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Abstract

Manganites crystallize in a ‘perovskite’ structure with the general formula
represented as ABOs. Here the A-site constitutes a trivalent (La®*, Pr**, Bi*, etc.)
and/or divalent (Ca?*, Sr**, Ba*", etc.) ion, the B-site is Mn ion and ‘O’ is oxygen
ion. Manganites exhibit unusual magnetic and transport properties which are
important for technological applications. These unusual properties are due to the
strong coupling between the charge, the concomitant spin and orbital degrees of
freedom. The interesting thing about the manganites is that the strength of
coupling can be altered by disorder introduced by different types of
substitutions/doping at A/B-sites and change in grain size of the system. The
disorder is created due to the change in the chemical pressure, which in turn
affects the Mn**/Mn*" ratio, the Mn-O bond length and the Mn-O-Mn bond angle
and in turn affects the crystal structure, magnetic and transport properties of the
system

The present study is undertaken to get deeper understanding of the effect of
doping (at A/B-site) in Bi and rare earth manganites on their structural, magnetic
and transport properties. The effect of grain size on these properties is also studied
for BipsCagsMnO3z composition.

The present study shows that the doping (at A/B-site) and changes in grain
size induces changes in structural, magnetic and transport properties of the
samples. The changes in magnetic and transport properties of the samples are
correlated with the change in structural parameters. ESR and magnetization
studies reveal that the phase separation is an intrinsic phenomenon in these

manganite systems.
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Chapter 1
Introduction

Manganites, which belong to the branch of strongly correlated systems,
exhibit unusual magnetic and transport properties [1, 2] and have been used in
technological applications like microelectronic, magnetic and spintronic devices,
etc. [3-5]. Manganites have a general formula represented as ABO3; where the A-
site represents trivalent (La**, Pr**, Bi**, etc.) and/or divalent (Ca®*, Sr**, etc.)
ions and the B-site represents Mn ions. The three main reasons which have
triggered the wide interest in manganites are: i) vaguely explained transport
properties in these low-bandwidth materials. They are insulators at room
temperature, changing into bad metals at low-temperatures. Upon application of
small magnetic fields, these compounds exhibit metallic properties along with the
appearance of colossal magnetoresistance (CMR), ii) rich phase diagrams and iii)
intrinsic inhomogeneities in most of the temperature (T) versus hole density (x)
plots even in single crystals [6].

The interplay between magnetic, structure and electronic transport in these
materials gives rise to several novel phenomena such as double-exchange (DE)
and superexchange (SE) interaction which occur due to hopping of charge carriers
between Mn ions (Mn**/Mn*) via oxygen anions [6]. The properties of
manganese oxides are mainly influenced by Mn**/Mn** ratio, the Mn-O-Mn bond
length and the Mn-O-Mn bond angle, which give the emergence of various
physical properties [7-22].

In this chapter the important aspects of manganites, i.e., structure, effect of
various parameters on the physical properties of manganites and various

phenomena exhibited by manganites, are discussed.
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Important aspects of manganites

1.1. Structure of manganites

Perovskite is a calcium titanium oxide mineral species composed of calcium

titanate, with the chemical formula of CaTiOs3. The mineral was discovered by

Q0o
A B O

Fig. 1.1. The ABO; perovskite structure.

’ ,o
2 4
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\ ) |

Fig. 1.2. The extended network of an ideal perovskite structure connected by the corner-shared

octahedral.

Gustav Rose in 1839 and is named as perovskite after the Russian mineralogist, L.
A. Perovskii (1791-1856). Later his name has been used for compounds which

possess crystal structure similar to CaTiO3 [23].
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Manganites crystallize in the perovskite structure, as shown in Fig. 1.1. The
details of A and B are mentioned in the above section. The mixed-valence
manganites have been intensely studied after Jonker and van Santen [24] prepared
them for the first time. Mixed-valence manganites have the general formula
represented as RE; xAExMnO; (RE = rare earth ions, AE= alkaline earth ions). In
these compounds, Mn ion exists in 3+ and 4+ states, whose values change
depending on the value of x. The A-site ions will be located at the corners of the
unit cell, the B-site ions occupying the center of the cube while the oxygen ions
will be located at the center of the faces. Fig. 1.2 shows the extended network of
perovskite structure consisting of a three-dimensional vertex sharing network of
BOs octahedron with interstitial A-site cations. An ideal perovskite structured
materials, possess cubic structure and have strong ionic bonds. In this structure,
these bonds keep the electrons from hopping, as a result these materials exhibit

insulating properties.

1.2. Tolerance factor

Tolerance factor (t) plays a significant role on the properties of the
manganites. Tolerance factor gives the information about the stability and
distortion of crystal structures. In the early stage, it is used to calculate the

stability of the perovskite structure. The t can be expressed as

=0 ) =

where ra, g and r, denote the radii of ions A, B and O, respectively.
The perovskite structure is stable only if t value equals to unity [25]. For

example, t for SrTiOz is 1. Substitution of cations or changes in oxygen
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stoichiometry modifies the ideal cubic perovskite structure to lower symmetry
structures by changing its t value. If t slightly deviates from unity, then the
structure of the perovskite distorts and/or cooperatively rotates the MOg
octahedra. In case of t = 1 the Mn-O-Mn bond angle is 180° and fort <1 ort > 1
the Mn-O-Mn bond angle changes from 180°, which leads to structures of lower
symmetry. Due to this the octahedra tilt/rotate to reduce the excess space around
the A-site cation [26]. Depending on the magnitude of the distortion one can tune
the relation among structure, magnetic and electrical properties [27].

1.3. The average ionic size of A-site cation and the variance of

A-site cation size distribution

In manganites, as it is mentioned, the disorder originates both from A-site as
well as B-site doping. Doping at A-site modifies the average ionic size of A-site
cations (<ra>) and the variance of the A-site cation size distribution (¢?) resulting
in structural disorder. This in turn affects the Mn-O-Mn bond length, the Mn-O-
Mn bond angle and band gap and hence the properties of manganites.

Although the value of tolerance factor is used to correlate the magnetic,
transport and lattice structure of manganites, it can not provide information
related to the disorder of A-site ions. In order to calculate A-site cation disorder,
the o® term was introduced which affects the magnetic and transport properties of

manganites. The expression for o is as follows

o= %K —<rA>2 (1.2)

Here x; and r; are the atomic fraction and ionic radii of i-type ions at A-site,
respectively [28]. The change in the value of o changes the oxygen position

which results in the changes of magnetic and transport properties of the
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manganites. It can also modify the transition temperatures of transitions like
ferromagnetic metallic (FMM) to paramagnetic insulating (PMI), cluster glass
(CG) and spin glass (SG) state. The detailed discussion on the effect of average
size of the A-site cations and the variance of A-site cation size is given in chapters
3,4 and 5.

1.4. Crystal field and Jahn-Teller effect

1.4.1. d-orbital configuration

Transition metal complexes form when a central ion which is called
coordination center is surrounded by ligands or complexing agents. Ligands are
the ions or molecules which are bound to the central ion to form a coordination
complex. These transition metal complexes or oxides have five d-orbitals and it is
known that the shape of the each orbital is differs from the other. As a result,
these orbitals interact differently with the electric field created by the ligands
which are coordinated through the central ion.

The configuration of five d-orbitals is shown in Fig. 1.3. The circles with

green in color with negative sign represent the coordinating electron-pairs of the

® 2

Higher :
Energy @°* ﬁ E @ l*:i:

® ()

Levels dx2-y2 & ¢

Lower
Energy

Levels dyy @ dyz ®

Fig. 1.3. Representation of the d-orbital configuration.
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ligands which are located at the six corners of the octahedron around the central

ion. In d, andd , —dyz orbitals the electron cloud point directly towards ligand

atoms. The electrons occupying these orbitals will experience more repulsion by
the electron pairs which bind the ligands that are situated at corresponding corners
of the octahedron. As a result, the energies of these two orbitals increase
compared to the other three orbitals whose lobes are not directed toward the
octahedral position.

1.4.2. Crystal field theory

The crystal field theory (CFT) is used to explain the breaking of ‘d” or ‘f’
orbital degeneracy. A static electric field produced by a surrounding ion charge
distribution helps in degeneracy breaking. This theory is used to describe various
properties such as spectroscopic and magnetic properties of transition metal
elements, which are having active d-shell with five degenerate orbitals. If a
transition metal element is in empty space, degeneracy exists due to rotational
invariance within the angular momentum | = 2 subspace. When the ions of this
element are part of the crystal structure, the crystal axis orients in specific
directions. As a result, system loses its rotational invariance which results in the
splitting of the | = 2 levels. This is called crystal-field splitting [29].

When the ligand approaches metal ions, which are part of the compound, the
ions of transition metal element and the non-bonding electrons of ligand repel.
This results in lifting of degeneracy of the energy levels. The electrons of the
orbitals of the d-shell which are close to the electrons of the ligand repel more; as
a result these electrons get more energy and vice-versa. This causes the difference
in the energy levels. The nature of metal ions and their oxidation states and the
nature of ligands surrounding the ion decide the energy difference (A) of splitting

levels. This energy difference can be represented as
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a0 13

where r is the radius of the d-orbital and R is metal-ligand internuclear distance. A
large crystal field splitting can be provided with the ligands of high negative
charge and smaller ionic radii and with the metal cations of a large oxidation
number.

Various types of crystal field splitting occur, namely cubic crystal field
splitting, octahedral crystal field splitting, tetrahedral crystal field splitting, etc.
Octahedral (Oy,) crystal field splitting, in which the ligands surrounding the metal
ions form an octahedron structure, is important in the present work and it is
shown in the Fig. 1.4. In this structure, the d-shell orbitals split into two groups.

The first group orbitals dyy, dy, and dy, form n-bonding and possess lower energy.

(a) (b) (c)
e, & d, ,
g _ X" =)
/III \\ o } Ci_l
3d orbitals // 10Dg \,\,\ J, >0
\\\ A 'J,\ A et I C].\..‘.
:\\ A A
L5 e a’y_, d .
)
Mn Mn Mn
Lone ion Crystal field Jahn —Teller field

Fig. 1.4. Crystal field and Jahn-Teller effect of Mn 3d-orbitals.
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The second group orbitals d ., and d, —dyz form o-bonding and possess high

energy. The first and the second group orbitals belong to the t,g and eq symmetry
category, respectively. It is known that in case of m-bonding dyy, dy, and dy,

orbitals are farther from the ligands compared to the case of o-bonding in which

d, andd, —dyzorbitals are close to the ligands. As a result, the interaction

between the electrons of d,y, dy, and dy, orbitals and the electrons of ligands

become weak and these orbitals get lower energy, whereas the interaction

between the electrons of d, andd, —dyz orbitals and the electrons of ligands

become strong and get higher energy.

1.4.3. Jahn-Teller effect

The Jahn-Teller (J-T) effect is also known as Jahn-Teller distortion, describes
the geometrical distortion of molecules and ions that is associated with certain
electron configuration and this electronic effect is named after H. A. Jahn and E.
Teller [30]. The J-T theorem states that “in an electronically degenerate system, a
non-linear molecule undergoes distortion to remove the degeneracy by lowering
the symmetry and thus by lowering the energy”.

The effect of crystal field on the degenerate 3d-orbitals is shown in the section
1.4.2. In this section, it is also shown that e4 has doublet and ty have triplet
states. An electron (3d') may occupy any one of the degenerate orbitals and these
orbitals are said to be asymmetrically occupied. As we know that asymmetrically
occupied orbitals acquire more energy. In this state, the system tries to reduce its
energy by lowering overall symmetry of the molecule via lattice motion. As a
result, the system undergoes distortion. This in turn removes the degeneracy of
doublet and triplet. The effect of removing the degeneracy through an orbital-

lattice interaction is called J-T effect [30]. The symmetry of the molecule can be



Chapter 1 | 9

lowered either by elongation or by compression of the bonds along the z-axis.
Isolated manganese has five degenerated 3d-orbitals. When crystal field effect
comes into play, these degenerated orbitals split into two categories namely eg
(doublet) and t,y (triplet). If we consider Mn**, it has 3d* configuration, high
energy state, g, can be filled by one electron and the lower energy state, tyg, Can
be filled by three electrons (Fig. 1.4). The energy difference between the ey and tyq
levels is of the order of ~1.0 eV (10 Dq) [29] and the Hund’s coupling (Ju) or
exchange energy among Mn 3d electrons is of the order of ~2.5 eV. This keeps

the electron spins of Mn** and Mn*" ions in the parallel arrangement. According

3t 1t

to Hund’s rule and exchange interaction, a high energy state (t,,e, ) is favored in

case of 3d* configuration. Due to lattice motion or distortion, octahedron

elongates in the z-direction. As a result, d ,, dy, and dy, orbitals move further

away from the oxygen p-orbitals, which results in the splitting of doublet and
triplet. If there are odd numbers of electrons only, then the energy of eq orbitals
will be lowered. Since there is no electron for lowering the energy of ey orbitals,
d*® (Mn*") configuration does not exhibit J-T distortion.

1.5. Exchange interactions

As it is mentioned in the previous section, the properties of manganites such
as structure, magnetic and transport depend on the interplay of the spin, charge,
orbital and lattice degrees of freedom. Depending on the interaction, magnetism
can be divided into two categories. In the first category, each moment acts as the
individual; no interaction exists between the individual moments. Both Dia and
Para magnetism come under this category. In the second category magnetism
arises because of coupling between magnetic moments, results in the formation of
magnetically ordered states. This coupling is quantum mechanical in nature, is

known as the exchange interaction. In manganites, the oxygen ion separates the
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two Mn ions and the extent of overlap between the d-orbitals of the Mn ion and
the p-orbitals of the oxygen ion influence these interactions, which occur when an
electron jumps between the Mn®**-O-Mn**, Mn**-O-Mn** and Mn**-O-Mn**.
Exchange interactions between the neighboring ions force the individual
moments to form either parallel or anti-parallel orientation with their neighbors.
Three types of exchange interactions known as direct, indirect and superexchange

(SE) exist and the details are given below.

e ' @

Fig. 1.5. Antiparallel alignment for smaller interatomic distances.

' @ @

Fig. 1.6 Parallel alignment for larger interatomic distances.

The direct exchange occurs between the moments, which are close enough to
have sufficient overlap of their wave functions. It is strong, but a short-range
phenomenon and the strength of the short-range coupling decrease rapidly,
whenever separation between the ions takes place. In order to understand direct
exchange phenomena in details, the case of two atoms is considered. In this, two
cases can arise the first one is with smaller interatomic distance and the second
one is with larger interatomic distance as shown in Fig. 1.5 and Fig. 1.6,
respectively. In the first case, in which the two atoms are closely placed, Coulomb
interaction between the electrons can be minimized when the electrons spend
most of their time in between nuclei. According to Pauli’s exclusion principle, the
electrons which are placed at the same place in space possess opposite spins. The
oppositely oriented spins give rise to an antiparallel alignment and hence negative

exchange. The second case is that, whenever the two atoms are far from each
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other, electrons spend their time away from each other to minimize the electron-
electron repulsion which gives rise to parallel alignment and hence positive
exchange.

For many-electron systems, the exchange energy is given by the expectation

value of the Heisenberg Hamiltonian,

H.,. :—ZZJ” S..S; (1.4)

i<j

where Jjj is the exchange integral which describes the coupling between two spins

or magnetic moments represented by the spin operators S, and Sj :

Indirect exchange is also known as the RKKY interaction named after
Ruderman, Kittel, Kasuya and Yoshida, plays an important role when there is no
direct overlap of the wave functions with unpaired electrons. In this case, the

tt

J,.

It B

Interatomic distance

Fig. 1.7. Direct exchange energy as a function of interatomic distance.
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Fig. 1.8. RKKY exchange energy as a function of interatomic distance.

interaction between two magnetic moments at sites i and j is mediated by the
polarization of the conduction electrons.

Direct exchange energy as a function of interatomic distance is shown in Fig.
1.7. The negative and positive value of the exchange energy results in the AFM
and FM ground state coupling, respectively. The RKKY exchange coefficient
Jreky has oscillatory nature and it oscillates from positive to negative as the
separation of the ion changes; shown in Fig. 1.8 [31]. Depending on the
separation between the ions their magnetic coupling can be either FM or AFM.
Spin polarization which is induced by the magnetic ion in the conduction
electrons (itinerant electrons) is felt by the moments of other magnetic ions within
the range, leading to an indirect coupling. In contrary to the direct exchange, the
indirect exchange is a long-range type.

The various types of interactions are shown in Fig. 1.9 [32]. Among all these,
a few of the interactions favor the electron localization mechanism while the
others support the electron delocalization mechanism. It is well known that kinetic

energy prefers the electron delocalization process. The electron-spin interaction,
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Fig. 1.9. Various types of interactions in the manganite systems.

which arises from Hund’s coupling between the electrons of Mn d-shells, favors
the ferromagnetism due to delocalization of electrons. AFM interactions among
core spins lead to delocalization of electrons, suppressing the FM order. The other
interesting phenomena, electron-lattice interaction, favor the electron localization
by forming lattice polarons. The electron-electron interaction also favors the

localization process.

1.6. Double-exchange

The double-exchange (DE) is also a type of magnetic exchange interaction
which occurs between the ions of different valence states. This mechanism was
first proposed by a scientist, Clarence Zener for explaining ferromagnetism [33-
35]. Anderson and Hasegawa [35] reformulated this mechanism by using a
second-order process involving an intermediate sate, Mn**-O™-Mn**. They stated
that the effective hopping amplitude (ty), reflecting the electron mobility, depends

on the angle between the classic spin of localized core electrons of the
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Fig. 1.10. Schematic diagram of hopping amplitude (ty).

neighboring Mn ions. Fig. 1.10 shows the schematic diagram of ty, given by the

expression
t, =t, cos(%) (1.5)

where 4 is the angle between the localized spins.

Clarence Zener proposed that the transfer of the electron from Mn** to Mn**
via O% occurs simultaneously. However, it contradicts Anderson and Hasegawa
model in which the transfer of electron between the ions occurs one by one. Later
DE mechanism was further refined by de Gennes by introducing the double-
exchange lattice model by adding an AFM superexchange interaction in the
Mn®*-0%-Mn** or Mn**-0?-Mn*" in manganites [37]. He predicted that a small
amount of doping in the parent manganite compound led to the canting of spins.
These results in the relative orientation of the Mn ions with respect to the bridging
oxygen ion, as a result, different phases occur in manganites [38-40].

The schematic diagram of the DE mechanism is shown in the Fig. 1.11. DE
mechanism occurs, when two electrons are transferred simultaneously, one from a
bridging O ion to the Mn*" centre and one from a Mn®" ion to the O% ion.
According to Pauli’s exclusion principle, when an electron is transferred from 0%

ion to the Mn** centre, then at the same time the electron which is originated from
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Fig. 1.11. Schematic daigram of DE mechanism in manganites.

the Mn®" ion replaces the gap created by the earlier electron on the O ion, such
that their spins are identical. This leads to a FM arrangement.

1.7. Superexchange
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Fig. 1.12. Superexchange mechanism in manganites.



16 | Introduction

Superexchange phenomenon is also known as Kramers-Anderson
superexchange [41, 42] that arises due to the interaction between the ions which
are far apart to be connected with direct exchange, but coupled with a non-
magnetic ion. A DE phenomenon arises due to the hopping of electrons between
the Mn ions of different valences, whereas SE arises due to the hopping of
electrons between the Mn ions of the same valency via the intermediate O% ion
[Fig. 1.12].

The properties of manganites depend on various types of ordering
mechanisms; like charge ordering, orbital ordering and spin ordering, and the

detailed discussions on the various ordering phenomena are given below.

1.8. Charge ordering

Charge ordering (CO) is defined as the ordering of metal ions in different

valence states at specific lattice sites of mixed-valent materials. When charge

W&M"3+ O Mt @ o @ o* I

Fig. 1.13 (a) Chequerboard pattern charge ordered arrangement of Mn** and Mn** ions. (b) Orbital
ordering pattern for Mn** ions, implying an incomplete occupancy of the oxygen 2p shell. (c) An
ordered alignment of O ions between the Mn** ions in the Zener polaron model. Out of six, four
oxygen ions forming an octahedral cage around each Mn ion, the other two would be located
below and above the plane. Ref. [38, 45-47].
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ordering occurs, localization of charges takes place in the material; as a result the
hopping of electrons will become difficult which leads to the semiconducting
properties of the materials. The phenomenon of charge ordering in solids was first
predicted by E. Wigner in 1930. The charge ordering phenomena is a long-range
type, and it was first discovered in magnetite by Verwey [43]. He observed an
increment in the resistivity by two orders of magnitude at a temperature 120 K
and it was solved recently by a group that was led by J. P. Attfield [44]. Fig. 1.13
shows charge and orbital ordering of manganese ion, taken from Ref. [38, 45-47].

As it was mentioned that charge ordering is resulting due to the localization of
charges [48], therefore it is associated with insulating and AFM phases, whereas
the DE is associated metalicity along with ferromagnetism. As a result, a
competition arises between FM metallic and cooperative J-T effect with charge
ordering. Charge ordering phenomena usually associated with a peak in the
magnetization, a sharp change in the resistivity and change in the lattice
parameters [49].

It has been reported that CO state can be destroyed or melted by the
application of magnetic fields [50], pressure [51], etc. In recent, suppression of
CO state is reported when the size of grains/particles is reduced to a critical size
[52]. At the same time, a few reports [53, 54] have also suggested that CO state is
robust in nature and it exists in short-range form, even if the size of the grains is

reduced to nanoscale range.

1.9. Orbital ordering

Transition metal oxides exhibit various physical properties, which depend on
whether the electrons in d-shell localized on individual transition metal sites or
delocalized throughout the solid. Systems with cations in the orbitally degenerate

state, where the preferential occupation of specific d-orbitals can lead to the
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Fig. 1.14 Schematic representation of various types (C, F and A) of orbital ordering patterns of

manganese oxides Ref. [57].

development of long-range ordered pattern. This phenomenon is called as orbital
ordering.

Fig. 1.13 shows the typical charge, spin and orbital ordering as per
Goodenough predictions. Fig.1.14 depicts various types of orbital ordering
occurring in manganese oxides. The most important orbital ordering which occurs
in manganites is CE-type in which both the charge and orbital order occur
simultaneously. The phenomenon of orbital ordering is coupled with J-T
distortion [55, 56]. As it was mentioned earlier, when J-T effect occurs, ey state
splits into two states, as a result the single electron of Mn®" ion occupies one of
the two ey orbitals which are aligned in the specific orientation. Nature of ground
state (either FM or AFM) of the system depends on the direction or orientation of

the orbitals on neighboring sites.

