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Introduction

Perovskite oxide manganites are interesting due to their strong coupling between eltectie and

orbital degrees of freedom. External perturbation (hole/electron doping, magnetic field,
biaxial/uniaxial strain, hydrostatic pressure, internal pressure by changing cation radius, oxygen
stoichiometry and size reduction of grain) can tune tloeirgt state of these kind of oxides. These
oxides have technological applications in solid oxide fuel cells, magnetic storage device, field effect
transistors, spintronics and environmental applications as catalyst. The nano system has large surface
to volume ratio. In addition often by making the manganites to nanometric regime (which we refer to
as nanemanganites) one can also modify the electronic and magnetic interactions this can lead to
tuning of the ground state. Few works have been done till todteicontext of nano manganite. In

this chapter we have given an overview of the research under going in the nano perovskite system and
will place the thesis work in proper context.
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1.1 Motivation
In the last few years nanomanganites (manganite nanoparticles and nanowires with diameter
< 100 nm have attracted attraction to the research community due its interesting behaviour
from its bulk counterpart [b]. The properties ohanomanganitedepend a a number of
factors and are not propenynderstood till date. The most important question in this field is
whether one can achieve control of physical properties of these materials at small scales ~
100 nm or below. Two routes can be used to achievé siamelevel control: First is the
control by size where one can synthesize nanocrystals of such oxides and study the Physical
properties ifit changes from bulk materiafecond approach is to have control/variation of
the composition and oxygen stoichietry in nanoscales.

In this thesis we seek answer to some of the relevant questions that address to nanoscale

modifications of physical properties of manganites:

(a) Can size reduction have strong effect on such systems that show robust charge and
orbital adering?

(b) Is it possible to electrochemically control the oxygen stoichiometry at room temperature
without heating the sample?

(c) Is it possible to control oxygen stoichiometry locally by combining electrochemical
oxidation along with lithographically fabricad structures?

(d) Can one in a controlled way migrate oxygen ions/vacancy by applying electric field and
thus obtain control on its physical properties selectively?

Seeking answers tbése questionsuilt the main motivation of our work.

1.2 BasicManganite and Nano-manganites
The parent compound crystallizes in AMNpe perovskite structure which consists of a
network of corner shared MOctahedra with the A site cation situated at the centre of the
cube (FG.1.1). The ideal perovskite structure is cubieartial substitution of the trivalent A
ion by divalent B ion (A,BxMnQO;) almost always leads to a distortion in the structure from
its ideal cubic one. This distortion occurs due to a change in the average ionic size. This
substitution also leads the formation of a mixed valence state of Mn i.e.*Mmd Mr*in
order to maintain charge neutrality of the system (e.g.’[@a*'Mn.,>"Mn,*05%). The
degree of distortion in the wunit cel | is co
factao ) 6 whi ch when defined in orthorhombic. F c
possible ions at the A site, the terms of the distance between the atoms in the lattice can be
written asQ= iy ¢/ Vi .Thus, for an ideal cubic unit cell,= 1(seeFIG.1.1). An
alternative (but equivalent) and more commonly used definitiohiothat in terms of the
ionic radii: 'Q= (ig + i)/ V2(ige + i5). In both cased, has a simple geometric meaning
and describes the degree of deviation of the lattice from tlaé¢ ¢cdbic perovskite structure
(for which f = 1, and the MrO-Mn angle is 180°). Rotations and deformations of the
octahedra cause a lowering of the space gamalh < 1. Thus, for 1% > 0.96, the structure is
rhombohedral, and fdr< 0.96, the structure becomes orthorhombic. For a doped manganite,
since there are two possible ions at the A site, the tolerance factor is defined as a density
weighted averagef the individual tolerance factors.
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BO, Octahedron

FIG.1.1. Ideal perovskite structure

In perovskite manganites, the properties of the system are inherently linked with the degree
of deviation from the ideal perovskite cubic structure. Thush@dA radius is reduced, the

MnQs octahedra rotate and tilt resulting in a decrease of th@©N¥n bond angle-0 from

180°. The hopping amplitude for carriers to move from one Mn site to the next also decreases
as—is reduced from 180° (for a 90° bortlkde hopping involving a-prbital at the oxygen is

zero). As a consequence, as the tolerance factor decreases, the tendencies to charge
localization increase due to carrier localization. The relevance of the crystal structure arises
from the fact that inhe manganites the three degrees of freedamarge, spin and lattide

are coupled to each oth-7]. In manganites structural, magnetic and electrical degrees of
freedom interact with each other through dad
interaction Thus a change in the structure (lattice) is reflected in a change in the magnetic
state (spin degree of freedom) or electronic state (charge degree of freedom) of the system.
Mixed valence magnanites exhibits colossal Magnetoresistance (CMR)npéreoio and
magnetic phase transiti¢a.

Reduction in size enhances the contribution of surface states. There are uncompensated
spins at the surface of the nano dimension which are comparable to the spins at filve core
sufficiently small size. The magnetic interactions leads to different kind of ground state in

the mixed valence JR;,MnO; (R = rare earth elements like La, A= Ca, Sr, Br)etxides

by changing the coupling between the spins of both Mn ions, carriers and lattipared to

the bulkcounterpart [13-4,9-10]. The grain size reduction in the mixed valance magnanite
leads to the appearance of the Ferromagnetic metallic state by the suppression of
antiferromagnetic insulating charged ordered ground state which exists in the bulklmateria
[3-4, 9-11].

1.3 New Properties in manganite nano structure

Previous studies results some interesting observations in manganitesnano structures (nano
particles, nano wires, nano tubes, thin films) which may have technological applications in
magnetic spintronic and microelectronic devices due to their unusual electron transport and
magnetic propertiefl2]. Negative differential resistance has been observed in nanoscale
filaments of manganites due to reversible metal to insulator trangi®jn Gran size
reduction melts charge and orbital order state into ferromagnetic metallic pflase
Manganite oxide nanowires can be used in magnetic tunnel junction (MTJ) devices or lateral
spin valves. For example using olx&6h3dMNO; as ferromagnetic layernd SrTiG, as
insulating layer MTJ devices was first developed by Lu §t4jland Sun et dlL5]. But the
working temperature of all the manganite MTJ devices is below room temperature. This is a
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major problem for commercial application of these deviséanganite oxide thin films are

very good oxygen ion conductors and they are used as interconnects in solid oxide fuel cells
[16]. Later sections we discuss briefly the outcome of basic physics in ni@ngano
structures studied till date.

1.3 (a)Grain size reduction and Charge and orbital ordering

In recent years the tuning of the ground state properties of hole doped perovskite oxide
manganites by grain size reduction have attracted much atteftiencharge and orbital
ordered statés favourable for 56 hole doping with relatively narrow band width system
such as LgCasMnOs [17], PrysCa sMnOs [18], ProsStosMnO3 [19], Ndo5S1hsMnO;3 [20],

Ndo Ca sMNnO;[21], which is a quite stable phase in those compounds.
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FIG. 1.2. Variation of lattice parameters of §&LasMnO; (LCMO) and PasCa sMnO;

(PCMO) nano particles (~15nm(x2) LCMO and ~15nm(x2) PCMO) and |
samples(~3.6um(x600nm) LCMO and ~ 3.3 um(x500nm) PCMO) with respet
temperature (Rproduced fronthe reerencg22] and[23] with permission)

It has been found that for half doped manganites (likeCa sMnOs [4], Ndy sCa sMNO;

[24], NdgsSrhsMnO; [25], ProsCasMnO; [26] etc.) the CO insulating state can be
destabilized in to ferromagnetinetallic phase by only size reduction. For the nano system
room temperature arrest of lattice parameter is observed which is shown in RHBWeXer

the melting of CCstate is higher for compounds of larger cation radiusere is no direct
experimentalevidence,which can explore the actual mechanism behind the observed
nanometric effectSarkaret al [4, 26] have explained the nanometric effect by structural
changes which modify the magnetic and electronic structure by creating an equivalent
hydrostatt pressure originating fronsurface tensionAlthough some reports exist in
literaturethat describes the surface effect may be responfbléhe experimental results
[27, 28]. Recently theoretical investigation on gs&a:MnO; [29] nano crystallitesby
DFT+DMFT calculations shows that effect of size reduction to be distinctively different
from applicationof hydrostatic pressurdn case of LasCasMnO;z; hano crystallites the
Ferromagnetic metallic(FM) state establishes at higher temperature @@idared to
ProCa sMnOs, which has FM state formation arises 10027] with majority coexisting of

COl state. Againonly a small fraction of FM existsin PrysCa sMnOz; hano crystallites
compared to LgCa sMnO; nano crystallitesThus a general quigsn arises for half doped
manganites whether the formation of FM over COl state is predictable or not.
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1.3.(b) Oxygen stoichiometry and its relevance in nano structures

The general formula for hole doped perovskite oxide manganite can be written as
A1 B(Mn*)1;  (Ma*),; Qs iwhere| is the oxygen nostoichiometry. Insertion of
oxygen in the proper vacant sites of the samples retlueesl increases effectivelin®*
concentration in the samples which in turn enhances the hole doping in the samples. Oxygen
concentration can tune the physical properties of manganites both in bulk and in nano
systems. In this section we will discuss some repahtishedresults tuninghe ground state

in manganitethin films. In this work of[30] a hidden ferromagnetic metal (FM) 1
antiferromagnetic insulator (AFN) transition is observed in kgSrsMnOas.y; films with
thickness ~120nm in optimized oxygen content. Ersiferromagnetic insulating phase is
very much sensitive to the oxygen content. Oxygen content in the films was varied in a laser
ablated CVD (chemical vapo deposition) system by varying atmospheric temperature
(" )- In FIG.1.3 a phage diagramIlo5MO with oxygen concentration was developed.

c/a=1.023
La, sSrysMnOs. s

Temperature (K)

0
-0.15 -0.10 -0.05 0.00 0.05 0.10
)

FIG. 1.3. Temperature@xygen non stoichiometry | phase diagram oESMOs,; was

reproduced in (aPM-I is paramagnetic insulator. The Red rectangular area indicate
hidden metalnsulator transition. (bh. SMO perovskite structure with the red dotted circ
denoting the position of an oxygen vacancy. (c) A schematic oMitiegDi Mn orbital

hybridization through double exchange and supexchange mechanism is shov
(Reproduced from rg30] with permission).

The Oxygen vacancy concentratiovh)(is successivelyeduced a hidden AFNIto FM-I
transition appears at low temperature. In FIG.1.3(ly $hown that LSMO thin film suffers
compressive strain ~1.7% SubstrateA@) with lattice distortion ofdi 3= 1.023 which

leads the compression of oxygen octahedra and restyseCAFM-I ground state. Different
oxidation state®f Mn are mediated by dble exchange and supper exchange mechanism
which is shown in FIG.1.3(c).

Oxygen vacancy tuning at a localized position can tune the resistance state in manganites.
Recently the work of31] where hey have grown LgLCa MnO; films on conducting

SITiO; (STO) substrate. In FIG1.4(a) resistive switching results on-ditu TEM
measurement was giveithey have applied a 100ms triangular voltage pulse between
conducting STO substrate and metal tip, after the application of voltage pulse instantaneously
STEM images were measured (FIG.1.4-K#%.1.4 (d)). For positive voltages as the

5
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amplitude of the applied voltage pulse increases the sample goes to the high resistance state.
This resistive switching process shows that it is directly related to the oadubifi of lattice
structure. In saturation state { FIG.1.4 (a)), the original perovskite lattice shown in
FIG.1.4 (c) completely transformed into an ordered superstru@l@e1.4(d)). This newly

formed structure and corresponding high resistance state are stable unless a large enough
negative voltagey is applied. This work shows how active control of oxygen vacancy can
control the resistive state on well defined alieamanganite structure.

a
W~0—0—@a—o:¢:; .
[ ~o—0—9—o
6 /4 j;
g 1%y 4
o " {

°
;w:g—o—o~o-o-o-n-a0.¢\°_°<°_°~°/a ,"‘

tswo| |

FIG. 1.4. Two-level resistive switching driven by structural phase transitions. (a) In
TEM resistive switching curve for a LSMO film on top of a conducting SgEabstrate
(b) STEM image between the metal tips and LSMO film (c) Ordered perovskite strt
at low resistance state (d) In the higisistance state a uniform structural transition to
brownmillerite phase is observed (reproduced f{8iy).

1.4Charge, orbital ordering and half-doped manganites

In the doped manganites, where Mand Mr™ both present, the zener double exchange
interaction prefers MH and M ions to be next to each other, the local Jakler
distortion of Mn®* ions lift the degeneracy ofxprbitals which impedes the hopping of
Gelectrons to the undistorted nearest neighbout Mygain the on sight coulomb repulsion
betweeriQglectrons localizes the charge carriers at specific sites resulting an insulating state
which opens a gap at the Fermi level, calldthrge ordering. The charge ordering in
manganites is favored in 50:50 doping i.e, equal percentage Bfavid Mri* ions where

long range MA" and Mrf* chains observed. Again other compositions can also give charge
ordered state depending on the interactions, temperature range and perturbations.-The Jahn
Teller distortion of MA* ions results an ordering of orbitals termedbatsital ordering . In

the charge ordered manganites one particular spin ord€&kdype as shown in Fig 1.5) is
observed. The GE/pe spin ordering is characterized by the ordering of'Nnd Mri*ions
alternatively.
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CE-type

FIG.1.5. CE-type spin ordering

In this ordering, in the aplane the Mf"and Mri* ions forms an alternative pattern along a
Zig-zag chain, the spins are ferromagnetically ordered within theZaigchain but the
successive chains are antiferromagnetically coupled shown in FIG.1.5.
The stability of charge ordered phase directly relate the average radius of theshe
cation< iy >. By reducing the< iz > the buckling of Mn@ octahedra increases which
reduces the one electron band width and increases the -@rdegegap. Here given an
example of variation of properties of mangasatéth A-site cation as Ndsm, Gd, Dy and

Y [32].

