ—)l) vs. T curve as shown
in Fig. 5.12 atVg = OV matches well with the LaCaMnO3 phase diagram ix =0.15 region.
Application ofVg of either signs shifts these temperatures.

In Fig. 5.13, we show the evolution of the three characierigmperaturesToce, To and Tg))

as a function of gate bias . The change in these temperatrgesinailar to what one would expect

Figure 5.13Variation of Toop, T and T as a function of gate bias.

from the variation in hole concentration introduced by tiwa metal substitution. The variation of
the temperatures arise from the change in the relativeidraof the two co-existing phases which can
be brought forward by the applieds (discussed later). All the three temperatures show sutietan
change on application of moderate gate bias which closslgméle the evolution of electronic phase

in La; xCaMnOs3 on hole doping for low value of X90,51,139], establishing that the changes ushered
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by the gate induced charges (Field effect induced chargiesicsithe change that one would expect by
change of hole concentrationX) in La; xCaMnO3 brought about by chemical substitution. Impor-
tantly, the change is bipolar with a positive (negatiVg)that leads to hole depletion (or enhancement)
depressing (or raisindl, Ty and raising (depressingbcp. Increasing hole concentration suppress
the OOOtransition, which in turn enhances FM interaction by ineileg electron itinerancy. This leads
to enhancement df-. As the phase diagram suggests that the two temperaturesagppeach other
at X 0.25, the induced charge creates an effect which very ctosbémical doping. The observa-
tion that one can tune the temperatige Tr; andTooo by an applied gate bias is new and is a direct
manifestation that the eld induced charges can change ¢ledoncentration similar to that could be

achieved by chemical substitution.

5.3.2 The Field effect and induced charge in channel

The observed bipolar modulation of the resistance of theméladue to the formation of EDL near
the electrolyte channel interface arises from the modulation of carriersdgrdue to application of
nite gate bias. The electric eld due to the formation of EDlear the electrolytechannel interface
will affect the carrier concentration in the channel moster a length scale from the surface that is

of the order ofr Debye lengtt8B, 195. We have calculated the Debye lengthy) of the sample using

& ekgT
n3D62

material,kg is the Boltzmann constant, e is the electronic chargengnds the volume carrier density

equation/ p = , Whereg, is the permittivity of free space; is the dielectric constant of the
in the channel. We obtaihp 4 nm atT = 300K using the value ofy, ngp  10?Y/cm® andg 100

(for LCMO) [19€. The estimated p is comparable to the average grain size3hm) of the Im and

the Im thickness though somewhat larger but also comparébl2:5/ p). Since the electrolyte ows
around the grains during its solidi cation, we may assunmeg the whole thickness of the channel is
affected more or less uniformly by the eld induced chargd an effective carrier density modulation
can be achieved by applied gate bigs(Note: This may not be a rigorously correct assumption but
it makes the analysis simpler). Without the applicationof gate bias, the channel has both positive

(holes) and localized negative (electrons) carriers dukdaubstitution of Ca at La site which creates
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Figure 5.14 Schematic diagram of (a) the effect &fwithin the channel; s and d are source and
drain electrodes. h, e, and GR represents holes, electndingrains. Black and Red (lower) potential
wells represent the GB barrier potentiahgt = OV & at -V, and (b) the effect of ¥ within the
channel. Black and Red (higher) potential wells repreden3B barrier potential at; = OV and at
+Ve.

mix valence MA*  Mn*". The electron at M# site is localized while Mfi has a hole in its £
orbital. For negativ&/ the electrolyte gets ionized and negative charge accuesnutedar the interface
(shown in Fig. 5.14(a)). These negative charges now a@sitive holes in the channel leading to the
enhancement of the hole density) that enhances the carrier transport. The enhanced hostylen
consequently can enhance the conduction within the bodgeo§tain and a part of the eld induced
holes will act to reduce the depletion region that forms at@B region. Positive gate bias depletes
the holes form the channel (shown in Fig. 5.14(b)) and irsxehe GB potential barrigigg which

reduces the carrier transport in the grains.

5.3.3 Quantitative comparison of gate dielectric inducedarrier modulation with that

achieved by chemical doping(x)

In the subsection 5.3.1, we observed that a moderate gatedmtune th&, its temperature depen-
dence and also the characteristic temperatulgs,(T. andTg) substantially. In this section, we will
guantitatively compare the changes brought about by theigdticed carriers with that expected from
chemical dopingdx). The strategy that we follow is to estimate the change ie lsohcentration from

the induced charge which can be found from the measured gp#eitance for a given gate bias and
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compare that with change ias one would expect from the bias induced changg&ip. Enhanced
hole concentration suppresses gy [50,139,177,197]. Since the change ifipe as a function of

x (brought about by chemical substitution) is well estaldishits change by the gate bias thus can be
used as measure of the effective change of hole concemti@tidue toVs.

In our experiment we measured the transient gate cutggh) in response to a step change in
the gate biads. Analysis of the transient gate current has been used tanothia gate capacitance
(Cy) from the charging time constan®{Cy), whereRy is the gate resistance through which the gate
capacitance charges. From the meas@gdnd the speci ¢ gate capacitance 1.6nF/cn?, we can
estimate an induced surface charge density af@3/cn? for a gate bias of 1V. Using the valug
4 nm atT = 300K and the assumption that induced carriers can affeatdrrier density in the channel
over a depth from the surface/ p, we nd a volume charge density of 0.5 10%/cm?® for a gate bias
change of 1V. From the formula unit volume of60 A3, we nd the induced carrier density causes a
change ofix 0.0013 /formula unit foWz=  1V. To distinguish thiglx, obtained from electrostatic
method, from that obtained by chemical substitution, weitax. to mean that this has been brought
forward by electrostatic effect. In Fig.5.15, we shadw as a function oVg. This shows the expected
change in hole concentration that one would expect from ¢e induced eld effect.

We have calculated the modulation @t from the variation offoe by Vi from the known linear
variation of Toop with x in La; xCaMnO3 whenx is change by chemical substitution as documented
in the phase diagram of La,CaMnO3 [50,139,197]. From the data we nd that a lowering of 1K
in Toce Occurs due to an enhancementdsf 3 10 4. From Fig. 5.13, we could thus calculate the
variation ofdx as a function of Vg. In Fig. 5.15, we have shown the variationaf with Vs along
with dxe. From Fig. 5.15, it can be seen that the estimated valuk ffom Toe and dXe derived from
the eld effect induced charge are nearly same in the pasijte voltage region V). It is of similar
order but somewhat different in thés region. Itis indeed gratifying thatx anddxe, though estimated
from two independent methods, give nearly same (or simialges. It establishes that the change in
hole concentration by the eld effect (using the EDL dietigtis predominantly an electrostatic effect.

There is a difference in the negative gate bias region, wierad that dx < dxe. This implies that the
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Figure 5.15 Variation of dx and dxe with differentVg calculated from induced charge due to eld
effect (dxe) and from the change ifpp (dX ).

hole accumulation within a grain due to the eld effect isde¢ban that what is expected from simple
electrostatic effect. This difference likely arises frohe tfact that part of the induced holes (being
majority carriers) compensates the heavily depleted GB®mnedn such nanostrcuctured Im, the GB
region being strongly depleted of majority carriers, makeepletion region. A part of the eld effect
induced charge leads to the lowering of the GB potentialid&aand narrowing of the depletion layer.
For the positive gate bias, where the hole concentratioedsaed by the gate bias, the GB region gets

further depleted. This makes the valuedsfcloser to that ofixe.

5.3.4 Dependence of the activation energy of transport on thgate bias.

In the temperature range> T, the charge transport is strongly activated with an actnatnergyEa,.
The charge transport within a grain is polaronic in nature thie activation of transport has a polaronic
origin. The presence of the GB potential barrier further olatks this activation energy (calculated
from the polaronic ttoR T data for differenVs). We observed that the eld effect induced charges
changee; (shown in Fig. 5.16). The changeli due to the gate biag; can be compared qualitatively

to the change i, that can arise from hole doping by substitution (change ifilA]). The applied
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Figure 5.16 Variation of E; with V. Inset shows the polaronic tt® T data forVg = +4V, 0V
and -4V.

gate bias can lead to the modulation of both the polaronidriborion to E; as well as that arising
from the GB barrier. In the temperature region of inter@st(T.) atVg = OV and negativé/s, due

to lowering of the barrier at the GB by the induced hole, itxpexted that the activation energy
will arise predominantly from the polaronic origin. It hasdm known from past studies done on single
crystals L4Q that the activation enerdy, is suppressed by the enhancemenx @nhancement of hole
doping). Thus the reduction B, due to applied negative gate bias can be understood. Fdivgosi
gate bias where the hole density is depleted one would e¥geotgo up. The scale of changef in
this region, however, is very steep and is more than what anédxexpect from change in hole density
alone [L4Q. Itis likely that the steep change Hy, is a re ection of the enhancement of the GB barrier

that arises due to strongly depleted region.

5.3.5 Control of coexisting electronic phases by the elecistatic gate

In the previous subsections, we have observed that therdifgolar modulation of the conductance
of the channel by/s. The change in the conductance of the channel occurs due toddulation of
carrier density and GB potential barrier by the applied g#&s. In this subsection, we explore whether

a two phase model can explain the resistivity data, wheadivelfraction of the two phases is changed
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by the gate bias.