1.10. Spin ordering
The interaction of atoms with their neighbors aligns the spins of electrons in a
particular direction. The alignment can lead to ordering of spins, called as spin

ordering. Depending on the alignment of spins whether parallel or antiparallel,
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Fig. 1.15. Schematic representation of Ferro and various types of antiferromagnetic spin ordering.
Ref. [57].

materials exhibit ferromagnetism or antiferromagnetism respectively. The
interplay between the Coulomb’s and Pauli’s exclusion principle affect the spin-
spin interactions which will give a platform for forming long-range ordered states
in mangnites. The strength of the spin-spin interactions depends on the doping
content and the temperature.

In manganites, mainly three types of AFM spin ordering exist, namely A-
type, C-type and G-type. FM as well as various AFM spin alignments is shown in
Fig. 1.15 [57]. In A-type perovskites, the intra-plane coupling is FM while inter-
plane coupling is AFM type. In contrast to A-type perovskites, in C-type, the
intra-plane coupling is AFM while inter-plane coupling is FM type. Whereas in
G-type perovskites both intra and inter plane couplings are AFM type.

1.11. Phase separation

Manganites are known to exhibit both compositional and electronic
inhomogeneities arising from the existence of more than one phase which is
responsible for displaying fascinating properties like CMR. This phenomenon is

called as phase separation (PS). PS phenomena occur when a system transforms



20 | Introduction

from one phase to the other when the temperature is raised or lowered or by
changing its chemical composition. The PS can be electronic or structural
accompanied with percolation. Electronic PS (EPS) occurs when cluster
formation takes place at nano-metric level [58] while structural PS is due to
disorder [59, 60]. The micrometer-size clusters formed due to disorder assist in
percolation leading to first-order transitions [60].

A simple example for EPS is the existence of FM clusters in the PM matrix.
The concept of EPS was first introduced by Nagaev [61-63] in semiconductors.
The very first report on the EPS in perovskite manganites was by Wollan and
Koehler [64]. They reported the co-existence of FM and AFM phases by neutron
scattering studies of La;.xCaxMnQOs. However, popularity came for this concept
after the discovery of CMR. Jonker and van Santen [65] explained the occurrence
of FM exchange interaction between Mn** and Mn** when La replaced by Ca, Sr
and Ba in LaMnOgs. Transmission electron microscopy technique gave the
coexistence of FM metallic and charge ordered insulating phase in Lassg.
yPry,CazsMnOs [10]. Mori and his group have reported nanoscale electronic
inhomogeneities in the thin films of (La, Ca) MnOs using high-resolution
transmission electron microscopy (HRTEM) [66]. Renner and his group have
found charge ordered and metallic domains in Big25Cag7sMnO3 [67]. Later EPS
[68, 69] phenomenon has been observed in various manganites by several
measurements such as thermal expansion and neutron scattering [70], transport
and magnetic [71, 72], Mossbauer spectroscopy [73] and zero-field magnetic
resonance [74] in a wide temperature range.

When an EPS takes place in a material, phases with different carrier densities
as well as magnetic and transport properties coexist as carrier-rich FM clusters or
domains along with a carrier-poor AFM phases. This results in microscopic or
mesoscopic inhomogeneous distribution of electrons (Fig. 1.16), which in turn

leads to rich phase diagrams of manganites [58, 75]. This is due to the presence of
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Coulomb interaction which breaks the large phase separated domains into small
pieces with different charge densities. Typical phase diagram of LCMO, PCMO
[76] and SCMO [77] manganites is shown in Fig. 1.17. Depending on the
distribution of FM clusters in an AFM host, manganites exhibit spin glass, cluster
glass, etc., properties. However, understanding phase separation in manganites is
difficult because the transition from one phase to the other is not sharp. The
nature of phase separation in manganites depends on the various factors such as
<ra> which is associated with disorder, carrier concentration, temperature,
magnetic and electric fields [75]. One of the origins for the occurrence of phase
separation is due to strain effects that try to minimize the lattice energy. Orbital
degeneracy in association with charges and the strong electron phonon coupling
which arise due to the J-T distortion of Mn** octahedron are the principal factors
for explaining the phase separation phenomenon [78]. It is reported that due to the

presence of intrinsic inhomogeneous martensitic accommodation strain, charge

e

(a)

E
0
e

Fig. 1.16. Representation of electronic phase separation. FM metallic region is shown with shaded

_

_

regions and the AFM insulating region is shown with the unshaded regions. (a) FM metallic
(shaded circles) regions with an insulating background, (b) insulating AFM regions with metallic

background, (c) charge strips and (d) PS on mesoscopic scale. Ref. [76].
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100

Fig. 1.17. Phase diagram of (a) La;Ca,MnOs;, (b) Pr,,Ca,MnO; and (c) Sm,,Ca,MnO3. CAF:
canted antiferromagnetic, CO: charge ordered, FMI: ferromagnetic metal insulator, PMI:

paramagnetic insulator, COAFI: charge ordered antiferromagnetic insulator, COI: charge ordered
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insulator. Ref. [76] and [77].

ordered and charge disordered phases coexist, which stabilizes the large-scale
phase separation in manganites [79]. The co-existence of the variety of phases in
the manganites is because of band gap changes due to strain effects [80]. Griffiths
[81] explained the concept of the coexistence FM and AFM phases. In recent

years, an EPS phenomenon has extensively been reported in manganite

nanoparticles [82-85].
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1.12. Literature review

1.12.1. Review on Bi,Ca,MnQO; system

The end members of Bi;«CayMnOQs, i.e., BiIMnO3; and CaMnQg, crystallize in
the monoclinic and cubic structure, respectively [64, 86]. X-ray diffraction studies
of Bi;xCaxMnO3 revealed that for x < 0.40, two monoclinic and one orthorhombic
phase evolve as a function of temperature [86]. The structure of BiMnO3 changes
from cubic to monoclinic at low temperatures. For 0.40 < x < 0.83, the cubic
phase present at high-temperature transforms to a monoclinic one at low-
temperatures. For x > 0.83, the more distorted monoclinic phase transforms to a
high-symmetry orthorhombic phase. For x < 0.90, magnetization results have
revealed the existence of ferromagnetic (FM)-like behavior at high-temperatures.
The observed properties are ascribed to Bi 6s* lone pair electrons and the off-
centered MnQOg octahedra in BiMnO3 [86]. It is reported [87] that Bi;xCayMnQOg3
manganite is insulating over a broad composition range. For x > 0.15 the system
behaves as FM-spin glass (SG) and exhibits as SG-charge ordered (CO) AFM
behavior for 0.25 < x < 0.32 [87]. High-resolution synchrotron x-ray and neutron
powder diffraction studies of Bi;«CaxMnO3 (x > 0.75) have shown that these
systems present phase segregation coinciding with the electronic localization of
the eg4 electrons [88]. The system with the compositions, x > 0.875, exhibits FM
behavior with reduced resistivity [89]. Although the BCMO system exhibits
different behavior from that of La;CaxMnO3; (LCMO) system, in spite of Bi and
La possessing similar ionic radii, the x-ray absorption spectroscopy (XAS) results
indicate that increasing Bi in CaMnOj stabilizes the increasing Mn** character,
similar to that in the LCMO system [8]. In this authors have performed
magnetization, temperature dependent resistivity and x-ray diffraction
measurements on the Bi;«CayMnO;3 system for correlating structural, magnetic

and transport properties. Their measurements have shown that the system is
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insulating and exhibits AFM behavior for x > 0.40, except near x ~ 0.90, where
they found a canted spin arrangement. They have also shown the importance of
Mn-O distortions in stabilizing the CO state in manganites by correlating the
structural and magnetization data. For BCMO system, above the charge ordered-
structural transition temperature, there exist FM-spin fluctuations, which are
indicative of double-exchange (DE) interactions induced by the ey electron
hopping. Below this temperature FM interactions are replaced by AFM
interactions [9]. The temperature and magnetic field dependent small-angle
neutron scattering (SANS) measurements on Big.125Cagg7sMnO3 [90] revealed the
formation of FM clusters in an AFM background when the temperature is reduced
to 108 K. With further reduction in temperature or the application of external
magnetic field, the clusters begin to form in large numbers, resulting in overall
enhancement of magnetization below Curie temperature (T¢). Semiconducting
and AFM behavior is observed in CaMnO3; manganite [91]. S. Yoon et al. [92]
have reported Raman scattering study of anomalous spin, charge and lattice
dynamics in the CO phase of Bi;.xCayMnOs3 (x > 0.5). M. Rubhausen et al. [93]
presented spectroscopic ellipsometry study of Bi;«CaxMnO3 crystals in which
they observed a sudden increase of low-frequency dielectric function below
charge ordering temperature (Tco), which reflects the CO state. Magnetometry,
diffraction and muon spin relaxation measurements by J. L. Garcia-Munoz group
[94] confirm the spin disorder and frustrated interactions of Big75Cag25MnOs.
Nuclear magnetic resonance (NMR) studies on Big125Cagg7sMnO3 and CaMnO3
also suggest that the AFM regions in these materials are in canted spin states [95].
W. J. Lu et al. [79] presented the effect of intrinsic strain on the coexistence of
charge ordered and charge disordered phases in Bip4CagsMnOs3. They observed
the softening of the shear modulus in the vicinity of Tco. They have also observed
two internal friction peaks at temperatures 320 and 260 K. According to them the

peak at 320 K originates from the CO transition with typical signatures of a
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martensitic transformation and the peak at 260 K related to relaxation mechanism
and is ascribed to the motion of CO and charge disordered domains. Their shear
modulus measurements confirm the strong electron-lattice coupling effect, due to
which lattice distortion takes place before and after CO state. As a result,
inhomogeneous strain arises in the sample. Bigg;Cap33MnO3z shows a complex
behavior at low-temperature. It shows SG behavior below 39 K. This behavior
arises due to the existence of magnetic frustration caused by the competition
between FM and AFM interactions. It exhibits high-temperature Curie-Weiss
behavior with FM-spin fluctuations characterized by the Curie-Weiss temperature
(6c) at 20 K [96]. The formation of charge stripes associated with the low-
temperature structural phase transition in the single crystal of (Bi24Cag.76) MnO3
has been observed using x- ray techniques [97]. In this study, weak satellite peaks
with a modulation vector were observed below the transition temperature. These
are associated with the charge ordering of Mn** and Mn** ions into charge (and
spin) stripes within the perovskite structure. The temperature dependence of the
intensity and width of the charge ordering satellites demonstrates the first-order
nature of the structural phase transition that accompanies the formation of charge
and spin ordering. The correlation length of the charge order is long-range and in
all directions, below the structural phase transition. 1. Smolyaninov et al. [98]
reported the high-resolution study of permanent photoinduced reflectivity changes
and CO domain switching in Bip3Cap7MnQOs. In this study, the high spatial
resolution images of photoinduced effects in CO Bip3Cap7MnO;3 reveal fine
optical contrast on a submicrometer scale. Their observation opens the possibility
of creating photonic band gap structures using manganite materials. S. B. Wilkins
et al. [99] presented x-ray scattering results of charge and orbital ordering in
Bip.24Cap7Mn0O3. Their results confirm that super lattice reflections occurring at a
modulation wave vector of (0.5, 0, 0) are due to CO in the Mn**/Mn*" ordering

pattern. They also measured the superlattice reflections corresponding to the
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orbital order at a modulation vector of (0.25, 0, 0). The temperature dependence
of the orbital and charge order revealed that CO shows a distinct second-order
like behavior, while the structural modulation due to the J-T distortion shows a
first-order like behavior; it also appeared like the orbital order was driven by
charge order. The stability of charge ordered phases of Bi-based manganites was
investigated by magnetization measurements in magnetic fields up to 130 T [100],
where an unconventional behavior of Bi charge ordered compounds compared to
other rare earth manganites, was reported. The reports on Big75Cap2sMnO3 and
Bio.75Sr02sMn0O3 by J. L. Garcia-Munoz and C. Frontera [101] state the difference
between the physical properties of these compounds. The different ground state
property in Big75Cag25sMn0O3 is due to its distinct charge/orbital configuration. Y.
Murakami et al. [102] have reported long periodic structures with 32-fold and 36-
fold periodicity to the original unit lattice distance in Big,CagsMnO3; manganite at
~130 K, in addition to the one with four-fold periodicity. According to them, the
occurrence of charge ordering of Mn** and Mn*" ions is responsible for the
creation of the long-period structure in Big,CapsMnO3; manganite. H. L. Liu et al.
[103] have used optical reflectivity study and explained the different coexisting
phases in Bi;.xCayMnO;3 (x = 0.74 and 0.82) single crystals. Their results conclude
that in the high-temperature phase, i.e., T > T¢o (charge ordering temperature), the
low-energy contribution to the optical conductivity is dominated by small polaron
dynamics. In the temperature range, Tco > T > Ty (Neel temperature), both small
polaron and charge-gap-like features are present. Below Ty the polaron responses
are completely suppressed and a complete charge-gap develops. This is consistent
with the onset of long-range AFM ordering. Kurian and Singh [7, 104] have
reported electron spin resonance (ESR) and resistivity studies of some of the

compositions of Bi;xCayMnOj3 system synthesized by solid state reaction method.
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1.12.2. Review on Bi and Sm doped La-manganites

The studies on La;«CayMnO3; (LCMO) have shown that the end members of
LCMO, i.e., LaMnO3 and CaMnOs; are antiferromagnetic (AFM) insulators. The
small amount of hole or electron doping into this induces ferromagnetic (FM)
saturation. Walsh et al. [105] investigated magnetic and electronic properties of
Lag67xBixCap33sMn0O3. They assigned the peak observed in magnetoresistivity
ratio as a function of temperature for the Curie temperature (Tc). The
ferromagnetic resonance (FMR) spectra of these samples show a single resonance
above T¢, whereas below T, samples with low Bi content show two resonances.
However, these resonances cannot be clearly resolved due to the line broadening
and the identification of the resolution become difficult with the increase in Bi
content. The results are interpreted in terms of the effects of Bi on the structure of
grain boundaries. Sun et al. [106] studied the doping effects on the phase
separation in perovskite Lage7xBixCag3sMnOs. Their electron spin resonance,
magnetization and neutron diffraction studies confirm that the partial replacement
of La by Bi develops the charge ordered (CO) AFM phase, whereas the undoped
system is FM-type. In fact, these two phases occur simultaneously. As a result,
they were able to observe two subsequent magnetic transitions. It is reported that
the Lage2BioosCan3sMnO3 compound exhibits large magnetic entropy change
[107]. Atalay et al. [108] have also reported the magnetic entropy change in
Lag 67-xBixCap33MnQO3z. They found that the maximum value of the magnetic
entropy change was 6.08J/kg K at 30 kOe for the sample with x = 0.05. This value
is approximately similar to the value obtained for the undoped sample. Xia et. al
[109] reported the effect of 6s loan pair of the Bi** ion on the electrical transport
process and magnetic domain rotation and growth behavior simultaneously in the
compound (La;«xBiy)o67Cap.33Mn0Os. In the recent, the magnetotransport properties

of polycrystalline (LagoBio1)23Ca;;3sMn0O3 have been investigated in pulsed
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magnetic field up to 400 kOe over a wide temperature range [110]. The large
value of the average spin moment indicates the presence of magnetic clusters in
the sample, which was induced by the short-range FM ordering.

Neutron diffraction [111] studies reveal changes in the magnetic structure
from ferromagnetic LaggsBioosCap3sMnO3 to antiferromagnetic Big7Cag3MnOs.
The covalent character of Bi-O bond explains the increasing localization of the 3d
electrons of Mn atoms and the insulating character of Big70Cag3MnOs.
Anomalous hysteresis and metamagnetic behavior are observed in
LagsBig2CapsMnO3 [112]. Jiang et al. [113] investigated the magnetic and
electrical transport properties of (LaggBio.1)23CaysMnOs. In this study, the
thermal hysteresis in resistance and magnetization was observed. The thermal
hysteresis in resistance was suppressed by the application of 50 kOe magnetic
fields. D. Vijayan et al. [114] investigated the effect of Bi-doping on ESR of Lag -
«BixCap3MnQOj3. Their ESR studies reveal the existence of phase separation in the
system. L Righi et al. [115] reported the structural, magnetic and transport
properties in perovskite Lag7xBixCag3MnO3 (0.05 < x < 0.70). The FM behavior
is observed for the samples with x < 0.15. The AFM interactions were observed
with increasing Bi concentration. For the sample with x = 0.20 an antiferro-
ferromagnetic transition was induced with the application of magnetic field. Their
results confirm that the sample with x = 0.70 is an antiferromagnet. However, FM
correlations still existed in all the samples. They interpreted their results in terms
of charge localization probably due to the covalent nature of the Bi.

Renwen Li et al. [116] studied the magnetic properties of Lags.
«BixCagsMnO3. The systematic substitution of La by Bi enhances the charge
ordering temperature. Their ESR and magnetization studies reveal the coexistence
of FM, AFM domains in PM matrix below charge ordering temperature (Tco) in
the composition range 0 < X < 3/8. The counterclockwise thermal hysteresis in the

temperature dependent magnetization curves is ascribed to the compressive strain
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effects, which arises from the coexistence of PM, FM and AFM domains. The
effect of high pressure on Jahn-Teller (J-T) distortion in perovskite Lags.
«BixCapsMnO3z has been reported by X. Wang and his group [12]. Upon
application of pressure, an impressible decrease of the J-T distortion in MnOg was
observed. The substitution of Bi** for La>* introduces distortion into the system,
which was attributed to the unique lone pair characteristics of Bi. The results of
measurements of x-ray photoelectron and infrared absorption spectra in Lags.
«BixCagsMnO3 (0 < x < 0.25) compounds confirm that the changes in Mn-O bond
length and Mn-O-Mn angle of MnOs octahedra with doping are due to 6s® loan
pair of Bi** ions [117].

State switching is observed in Lag 477Big.1903Cap3Mn0O3 [118]. The electric and
magnetic field induced switching behavior between a high resistive and a low
resistive state were observed in (Lag73Bio27)067Ca0.33MnO3 [119].The application
of external field partially annihilates the localized FM and CO states, leading to
the FM state growth, which is responsible for a switch between a high resistive
state and low resistive one. This fascinating result makes that the doped
manganites are the suitable systems for both electric and magnetic field sensor
materials.

Anwar et al. [120] studied the disorder effects on structure, magnetic and
magnetocaloric properties of Lag7xSmyCap3MnO3; manganites. The studies on
these compounds confirm the transformation of first order PM-FM transition
observed in the undoped sample to the second order PM-FM transition for the
doped sample. T¢ decreased with Sm-doping. The systematic study on Lag -
«SmMyCap3MnO3 suggests that these compounds can be used as the potential

magnetic refrigerating material in a wide range of temperature.
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1.12.3. Review on Mn-site doped manganites

In order to understand the effect doping at Mn-site, detailed information is
extracted from the literature. A lot of work has been reported on the effect of Mn-
site substitution by magnetic and nonmagnetic ions [121-139]. The doping of
magnetic ion enhances the magnetic properties, whereas nonmagnetic ion doping
suppresses the magnetic properties. However there are few theoretical [140, 141]
and experimental [130, 138, 142] reports suggesting that a small amount of
nonmagnetic ion doping can also enhance the magnetic properties due to the
development of disorder in the samples at low-temperatures. Disorder modifies
the effective Mn**/Mn*" ratio which results in either increase or decrease in
magnetic properties. In nonmagnetic ion doped systems, changes in magnetic
properties are mainly due to the variations of local lattice structure [129].
Nonmagnetic doping leads to coexisting FM and AFM phases [136]. Crystal
structure is modified with magnetic ion doping, whereas nonmagnetic ion doping
does not affect the crystal structure. Magnetic dopants in charge ordered
manganite promote percolative FM metallic behavior [143]. In contrast to the
general behavior of nonmagnetic doping, A-type AFM state is destabilized in
LaMnO;. Charge ordered ProsCapsMnO3; manganite transforms towards FM
ground state by 2.5% to 10 % Al substitution at Mn-site [137, 138]. Al
substitution introduces random impurities in the Mn-O-Mn lattice and reduces the
range of CO interaction, resulting in the formation of weak charge ordered
clusters. With decreasing temperature AFM state is stabilized within these
clusters and below Tg they thermally blocked with respect to the time scales of
their experimental probes [124].The charge ordered CE- type antiferromagnetic
state in LapsCapsMn;«BxO3( B= Al) is not affected in the composition range,
0.01< x < 0.03. However, this phase coexists with ferromagnetic metallic phase.
For x > 0.03 both CE-AFM and FM state phases suppress and A-type AFM phase

stabilizes in the composition range 0.05 < x < 0.07. With further increase in the Al
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content A-type AFM phase is also suppressed [121]. Magnetic Compton
scattering study reveal the disappearance of orbital moment due to doping of Al in
Lag7Cap3sMn1AlO3 (x = 0, 0.02 and 0.06) [133]. Due to similar ionic radii of
AIF* and Mn**, AI** may replace the Mn**, which results in the decrease of J-T
distortion [134]. Disorder-induced localization of charge carriers control the
conduction process due to the doping of Al in Lag7CapsMn1AlO3; (0 < x <0.1)
[144]. It is known that the ionic radii of Mg®" is identical to the ionic radii of Mn,
due to which substitution would not introduce lattice effects in the system. The
decrease in magnetization, the widening of paramagnetic to ferromagnetic
transition and the cluster-glass state is observed in the Mg doped Lag 67Sro.33Mn;.
«Mg,O3 (0 < x < 0.20) [127]. Mg?* substitution leads to an decrease of Mn** /Mn**
ratio and enhances the role of interaction between Mn**-Mn** [135].

In the Big 3Ca7Mny..V,O3 compound, the replacement of Mn**ion by V°* ion
has been reported [122]. This results in an increment of Jahn-Teller distortion of
the MnOg octahedron due to the increased Mn®" ions, which favors the charge
ordering. D. Vijayan et al. [131, 132] have reported ESR and magnetization
studies of transition element doped BiosCagsMngosTE 0503 (Cr, Fe, Co, Ni, V,
Cu and Zn).

Motivation and objective of the present work

The unusual properties of manganites are due to the strong coupling between
the charge, the concomitant spin and orbital degrees of freedom [7-9]. The
strength of coupling between the charge, spin and orbital depends on several
perturbations caused by disorder effects [10], hydrostatic pressure [11, 12],
magnetic and electric fields [13, 14] and size of the particles [15, 16]. The other
interesting thing is that the coupling can also be altered by different types of
substitutions/doping at A-site [17-19] and B-site [20-22], which introduces
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disorder into the system. The other fascinating feature of manganites is that when
the size of the grain is reduced to nanoscale, they exhibit unusual properties such
as suppression of charge ordered state, increase in magnetization, exchange bias
effects, CMR effects, etc., as compared to their bulk counterparts. This is due to
the increased surface to volume ratio of nano-grains which modifies the disorder.
The disorder is due to change in the chemical pressure [10] which in turn affects
Mn®*/Mn** ratio, Mn-O-Mn bond length and Mn-O-Mn bond angle and hence,
altering the properties of the manganites.