TABLE 1.1. Value of charge ordering temperature is ligtegproduced from [32])

Ln < w> Lattice parameters (A) 1l ek (K) Effect of

(A% H@®T)
a b c G d logt

Nd 1.172 5.384 5.406 7.607 240 220 Yes

Sm 1.156 5.356 5.418 7.548 260 240 No

Gd 1.143 5.345 5.460 7.523 260 250 No

Dy 1.132 5.317 5.483 7.457 260 255 No

Y 1.127 5.305 5.495 7.445 260 250 No

The temperature variation of activation energy and magnetic susceptibgitypwen below

[32].
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FIG. 1.6. The temperature variation of magnetic susceptibility and activation energ
conduction d(In)/d(1/T) for AysCasMnOs (A = Nd, Sm, Gd)reproduced from [32]).

From FIG.1.6 we can see that magnstisceptibility shows a maximum around 24®r

260 K due to charge ordering. The values of chamggering transition temperatyré;

obtained from susceptibility data arelistedTIABLE 1.1. Also the temperature variation of
activation energy ishownin the FIG.1.6. These plots also show maximum due to charge
ordering. The maxima are in the range -25% K. The value obtained is somewhat smaller

than the susceptibility data. We see thit is higher for Smd, Dy and Y derivatives than

for NdysCa sMnQOs. From this we can conclude that as thé; > decreases charge order
transition temperature increases. In FIG.1.7 a schematic diagram shows the dependence of
charge order state enig > during cooling reproduced frof83].

D C B A
CO(PMI) | COMPLEX | FM PMI
BEHAVIOUR|  |coo l
CO(AFMI) o "
(AFMI) | (no CO)
| | | I |
1.14 118 1.22 1.26
<rA>, A

FIG. 1.7. Schemati phase diagram of ragarth manganates showing different types
charge ordering effect with the variation in the average radius of-8ie &ations. FMM,
ferromagnetic metal; PMI, paramagnetic insulator; AFMI, antiferromagnetic insul
CO, chargeordered state (reproduced from [&2]).

8
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This diagram shows when iy > is large in the region A the ferromagnetic metallic state is
stable. For example kgSrpsMnO; with < iy > 1.244 A does not show charge ordering. In

the region B slightly smaller radius ferromagnetic state becomes unstable and transforms into
antiferromagnetic charge ordered state on cooling as exampkSidInO; with < iy >

1.236 A. When< i > is very small thedoes not exhibit ferromagnetism and gives rise to
insulating charge order ground statege P :Ca aMnOzwith < iy > ~ 1.179 ,&) in region

D. In region C,); approaches toy, shows complex behavior, for examplehda MnOs

(< iy > ~ 1.2 A) exhibits coexistence of ferromagnetism and charge ordering in a narrow
temperature range. In this region there is strong competition between ferromagnetism and
charge ordering. For further reduction<ofiy > (as in N@_.d.ay:Ca sMnO; with < iy > ~

1.19 A’ shows novel rentrant ferromagnetic transition from an incipient CO state on
cooling[34].The Y, sCa sMnO; have smallest iy > with 1.127 A. Chargei ordering also
depends on the doping concentration. Wken0.5 charge ordering is more robutte to

equal amount of MH and Mr* amount. For other concentrations charge ordering also
observed. For example, charge ordering is observed iRSMNO; only for x close to 0.5

and charge ordering disappears ok 0.48 andx > 0.52.Again for reducethandwidth
perovskites like R,CaMnO; charge ordering is observed in a much broader range of

1.5 Phase diagram of La,Sr,MnO; and La; ,Ca,MnO;
The parent LaMnghas orthorhombic Pbnm structure at room temperature. Orbital ordering
(O0) due to corpoteve John Teller effect is present in this system. A structural phase
transition occurs at temperature #@nd above this temperature OO phase vanishes. Below
the Neel temperature 140the Antiferromagnetic insulating (AFI) phase is stable.
The dopingof divalent compound &fin the system changes the oxidation state of some Mn
ions from Mri* to Mn** and introduces holes in tf®@Jevel. The carriers can hope through
intermediate oxygen ions of MRO-Mn** bridge. In FIG.1.8 the phase diagram of.La
«SKMNO; system was showif35]. For 0.16> x > 0.08 the system is ferromagnetic
insulator. In the region 0.3% > 0.16 ferromagnetic metallic phase appears.X¥»10.3 the
system becomes ferromagnetic even at room temperature. Changing the oxygen
concentation in the system results similarly as hole doping. For example in the work of
shiozaki et al. [36] they have extensively studied the electronic and structural phase
transitions of LSMO single crystal samples after oxygen annealing. Before oxidation th
resistivity of the samples shownG.1.9a) follows the phase diagram of LSMO.

400

300

200

Temperature [K]

100

Cl iFl|

AF
0 0.1 0203040506
X
FIG.1.8. Phase diagram of LSMOrdered stater¢produced froni35]).
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FIG.1.9. Resistivity versus temperatuceirve for (a) as grown anh) oxidizedsingle
crystal samples of LSMQdproduced fronfi36]).

The filled triangles of FIG 19 (a) represents rhombohedrd) to orthorhombic (O%)
transition and open triangles denotes @*Ophase transition with charge ordering. After
oxidation all of these transitions vanish in F1® (b).
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FIG. 1.10.Phase diagram of LaCaMnOzcompoundreproduced from [37]).

In FIG.1.10the phase diagma of LCMO series is shown. For 0.1x> 0 the system is
antiferromagnetignsulator. Within the range di.2 > x > 0.1 ferromagnetism sets in with
insulating natureFor 0.5> x > 0.2 ferromagnetic metallic phase exists. Charge and orbital
order phase arises from 50% doping accompanied with antiferromagnetic insulating state up
to x < 0.88 andfor x > 0.88 canted antiferromagnetic phasertstagrowing. For this
compoundx = 0.33 composition have highest ferromagnetic transition temperdire270

K) asxincreases or decreases from this optimal concentrafioecreases.

1.6 Oxidation of manganites
The general formula for hole doped perovskite oxide manganite can be written as
A1 B(MN*) 1« (Ma*), : Qs where] is the oxygen nostoichiometry. Insertion of

10
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oxygen in the proper vacant sites of the samples refu@sl increases effectively

Mn*" concentration in the samples which in turn enhances the hole doping in the
samples. Depending concentration of hole doping in the phase diagram the resistance of

the samples responses after oxidation. For example Previousl8ridnOsy ;samples

are prepared after annealing single crystals f&&MnO, ¢g5in 900°C for 1000 h at

oxygen partial pressure 1 atm [23, 36can be seen fromlG.1.9that the resistivity of

xO 0.16) is more drastic from other compos
resistivity. The axOgPbowh)sampleésoin(melal
phase boundary. Oxygen content can greatly affect the system at the IM phasgarpou

Methods for oxidation

Generally two kinds of method amwvailable to change the oxygen concentration in any
oxide sample. One is thermal and another is electrochemical oxidation and reduction.

Below we discuss briefly thedvantages and disadvantagéboth the methods.

()Thermal

The effect of oxygen nestoichiometry on the electric transport properties of these kind of
oxides for temperatures reasonably high (above °&)0Owas studied38 42]. In most of

those cases the oxygenation was done by heat treatment along with varying the oxygen
partial pressure in the chamber. The oxygen diffusion at those high temperatures occurs at a
very fast time scale(few seconds to few minutes) which completely uncontrolled and

after the oxygenation process the samples (film, bulk) became homogeneously oxygenated
[38 42].

Advantage:

The main advantage of this process is that, it is faster in time scale as the diffusivity of
oxygen increases at highmperature.

Also large amount of samples can be homogeneously oxidized by this process.
Disadvantages:

This process leads to grain growth so study of oxygen concentration change grainad
samples is not possible by using this method.

The precise control on the amount of oxidation/reduction is not possible.

(ii) Electrochemical
Using heat treatment methatludy of oxygen diffusiorat room temperature is impossible
(this process needs high temperatur&08 °C).Oxygen incorporatio by electrochemical
method can be dora room temperatures. Since the diffusion length at room temperature is
smal we can make regi ons | ochAsihetemperataeiswh ave 0 c
(300K), the oxygen ions will not diffuse very fast in the sample and possibleto study
the dynamics of oxygen motion in details.
While electrochemical oxidation has been used in the past @eShgCo0;: {[43],
LayNizOqq [44], LaCuO, . [45] oxides b control oxygen but using it as a controlled source
to do diffusion study has not been done. ThggsSr 1IMnOz sample exists in the insulator to

11
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metal phase boundary. The oxygen sensitivity of these kindsidéis a very important
issue. There is © any detailed study from my knowledge in the variation of oxygen
stoichiometry in nano perovskite systems.

Advantage:

Main advantage of this method is that is possible to do the stoichiometry modification at
room temperature and precisely.

By using this method, since it involves no heatigjn sizes of nano particles astained

Oxygen concentration change atfidige spatial location can be possible by using this
method. Precise control on the amount of stoichiometry change can be done as the
electrochemical current and Faraday laws allow precise amount of oxygen amount
incorporated in the system.

Disadvantages:

The main disadvantage of this process is that, it is slower in time scale as the diffusivity of
oxygen decreases at low temperature (near room temperature).

1.7 Work done in this thesis

Innovative way to control oxygen stoichiometry in nanoscale has given us a handle to
investigate howcontrol of oxygen stoichiometry in such small scale materials leads to
modifications of their physical propertiesn paticular, in this thesis we havavestigated
stability of certain long range order in mangantipsn size reduction (reduction of crystalite
size to submicron or nanometer length scaleyvhich is an important outcome of control of
physical properties by size reduction.

The thesigocused on thdollowing experimentand the important results achieved have been
summarized

(a) Development of the method for electrochemical oxidation/reduction that allows
precise oxygen stoichiometry control at room temperature.

(b) Reversible electrochemical oxidation/reduction temperatumaimocrystal € 4 nm
grain diameterof optimally doped.aCa:MnO; (with) & 3 ) anconttolher eby
of magnetization and ferromagnetic transition. Proof of concept has been established
that in such system electrochemical method can cdntimm 2.74 to 3.20 at room
temperature without any need for heatiBgich electrochemical oxidation/redioct
process at room temperature changes both the magnetization and also the transition
temperature by as much asK6

(c) Size reduction leads destabilization of charge ordering state in nanocrysaha(
grain diametérof half doped manganitesyACa sMnOs(where A =Y, Sm, Nd, Pr,
La) leading to onseFerromagnetism (FM). It has been shown that FM state and
electrical resistivity can be controlled by electrochemical control of the stoichiometry
in such nanometric systems. The resulting changes depetite @xtent ofA site
cation disorder as measured by the size variance of the cationic radii.

(d) To establish that oxygen created by electrochemical oxidation in a part of the sample
can be made to diffuse by application of a field and thus have spatial control on
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oxygen diffusion. This was tested in a submicron strip of low hole doped
Lag.gsShh-1sMNOs, where diffusion of oxygen by a field leads to reduction of
resistance as thikole concentration increaseBhis establishes yet another way of
nanoscopic control of stoichiometry where oxygen can be transported from one
region of the sample to anothand this have a nanoscopic control of the oxygen
stoichiometry.

(e) The charge and orbital ordering (COO) ofysLasMnO; (end member of
AqsCa sMnO; series) is very robust (cannot be destabilized at high magnetic field up
to 20 T).Theimportant phenomenabserved here is that the nanocrystallite (~ 75
nm grain diameter) o¥ o sCa sMnO; the COO phase is melted and ferromagnetism
(FM) which coexist with antiferromagnetism (AFM) arises.

The thesis is organized in the following chapte

Chapter2: Experimental techniques

Chapter3: Nanoscopic control of stoichiometry of oxide nanoparticles of
Lag s Ca3dMNO; using electrechemical route and the resulting physical and structural
properties

Chapter4: Dependence of physical properties of kdped manganite nanoparticles
(average diameter:~5nm) on electrochemically controlled Oxygen stoichiometry: Role of
cationA-sitedisorder

Chapter5: Migration d Oxygen by electric field isubmicron strip of Lag gsSty 19MNOs
Chapter6: Stability of charge and orbital order in nanocrystals of-taffed manganite

Y .5Cap sMnOs

Chapter7: Conclusion

Annexure: Relaxation dynamics of oxygen in manganites after electrochemical oxidation

13



Chapter 1

References:

1. LeiLi, Lizhi Liang, Heng Wu and Xinhua Zhitlanoscale Researdtetters1l, 121(2016).

Yufeng Tian,Saidur Rahman Bakaul and Tom WAanoscale4, 1529(2012).

3. Tapati Sarkar, A. K. Raychaudhul, K. Bera and S. M. YusufNew J. Phys12 123026
(2010).

4. Tapati SarkarBarnali Ghoshkand A. K. RaychaudhurPhys. RevB, 77, 235112 (2008).

5. K. Shantha Shankar and A. K. RaychaudhurMater. Res21, 27 (2006).

6. C. N. R.RaoandB. Raveau(eds)Colossal magnetoresistance, charge ordewng related
properties of manganese oxid&igapore: World Scientifi(l998).