The evolution of the resistand® as a function of temperature as well as the gate biag can
be phenomenologically explained from the evolution of #hative fraction ) of the two co-existing
phases in the channel. The transport in the region | and # taice through predominantly two
co-existing phases: one high resistance insulating phiasestance denoted b3,s) and other a low
resistance "marginally” metallic phase whose resistamdenoted byR,, (Note: We call it metallic only
for referral purpose. It can be bad metallic phase with iradbt lower resistance). ChangesimandVg
change the relative fractiohof the two phases. Thus the changd ican describe phenomenologically
the change iR as a function off andVs. The presence of such co-existing phases, as stated before,
have been invoked to explain the transport and magneticeptiep in manganites in the low doped
region k 0.22) [L39197].

The change in the hole concentration within a grain will dethe relative fraction of the coexist-
ing phases, however, the observed effecfiveill also depend on the conductivity of the GB region.
For negative gate bias that reduce the GB potential bartiertd the hole enhancement, one would
see an enhancement of the effectivever that expected from the contributions arising from dfesn
within a grain alone. Similarly a gate bias induced enharerdgrof GB potential, that occurs at positive
Vs will contribute to the reduction of the effective Thus in the nanostructured Im, the potential
barrier at the GB will affect the effectivé.

We obtain an estimate df from a simple 2-phase model for conduction. In presence ofsuch

phases, the channel resistanBedan be expressed as

1 (1 f) f )
RT RL +R—m,0 f 1 (5.7)

We have assume,s(T) as the resistance of the channeVat= +4V. The rationale for this assump-
tion is that the hole depletion has converted the channeltive high resistance insulating phase with
a metallic fractionf ! 0 along with the highly depleted GB region with enhanced GBiba Rn(T)

is taken as the resistance of the channa&l@at -6V, where we assume that the full channel, by en-

hancement of hole concentration, has only the "metalli@sghf ! 1) with reduction of depletion
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region and the grain boundary barrier potential. From eéqond.7, we obtained as a function ofl
for different gate biass). We have limited our analysis far < Toc» Where we have the mixed phase
region. In Fig. 5.17, we have plotted metallic fractioh) ¢s. T curve for differentVs. The fraction

f can be written ad (T;Vg) since it is a function of bot andVg as seen in Fig. 5.17. Far

Figure 5.17 Temperature dependencefofvith differentVg.

240K and for all gate biad,(T;Vg) decreases on cooling due to the activated nature of theperia
the channel as well as due to the barrier in the GB region. @impérature dependence is more steep
whenVs > 0 that depletes hole density in the channel thus enhancepsilating fraction of the co-
existing phases. A negatiVg that leads to the accumulation of more holes in the chanrtalimleads
to largerf(T;Ve) (! 1) and the temperature dependencé (df; Vg, also becomes less steep due to the
predominance of the metallic fraction. FogV -3V and beyond, it is more or le3sindependent. For
positiveVg ( 2V), the metallic fractionf(T;Vg) is below the percolation limit for volume percolation
(fc = 0.25) [L42] and the insulating phase makes predominant contributighe transport a$(T;Vg)
is< f..

f(T;Vg) has dependence on bdthand the gate biags. The explicit dependence &f{T;Vs) onT
is given by fo(T) which gives the temperature variation for zero bias. Théesoguantity f(T;Vs)=fo
would thus show the explicit dependence of the fractiaon the applied gate bias. If we consider the

scenario that the gate bias controlfopredominantly occurs due to the control of the GB condustivi



5.3 Control of Electronic phases in manganites using EDI-FE 162

by Vi, then one would expect thd{T;Vs)=fq is directly proportional to the GB conductanGg;g.
It has been established through experiments on GB condugctiuat it is controlled by tunneling at

the GB P5, 97, r198]. The tunneling takes place through the depletion widthhidkinesst, which

2e06fcB
€ngp

the inverse tunneling length =

, Wherefgg is the GB potential barrierGgg is 4 to exd c:t), where

r
2mfgp

h2
dme& L : . : .
ct= TfGB. The application of the gate bias will change both the bafiig andnsp leading
3D

is given byt =

. ThusGgg will be determined by the productt, where

to a change iGgg and thusf(T;Vg)=fo. The GB barrierf gg has an inverse dependence on the gate

biasVgg as established through such studies done in polycrystadiimiconductorsipl, 192]. Using

Figure 5.18 The eld dependence of the scalddV; T)=fy with Vg=Vy. The inset shows th&
dependence ofy(T).

the above discussion we argue thér; Vg)=fo will have an exponential dependence\@nand we can
write the dependence dfT;Vs) on T andVg as :
f= fo(T)exd \E) (5.8)
Vo

, Wherefy (T) describes th& dependent evaluation dfatVg = 0 as stated before. The scaling voltage
Vg it self may have & dependence because it can have dependengeaswell asp both of which

have aT dependence. To check the above relation we plot the scadguh grherdn( f(T;Vg)=fo) is
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plotted vs.Vg=\y. We nd that all the data forf can be merged on to the scaled curve that has a single
parametely (shown in Fig. 5.18). The values bf at eachT needed to merge all the data on to a
single curve is shown in the inset. Fig. 5.18 establisheexipenential dependence of the fractibn

on the gate bias and it shows that the phase control is pre@mthy brought about by the control of

the potential barrief gg. The parametevy(T) has a linear dependence on

5.4 Conclusion

We have shown that non-linear transport of a nano-strugtperovskite manganite Im can be sub-
stantially modulated at room temperature by applying a maidegate bias using an EDL gate. The
EDL gate has two effects. Firstly, it can control the depletiayer in GB transport and secondly it can
control the relative ratio of the electronic phases withgrain. The non-linear transport in such Ims
can occur due to the tunnelling through the barrier in théediem layer in the GB region. Application
of gate bias in the EDL layer leads to the change in hole cdration in the channel which increases
its conductance and decreases potetitiglin the depletion layer of the grain boundary. This leads to
the modulation in the non-linear conduction. A change indhannel conductance by nearly40%
can be achieved at room temperature with a gate biagcf V 5V.

To make a correlation of the gate modulation with the draiurse response, we also studied the
time responses of the drain current as well as the gate ¢umteen there is a step change in the gate
bias. The two responses were found to be correlated. Theslakage current in our EDL-FET device
ensure the electrostatic carrier modulation. The observatported in this work has implication
in such devices that using nano-structured Ims as a chamv@tre nanoscopic control of the grain
boundary transport can be achieved by moderate gate biag s18th EDL gate.

Finally, we have shown that using a gate with EDL dielectiids possible to control the co-
existing phases in Im of a low hole doped LgCaMnO;3 for x = 0.15. The eld effect induced
charges not only change the resistance of the Im (channéhénFET device) but also changes the

relative fractionf of the co-existing phases as well as the characteristicpamatureslipo, T and
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Tri. The change brought about by the eld effect closely mimigsaptitatively) the change that can
be obtained by chemical substitution. One of the importdrseovation in this study is that the eld
effect can change the temperature associated wittOtheOP transition that shows a characteristic
feature aflp identi able from the resistance data. Whilgo gets suppressed on hole accumulation,
the transition temperature to FM ord& is enhanced. These two appear to converge to a common
value 240K, for a negative gate bias more than 6V. This value is gkrge to the highest value o¢
observed in La xCaMnOs3 system forx  0.33. Though we could not establish the enhancement of
Tc by the applied gate bias through direct magnetic measursiyieis intriguing that such a moderate
gate bias (with EDL dielectric) can lead to enough hole dgnshhancement that the onset of the
FM transition can be so much enhanced. This behaviour caapary well to the phase-diagram of
La; xCaMnO3 whenxis changed by substitution.

The Im used in this work is a nano-structured Im as opposedepitaxial Im used in past such
studies. The nano-structured Im has the additional factbtransport through the GB region that
is controlled byfgg. The substantial control of the gate bias on the co-exigtihgses as well as
on the charge transport in such Im has been enabled by tleetedif the gate bias ofigg which in
effect controls the GB transport. We have shown that the mxpkial control of the gate biag on f

originates from the predominant control fafg by Ve.