The present study is undertaken to get deeper insight in understanding the
effect of doping (at A and B- site) induced changes in the structural, magnetic and
transport properties of Bi and rare earth manganites. The effect of grain size on
the structural, magnetic and transport properties of Bi-manganite was also studied.

In this study, the following series of samples were synthesized by sol-gel method.

I. A-sitedoping
1. BiixCayMnOsz (x =0.40, 0.50, 0.60, 0.65, 0.70, 0.75, 0.80, 0.85 and 0.90)
2. Bigs«Pr«CagsMnO3z(x = 0.0, 0.05, 0.10, 0.15, 0.20, 0.30, 0.40 and 0.50)
3. Lap37D0:30Ca033Mn0Os (D = Bi, Sm) and Lag 37Bio.15SMg.15Ca0.33Mn0O3

Il.  B-site doping
4, Bio_7C8.0_3Mn03 and Bio_7cao_3Mno_95Yo_o503 (Y = Mg, Al and Sn)

I11.  Grain size effects
5. Nanoparticles of BipsCagsMnO3
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2.1. Material synthesis

The physical properties of the sample depend on conditions used for
processing the materials. The material synthesis or sample preparation is thus, the
most important part of the research activity. There are various methods; such as
solid state reaction, sol-gel; co-precipitation, etc., used for the synthesis of bulk
and nanoparticles of manganites. Among these methods, the sol-gel method is a
versatile  technique, used for the synthesis of nanoparticles [52],
nanorods/nanowires [145, 146], nanoflowers [147], etc. This method gives
homogeneous materials at processing temperatures lower than that of other
methods like solid state reaction method [29]. The process involves the
conversion of monomers into a colloidal solution, called ‘sol” which acts as the
precursor for an integrated network, called ‘gel’ of either discrete particles or

network polymers [148].

2.1.1. Mechanism of the gel formation

Vazquez-Vazquez et al. [149] have reported the detailed mechanism of the gel
formation using urea as the gelification agent. In sol-gel process, urea (CHzN>)
plays a significant role in the formation of the gel. As the temperature rises to a
temperature greater than 75 °C, the aqueous solution of urea decomposes into
COs5* and NH3" by releasing hydroxide ions. In the absence of acids the following

reaction takes place:

CHsN, — NH;"+ CNO
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In acidic media cyanate ion converts into an ammonium ion [150], given by

the following reaction
CNO ™+ 2H" + 2H,0 — NH4" + H,COs

The rate of decomposition of urea depends on the temperature and its
concentration. A few ligands appear in solution which can substitute water
molecules in their coordination around the metal ions. The degree of substitution
of water by other ligands depends on the nature and concentration of metallic ions
and ligands. The evaporation of water promotes the substitution of water ligands

represented by the following equation
[M(HzO)m]n+ + XLq_ — [M(Hzo)m.x .Lx]p+ + XHZO

In the above equation M can be Bi, Ca or Mn and L can be NHs, OH", COs%or
urea. Mn" coordination takes place through the oxygen of urea [151]. The
coordination between urea ligands and metallic ions takes place through the
carbonyl or the amino group [152]. The initial aqueous solution is slightly acidic
(pH ~ 5.2) but as water evaporates slowly, the solution reaches neutral pH (~7)
value. The increase in pH indicates the urea decomposition which releases
hydroxide ions there by favoring the hydrolysis of cations. This leads to the
formation of small amounts of a precipitate.

The hydrolysis reaction can be represented by the following equation
[Mn(HZO)X]r” > [Mn(HZO)X_l(OH)](n-1)++ Haq+

On further increase in temperature, the volume of solution decreases and the value

of pH rise to ~7, indicating the formation of the basic solution. Then the
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precipitation resolves and the gel forms as the precipitate cools down. The gel
formation is due to the condensation of the monomers through the hydroxide
ligands which forms long chains.

When the temperature reaches to melting point (137 °C) of urea [153], a large
amount of urea decomposes and can be easily identified by the smell of ammonia
and the bubbles in the mixture. When this hot mixture is cooled, viscosity of the
mixture increases, leading to the formation of the gel.

In the present study, we have used urea and citric acid for the preparation of
various series of samples by sol-gel method.

For the synthesis of Bi;.xCayMnO; (0.40 < x < 0.90) samples, urea is used as
gelification agent and citric acid [154] is used for remaining series of samples.
The details of sample preparation for each series of samples are given in the

corresponding chapters.

2.2. Characterization techniques

2.2.1. X-ray diffraction

X-rays were discovered in 1895 by Rontgen [155]. These are the form of
electromagnetic radiation, having the wavelength in the range of 1-100 A with
energies ranging from 100 eV-1000 keV. The x-rays with photon energy in the
range of 1-120 keV, are called hard x-rays, used for diffraction studies. In order to
study the samples for their structure, chemical composition and physical
properties, x- ray diffractometer is used extensively in many of the fields [156]. It
works based on the principle of Bragg’s law of diffraction.

When the incident beam of x-rays of wavelength, 4, hit the any material, a part
of it gets transmitted, some part of it scattered and also a part of it gives rise to
fluorescence. If the material is crystalline, the x-rays scatter from different sets of

planes as shown in Fig. 2.1. The scattered wave undergoes either constructive or
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Fig. 2.1. Diffraction of x-rays by a crystal.

destructive interference depending upon the path difference of the interfering
waves. Constructive interference occurs when the path difference between the
interfering waves is nl , where n is the order of diffraction and can takes the
values 1, 2, 3 ..., etc. Destructive interference takes plays when the two waves are
half a cycle out of phase (n = 1/2, 3/2, etc.). If 8 is angle of incidence of the x-rays
with respect to the plane of the crystal and d is inter-planar spacing, constructive

interference occurs when path difference

nA=2dsiné (2.1)

This relation was first formulated by W. L. Bragg and is known as Bragg’s law.
There are two geometrical facts which are useful in experiments. The first one is
that the incident beam, the normal to the diffraction plane and the diffracted beam
are always co-planar. The second one is the angle between diffracted beam and
the transmitted beam is always 26. This is known as diffraction angle which is

measured experimentally, rather than 6.
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Since sind cannot exceed 1, then the above equation can be written as

M:sin¢9<1 (2.2)
2d

The above equation clearly states that »4 must be less than 2d. Here the smallest

value of n for the occurrence of diffraction is 1, then equation becomes

A< 2d (2.3)

For most sets of crystal planes, d is of the order of 3 A. This clearly indicates
that A cannot exceed of the order of 6 A.

The x- ray diffractometer is shown in Fig. 2.2 consists of the x-ray source.
The x- rays emitted from the x-ray source are directed to the sample mounted on
the sample stage or holder. The x-rays which are scattered from the different
planes of the sample are detected with the x-ray detector. An electronic system

\

X-ray
detector

X-ray
source

Fig. 2.2. The x-ray diffractometer.
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which converts charge into voltage pulse is attached to the detector. A voltage
pulse is directly proportional to the intensity of the diffracted beam. Each peak in
the XRD pattern corresponds to one set of parallel planes. In general each set of
parallel planes will be indicated above the peak with their corresponding Miller
indices.

The shape of the XRD peak is neither a perfect Gaussian nor Lorentzian, so
that Pseudo-Voigt function is used to fit the peaks and to estimate its full width at
half-maximum (FWHM= p). Gaussian function accounts for size and Lorentzian
accounts for stress, but Pseudo-Voigt function accounts both for size and stress.

The Pseudo-Voigt is given by the expression [157]

1, () =1 [7L(x) + A -7)G(X)] (2.4)

where L(x) and G(X) represents Lorentzian and Gaussian contribution
respectively. The # is a measure of the Gaussian component in the peak. It takes
the values between 0 and 1.

The average crystallite size and strain of the samples is calculated using

Williamson and Hall (W-H) plot, given by the expression [155].

o cosez%+255in0, (2.5)

where S is the fullwidth half maximum, D is the average crystallite size, 1 is the
x-ray wavelength; 6 is the diffraction angle, c is the shape factor (~ 0.90 for

spherical particles) and ¢ is strain induced in the samples.
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2.2.2. Rietveld refinement

Rietveld refinement is carried out using FullProf Suite to gain the structural
information which includes atomic positions, unit-cell parameters, bond length,
average bond angle, etc. For the best fit, the difference between the calculated
patterns to the observed pattern will be the minimum. The refinement can be
continued until the best fit is achieved. Various R-factors decide the quality of the
agreement between the observed and calculated intensity of various peaks [158,

159]. In the present work, the goodness of fit (S) given by the following equation
RW
S=—" (2.6)

where Rup is the R-weighted pattern and R, is the R- expected, will be given for all

the samples.

2.2.3. Scanning electron microscopy

When a beam of electrons strike the sample (Fig. 2.3), the electrons interacts

/ Incident electron beam \

Back scattered electrons || Characteristic X-rays
Secondary electrons\ f‘ Visible light

= /
/

Auger electrons \\ / /’/ Heat

[ Specirﬁqn ]
Absorbed current | Diffracted electrons
\ Transmitted electrons /

Fig. 2.3. Interaction of a beam of electrons with matter.
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with the atoms of the sample, which results in the emission of secondary electrons
(SE), back scattered electrons (BSE), x-rays, diffracted electrons, light, current,
transmitted electrons, etc. The most common detected signals are secondary
electrons. The BSE electrons are used to get the information about the distribution
of different elements in the sample. The characteristic x-rays provide information
about the composition and also measure the abundance of the elements in the
sample [160]. The scanning electron microscopy (SEM) is used to study the
surface morphology of the samples. Though, it is difficult to construct equipment
that would have all possible signals; secondary electron detectors are standard

equipment in all SEMs.

Field lens pe

N

Electromagnetic
aperture changer

Annular BSE detector

Annular SE detector A7 17U
Beam booster

Magnetic lens
Scan coils |

Electrostatic lens

S

Specimen b

Fig. 2.4 Cross section of Gemini electron optical column utilized in the Ultra FESEM. Ugy, Upe, Ug
and U represents extractor voltage of first anode, primary beam voltage, booster voltage and EsB

filtering voltage respectively[161].
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The field emission scanning electron microscopy (FESEM) (Fig. 2.4) was
introduced to improve the resolution of the image with tungsten source. It consists
of an electron source, electromagnetic lenses, inlens detector. In order to reduce
the work function and to enhance the emission, tungsten is covered by a layer of
ZrO,. When a beam of electrons is accelerated to a high potential, it emits
electrons and these electrons pass through the electromagnetic lenses. The beam
scans in a raster scan pattern. Secondary detector and back scatter detector detects
secondary and back-scattered electrons emitted from the sample converts to a
voltage signal. When the amplified voltage is applied to the cathode ray tube it
appears as variations in the brightness which results in an image which is a
distribution map of the intensity of the signal that is being emitted from the

scanned area of the sample.

2.2.4. Energy dispersive x-ray spectroscopy

Energy dispersive x-ray spectroscopy (EDX) coupled along with SEM, is a
technique used for the elemental analysis or chemical characterization of the
sample. It works on the principle of the x-ray spectrum emitted by a solid sample.

When a beam of electrons or photons strikes the sample (Fig. 2.5) which is being

atormic nucleus
kicked-out ..
electron - -

4 r

' _,/"LJ R
radiation

energy

Fig. 2.5. Emission of x-rays from the sample.
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studied, the incident beam may excite an electron in an inner shell. Whenever an
electron ejects from the shell, it creates an electron-hole in the place of ejected
electron. At the same time, an electron from an outer shell jumps into the inner
shell and fills it. The difference in energy of an outer and an inner shell releases in
the form of x-rays. These x-rays are called as characteristic x-rays. When an
electron falls from the L-shell to the K-shell, then the emitted x-rays are called as
Ko X-rays, and if an electron falls from the M-shell to the K-shell, then the emitted
x-rays are called as Kg x-rays and it is applicable for other shells also. Energy
dispersive spectrometer detects the number and the energy of the x-rays emitted
from the sample. The energy of the emitted x-rays is the characteristic of the
difference in energy of the two shells and of the atomic structure of the element
from which the electrons are emitted. This grants the elemental composition of

the sample to be measured [162].

2.2.5. Electron spin resonance

Electron spin resonance (ESR) or electron paramagnetic resonance (EPR) is
one of the spectroscopic techniques and it was discovered by Zavoiskii in 1944 in
MnSQ, using 47.60 G dc magnetic field and 133 MHz rf-magnetic field [163].
This technique is an extension of famous Stern-Gerlach experiment. It is used for
studying the materials having unpaired electrons. The concepts of ESR are similar
to those of nuclear magnetic resonance (NMR) except that in ESR electron spins
are excited whereas in NMR the spins of atomic nuclei are excited. ESR
spectrometers are made commercially in several frequency ranges as shown in
table 2.1. The most common choice ESR spectrometer is the X-band microwaves
which have frequency of 9-10 GHz, the corresponding wavelength is in the range
of 3.0-3.3 cm and in the middle of X-band the free electron resonance is found at
3390 G.
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Table 2.1. List of the frequency, wavelength and magnetic field ranges of various ESR

spectrometers.

Designation Frequency (GHz) Wavelength(cm) Magnetic field (G)

S 3.0 10.0 1070
X 9.5 3.15 3390
K 23.0 1.30 8200
Q 35.0 0.86 12500

Origin of an ESR signal

When an electron placed in a magnetic field, the degeneracy of the electron
spin energy levels takes place, which can be represented by spin Hamiltonian
[164]

H, = gusBS, (2.7)

where g is called the g-factor (g = 2.002), and ug is the Bohr magneton, B is the
magnetic field strength and S, is the z-component of the spin angular momentum

mg =+ 1/2
>
g AE =E41/2-E-112
v
mg = - 1/2
By=0 By#0 Magnetic Field

Fig. 2.6. Splitting of spectral line in the presence of magnetic field.
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operator. The energy eigenvalues of the electron spin energy levels can be

calculated by applying Hs to the electron spin eigenfunctions corresponding to

magnetic component m_ = i%

~ 1 1 1
H|ft=)=+=9gu,B=E |t = 2.8
s 2> 2 Qug + 2> (2.8)
From this, energy eigenvalues can be written as
1
E.=+2 01,8 (2.9)

Thus, the difference in energy between two levels can be given as

AE =E, —E_=gu,B (2.10)

The movement of an electron takes place between the two energy levels by either
absorbing or emitting of a photon of energy /v, where h is Plank constant and v is
the frequency of the photon.

Hence, the above equation takes the form

AE = guyB=hv (2.11)

This is the fundamental equation in ESR spectroscopy. The splitting of energy
levels in the presence of magnetic field is shown in Fig. 2.6.
As ESR sample is consisting of collection of many paramagnetic species, so

that its statistical distribution according to Maxwell-Boltzmann distribution can
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be written by the following equation

N E,-E_ gugB h Vj
+ e I =e — =e e — 2.12
N Xp( KT J Xp[ KT j Xp( KT ( )

In the above equation N. and N- denote the number of paramagnetic centers

occupying upper energy state and lower energy state, respectively, k is the
Boltzmann constant and T is the temperature.
For an X-band ESR spectrometer microwave frequency v = 9.70 GHz.

Substitution of v value in the above equation gives N+ =0.99. This indicate that

the upper state has the lower population than the lower state which mean
transition from the lower level to the higher level is more probable and this occurs

via absorption ( Fig. 2.7) of energy.
As we know that N.= N- = N/2, the population difference can be written as

Absorption

First derivative

Signal

0 | 2(I)0 | 460 | 6(I}O | 8(130
Applied field (mT)

Fig. 2.7. Conversion of absorption signal to the first derivative of ESR signal.



46 | Experimental techniques

/"\

microwave dzt'eu,tor
source lode
microwave
cavity sample

H;
R magneti7éJ

Fig. 2.8. Block diagram of an ESR spectrometer.
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Fig. 2.9. Schematic of an ESR spectrometer.
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N —N, _ NgusB (2.13)
2kT

This equation gives the information that the ESR sensitivity increases with the
total number of spins, N, with increasing magnetic field strength and decreasing
temperature. An absorption field is proportional to microwave frequency which
means that the higher frequency band spectrometers have more sensitivity.

Block diagram of an ESR is shown in Fig 2.8. It consists of microwave
source, cavity, magnet, sample holder and detector diode. Schematic of an ESR
spectrometer is shown in Fig. 2.9 [165]. Microwaves are generated by a Klystron
oscillator pass through a rectangular waveguide to the Attenuator. The power
level is adjusted with the Attenuator. The Attenuator transfers its output to the
resonator in which the sample is placed. When the microwave radiation from the
cavity is reflected to the detector containing a diode, that coverts the microwave
power into electric current. It is then amplified and fed to a suitable recorder. The
circulator acts as traffic circle through which microwaves are passed. The
magnetic field is swept across the resonance condition by varying the current
using the modulation coils mounted on the cavity walls. The amplified ESR signal

appeared as absorption or first derivative curves as shown in Fig. 2.7.

2.2.6. Vibrating sample magnetometer

Vibrating sample magnetometer (VSM) was invented by S. Foner in 1955
[166]. It works based on the principle of Faraday’s law which tells that an
electromagnetic force is generated in a coil when there is a change in flux linking
the coil.

According to Faraday’s law, the voltage induced across the coil is given by

the expression
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Fig. 2.10. Block diagram of vibrating sample magnetometer.
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Fig. 2.11 Linear motor, pickup coils and thermometer of PPMS-VSM.
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vty =cd® _cdd (2.14)

dt dz dt
where C is the coupling constant, @ denotes the flux enclosed by the pickup coil,
z is the vertical position of the sample with respect to the coil and t is time. In this

sample oscillates sinusoidally, therefore, V(t) can be written as

V (t) = 24CmAsin(2t) (2.15)

In this equation m, A and f represents magnetic moment, amplitude of oscillation
and frequency of oscillation, respectively. By measuring the value of V(t) one can
find the magnetic moment of sample to be measured.

The Quantum design vibrating sample magnetometer option for the physical
property measurement system (PPMS) is a fast and sensitive dc magnetometer,
used in the study of the magnetic properties of the materials. The magnetic
properties of the present series of samples were studied using PPMS-VSM. The
advantage of PPMS-VSM s that by using a compact gradiometer pickup coil
configuration, relatively large oscillation amplitude of a few millimeters and a
frequency of 40 Hz, the system is able to resolve the magnetization changes of
less than 10° emu at a data rate of 1 Hz.

The block diagram of VSM is shown in Fig. 2.10. The sample, whose
magnetic properties are to be studied, is attached to the end of the nonmagnetic
rod, placed in a homogeneous magnetic field. The other end of the rod is attached
to the mechanical vibrator. In PPM-VSM, it is attached to a linear motor (Fig.
2.11). When a magnetic sample is placed in a homogeneous magnetic field, the
domains or the individual spins align in a particular direction with the field, as a
result sample gets magnetize. The linear motor enforces the sample to move in a

sinusoidal fashion in the magnetic field. The oscillating magnetic field of the
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vibrating sample induces an alternating voltage in the detection coils. The
magnitude of this voltage is proportional to the magnetic moment of the sample.
The induced voltage is then amplified by lock-in amplifier provided with a
reference signal at the frequency of vibration, which can come from an optical,
magnetic, or capacitive sensor coupled to the driving system. The linear motor
keeps the amplitude and frequency of vibration at a constant value throughout the
experiment. In other cases in which the driving system works based on the
loudspeaker (Fig. 2.10) can have amplitude and frequency of vibration of 0.10
mm and 100 Hz, respectively. The induced voltage is proportional to the magnetic
moment of sample, thus controlling and monitoring the various components of
VSM interfaced with the computer, the magnetic moment of the sample can be
measured. In this case, the amplitude varies depending on the mass of the sample
and its interaction with magnetic field. Controlling the amplitude as well as the
frequency of such systems is difficult and a method which controls the amplitude
and frequency is given as follows. A small permanent magnet is attached to the
sample rod with another set of coils, outside the varying field region. The signals
from these coils can be used in feedback loop to maintain constant amplitude of

vibration.

2.2.7. Closed cycle refrigerator

The temperature dependent resistivity measurements were conducted using a
closed cycle refrigerator (CCR) with four-probe setup. The operation of the
measurement controlled with Labview programmer. The schematic diagram of
the CCR is shown in Fig. 2.12. The closed cycle refrigerator works on the
Gifford-McMahon principle. In this helium gas is used as the refrigerant. The
compressor head is separated with cold head using with flexible or rigid pressure
tubing so that the lighter weight cold head can be placed in any mounting position

as we want. The connections are made via self-sealing screw couplings.
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Fig. 2.12. Schematic diagram of a closed cycle refrigerator.

This controls the loss of helium when screwed on/off repeatedly. On the other
hand, the other features of CCR are PID parameters, temperature controller and
temperature sensors. In addition to these components, the typical laboratory
systems will have water supply for cooling the compressor and vacuum pump for
the sample space.

Helium gas is first compressed then from one of the gas lines; the high-
pressure helium is supplied to the cold head which acts as the refrigerator. In this
unit the compressed helium is cooled by expansion, and provides cooling to the
heat station on the refrigerator. When the refrigerator is cooled, the gas is returned
to the compressor via the other gas line to complete the cycle. By repeating this
process one can obtain low temperatures in the refrigerator and temperature can

be controlled with the temperature controller attached to the system.

2.2.8. Four probe method

The resistivity can be measured in two ways either by two probe or four probe
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Fig. 2.13. Schematic four probe setup for temperature dependences resistivity measurements.

method. Two probe methods involve measuring the current and voltage in the
same connector wires, used for measuring the high resistivity in which contact
resistance can be neglected. Four probe methods are used for low resistivity
measurements. In the present work four probe method (Fig. 2.13) is employed for
measuring the resistivity of samples. In this process, first the samples are cut in
rectangular shape. Then the electrical contacts are made by fixing the copper
wires on the sample with silver paste. This whole set up is fixed on the cold
station. The chamber is evacuated to the pressure of the order of 10 Torr.
Current is the order of 100 nm to 100pA is used in the present work.

The electrical resistivity can be calculated using the expression,

p=rt (2.16)

where V is the voltage measured across 2 and 3 probes, | is current applied to the
sample, | is the distance between the voltage terminals and A is the area of cross-
section of the sample. In this way, the electrical resistivity of the sample can be

measured.