7. B.RaveauPhil. Trans. R. Soc..866 83(2008).

8. S.Jin, T. H. Tiefel, M. McCormack, R. A. Fastnacht, R. Ramasti L. H. ChenScience
264, 413(1994).

9. S K. Giri, A. Poddar and'. K. Nath,Aip Ady 1, 032110 (2011).

10. S. S. Rao, STripathi, D. Pandey an&. V. Bhatt,Phys Rev B, 74, 144416 (2006).

11. Barnali Ghosh, V Siruguri, A K Raychaudhwand Tapan Chatterji). Phys.: Condens.
Matter. 26 025603 (2014).

12. L. Z. Liang, H Wu, X. H. Zhu, Nanoscale Res. Lef, 325(2014)

13. T. Wu and JF. Mitchell, Phys. Rev. Br4, 214423(2006)

14.YuLu, X. W. Li, G. Gong, G Xiao, A. Gupta, PLecoeur, JZ. Sun, Y. Y. Wang andV. P.
Dravid, Phys. Rev. B54, R8357 (1996)

15.Y.Lu, X. W. Li, G. Gong, G Xiao, Appl. Phys. Lettt9, 3266(1996)

16. San Ping Jiangl Mater Sci43, 6799 (2008).

17. P.G. Radaelli, D E. Cox, M.Marezioand S.W.Cheondghys.Rev.B. 55, 3015(1997).

18. S. Mori, T. Katsufuji, N. Yamamoto, CH. Chenand SW. Cheong,Phys.Rev.B. 59, 13573
(1999).

19. R. Kajimoto, H.Yoshizawa, Y .Tomioka and YTokura,Phys. RevB. 66, 180402(R)2002).

20. H. Kawano, R.Kajimoto, H. Yoshizawa,Y. Tomioka, H. Kuwaharaand Y. Tokura, Phys.
Rev.Lett 78, 4253(1997).

21.T.Vogt, A. K. CheethamR. MahendiranA. K. RaychaudhuriR. Mahesh andC. N. R. Rao,
Phys. Rev. B54, 15303 (1996).

22. Tapati SarkarTuning of ground state and phase transitionin complex oxide nanomaterials
Thesis submitted at S. N. Bose National Centre for Basia&zse Kolkatg2009.

23. Tapati Sarkar, A. K. Raychaudhuri and Tag2matterji, Applied Physics Lette©2, 123104
2008).

24. (L Liu? S. L. Yuan,Z. M. Tian, X. Liu, J. H. He, P. Li, C. H. Wang, X. F. Zheng and SY.
Yin, J. Phys. D: Appl. Phy€l2, 045003(2009).

25. S. Kundu, A.Das, T.K. Nath, A. K. Nigam J.Magnetism and Magnetic materiaB24, 823
2012).

26.'(I'apat? Sarkar, PK. Mukhopadhyay A. K. Raychaudhuri and Sangam BanarjéeAppl.
phys. 101, 124307(2007).

27. Z. Jirak, E. Hadova,O. Kaman,K. Knizek, M. Marysko andE. Pollert, Phys Rev. B81,
024403(2010).

28. S.Dong, F.Gao,Z. Q. Wang andl. M. Liu, Appl.Phys Lett 90, 082508(2007).

29. Hena Das, G. Sangiovanni, A. Valli, K. Held and T. SBlazguptaPhs. Rev.Lett 107,
197202(2011).

30. Chuangye Song, Iftikhar Ahmed Malik, Menglei Li, Qinghua Zhang, Lichen Wang, Jing
Wang, Rongyan Chen, Renkui Zheng, Shuai Dong, Lin Gu, Wedbian, CeWen Nanand
Jinxing ZhangScience China Material§2, 577 (2018)

31.Lide Yao, Sampo Inkinenand Sebastiaan van DijkenNature Communicationss3,
Article number:14544 (2017)

N

14


https://link.springer.com/journal/40843

Chapter 1

32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

42.
43.

44,

45.

AnthonyArulraj, P. N. Santhoshy, RSrinivasa Gopalan, AyaBuha,A. K. Raychaudhuri, N
Kumar and CN. R. Rao,J. Phys.: Condens. Mattet0, 8497(1998)

AnthonyArulraj, R. Gundakaram, Amlan Biswas, Bayathri, A K. Raychaudhurand C N.
R. Rao,J. Phys.: Condendlatter. 10, 4447(1998).

Anthony Arulraj, Amlan Biswas, AK. Raychaudhuri and Q\N. R. Raq J. Phys.: Condens.
Matter. 12, L101 (2000.

Y. Tokura,Rep. Prog. Phy$9, 797 (2006).

R. Shiozaki, K. Takenaka,Y. Sawadnd S. SugaPhys.Rev. B63, 1844192001)

Hiroyuki Fujishiro, Tetsuo Fukasand Manabu IkebeJournal of the Physical Society of
Japan 70, 628(2007).

H. Zhang, X. Yao, X. H. Zendg?hys.Stat.Sal (a)201 10, 2305 (2004).

L. Malavasi, G. FlorJ. Phys. Chem B.07(50) 13880 (2003).

S. Kittelberger, O. M. Stoll an®. P. HuebeneGupercond. Sci. Techndll, 744(1998).

K. Yamamoo, B. M. Lairson, J. C. Bravman arid H. Geballe,J. Appl. Ph. 69, 7189
(1991).

K. N. Tu, N. C. Yeh, S. |. Park ar@l C. TsueiPhys. RevB. 39, 304(1989).

V. Pralong, V. Caignaert, $lebert, C. Marinescu, B. Raveau and A. Maigrfaoljd State
lonics 177,815 (2006).

M. D. Carvalho, A. Wattiaux, M. Bassat J. C. Grenier, MoBchard, M. |. da Silva Pereira
and F. M. A. Costa] Solid $ate Electrochemiz, 700 (2003).

H. H. Feng, Z. G. Li, P. H. HpS. Bhavaraju, J. F. Btarlo and A. J. JacobsadRhys Rev B,
(Rapid communications51, 22 (1995).

15



Chapter 2

Sample preparation and experimental techniques

During the course of this thesis work certain sample preparation, characterisation and physical
property measurement techniques are used. In this chapter we give a brief overview of these
experimental techniques. The samples were prepared by techniguekdikical solution deposition.
Pulsed laser deposition (PLD) was used for deposition of films. One of the important technique was
developed during the work is electrochemical oxidation/reduction. For lithography work we used
Optical lithography, Electro®Beam Lithography (EBL) and Focussed lon Beam (FIB) milling. For
characterisation tools like scanning electron microscopy (SEMBayXdiffraction (XRD), energy
dispersive Xray analysis (EDX), iodometric titration were used. Electrical resistance meastireme
was done using a-grobe technique. Magnetic property measurements were done using vibrating
sample magnetometer (VSM) and superconducting quantum interface device (SQUID).
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Chapter 2

2.1.Sample preparation
All the samples used in this thesis were prepared by us.
Thelist of thesamples which were used in this thesis work are given below,
(i)  Yo:CasMnO; bulk (grain size > 1 um) and nanograined (grain size ~ 75 nm)
(i)  AosCasMnOy(grain size ~ 5 nipwhere A=Y, Sm, Nd, Pr, Laand x = 2.98.20
(i) LageLlasMnOy(grain size ~ 4 ninwhere x = 2.743.20
(iv) LaggsSlo.1gMINO3 subrmicronstrip of width 340 nm and 40 nm

(v) Film of YysCagMnO; (thickness ~ 300 nm) andhg gsSty 1sMNO; (thickness ~750
nm)

2.1.1.Chemical solution deposition (CSD)

We adopted Chemical solution depositi@chnique to prepare the ngadicles used

in this thesiswvork [1]. This is basically a modified polymeric precursor synthesis route.

The essential steps involved in this process are shown schematically in FIG. 2.1. Here
pure phase manganite nanoparticle samples have been prepared at temperatures as low
as 600°C and theminimum particle size of the samples used in this thesis work was ~ 4

nm. The patrticle size of the samples was controlled by the furnace temperature and the
annealing time. The water/ethylene glycol ratio was also an important factor.

Stoichiometric Metal acetates + 1:1 acetic stir and heat until
amount of metal | —) | acid and H,O+ appropriate | —=>| aviscous gelis
acetates amount of ethylene glycol obtained
Desired phase is Final annealing at Dry at 150°C,
obtained | 600°C-800°C in & Pyrolysis at 350°C
air and 450°C

FIG. 2.1. Schenatic diagram of pervoskiteanoparticle sample preparation.

FIG. 2.2. TEM image of theY ,sCa sMnO; nanoparticle of grain size ~ 5 nm.

2.1.2.Pulsed Laser deposition (PLD)

PLD is widely used to prepare oxide thin films. All the films used in this thesis work
are prepared in pulsed lagipositionchamberat S N Bose National Centre for Basic
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SciencesA schematic diagram of PLD unit is given in FIG.2.3. High power pulsed
laser beam is focussed on the rotating target material in a chamber. This PLD unit
delivers maximum 700 mJ power at wave lengths of 193 nm (ArF) and 248nm (KrF)
with themaximum epettion rate of 10 Hz. Forward directed plasma plume of the target
reaches the heated substrate gatsdeposited on it to form the desired film sample.
Oxygen gas is used in the chamber during deposition.

Laser
beam

(a)

Substrate

Rotating
target Sample
stage
Plasma
Plume PLD Chamber

FIG. 2.3. (a) Schematic diagram of PLD unfb) Optical microscope image
image of La gsSrh.1gVINO; film grown on LaAlG; substrate.

As an example thélms of LaggsSth1sMnO3 prepared in this thesiwere grown on
(100) oriented LAO substrates from stoichiometric targets. The chamber oxygen
pressure was maintained during the deposition and cooling process atbkd. The
fluenceof 1.8 J/cMiwas used. The optimized shot frequency was 3 Hz and the target
rotationfrequency was 26pm. The optimized substrate temperature was’@and the
slbstrate was prannealed for 1 hrs before deposition. After deposition it was post
annealed for 5 hrs. We have cooled the sample very slowl@gin) to avoid any
abrupt crack developing in the sample.

2.1.3. Thermal evaporation
It is a very populatechnique to make metal films and electrical contact pads. Here we
use a chamber with air pressure $iar. A molybdenum or tungsten boat inside the
chambemwas used as theurce.The ingot of the film/sample material is placed on the
boat The substrat is placed above thmat at a distance, maintain a distance from.boat
A substrate heater is attached to the substrate.

18
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Substrate

Substrate Evaporated
sample
Material
Boat ingot
\

T - |l

Pumping

FIG. 2.4. Schematic digram of thermal evaporation technique.

We used thermal evaporation processakeelectrical contact pads éfu/Ag. We also
prepare Al films on LaAlO5(100) substrate at 10’mbar chamber pressure for the
preparation othigh temperature lithography mask to prepa&MO microstrips.The
detail of this sample preparation will be discusseskittion 2.1.4.

2.1.4.Integrated lithography
An integrated lithographic root was developed to make tharsatmn wire. Thermal
evaporation setip, photolithography, chemical etching aRdéB milling was used
sequentially. Since electron beam resist PMMA is burned abov&200is impossible
to makelag gsShh 1gMNO; microstrip onLaAlO; (100) substrate. We developed a high
temperature lithographic technique (schematically explained in FIG. 2.5).
At first by thermal evaporatioAl of thickness ~ 40 nnwas deposited obAO
substrates and aluminum oxi¢&l ,0s) was prepared by annealiitgin furnace at 600
°C for 3 hrs By the combination ophoto lithography and chemical lithograpfwith
NaOH as &hant)a trench of 50 punx 4 mm was prepared on the oxide filseé FIG.
2.6(a)). Then byPLD techniquelaggsSrh.1gMNO; film was growninside the trenclat
high temperature (~ 70tC). Except that rectangular strip of film other portion of the
sample was cleaned WNaOH solution (FIG. 2.6(b)). After that by Focused lon Beam
(FIB) milling process(explained later)a submicron (width ~ A0 nm) wire was
prepared on that stri{F1G. 2.6(c)).
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Uniform UV exposure
(30Sec)

600°C
Al (40nm) (3hrs)
coa:e
25m1n)
Post bake
l(60"C, 14 min)
, lift off
SUS S IMNaoH = SUS
30 Sec

remover = [,

1@,
LaAlO, LaAlO,

Film deposition
in PLD
LSMO LSMO

1M NaoH FIB
30 Sec LaAlO, mllllng LaAIO;

FIG. 2.5. Schematic diagram of thategrated lithographgrocess
(a) (b)
FIG. 2.6. Optical image ofa) Trench on Adoxide film and

(b) Rectangular strip oLaggsSr 1sMNO; film. (¢) SEM
image of submicron wire on the strip of the film.

‘»}‘ifes:
LaAlO,

(c)

2.1.5.Focused lon Beam (FIB)
In FIB apparatus liquid metal Gallium is used as a source to produce ion (6a
most important use of this ion beam is milling forc u t fa isamgl® according to
desired requirements.ons wi t h ki nke\ arecused to sputtey away e 3 0
materials from desired sites by focussing the ion beam ¢sed FIG. 2.7(a))The
machine allows preparation of samples with dimensions of few tens of nanometers.
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Besides this ion miling FIB has an another important application. Here metal
deposition of metaldike Pt Au, W are possible. This technique is used for
nanolithography where electrical contact pads are prepaoediepostion of Pt (as done

in the work) high energy Gaion beam breakghe precursour gas afethyl
cyclopentadienyl platinum trimethyl (GH(CHsCsH,) Ptwhich is targeted at a desired
position and metal (Pt and Ga) is isotropically deposited witbhrpinous carbon (C)
(see FIG2.7(b)). Metal content increases with the increase of ion energy. The electrical
resistivity of this deposited metal content is very highi(* O q . m). Thip @dtal
deposition is very useful to make voltage lead preparation and lithography where abrup
height difference is present in sample surface.