Chapter 6

Strain and Phase separation effect on the
transport in ferromagnetic insulating

manganite

The low hole doped manganites exhibit extensive phasea@paand phase coexistence. We have
studied the effect of strain (biaxial) as well as local stristhomogeneity on phase separation and its
effect on the electrical transport of kgsCap.1sMNnOs. In this composition range, one observes FMI
state. The FM state in manganites is generally associatdl electron itenerancy. DE mechanism,
which is generally used to explain FM state in manganites, mwat be used to explain the FMI state.
Recent theories consider the FMI state as an inhomogenedates that can be controlled by strain.
In this chapter, we investigate the FMI state using strairaagriable. The effect of local electronic
phase inhomogeneity on the conduction and its evolutidmteshperature is studied by local tunnelling
conduction measurements using UHV STM. The investigasioos that there are inhomogeneities in
local tunnelling conductance in macroscopic length scdig 100 nm) which also change as the
temperature changes. The growth of these nanoscopic inemedies have strong dependence on
the lattice mismatch. Tunnelling conductance measureg@ntms that modulation of the density of
states near the Fermi level is due to the strain and inhomegenvhich directly affect the electrical

transport in these phase separated perovskites.
165
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6.1 Introduction

Manganites with chemical composition 1aCaMnO3; have different kind of electronic phases de-
pending on the degree of hole dopix{l, 2,7,50,51,139. These complex electronic phases can have
nearly similar energy and one can switch between differeasps by means of external perturbations.
Generally, these perturbations are electric & magnetid, giressure or strain and size reduction to
nanoregime. Due to this electronic phase coexistence, amiteg shows some fascinating range of
electronic and magnetotransport behaviour and it allowts agsntrol different electronic properties by
using suitable control parameteds 2]. There is also another important aspect that the scale adgh
separation in these materials can indeed be on a wide length §om a scale of few unit cells to
mesoscopic scales extending over hundreds of 56150, 199. Many properties of manganites are
closely related to such intrinsic phase separation. Theroeece of phase inhomogeneity has been
proposed to be related to CMR effect observed in mangaré®2(0, 201]. The presence of these
phase separated regions in manganites can be probed esptaiiy by measuring the local conduc-
tance of the material in UHV-STMBRB, 59]. There are also studies using TEM3. The tunneling
current between the sample and the STM tip is directly cateel to the local density of states (DOS)
of the material 122-124] which can be used to measure the spatial variation of the B&aBthe fermi
level. This helps us to measure the local conductance of titerial belonging to certain electronic
phase. It has been known that the DOS in manganites haveng s¢érmperature dependence even when
the manganite is in FMM state. A gap opens up in DOS at the afgesulating state (as in COI state).
The DOS thus will be a sensitive probe to investigate phasaragon in FMI.

Phase separation has a special signi cance in the contekteoFMI state. Here, we will brie y
elaborate this particular issue. The coexistence of fesgmatism and insualting behaviour contradicts
the conventional DE model in manganites. The FMI state i dilstinct from the COI state. This may
be appreciated form the fact that the COI state can be déstabby magnetic eld B5] while MR
collapses in FMI state. The FMI state can be perturbed bymat@ressure due to its relation to the

orbital order R0Z]. The origin of the phase coexistence is not clear. Howéisrpelieved that it arises
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from a balance between orbital ordering (leads to chargaigation) and FM interaction203. The
orbital order (or disorder) originates from the JT distamtiof the MnQ octahedra. Therefore, local
strain, in particular, anisotropic strain can affect thigitat order. The variation of local strain can affect
the balance between the charge localisation and delotatis@ue to FM interaction). This leads to
phase separation between phases of different electrioauctivities [7,204, 205. Recent theoretical
investigation 06| showed that coexisting phases can have length scales asoapic domain. These
coexisting phases are amenable to strain inhomogendiiésotcurs even in Ims grown on single
crystalline substrates.

It is now established that the phenomena of phase sepaiddjoends on strain (biaxial) as well
as local strain inhomogeneity that can act as nucleatieg@itthe phase separatiobq, 65, 199, 207,
208. The effects of epitaxial strain are different from the ©hes induced by external parameters like
hydrostatic or chemical pressure. Hydrostatic pressudechemical pressure are generally isotropic
in nature. However, the substrate induced strain is intd@tly anisotropic because the in-plane strain
leads to an out-of-plane strain with different sign due ts&an ratio. The lattice-substrate mismatch
induces phase separation and inhomogeneities in Ims aml¢auses electronic behaviour which was
not found in bulk materials of same compositidsb[65, 199,207, 208. The hole doped manganite
La; xCaMnOs3 with x = 0.15 is sandwiched between insulating orbitally orderédvAphase forx
= 0 and FMM phase fox  0.22. An intermediate FMI phase occurs for 043 < 0.22 at low
temperature. The FMI state (having a low carrier densitguisceptible to orbital disorder. The orbital
ordering (which controls the hole mobility) in presencearid range coulomb interaction (that occurs
in a low carrier density system due to lack of shielding) ezadlto open a soft gap in the DOS. This
is the coulomb gap 204, 206, 209. Hopping conductance in presence of such a gap has ob$ervab
conseqguence. A consequence of such a scenario is the emeigfeziectronic glassy state leading to
slow charge relaxation2[L(]. Existence of such a glassy region in the FMI state has bésereed
through non-Gaussian resistance uctuati@d]].

Lattice distortion due to strain plays a crucial role in thege separation scenario in managnites

[212,213. Lattice distortion modi es (increase or decrease) theditortion around g localized
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electrons in Mn@ octahedraZ08 214]. These distorted octahedra may arrange themselvesatiffgr

in various crystallographic planes giving rise to short omy wave length lattice distortions. These
lattice distortions have been proposed to be at the origith@fenergy landscape responsible of the
inhomogeneous ground statzlp, 215. Although the issue of strain has been discussed in context
of nanoscopic phase separation in hole doped mangani®® ltas been no detailed experimental
investigation on the effect of biaxial strain in the phaspasation. In particular, local probes like
STM has not been used for the measurement of electronic jpifas@ogeneities. STM is particularly
suitable for this kind of investigation because of its naapéc spatial resolution and its capability to
probe the local DOS.

In this work, we investigated the effect of substrate indub@xial strain and the local phase
separation effect on the electric transport of a FMI thin é&fLag.gsCa.1sMNnO3 (thickness 10 nm)
grown epitaxially on single crystal substrates of NdGdNGO), SrTiG; (STO) and LaAlQ (LAO).
Films were grown on different substrates to tune the strathé FMI state. Though, it is an interesting
way to control the biaxial strain in the Im, there are comptees to estimate the strain. This is due
to the extent of strain relaxation in the Ims. Here, we wilsduss this issue. We have also studied
these local electronic inhomogeneities by tunnelling catahce measurement. We observed that the
temperature dependent electronic transport in the thmes dre different having coexisted electronic
phases (PI, FM and FMI) in a speci ¢ temperature range. Tdaéxghe observed difference in the
electronic transport, we have measured the local condeetaariation on these Ims (Im on NGO
and STO) at different temperatures in UHV-STM. We found thatscale of inhomogeneity is markedly
different in the two Ims. The magnitude and nature of thedbconductance in two Ims varies with
the temperature. We found that the substrate induced stralrlocal inhomogeneity plays a crucial
role to govern the electronic transport in low hole doped gaaite. The "local" STM investigation

was supplemented with "bulk" measurements like resigtivit
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6.2 Substrate induced strain in the Im of Lag.gsCag:15MnO3

In this section, we will discuss how the strain varies in a When deposited on different substrates with
different lattice constants. For our investigation, weénaged Ims of La.gsCay.15sMNnO3 epitaxially
grown on single crystal substrates of NGO (2 0 0), STO(2 0 @)la®0 (1 0 0) (discussed in chapter
2). To calculate the nature of the strain, we have done thiimgaurve measurement of the Im
(detail procedure in chapter 2). We have varied the angle&tween the incident x-rays (CyKand
the detector keeping the angle between the incident x-nagsample surface xed (generally,w is
xed at the half of the value of peak positiondof the substrate.) Rocking curve of the Ims on LAO

(100),NGO(200)and STO (200) are shown in Fig. 6.1. To detezriine sample and substrate peak

Figure 6.1 Rocking curve of the LggsCay:15MnO3 Im on (a) LAO (1 0 0) (b) NGO (2 0 0) and (c)
STO (2 0 0). Films were grown in the same deposition procesg same deposition condition.

positions, we have tted the experimental curve by Gaussiatitiple peaks (shown in Red and blue
curve sin Fig. 6.1). From Fig. 6.1, it can be seen that sanmgaé fiy;im) appears very close (0.4 ) to
the substrate peaksy(p) which signi es that the deposited Im tried to follow thettéce direction of

the substrate. The major substrate peakgat 23.46, 32.9 and 46.4 matches with the standard (1 0
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0), (200) and (2 0 0) peaks of LAO, NGO and STO substrates. dimpke peak appears at lower angle
of 23.12 and 32.3 than the substrate peak for the Im on LAO (1 0 0) and NGO (2 Oubjstrates while

it appears (46.78) at higher angle for STO(2 0 0). ThegZalues for La.gsCay:1sMnO3 Im on LAO,
NGO and STO nearly matches with the crystallographic caigors (1 0 1), (2 0 0) and (2 0 2) having
values 22.89 32.50, 46.76 respectively. The @ values of the Ims slightly differs from the@values

of the bulk La.gsCay.15MnO3 with the above mentioned crystallographic orientationkis Tndicates
that the lattice spacinglj of the Im is different (as 21sing = nl ) for the three substrates. This is due
to the substrate induced strain. The bulkbgCa).15sMnO3 and NGO (2 0 0) single crystal substrate
have orthorhombic structured; 6 by 6 cor) and can be represented with psudocubic lattice constants
a=c= %p (a0r)2+(by)2 & b= % The LAO (1 0 0) single crystal substrate has Rhombohedral
crystal structuregd=b=c,a=b =g6 90) and STO (2 0 0) single crystal substrate has cubic
structure &= b= c,a =b =g=90). The lattice constants of bulk bgsCay.15sMnO3, LAO, NGO

and STO are tabulated in table 6.1. Due to the mismatch ofdttied parameters(b & c) between

Table 6.1 Orthorhombic and psudocubic lattice constants and latspacing of bulk
Lap:gsCay:1sMnO3 and NGO, LAO and STO substrates from ICDD data base and Mlazation.