Chapter 3
Effect of Ca doping on the properties of
Bi,,Ca,MnO; (0.40 < x < 0.90) manganites

3.1. Introduction

Bi1xCaxMnO3; (BCMO) is an interesting system which exhibits phenomena
like charge ordering (CO), orbital ordering (OO) and long-range
antiferromagnetic (AFM) ordering [7-9]. The properties of rare earth manganites
depend on the average ionic size of the A-site cations (<ra>), the variance of the
A-site cation size distribution (%), Jahn-Teller (J-T) distortion and tolerance
factor (t), etc. Whereas, in the case of Bi-manganites, the physical properties not
only depend on the above-mentioned parameters but also on the highly
polarizable 6s® lone pair electrons of Bi**ions. In this system, the Bi cations and
oxygen anions stabilize in different magnetic and structural phases in comparison
to rare earth manganites [7-9]. Although, there are few reports on BCMO system,
there remains a lot of physics which can be understood by systematic Ca-doping
in place of Bi. Kurian and Singh [7, 104] have reported electron spin resonance
(ESR) and resistivity (p) studies of some of the compositions of Biy.xCayMnQO3
system synthesized by solid state reaction method. The present study covers a
wide range of compositions of Bi;«CayMnO3 (x = 0.40, 0.50, 0.60, 0.65, 0.70,
0.75, 0.80, 0.85 and 0.90) system synthesized by sol-gel method.

3.2. Sample preparation
The stoichiometric amounts of pure Bi(NO3)3.5H,0, Ca(NO3),.4H,0 and

MnCl,.4H,0 were dissolved in water. Urea concentration was fixed at Q = 10,

with Q = Urea/{[Bi**]+[Ca®']+[Mn?']}. The solvent was evaporated at
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temperatures ranging from 80 °C to 137 °C. While cooling, a pink gel was
formed, which was decomposed in an oven at 250 °C for 3 hours (hrs), yielding a
fairly porous precursor. The samples were annealed in air using the furnace at

900 °C for a few hrs with intermediate grinding in an agate mortar. Then, the

sample was pressed into a pellet and sintered in air at 900 °C for 4 hrs.

3.3. Results and discussion

3.3.1. Structure and morphology studies

Fig. 3.1 depicts the Rietveld refinement of x-ray diffraction (XRD) pattern of
the samples. With the Rietveld refinement, XRD data is reproduced with Pnma
space group orthorhombic structure for all the samples. However, refinement did
not give a satisfactory reproducibility for the samples with x > 0.85. A few reports
have suggested that in the Ca-rich samples, Ca deficiency results in forming non-
stoichiometric compounds [78, 88]. This non-stoichiometry might probably lead
to comparatively inferior refinement in Ca-rich samples. From the refinement, the
estimated values of various structural parameters such as atomic positions (X, Y,
and z), the average Mn-O bond length (<dwmn.0>), the average Mn-O-Mn bond
angle (<Mn-O-Mn>) and the goodness of fit (S) are listed in table 3.1. The
calculated <ra>, o° [using equation (1.2)] and t [using equation (1.1)] of various
samples are also listed in table 3.1. Deviation of the Mn-O-Mn bond angle from
180° (which is expected for non-distorted cubic perovskites) is clearly visible
from the crystal structure of Big3sCapesMnOs, generated using the refined
parameters, shown in Fig. 3.2. Fig. 3.3 depicts the variation in lattice parameters
(a, b and ¢) and the unit cell volume (V) (inset of Fig. 3.3) as a function of Ca
content, obtained from the refinement of the XRD data. With the increase in Ca
content decrease in <ra>, t, and unit cell volume is observed. This is ascribed to
lower ionic radii of Ca?* (1.12 A) than that of Bi** (1.24 A) ion. The value of ¢
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Table 3.1. List of the structural parameters [atomic positions(x, y and z), S, <dw..o> and <Mn-O-
Mn>] estimated from the refinement of the XRD data of Bi;.,Ca,MnO; samples. The calculated
values <ra>, o° and t are also listed in the table. The average GS values, estimated from FESEM

images, are also listed in the table.

Sample (x) 0.40 0.50 0.60 0.65 0.70 0.75 0.80 0.85 0.90
Bi/Ca

X 0.041 0.040 0.038 0.033 0.032 0.028 0.021 0.023 0.028

y 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250  0.250

z 0984 0.991 0983 0975 0.984 0989 0.987 0.989 0.989
Mn

X 0.500 0.500 0.500 0.500 0.500 0500 0.500 0.500 0.500

y 0.500 0.500 0500 0.500 0.500 0500 0.500 0.500 0.500

z 0 0 0 0 0.000 0.000 0.000 0.000 0.000
0(1)

X 0.490 0483 0501 0474 04883 0477 0552 0.559  0.499

y 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250  0.250

z 0.069 0.091 0.068 0.059 0.002 0.055 0.055 0.052 0.072
0(2)

X 0.188 0.274 0.318 0.324  0.207 0.191 0.276 0.206 0.275

y 0.524 0.526 0.534 0.506 0.525 0.537 0.456 0.487 0.573

z 0.274 0.234 0.259 0.261 0.204 0.246 0.279 0.204 0.188

S 2.10 1.88 1.86 1.58 2.10 1.71 211 2.20 2.60

<dmn-0> (A) 1892 1936 1905 1887 1915 1.887 1892 1.878 1.882
<Mn-O-Mn>(°) 156.81 150.41 156.97 15851 160.00 161.33 155.19 155.76 154.74

<ra> (A) 1216 1210 1204 1.201 1198 1.195 1192 1.189 1.186
o (10 (A% 8.64 9.00 8.64 8.19 7.56 6.75 5.76 459 3.24
t 0929 0927 0925 0924 0.923 0922 0921 0920 0.919

GS (nm) 628 515 580 423 386 303 275 215 270

increases from x = 0.40 to 0.50, then it decreases with increase in Ca content.
Lattice parameter and the unit cell volume values of the samples are found to be
slightly lower compared to that reported in the literature [78, 122, 167]. However,
reports are limited to a few of them alone. This variation might be due to different
synthesis techniques and conditions that are followed. A large splitting of the
lattice parameters, i.e., difference among the values of a, b/N2 and c is observed
for the samples with x = 0.40, 0.50 and 0.60, which is a typical feature of CO
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Fig. 3.3. Lattice parameter (a, b and c) vs x (Ca content) of Bi,,Ca,MnO3z samples. Inset shows the

unit cell volume as a function of x.

phase with strong J-T distortion [17]. The lattice parameters of the samples with
0.40 < x < 0.70 follow a b2 < ¢ < a behavior and the lattice parameters of the
samples with x = 0.75 and 0.80 follow a b/N2 < a < ¢ behavior. The first and the

second lattice parameter behaviors are typical signatures of O"-type and O""-type
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Fig. 3.4. Microstructure of Bi;,Ca,MnO; samples

distorted perovskite structure of manganites, respectively [79, 168]. Whereas, for
the sample with x = 0.85 and 0.90 the lattice parameters follow a trend, ¢ < b/v2 <
a, which is the signature of O-type distorted perovskite structure of manganites
[168, 169]. The J-T distortion and MnOs tilting together produce O”-type structure
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[170]. The O’-type and O -type distorted perovskite structures are related to
orbital ordered and orbital disordered manganites, respectively. With the increase
in Ca content the difference among the lattice parameters decreases, associated
with the decrease in the lattice distortion which is due to the decrease in the
contents of the J-T Mn®" ion contribution [122]. The average crystallite size and
strain of the samples are calculated using equation (2.5). The values of average
crystallite size are found to be in the range 80-110 nm and the value of the strain
parameter is of the order of ~10™ for all the samples. Fig. 3.4 shows the field
emission scanning electron microscopy (FESEM) microstructure of the samples.
It is observed that for samples with x = 0.40, 0.50, 0.60 and 0.65 the concentration
of larger grains is high and for samples with x > 0.70 the concentration of smaller
grains is large. The estimated values of the average grain size (GS) of all the
samples are listed in table 3.1. The energy dispersive x-ray spectroscopy (EDX)

results confirm the purity of the samples.

3.3.2. Electron spin resonance studies
Why electron spin resonance technique?

As DE mechanism is an intrinsic dynamical process, it is important to
investigate the dynamics of the spins and their static properties for studying the
magnetic properties of the manganites. There are two experimental techniques,
namely, magnetic resonance and inelastic neutron scattering, which can be used to
describe the spin dynamics. Neutron scattering can provide detailed information
about the magnetically ordered phases in the manganites. However, it has limited
use in probing the dynamics of the paramagnetic (PM) phases [7, 15, 19, 171-
173]. Whereas, electron spin/paramagnetic resonance (ESR/EPR) is a sensitive
technique which can help in understanding the spin structure and its dynamics in
complex magnetically ordered systems like manganites. This technique has been

used by several groups for studying the spin dynamics of manganites [172-179].
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Fig. 3.5. ESR spectra of Bi;,Ca,MnO; samples measured at various temperatures.
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Fig. 3.6. Lorentzian fit (solid red line) to the ESR spectra (open circles) of Bi;.,Ca,MnO3; measured
at 273 K.

In the present work the ESR technique is used to investigate various
dynamical processes over a wide range of temperatures.

Fig. 3.5 shows the ESR spectra of the samples at some selected temperatures.
Although variations in the intensity and peak to peak linewidth of the ESR signal
are observed with the change in composition and temperature, all the spectra are
symmetric in the entire measured temperature range (453-123 K). Since the ESR
spectra are symmetric, we have used the Lorentzian expression for fitting the
experimental data, as shown in Fig. 3.6 for x = 0.50 and 0.85 samples at a

temperature 273 K. The expression for Lorentzian can be written as

P d AH AH J 31

dH dH \4(H—H F+AH?  4(H+H F +AH’

where H, is the resonance field, AH is the peak to peak linewidth, and A is a
quantity proportional to the area under the curve which is related to the intensity
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of the signal [174, 178]. The two terms in the equation (3.1) describe the
contribution from the clockwise and anti-clockwise circularly polarized
components of microwave radiation.

It has been suggested [172] that when the ESR signals are intense near the
critical point (Curie temperature, Tc), even for relatively small amount of
samples, the AH depends strongly on the number of spins in the sample.
Whenever the large quantity of sample is used, the sample size effects arise from
overloading the cavity through magnetic losses [180]. The ESR signals remain
Lorentzian as long as the magnetic losses are not large enough to drive the diode
detector out of linearity. When the sample is loaded in the cavity, at a fixed

microwave frequency (), AH can be given by the following expression

AH® = AH (1+b)"'? (3.2)
With

4
b ( %%QLIESRCO (3.3)
yAH

where yesr IS the static susceptibility corresponding to the resonant species, 7 is
the fitting factor and Q. is the loaded Q of the microwave cavity. Similarly the
changes in line intensity (I) also occur by the size effects due to magnetic losses,

and the expression for this can be given as

| =7y eraQ (1+ b)ill2 (34)

These two equations, (3.2) and (3.4), have certain limitations such as the value of

b being much lower than one.
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In addition to the sample-dependent effects, frequency or applied field
dependences of AH have also been reported [181]. Apart from the above-
mentioned parameters, skin depth (ds) also affects the parameters | and AH of the
ESR signal, and it is given by the expression

5, = (ﬂ—"w] | (35)

where p is the resistivity of the sample measured at room temperature (RT), Mo
(41 x 107 Vs/Am) is the permeability of free space and = 2r x 9 GHz [29]. The
estimated values of ds of the various samples are found to be in the range of 0.20-
1.50 mm and it is larger than that of the size of the samples. In the present work,
we have also taken care of cavity over loading problems. This ensures that the
observed ESR signal intensity, AH and H, as a function of temperature are
intrinsic in nature.

The ESR spectra for all the samples consist of a resonance line with g value
(Lande g-factor) of 1.99 + 0.02 in the PM state [7]. This value is typical for Mn**
ion in the octahedron coordination. The ESR signals observed in manganites are
due to some combination or cluster of Mn®**-Mn** ions coupled by strong short-
range FM-DE interactions [7, 8, 182]. All Mn ions contribute to the ESR signal,
and the normalized double integrated intensity (DI) of the ESR signal is
proportional to the number of ESR centers which is a measure of ESR
susceptibility (yesr)-

Fig. 3.7 shows DI as a function of temperature for all the samples. For
samples with 0.40 < x < 0.80, as the temperature decreases from high-temperature
(453 K), DI increases and reaches its maximum value at a temperature, which is

assigned as the Tco. The increasing behavior of DI, on approaching the ordering
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Fig. 3.7. DI vs T plots of Bi;,Ca,MnOs samples.

temperature (Tco or Tc¢), is ascribed to the formation of spin clusters in these
samples [183]. Various experiments suggest that these clusters result from
dynamic phase separation [70, 184, 185,]. Below Tco, DI decreases, evidencing
the existence of AFM correlations and reaches a minimum and then it increases
with further decrease in temperature for 0.65 < x < 0.80 samples. For the sample
with x = 0.40, DI shows a temperature independent behavior in the temperature
range 280-180 K with decreasing temperature. This behavior is ascribed to orbital
ordering. For x = 0.85 and 0.90 samples no T¢o is observed. For x = 0.85 and 0.90
samples, on cooling from high-temperature, DI increases gradually. For 0.40 < x <
0.80 samples sharp decrease in DI below 126-150 K is assigned as the onset of
long-range AFM ordering temperature, i.e., Neel temperature (Ty). Below Ty the
intensity of the ESR signals become weak as shown in Fig. 3.5 for samples with
0.40 <x <0.70, with Ty ~ 150 K.

The 1/DI versus (vs) T plots for various samples are shown in Fig. 3.8. The

linear fit in the high-temperature range is as per Curie-Weiss law. For
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0.40 < x < 0.80, the positive intercept on the x-axis in the temperature range T >
Tco indicates that the magnetic phase is dominated by local FM fluctuations that
are mediated by Mn**/Mn** hopping induced DE interactions [8, 9]. The Tco of
0.65 < x < 0.80 samples is not as prominent as it was observed for the samples
with x < 0.60. For x = 0.75 sample, a weak CO transition at 303 K is also
observed along with prominent CO transition at 219 K. This may be due to the
existence of Bi-rich CO phase. The upward and downward trend in 1/DI vs T
plots below T¢o is an indication of whether AFM or FM interactions dominate in
the respective temperature range. The minima in these plots indicate onset of CO
or AFM ordering. For the samples with x = 0.65, 0.75 and 0.80, 1/DI vs T plots
show a broad peak at ~160 K which is attributed to canted (C)-type AFM
correlations [186]. For the samples with x = 0.85 and 0.90 the down turn behavior
of 1/DI below ~148 K can be explained in view of contributions from evolution
of short-range ordered FM clusters in the PM matrix, as per Griffiths theory [81,

186]. For x = 0.85 and 0.90 the negative intercept on the x-axis indicates



66 | Effect of Ca doping....

dominant AFM-superexchange (SE) interactions above 150 K, below this
localized FM correlations dominate [186].

In order to analyze the high-temperature ESR data, we have used the cluster
model proposed by Oseroff et al. [187], given by the relation

DI =1, exp(E, /k,T) (3.6)

where |y is a fitting parameter and E, is the activation energy needed for the
dissociation of the FM spin clusters. The higher values of E, of the samples
indicate the existence of strong FM clusters whereas the decrease in its value
indicates a decrease in the contribution of FM clusters with the coexistence of
AFM phases. This model also suggests that the observed signals are not due to an
individual Mn ion of any valence state such as Mn**, Mn** or Mn**. Since AH is
found to be proportional to the hopping conductivity [188], and static
susceptibility, the equation (3.6) is in good agreement with the assumption that

the DI is proportional to the yesk.
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Fig. 3.9. InDI vs 1000/T plots of Bi;.,Ca,MnO3; samples.
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According to equation (3.6), InDI vs 1000/T plots are obtained for all the
samples, as shown in Fig. 3.9. For all the samples, on cooling from 453 K, a linear
behavior is observed in the high-temperature range, indicating the existence of
short-range FM correlations. For samples with 0.40 < x < 0.80, the InDI data
deviates from linearity below Tco, and then it decreases up to a certain
temperature range, ~150-170 K. For samples with 0.65 < x < 0.80, again it
increases to its maximum. Below Ty, a sharp decrease in InDI is observed for all
the samples [179]. The value of E, is not calculated from the ESR measurements,
as it requires various parameters. However, the slope of the InDI vs 1000/T plots,
which determines the value of E,, gives the strength of the magnetic interaction.
As the Ca content increases, the decrease in slope of the InDI indicates the
weakening of the strength of short-range FM interactions or intracluster DE
interactions [177] in the high-temperature range and the existence of AFM

fluctuations in the CO state.
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Fig. 3.10. AH vs T plots of Bi;,Ca,MnO; samples. Solid red lines are according to theoretical
model given by the equation (3.7) [173, 176].
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Fig. 3.10 shows the AH as a function of temperature for all the samples. For
the samples with x = 0.50, 0.60, 0.65 and 0.75, below Ty, AH decreases with
decrease in temperature. For the samples with x > 0.65, AH shows a prominent
minimum at ~150 K. AH increases linearly with the increase in temperature in the
temperature range T > Tco. As Tco decreases with increase in X, AH shows
saturation effect with the increase in temperature. This effect is clearly seen for
the samples with x = 0.80 and 0.85. For the sample with x = 0.90, the increasing
trend of AH with decreasing temperature indicates the strengthening of AFM
interactions. This behavior is similar to what has been reported for Y;.,CayMnO3
(x = 0.90 and 0.95) and predicted for CaMnO3 [189]. Fig. 3.11 shows the
temperature dependence of H; for all the samples. For the samples with 0.40 < x <
0.80, as temperature decreases from high-temperature, H, is almost constant up to
~150 K. For the samples with x = 0.85 and 0.90, it is observed that there is a
decreasing and an increasing trend in H, with decrease in temperature. This is due
to the interplay between FM and AFM correlations as a function of temperature.
The sharp decrease in H, from its PM value at ~150 K is due to spin-spin
interactions and net magnetization which arises due to short-range FM

330

330'W

B Wooooo 330 | Wooooo
S
o x=0.75 ° x=0.9

300 - x=0.6 300+ 300 o
(o]
% qE:
_ 330f i 00°° [ S Rermrrp0000°
= & o™ °
E 300t x=05 [300f° x=0.7"1 s00p x =085
— (o}
X 270 270 = 270 =
330 | s (330 SEmSTETRS00° 3301 omp $000°
o ¢ o ’
300k x=04 | 3pfo x=0.65 | 300f° x=0.8

(e}

270[ T T T 2701 T T T 2701 T T T
100 200 300 400 100 200 300 400 100 200 300 400

T (K) T (K) T (K)

Fig. 3.11. H, vs T plots of Bi;.,Ca,MnOzsamples.



Chapter 3 | 69

correlations as the temperature decreases [175]. The decrease in H, below ~150 K
for all the samples indicates the existence of FM magnetic clusters or
inhomogeneities embedded in the PM matrix [172, 175, 190, 191].

In order to extract more information, the spin dynamics of the compounds is
studied using Huber et al. [173] and Auslender et al. [176, 192] approach given by

the expression
AH(T) = (T -6, )(AH ) B) 3.7)

where AH(T) represents linewidth at temperature T, 6c is the Curie-Weiss
temperature, AH() is the high-temperature asymptote and B is a parameter,
describes the strength of interactions between the ey electrons and impurities with
spin reversal [192]. The first and second terms are due to ion-ion spin relaxation
[173] and itinerant ey electrons [192], respectively. AH(«) is independent of
temperature, but the concentration of divalent ions and the structural phase of the

exp

Table 3.2. List of the various parameters (6c, AH(), B, u,; (1g) and ug;f(uB) ) of Bi;xCa,MnO;
samples estimated from ESR and magnetization data.

ESR Magnetization

0c (K) AH(») (G) B(GK™")  0c(K) Herp(ms) plfr(up)
0.40 140 2647 0 138 5.92 4.48
0.50 134 2515 0 127 5.59 4.38
0.60 141 2972 0 121 5.10 4.29
0.65 109 2714 0.06 90 5.06 4.23
0.70 75 2261 0 69 5.17 4.18
0.75 61 2274 0.13 76 492 413
0.80 57 2172 0.16 48 490 4.07
0.85 - - - -44 476 4.02

0.90 - - - -159 541 3.97
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material affects its value. The fits based on the equation (3.7) for the AH vs T
plots, in the temperature range T >T¢o are shown with solid red lines in Fig. 3.10.
From these fits the calculated values of 6¢c, AH(e) and B are listed in table 3.2. It
IS observed that the estimated values of AH(c0) are high for the samples with 0.40
< X < 0.65 compared to that of the samples with x = 0.70, 0.75 and 0.80. This
indicates the weakening of the strength of ion-ion spin relaxation in Ca-rich
samples. Unlike the magnetic ordering temperatures (¢ and T¢), AH (o) does not
depend on DE mechanism. For all the samples (except for x = 0.65, 0.75 and 0.80)
the fitting parameter B is zero which mean that the electron spin-lattice
interactions are not significant in these compounds. The positive values of ¢ and
the zero values of B indicate the existence of short-range FM correlation and pure
ion-ion spin relaxation in the PM state, respectively [193].

Above Tco, the linear increase in AH as a function of temperature has been
widely reported in La, Pr and Nd manganites [16, 52, 53, 194]. According to M.
S. Seehra and Gupta [195] the temperature dependence of AH is primarily due to
a spin-lattice relaxation mechanism. Spin-lattice relaxation in manganites is due
to the relaxation of spin of eq J-T polarons to the lattice [196]. D. L. Huber and M.
S. Seehra [197] later argued this and derived an expression for AH taking into an
account of phonon contributions too. According to theoretical model by C. D. Hu
[198], the spin correlation caused by DE interaction, SE interaction between Mn
ion and anisotropic energy of spins caused by crystal field give rise to linear
increase in AH in the temperature range T > Tco and a sharp upturn behavior takes
place below Tco. Although there were some of the similar reports on this kind of
behavior of AH below Tco, the phenomenon still remains unexplained clearly. C.
D. Hu showed with his theoretical calculation that it is intrinsic and can be due to
phase segregation in view of Griffiths phase (GP) formation [81]. Above T¢o, the
existence of FM interactions in the PM matrix has been reported in many of the

CO materials [199]. It has been reported that in manganites three factors, i.e.,
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dipolar interaction, crystal field and anti-symmetric exchange arising from
Dzyloshinsky-Moriya exchange interaction, contribute to the AH of the ESR
signal [191, 200]. P. J. Janhavi et al. [191] have explained the temperature
dependences of AH behavior in the temperature range Ty < T < T¢o by using the
semi-empirical model of motional narrowing. In most of the reported works,
dipolar interactions were neglected because it contributes only a few Gauss to the
AH of the ESR signal [173]. So that the other two factors only contribute to the
AH which are led by J-T distortion.

The strength of the CO state depends on the average size of the A-site cations.
The manganites for which <rp> is relatively small exhibit insulating properties
with a stable CO ground state. The smaller <rp> results in the decrease of Mn-O-
Mn bond angle, as a result, cooperative J-T distortion increases, which favors the
CO phenomenon [49, 201, 202]. The 6s* lone pair electrons of Bi** ions not only
couple with O:2p, orbitals but also compete directly for the O:2p, electrons with
the Mn:ty, orbitals. Due to the hybridization between the 6s lone pair of Bi** ions
and O:2p, electrons, the movement of ey electrons decrease between the Mn ions

and favors the charge ordering phenomena [203, 204].