High energy Ga*ion
High energy Ga*ion

(a) Milled sample (b)
material

Deposited Precursor gas

/1 metal \

y

FIG. 2.7. Schematic diagram ¢&) sample milling andb) metal deposition by FIB

2.1.6.Electrochemical oxidation/reduction
To avoid the difficulties asstated with thermal oxidatioas describédefore in this
thesis we used electrochemical oxidation/reduction technj@ud to change the
oxygen stoichiometry of the samples. This process has been dmwratemperature
(~ 300 K) so that the grain size of the samples becomes invakianta precise control
of oxidation is possible.
A schematic diagram of electrochemical oxidatprocess is given in FIG. Z&8. Here
we used conventional three electrode progglswhere the sample was used as working
electrode in form of a thin diskhape pelleof nanoparticle or thin flmRectangular
thin Platinum sheet and 1(M) KOH solution was used as counter electrode and
electrolyte. We used Hg/HgO as reference electrode. Electrical lead (copper wire) was
connected with the sample by silversga The electrical lead and the contact area were
covered by PMMA resist to avoid any charge deposition at the time of electrochemical
process. From the cyclic voltammeter curve (curksntvoltage) (inset of FIG. 2B))
the working potential for besiamation was found at 0.27 V. The total deposited charge
Q was determined from the area under the currignis; time ) curve (FIG. 28(b)).
Here we used Faraday Law which will be discussed in section 2.1.6(a).
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(a)

Layg; Cag 33 MnO,

0.2f (b) 15 fv“,:o.nv

0.1

I (mA)

0.3 00 03
V (volt)

time (hrs)

FIG. 2.8. (a) Schematic diagram of three electrode elealeposition
process(b) Oxidation current vs. Time. Inset shows the cygbttammetry
curve Arrow shows the best working potential

Calculation of oxygen stotchiometry in electrochemically

oxidized /reduced samples using Faraday Law

The oxygen stoichiometry also found out by the Faraday law of calcul&yon.
the electrochemical oxidation procgs$as been changed in a samflke total
deposited charge was calculated from the area under thatiomidurrent [) vs.

time () curve (FIG. 2.f0)) i.e. 0 = OY@) From Faraday law the change of
oxygen stoichiometry can be expressed as,
Tao 19 oo
R Te NI

(2.1)

, Where] -qand] qare theinitial and final stoichiometry respectiveli is the
molecular weightmis the mass of the sampd,i s t he Avogadr obs
= 1.6 x 16 Cis the electronic chargelere2 come for Oxygeralency.

The change of oxygen stoichiometfy was determined by the above methods.
We compared the values obtained from various methods and the analysis shows
that the results match very well, arexample is shown InTABLE

2.1 (Y ¢sCa sMnOs nanopatrticlels

TABLE 2.1.Y of Yo<CasMnO; nanoparticles of grain size ~ 5 nm

Process Yi
Rietveld refinement 0.22 (x0.03)
lodometric titration 0.24(x0.02)

Faraday Law 0.216(x0.002)
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2.2 Characterization
2.2.1.Structural characterization
(a) Lattice parameter determination

(i)

(ii)

X-ray diffraction

It is the most popular technique to determine the crystal structure of
samples. When a beam of-ray incident on crystalline sample, it is
scattered in some specific directions depending on the alignment of
atomic planes within the crystal.

100 |

0
o

X-Ray tube Detector

[=2]
o

| (counts)
3

N
o

o

20 30 40 50 60 70 80 90
20

FIG. 2.9. XRD pattern of ¥ sCa sMnOsnano particles of average gra
size 5nm. Inset shows the Schematic ofay diffraction process.

Accor di ng t @d sBrmadgwherdl istha spacing between
parallel atomic planesgfis the angle between incidentrdy and scattered
beam,a-is the wavelength of the incident-tdy. We have used @ U
radiation with wave lengtha-= 1.5418 A. Both the Xray source and
detector was moving at an angléy keeping the sample stage fixaad
diffraction pattern was recorded. For High temperature XRBhEBet was

used as sample holder and the whole setup was inserted into a cage. XRD
has been done up to 1073 K temperature [6].

Neutron diffraction

The basic principle of elastic neutron geshg is same as -Xay

di ffraction. Similarly Braggs6 | aw
the nuclei of the atoms. Neutrons themselves posses spin. Prominent
diffraction peaks for light atoms with lesser atomic number can be
obtained in neutrowliffraction if they have sufficient neutron scattering
crosssection.

For a magnetic material the magnetic structure can be clearly understood
from neutron diffraction. For temperature above the magnetic transition
the diffraction peaks gives the infortin of only crystal structure. In

case offerromagnetic sample the amplitude of the diffraction peaks
increases. For antiferromagnetic structure additional peaks can be seen at
lower diffraction angel (FIG. 2.0 We have used UGDAE BARC
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beam line (at Bruva reactor). A wave length of 1.4€ was used. The
Y 0.5C& sMNnO; nanoparticles have average crystallite size down to 75 nm.

15000 . : " :

12000} E
< 9000 ¢ 1 200«
-é 150K
S 6000 50K
— 40K
25K
3000 11’5;( K

FIG. 2.10. Neutron diffraction curve ofYy:CaysMnO;
nangarticlesof grain size 75 nmAntiferromagnetic peaks
which are developed from 50 K are indicated by arrows.

Both Neutron and XRD datwere analyzed uisng Rietveldcethod uisng
FULLPROF software. This discussed in sdxtion 2.2.2.

(b) Scannig electron microscope (SEM)
Here we use this microscope mainly for particle size determination and
compositional analysisThe basic part of a SEM consists of an electron gun,
condenser lens, objective lens and detectors (see FIG. 2.11(a)). The sample is
placed in a chamber with <OImbar pressure. The energy of the electron beams
generally rangdérom 5 KeV to 30KeV. The highly energetic electron beam ~ 30
KeV is focused on the sample through condenser lenses within a spot size ranging
from 0.4 nm to 5nm in diameter. The incider¢atton beam can reach up to ~5
pm depth from the sample surface. In the sample, the primary electrons (PE) lose
their energy due to random scattering and trapped within a volume. Secondary
electrons (SE) are generated due to random inelastic scatteftesofith the K
shell 6s of the surface at omsb0eV.TThese ener g\
SE6s are collected by a detector for p |
conducting sample is coated with Au or Pt.
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Electron gun

(a) OKa Primary Characteristic

electron X-ray
Anode E beam secondary
(accelerator) : electron

Q)

lenses \
\_/ MnKa

Objective
lens

—

CakKa

: Condenser
—1

/ SE detector
N
“pje \@ X-ray
detector

Scanning electron microscope 1 2 3 a 5 6 7
FIG. 2.11 (a) Schematic diagram of SEM. (b) EDX spectrum
Pro.sCa sMnO; hanoparticles.

For compositional study energy dispersivaay analysis has been done. High
energy PE removes electrons from theshell of atoms. Then higher shell (L, M,

N etc.) electrongump to vacant KShell of and release engrQly electromagnetic
radiation. This is characteristic-pay. These Xrays are collected by detector and
give the compositional analystf the samples (FIG. 2.11(b)This process is
called energy dispersive-May spectroscopy (EDX).

In this thesis work EDX analysis of all samples has been done using SEM. Also
particle sizes ~75nm and ~ 1 um 6§ sCa sMnOssamplewere determined from
SEM images.

Transmission electron microscopy (TEM)

The basic part of a transmission electron microscope consists of an electron
source, electron beam, electromagnetic lenses, viewing screen and detectors. High
energetic~200 KeV primary electron beam is transmitted through the sample
placed on a thin cadm film coated Cwgrid. The transmitted electrons are
detected by a detector (FIG. 2.12).

After interaction of the collimated electrons with the sample specimen, two types
of electron beams are existed. One is scattered (diffracted beam) and another one
is unscattered (it correspond to the bright central beam of the diffraction pattern).
In imaging mode, at the back focal plane of objective lens the objective aperture is
inserted. By this aperture if only central beam-gaattered) is selected, bright

field (BF) image is obtained. Dark field (DF) image is received by allowing the
signal from the diffracted beam. The final selected signal is magnified and
projected on a screen by projector lenses.

The Fourier transform of the periodic potential for tekectrons in two
dimensions is basically the diffraction pattern. All the diffracted beams and the
primary beam are brought together again at the objective lens. The interference of
these beams provides a back transformation and form an enlarged pictivee of
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periodic potential. This operation is called high resolution TEM or simply
HRTEM.

In TEM the crystal structure of the samples behaves as a three dimensional
grating for highly energetic electrons. A diffraction pattern is generated by the
electrons which suffer elastic scattering using electromagnetic lefi$es.
diffraction pattern ca be formed on a selected part of the sample and is called a
SAED patternFor polycrystalline samples the diffraction pattern is in the form of
rings and for single crystal samples it is in the form of sAdis can give an idea

of the crystal structuref samples. In this thesis work we use TEM to determine
the particle size of the samplesy&£a&sMnO; (A= Y, Sm, Nd, Pr, La),

Lag e Ca3MNOy, Yo:CasMnO; (~75nm grain size) and EDX for these samples
also done in TEM as well as in SEM. The resultscarapatible with each other.

Electron gun

Pry.sCag sMn0O, o6

PE beam

First
| 4 % | Condense
r lenses

Second
[ " . | Condenser
lenses

sample /@X-l‘ay
S

detector

<\Viewing
screen
Transmission electron microscope

FIG. 2.12 Diagram of TEM schematic and an example
Pry Ca sMnO; nanoparticles of grain size ~ 5 nm.

2.2.2.Stoichiometry checking
The oxygen stoichiometry of the samples were checked by various techniques.

(@) Rietvield refinement
In this process the powder-pdy diffraction (XRD) profile (Intensity vs. ®
curve) was fitted with appropriate crystal structure by using Fullprof software [7].
Space group, lattice parameters and oxygen concentration/vacancy were taken as
variable parameters. We took the best fitted values. The oxygen stoichipmetry
was calculted for all the powdered samples used in this thesis. Also the crystal
structure parametefbond distance, bond angle, lattice parameter) of the samples
were also determined by this technique.
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FIG. 2.13 Rietvield refinement of the XRDala of LggCa 3MNO, 74
nanoparticles of grain size ~ 4 nm at room temperature.

|l odometric titration

The molecular formula of an oxide witB0 % divalent cation (B) doping with
oxygen deficiency (or oxygen excess) can be  written
A%’gB%}Mnf’*yMn;‘,*@ﬂ, where A is the trivalent catioriThe valencies are
shown in superscripts. For an oxygen deficient (or excess) sampled y
become$ i 0 yan@®.5 (departure fromyante
can be determined by lodetnic titration method.

Here aknown amount of sample with masswas dissolved in concentrated HCI.

Then adeéd it to Potassium lodideK() solution (with known normalityN) and
titrate with sodium thiosulphate (B#&Os) solution. The proceswas repeated
with a blank solution (i.e. without the oxide sample). The differefithevolume
(V) of N&S,0; solution in these two processes determine the amount &0
which was used by the sample. Oxidation state of Mn before titrat@s
3(1 y)+4y=3+y. After the titrationprocessMin® was obtained. Thus trehange
in oxidation state of Mn during titratidmecamel+y. The molecular weight of the
sample was also known (sayl). Theny was calculated from the equillibrium
condition:& = 0 ‘O 6/{1000 1+ w}, whereD was the amount of N&O;that
was used for this case. Now from the Charge balance condition
B s00g 50 83,0 847 05,,, we found] = (y 05)/2. Thus knowingy we
calculated the value of. A positive value of indicatedan excess of oxygen
while a negative value pfimplied the oxygen deficiency.
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Chapter 2

(c) Inductively coupled plasma atomic emission spectroscopy
(ICPAES)

It consist two parts Inductively coupled plasma (ICP) and spectrometer. Argon
gas is inductively ionized by highly intense radio frequency (RF) electromagnetic
field and plasma is generated. Sample is delivered into that plasma and is broken
down into iors. Atoms looses electrons and again recombine. Electromagnetic
waves of characteristic wave length is generated and is analysed by a
spectrometer. Intensity of each spectral line is compared with known intensities
and from that the concentration of thenaémts is computed.

The ratio of the amount of , sCa sMnO; sampleof grain size ~ 75 nm and 1
pm-were calculated bgtomic emission spectroscopy. Our result showedftiat

75 nm diameter sample ardl pmgrain size sampléhe Y:Ca:Mn average ratio
obtained from ICPAES is 0.502:0.498:1 which is very close to the expected ratio
0.5:0.5:1

2.3.Physical measurements

2.3.1.Electrical resistance measurement
Conventional four probe method was used to measure the electrical resistance. A
rectangular disc shapeslfet was prepared from powdered nano grained samples. The
contact pads have been prepared on the samples by using wire lithography with
separation between | eads ~ 120 d)nwasand t
generated by a current source and paskmaligh the sample between current leads.
Voltage {) between the voltage leads was measured by a Digital multimeter (DMM).
ResistanceR) of the sample was measured by the ratio of voltage and curreny/l.
Resistivity {) was calculated fronR. A pulsed tube Helium cryostat was used for
electrical measurement in the temperature range 4 K to 330 K [8]. Data taking has been
automated by a computer Labview programming through GPIB cable.
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FIG. 2.14. (a) Resistivity () vs. temperatureg(T) of two PgsCasMnQy

nanoparticle samples pf=2.95 and 3.17. The average grain size of the sar
is ~ 5 nm. DC resistance measurement has been done here. Inset shows
probe arrangement on the sample. (b) The resistance relaxation ds
Lag.gsShh.19MNO; microchannel due to oxygen diffusion. This resistance che
( B) vs. time ) data has been taken by AC method. (c) Schematic diagra
AC resistance measurement technique.

Since the resistance relaxation for oxygen diffusianbe affected by DC current flow,

to study the resistance relaxation AC technique was used. Here a low frequency (~ 173
Hz) AC current §) was generated by a Logk-amplifier (LIA1) and it was passed
through the sample. The voltage across the sawgdemeasured by the same LIAL. To
make a constant current flow a high resistaf¢g {as attached in series. The value of

&, was calculated from the measured voltage adRys3 his voltage was measured by
another Lockin-amplifier (LIA2) which was sgchronized with LIALl. The high speed

data taking has been done by a computer throughbit 2®alogue to digital converter
(ADC) card (PCIDAS6036, 200 ksamples/sed@he user friendly C++ programming

was used for data collection.
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2.3.2.Magnetic property measurement

(@)

(b)

Vibrating sample magnetometer (VSM)

The magnetic property of the samples can be measured very well by using
vibrating Sample Magnetometer (VSM). The working principle of this instrument
is based on Faraday Law of electromagnetic induction. Firstly the sample is
magnetized in a uniform magmnetfield. Helmholtz coil was used to produce
uniform magnetic field. Then it is sinusoidally vibrated by a piezoelectric material
which induces an ac voltage across the pickup coils. The induced voltage is,
Wgo = T+/T0 wheree is the magnetic fiu across the pickup coils. This
induced voltage is recorded by a Lock in amplifier. From this voltage the
magnetisation (M) of the sample is calcula{gl The VSM has a minimum
resolution 10emu. For our experiments we have used a commercial VSM which
has magnetic field range up to 1.6 Tesla and temperature range from 80 K to 1250
K. We have measured Applied Field)(dependent magnetisatioM) curve of

our samples. We have also used VSM to measure Zero field cooled (ZFC) and
Field cooled (FC) tempera® dependent magnetisation of the samples.