Sample a@inA) b(@nA) c(@nA) acuwi(inA) d(in A)

Lag.ssCap:15MN0O3 5.50 5.48 7.74 3.88 2.75 (for200)
5.52 (for 1 0 0)

LAO 3.79 3.79 3.79 3.79 3.79
NGO 5.44 5.50 7.71 3.86 2.72
STO 3.90 3.90 3.90 3.90 1.95

the substrate and the §.&Cay.15sMnO3, the deposited Im will be strained. We have calculated the
in-plane €) and out of planee; ) strains in the LggsCa:.15MNnO3 Ims considering the psudocubic
(acubic) Values of La.gsCay.15MnO3 bulk and the substrates as the bulk and substrates haveediffe
crystallographic structure]16. The out of plane and in plane strain have the relatern= -4 ne,

with n=0.3 for managanite2p8 217]. Negative and positive sign indicates the compressiveamslle
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nature of the strain. The in-plane and out of plane straiassahematically shown in Fig. 6.2. . In

Figure 6.2 Schematic diagram of the nature of substrate induced sttero lattice mismatch when
(@) asub< apuik and (b)asub> apuik.

table 6.2, we have tabulately & e, acting in the LggsCay.1sMnO3 Ims along in-plane and out of
(ASub Abulk)

plane directions. We have calculated the strainas————, whereA is theacpic values of the
ulk

bulk Lay.gsCay.15MNn0O3 and the three substrates. However, the strain generatet thtice mismatch

will act on few atomic layers of the Im and after that the Imaa be strain relaxed. The extent of this

strain relaxation will depend on nature of growth of the dgfgal Im on different substrates. We have

Table 6.2Values ofe,, e; along in plane and out of plane directions in thebgCay.1sMnO3 Im
and the effective strain in the Im.

Film Substrate induced strain  Effective straga ()
& &
Filmon LAO -2.3% 2.76% 2.6%
Film on NGO -0.5% 0.6% -0.5%
Filmon STO 0.5% -0.6% 0.04%

also calculated the effective strain in theplggCay.15sMnO3 Im comparing the slight mismatch of the

2q values between the Im and bulk kgsCay15MNnO3 with same crystallographic orientations as it

. . . . . Dd  singi sin

is appeared in the rocking curve. The effective strain isudated a®etf = rl = quinnq ouik
film

where we have considered the Yalue for La.gsCay.15MnO3 Im and bulk Lag.gsCay.15sMnO3 for same
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crystallographic orientations. From the the table 6.2ait be seen that lggsCay.15MnO3 Im on LAO,
NGO & STO suffers different kind of strains in different ctgfographic directions. Interestingly, the
ec+¢ for the Im on STO is nearly zero or the Im is strain relaxeae ¢+ for the Ims on the three
substrates differs in nature and magnitude. Out of the three Im on LAO suffers the highestes ¢ +.
ec+¢ in the Im actually gives us the total strain which the Im istually suffered. The difference in

theeg ¢ for the three Ims also visible in their topographic imagehldgwn in Fig. 6.3). From. Fig. 6.3,

Figure 6.3 AFM image of the Lg.gsCay.15MnO3 thin Im deposited with 1000 laser shots in PLD
on (a) NGO, (b) LAO and (c) STO substrates. Dotted lines aosvgig the preferred pattern of the
the Ims.

It can be seen that as the Im on LAO suffered highest;, it has layered growth pattern with very
low surface roughness of few unit cells. On the other hanthe@dms on STO and NGO are more or
less strain relaxed, they have island type grain growth siitffiace roughness of 1-2nm.

It can be observed that the differenceeiiy ; in the Ims leads to electronic phases inhomogeneity.

This will in turn affect the conduction proces?0g] (discussed in later section).

6.3 Determination of the Scale of inhomogeneity present inhe three

thin Ims by local conduction mapping

In the previous section we have found thabkgCay.15MNnO3 Im suffers different ez 1+ when grown
on various substrates. In this section, we will investigag extent of inhomogeneity and nanoscale

phase separation present in the three thin Ims as the grofithese nanoscopic inhomogeneities have
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strong dependence on the built in strain that arises dudtiiwelanismatch. These local inhomogeneities
and nanoscale phase separations can be probed well by ustagring tunnelling microscope (STM)
[58,59]. In particular, the length scale of the phase separatierpgcted to be nanoscopic/mesoscopic
and more than an unit cell. As a result mapping of local tungetonductance by STM, that gives
information on the local DOS will be a useful tool.

In scanning tunnelling microscope, generally a metal tipged to measure the tunnelling current
between the sample surface and tip through a barrier (uitya Yacuum) for a given applied bias.
The tunnelling current between the sample and thelf)pig directly proportional to the tip sample

distance(z), local density of statdd; of the sample and applied voltagé)(and can be expressed as

I(z;V;W;T)=cZiNS E+%/ Ne E %/ G(zE;W) f E %/ f E+%/ dE;

(6.1)
where E is the energy of the tunnelling electrons a constant which depends on the tip-sample ef-
fective junction areaz is the tip-sample separation, W is the average work funabibthe tip and
sample surfacey is the applied bias between tip and samfleis the temperaturdy;(E) is the tip
DOS, f(E) is the Fermi function at temperatufeandGis the barrier penetration factot35. From
equation 6.1, it can be seen that the tunnelling currentéstly correlated to the local DOSI{E)) of
the localized region. For a xed applied bias between the Sipvand the sample surface, the tunnel
current can vary spatially over a nanoscale region due tephgal variation of local DOS. The spatial
variation of DOS will arise from the coexistence of differ@mases which are likely to have different
DOS. The spatial variation will capture how the fractiontud toexisting phases changes over a length
scale. High tunnelling current between the STM tip and sanspkface signi es a region with large
DOS while low tunnelling current represents an insulatiegion due to the existence of a gap in the
DOS. Thus one can map these localised conductive and imgulagimes over a nanoscale area and
correlated them to the direct measure of the nanaoscaleaigcphase separation in the sample.

For our investigation, we have measured the local conduetarap (LCMAP) of the LggsCay.15MnO3

Im on NGO and STO substrates over a localised area of 500n5®0nm. Our lower limit for current

detection (above noise oor) is 10pA. This corresponds tarmeling resistance GW. We were not
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able to do LCMAP on Im on LAO due to undetectable tunnellingrent for the high resistance of
the sample (which can be seen in the T data in later section). We have also studied the temper-
ature evaluation of these nanoscopic electronic phasesoom temperature to low temperature (
100K). Below 100K,r 10 Wem (sheet resistance 10 MW) which makes the STM measurement
dif cult due to low tunneling current. The LCMAP techniquesigerates a two-dimensional map of
the tunnelling conductance across the surface for a xed bial at a constant height (here height is
the tunnelling barrier between STM tip and the sample) whiseedistance between the STM tip and
sample is much higher than the height variation in differgmts . This is achieved by applying a
small a.c. bias modulation over the d.c. sample bias andjwsilock-in ampli er to measure(;j—\l/
directly (detail procedure in chapter 2). Before capturihg LCMAP, we have selected an area of
500nm 500nm. The topographic image of the speci ed area was takespplying a 500mV bias
and constant 1nA current between the sample surface and i (detail procedure in chapter 2).
To take topographic image, a feedback loop is generally testake care of the height variation in the
sample surface so that the tunnel current remain constdrg.nfovement of the piezo (attached with
the STM tip) from the set reference level generates a topbigamage of the sample surface. After
taking the image, we took 256 points on this speci ed areafora of a 16 16 matrix. In Fig. 6.4,
we have shown the topographic image of thgds€a).1sMnO3 Im on NGO substrate with 256 points
in matrix from. The brighter regions in the image corresmotw higher z value (vertical distance or
the height of the surface) and darker regions represent ldwalue. To generate the LCMAP in the
speci ed area, we raster scan the STM tip (green arrow in &i¢)) and took th% spectra. In similar
way, we have taken the LCMAP in the $.&Ca:.1sMnO3; Im on STO. We varied the applied bias
between the tip and the sample surface from -1V to +1V. To g@ae¢he LCMAP over the speci ed
region, we took thed—I spectra at 256 points and generate a data set of conductahmefer these

dv
. . G
points at speci c voltage (0.5V). We have plotted the coridoce

rms
square conductance. This way of plotting help us to undadstiae variation of conductance from its

whereGyns is the root mean

rms value and we can compare the LCMAP at different tempersitwhich take care of the other ef-

fects that can perturb the tunnelling current between thd 83 and the sample surface. In Fig. 6.5(a),
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Figure 6.4 Topographic image of the basCay:1sMnO3 Im on NGO substrate in 500nm500nm

_ . I
area. Green dots represents the points in a matrix from \Aﬁdgﬁrepectra were taken and green arrow
represents the position of the STM tip.