3.3.3. Magnetization studies
3.3.3.1. Temperature dependent magnetization

Fig. 3.12 shows magnetization (M) as a function of the temperature of the
samples. For the samples with 0.40 <x < 0.80, M vs T plots show similar trends,
i.e., as the temperature decreases from 350 K, both zero-field cooled (ZFC) and
field cooled (FC) curves show a peak at Tco. With the further decrease in
temperature, M decreases slightly. A broad maximum at ~150 K, representing the
long-range AFM order, is observed for samples with x < 0.60. A sharp rise in M
for the samples with x < 0.60 at ~50 K and with X > 0.65 at ~115 K is observed.

This is related to the cluster glass (CG) behavior. Below this temperature, for all
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Fig. 3.12. M vs T plots of Bi;,Ca,MnOssamples measured in a static field of 500 Oe.

the samples, M in ZFC (Mzrc) mode shows a peak at a temperature called the spin
freezing temperature (Ty) [52], whereas M in FC (Mgc) mode increases
continuously with decreasing temperature. For Big125Cag g7sMnO3 sample, a sharp
increase in M as a function of temperature has been reported, which is due to the
formation of FM clusters in the AFM background when the temperature decreases
below Tc¢ (~108 K) [90]. This is characteristic of SG behavior, which arises as a
result of competition between FM interaction in BiMnOs-type clusters and AFM
coupling in clusters in which Mn** orbits which are frozen in random orientations
[87]. However, nonlinear susceptibility and neutron scattering results alone can
give the exact nature of the system. Neutron scattering studies on
Bips7Cap33MnO3 support the concept of appearance of SG behavior [96].
Freezing is a cooperative phenomenon where spin or clusters are frustrated due to
the evolution of random competing FM and AFM interactions [124]. A small
peak in M at ~120 K is also observed for sample with x = 0.50 which is ascribed
to the field-induced spin canting in the AFM phase aided by the spontaneous
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canting moment [8, 205, 206]. A bifurcation between Mzec and Mgc curves is
observed with lowering of the temperature, similar to other FM manganites [1].
The PM-FM transition may coexist with the PM-FM like canted
antiferromagnetic (C-AFM) transition for samples with 0.50 < x < 0.80. It has
been pointed out that C-AFM state arises due to self-doping effects resulting in

strong competition between FM and AFM states [207, 208].
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Fig. 3.13. 1/ y vs T plots for Mzec curves (measured in a static magnetic field of 500 Oe) of
Bi;,Ca,MnO3samples.

Using Curie-Weiss law, given by the equation
x=CIT -6, (3.8)

straight line fits are drawn for the inverse susceptibility (1/y) vs T plots (for Mzec)
of the samples in the temperature range T >Tco and Ty < T < T¢o, Shown in Fig.
3.13.

In equation (3.8) the Curie constant, C, is given by the expression
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C = Nu?, 13K, (3.9)

where N (6.023x10% molecule/mole) is the Avogadro number and kg (1.381x10%
JIK) is the Boltzmann constant. Here the total effective magnetic moment, g,

neglecting spin-orbit coupling can be written as

Her = 91[XS,(S; +1) + (1-X)S, (S, +1)J"* (3.10)

where g is the Lande g- factor, g (9.274x107%* J/T) is the Bohr magneton and S;=
3/2 and S, = 2 for Mn** and Mn**, respectively [209].

From the linear fit, the estimated values of Oc (for a few samples 6c is
estimated by drawing tangents (not shown) in Fig. 3.13) for T >T¢o are listed in
table 3.2. The value of 6c is positive for samples with 0.40 < x < 0.80 and
decreases with increasing Ca content, indicating the decrease in FM interactions.
Below Tco a large negative value of 6¢ for x = 0.40, 0.50 and 0.60 samples is
observed. For samples with 0.65 < x < 0.80, the upward trend in 1/ y vs T plots
indicating AFM ordering. For samples with x = 0.85 and 0.90 straight line fits are
obtained above 150 K with the negative sign of 6c indicating the domination of
AFM interactions. For the sample with x = 0.50 an upward deviation is replaced
by a downward trend at ~120 K indicating a PM to C-AFM transition. This
transition becomes stronger for sample with x > 0.65. For the sample with x =
0.85 and 0.90 only a PM to C- AFM transition is observed. Similar results are
reported for x = 0.85 [88] and CaMnO3 [205]. Nuclear magnetic resonance studies
on Big125Capg7sMn0O3 and CaMnOj3 also suggest canted spin states in these
materials [95]. It has also been reported that the samples with x > 0.75 present a
phase segregation coinciding with the electronic localization of the ey electrons

[88]. The presence of phase segregation might be due to different thermal
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evolutions of the heterogeneous material [78]. The estimated experimental values
for the effective magnetic moment are higher than the theoretical values (table
3.2). This has been observed in other manganites as well and is attributed to the
formation of magnetic polarons [207, 210].

3.3.3.2. Magnetic field dependent magnetization
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—
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Fig. 3.14. M vs Magnetic field (H) plots of Bi; ,Ca,MnO3z samples measured at 5 K.

In order to correlate the bifurcation between Mzgc and Mgc curves of M vs T
plots, magnetic field (H) dependent magnetization measurements were performed.
Fig. 3.14 shows the hysteresis (M-H) loops of all the samples measured under the
applied maximum magnetic field of 20 kOe at a constant temperature 5 K.
Ferromagnetism persists in all samples as it is evidenced from the hysteresis
loops. As the calcium content increases this behavior becomes prominent. The
absence of saturation in the applied field of 20 kOe indicates the coexistence of

FM and AFM phases in the system.
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3.3.4. Phase diagram of Bi,.,Ca,MnQO; system
Fig. 3.15 shows T¢o and Ty values of Bi;«CaxMnO3 (0.30 < x <0.90) (T¢o and
Ty values of x = 0.30 sample are taken from chapter 6) system obtained from the

present ESR and magnetization data. For 0.30 < x < 0.60 the estimated Tco values

350 4 PM/FMF
Orthorhombic

TCO

0!3 0?4 ofs 0!6 OTT ofa of9

x (Ca)
Fig. 3.15. Phase diagram of Bi,Ca,MnO; system based on the present data. Open circles (Tco)
and closed circles (Ty) are from ESR data and closed stars (Tco) and open stars (Ty) from
magnetization data. The PM, FMF, CO, AF and CAF indicate paramagnetic state, ferromagnetic
fluctuations, charge ordered state, antiferromagnetic state and canted-antiferromagnetic state,

respectively.

are similar to the earlier reports for bulk samples. Whereas, for samples with 0.65
< x < 0.80 the values are lower than that obtained for bulk samples. Since the
present series of samples are synthesized by sol-gel method, Tco might be affected
by the reduction in the grain size. In this phase diagram the co-existence of

various phases, which have already discussed, are also shown.
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3.3.5. Transport studies

Fig. 3.16 depicts p vs T plots for various samples. As the temperature
decreases the exponential increase of p indicates the activated electronic transport
nature of the samples. At room temperature the value of p of the samples is in the
range 0.50-20 Q cm and it reaches to ~10° Q cm at ~70 K. This is the typical
signature of a semiconducting material, which is also observed in other
manganites. Charge localization is responsible for the observed semiconducting
nature in the manganites [7, 19].

Three models have been proposed to understand the observed resistivity
behavior in manganites. The first one is the charge localization due to small-
polaron formation as a result of strong electron-lattice interaction which arises
from the J-T distortion, the second one is the variable range hopping (VRH)
model and the third one is Efros and Shklovskii-VRH (ES-VRH) model.

10°
1071;
10512
1051;

0 ' 160 ' 260 ‘ 360
T(K)

Fig. 3.16. p vs T plots of Bi;.,Ca,MnO;samples.
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According to the small-polaron hopping (SPH) model the expression for p is

given by the relation

p=pT"exp(E, /k,T) (3.11)

where n = 1 for adiabatic and n = 1.5 for non-adiabatic conduction mechanism. E,
(or E,) is the activation energy of carriers and kg is the Boltzmann constant. The

expression for E; is given by the relation

E, =W, +W, /2 T>6,/2 (3.12)

where W is the polaron hopping energy, Wp is the disorder energy and 6p is the
Debye temperature [7, 19, 29].
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Fig. 3.17. In(p/T) vs 1000/T plots of Bi;.,Ca,MnO; samples.
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Fig. 3.18. In(p/T*°) vs 1000/T plots of Bi,..Ca,MnOsamples.

According to equation (3.11), In(p/T) vs 1000/T and In(p/T**) vs 1000/T plots
should follow a linear trend. However, these plots (Fig. 3.17 and Fig. 3.18) show
a continuous curvature for all samples, which indicates that the SPH model is not
useful for analyzing the data of the present series of samples.

Mott’s [211] VRH model has been extensively used to analyze the

temperature dependence of resistivity data, given by the equation

£ = p,exp{2.06[a®/ N(E- )k TT'*} (3.13)

with

koT, =18a°/ N(E.) (3.14)
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where N(Eg) is the density of states at the Fermi level, Ty is the characteristic
temperature and « is the inverse of correlation length (&). In the VRH model,
N(Eg) near the Fermi level is assumed to be a constant.

At room temperature, the average hopping distance (R) and energy (W) are

given by

R* =9/87ak,TN(E,) (3.15)

and

W =3/4R*N(E;) (3.16)

respectively.
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Fig. 3.19. Inp vs /T plots of Bi;.xCa,MnO; samples.
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Table 3.3. List of the various parameters (T and po) estimated from VRH model of Bi,,Ca,MnO3

samples.
sample () To (10°K) p0 (102 Q cm)
Teo>T>Ty T<Ty To>T>Ty T<Ty
0.40 0.836 1.42 2.622 0.0112
0.50 0.839 1.76 0.947 0.0004
0.60 0.814 1.42 7.091 0.0263

Table 3.4. List of the various parameters (&, R and W) estimated from VRH model of
Bi;,Ca,MnO3; samples.

¢(A) R (nm) W (ev)
Sample (x)
Tco>T>Ty T<Ty Tco>T>Ty T<Ty Tco>T>Ty T<Ty
0.40 6.52 5.46 5.62 5.38 0.149 0.170
0.50 6.51 5.08 5.62 5.28 0.149 0.179
0.60 6.57 5.47 5.64 5.38 0.148 0.170

Table 3.5. List of the various parameters (To, po, &, R and W) estimated from VRH model (T <
Tco) of Biy,CaMnO;samples.

Sample (x) To(10°K) po(10%Qem) &(A) R(nm) W (ev)

0.65 0.433 509 8.11 5.94 0.126
0.70 0.527 155 7.60 5.84 0.133
0.75 0.492 20 7.78 5.88 0.130
0.80 0.467 80 7.91 5.90 0.139
0.85 0.062 2.7E7 1569 7.00 0.077
0.90 0.033 6.3E8 19.08 7.36 0.066

Fig. 3.19 depicts In(p) vs 1/T¥ plots for all the samples in the temperature
range 70-300 K. For the samples with 0.40 < x < 0.60 two linear trends are
observed: one in the temperature range Tco> T > Ty and the other below Ty. For x
> (.65 data follows a linear trend with a single value of slope below Tco. Various
parameters estimated by taking N(Eg) ~3 x10*® cm™eV™?, are listed in tables 3.3,
3.4 and 3.5. The correlation length of the present series of samples is greater than
the Mn-Mn distance (~5 A) and the hopping distance (R) which is several times
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than the Mn-Mn distance. Hence, the present results are in good agreement with
the predicted values, indicating the validity of VRH model [7, 19, 211].

According to ES-VRH [212] model, in which electron-electron Coulomb
interaction is considered, the T dependence of p can be written as

P = po exp(Ty IT)? (3.17)
with

k.T, =e? /K& (3.18)

where K is the dielectric constant. Fig. 3.20 depicts In(p) vs /T2 plots for all the
samples in the temperature range 70-300 K. All the samples show linear behavior

for temperatures below Tco. Various physical parameters have been estimated

In (p (2 cm))
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Fig. 3.20. In(p) vs 1/T? plots of Bi,.,Ca,MnO;samples.
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Table 3.6. List of the various parameters (To, po and ¢&) of BiCa,MnO3 samples estimated from
ES-VRH model.

Sample (x) To(10°K) po(10°Qcm) ¢&(A)

0.40 4.96 1.29 5.79
0.50 5.39 0.24 5.38
0.60 4.27 7.48 6.73
0.65 3.03 62.04 9.41
0.70 3.45 31.91 8.32
0.75 3.25 3.98 8.84
0.80 3.21 12.21 8.95
0.85 1.62 1046.20 17.70
0.90 0.98 17622.38 29.30

(table 3.6), taking K~500. The po values of the present system are much lower
than the theoretical values predicted by Mott [211], indicating that the present
series of samples do not follow the ES-VRH model.

Resistivity increases with increasing Ca content from x = 0.40 to 0.50, then it
decreases in the composition range 0.50 < x < 0.75 and again increases up to x =
0.90. Chiba et al. [89] have reported the increase in the resistivity for the samples
with x > 0.875. However, for few samples a cross over in p is observed below
~150 K. The samples with x < 0.60 have higher values of p compared to that of
the other samples. This, presumably, is due to the distortion arising from the A-
site disorder as well as due to the 6s* lone pair electrons of Bi** ions. The p data
can be nicely interpreted taking into consideration of the structural parameters
estimated from the refinement of the XRD data. Due to the local distortion the
Mn-O-Mn bond angle decreases as a result of which the Mn-O bond length
increases and hence bandwidth becomes narrow. Probably, this would block the
movement of ey electrons between the Mn ions, favoring the localization of
charge carriers. The large splitting among the lattice parameters of these samples
also supports these findings. The higher value of p (at room temperature) for the
sample with x = 0.50 could be due to the increased local distortion, which is
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confirmed from its measured higher value of ¢% which describes the A-site

disorder and lower value of the Mn-O-Mn bond angle. For the samples with 0.50
<X <0.75, the Mn-O-Mn bond angle is increased with increasing Ca content and
the sample with x = 0.75 shows lowest p (in the 100 K< T < 300 K range) for
which Mn-O-Mn bond angle has the highest value. This could be due to the
weakening of the strength of the 6s* lone pair electrons of Bi*" ions with
increasing Ca content. In M vs T plots, the shift in FM-CG state towards higher
temperature from ~45 K for the samples with x < 0.60 to 115 K for the samples
with x > 0.65 is also associated to the decrease in disorder. The rise in p, when the
system is approaching CaMnO; in which doped carriers disappear, could be
related to the crossover to an insulating behavior [8], which is confirmed from the
decreased Mn-O-Mn bond angles. For all the samples, the sharp increase in p in
the temperature range ~120-150 K is characteristic of the AFM nature. In the
AFM state the neighboring spins align antiparallel, whereas in the PM state the
alignment of spins is random, as a result of which the hopping of carriers in the
AFM state becomes difficult compared to that in the PM state, due to this, the

values of To and W increase below Ty.

3.4. Conclusions

In conclusion, we have studied the effect of Ca-doping on the properties of
Bi;xCaxMnO3 (0.40 < x < 0.90) samples synthesized by sol-gel method. The
structural studies on these samples confirm the single phase orthorhombic nature
with Pnma space group. The estimated values of charge ordering temperature
(Tco) and long range antiferromagnetic (AFM) ordering temperature, i.e., Néel
temperature (Ty) are used to construct the magnetic phase diagram of the system.
The growth of ferromagnetic (FM) like canted-antiferromagnetic (C-AFM) state
at ~ 120 K starts at x = 0.50. The paramagnetic (PM) to AFM transition at
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~150 K co-exists with PM to C-AFM transition at ~120 K for samples with 0.50
< x < 0.80. Whereas for samples with x = 0.85 and 0.90 only PM to C-AFM

transition is observed. Resistivity data analyses reveal the semiconducting
behavior of all the samples.
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Chapter 4
Effect of Pr doping on the properties of

Bio_5_XPrxcao.5M nO; (OO <X< 0.50)

manganites

4.1. Introduction

The half doped manganites have always attracted more interest due to the
interesting physics they offer. In these systems the Mn-site is equally occupied by
Mn®* (3d*: t3,el), and Mn*" (3d3: t3,e8 ) ions. The bulk ProsCaosMnOj; system
shows a sharp charge ordered (CO) peak at 250 K and a CE-type
antiferromagnetic (AFM) transition at 170 K and reentrant spin glass (RSG) state
below 40 K due to the competition between ferromagnetic (FM) and AFM
interactions [16, 80]. The half doped BigsCassMnO3; manganite exhibits C-type
AFM structure below ~120 K. Although both are CO systems, they exhibit quite
different magnetic properties as a function of temperature. In the present work, we
have carried out a detailed study of the effect of Pr-doping at Bi-site on the
physical properties of Bigs«Pr«CagsMnO; (x = 0.0, 0.05, 0.10, 0.15, 0.20, 0.30,
0.40 and 0.50) manganites. The variation in structure and physical properties with
Pr-doping is discussed in view of changes in 6s* lone pair character of Bi**ions

and disorder in the system.

4.2. Sample preparation
The stoichiometric amounts of pure Bi(NO3)3.6H,0O, Pr(NO3);.6H,0,
Ca (NOs3)2.4H,0 and MnCl,.4H,0 were dissolved in distilled water to obtain the

clear solution. Citric acid was added with constant stirring and the ratio of metal
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cation to citric acid was fixed to 1:2. The pH of the solution was adjusted to ~ 6-7
by adding ammonia solution. Ethylene-glycol was added to this to get a viscous
solution. The solution was slowly evaporated to get a gel by keeping the
temperature at ~ 60-70 °C with constant stirring for several hours (hrs). The gel
was decomposed at 250 °C. Then the resultant powder was sintered at 900 °C in
the furnace for 10 hrs. Then, at the end, the powder was pressed into pellets and

again sintered for 10 hrs.

4.3. Results and discussion

4.3.1. Structure and morphology studies

Fig. 4.1 depicts the Rietveld refinement of x-ray diffraction (XRD) data of
Big5-«PrCapsMn0O3 (0.0 < x < 0.50) manganite samples. Using refinement, XRD
data is well described by the orthorhombic structure with Pnma space group.
From the Rietveld refinement the estimated values of various structural
parameters, namely atomic positions (X, y and z), the average Mn-O bond length
(<dmn-0>), the average bond Mn-O-Mn angle (<Mn-O-Mn>) and the goodness of
fit (S) are listed in table 4.1. The average ionic size of the A-site cations (<ra>),
variance of the A-site cation size distribution (6°) [using equation (1.2)] and
tolerance factor (t) [using equation (1.1)] of various samples are also obtained
(table 4.1). Using the structure parameters, the crystal structure of
Bio20Pro30Caos50MnOs, representative of the whole series, is generated as shown
in Fig. 4.2. Fig. 4.3 shows the variation in the lattice parameters (a, b and c¢) and
the unit cell volume (V) (inset of Fig. 4.3) as a function of x (Pr content),
estimated from the refinement of XRD data. The large splitting among the lattice
parameters of the undoped (x = 0.0) sample is a typical feature of CO phase with
strong Jahn-Teller (J-T) distortion [170]. The lattice parameters of the samples
with 0.0 < x < 0.20 obey the rule b/N2 < ¢ < a, which is characteristic of O"-type
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Fig. 4.1. Rietveld refinement (solid black lines) of the XRD data of Bigs«PriCaysMnO; samples
(open red circles) along with diffraction planes (green lines) and difference between the
experimental and fitting data (blue lines).

distorted perovskite structure, whereas the lattice parameters of the samples with
0.30 < x < 0.50 obey the rule b/AN2 < a < ¢, which is characteristic of O -type
distorted perovskite structure of manganites. The combination of octahedral tilting
and a cooperative J-T distortion produce O"-type of distortion [168]. With the
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Table 4.1. List of the structural parameters [atomic positions (X, y and z), S, <dun.o> and <Mn-O-
Mn>] estimated from the refinement of the XRD data of Bigs,PrCaysMnQO; samples. The
calculated values of <ra>, ® and t are also listed in table. The average GS (GS) values, estimated

from FESEM images, are also listed in table.

Sample (x) 0.0 0.05 0.10 0.15 0.20 0.30 0.40 0.50
Bi/Pr/Ca
X 0.039 0.030 0.036  0.021 0.024 0.026 0.024 0.021
y 0.250 0.250 0250 0.250 0.250 0.250 0.250 0.250
z 0.989 0.983 0989 0.982 0.995 0990 0.994 0.999
Mn
X 0.500 0.500 0.500 0500 0.500 0500 0.500 0.500
0.500 0.500 0.500 0500 0.500 0500 0.500 0.500
z 0 0 0 0 0 0 0 0
(OX D)
X 0.491 0.510 0498 0491 0531 0544 0514 0.526
0.250 0.250 0250 0.250 0.250 0.250 0.250 0.250
z 0.052 0.048 0.068 0.065 0.042 0.058 0.053 0.073
0 (2
X 0.228 0.172 0.265 0.203 0.234 0.307 0313 0.316
y 0.534 0.521 0.544 0523 0540 0472 0.476 0.446
z 0.214 0.274 0.260 0.267 0.275 0.227 0.283 0.227
S 2.46 1.69 1.75 1.86 1.79 1.22 1.16 1.36

<dwino> (A) 1.935 1939 19058 1.883 1.893 1.905 1.917  1.940
<Mn-O-Mn>(°) 161.34 156.40 158.865 158.82 159.69 160.81 158.79 154.09
<ra> (A) 1.2100 1.1754 1.1759 1.1763 1.1768 1.1777 1.1786 1.1795

o’ (x10% (A% 9.000 0243 0232 0218 0.199 0.150 0.084 0.002
t 0.9276 0.9154 0.9156 0.9157 0.9159 0.9162 0.9165 0.9169

GS (nm) 405 249 213 190 200 238 141 157

increase in Pr content from x = 0.0 to 0.05, a large decrease in unit cell volume is
observed. For samples with 0.05 < x < 0.50, the unit cell volume increases
steadily with the increase in Pr content. The effective ionic size of Bi** is 1.170 or
1.24 A depending on whether the 6s® lone pair character is constrained or
dominant, respectively [213, 214]. In the present system the higher cell volume of

the undoped sample can be due to the strengthened dominant 6s? lone pair
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Fig. 4.3. Lattice parameter (a, b and c) vs x (Pr content) of Big 54Pr,CagsMnO3z samples. Inset

shows the variation of unit cell volume (V) as a function of x.

character of Bi* ions. The sharp drop in the cell volume of the sample with x =
0.05 indicates that the constrained effect of the 6s* lone pair becomes strong due
to Pr-doping. The constrained effect of lone pair maintains the ionic size of Bi**

ion at 1.170 A, which is smaller than that of the Pr** ion (1.179 A). As a result,
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Fig. 4.4. Microstructure of Bigs.,PryCagsMnO3; samples.

the cell volume increases for samples with x > 0.05. A similar trend is reported in
La, Pr-doped Bi-manganites [17, 213]. Similarly the value of <r,>and t decreases
from x = 0.0 to 0.05, and for x > 0.05 increases with increase in x, whereas the
value of o® decreases with increase in the value of x. The average Mn-O-Mn bond
angle values of the samples in the composition range 0.05 < x < 0.40 show a
slight increasing trend with the increase in the value of <ra>. However, though
the value of <ra> is increased with further increase in x, decrement in the value of

the average Mn-O-Mn bond angle is observed.
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The field emission scanning electron microscopy (FESEM) micrographs for
various samples are shown in Fig. 4.4. As the Pr content increases, the average
grain size (GS) of the samples (table 4.1) decreases and the grains become more
regular shaped with well-defined boundaries. The energy dispersive Xx-ray

spectroscopy (EDX) results confirm the purity of the samples.