(@  sample Iz(ﬂ:zosmwt

stick 301 (b)
Helmholtz coil
(Electromagnet) 'é‘ 15}
(22)
7 3 8
5
Pickup coil E sl
<
Sample 30}
-2 -'1 0 1 2
; H(T)
H

FIG. 2.15 (a) Schematic diagram of the working principle of VSI
(b) Magnetisation ) versus applied magnetic fieldHY data of
Lag eCa 3Mn0O, ;4sample of grain size ~ 4 nm at 80 K.

Superconductingguantum interfearence device (SQUID)

SQUID is a magnetometer with a minimum resolution of &fhu. It works on

the basic principles of superconducting loops containing Josephson junction. We
have used SQUID to measure the Magnetisatibnversusapplied field H) and

in temperature range 5 K to 400 K. Example of data is shown in Figure 2.16 for
Y 0.sCa sMnOssamples with average grain size ~5nm.
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FIG. 2.16. Field cooled (FC) at 0.7 T and zero field cooled (ZF

magnetizationN1) vs. temperatureT] curve of Y sCasMnO; sample
of grain size ~ 5 nm
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Chapter 3

Nanoscopic control of stoichiometry of oxide nanoparticles of
Lags/Cap3MnO; using electrechemical route and the resulting physical
and structural properties

In this chapter it is established that precision control of oxygen stoichiometry can be done by
electrochemical oxidation in manganite nanoparticles at room temperdtageLa sMnO;
nanoparticles of size ~ 4 nm have been prepared by chemical saaposition (CSD) method. To

keep the particle size constant electrochemical oxidation method has been used to change the oxygen
stoichiometry] (from 2.74 to 3.20) at room temperatureversibly. The unit cell volume and
orthorhombic strains are sharply affected by incorporation of oxygen into the as prepared]sample (
2.74). TheMni Or Mn bond angles also changesifor 3 and < 3The electrochemical control pf

from 2.74 to 3.20 encompassbe optimum doping f & 3. T h e | tbyaniamognt af 0.46

can enable a change in ferromagn@idaearly by 16 K accompanied by a large changEldnThe
reversibility of the process was confirmed by using electrochemical reduction pyeviusly

oxidised sample. The observed behaviour has been explained through changes in magnetic moments
as well as the change in the structure that changes the orthorhombic distortion.
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3.1ntroduction
In perovskite oxides, thphysical property changes by changing oxygen stoichiometry. In

bulk and film of different perovskite samples the effects of oxygen nonstoichiometry have
been studied rigorousljl-4]. Most of these works have been done by heat treatment (>
500°C) with chaming the oxygen partial pressufé-5]. But in nano perovskites heat
treatment must be avoided to keep particle size unchanged. Therefore, though the effect of
oxygen norstoichiometry on hole doped nanomanganites is an interesting topic, it remains an
unslved problem due to the previously mentioned constraint where change of stoichiometry
by heat treatment also changes the particle BiBetrochemical oxidation is a tool to oxadi
the nano perovskites at room temperate20Q K) [6,7]. Previously elettochemical method
has been used to change oxygen concentration @@uly [8,9], Lag,StCo0; [10],
LayNizOq0[11], La;CuQ, [12] samples but no work has been done on nanomangafiftes.
paramagnetic insulating (PI) to ferromagnetic metal (FM) trangiéioyperatureT) varies in
a nontrivial way in La sCa :dVInOsnanomanganites due to the decrease of particle size from
bulk to ~15 nm[13]. But there is no work where the effect of oxygen-stmichiometry in
crystal structure and ferromagnetism hasrbstudied in nano crystallites. There is a report of
Huesoet al. [7] who did not find anghange inl¢ in this system with grain size $0n (meso
region) for limited variation of oxygen stoichiometry from 2.97 to 3.01. But there is no report
of crystalstructure analysis and existence of ferromagnetism ¢/ Ca sMnO; of particle
size below 10 nm. From our best knowledge in this thesis we have first time studied the
detailed variation ofl¢, Hc (Coercive field), and structural parameter of §:8a 3MnOy of
particle size~4 nm with the variation of Oxygen stoichiometryranging from 2.74 to 3.2
M ~0.46).

3.2 Experimental Methods
We have prepared bgCa :IMNO; hano particles by chemical solution deposition method
(CSD) as described ichapter 2. From this as prepared sam@fgwe have prepared another
set of four sampless, S;, S, andS;) which have different oxygen stoichiometry).(Another
sampleS* has been prepared by reductiorBgfSampless; to S and sampl&* was prepared
from sampleS, by electrochemical methods

3.2.1 Sample Preparation
In CSD method(discussed detail in Chapter Rjgh purity Lanthanum acetate
hydrate, Calcium acetate hydrate and Manganese acetate tetra hydrate were mixed
with de ionized (DI) weer and Acetic acid in stoichiometric ratio. Appropriate
amount of ethylene glycol were added. The polymer (ethylene glycol) was used for
forming a network of cations which assisted the reaction in phase formation. The
solution was heated and stirred~&0°C for making it in gel formation. The gel was
dried for 15 hours at temperaturel50C. After that pyrolysis process was done at
350°C and 456C. Then finally it was sintered at 6%D for 3 hours to obtain the
proper phase and particle size.

3.2.2 Oxygenstoichiometry change

The oxygen stoichiometry &, was changed by electrochemical oxidation method at
room temperature~B00 K). The electrochemical method has been discussed in
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details in Chapter 2séctions 2.1.6FIG. 2.7., Page 23)Herewe give the relevant
numbers and oxidation/reduction parameters.
The oxygen stoichiometry § was al so f ounldthibpraedssdhe aday 6 s
difference betweetwo stoichiometry can be \~/vritten as,
. 0o
N =T 1o 2Ch Oy
, wherd -qand -@re the final and initial stoichiometry. The total deposited chapye (

(3.1)

in electrochemical deposition can be calculatedlas, OYQ"@I‘)(area under thé-t
curve andT; is the total depositing time). Molecular weight and mass of the sample
areM andmrespectively Av o g a d r oNysharyelaihdn electron &= 1.6 X
10°C and the factor 2 comes for Oxygen valency. To find the valuéhef
stoichiometry (3 o= Y +1 -3 the abovexquation 3.1 has been used to calculate
for S, S, SandSs. 1 -gs the starting value 6f of S (has been taken from Rietveld
refinement). Data are given in TABLE 3.1. We have checked the valudmfS,
andS; by lodometric titration method as a che@®BLE 3.1 shows the different
values of different samples obtained with different methdadsthis work all the
results are plotted with respect tavhich is obtained from Rietveld refinement and it
gives ambsoluté .

TABLE 3.I. Oxygen stoichiometry|() and charge deposited per unit mass of
different samples are summarized.

SamplelD # (Rietveld # # Charge
refinement) (Faraday Law) | (lodometric deposited

(x0.002) titration) (Clgm)

S 2.74¢0.038) 2.740 2.74¢0.021) -

S 2.76(0.035) 2.763 -- 21.209

S 2.78 ¢0.035) 2.785 -- 20.288

S, 2.90 (0.035) 2.912 - 117.115

S 3.20 ¢0.030) 3.230 3.22¢0.024) | 293.249

S* 3.14 ¢0.035) 3.143 3.14(+0.021) -80.229

3.3Results

3.3.1 Crystal structure
The TEM images and distribution of particle size for all the samples are plotted in
FIG.3.1. (a)JandFIG.3.1. (b) which confirms, that the samples has mean patrticle size
4(x1) nmFIG.3.2shows the XRD patterns (red lines) with fitting (black lines) and
residues (blue lines) foB, to S samples respectivelLrystal structure analysis has
been done from -ray diffraction pattern by Rietveld refinement method. All the
samples shows orthorhombic Pnma space group. In TABLE 3.1l the lattice
parametersg, b and c), unit cell volume andMn-O-Mn bond angels for all the
samples are tabulated. In TABLE 3.1l the lattice parametarsb(and c) are
compared with the value of bulk samp]&8].
In manganite nanoparticles with sized rm, there are small butlstle changes that
occur in the structure. For instance, while the lattice constr#ed ¢ become
smaller, lattice constanb is larger. This occurs due to distortion of the MnO
octahedra and their packing. A notable change occurs iMth@®,-Mn bond aigle
that reduces substantially from ~2%& ~150. This will lead to reduction in double
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exchange and reduction in the magnetization and saturation moMent This
modification in the Mn@ octahedra on size reduction changes the orthorhombic
distortions("Y and 6"Y). The orthorhombidistortion (straif in acplane is defined

2(6 6y

by 07Y = v and that along theb axis with respect t@c-plane is definedy

vy, _ 2(0FH0 6Y N2) . . . .
0 = o TR The effect of changing that happens in this case without a
change in size leads to changes in the lattice constants as well as unit cell size and in
the orthorhombic distortion.
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FIG. 3.1.(a)The TEM images ofS, S, S samples and their particle size distributi
plots are given. The inset of distribution plots shows single particle TEM imag
corresponding samples.
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FIG. 3.2 The XRDdata and theRietveld prdile fit with residual at 300 K of
samplesS;, $, $,S., SandS.

TABLE 3.lla. Structural parameters of the samples obtained from Rietvield

refinement.

Sampleld | # a (A% b (A% c (A%
S 2.74 | 5.4246470.00046) | 7.65828f0.00063) | 5.49124¢0.00041)
S 2.76 | 5.42698f0.00044) | 7.66011¢0.00061) | 5.49831f 0.00040)
S 2.78 | 5.42765¢0.00042) | 7.65922¢0.00056) | 5.50046f 0.00038)
S 2.90 | 5.427D(°0.00043) | 7.6599(° 0.00059) | 5.50247¢ 0.00040)
S 3.20 | 5.4342470.00042 7.67168¢0.00058) | 5.51238f0.00038)
S* 3.14 | 5.4407¢0.00043 7.66855¢0.00057F | 5.5102370.00039
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TABLE 3.lIb. Structural parametersirit cell volumeV and bond angl¢sobtained
from Rietvield refinement.

Sampleld # V (A%? Mn-O;-Mn Mn-O,-Mn
S 2.74 228.1200.032) | 172.9997{0.01) | 151.945¢0.017)
S 2.76 228.57¢0.031) | 173.12£0.008) | 151.7¢€0.017)
S 278 228.66(0.029) | 171.25¢0.01) | 154.5¢0.017)
S 2.90 228.74£0.030) | 170.76( 0.01) | 151.8¢0.019)
S 3.20 229.8100.029) | 172.41£0.008) | 145.9€0.017)
S* 3.14 229.69¢0.03) | 172.33¢0.01) | 147.32(0.017)

The change in lattice parameters for different valués f shown inFIG.3.3 (a)
Thel dependence of the cell volum¥)(has been shown iRIG.3.3 (b) (Dataare
also tabulated in TABLE 3.11b).
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FIG. 3.3. Oxygen stoichiometry| () dependence of (a) lattice parameters ¢
(b) crystal voluméc) bond angles are showstar ¢) symbols are the results ¢

reduced sampl&:. Error bars are smaller than the symbols.
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The initial oxidation makes the value from 2.74 to 2.76'here are changes & b,

c andV that occur for a small changelin After that the values gradually increase

with] .Forl O 2. 9 t he bshows enbancermentwHetisancrease@nd

this shows as an enhancement in unit cell volinEor a change of oxidation from

2.74 to 3.20+0.46) the value 0¥ changes from 228.2 {F to 229.8 (R)® (~ 0.7 %).

While it is expected that when a large ion like Oxygen is introduced in the lattice, it

will expand leading to enhancement of unit cell volume, what istrinal is that it

distorts the lattice and changes tiMn-O-Mn bond angle. The variation of
orthorhombic strains with is also shown in the inset 81G. 3.3(b) For the initial

change of , 0"Yand ("Yyjincrease sharply and after that though has a gradual
increment,l'j“\gfreezes.

The oxygenation of the 4 nm sample does not lead toctiedh in orthorhombic

distortions instead it increases it. This differs from a bulk sample of optimal oxygen
stoichiometry( & 3) t hat has |l ow orthorhombic di c
octahedra with botMn1 O;1 MnandMnT O, Mnbond angl es near | y €
) and the structure with low orthorhombic distortion is close to being §l4jic

TABLE 3.lll. Comparison otructural parameters of bulk and nanoparticle sample.

Structural Bulk * Nanoparticle
parameters Diameter
~4 nm for #=3.2
a 5433 A 5.4340°
b 7.687 A 7.672A°
C 5473 X 5.5120°
V 228.33 (A)° 229.81A%°
Oi- 5.5X10° 14.3X10°
iy 2.0X10° 8.9X10°
Mni O;1 Mn 172.8 172.47
Mni O,1 Mn 171.7% 145.9

* Values are taken from the work of Sarkaradt[13]

For bulk sample of LgCa :MnO;it has been founfll5] that a§ value increases
from 2.80 to 3, the unit cell volume decreases from 2362ta 232.03(R)%. The
decrease of the volume on oxidation is due to the conversion fidhs into Mrf*

as the effective ionic rdidof Mn®* and Mr* in octahedral oxygen codrtition are
0.645and 0.530 A respectively [16]But for our caséi.e, the nanopartciclpss)
increases from 2.74 to 3.2 the crystal structure volume monotgnicaiieases.
Though the origin of this behaviour canno¢ established firmlyhowever, the
difference can arise from two sourc€sa) Orthorhombic distortions that distort the
octahedra as well as their packing as can be seen from the unequal bond@wshgles
(b) existence of a highly oxy®escadbef i ci en
seen from the magnetic data below. This layer houses higher concentratiofiof Mn
ions leading to larger volume.