. G .
we have shown the variation of conductan ) over a speci ed area at room temperature. Here X
rms

and Y axis denote the coordinates of the 256 points. The cdlaufrom blue to red is representing
o . G

the variation in local conductance in a scale of 0 t84~.

rms

there is a existence of mixed conductive regions in thggk@ay.1sMnO3 Im on NGO. The presence

It can be clearly seen form Fig. 6.5(a) that

of higher conductive G is higher) regions (yellow to red ) is very less in the spediregion. The
region is full of lower cz)n::ductive regions (blue colodr,0.8 G;ng) and mid conductive regions (green
band or 1.2 to 2.@y,s). In Fig. 6.5(a), we have marked one of the lower conductagians of the
value 0.28G;ns with the boundary in black. Though these regions are not taaymtheir number
is nite. To investigate how does these electronic inhonmaiies evolve with temperature, we have
cooled down the sample to 110K and LCMAP was done at that teafyre. In Fig. 6.5(b), we have
shown the LCMAP at 110K. At 110K, the Im grown on NGO is at thedshold of entering into the
FMI state or has just entered the state. It is found that tiektis a presence of inhomogeneity in the

Lag:gsCay:1sMnO3 Im on NGO. The LCMAP at 110K is clearly different from that 800K. We can

see that the contributions of lower conductive regions Qi2&rked as black boundary) increases from
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Figure 6.5 Local conduction mapping (LCMAP) in a 500nms00nm area for LggsCay.15MNnO3
Im on NGO at (a) 300K and (b)110K at 0.5V. Colour code (frormublto red) represents lower
conductive region to higher conductive regions.

300K and nearly continuous except in few regions. The infgeneity is distinctly enhanced. Some
high conductive regions (yellow to red) can be noticed ircspd areas in the sample which was not
observed in case of LCMAP at 300K. There are also some midumive regions which has value
between 1.2 to 2.G;nms and we marked one of these regions in Fig. 6.5(b) with valQé&sgys (having
boundary in magneta colour). We have also found some regibich are black, from which actually
there is no tunnel current between STM tip and the samplaseufThese black regions are highly
insulating regions where the DQSO0 near the Fermi level. From Fig. 6.5(a) and (b), Itis cleat the
temperature has a strong effect and on cooling the sampla tiothe onset of FMI phase, it becomes
more inhomogeneous with insulating phase becoming a dornprease.

We have done similar LCMAP in the kgsCay.1sMnO3 Im on STO for 0.5V at 110K and 300K (data
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are shown in Fig. 6.6). These local conduction maps give usa sight how does the electronic
inhomogeneities vary in the basCay.1sMnO3z Im grown on two different lattice match substrates.

From Fig. 6.6(a), it can be seen that at room temperature @hgsCay.15sMnO3 Im on STO is more

Figure 6.6 Local conduction mapping(LCMAP) in a 500nm 500nm area for LggsCan:15sMNnO3
Im on STO at (a) 300K and (b)110K. Colour code (from blue taly@epresents lower conductive
region to higher conductive regions.

homogeneous than the Im on NGO (in Fig. 6.5(a)). The spetiarea is almost covered with simi-
lar conductive regions (coloured blue). We have marked émigeoconductive region having value 0.1
Grms (With boundary in black) in Fig. 6.6(a). There also existseaegions which are highly insulating
and appears as black. When the sample was cooled down to &lionic inhomogeneity (having
conductive regions of lower to higher value) in the speciarda increases. However, the inhomogene-
ity is distinctly less with most regions having(r%s values form 0.8-1.2. We have marked one of the

higher conductive regions having value G3ys (boundary in wine colour) in Fig. 6.6(b). LCMAP in

the LaygsCay:1sMnO3 Ims on NGO and STO over a speci ed area establishes the ex¢st of local
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inhomogeneity in the two samples. The scale of electrorfiorimogeneity or the phase separation is
different in the two samples. It appears that the Im on ST@izre homogeneous in terms of uctu-
ations of local conductance and thus in DOS. It may be dueeddttt that the Im on STO is nearly
strain relaxed. We have observed some black regions in Hoth form where we have get very little
tunnel current. If the concentrations of these regions tmeceery high in a speci ed area, it would be
dif cult to image as well as tookd—\l/ spectra from that region. As the ¢.&Ca:1sMnO3 Im on LAO

d
is highly insulating, we were unable to generate a local aotidn map on this Im.

6.4 Differences in tunnelling conductivities in LaygsCag.15MnNO3 Ims

grown on NGO and STO substrates

In section 6.3, we observed that the scale of local eleatrimhiomogeneity or phase separation present
in the LaygsCay15MnO3 Im on NGO and STO substrates are different. In this sectws,will nd

out the nature of the conductane®) (curve with applied STM bias/) for the Im on NGO and STO.

It was found that the tunnelinG V curves for metal, semiconductor and insulator are diffeasrthe
tunnelling current between the sample and tipié directly proportional to the tip sample distance(z),
local density of stated\g) of the sample and applied voltagé)((as shown in egn. 6.1). For most of
the cases we used a metal tip and considead\a constant. So the tunnelling conductaBce 3_\|/) is
directly proportional to the DOS of the samplg Reeping the other parameters constant. As the DOS
near Fermi level is different for metal, semiconductor amslilator, the nature of th@ V curve also
changes from sample to sample.

From the LCMAP of the LagsCa:1sMnO3 Im on NGO at 110K (in Fig. 6.5(b)), we found some
nanoscopic regions of lower and higher conductivities ingngize 50nm. Here, we represent low
conductive regions as phase-I and high conductive regisphase-II. In Fig. 6.7, we have shown the
G V curve in the phase-l & phase-Il regions at 110K. From Fig., & can see thdb in phase-I|
region steeply increases withandG(V) is higher than the phase | region. In tunnelling conductance

measurement, the Fermi level{Esituated a¥ = 0. As the presence of phase-II regions (red colour)
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Figure 6.7 G V curve in the phase-l & phase-Il (blue and red coloured regianLCMAP) in
Lap.gsCay:1sMnO3 Im on NGO at 110K .

is less than the phase | regions (blue coloGrjalls sharply in the voltage range -0.126 0.125. ltis

clear from Fig. 6.7 that the phase-I & Il regions have didtfeatures in LCMAP for LagsCay.15MnO3

Im on NGO at lower temperature. The sharp bias dependendbeo V curve onV at low bias

for the phase Il region is reminiscent of a Coulomb glass at é&xpected in a system with a Coulomb

gap. Itis quite likely that the phase-Il regions are insatatue to the presence of a Coulomb gap and

is distinct from the phase-I regions where there may agtimla gap (though small) at Fermi level.
Similarly we have taken th@ V curve in phase-l & phase-Il regions in LCMAP in thegggCay.15MnO3

Im on STO. In Fig. 6.8, we have shown thé V curve for La.g5Ca:1sMnO3 Im on STO at phase-|

& phase-ll regions at 110K. From Fig. 6.8, it can be seen@atV curves for phase-l and phase-ll

regions markedly differs from lggsCa.1sMnO3 Im on NGO (in Fig. 6.7). Here, we observe that

G in phase-| reason steeply decreases near the the FermBev@ut G in phase-Il regions has not

fallen sharply in the vicinity o/ = 0 or near  having a nite conductance. This would imply that the

phase-Il regions are actually metal like with extendedestat he value o6 atV = 0 for these regions

is also larger than that seen for phase-Il region for the ImNGO. The phase-I regions that show

deep inG V curve neaV =0 can also arise form a coulomb gap. The insulating regidghig Im

thus can be an electron glass.
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Figure 6.8G V curve inthe phase-I & phase-Il regions (blue and red colbtegions in LCMAP)
in Lag:gsCap:15sMnO3 Im on STO at 110K .

6.5 Effect of strain and inhomogeneity on the electronic trasport of the

Lag.gsCag:15MnO 3 Im grown on different substrates

From sections 6.2 and 6.3, itis clear that the Ims o0fkgCay.15MNnO3 grown on NGO, LAO, STO sub-
strates have not only differest ¢ but also have electronic phase inhomogeneity evolving igitfper-
ature. In this section, we will explore the effect of straimdanhomogeneity on the electrical transport
of Lag.gsCan.15MnO3 Ims grown on different substrates. To investigate the #latc transport prop-
erties of the Im, temperature dependence of resistivity ere measured on the ¢.&Ca).15sMnO3
Ims grown on NGO, STO and LAO substrates. T measurements of the Ims were done from
room temperature to low temperature (up to 50K) using a lomstant current of A in four probe
(thermally evaporated Au/Ti pads) method (we stopped owsmement at 50K as the sample resis-
tance was so high below 50K that it reach the compliance lonihe measuring instrumenty. T
curves of the Ims on the different substrates are shown o F6.9(a). From Fig. 6.9(a), it can be
seen that substrate induced strain and inhomogeneity cagitly changes ther T curves of the
Lag:gsCay:1sMnO3 Im on the three substrates. At low temperature (below 150K)f the Im on
LAQO is slightly higher than the other two Ims. The of the Im on LAO and NGO are nearly similar

in magnitude having different dependence. The Im on STO shows lower resistivity than ttheio
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Figure 6.9(a)r T curvesofthe ImonLAO, NGO and STO (b) Adibatic polaronictd ther T

curves.
two Ims up to 100K but after that the increases steeply and becomes comparable to tf¢he Im
on NGO.
The high temperature>( 200K) electrical transport of manganites can be well desdriby the adia-
batic polaronic model (see equation 3.1). In Fig. 6.9(b),haee plottedn(r T 1) vs. T for all the
Ims and the slope of the curve gives us the activation en&gfsee section 3.2 ,chapter 1). The values

of E, for the Ims on LAO, NGO and STO are tabulated in table 6.3. Hoéivation energye, for the

Table 6.3Values of E for Lag.gsCay15MNnO3 Im on LAO, NGO and STO.