4.3.2. Electron spin resonance studies

The electron spin resonance (ESR) spectra for all the samples, at some
selected temperatures, are shown in Fig. 4.5. The spectra consist of a resonance
line which could be fitted to Lorentzian line shape [equation (3.1)] in the entire

measured temperature range. The Lorentzian line shape fitting curves to the ESR
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Fig. 4.5. ESR spectra of Bigs.,Pr«CaosMnO3; samples measured at various temperatures.
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Fig. 4.8. Tco Vs x of Bigs4PrCagsMnOs5 samples.

spectra of x = 0.0, 0.20 and 0.50 samples, measured at 273 K, are shown in Fig.
4.6. The normalized double integrated intensity (DI) as a function of temperature
for all the samples is shown in Fig. 4.7. For all the samples, as the temperature
decreases from high-temperature (453 K), DI increases and reaches its maximum
value at charge ordering temperature (Tco) [7, 9, 104, 215, 216]. Tco decreases
(Fig. 4.8) as x increases from 0.0 to 0.20 and becomes independent of doping
content with further increase in x. The peak observed at Tco become broader with
the increase in Pr content. For samples with x > 0.20, the decreasing behavior of
DI on either side of T¢o is not as sharp as that observed for samples with x <0.15.
For sample with x = 0.0, DI becomes constant in the temperature range 280-180 K
with the decrease in temperature due to orbital ordering [7, 104]. A sharp decrease
in DI can be due to long-range AFM ordering. This temperature is taken as Neel
temperature (Ty) [7, 104, 215, 216]. For x = 0.0 sample, the estimated value of Ty
is around 150 K and it increases with Pr-doping. The shift in Ty with Pr-doping

could be due to the enhancement of FM cluster size embedded in the long-range
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AFM matrix. For x = 0.05 sample the appearance of another shoulder peak at
~230 K may be due to the chemical phase separation in the sample [215]. The DI
reaches the minimum value at ~150 K for samples with 0.05 < x < 0.15. The
observed minima in DI shifts towards higher temperature with increase in x and
disappears for the sample with x = 0.50. Below this minimum, the increasing
trend in DI becomes sharp with the increase in Pr content. For x = 0.50 sample DI
increases with the decrease in temperature and reaches a maximum value at ~140
K followed by decreasing trend with further decrease in temperature. The upward
and downward trend in the behavior of DI as a function of temperature indicates
the coexistence of FM and AFM correlations, respectively.

The 1/DI1 vs T plots for various samples are shown in Fig. 4.9. The linear fit in

the temperature range T > T¢o for undoped sample is as per Curie-Weiss law.
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Fig. 4.9. 1/ DI vs T plots of Bigs.,PryCagsMnO3 samples.
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Fig. 4.10. InDI vs 1000/T plots of Bigs4PryCagsMnO5; samples.

Above T¢o, nonlinear variation of 1/DI as a function of temperature is observed
for doped samples (except for x = 0.05). This non-linearity increases with increase
in Pr content. However, 1/DI vs T plots show linear trend above 400 K as shown
in Fig. 4.9. The nonlinear behavior is ascribed to the enhancement of FM
interactions in the paramagnetic (PM) matrix. The ESR data confirms that above
Tco, the PM state is dominant and this state can be treated as PM matrix. In this
matrix FM correlations exist which strengthen with the decrease in temperature.
A similar trend in ESR data on other manganites has been explained in view of
Griffiths theory [7, 81, 104, 215, 216]. According to this model there is a
probability of finding FM clusters above the critical temperature (Tc or Tco).
Below the critical temperature the size of FM clusters decreases with the decrease
in temperature and coexists with AFM clusters.

For all the samples InDI vs 1000/T plots and their linear fits according to the
equation (3.6) [187] in the temperature range T > Tco are drawn, shown in Fig.

4.10. Above Tco, with increase in Pr content the range of linearity in InDI as a
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function of temperature and the slope of the curves (except for x = 0.05) increases,
which indicates the strengthening of short-range FM cluster formation [177].

The variation in peak to peak linewidth (AH) of ESR signal as a function of
temperature is shown in Fig. 4.11. AH decreases with the decrease in temperature
from high-temperature (453 K) and reaches a minimum value at Tco. The increase
in AH just below Tco is due to the residual effect of AFM clusters which gave rise
to CO state [7, 104, 215, 216]. For x = 0.0 sample below Ty, AH decreases
sharply. This may be due to the contributions of FM correlations spread in the
long-range ordered AFM matrix. At ~200 K, AH decreases sharply and reaches a
minimum at ~130, 150 and 160 K for samples with 0.05 <x<0.15,0.20 <x<
0.40 and x = 0.50, respectively. These minima indicate the existence of FM
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Fig. 4.11. AH vs T plots of Bigs.PrCagsMnQO; samples. The PI, COIl, AFl and CAFI indicate the
paramagnetic insulator, charge-ordered insulator, antiferromagnetic insulator and canted

antiferromagnetic insulator, respectively. The solid red line is as per theoretical model [173, 176].
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Table 4.2. List of the various parameters (0c, AH() and B) of Bigs.,PriCagsMnQO3z samples,
estimated from ESR (AH vs T) data.

Sample (x) 6c(K) AH(«) (G) B (GKY)

0.0 134 2515 0
0.05 145 2995 0.51
0.10 159 2679 1.64
0.15 178 3383 0.67
0.20 191 2572 3.93
0.30 195 2692 2.92
0.40 189 2159 441
0.50 190 2209 4.24
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Fig. 4.12. H, vs T plots of Biys.xPr«CagsMnO3z samples.

magnetic clusters embedded in the AFM matrix [7, 104, 215, 216]. Below this
minimum the increase in AH with temperature is due to the evolution of canted-
AFM (C-AFM) interactions [13]. The ESR data shows that one of the magnetic
states, i.e., PM, FM, AFM or C-AFM, is dominant in a particular temperature
range depending on the composition of the sample.
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Using the equation (3.7) [173, 176], AH vs T fits in the temperature range T >
Tco are drawn, shown in Fig. 4.11 and the estimated values of various parameters
[Curie-Weiss temperature (6c), high-temperature asymptote (AH (%)) and the
strength of interactions between the ey electrons (B)] are listed in table 4.2. The
increase (overall) in the values of B with doping is an indicative of the
strengthening of electron spin-lattice interactions [217]. This may be due to short-
range FM clusters evolving with the decrease in temperature [215].

Fig. 4.12 shows the temperature dependences resonance field (H,) for the
samples. For all the samples as the temperature decreases from high temperature,
the H, value is approximately same down to ~200 K. At Tco though, H, shows
small kink is followed by a decreasing trend due to spin-spin interactions and
short-range FM correlations evolving with the decrease in temperature. J. P. Joshi
et al. [191] have suggested that the variations in H, (or g-factor) below T¢o could

be due to the strengthening of orbital ordering and increasing crystal field effects.

4.3.3. Magnetization studies
4.3.3.1. Temperature dependent magnetization

Fig. 4.13 shows magnetization (M) as a function of temperature plots
measured under a static magnetic field (H) of 500 Oe in zero-field cooled (ZFC)
and field cooled (FC) conditions. As the temperature decreases from high-
temperature, both ZFC magnetization (Mzrc) and FC magnetization (Mgc) curves
show a peak at Tco. The CO peak becomes broad with the increase in Pr content.
The variation in T¢o as a function of composition is in good agreement with the
values obtained from the ESR data (Fig. 4.8). The Tco observed for x = 0.50
sample (shown in the inset of Fig. 4.13) is close to the earlier reported value but it
is not as prominent as observed by other groups [16, 80]. The decrease in M
below Tco with the decrease in temperature is an indicative of the decrease in FM

cluster size. This supports the ESR results. The broadening of charge ordering
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Fig. 4.13. M vs T plots of Bigs.Pr«CaysMnO; samples measured in a static magnetic field of
500 Oe.

transition for Pr-doped samples may be due to the delocalization of charge
carriers because of the decrease in grain size [218]. For doped samples small
increase in M below 200 K (inset of Fig. 4.13 for x = 0.40 sample) could be due to
increasing FM- double exchange (DE) interactions as temperature decreases. A
sharp rise in M observed below 45 K for x = 0.0 and below 115 K for x > 0.05
samples is an indicative of FM-cluster glass (CG) formation [219]. Below this
temperature, Mzrc shows a peak at a temperature known as spin freezing
temperature (T¢) [16], while Mgc (except for x = 0.20) increases continuously with
the decrease in temperature. This is characteristic of spin glass (SG) behavior
which appears because of competition between FM and AFM correlations [220].
Monte Carlo simulation techniques reveal that this behavior can be attributed to

RSG phenomena [221]. Below Ty, the decrease in Mzrc presumably due to the
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disturbance of the aligned moments in the sample by thermal fluctuations as well
as the randomly oriented frozen FM clusters [216]. At this temperature, the spin
of Mn ions changes from long-range FM order to the short-range FM order in the
SG state [80].

In the Bi;.«CayMnQOj3 system, as it is already discussed in the chapter 3, the
appearance of SG state has been ascribed to the competition between FM
interactions in BiMnOs-type clusters and AFM coupling within clusters where
Mn®* orbitals are frozen in random orientations [87]. For x = 0.20 sample, the
observed decrease in Mgc at 40 K is similar to what has been reported for
ProsCapsMnOs [80]. This is RSG behavior which occurs due to the existence of

frustrated spins at the expense of long-range ordering [222].

B co

o

—_
o

o

N O

1/ (10% emu’ g Oe

e}

0 P R SRR B e P B B
0 100 200 300 0 100 200 300
T (K) T (K)
Fig. 4.14. 1/y vs T plots for Mzec (measured in a static magnetic field of 500 Oe) of

Big5.xPrCagsMnO3; samples.
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The inverse susceptibility (1/¢) vs T plots obtained from Mzgc data are shown
in Fig. 4.14. The nonlinear behavior in these plots above Tco supports the
conclusions drawn from 1/DI vs T plots of ESR data. For Pr-doped samples,
below Tco, the range of temperature in which increasing trend in 1/y is observed
becomes narrow with the increase in Pr content and it disappears for x = 0.50

sample. This could be due to the enhancement of FM moment in the AFM matrix.

4.3.3.2. Magnetic field dependent magnetization at 5 K
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Fig. 4.15. M vs magnetic field (H) plots of Bigs«PrsCassMnOz; samples measured at 5 K.

Fig. 4.15 shows M-H plots for various samples, measured by applying a
maximum magnetic field of 20 kOe, at 5 K. All the samples show hysteresis,
indicating the formation of FM clusters. From this the estimated values of
saturation magnetization (Msy) (at 5 K, 20 kOe) are around 0.005, 0.009, 0.019,
0.025, 0.071, 0.146, 0.172 and 0.992 pg/f.u for x = 0.0, 0.05, 0.10, 0.15, 0.20,
0.30, 0.40 and 0.50, respectively.
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Fig. 4.16. Coercive field and remanent magnetization vs x plots of Biys<Pr,CagsMnO3z samples
measured at 5 K.

Fig. 4.16 shows the variation of coercive field and remanent magnetization as
a function of temperature, measured from M-H plots (at 5 K), of all the samples.
With the increase in Pr content, remanent magnetization increases. The undoped
sample has the high value of coercive field whereas sample with x = 0.50 has the
minimum value. For samples with 0.05 < x < 0.40, coercive field shows weak
dependence on Pr content. With the increase in Pr content the volume fraction of
FM clusters increases, resulting in the enhancement of M value. The high M value
for x = 0.50 sample and a weak CO peak may be due to the suppression of

chemical inhomogeneities in the sample as compared to the earlier reports [175].

4.3.3.3. Critical phenomena and phase transitions

The Curie temperature (T¢) values of all the samples are calculated using the
dip observed in the dM/dT vs T plots (not shown) and listed in table 4.3. It is
observed that the value of Tc¢ increases with increase in Pr content. For all the
samples isotherms are measured near the T¢ by applying a maximum field of 40
kOe and show in Fig. 4.17. The critical behavior at the critical point is

investigated using Arrott plot (M? vs H/M) analysis. Fig. 4.18 shows Arrott plot
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Table 4.3. List of the estimated parameters (T and |AS,,|) from the magnetization data of
Bigs.xPryCagsMnOs.

|AS|(J. kgt K1) at T
1T 2T 3T 4T

Sample (x) Tc(K)

0.0 41 0.021 0.036 0.048 0.070
0.05 106 0.006 0.013 0.029 0.079
0.10 109 0.006 0.012 0.017 0.161
0.15 109 0.011 0.021 0.038 0.057
0.20 109 0.026 0.049 0.105 0.129
0.30 115 0.053 0.097 0.169 0.206
0.40 115 0.072 0.130 0.197 0.257
0.50 129 0473 0.874 1.069 1.220

isotherms with the critical exponents, f = 0.5 and y = 1.0 [mean-field theory
(MFT) predictions]. The isotherms of M? versus H/M plots of the samples with x
= 0.0-0.40 have negative slope, whereas the isotherms of M? versus H/M plots of
the sample with x = 0.50 have positive slope. The negative and positive slopes of
the isotherms of these plots indicate the first-order and second-order PM-FM
transition, respectively, near the critical point [223]. However, the isotherms of
M? versus H/M plot of the sample with x = 0.50 are not linear which indicates the

absence of long-range FM order and spreading of magnetic transition due to the
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competition arising from FM and AFM interactions. To find critical exponents
accurately, we have used the critical exponents proposed in MFT as initial values
and then performed iteration method using modified-Arrott plot method [224].
Using £ = 0.78 and y = 0.82, the plotted modified Arrott plot of the sample with

x = 0.50 is shown in Fig. 4.19. The curves of this plot comparatively more linear
than the other set of critical exponent values chosen in the iteration method.
However, the estimated critical exponents do not fall into any universality class.
The detailed work on critical analysis is given in chapter 5.

4.3.3.4. Magnetocaloric effect
The magnetic entropy change which is associated with magnetocaloric effect
(MCE) is calculated from the isotherms (M-H) of the samples. Using Maxwell

thermodynamics equations magnetic entropy change can be written as

AS, (T, H) =IOH""” @\TAJ dH (4.1)

H

Since we have measured isotherms at discrete temperatures, the magnetic entropy

change is calculated using the following expression

AS,|= Z—N; __'\/'T‘_+1 AH (4.2)

i+l i
where M; and M., are magnetization values measured in an applied field of H at
temperatures T; and T, respectively [107]. Using equation (4.2) the estimated
values of |ASy| are plotted as a function of temperature, as shown in Fig. 4. 20 and

for all the samples the values of |ASy|, estimated at Tc, are listed in table 4.3. The
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Fig. 4.20. Temperature dependence of the entropy change (JASy|) of Bigs<PrCagsMnQOs.
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sample with x = 0.50 shows a maximum magnetic entropy change (JASy| = 1.22
Jkgt.K™) at T¢ in the applied field of 40 kOe. For this sample the estimated Tc¢
and |ASy| are found to be greater than the earlier reports [16, 225]. Since, T¢ and
|ASm| increased with Pr-doping, these materials can be used in magnetic

refrigeration technology [225, 226].

4.3.4. Transport studies

Fig. 4.21 shows resistivity (p) vs T plots for various samples. As the
temperature decreases the exponential increase in p indicates the activated
electronic transport nature of conduction in the samples [7, 19]. The p values are
in the range ~ 0.50-15 Q cm at room temperature and it reaches to the order of 10°
Q cm at ~70 K. This type of semiconducting behavior is observed in other

manganites also [7, 19] and has been ascribed to charge localization.
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Fig. 4.21. p vs T plots of Bigs.,Pr«CaosMnO3 samples.
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According to equation (3.11), In(p/T) vs 1000/T and In(p/T*®) vs 1000/T
plots should follow linear trend. However, Fig. 4.22 and Fig. 4.23 show
continuous curvature in these plots below T < Tco, indicating that these equations
are not useful to analyze the present data. However, the data in the temperature
range T > Tco follows linear behavior indicating the validity of small polaron
hopping (SPH) model. Using this model in the temperature range T >Tco the
estimated values of activation energy (E,) are in the range of 0.10-0.20 eV which
are reasonable [7].

Fig. 4.24 shows In(p) vs 1/T¥* plots for various samples in the temperature
range 70-300 K. All the samples, except the undoped sample, show linear
temperature dependence behavior below Tco. The data for doped samples show
small deviation from linear fit at Tco. Whereas the undoped sample shows two
linear fits, one in the temperature range Tco >T >Ty and the other one below Ty.
This behavior is similar to the results that have already been reported on the
undoped Bi-manganite in our earlier work [7]. Using a value of N(Eg) ~3 x 10

cm®eV?, various model parameters have been estimated and are listed in

In (p (€2 cm))

024 027 030 0.33 0‘I24 0.‘27 O.:’iD 0.;33
/T k™ /TR

Fig. 4.24. Inp vs /T plots of Bigs..Pr«CaosMnOz samples.
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Table 4.4. List of the various parameters (To, po, & R and W) of Bigs.,PrCaysMnO; estimated from
VRH model.

Sample (x) To (x10° K) po (x102Qem) &E(A) R(nm) W (ev)

0.0 0.83 0.94 6.51 5.62 0.149
0.05 0.73 6.95 6.82 5.69 0.144
0.10 0.66 5.88 7.04 5.73 0.140
0.15 0.83 1.03 6.52 5.62 0.149
0.20 0.82 1.63 6.54 5.63 0.148
0.30 0.13 3053 1197 6.55 0.094
0.40 0.46 30 7.94 5.91 0.128
0.50 0.48 324 7.83 5.89 0.130

table 4.4. For x = 0.0 sample below Ty the estimated values of characteristic
temperature (To), characteristic resistivity (po), correlation length (&), hopping
distance (R) and hopping energy (W) are 1.76 (x10% K), 0.00044(x10™ Q cm),
5.08 A, 5.28 nm and 0.18 eV, respectively. The localization length of present
series of samples is greater than the Mn-Mn distance (~5 A); the hopping distance
is several times to that of Mn- Mn distance [7, 227]. The present results are in
good agreement with theoretically predicted values, indicating the validity of
Mott’s variable range hopping (VRH) model.
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Fig. 4.25. Inp vs 1/T? plots of Bigs.Pr.CaosMnO; samples.
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Table 4.5. List of the various parameters (T, po and ¢&) of Bigs<PrCagsMnO; estimated from ES-
VRH model.

Sample (x)  To(x10° K)  po(x10°Qcm) & (A)

0.0 5.39 0.24 5.30
0.05 4.43 2.59 6.48
0.10 3.95 2.69 7.28
0.15 4.45 1.28 6.45
0.20 4.35 2.30 6.60
0.30 1.90 30.62 15.1
0.40 3.39 2.47 8.47
0.50 3.24 55.30 8.87

In(p) vs 1/T*? plots are depicted in Fig. 4.25 within the temperature range 70-
300 K. All the samples show linear behavior below Tco. We have estimated the
various parameters (table 4.5), taking K~500 [228]. The po values of the present
system are much lower than the theoretical values predicted by Mott [211],
indicating that the present system does not follow the Efros and Shklovskii-VRH
(ES-VRH) model.

The p vs T plots and plots drawn according to adiabatic and non-adiabatic
model do not show the Tco. But in the plots of VRH and ES-VRH model the
change in slope of the curves indicates the signature of charge ordering. The
values of Tco estimated from p data are in good agreement with the values that are
estimated from the ESR and magnetization data (shown in Fig 4.8). p does not
vary significantly in the composition range 0.0 < x < 0.20. The x = 0.30 sample
shows lower resistivity. For samples with 0.30 < x < 0.50 the resistivity increases.
The small grain size of the samples increases the grain boundary scattering which
gives rise to the increase in resistivity for x = 0.40 and 0.50 [229, 230]. The lower
value of p of the sample with x = 0.30 and increase in the value of p with the
increase in x can also be due to change in the value of bond angles. Due to the

increase in the value of the average Mn-O-Mn bond angle of the sample with
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x = 0.30, bandwidth increases which results in the enhancement of ey electron
mobility. As a result, the value of p decreases and it is consistent with the reports
[28]. It has been reported that in La-doped BCMO system adiabatic small polaron
conduction mechanism is responsible for the transport behavior above charge
ordering transition and below this Mott’s VRH mechanism [231]. The data of the
present set of samples also follow small polaron conduction mechanism above
Tco and the Mott's VRH mechanism below this temperature. The percolation
model has been extensively used in mixed valence Mn oxides [6, 10, 60, 68] to
understand the phase separation phenomena. According to this model, in all
samples, FM clusters exist above Tco. As the temperature reaches Tco, AFM
interactions grow at the expense of FM interactions. With the further decrease in
temperature AFM domains grow progressively and FM cluster size decreases
simultaneously, as a result of which large increase in resistivity is observed [7,
19].

4.3.5. Discussion

The observed variations in Tco, enhancement in M, Tc and evolution of
different magnetic correlations with Pr-doping can be explained as follows. The
high Tco of the undoped sample, as explained in earlier works by several groups
[100, 213, 214, 232-234], is due to the strong electron-lattice coupling induced by
J-T distortion and long-range Coulomb interaction. With increasing Pr content the
effect of 6s? lone pair of Bi*" ions and the hybridization of Bi** and O* ions
decreases, resulting in the decrease of Tco. For x > 0.20, Pr**probably stabilizes
the effect of the 65 lone pair of Bi*" ions, and hence, the CO state becomes same
as that of Pr-manganite.