3.3.2 Magnetic Properties tuned by changingt
The structural studies show that change in oxygen stoichiomédigds to small but
subtle changes in the structure. We show how a chafigéane by electrochemical
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means at room temperature without change in size or chemical composition can

bring &out substantial changes in the magnetic properties like-nspments
(obtained from high temperature Culéeiss law...= (6/("Y 7Y¥)), ferromagnetic
transitionTc, saturation magnetic momemiidat T/Tc< 1/3) and the Coercivitklc.
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FIG.3.4. Field dependence magnetizatiaat a field of 0.01T andl / es.
temperature fittingf (a) S, (b)S, (€) S, (d) S, (€)S and (f)S samples is plotted

In FIG.3.4 we show the magnetization M taken at a field of 0.01T for all the
samples.
The onset of ferromagnetic transitiocesn beseen.We have also plotted the Curie
Weiss plot ofl/ ...vs. T for respective samples FIG.3.4 Susceptibility.. k 0 /Ois
obtained from the low field dat&romthe plot we identify the Curie temperaturg
and the spin values ¢q) from the Curie constantCj using the relationg =
“oot/ 3Q. In TABLE 3.1V we showC, * g (in units of Bohr magnetron) and the
Curie temperaturé&c. The same are plotted as a functiof oh FIG.3.5.The Msand
Hc are obtained fronM-H curve taken at 8& and shown irFIG.3.6 In the TABLE
3.V andFIG.3.7we also show the coercive fieldt and the saturation magnetization
Msand as a function of.
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FIG. 3.5. (a) Effective magnetic momeritgpper formula unit and (b) Curie
temperatureT) are plotted with respectta

TABLE 3.IV. Results obtained frorh /vs. T plot.

Sampleld # C(g.Oelemu)'K Hm(H) ) Te(K)
S 2.74 0.00576 0.21482 310.16
S 2.76 0.00502 0.20047 313.62
S 2.78 0.00461 0.19223 316.30
S 2.90 0.00406 0.18027 323.35
S 3.20 0.00497 0.19959 308.47
S* 3.14 0.00460 0.19198 316.10

TABLE 3.V. Saturation magnetization and coercive fielddifferent samples.

Sampleld # TyH/fw | Yy/Ham | HHc(T)
S 2.74 1.132 5.27 0.076
S 2.76 0.983 4.91 0.039
S 2.78 0.98 5.17 0.040
S 2.90 0.833 4.62 0.08
S 3.20 1.064 5.33 0.040
S* 3.14 0.893 4.65 0.042
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FIG. 3.6.Magnetisation vs. field curves (d) S, (b) S, (€) S, (d) S, (€)S and
(f) Sat temperature 80 K.

The Curie temperature shows a fmonotonous dependence jonand expectedly

the highesfT¢ (~ 324 K) is seen fdr & 3.T reported for bulk samplg7] is 274K

and for single crystal it is 25Q [18].This is substantially larger than that seen in bulk
samples and evethat insingle crystalsit has been seen before that size reduction
leads to enhancement &f in nanemarganites like LasCa :dVINn0O;[13]. However,

the enhancement in th&: observed by us after electrochemical oxidation is
significantly higher that seen in previous studies. In fact the obs@refi324K in
nanoparticles of LCMO is the highest reported. We also observe that by a chiange of
from 2.74 to 3.2 thdc can be tuned by nearly X6 We also observe that by reducing

a sample with higher valueofit is possible to reverse the oxidation sample.
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FIG. 3.7.(a) Coercive field and (b) saturation magnetisation vaissiplotted.

The saturation magnetizatidvis as shown irFIG.3.7 (b)also has a neamonotonous
dependence dn and it is opposite to that seen in the dependende oh| . The
effective magnetic moment §q) similarly follows the same trend with as Mg
follows (which is obvious)The similar trends in thegn and Mscan be best seen
from the ratiod ~/ * gap Shown INTABLE 3.V. It can be seen that the ratio is mostly
constant ~ 4.9% 0.11.
The coercive fieldfc) shows a maximum value aroundi 3. In optimally doped
LCMO the value ofMs at 80 K is around 3.2 ‘ 5/Mn. In contrast in the
nanoparticles (from 15 to 30 nm diameter) the valuMeat 80K ranges from 0.5
3.25' y/Mn [19]. For] either < or > 3 the value &flsincreases because the effective
valency and oMn and hence the effective magnetic moment on Mn changes as
value ofl changegNote: for Lay ¢ Ca :MNO; effective valency oMn is given as
w= 2 3x067+2%x033 =2 2.67. For optimal doping, = 3,0= 3.33.
If "Qis the concentration of Mf this can be expressed as a functioh afs =
2 267=3+"QsothatQ=2 567).
The spin only atomic moment of Mn(with 3d*configuration , crystal field leve}f
, &) is 4' ¢ and that of MA" (with d® configuration 1°, &) is 3 5. The change in
the magnetic moment as a function]ofwill thus be given a®" ;; Qg =

(2 567) . Increasing can enhance the hole concentration {Mn
concentration) and thus reduce the saturation moment of the bulk manganite. If the
value of the bulk saturation momedt;- is taken as 3.42 one can evaluate its
value as a function df and it should decreasejasncreasesHowever, the observed
data (this work) deviates from this simple estimate.
For nanoparticles, depression s from the bulk value can arise from surface
oxides that from a dead layer on the surface of the nanoparticles. This contributes to
mass or volume but not tds and as a result the effective magnetization /unit volume
or unit mass is smaller than the bulidwe[13]. The following equation was used to
find the dead layer thicknessn a particle of diamete:

3

NI G
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b 13 g

i, _= 1 <
el 0 gy 2

(3.2)

, Wherel ;- is the spontaneous magetization for the bulk sample and for optimally
doped sample of LCMO with & 3, this is 3.42y at 80K [19]. From Egn. 3.2 and

the observedMs and from the estimatedlos one can evaluate the dead layer
thickness & as a functiorof| . This is shown irFIG.3.8. A§ increases-increases

and becomes maximumja®@ 3. For f urittheealue obmeducesa s e o f

. e ™
0.7‘ .‘ ,//, \\\\
< 0.6' \\
\“ a
0.5 . . : : :
2.8 3.0 3.2

0

FIG. 3.8.Variation of shell thickness) versudi plot.

FIG.3.7 (b) shows that the value Wi is minimum ¢ 22.2 emu/g or 0.8B14" 3)
around = 3. Considering the comghell structure where shell is the magnetic dead
layer (showed in previous woild3]) if the shell thickness becomes 2.47 nm, the
ferromagnetism disappears for the particle size below 5 nm. Our work shows that the
ferromagnetism persists even with the particle sizenm. This result indicates that
the shell thickness-is much thinner 8.6+ 0.1 nm for smaller particles as opposed

to ~ 2.5nm for particles with diameter 15nm.

It has been shown thafl5] the spontaneous magnetizatioMs for bulk

Lag s Ca 3MNnOdropsfrom ~ 3.5° 4 /f.u (for] =3) down toMs~1.75* 5/f.u (for] =

2.94). The surprise is that the strongly reduced sample|with2.80 has a larger
high-field magnetic susceptibility than other reduced samples. Wiffscult to
determineMs for the] < 2.94 samples because the magnetization is not saturated in
the available fields up to 70 kOe at 6K. Magnetization for|the 2.80 sample is
around 4 y/f.u. at field of 60 kO Taken from ref15]).

For our case as differs from optimum value 3 (> or <Ms increases. For
nanomanganites this work shows that gaturation magnetisation can be measured
over a wide range of change from 2.74 to 3.2 with much less magnetic field (~1.6
T) compared to the bulk system (FYeven at 8K tempeature.
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3.4 Discussion
The dependence of the ferromagnet@nsition temperatureT¢) on| is shown in FIG
3.5(b). On initial oxidatio¢ increases and shows a broad maximum arpund. Fofl >3
it decreases agaiilc value of the reduced sampl (obtained after reduction of sam#e)
is situated on the same graph process showing reversibility of the electrochemical
oxidation/reduction process.
The process of oxidation changes Ma-O-Mn bond angle as can seen from FIG 3.3. (c).
While the bond angl®&n-O.;-Mn remains mainly unalteredhe angleMn-O,-Mn increases
sharply on initial oxidation and then decreases. Since the increase dihtfeMn bond
angle will increase the orbital overlap, this will enhance the band waitting to
enhancement ofc which in a double exchange mechamiis directly related to the band
width. However, for > 2.9, theMn-O,-Mnangle decreases again but the enhancemerg of
continues till higher (~3) and then it decreases again. Thus the enhanceniknfoof O 3
will not only depend on the change in the bond angle but also on other factors like the
exchange constant and also likely on the dead layer thickes®f > 3 the decrease Ot
is most likely is governed by the large decrease in the-aogtiEMn-O,-Mn.

i

Ey (100 x J/m®)

FIG. 3.9. Variation of anisotropy energyEg) vs. effective particle diamete
Qo INset shows the schematic diagram of «irell structure of a particle.

The average magnetic anisotropy enefgy) ©f the samples has two par@ne is coming
from the core partK;) and another one is coming from the shell pig) of the particles.
Therefore average anisotropy energy can be expressed byK;+K,. Since the shell part
has random spins, saturation magnetization coming fronpénats very small than core part.
Anisotropy energy is proportional to the saturation magnetizatioricaritat reasoik;>>K,
andEx ~ K. If the particle diameted is less than magnetic exchange lengtban be shown
from the work of Herzer eatl. [20] thatE«® d°. Here the main contribution & is coming
from K;. The effective particle size &y = (d-2 p- In this work the average particle

diameter isd ~ 4 nm.We have calculated anisotropy enei@Qy= % 0’ Q0 ~y[21] using the

values ofHc andMs as obtained from experiment. Plot@Qf andQqym is shown inFIG. 3.9.
Result showed thaQ, varies as(Qun)®.This concludes that whatever is the individual
dependence, the proct of Hc andMsfollows the nanemagnetic properties.
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3.5Conclusions
We made pure phase J.#Ca 3dMnO; nanoparticleof averagegrain size around 4 nm and
analyzedthe crystal structure. Orthorhombic strain becomes very large due to very small
particle size. Though the particle size is very small, the ferromagnetism persists even in this
small size.This result contradicts the earlier report where it has been ggdpgbased on
results of 15nm particle) that ferromagnetism will disappear particle size less than 5 nm due
to the fact that dead layer thickness that may become comparable to particle size. We find that
in smaller nanoparticles the dead layer has smtidiekness (~1nm or less) as a result the
ferromagnetism can be sustained.
This investigation is first report where tledfects of oxidation on nanoparticle @& nm
particle size) on magnetic properties have been studied. The samples were oxidized
electrachemically at room temperatures which ensured that the particle size remains the same
before and after the oxidation. Very small particle siakes it possible to carry out large
change in oxidation froin = 2.74 t§ = 3.20 due to faster diffusion. THerromagneticTg, it
becomes maximum aroufid= 3 where the particles are saturated by oxygen ions and all
vacancies are filled up. Further incorporation of oxygen ions distort§iting,i Mn bond
angle which effectively decreases the valudofSincet he r educti on resul ts
oxidation path it shows that the process is reversible.
The shell thicknessgf increases ds reaches near the value 3 and further increment of
value again decreases the shell thickness. The average anisoopyEof the sample is
proportional to the sixth power of the effective diame@§xn= Q 2_.This behavior

confirms thatQyqn is smaller than the magnetic exchange length efLa :MnO; sample.

47



Chapter 3

References

1. S.V. Trukhanov, L.S. Lobanovski, M.V. Bushinsky, VA. Khomchenko, N.V. Pushkarev,
I.O. Troyanchuk, A. Maignan, D. Flahawd. Szymczak, and R. Szymczdkyr. Phys. J. B
42,51 (2004).

2. Y. G. Zhao, W. Cai, J. Zhao, X. P. Zhang, B. S. CaoHMZhu, L.W. Zhang, S. B. Ogale,
TomWu, T. Venkatesan, Li Lu, T..KMandal, and J. Gopalakrishnaphys. Rev. B65,
144406 (2002).

3. L. Malavasi, G. FlorJ.Phys.Chem BL07(50) 13880 (2003).

4. Zhang, X.Yao, X. H. ZengPhys.Stat.Sal.(a)2010, 2305(2004).

5. Alina Manzoor, S. K. Hasanain, A. Mumtaz, M. Bertino, L. Franzel) Nanopart Resl4,
1310 (2012).

6. . L. Zhogin, A. P. Nemudry, P. V. Glyanenko, Yu. M. Kamenetsky, H. J. M. Bouwmeester,
Z. R. Ismajilov, Catalysis in Membrane Reactodsl 8 151 @006).

7. L. E. Hueso, F. Rivadulla, R. D. Sanchez, D. Caeiro, C. Jardon, C. Va¥quqaez,J.
Rivas and M. A. LopezQuintela,Journal of Magnetism and Magnetic Material89, 321
(1998).

8. Jean Pierre Locquet, Frederic Arrouy, Erich Macheer, Michel Despeter Bauer, Erica J
Williams. Appl. Phys Let 68, 14 (1996).

9. Jean Pierre Locqud®hysica C263160163 (1996).

10.V. Pralong, V. Caignaert, S. Hebert, C. Marinescu, B. Raveau, A. Mai@dlin State
lonics 177,815820 (2006).

11. M. D. Carvalho, AWattiaux, J. M. Bassat J. C. Grenier, M. Pouchard, M. Bitla Pereira,
F. M. A. CostaJ Solid State Electrochem 700705 (2003).

12. H. H. Feng, Z. G. Li, P. H. Hor, S. Bhavarajl,F. Di Carlo, A. J. JacobsoRhys. Rev. B
(Rapid communications51, 22 (1995).