Energy Imon LAO ImonNGO ImonSTO

Ea (in meV) 161 134 125

Ims grown on NGO and STO are closer but that in the Im grownloAO is much larger leading to a
high resistance in the Im. We found that the three Ims notyodiffer by r andE,, they show dissim-
ilar existence of electronic phases as discussed belowle@oly mark the different electronic phases
present in the three samples, we have taken the derivatitteeaf T curve (shown in Fig. 6.10)
where we pIot,d((Ijr(]_:_iTl)l) as a function ofT for the La.gsCa;:1sMnO3 Im on the three substrates.
From Fig. 6.10, it can be seen that the derivative curve daatss the three regions (regions I, Il, and
) clearly as a deviation from a smooth variation for thegkgCa.1sMNnO3 Ims on NGO and STO.

We marked these temperatures for thg.dsay.15sMnO3 Ims on NGO, STO and LAO substrates. In
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. d(inrT b
Figure 6.10 AT n

different coexisting electronic phases.

vs. T for Im on LAO, STO and NGO. Region I, Il and Il represents

region lll, the system is in Pl state with orthorhombic phasta JT distortions (O phase), in region

I itis in a low temperature FMI state, and in region Il it is @@ominantly mixed phase region with
co-existing low resistance FM phase (which may be metadliz) an high resistance insulating phase
with different crystallographic structures like "O" a@ phases (orthorhombic phase with rotated reg-
ular octahedra)]], 2,7,50,51,139. We have markedpq in Fig. 6.10 where théé(('jr(‘;—Tl)l) vs T curve
change its slope at tt@QPstructural transition. In region Il, the PM to FM transitishows a change
in the slope of thee T curve. This we mark as the temperatige (Note: We do not call it a FM
transition temperatur&: as it is not determined by a magnetic transition in our expenit). In region

I, the onset of the FMI state is marked by the temperatureFrom Fig. 6.10, we found that for all the
Lag:gsCap:1sMNO3 Ims Toep occurs around the same temperature270K) andT: ( 170K) for the
Lag:gsCap:1sMnO3 Im on NGO and STO are also same. But the Pl to FM transitionstioat appear for

the Im on LAO. The width OT) of the mixed phase region (ll) is different for thed@Cay.15MnO3
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Im on NGO and STO while it is not evident for the Im on LAO. Teiextended mixed phase region
for the Im on NGO makes it more inhomogeneous than the otiver tms which is also evident from
our LCMAP mapping in section 6.3¢ shifts to higher temperature for the Im on STO compared to
that seen on the Im on NGO.

The change ir in the three Ims on three different single crystal substsatan be linked to the
nature of the lattice induced strain and extent of nanosoalemogeneities present in the Ims. In the
next section we will discuss how strain and inhomogeneitypay a role to determine the electronic

transport in manganite.

6.6 Discussion

In this section, we will discuss the effect of substrate getlistrain and nanoscopic phase separation
in electronic transport of the kasCa;1sMnO3 Im when grown on three slightly different lattice
matched substrates. In section 6.2, we have found that tbe tims suffer dissimilar strain (in nature
and magnitude) due to the lattice mismatch between thersitdstind the Im and the effective strain
determines the scale of inhomogeneity. Thgds€a:.1sMnO3 Im on LAO suffers an effective out of
plane tensile (in plane compressive) strain while.ds&a:15sMNnNO3 Im on NGO suffers a small out
of plane compressive strain. The Im on STO is nearly strataxed. In mangnaites, eight MgO
octahedra situated at the corners of a cube with rare eamieeit (in this case La) at the body centred
position. Due to the crystal eld symmetry, the ve degerteréd" levels in Mi¥* splits into g and g
levels where glevels are higher in energy than thg levels. If there is one electron aj site , g level
splits up into ¢» \» and &~ 2 levels . Due to this a structural orthorhombic distortiocurs which

is called JT distortion and the electron become localizddvegr energy (g ,2) level. Now in-plane
compressive strain and out of plane tensile strain elodgtite MnQ; octahedra in crystallographic
"c" direction which in turn increase the orthorhombic dittm in the perovskite unit cell making
the system more insulating. On the other hand in- planeléeasid out of plane compressive strain

reduce the orthorhombic distortion and this enhances tpgihg rate of g electrons, which in turn
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make the system less insulating. Thus out of plane tengignsfor in plane compressive strain)
enhances the orthorhombocity and favours the insulatihg\ieur. As the out of plane tensile strain
is higher for LAQ, it shows highly insulating behaviour iretklectronic transport (in Fig. 6.9(a)). The
Lag:gsCay:1sMnO3 Im on the other substrates is more or less strain (effe¢treéaxed which actually
leads to electronic phase inhomogeneity ( for example ph&sphase Il regions in LCMAP). The
variation of local strain in these two Ims (on NGO & STO) caffext the balance between charge
localisation and delocalisation (due to FM interactionhisTieads to phase separation between phases
with different electrical conductivities. So the T curve for La.gsCa:15MnO3 Im on NGO and
STO shows low resistive behaviour than the Im on LAO.

We have also found the evidence of phase coexisted regieg®ir|, Il and Il in Fig.6.9) in the
three Ims from the derivative of the& T curve and the extent of these regions differ in the three
Ims. The mixed phase region (region Il) is more extendedase of the Im on NGO than other two
Ims. In Fig. 6.5(b) & 6.6(b), we have observed the presentiigher conductive regions at 110K and
the scale of inhomogeneity is different in the Im on NGO an@iCs This can explain the existence
of extended mixed phase region (region Il) in the T data of La.gsCay.15sMnO3 Im on NGO. This
leads to vary the scale of inhomogeneity in the three Imsahihis also evident from the LCMAP of
the Lay.gsCap15MnO3 Ims on NGO and STO (in section 6.3). From the LCMAP of the Infen
NGO & STO) at 110K & 300K, it turns out that the Im on STO is mohemogeneous than the Im
on NGO. This is the reason that the Im on STO shows higher oetidity than the Im on NGO. It
is also found that at low temperature lower end conductigeorss (phase-I) dominates for the Im on
NGO (Fig. 6.5(b)) but for the Im on STO, higher end conduetikegions (phase-Il) populate the area
(in Fig. 6.6(b)).
Due to the combined effect of substrate induced strainfsirdhomogeneity and having different
nanoscale electronic phase separation, thgd@a).15MnO3 Im shows dissimilar electronic transport
behaviour. It is observed that the substrate induced saraiiocal inhomogeneity plays an important

role in the electronic transport in hole doped manganites.
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6.7 Conclusion

In conclusion, we have studied the effect of biaxial straid Emhomogeneity on the electrical transport
of PLD grown La.g5Ca:1sMnO3 Im on three different substrates (NGO, STO and LAO). We have
found that the effective strain in the three Im is dissinmila magnitude and nature. The three Ims
shows different kind of electronic transport depending tom effective strain generated in the Ims.
Local conduction mapping is done in the Ims using an UHV-STd nd out the scale of local in-
homogeneities. We have also studied the temperature ¢eslat these local inhomogeneities. We
found that the scale of inhomogeneity differs in the two llms NGO and STO which in turn affects
the electronic transport in them. The rocking curve analgsid LCMAP con rms that the strain and

inhomogeneity can change the electronic transport in pbeysarated manganites considerably.



Chapter 7

Conclusion and future outlook

7.1 Conclusion

In this thesis, we have studied and investigated novelrgatand magnetic properties of perovskites,
mainly manganites. The novel and interesting electronicraagnetic transport properties, like resis-
tive switching, MR, modulation of GB conductance & tuningedéctronic phases EDL-FET, effect of
lattice strain and electronic inhomogeneity in the tramspas been studied in detail. These effects
are measured using external stimuli like electric eld, metic eld, electrostatic carrier induction by
EDL gate and substrate induce strain. For these invesiiggtimost of the experiments in this thesis
has been carried out on good quality single crystals andstarmbured and epitaxial thin Ims. We
have mainly focussed in the parent manganites like Lap&@dMnO3 and in the hole doped man-
ganites like LggSIp:1Mn0O3 & Lag.gsCay.1sMnO3 . The main out comes of this thesis are given below:
(a) Inchapter 3, we discussed destabilisation of the polaiiosidating state in nominally pure LaMrO
single cystalls and GdMn&xhin Im at temperatures 300K by externally applied electric led. The
resistive state transitions observed in these parent ntitegare different from those seen in mangan-
ites with higher level of hole doping. We found a very intéires mechanism which is responsible
for this kind of resistive switching in the parent perovskit In this case the transition occurs fro the

polaronic insulating state (HRS) of LaMa@nd GdMnQ to a bad metallic phase (LRS). The obser-

186
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vation has been explained as bias driven percolation tgmsition between the two coexisting phases
mentioned above. The applied bias can change the mobilgofmaic of the bad metallic phase leading
to a percolation type transition to the LRS state when thetifva f crossesf; for percolation transi-
tion. The mobile fractionf has an activated@ andE dependence. This leads to rapid enhancement of
f on application of eld leading to a sharp resistive tramsiti The microscopic mechanisms respon-
sible for these co-existing phases in parent perovskitadscharge transfer instability driven charge
disproportionation.