With increasing Pr content the disorder is also likely to decrease because of
similar ionic radii of Pr** and Ca®* ions which are confirmed by the decrease in

the value of ¢° with increase in the value of Pr content. The formation of FM or
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FM-CG state and shift of this transition towards higher temperature is ascribed to
decrease in disorder. However, for all the samples the value of t > 0.915, which
suggests the existence of disordered CG state [80]. The drastic change in CG
transition temperature from ~ 45 to 115 K can be due to the sharp decrease in the
value of ¢ shown in table 4.1 [28, 232]. In the present system, there is a strong
possibility that the GS effects are present. For x = 0.0 and 0.05 samples doping
does not affect M but it shifts the FM transition towards higher temperature. This
may be due to the decrease in GS drastically. Reduction in GS increases the
surface to volume ratio resulting in the appearance of FM clusters. Furthermore,
because of the canted nature of the system, some of the FM clusters near the
surface find a percolation path, in spite of the canted AFM host matrix, leading to
the occurrence of FM transition at higher temperature [16]. The decrease in
disorder, increase in the surface to volume ratio due to the decrease in GS and the
unscreened Coulomb attraction introduced at the surface results in an increase of
charge density in the system [235]. The enhanced itinerant ey electron density
changes the collinear AFM configuration and hence weakens the AFM
superexchange (SE) interaction, thereby improving the DE interaction, leading to
the enhancement of M, T¢ and damping of the CO state. The sample with x = 0.50
has average GS of 157 nm and T¢o at 246 K with broad transition, which is
lower than the value for bulk sample but in excellent agreement with the results
reported on the same sample with GS of 150 nm [16]. The observed features are
attributed to the small GS of the sample. The decrease in GS enhances surface
area and distributes charge inhomogeneously leading to phase separation at
nanoscales [235]. On the other hand, the tunneling of carriers between two Mn
ions belonging to different adjacent connecting nanocrystal grains also induces
FM-DE correlations [16, 175, 215, 236]. The increase in unit cell volume with Pr
doping, in the composition range 0.05 < X < 0.50, is due to the increase in average

ionic size caused by the substitution of larger Pr¥* ion for smaller Bi** ion at A-
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site. As a result the average Mn-O-Mn bond angle increases (except for x = 0.40
and 0.50) and the length of Mn-O bond decreases, leading to broadening of
bandwidth and the increase in mobility of ey electrons [18]. This results in the
strengthening of FM-DE coupling leading to increasing in magnetization.
However, a slight oscillation in Mn-O-Mn bond angles as well as in the Mn-O
bond lengths may be due to local distortion which arises from oxygen

displacement [28].

4.4. Conclusions

In conclusion, we report the temperature dependent electron spin resonance
(ESR), magnetization (M) and transport studies on Bigs.xPr«CagsMnO3 (0.0 < x <
0.50) manganites synthesized by sol-gel method. The charge ordering temperature
(Tco) decreases from 327 K to 250 K with increase in Pr content from 0.0 to 0.15.
The Tco value remains ~250 K as x increases from 0.20 to 0.50. The estimated
value of Curie temperature (Tc) increases with increasing in Pr content. The
samples with 0.0 < x < 0.40 show first-order and the sample with x = 0.50 shows
second-order paramagnetic (PM)-ferromagnetic (FM) phase transition near the
critical point. The estimated critical exponents g = 0.75 and y = 0.82 of x = 0.50
sample, do not fall into any universality class. The sample with x = 0.50 shows a
maximum magnetic entropy change (JASp|= (1.22 J.kg™*.K™) at Tc in the applied
magnetic field of 40 kOe, which is associated with the magnetocaloric effect
(MCE). Resistivity (p) data analyses reveal the semiconducting nature of the
samples and also samples follow the Mott’s variable range hopping (VRH) model
below the charge ordering temperature (Tco). The changes in magnetic and
transport properties are associated with the changes in structural properties of the
samples. The decrease in Tco, increase in M, Tc and |ASy| with Pr-doping in the

present system are ascribed to the decrease in effect of 6s® lone pair character of
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Bi®" ions, decrease in disorder due to the similar ionic radii of Pr** and Ca®" ions

and also due to the variation in surface/volume ratio of grains.



Chapter 5
Effect of Bi and Sm doping on the properties
of LLay 37D¢.30Cag 33MN0O3 (D = B, Sm) and

Lag 37Blp.155Mg 15Cag33MNO;

5.1. Introduction

In La;«CayMnO3 (LCMO) system the sample with x = 0.33 shows relatively
large magnetization (M) and Curie temperature (T¢) [106]. It exhibits first-order
paramagnetic (PM)-ferromagnetic (FM) phase transition near the critical point. A
significant research work on the effect of Bi doping at La-site in Laggr-
«BixCag33sMnO3 has been reported. However, this study is limited to lower
concentrations (x < 0.20) only [105-110]. Due to 6s* lone pair electrons of Bi**
ions, a much-complicated behavior is expected when a high content of Bi is
substituted at La-site in Lags7Cap3sMnOs. The effective ionic size of Sm** is
much smaller than that of La>*; as a result a large disorder is expected due to the
size mismatch of A-site cations. In this chapter the doping-induced changes in the
structure, magnetic and transport properties of Bi and Sm (rich in concentration)

doped (at La-site) Lags7Cap.33MnO3 are discussed.

5.2. Sample preparation

The stoichiometric amounts of pure La,O3, BiO3/Sm,03;, CaCO3 and MnQO,
were converted into nitrates then dissolved in distilled water to obtain the clear
solution. Citric acid was added with constant stirring and the ratio of metal cation
to citric acid was fixed at 1:2. The pH of the solution was adjusted to ~ 6-7 by

adding ammonia solution. Ethylene-glycol was added to this to get a viscous
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solution. The solution was slowly evaporated to get a gel by keeping the
temperature at ~ 60-70 °C with constant stirring for several hours (hrs). When the
solution was cooled to room temperature a pink gel was formed. This gel was
decomposed at 250 °C. Then the resulting powder was annealed in a furnace at
900 °C for 25 hrs. In the final stage, powder was pressed into pellets, which were
annealed at 900 °C for 25 hrs.

5.3. Results and discussion

5.3.1. Structure and morphology studies
The Rietveld refinement of the x-ray diffraction (XRD) data for
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Fig. 5.1. Rietveld refinement (solid black lines) of the XRD data (open red circles (left panel)
along with diffraction planes (green lines) and the difference between experimental and fitting
data (blue lines) and FESEM images (right panel) of (a) Lags7Big30CagasMnQs, (b)
Lap.37Bio.155Mp.15Ca0.33MN0O3 and (C) Lag 37SMg 30Cap.3sMnO5 samples.
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Table 5.1.List of the structural parameters [atomic positions(x, y and z), lattice parameters (a, b
and c), V, S, <dun.o> and <Mn-O-Mn>] estimated from the refinement of the XRD data of all the
samples. The calculated values of <rp>, o and t and are also listed in the table.

Sample B30 B15S15  S30
La/Bi/Sm/Ca
X 0.020 0.025 0.024
y 0.250  0.250  0.250
z 0.992 0.999  0.987
Mn
X 0.500  0.500  0.5000
y 0.500  0.500  0.5000
z 0.000  0.000  0.000
0o(1)
X 0.499 0538  0.497
y 0.250  0.250  0.250
z 0.053  0.072  0.057
0(2)
X 0.208  0.286  0.200
y 0517 0559  0.523
z 0.322 0.310  0.265
a(A) 5.479 5464  5.375
b (A) 7.756 7552  7.691
c(A) 5.421 5477 5.433
V(A3 230 226 224
S 2.62 2.89 2.40

<dwn-0> (A) 1.944 1.994 1.931
<Mn-O-Mn> (°) 163.84 149.66 161.82

<ra> (A) 1264 1222 1.180
o (A? 0.005 0017  0.026
t 0946 0932 0917

Lag37Bio30Cap3sMnO;  (B30)  Lags7Bio15Smo15Cag3sMnO;  (B15S15) and
Lag 37Smg 30Cag33MnO3 (S30) samples is shown in the left panel of Fig. 5.1.
Refinement confirms the single phase orthorhombic structure with Pnma space
group of the samples. From the refinement the estimated values of structural

parameters, namely atomic positions (x, y and z), lattice parameters (a, b and c),
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Flg 5.2. Crystal structure of Lao.37Bio.15smo_15C30.33MnO3.

unit cell volume (V), the goodness of fit (S), the average Mn-O bond length

(<dmn-0>), the average Mn-O-Mn bond angle (<Mn-O-Mn>) are listed in table
5.1. The estimated values of average ionic size of A-site cations (<ra>), the
variance of A-site cation size (¢°) and tolerance factor (t) of the samples are also
listed in table 5.1. The decrease in the unit cell volume for these samples
compared to Lag;Cap33MnO3 (~231 A3) could be due to the smaller ionic radii of
Bi** (1.24 A) and Sm®* (0.96 A) than that of La**(1.36 A) [108, 111, 120]. The
field emission scanning electron microscopy (FESEM) microstructure of the
samples is shown in the right panel of Fig. 5.1, indicating an agglomeration in the
samples. This may be due to annealing, which helps the grains to coalesce.
Energy dispersive x-ray spectroscopy (EDX) results confirm the purity of the
samples.  Using  structural  parameters, the crystal structure of
Lag 37Bip.15SMo15Cap3sMnO3  sample, representative of all the samples, is

generated and shown in Fig. 5.2.

5.3.2. Electron spin resonance studies
Fig. 5.3 depicts the electron spin resonance (ESR) spectra of B30 sample at a
few selected temperatures. Above 223 K, the ESR spectra of B30 sample show a
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Fig. 5.3. ESR spectra of Lag 37Big30Ca33MnO3 sample measured at various temperatures.
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Fig. 5.4. ESR spectra of (A) Lag37Big155mg 15Cag33MnO3 and (B) Lag37SmMg30Cag 33MnO3 samples

measured at various temperatures.

single resonance line at ~326 mT, which is the characteristic of PM interactions.
Below this, FM correlations evolve in the PM matrix, which is confirmed from
the observed hump (shown with ‘11’) in the low-field region. This can be
assigned to low-moment state. With further decrease in temperature, FM
correlations grow at the expense of PM interactions, resulting in a complete PM-
FM transition below a particular temperature (~153 K). This is confirmed by the

shift of the hump towards further low-field region (shown with ‘12”). This can be
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Fig. 5.5. Lorentzian fit (solid red line) to the ESR spectra (open circles) of (a)
Lag 37Bio 30Cap.33sMN0O;, (b) LagsrBig15Smg15Cag 3sMnO; and (€) Lag37Smg30Cag 33sMnO; samples

measured at 273 K.

assigned to high-moment state. Similar results have been reported earlier [237,
238]. In the temperature range, 153 K < T < 223 K, the coexistence of FM and
PM signals suggests phase separation in the vicinity of T¢. Neutron scattering
results supports this phase separation phenomenon [70, 239]. For B15S15 (Fig.
5.4 (A)) and S30 (Fig. 5.4 (B)) samples, only PM feature is observed up to 123 K,
below this we could not do measurements because of instrument limitation. Fig.
5.5 shows Lorentzian [equation (3.1)] fit to the ESR spectra of the samples
measured at 273 K.

Fig. 5.6 (A) depicts the peak to peak linewidth (AH) of ESR signal as a
function of temperature. AH decreases with decreasing temperature from 453 K,
reaches a minimum at ~ 230, 170 and 150 K for B30, B15S15 and S30 samples,
respectively. This behavior can be ascribed to a critical slowing down due to the
FM ordering [240]. For all the samples, AH increases with the further decrease in
temperature. Previous reports suggested that the minimum value of AH and the
increasing behavior of AH below the minimum are sample dependent and these

features may be associated with magnetic inhomogeneity of the sample arising
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Fig. 56 (A) AH vs T and (B) H, vs T plots of (a) LagsBig3CagssMnQOs, (b)
Lag 37Big.15Smg 15Cag.33MNnO3 and () Lag 37Smg 30Cag33Mn0O3 .Solid red lines are the fits according
to equation (3.7)[ 173, 176].

Table 5.2. List of the various parameters (6c, AH(«), B and peff ) estimated from ESR and

magnetization data of all the samples.

Sample ESR (AH Vs T) Magnetization (1/y vs T)
0c (K) AH(») (G) B (GK™) 0c (K) ueff(us)
B30 188 455 2.78 186 5.64
B15S15 126 1069 211 124 6.09
S30 115 2673 0 114 5.88

from local variations in chemical composition or oxygen stoichiometry [172, 241,
242] or demagnetization fields arising from pores between the grains of samples
[243]. These inhomogeneities are inherent and may exist in large size [244].

In most of the manganites, it is observed that the temperature dependence of
AH is very similar to the temperature dependence of electrical conductivity [196,
245]. The data is further analyzed in the PM region using Huber et al. [173] and
Auslender et al. [176] models given in chapter 3. AH vs T fits using equation (3.7)
are shown with solid red lines in Fig. 5.6 (A). From the fitting, the estimated
values of Curie-Weiss temperature (6¢c), high-temperature asymptote (AH(0)) and

B which describes the strength of interaction between the ey electrons and
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impurities with spin reversal, are listed in table 5.2. From these values it is
concluded that the observed AH behavior of S30 sample can only be due to pure
ion-ion spin relaxation, whereas in B30 and B15S15 samples this behavior is due
to both ion-ion spin relaxation and carrier spin-lattice interactions. For
understanding the spin dynamics and magnetic properties, Harder et al. [246]
have used a technique called electrical detection of ferromagnetic resonance.
Resonance field (H,) as a function of temperature is shown in Fig. 5.6 (B). H, is
constant in the PM region and decreases with decrease in temperature in the FM
region. However, in temperature range from 133-123 K, H, increases again for
B30 samples (not shown). The complex temperature dependences of H, observed
in this compound could be a sign of rearrangement of spin orientation and domain

structure near high-moment state onset temperature [108, 241, 242].
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The normalized double integrated intensity (DI) as a function of temperature
is shown in Fig. 5.7(A). For all the samples, DI increases slowly with the decrease
in temperature. With further decrease in temperature, DI increases rapidly around
270, 150 and 150 K for B30, B15S15 and S30 samples, respectively. Fig. 5.7(B)
shows 1/DI vs T plots for all the samples. The 1/DI plots show linear behavior
above 400, 370 and 350 K for B30, B15S15 and S30 samples, respectively.
Below this temperature nonlinear behavior in 1/DI with further decrease in
temperature is observed, which may be due to the formation of FM clusters in the
PM matrix [7, 81]. The increasing trend of nonlinearity on approaching Tc might
be due to the evolving spin-lattice interactions. This is in good agreement with the
predicted adiabatic polaron hopping model [247]. The exponential decay of 1/DI
reflects the formation of polarons when critical point is approached. These
polarons can be centered by the Mn®* and Mn** ions and mediated by the double
exchange (DE) activated hopping of the electrons via the O* ion. Fig. 5.7(C)
depicts the InDI vs1000/T plots for all the samples. The InDI show linear behavior
in the PM region, then it deviates from the linear behavior with decrease in

temperature, which indicates the evolution of FM correlations.

5.3.3. Magnetization studies
5.3.3.1. Temperature dependent magnetization

Fig. 5.8 (A) depicts M vs T plots, both in zero-field (ZFC) and field (FC)
modes in an applied static magnetic field (H) of 500 Oe. PM-FM transition
temperature, i.e., Tc, is assigned to the minimum in the plot of dM/dT vs T (for
S30 sample). For B15S15and S30 samples, the estimated value of T¢ is ~100 K.
B30 sample shows two magnetic transitions at ~166 and 208 K, which can be
assigned to the magnetic transition of the high-moment state (Tc(H)) and low-
moment state (Tc(L)), respectively. Whereas ESR studies show T¢(H ) and T¢(L)
at 153 K and 223 K, respectively. Being an atomic probe, the ESR technique is
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able to detect the evolution of FM phase at 223 K and the existence of PM phase
down to 153 K. The observed single resonance line in ESR spectra indicates that
the magnetic interaction is weak between Mn®*" and Mn*" above Tc. Below Te
magnetic interactions become strong between Mn®** and Mn** and these
interactions are either FM or canted (C)-(FM/antiferromagnetic (AFM))
depending on the distance and angle of Mn-O-Mn bond and Mn*/Mn** ratio. By
the application of magnetic field C-(FM/AFM) can transform into FM-type,
leading to the appearance of two resonances in the ESR spectra [105]. The
behavior of two magnetic transitions has been observed in other manganites also
[10, 248, 249]. The sharp rise in M at 180, 120 and 120 K, a peak called spin
freezing temperature (Ty) in ZFC magnetization (Mzrc) at 65, 43 and 43 K are
observed for B30, B15S15 and S30 samples, respectively. This behavior is
attributed to the evolution of spin or cluster glass state, reported in other
manganites also [219]. Increase in Mzrc With increasing temperature (from 5 K) is
ascribed to the competition between the demagnetization and magnetic-domain
orientation process [250]. The deviation of FC magnetization (Mgc) from Mzec
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depends on the magnetic homogeneity of the FM material and the strength of the
applied field. A large bifurcation of B15S15 and S30 samples indicate the strong
competition between FM and AFM phases. This in turn develops the magnetic
frustration in the sample [251-253]. In general the response of the spin to the
external magnetic field depends on the competition between magneto crystalline
anisotropy energy and the applied field strength. At low-temperatures, the value
of Mzec depends on the anisotropy energy. If the strength of the applied field is
low compared to anisotropy internal field within the sample, only few spins orient
in the direction of the magnetic field, resulting in decrease in Mzgc of the samples
[200, 254].

Fig. 5.8 (B) depicts inverse susceptibility (1/y) as a function of temperature for
Mzec vs T data. The linear fits are according to Curie-Weiss law. The two linear
fits for B30 indicate that the evolution of FM interaction is getting stronger and
hence the slope alone changes with the decrease in temperature. The estimated
values of 6c are listed in table 5.2. The ¢ values are in good agreement with the
values obtained from ESR data analysis. For all the samples the estimated values
of effective magnetic moment (uer) (table 5.2) are greater than the theoretical
value (4.55ug). This, as mentioned earlier chapter, could be due to the presence of

magnetic polarons [216].

5.3.3.2. Magnetic field dependent magnetization
Fig. 5.9 depicts the M-H data at various temperatures. The solid red lines are

fitting curves according to the approach to saturation model given by the equation

M(T,H)=M(O,H)[1-(a/H)—(b/H*)]+ z,H (5.1)

where a, b and yys are constants. The a/H term describes the defects/imperfections,
b/H?contribution due to magnetocrystalline anisotropy. The yH term corresponds
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to a paramagnetic-like behavior. However, so far there is no clear explanation
about this term [255]. The lack of saturation in M-H data for samples up to the
applied magnetic field of 40 kOe clearly indicates the existence of magnetic

inhomogeneity or short-range FM order.

5.3.3.3. Critical phenomena and phase transitions

In order to study the critical behavior near the Tc, where a magnetic system
undergo a second-order phase transition from PM (above T¢) to FM (below T¢)
state is characterized by a set of critical exponents and amplitudes, we have used
various techniques such as modified-Arrott plots, Kouvel-Fisher method and
critical isotherm analysis. The mathematical definitions of the critical exponents
from magnetization measurements are given as per the following relations [256,
257]:

M, (T) = My|e]” £<0T <T, (5.2)
2o M=(h/My)e”  £>0T>T, (5.3)
M =DHY? £=0,T =T, (5.4)

where My, ho and D are the critical amplitudes and ¢ = (T-Tc/Tc) is the reduced
temperature. The critical exponents are determined from Arrott plot [224] and
Kouvel-Fisher method [258].

Four models are generalized for obtaining the values of critical exponents:
mean-field model (4 = 0.5 and y = 1); 3D-Heisenberg model (4 = 0.365 and y =
1.386); 3D-Ising model (# = 0.325 and y = 1.241) and tricritical mean-field model
(#=0.25and y = 1). The critical exponents are not defined for first-order PM-FM
phase transition since the magnetic field can shift the transition, leading to a field

dependent phase boundary at critical point [259, 260].



132 | Effect of Bi and Sm doping. ...

1400

12004

M’ (emufg)2
3 8 8

5

P
o
=]

(a) :
162 K
L 164 K
> 1 lob K
ey 4flhﬁk
P>, /J0K

200 400 600 800 1000 1200 1400

H /M (Oe.g/emu)

M’ (emu / g)’
B ] oo
e. 8.8

GOK 94K

® e

N\

106 K

108 K
M 10K

200 400 600 800 1000 1200 1400 1600

H/M (Oe.g/emu)

Fig. 5.10. Arrott plots isotherms of M? vs H/M of (a) LagssBios0Cao3sMnOs, (b)

200 400 600 80O 1000 1200 1400 1600

96 K

(C) 98 K
/IDUK
& 102 K
)
LS 104 K
A, 106K
o b' "
b 108 K
o

H/M (Oe.g /emu )

Lag 37Bip.15SMg.15Ca9.33MNO3 and (c) Lag 37Smq 30Cag 33MnO3 samples.



Chapter 5 | 133

According to the mean-field theory (MFT) which is proposed for a system
exhibiting the second-order PM-FM phase transition and long-range FM
interactions, the Gibbs free energy (G) can be written in terms of the order
parameter M near the critical temperature region, given in the following equation
[260]

G(T,M) =G, + (1/2) A(T)M? + (1/4)B(T)M?2 — MH (5.5)

where the coefficients A and B are temperature dependent parameters.
At equilibrium,
G /oM =0 (5.6)

Then the obtained magnetic equation of state can be written as,

H/M =A+BM? (5.7)

The slope of this equation determines the nature of magnetic transition as
explained by Banerjee [223]. Banerjee criterion states that if the isotherms of M?
vs H/M have positive slope then PM-FM transition of the system is of second-
order type and if isotherms have negative slope then PM-FM transition of the
system is of the first-order type. If a FM system was obeying the MFT in the
vicinity of T, then the M? vs H/M curves should be parallel straight lines and the
curve at T¢ passes through the origin. However, the curves of M? vs H/M plots of
the present samples, shown in Fig. 5.10, do not show the linear behavior,
indicating the absence of long-range FM order. However, the positive slope
indicates that the transition from PM-FM is of the second-order type [223].
Banerjee condition has been extensively used in several manganites to identify the
order of phase transition [257, 260, 261].



134 | Effect of Bi and Sm doping. ...

5000
(a) \;9"‘" d 162K
= 548 164 K
— . 4000 ) > 166 K
=0 L 168 K
— > /é"_ 170 K
g 3000+ L
Z P
= 20004
= | B= 042
100044 y =0.97
0 = T T T T
0 500 1000 1500 2000

(H/M)"" (Oe.g/emu)"”

300
0K 94 Kog
o
= 2501 85 K ”‘”{A%K
™ () B fﬁ/f,mzx
~ 200- f 104K
=
5 150- 74
o
106 K
= 1001 LIUSK
2 110K
0. B=0.62
=087
0 1000 szo'uo " 3000 4000 '”
(H/M) " (Oe.g/emu )’
96 K
350 4 98 K
c + Nlﬁ[ﬂ'{‘
=wl 9 s
) ng" /106K
2504
= —= 108 K
£ 200
]
o
= 1504
= 100 B =0.60
v = 0.87
50}/,
N

0 1000 I:z_o'oo 3000 4n'oo|
(H/M)" " (Oe.g flemu )’

Fig. 5.11. Modified-Arrott plot isotherms of MY vs (HIM)* of (a) Lags7Bio30Ca0.3sMnOs, (b)

Lag 37Bip.15SMg.15Ca9.33MNO3 and (c) Lag z7Smq 30Cag 33MnO3 samples.