13. Tapati Sarkar, A. K. Raychaudhuri, A. K. Bera and S. M. Yuligiv J. Phys12, 123026
(2010).

14. R. Mahendiran, S. K. Tiwary, A. K. Raychaudhuri, T. V. Ramakrishnan, R. Mahesh, N.
Rangavittal, and C. N. R. RaBhys. Rev. B3, 3348(1996).

15. S. V. TrukhanoyN. V. Kasper O. Troyanchuk M. Tovar, H. Szymczak K. Barnet Journal
of Solid State Chemistr§69, 85 95(2002).

16. R. D. ShannonrActa Crystallogr. A32, 751(1976).

17. S-W. Cheong and H. Y. Hwandserromagnetism & Charge/Orbital Ordering in Mixed
Valent Manganites, in Colossal Magnetoresistance Oxidéited by Y. TokuraGordon &
Breach, Monographs in Condensed Matter Science, Lqridi$#9).

18. K. Shantha Shankar, Sohini Kar, ®l. Subbanna, AK. Raychaudhuri Solid State
Communicationsl29, 479 483(2004)

19. Tapati SarkarTuning of ground state and phase transition in complex oxide nanomaterials
Chapter 3 S.N.Bose National Centre for Basic scien@g909).

20. G. HerzerlEEE Transactions On Magnetic26, 5(1990)

21. Physics of Ferromagnetisn2nd ed., edited by S. Chikazun®xford University Press

1999).

48


https://www.sciencedirect.com/science/article/pii/S0022459602000282#!
https://www.sciencedirect.com/science/article/pii/S0022459602000282#!
https://www.sciencedirect.com/science/article/pii/S0022459602000282#!
https://www.sciencedirect.com/science/article/pii/S0022459602000282#!
https://www.sciencedirect.com/science/article/pii/S0022459602000282#!
https://www.sciencedirect.com/science/article/pii/S0022459602000282#!
https://www.sciencedirect.com/science/article/pii/S0022459602000282#!

Chapter 4

Dependence ofphysical properties of halfdoped manganite nanoparticles
(average diameter.~5nm) on electrochemically controlled Oxygen
stoichiometry: Role of cationA-site disorder

In this work we have investigated the physical properties of half doped mangagitey, MnOy
nanoparticles to oxygen stoichiomeitrypy keeping the same patrticle size after oxygen incorporation

in the system. The oxygen incorporation (oxidation) was done by electrochemical oxidation at room
temperature that allows the oxygen stoichionietty be changed precisely without change afiple

size. We find that the physical properties (structural, magnetic and electrical) of thdopaid
manganite nanoparticles as well as their sensitivities to oxidation depend crucially on cation disorder
(quantified by variance 2of ionic radii of bns in A site) When halfdoped manganite nanoparticles

are hole doped andis made > 3, there exists a critical cationic disorglg) éo that for, > , s the
oxidation process enhances the ferromagnetic transition tempefatared the density of ate at

Fermi level.The content and scope of this investigation is new.

49



Chapter 4

4.1Introduction
Physical properties of perovskite oxides can be controlledring of oxygen stoichiometry
[1]. Tuning of oxygen concentration in thegestems (bulk and film) is an emerging field of
work due to its technological applicationsolid-oxide fuel cell [2] These gidies were done
by heat treatment (> 580) with different oxygen partial pressure where oxygen ions are
diffused inside the odie system [1,34]. Thermal oxidation is the easiest process to control
oxygen stoichiometry.However, his process has the inherent problem that it also changes
size of the nanoparticles and in some cases even the crystal symmetry. If these are of no
conern, as may happen in some cases, then thermal oxidation is a viable process.
However, in case of manganite nanoparticles (referred to as nanomanganites) where the
physical properties not only depend on the stoichiomgt)ybut also on the particle size
(diameterd), the process of thermal oxidation has limited scope to carry a clean investigation
as bothy as well asd would change on heat treatment. This is most severe irdbpéd
nanomangaites (ACa sMnQOy, A being raresarth) which will be invaggated in this chapter.
We have used electrochemical oxidation, as described in earlier chapters, to circumvent this
problem and carried out a precise change iim half-doped nanomanganites with average
5nm in samples with varying cationic radii.éWhave carried out structural, magnetic and
electrical measurements in them. We made an important new observation that the sensitivity
of the physical properties to oxidation depewmtsthe cation disorder as quantified by the
variance, 2. It is observed that there exists a critical valug 4, ) so that for,, 2 >, £ the
oxidation (i.e hole doping) leads to enhancement of the ferromagdaetimandwidth ) and
density of states at the Fermi level BN Interestingly for, 2 < , £ the opposite changes
happen or they are suppressed. The oxidation (while retaining the crystal symmetry of the
nanoparticles) changes the lattice parameters as well.
In ABO; perovskites like the manganitesstdrtion of crystal structure depegan the cation
radius (< iz >) [5,6]. The Asite cation mismatch iguantified by thevariance, ? =
B d < iz >2 andiqgis the individual cation radius of-gite cation cas the occupancy
(fractional) of specie¥with B-gao= 1, < iy > is the weighted average of cationic radii. In
ApCasMnOy < iz >k 05i5 0 + 0.5iz 0w ,being the ionic radii of ion A andCa
respectivelyas obtained fronfi7]. There are reportf8,9] which showed that electronic and
magnetic properties of mangangample has a dependence,ch In TABLE 4.1 we have
tabulated the values &fig > and, 2 with sample IDs.

TABLE 4.1. < iy > and, 2of different samples are summarized.

Sample < B> a
AosCaysMNO (AO) (AO)Z
Y (A=Y) 1.128 2.76X 10°
"¥ (A=Sm) 1.156 5.76X 10*
¥ (A=Nd) 1.172 7.23X 10°
"Y (A=Pr) 1.180 2.50 X10"
"¥ (A=La) 1.198 3.24X 10*

In FIG. 4.1we plot, 2 as a function ok ig >. The dependends not monotonous. It can be
seen that for the smallest catidh ,, 2 is thelargest and it becomes smallest for Nd and Pr that
have similar sizes as Ca and then it increases againeasf&ia becomes larger than that of
Ca.
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FIG. 4.1. The , 2 dependence witk i >.

The phase diagram of nhanomangan&nadthe magnetic order sensitively depends on size of
the nanopatrticles. As showed in Chapt@s3well by past studies in our grojp10-12] that

in optimally doped manganites like {gCa& 3:qMnO; the T¢ is substantially enhanced when
the partcicle size is reducedhis is particularly severe in hatfoped (AsCasMnOy)
nanomanganites, where it has been sh@gyhl,13]that the charge and orbitally ordered
insulating  state (with Antiferrromagnetic or)legets destabilized giving rise to
ferromagnetic low resistance state with particle sizes below 15Thendestabilization of
charge and orbitally ordered state depends on theseatie cationic sizs].

In this workwe have focused to study the cbarofphysical properties (structural, magnetic
and electrical) by tuning of oxygen concentration in -hdtfped manganite nano particle
systems of different cation sizex {3 >).The oxygen concentration was changed by
electrochemical oxidation method 200 K. The oxygen concentratiQn was changed from

~3 to 3.2 for a system of particle sizé(x1) nm. We investigated whether the sensitivities of
the physical properties to oxidation by a given amount have any dependence of the cationic
size or on the disorder that arises from cation size mismatch as quantified by the yafiance
defined above.

4.2Experimental
The experiments were done twalf doped AsCasMnO; with A =Y, Sm, Nd, Pr, La
trivalent rare earth elements. We have prepared pure phase nanomangahités (¥,
“yand "¥) with different average ionic radius iz > of the Asite ions by Chemical
solution deposition(CSD) method described before in Chapt¢t4R Electrochemical
oxidation method, described in details in Chapter 2, has been used to oxidize the samples.
After oxidation the samples are identified™fs ¥, "%, "Yand "Y, respectively where the
oxygen stoichiometryl () changes from their as prepared staftingalues. The summery of
oxygen stoichiometry of different samples (before and after oxidation) are tabulated in
TABLE 4.lla. The change in oxygen stbiometry ¢p ) for different methods with variance
(., 2) aretabulated inTABLE 4.11b.
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TABLE 4.lla.Details of the samples used in this work and the electrochemicablcoftr
oxygenstoichiometry Sample IDs ar&(as preared) andS (oxidized)

Sample <> | S # (S) # (S) S #(S) # (S)

ApsCagsMnO (A°) (Rietveld (lodometri (Rietveld (lodometri

refinement) | c titration) refinement) | c titration)
Yo0:CaMnOy | 1.127| "Y| 2.96(+0.010)| 2.95(+0.02)| "Y | 3.18(+0.021)| 3.19(+0.02)
SmysCaMnO | 1.156| "Y| 2.97(x0.020)| 2.96(+0.02)| "Y | 3.22(+0.020)| 3.21(+0.02)

a

NdosCasMnOy | 1.172| "§| 2.99(+0.021)| 2.98(+0.02)| " | 3.24(+0.021)| 3.23(+0.02)
ProsCasMnO; | 1.180| Y| 2.95(+0.031)| 2.96(+0.02)| Y, | 3.17(+0.065)| 3.22(+0.02)
LagsCasMnO; | 1.198| "¥| 2.98(+0.026)| 2.97(+0.02)| "Y¥ | 3.23(+0.026)| 3.23(+0.02)

TABLE 4.1Ib. Variance (cationic radius difference) and change in stoichiometry brought
about by electrochemical oxidatiop =1 (S) 1 (9.

Sample Variance q# (S it (S)

Ao sCapsMnO a (A%? (Rietveld (lodometric (Faraday
refinement) titration) Law)

Y 05Ca.sMnOy 2.76X 10° 0.22 0.24 0.216

SmysCasMnO; | 5.76X 10* 0.25 0.25 0.258

NdgsCasMnO; | 7.23X 10° 0.25 0.25 0.254

Pry.sCa sMnOy 2.50X 10" 0.22 0.26 0.252

Lag sCa sMnOy 3.24X 10* 0.25 0.26 0.250

The phase was confirmed fromr&y diffraction (XRD) results. We used Energy dispersive
X-ray (EDX) spectroscopy results to check the composition. The particle size was confirmed
from Transmission Electron Microscope (TEM) images as well as Whiiiamson-Hall plot

[15] from XRD. The particle sizé()) andmicro strain {) of the system is related withe

Full width half maximumf() as,
fogi— 1 20 '©—

—:’_+_—

= (4.1)

,Where_= 0. 1518 nm is the disdheXRDpeak angldmn FIG.#.2.Cu KU
(a) and 4.2. (b) XRD results andilamson-Hall plot is shown. In FIG4.3. (a),(b) particle

size distribution plot from TEM is shown. In TABLE 4.l comparison of particle size
obtained from XRD and TEM tabulated. From Williamddall plot we get average particle

size which is always gater than the actual particle size (Obtained from TEM). Because the
particles are so small they attached with each other and make bigger particles as shown in the
FIG. 4.2. (c).XRD see these particles as single particle of bigger size. Willia#datrplot

method gives the average particle diameter, as a result the discrepancy of particle sizes
obtained from TEM andXRD arise. During sonication to make samples for TEM, the
conglomerate breaks giving rise to smaller particles that are seen by TEM.
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FIG. 4.2.(a). The XRD ofSandS* samples.
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FIG. 4.2. (b). Williamson hall plot ofSandS* samples.

FIG. 4.2.(c). Scanning electron microscope image gfsample.
A large lump of particle is created by the small particles.
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TABLE 4.1lI. Particle size from XRD and TEM as well as micro strain obtained XBMD.

ID d(nm) from d(nm) Micro ID d(nm) from | d(nm) from| Micro

XRD from strain ¢) XRD TEM strain ¢)
TEM

Y 9.1°0.2 4.800.10)| 5.0X10° | Y 9.4 0.4 4.900.10 | 4.0X10°
(°5X10% (°8X10%)
¥ 9.4 0.2 4.800.10 | 1.4X10° | ¥ 8.7¢0.9 4.800.06 | 4.2X10°
(°3X10% (°2X10%)
¥ 9.7¢0.1 4.900.09 | 2.1X10° | Y 9.3 0.4 4.800.09 | 2.2X10°
(° 2X10% (°7X10%)
¥ 8.9C0.5 4.900.07) | 1.1X10° | Y, 8.7¢ 0.9 4.700.06 | 3.6X10°
(°1X10% (°1X10%)
¥ 9.6 0.1 4.800.09 | 2.5X10° | "¥ 9.7¢0.2 4.800.07) | 2.5X10°
(° 2X10% (°3X10%)

It is noted that the microstrains in the as grown nanoparticles as well as those in oxygenated

particles are of the same order. However, for two samples they are somewhat larger.

We fitted the XRD results for every sample by Rietveld Refinement technique with
orthorhombic Pnma space group and got the crystal struchaeameters and oxygen
stoichiometry (). The] values are cross checked from loddnicetitration resultsand the
difference ifl value for each pair of sampleS &énd S) was checked from Faraday law.
These values are tabulated in TABLE 4Tlhe magnetizatiormeasurements were done in a
vibrating samplemagnetometer (VSM) with field range up to 1.6 T @echperature range
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from 80 K to 350 K. Conventionatollinear four probe method was used to measure the
resistivity of the sampled-or temperature dependent resistivity measurement (3 K03
a closed cycle pulsed tube Helium cryostat was used.