(b) In chapter 4, we investigated magnetotransport behaviourominally pure LaMn@. We
found that the origin of MR is due to the formation of FM clustef different strength (depending on
the samples) due to the charge transfer instability driwgrachic charge disproportionation effect and
self doping effect during the crystal growth. The formatad=M clusters is con rmed by the struc-
tural and magnetic characterisations of the samples. Weredd that MR in parent manganites can be
as large as 70% at low temperature. The observed MR behaviour is diffeirem the conventional
CMR effect in hole ) doped manganites.

(c) In chapter 5, investigation has been done to show the effezdrder modulation by electrostatic
gate in a phase coexisted low hol¢ oped manganites like bgsCay.1sMnO3. The study has been
made by making an EDL-FET device using a nano structurgddG@ey.1sMnO3 Im as a channel. The
EDL gate controls the depletion layer in the grain bound&®) region, leading to a control of the
tunnelling process. A gate biagq 5V) modulates the channel currdigis at room temperature
by nearly 40%. Correlation of the transient response of the gate aadre&i currents on application
of a step-change Mg, establishes the role of the gate capacitor in the obsetvedgmena. Gate bias
dependent electrical transport shows electronic phaseatatiiven bi-polar modulation of electrical
resistance. In addition to the changeRirthe gate also substantially changes the activation er{édy
of conduction in the PM state of the Im. The gate bias alsongjes the characteristic temperatures of
the Im like the onset of the FMI stat@f,), PM to FMI transition temperatur&. and structural tran-
sition temperatur8pe as like chemical doping. The observation has been expldiged eld effect

induced modi cation/control of the relative fraction ofdlto-existing phases that is a characteristic of
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the low-hole doped manganites particularly the FMI statee 3tudy thus leads to a eld effect induced
modi cation of co-existing phases in complex electronistgyns such as manganites.

(d) In chapter 6, we discussed the effect of biaxial strain (duattice mismatch) and electronic phase
inhomaogeneity on the electrical transport ofglgCay1sMnO3 Im on different single crystal sub-
strates. It was observed that the effective strain in theetHms are dissimilar in magnitude and nature
which leads to electronic phase inhomogeneities in diffelength scale. Local conduction mapping is
done inthe Imsto nd out the local electronic phase inhoreogity. LCAMP in the Lg.g5Cay.15MnO3
Ims supports the existence of these electronic phase idgeEmeities. The electronic transport in the
three Ims are affected by the effective strain generatethizse Ims as well as the extent of local
phase separation present in these samples. The tempezrasiluation of these local inhomogeneities

correlates with the temperature dependent electric taahsp

7.2 Future outlook

In this thesis, we have done detail investigation on nowetttelc and magnetic properties of perovskite
manganites. However, there are still some basic physiosssshich could be addressed.

In chapter 3, we have done the resistive switching measuremebulk single crystals and in
thin Im. The study can be further extended to other perotesisamples in bulk & nanostructured
forms in which the concentrationf) of the minority phase (E-H pair) may vary due to the charge
disproportionation. The variation ifhican change the threshold voltage of switching. One couldiche
the existence of these minority phases in parent mangahitesgh Raman spectroscopy in presence
of electric eld as the vibrational energy of Mhk O Mn®" is different form the E-H pair (Mff
O Mn?"). It would be also interesting to study how does the carriedafation by the electrostatic
gate can affect the resistive switching due to this chargperdportionation phenomena.

In chapter 5, we have modulated thef La; CaMnO3 nanostructured Im by electric double
layer gate and studied its electric transport. It could &lecstudied how does the electrostatic gate

affects the MR behaviour of hole doped manganites.
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The effect of strain inhomogeneity on phase separation eastidied in more controlled way
on growing the LgagsCan.15MnO3 Im on Piezoelectric substrate and mapping different carithe
regions by measuring local tunneling conductance using 8T dlifferent strain values and at different
temperatures (mainly in the different characteristic etegc phases like Pl, FMM and FMI regions).
It would be also interesting to see the modi cation (due te 8irain) of the crystal lattice of the
Lag:gsCay:1sMnO3 Ims on the three different substrates by using cross-seeli TEM which gives us

the exact length scale over which the strain exist or thetfesgale of strain inhomogeneity.
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Appendix

A.1 Increase of temperature due to applied bias in LaMnQ

The calculation for the maximum temperature rise in LaMiQe to the Joule heating is done consid-
ering the heat generated in the sample (for ON pulse) angpdtssl from the sample (for OFF pulse)
through the metal base via the GE-Varnish and thermal grease

The heat balance equation in the sample is given as:

dT _d
CPE = a(Qin + Qout) (A1)
cp‘jj—: = IV cp(T th) (A.2)

WhereTs is the base temperature,
t = Thermal relaxation time betwen the samle and the base,

t = CpR1h; Cp is the heat capacity andyRis the thermal boundary resistance,

and P=IV.
daT P T Ts
—= = —+ = A3
dt Cp t t' (A-3)
dT P
—+ bT  (—+ bTy); A4
i (5 * b9 (A.4)
Soution to this equation is given as
T = Ter L1 exg( 1) (A5)
Cp t

190
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Using measured value ofsGand R, we evaluate the evolution df(t) on application of the pulsed
power [L94,218. A typical result of temperature rideT = T(t) Tsas function of time is shown in

Fig. A.1 atTs = 150K for LaMnG;-1.

The highest temperature rise at the maximum power pulseasfyn@00mW is< 3K (switching pulse

@)

(b)

Figure A.1 (a) Temperature rise and falD{) for each ON and OFF pulses from 10 to 190 V and

(b) from 200 to 340V. Total increment in temperature is ciltad by adding th®T for each ON and
OFF pulses.

in Figure A.1(b). In a similar way calculating tf# for each pulses from 10V to 340V, we nd that the
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total temperature rise is 14K (from Fig. A.1(a) & (b)). This temperature rise (maximeastimated) is
not suf cient to generate such kind of resistive transitwinich we have observed at 150K for LaMgO

single crystal.

A.2 Magnetorestance of the Lg.gsCag.15MnO 3 Im grown on single crys-

tal substrates of NGO, LAO and STO

We have investigated the effect of substrate induced Biatt@in and the phase separation effect on the
magnetic transport of lggsCay.15sMnO3 thin Ims grown on three different single crystal substatd
NGO (200), STO (200) and LAO (100) by PLD. We have done T measurements at different mag-

netic elds (0-8T). The data are shown in Fig. A.2.

Figure A.2 r T curve of the LagsCay:15MnO3 Ims at different applied magnetic elcH are
shownin a, b and c. Ind, e, and f, we have shown the variatidhRfvith T at differentH.

All the three samples have MR60% at 8T. However, MR is qualitatively different in the thre
Lag:gsCay:1sMnO3 Ims. The variation in MR in the three Ims may be arise due toetdifferent

nature of the effective strain (induced by the substratdsiiwleads to electronic phase separation in

these Ims.
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A.3 The C++ code for pulse voltage measurement in LaMng@

we have written a c++ code to generate a pulse voltage traithéd V measurement in LaMng
The pulsed voltage has 50% duty cycle with 400 msec ON time.cBidle is given below.

#include<stdio.h>
#include<conio.h>
#include<iostream.h>

#include <fstream.h>
#include<string.h>
#include<stdlib.h>
#include<math.h>

#include<time.h>
#include<windows.h>
#include<IEEE-C.h>

#dene TC 12

# de ne SM2 25

int main()

f

double mv,iv,ev,evl,stepl,curr,curl,wait,del,lood,%&, Temp,volt, voltl;
char lename[20];

char le[20];

time start,end;
inti,l,k,j1,kl,len,status,datano=0,SM;
char V[20],1[80],r[20], vp[20];
cout<< "Enter the le name for the V-l measurement¥ endl;
cin>> lename;

ofstream f( lename);

cout<< "Enter the le name for the V-l measurement¥ endl;
cin » le;
ofstream f1( le);

cout<< "Enter the maximum Voltage<< endl;
cin>> mv;

cout<< "Enter voltage interval" « endl;

cin>> iv;
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cout<< "Enter the no. loopk< endl;
cin>> loop;

cout<< "2400(24) and 2410 (258< endl;
cin>> SM:

f << "Wolt(V)" << """ << "T(K)" << "" << "|(A)" << " " << "SWolt" << end];
cout<< "Wolt(V)" << "" << "T(K)" << "" << "[(A)" << """ << "SVolt" << endl;
stepl=mv/iv;

send (SM,":SOUR:FUNC VOLT",& status);
send (SM,":OUTP ON",& status);

for(i=0;i stepl;++i)

f

kl=1;

while(kl 1)

f

curl=0.0;

volt1=0.0;

for(int j1=1;j1 5;++j1)

f

ev=i*iv;

sprintf(V,":SOUR:VOLT:LEV %f",ev);

send (SM,V,&status);

Sleep(500);

send (SM,":FORM:ELEM CURR",&status);
send (SM,":READ?",&status);

enter (1,20,&len,SM,&status); curr=atof(l);
curl=curl+curr/5;

send (SM2,":READ?",&status);

enter (vp,20,&len,SM2,&status);

volt=atof(vp);

voltl=voltl+volt/5;

T=150;

couk< ev«" '"'<< T«""<< curk< ""<< volt<< endl;

fl<< ew< ""<< T<< ""<< curk< ""<< volt<< endl;

kl=3;
gf<< ew< ""<< T<< ""<< curls< " "<< voltl<< endl;
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g

for(int j1=1;j1 5;++j1)

f

ev=0.0;

sprintf(V,":SOUR:VOLT:LEV %f",evl);
send (SM,V,&status);

send (SM,":FORM:ELEM CURR",&status);
send (SM,":READ?",&status);

enter (1,20,&len,SM,&status); curr=atof(l);
send (SM2,":READ?",&status);

enter (vp,20,&len,SM2,&status); volt=atof(vp);
COUK< ew< ""<< T<< ""<< curk< " "<< volt<< endl;

fl<< ews< ""<< T<< ""<< curk< " "<< volt<< endl;
Sleep(100);

g

g

for(intj=1;j loop;++j)
f for(i=1;i 2*stepl;++i)
f

k=1,

while(kl 1)

f

curl=0.0;

volt1=0.0;

for(int j1=1;j1 5;++j1)
f

ev=mv-i*iv;

sprintf(V,":SOUR:VOLT:LEV %f" ev):

send (SM,V,&status);

Sleep(500);

send (SM,":FORM:ELEM CURR",&status);
send (SM,":READ?",&status);

enter (1,20,&len,SM,&status);

curr=atof(l);

send (SM2,":READ?",&status);
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enter (vp,20,&len,SM2,&status);

volt=atof(vp);

voltl=voltl+volt/5;

COUK< e\< ""<< T<< ""<< curr«" "<< volt<< endl:
curl=curl+curr/5;

fl<< < ""<< T<< " "<< cUrk< " "<< volt<< endl;
kl=3;

gf<< ew< ""<< T<< ""<< curls< " "<< voltl<< endl; g for(int j1=1;j1 5;++j1)
g ev=0.0;

sprintf(V,":SOUR:VOLT:LEV %f",ev1);

send (SM,V,&status);

send (SM,":FORM:ELEM CURR",&status);

send (SM,":READ?",&status);

enter (1,20,&len,SM,&status); curr=atof(l);

send (SM2,":READ?",&status);

enter (vp,20,&len,SM2,&status); volt=atof(vp);
CoUK< ew< ""<< T<< ""<< curk< " "<< volt<< endl;

fl<< ews< ""<< T<< ""<< curk< ""<< volt<< endl;
Sleep(100);

g

g
for(i=1;i 2*stepl;++i)f
kl=1;
while(kl 1)
f
curl=0.0;
volt1=0.0;
for(int j1=1;j1 5;++j1)
f
ev=i*iv-mv;

sprintf(V,":SOUR:VOLT:LEV %f",ev);

send (SM,V,&status);

Sleep(500);

send (SM,":FORM:ELEM CURR",&status);
send (SM,":READ?",&status);
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enter (1,20,&len,SM,&status);

curr=atof(l);

send (SM2,":READ?",&status);

enter (vp,20,&len,SM2,&status);

volt=atof(vp);

voltl=voltl+volt/5;

COUK< ew< ""<< T<< ""<< curr«" "<< volt<< endl;
curl=curl+curr/5;

fl<< ew< ""<< T<< ""<< cUrk< " "<< volt<< endl;
kl=3;

gf<< ev«" "<< T<< ""<< curls< ""<< voltl<< endl;
g

for(int j1=1;j1 5;++j1)

f

ev=0.0;

sprintf(V,":SOUR:VOLT:LEV %f",evl);

send (SM,V,&status);

send (SM,":FORM:ELEM CURR",&status);

send (SM,":READ?",&status);

enter (1,20,&len,SM,&status);

curr=atof(l);

send (SM2,":READ?",&status);

enter (vp,20,&len,SM2,&status);

volt=atof(vp);

COUK< ew< ""<< T<< ""<< curk< " "<< volt<< endl;
fl<< ewc< ""<< T<< ""<< cUrk< " "<< volt<< endl;
Sleep(100);

g g gfor(i=1;i stepl;++i)

f kl=1;

while(kl 1)

f curl=0.0;

volt1=0.0;

for(int j1=1;j1 5;++j1)

f ev=mv-i*iv;

sprintf(V,":SOUR:VOLT:LEV %f",ev);
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send (SM,V,&status);

Sleep(500);

send (SM,":FORM:ELEM CURR",&status);

send (SM,":READ?",&status);

enter (1,20,&len,SM,&status);

curr=atof(l);

curl=curl+curr/5;

send (SM2,":READ?",&status);

enter (vp,20,&len,SM2,&status);

volt=atof(vp);

voltl=voltl+volt/5;

COUK< < ""<< T<< ""<< curk< " "<< volt<< endl;
fl<< ew< ""<< T<< ""<< cUrk< " "<< volt<< endl;
kl=3; g

fl<< ews< ""<< T<< ""<< curls< ""<< volt<< endl;
g

for(int j1=1;j1 5;++j1)

f

ev=0.0;

sprintf(V,":SOUR:VOLT:LEV %f" ev1);

send (SM,V,&status);

send (SM,":FORM:ELEM CURR",&status);

send (SM,":READ?",&status);

enter (1,20,&len,SM,&status);

curr=atof(l);

send (SM2,":READ?",&status);

enter (vp,20,&len,DMM,&status);

volt=atof(vp);

COUK< ew< ""<< T<< ""<< curk< " "<< volt<< endl;
fl<< ew< ""<< T<< ""<< cUrk< " "<< volt<< endl;
Sleep(100);

g

g
send (SM,":OUTP OFF",&status);

return O;
g
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A.4 The C++ code forr T measurementin cryogen free VTI system

The programming code far T measurement in cryogen free VTI system is given below. #Hoefstdio.h>
#include<conio.h>
#include<iostream.h>
#include <fstream.h>
#include<string.h>
#include<stdlib.h>
#include<math.h>
#include<time.h>
#include<windows.h>
#include<IEEE-C.h>
#dene TC 16
int main()
f char m[80];
char n[80];
int k1, SM, status, len;
oatr,Tm,Th,Ta,R,l,i1,r1, tml,tal,lowT,highT,Tmax,i2,t2,del ;
char vp[100];
char ve[100];
char vb[100];
char vm[100];
char ip[100];
char T[100];
char t[100];
couk< "Type a le name for cooling cyclet< endl;
cin>> m;
ofstream f1(m);
couk< "Type a le name for heating cycle< endl;
cin>> n;
ofstream f2(n);
couk< "Bias current valueZ< endl;
cin>> 12;
couk< "Enter the lowest temperatureX endl;
cin»tl;
couk< "Enter the highest temperaturet endl;
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cin>> t2;

couk< "Enter the room temperaturef endl;

cin>> Tm;

cout<< "2400(24) and 2410 (25%< endl;

cin>> SM:

cout<< "Enter the delay in mse&< endl;

cin>> del;

couk< "Wait 1 sec for another command... Temperature CoNT isgettow '<< endk< endl;
Sleep(1000);

couk< "Wait 1 sec for another command...SM is setting new 'endk< endl;

Sleep(1000);

send (TC,"KRDG?B",&status);

enter (ve,80,&len, TC,&status);

Tm=atof(ve);

couk< "TEMPA"<< ""<< "TEMPB"<< ""<< " SampVolt'<< ""<< "RES'<< ""<< "Bias Curr<< endl;
fl<< "TEMPA"<< ""<< "TEMPB"<< ""<< "SampWolt'<< ""<< "RES"<< ""<< "Bias Curr'<< endl;

if(Tm t1)

f

sprintf(t,"SETP 1 %t1",t1);
send (TC,t,&status);

r1=0.0;

tm1=0.0;

tal=0.0;

for(intj=1;] 10; j++)

f

send (SM,":READ?",&status);
enter (vp,80,&,SM,&status);
r=atof(vp);

r1=r1+r/10.0;

send (TC,"KRDG?B",&status);
enter (ve,80,&len,TC,&status);
Tm=atof(ve);
tm1=tm1+Tm/10.0;

send (TC,"KRDG? A",&status);
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enter (vm,80,&,TC,&status); Ta=atof(vm);
tal=tal+Ta/10.0;

g

R=r1/12;

COUK< tal<< " "<< tml<< ""<< rl<< " "<< Re< "< 2<< end];
fl<< tal<< ""<< tml<< ""<< rlc< ""<< R<< "<« 2<< endl;
Sleep(del);

g
else

g

sprintf(T,"SETP 1 %t1",t2);
send (TC,T,&status);

f2<< "TEMPA"<< ""<< "TEMPB"<< ""<< " SampVolt'<< ""<< "RES'<< ""<< "Bias Curr'<< endl;
while(Tm<=t2)

f

r1=0.0;

tm1=0.0;

tal=0.0;

for(intj=1;] 10; j++)

f

send (SM,":READ?",&status);
enter (vp,80,&,SM,&status);
r=atof(vp);

r1=r1+r/10.0;

send (TC,"KRDG?B",&status);
enter (ve,80,&len,TC,&status);
Tm=atof(ve);
tm1=tm1+Tm/10.0;

send (TC,"KRDG? A",&status);

enter (vm,80,&,TC,&status); Ta=atof(vm);
tal=tal+Ta/10.0;

g
R=r1/12;

couk< tals< ""<< tmil<< ""<< rl< ""<< R "< [2<< endl:

f2<< tals< ""<< tml<< ""<< rlc< "'<< R<< "<« 2<< endl;
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Sleep(del);

g

g

getch();

send (SM,":OUTP OFF",&status);
return O;

g
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