4 3Results andDiscussions

4.3.1 Orthorhombic distortions and Crystal structure
In FIG 4.2(a) XRD dataof everysampleis plotted which confirm the proper phase
formation for each sample. The spatial variation of stoichiometry for all samples was
checked from energy dispers X-ray analysigdone in TEM)which shows A:Ca
ratio 1.01¢ 0.03). For every sample studied in this work the mean patrticle size is
4.7(x0.2) nm, obtained from particle size distribution graph of TEM imagéso
particle size obtained from Williamsédrall fitting of equation (4.1) is ~ 9.50.2)
nm. In TABLE 4.1l shows thecomparison of particle size obtained from XRD and
TEM.
From TEM images it is confirmed that the particle sizes after oxidation areasame
before room temperature oxidationin§le particle TEM image otachsample is
shown in the inset oflistribution plots of FIG. 4.3. (a)b). All samples show
orthorhombic Pnma structure. The lattice parametgbsc, bond anglesMn-O;-Mn
andMn-O,-Mn) and bond distanceM-O; andMn-O,) are calculated fromiBtveld
refinement of the XRD results. The average orthorhombic distortion para@ister
defined as

0=12 2o "l (42)
3 2123 Wi

, where (0= (CX1)Y3/ 2.
The value ofO of the bulk sample gradually increaseswith the decreasd ot for
the half doped manganitesystems. In the half doped fah@lysystem with smallest
cation(Y*®") has the largest distortion (1.88. In FIG. 4.4(a) we plotOas a function
of < iy > for both the bulk as well as nanosamplésFIG. 4.4.(b) we also shoviD
as a function of variangg?.

1.0} 1.0-
/:
a < e
05} 0:51
e 0.0
0.0 L LA T T T T T
1.12 1.16 1.20 00 07 14 21 28
0 3
<r,> (A) o x10°A"

FIG. 4.4. (a) Distortion parameteD plotted as a function of the average ionic rad
< iy >for halfdoped manganites, for Bulk, nano and oxidized nano samples. The
in order of decreasing ionic radii are La, Pr, Nd, Sm an@® fiar the bulk samples hav
been taken from the work of Chowdhury et[@]. (b)Variation ofOwith , 2.

Someresults have been taken from the references mentioned in the caption of the
FIG.4.4. (a).Results show thahe'O for larger cationic radius (La) sample is nearly 8
times larger in nano sample th#rat inits bulk counterpartFor smallest cationic
radius (Y)Ois comparable for both the nano and bulk samples. The valOetfudt
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arises due to large cationic size mismatch in the samples with,ldrgad small

< iz > is more than that arises from size reduction. In contrastdorples with
larger< iz > and small, ? the distortiordue to size reduction dominates [B] these
samples the value @ is larger than the bulgountepart andhey stay high at ~ 0.75
%. Importantly, the value dD is always larger in the odized nano samples thére

as preparedamples although the difference is smaller. The oxidation introduces the
Oxygen atoms in the system leading to somewhat enhanced distortion.

Small but distinct enhancement i@ on oxygenationimplies that the oxygen
incorporation into the samples make subtle changes in the crystal stréturd5.

(a) and 4. (c) shows theMni Of Mn bond angled) andMni O bond distancesuj
for samples of differert iy >. FIG. 45. (b) and 45. (d) shows theMni Or Mn bond
angle ¢ and Mni O bond distancesuf for samples of different, 2.In the

Y 0sCasMnO;z systemd for Mni O Mn drastically buckle to~ 121, Oxygen
incorporation recovers the angle+d72. We will observe later on that this has an
effect on transport as well asagnetic propertiesThe process of oxidation makes
small enhancement fdvin-O;-Mn and small decrements f&in-O,-Mn.The bond
angles are insensitive of oxidatitor the largest cationic system like ds&& sMnQOs.
The bond distances are maximum for theldle element NgkCa sMnOs. FIG. 4.6
shows that the increase©fiy > increases the unit cell volum®)( Oxidation makes
the bond lengttMn-O;, somewhat larger (although opposite happens for the sample
Y 0.sCa sMn0O3) and the bondengthMn-O, becomes somewhat smaller on oxidation.

180 s 1804 o
o °\°>Q °>ﬂ-<& ©
160 160 Z%‘\,
> —~e-Mn-01-Mn(S) © ~-Mn-01-Mn(S I
140 . *
-0-Mn-01-Mn(S ) 1401 -0-Mn-04-Mn(S)
—-Mn-02-Mn(S) —-Mn-02-Mn(S)
1204 © (a) —-Mn-02-Mn(S") 120{ _4-Mn-02-Mn(S") (b) .
1.12 1.16 1.20 0.0 5 3.0
<rp> (AO) 0'2X103 (Ao)
-e-Mn-01(S) ° -e-Mn-01(S)
3.5 .
--Mn-04(S") -0-Mn-04(S")
—o-Mn-02(S) 3.2 —-Mn-03(S)
— " e s
& 2.8 ~0-Mn-02(S ) & - --Mn-02(S")
=~ <
s ¥ =
= 2.4-
24] 2
(c)
' ' 1.6
1.12 1.16 1.20 0.0 15 3.0
<ra> (A%) 02x103 (A%?

FIG. 4.5. (a)Variation of bond angles witk iz >. (b).Variation bond angles
with , 2. (c).Variation of bond distances withiy >. (d)Variation of bond
distances with 2 (The error bars are plotted with symbols).
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228 o §

V (A%’

216} .7

1.12 1.16 1.20
<rp> (A°)

FIG. 4.6. Variation of unit cell volume\{) with < iy >.

We define the average bond lengtho= 0 0&¢ 0; + 06 0& U, /2. After

oxidation, the opposing changesNm-O,-Mn andMn-O,-Mn lead to small changes

in 6gyo The changesinthe bond angl¥s®) ar e quavMnOFMnEME as o
Or-Mn (Y)  Mn-Oi-Mn(§  a nMh-OxMn = Mn-O-Mn (Y)  Mn-O-Mn(S).

The changes in the bond distance¥d)( are estimated § 0&¢ 0§, =

60& 0, Y o0& O, YYoOE 0, =00& U, Y

60€& 0y 7, 070 dY) Oud9. In FIG. 4.7 we plotted the changes in

the bond angles and bond distances with kot > and, 2.

501 @ --AMn-04-Mn 50 _e-AMn-O¢-Mn o
-+-AMn-0O2-Mn --AMn-02-Mn
25 2 25
3 = :
®
0- .\ 0+ %%.
\. (] (b)
(a) - .
1.12 1.16 1.20 0.0 5 3.0
<rp> (A") 62x103 (A))
= -e-Au(Mn-O4) -e-Au(Mn-01)
-Q-Au(Mn-Oz){/i\{ 0.34 —e-Au(Mn-03)
;—Aua\,g f\}\ . —-Augyg
i o
£ 091 / b N < o0; $
= <
<
-0.3 -0.3-
t (c) s @ ¥
112 1.16 1.20 00 15 3.0
<ra> (A)

o2x103 (A%)2
FIG. 4.7. (a) Variation of Y2 with < i3 >. (b) Variation of Y- with ,, 2.
(c) Variation of Y6 with < iz >. (d) Variation of Yo with ,, 2 (The error
bars are plotted with symbols).

4.3.2 Dependence oResistivity on oxidation:

Resistivity () as a function of temperature were measured in the samples before and
after oxidation.All the samples are insulating in nature throughout the measuring
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temperature range up to 380 In FIG. 4.8. (a) (j) the” “Ydatafor all samples
are shown beforand after oxidationThe resistivity(” ) of the S* sample(oxidized)
is larger than thé& sample &s grown).Theé Y curves were fittedvith the Mott
variable range hopping (VRH) modé&b-17]. According to the VRH modél("Y can

be expressed as:
¥ 1/4

"=y QYY (4.3)
, Where” gand ™Y are constantsThe data fitted to VRHquation are showRIG. 4.8.
(@) (j). From the fitting we measured the value ¥fwwhich canbe defined as [16]

o 18
Ug XZ m (44)
,whereN E is the density of statest the Fermi leveinduis the localizatiorlength
which can be considereaks the average bond distantg o for strongly localized
systems like the halloped manganites. IRABLE 4.1V the values of the parameters
"0, ¥ ,N E andu = 0gq as obtained from equation 8.and (4.4)for as grown
and oxidized samples are given.

TABLE 4.1V. Values of' o, ¥, N E andu = 04y for different samples.

SamplelD Z | "EA X 107 = 04
(mm) (K) (ev'im?) (A%
02X . X . .
" 2.62x 10" 1.55 x 16 14.24 2.115
"y 1.02x 10° 9.67 x 10 11.53 2.655
Y 8.38x 10™ 1.89x 10 3.42 3.180
Y 3.01x 10° 1.38x 10 8.03 2.680
Y 3.51x 10™ 2.12x 10 14.68 1.885
Y 1.76 x 10° 1.71x 10 15.94 1.97
Y 2.41x 10° 1.03x 10 11.73 2.585
"% 1.02x 10° 1.95x 10° 2.93 3.315
Y 3.87x 10° 1.43x 10 7.12 2.735
¥ 1.92x 10" 2.14x 10 14.77 1.875

It can be seen froMABLE 4.1V. that after oxidation the value 6§ increases for all
the sampledn FIG.4.9.(a)we show theplot of change iy, "¥og "¥(S*) 1 " ¥(S as
obtained after oxidation. Thi&hows that the change Il is maximum for the lowest
cation size sample ¥Ca&:MnO;. The @y value gradually decreases with the
increment of the Asite cation size and it is minimufar Lag sCay sMnOs.
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localization lengthggq® o = 0ayo"Y)  0gro(S) Which we link to the increment of
the average bond length= 0o , dependon the, ?value (FIG.4.9. (f)). For the
samples which havéarger , 2values like LasCasMnQOs; Sm:CasMnO; and
Y0sCasMnOs, Ogrodecreases after oxidation am@gyo< 0. Similarly for the
samples like NgCa sMnO;z and PgCa sMnO; which have smaller?, the change

of bond lengthlg® ;0 > 0 or Oq iNncreases after oxidatioklsing the value ofy and
Ogyove determine the value of N(Epee TABLE 4.1V.) from equation (4.4) and
correspondinglyN(E) = N(E)*  N(E). N(E) is smaller for the samples which have
smaller value of 2. The variationN(E) with < i > isshown in FIG.4.9. (e). After
oxidation the change in the density of state N(E) again depeng$ (FiG.4.9.(f)).

For the samples which havarger, thec h a n g €) > @tr(smaller, 2samples
®N(E) < 0. 11.7% increment onyQaaMnOval ue o
14.7% decrement on the value of N(E) after oxidation fogs8ehsMnOs.  Ogio P
changes oppositely withiN(E) as plotted with espect to the< iy > as shown in
FIG.4.9. (c) and FIG.4.9. (e). The variatiahy/ " o with < iz > isshown in FIG.4.9.
(g) and its variation with 2 is shown in FIG.4.9. (h). For the samples which have
larger, 2the changey o/ ” o > 1 for smaller, 2’samplesy’ o/ " < 1.

4.3.3 Magnetic phase transition temperature
The size reduction in hatfoped manganites causes qualitative changes in the
magnetic order. It has been shol@l0-12] that the size reduction beyond few tens
of nm destabilize the COO ordered state that also has antiferromagnetic (AFM)
spin order. This leads to onset of ferromagnetic order in the nanoparticles-of half
doped manganites. In this chapter we investigatat Wwhppens to the magnetism in
half-doped manganites on electioemical oxidation when the sizef the
nanoparticles is in the range of ~ Gnm
To find the magnetic phase transition temperatures we plbtws. T curve
(FIG.410.(a) (j)). From the fittig of the relation..= 6/ ("Y g).we found the
transition temperaturg and theCurie constantdzor ferromagnetic (FM) samptgis
the Curie temperaturg.. Form the plot we identify the Curie temperatiirgeand the
spin values ‘(ggn) from the Curieconstant §) using the relationd = * god/
3'Q .We found the value of¢ of all the half doped nano samples (as grown and after
oxidation) and the results are tabulatedTIABLE 4.V. For every sample after
oxidation‘ g Vvalue decreases, only f8m, sCa sMnO; slight increment in the value

of * gmis observed.
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TABLE 4. V. Magnetic transition temperaturgg) and effective magnetic moment
(* oo Of half doped manganite nanostructure sample of grain-Sizen

SampleID g OK [ HmdHp | adHK [ HadHHD
Y 0.sCa sMnO5 7.4 0.342 205.6 0.149
SmyCasMnO; 11.2 0.401 38.9 0411
Ndy sCa sMnO; 225.2 0.130 218.5 0.102
PrysCa sMNnO3 22.2 0.489 21.3 0.410
Lag sCa sMnO; 254.6 0.166 310.7 0.118

The change ol for the sample which is defined a8 = ¥ Y  "¥("Y. A plot
of 3¥ as a function of variance of cationic disordets > and, 2is shown in FIG.
4.11 (a)and FIG4.11 (b).
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FIG. 4.11. (a) glc change with< iz > (b) ofc change with, 2.

Most spectacular change occurs for the sample with smallesste Acation and
largest variancg > namely Y, :CasMnQs. In this sample oxidation leads to a large
upward change iffc. TheTc for the unoxidized sample is 47K and it changes to
nearly 205K on oxidation. In fact it becomes positive for the samples that &re
large. Again for the samples which have semall? ferromagnetic transition
temperature decreases &iQf becomes negative.

4.3.4 Change in ®nduction band width and its impact on the
changes in transport and magnetic behaviour

In rareearth manganites the ferromagnetic order and the electric transport are related
and the physical quantity that makes the link is the {véidth. The band width in its

turn is related to the structural parameters ke O-Mn bond angle. Closer th#ond

is to 180 (as it happens in a cubic structure) larger is the band width. This will have
an impact on the observed physical properties. In thisseation we make the
interesting observation that the observed changes in some ofykiegbtpropertie

on oxidationare linked to the variance of cationic disorgéwhich itself has a clear

link to the change in the band width on oxidation.

In the manganite system the electronic conduction and magnetic properties are
strongly depend on th&glectronband width . This band width1() in a double
exchange interaction is related to the average 0 0 & bond angleq0D &

01 0¢&)and(D& 02 0 ¢). We define the average angle as:

_(0¢& 01 0¢&)+(De 02 0¢)

(45)
2
The band width is proportional to the deviation ef—from“ and] ©
[6€i{(* < —>)I2}]/ 6320 [5]. After oxidation the band width of the samples are
changed since both the parameters (related to strictare}> andod,o change with

oxidation. The changes can be obtained from the structural information and can be
converted into fractional changesthe band width:

< —>

o1 Y 1y
1 K 1Y (4.6)
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