Chapter 5 | 135

In order to find the appropriate critical exponents we have used the modified-
Arrott plot method known as Arrott-Noakes equation of state [224] given by the

equation

(H/MYY” =a(T =T.)/T +bM"” (5.8)

where a and b are considered to be constants. In this, we have used mean-field
values as initial values and then followed iteration method to find out the proper
values of  and y. From this the estimated values of 3, y and T¢ for B30, B15S15
and S30 samples are listed in table 5.3. Fig. 5.11 is generated using the critical
exponents obtained from the equation (5.8).

Fig. 5.12 illustrates the temperature dependent spontaneous magnetization, M
(intercepts on M“axis, below Tc), and the inverse initial susceptibility, yo*
(intercepts on (H/M)"” axis, above Tc), plots. The best fit values obtained for

theses samples and are listed in table 5.3.

Table 5.3. List of the values of 3, y, 4 and T estimated from various plots.

Sample B30 B15S15 S30
Te Te Te
Parameters 0 0 o
B b4 (K) B y (K) B y (K)
Mz‘:fc')id‘ 042 097 330 166 062 087 240 100 060 087 240 100
Mevs T 043 - 165.6 060 - 98.37 059 - 99.96
3.25 2.45 2.49
2ovs T - 097 165.9 - 087 98.34 - 088 99.97
043 - 165.6 062 - 98.30 061 - 100.10
Kouvel- 3.30 2.42
: 235
Fisher N
0.99 166.9 - 084 98.30 - 087 99.95

Eq.54 - - 3.27 - - - 2.26 - - - 2.56




136 | Effect of Bi and Sm doping....

24 (a) 1°%° 121 (b) 1500
O experimental 104 —— O experimental =
20 192 fit £
= — fit i — (5]
e E @, o
= =043 s 2 9 d200 B
3 16 [; _01(5 ] {300 E B=0.60 20
S o 162.6 5 ;,6- T.=98.37 HQ,
12 42002 T 5
B 41 4100 ™
5 v =087
8- ! {100 ] T =98.34
T,=165.9 z ¢ '
44— T T T T T T T — 0 01— T T T T T — 0
140 145 150 155 160 165 170 175 180 80 8 90 95 100 105 110
I (K) T(K)
300
16} (c)
_ 4250 —~
" 0 experimental 2
el fit 42002
: _ —] 2
2 4l p=0.59 41500
< T = 99.96 g
4100 =
4k v =088
T .= 99.97450
ol , 0

80 85 90 95 100 105
T(K)

Fig. 5.12. Temperature dependence of spontaneous magnetization (Mg)[left, open circles]and the

inverse initial susceptibility (yo)[right, open circles) of (a) Lags/Bio30Ca03sMnOs, (b)
LaOA37Bi0A158m0.15C30.33Mn03 and (C) La0,378m0,30Ca0,33Mn03 sampIeS.

In order to find the critical exponents and Tc more accurately, we have used
Kouvel-Fisher method [258, 262]. According to this, the equations are written as
given below

M (T)/dM (T)/dT = (T ~T.)/ 8 (5.9)

2o (Mg (T)/dT = (T -T)/y (5.10)
The exponent values for g and y (table 5.3) are obtained from the fits based on
these equations to the experimental data for M and yo™, depicted in Fig. 5.13. We

have also calculated the value of 6 both from Widom scaling relation [256],
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S=1+y1p (5.11)

and equation (5.4), listed in table 5.3.
Using scaling equation,

M(H,g)=¢&"f.(H/&"7) (5.12)
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where f. (f.) for T > T¢ (T < T¢) are regular functions [256], we have plotted
M (H,g)|g|*ﬂvs H|g|*(ﬁ”) plots, shown in Fig. 5.14. These plots are fallen on two

curves, one above T¢ and the other below T¢ and are in good agreement with the

scaling theory. This indicates that the calculated critical exponents are reliable.

5.3.4. Transport studies
Fig. 5.15(A) shows the resistivity (p) vs T plots for the samples. All the
samples show semiconducting behavior with decreasing temperature. At low

doping levels (x < 0.20) metal-insulator behavior has been reported. However,
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Table 5.4. List of the various parameters (T, and pg) estimated from VRH model.

To (108K) p0(102 Q cm)
Sample
300>T>140 T<140 300>T>140 T<140
B30 0.593 - 1207 -
B15Sm15 0.47 1.24 192 0.0312
Sm30 0.42 0.66 385 9.40

Table 5.5. List of the various parameters (¢, R and W) estimated from VRH model.

Sample ¢A) R (nm) W (eV)
300>T>140 T <140 300>T >140 T <140 300>T>140 T<140
B30 7.31 - 5.79 - 0.137 -
B15Sm15 7.87 5.72 5.89 5.44 0.129 0.164
Sm30 8.20 7.04 5.95 5.73 0.125 0.140

Table 5.6 List of the various parameters (To, po and ¢&) estimated from ES-VRH model.

Sample  To(10°K) po(10°Qem) & (A)

B30 4.48 79.59 6.41
B15Sm15 4.43 2.63 6.49
Sm30 3.77 7.04 7.62

in present samples, in which doping levels are high (x = 0.30), such kind of
behavior is not observed. Fig. 3.15(B) and Fig. 3.15(C) plots drawn using
equation (3.11) and the continuous curvature in these plots indicate that the small
polaron hopping (SPH) model is not suitable to analyze the data [19].

Using the variable range hopping (VRH) model (left panel of Fig. 5.16) the
calculated values of various parameters such as characteristic temperature (To),
characteristic resistivity (po), correlation length (&), hopping distance (R) and
hopping energy (W ) are listed in tables 5.4 and 5.5. Using Efros and Shklovskii-
VRH (ES-VRH) model (right panel of Fig. 5.16) the estimated values of the
various parameters are also listed in table 5.6. The values estimated from VRH
model and theoretically predicted [211] values are in good agreement with each

other.
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5.3.5. Origin of disorder

The properties of the present samples differ from Lags;Cap33MnO3. M and T¢
are decreased when La is replaced by Bi and/or Sm. Below ~65 K for B30 and
~43 K for B15S15 and S30 samples, the drop in Mzec indicates the evolution of
competing AFM and FM phases. As a result, the system will exhibit spin-cluster
glass behavior. The sharp drop in Mzgc for B15S15 and S30 is presumably due to
the increased competition between AFM and FM interactions with Sm doping.
This can be due to randomly distributed magnetic potential and Coulomb
potential of Sm which prevents Mn-O-Mn bonds from forming the homogeneous
long-range order and leads the formation of the cluster and spin-cluster glass state
[263, 264]. In previous reports, it has been pointed out that LaggCag3sMnOs
manganite exhibits first-order transition. The present doped samples, however,
exhibit second-order transition. The estimated critical exponents are close to
values predicted by MFT. The decrease in M, T¢ and evolution of spin or cluster
glass and the nature of phase transition, i.e., second-order phase transition
(compared to first-order transition in Lagg7Cap33MnQOs), are ascribed to the
disorder in the samples due to the lattice distortion caused by the size mismatch of
the A-site cations by Bi*" and Sm*" ion doping at La-site [108, 265]. A well-
known fact is that the Tc is directly proportional to the total exchange integral (Jex,
wotal). The Jex tota Which is the sum of exchange integral due to DE(Jexpe) and
SE(Jex se) interaction [266] decreases and hence, T¢ also decreases when La®" is
replaced by smaller Sm** ion. The Sm** doping may lead to distortion in Mn-O-
Mn network and weakening of FM-DE exchange interactions, as a result Jex se
increases. Hence, Jex total decreases, this results in the decrease of T¢ [263, 267].
In the case of Bi-doped sample apart from the difference of ionic radius between
La** and Bi*', it is necessary to consider the effect of 6s* lone pair electrons of
Bi*" ion on the properties of Bi-doped samples [110]. Because of covalent nature,

the Bi-O bond is shorter than La-O bond. Due to the electronegativity of Bi, the
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hybridization between 6s of Bi** orbitals and 2p of O may enhance and produce
a local distortion. The smaller angle of Mn-O-Mn for Bi-doped sample compared
to undoped sample is evidence for the enhancement in hybridization and local
distortion. As we know that the local distortion can hinder the movement of e
electrons from Mn to Mn. This in turn causes the localization of electrons around
Bi** ions and weakens the FM-DE interactions, as a result, the decrease in T and
M are observed [107]. The localization state act as pinning center to small polaron
hopping, probably this could be the reason for higher resistivity of Bi-doped
sample [110].

It has been reported [107] that low level of Bi doping in
Lag 2Bio.05Cap.33MnO3 shows first order phase transition from FM to PM. In the
present study, the high level of Bi doping in Lag 37Bio.30Cag 33MnO3 shows second-
order phase transition from FM to PM. This difference is because of additional
disorder induced by the high level of Bi doping. It has been reported that the Lag ;-
«SMyCap 3MnO3 with x > 0.05 show second order FM-PM transition [120]. It is
reported that single crystal of Lag7Sro3sMnO3; (LSMO) shows second-order phase
transition from FM-PM with critical exponents for g = 0.37+0.04, y = 1.22+0.03
and 6 = 4.25+0.2, which are close to the values predicted for conventional
Heisenberg ferromagnet [268]. Whereas La;xCayMnO3; manganite undergoes
first-order FM-PM transition in the composition range 0.30 < x < 0.40 [259, 269,
270]. This difference between the nature of FM-PM transition of the two systems
is presumably due to the increased average A-site ionic radius of LSMO [Sr**
(1.32A)] compared to LCMO [Ca®* (1.12 A)]. However, the present doped
samples show second-order transition at the critical point, although the average A-
site ionic radius is reduced when Bi/Sm is substituted at La-site. The present
results suggest that it is not the A-site ionic radius alone which decides the nature
of FM-PM transition. The disorder introduced in the system by the dopant ion is

also important in deciding the nature of FM-PM transition [271]. The structural
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analysis of the samples reveals that the <ra> decreases due to the substitution of
smaller ionic radii (Bi** and Sm**) ions in place of higher ionic radii (La*") ions at
the A-site which causes the value of t to decrease, leading to the decrease in Mn-
O-Mn bond angle and the increase of Mn-O bond length. This in turn reduces the
bandwidth which results in the decrease of the mobility of e4 electrons [18, 26].
The decrease in bandwidth and the mobility of ey electrons weakens the FM-DE
coupling and hence M and T¢ decrease rapidly [263, 265]. Similar results are
reported in Nd-doped La-manganites [257].

5.4. Conclusions

In  conclusion,  Lag37Do3CapssMnO; (D = Bi, Sm) and
Lag 37Bio.15SmMo15Cap 33MnO3 manganite samples are synthesized by sol-gel
method. The structural studies on these samples confirm the orthorhombic nature
with Pnma space group. The critical behavior was investigated through various
techniques such as modified-Arrot plots, Kouvel-Fisher method and critical
isotherm analysis. The samples show second-order phase transition near the
critical point. Resistivity data follow the semiconducting behavior. The decrease
in magnetization (M), Curie temperature (T¢), evolution of spin or cluster glass
behavior and the nature of second-order phase transition compared to first-order
transition in Lagg7Cap33MnO3 are ascribed to the disorder caused by the size

mismatch of the A-site cations with Bi and Sm doping at La-site.
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Chapter 6
Effect of nonmagnetic ion doping on the

properties of
Bio_7cao.3|v|no.95Y0_0503(Y = Mg, Al and Sn)

6.1. Introduction

Doping of Mn in manganites by magnetic or nonmagnetic ion directly affects
various physical properties such as magnetic and transport since B-site
substitution has the direct impact on the Mn-O network and eq electron density. In
this chapter, we report the effect of nonmagnetic ion doping at the Mn-site on the
properties of Big7Cap3MnogsY0.0s03(Y = Mg, Al and Sn) system. The results are
analyzed in view of disorder induced by the substitution of nonmagnetic ions at
the Mn-site.

6.2. Sample preparation

The stoichiometric amounts of pure Bi(NO3)3.5H,0, Ca(NOs3),.4H,0,
MnCl,.4H,0 and Mg(NO3),.6H,O/AI(NO3)3.5H,0/ SnCl,.4H,0 were dissolved
in distilled water to obtain clear solution. Citric acid was added with constant
stirring and the ratio of metal cation to citric acid is kept at 1:2. The pH of the
solution was adjusted to ~6-7 by adding ammonia solution. Ethylene-glycol was
added to this to a get viscous solution. The solution was slowly evaporated to get
a gel by keeping the temperature at ~60-70 °C with constant stirring for several
hours (hrs). Then the prepared gel was decomposed at 250 °C. Then the powder
was sintered in a furnace at 900 °C for 4 hrs. Then the sintered powder was mixed

in an agate mortar. Then in the final step the powder was pressed into pellets and
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again sintered at 900 °C for 4 hrs. The synthesized samples, Big7Cag3sMnQOs,
Bio.7Ca0.3Mng.5Mgo.0503, Bio.7Cap3Mng.g5Al0.0503 and Big 7Cag.3Mno.95Sng 0503 are
named as Mn100, Mn95Mg5, Mn95AI5 and Mn95Sn5, respectively.

6.3. Results and discussion

6.3.1. Structure and morphology studies

lonic radii of Mg*, AI**, Sn**, Mn** and Mn** ions are 0.88, 0.53, 1.02, 0.64
and 0.53 A, respectively. Due to the large difference between the ionic radii of A-
site [Bi** (1.24 A) and Ca®* (1.12 A)] cations and dopants, occupation of A-site
may not be possible [272] so that we believe that all the dopants replace the Mn-
site. The Rietveld refinement of the room temperature x-ray diffraction (XRD)
pattern of the samples is shown in Fig. 6.1. For all the samples except Al doped

sample, two impurity peaks (marked with *) at a diffraction angle ~29° and 30°
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Fig. 6.1 Rietveld refinement (solid black lines) of the XRD data (open red circles) along with
diffraction planes (green lines) and difference between the experimental and fitting data (blue
lines) of (a) Big7Cag3sMn0Os, (b) Big7CagsMnggsMgoosOs, (€) Big.7CagsMnggsAleosOs and (d)
Big 7Cag3Mng g5SNg 0503 samples.
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Table 6.1. List of the structural parameters (orthorhombic percentage, (atomic positions(x, y and
2), lattice parameters (a, b and ¢), V, S <dun.o> and <Mn-O-Mn> estimated from the refinement of
the XRD data of all the samples.

Sample Mn100 Mn95Mg5 Mn95AI5 Mn95Sn5
Orthorhombic (%)  75.20 79.52 89.21 70.34
Bi/Ca
X 0.035 0.046 0.044 0.049
y 0.250 0.250 0.250 0.250
z 0.998 0.995 0.992 0.998
Mn/Mg/Al/Sn
X 0.500 0.500 0.500 0.500
y 0.500 0.500 0.500 0.500
z 0 0 0 0
0o(1)
X 0.413 0.488 0.498 0.521
y 0.2500 0.250 0.250 0.250
z 0.011 0.083 0.045 0.088
0(2)
X 0.219 0.273 0.229 0.207
y 0.509 0.484 0.521 0.505
z 0.199 0.273 0.191 0.219
a(A) 5.329 5.408 5.402 5.406
b (A) 7.400 7.549 7.542 7.549
c(A) 5.378 5.312 5.308 5.314
V (A% 212 216 216 216
S 2.28 2.54 2.46 251
<dmn-o> (A) 1.927 1.918 1.916 1.926

<Mn-O-Mn> (°) 156.82 160.26 162.55 157.29

are observed. It has been reported that the undoped sample exists in the
monoclinic structure with C 2/c space group [115]. However, we could not get a
proper refinement with this structure. Then, orthorhombic parameters with Pnma
space group are used for refining the structure of the samples. Though
orthorhombic structure gave relatively best fit, a few reflections which were fitted

using with monoclinic structure are missing. From this, it is concluded that the
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Table 6.2. List of the structural parameters (monoclinic percentage, atomic positions(x, y and z)

lattice parameters (a, b, c and p) and V estimated from the refinement of the XRD data of all the

samples.
Sample Mn100 Mn95Mg5 Mn95AI5 Mn95Sn5
Monoclinic (%) 24.80 20.48 10.71 29.66
Bi/Ca
X 0.135 0.130 0.131 0.130
y 0.242 0.239 0.237 0.243
z 0.132 0.136 0.130 0.130
Mn(1)/Mg(1)
JAI(1)/Sn(1)
X 0.000 0.000 0.000 0.000
y 0.337 0.292 0.300 0.338
z 0.750 0.750 0.750 0.750
Mn(2)/Mg(2)
IAI(2)/Sn(2)
X 0.250 0.250 0.250 0.250
y 0.250 0.250 0.250 0.250
z 0.500 0.500 0.500 0.500
o)
X 0.083 0.090 0.091 0.090
y 0.180 0.189 0.190 0.190
z 0.564 0.585 0.576 0.576
0 (2)
X 0.152 0.153 0.182 0.154
y 0.565 0.520 0.529 0.566
z 0.370 0.317 0.335 0.327
0@
X 0.336 0.404 0.292 0.346
y 0.545 0.484 0.480 0.526
z 0.154 0.151 0.158 0.158
a(A) 9.240 9.315 9.302 9.305
b (A) 5.304 5.322 5.328 5.304
c (A) 9.287 9.267 9.255 9.279

B(degree)  109.54  109.16 109.02  109.10
V (A3 455 459 458 457
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Fig. 6.2. FESEM micrographs of (a) Big7Cay3sMn0Os, (b) Bip7CagsMnggsMggesO0s,  (C)
Big.7Cap sMng g5Alg 0503 and (d) Big.7Cag 3Mng g5SNng 0503 samples.

existence of the reflections of both the structures. In order to achieve the best fit,
both phases are simultaneously used for refining the structure. However, the
refinement confirms that the percentages of both the phases vary from sample to
sample. The estimated percentage of each phase, atomic positions (X, y and z),
lattice parameters (a, b and c), unit cell volume (V) and the goodness of fit (S) are
listed in tables 6.1 and 6.2. For the orthorhombic phase the average Mn-O bond
length (<dmn-0>) and the average Mn-O-Mn bond angle (<Mn-O-Mn>) values are
estimated and also listed in table 6.1. The present series of samples have more
than 70 % of orthorhombic phase which contradicts the literature [115]. The
change in the crystal structure compared to the literature may be due to the
increased homogeneity of the samples or sintering conditions which in turn may
affect oxygen valency [273]. All the samples have same structure irrespective of
the type of doping [144]. A slight increment in the value of unit cell volume is
observed with doping which is ascribed to the higher ionic radii of dopants [272,
274]. In order to explore the effect of impurity on structural parameters,
refinement has also been performed by excluding impurity part of the diffraction
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angle. However, no changes are observed in the corresponding structural
parameters of the samples. The field emission scanning electron microscopy
(FESEM) micrographs of the samples are shown in Fig. 6.2, indicating the change
in the microstructure with doping. The grains of the undoped sample have cuboid
structure. The grains of Mg and Al doped samples have similar kind of
microstructure to each other. The energy dispersive x-ray (EDX) spectroscopy

results confirm the purity of the samples.

6.3.2. Electron spin resonance studies

The electron spin resonance (ESR) spectra, at some selected temperatures are
shown in Fig. 6.3. It is observed that for all the samples, at a given temperature
the ESR spectra have similar trend, indicating that the doping does not have much
impact on the spectra. Since all the spectra are symmetric, Lorentzian line shape
equation [equation (3.1)] is used to fit the spectra and shown in Fig. 6.4 for all the
samples measured at 273 K. The normalized double integrated intensity (DI) of
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Fig. 6.3. ESR spectra of (a) Bip;CapsMnO;z; (b) Big;Cag3MnggesMgoesOs,  (C)

Biy7Cag 3sMng g5Alg 0503 and (d) Big7Cag3sMng ¢5Sng 0s03 Samples measured at various temperatures.
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Fig. 6.4. Lorentzian fit (solid red line) to the ESR spectra (open circles) of (a) Big7CagsMnOs, (b)
Bio7Cag3MnggsMgo 0503, (€) Big7CagsMngesAloesOs and (d) Big7Cag3sMnggsSngesO; samples
measured at 273 K.

ESR signal as a function of temperature is shown in Fig. 6.5(A) for various
samples. As the temperature decreases from 453 K, DI increases and reaches its
maximum at ~160 K. Below Neel temperature (Ty), a rapid decrease in DI is
observed for all the samples. Although, DI shows a small peak at charge ordering
temperature (Tco), it is not as prominent as observed for Bi; xCaxMnO3(0.40 <x <
0.60) [7, 104, 215, 216]. For all the samples, the inverse of DI as a function of
temperature is shown in Fig. 6.5(B).The x-axis intercepts of these plots are
indicative of the kind of magnetic interactions dominating the ESR signals. The
positive intercept on the x-axis in the temperature range T > T¢o indicates the
existence of ferromagnetic (FM)-double exchange (DE) correlations. Fig. 6.5(C)
shows the InDI vs 100/T plots of the samples. The data follow linear behavior
above Tco. No prominent changes in the slope of the samples are observed which
indicate that doping does not affect the behavior of the samples.
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Fig. 6.5 (A) DI vs T, (B) 1/DI vs T and (C) InDI vs 1000/T plots of (a) Big7Cay3MnOs, (b)
Big7Cag sMng gsMgo.0503, (€) Big7Cag3sMng gsAlg 0503 and (d) Big7CagsMng g5SNng 0503 samples.

For all the samples temperature dependences of peak to peak linewidth (AH)
is shown in Fig. 6.6(A). As the temperature decreases from 453 K, AH decreases
reaches its minimum at Tco and then increases. The estimated values of T¢o and
Ty from AH plots are listed in table 6.3. For all the samples, resonance field (H,)
as a function of temperature is shown in Fig. 6.6(B). H, decreases with decreasing
temperature from 453 K. The estimated value of Lande g-factor (g) in the high-
temperature region is ~1.98 which is the strong evidence for their paramagnetic
(PM) nature. The small dip in the H;as function temperature is observed, which
corresponds to the T¢o, The sharp decrease in the H, below ~160 K is an indicative
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Fig. 6.6 (A) AH vs T and (B) H, vs T plots of (2) Biy;Cay3MnQs, (b) Big7Cag3MnggsMdo,0503, (C)
Big 7Cag3Mng 95Al0 0503 and (d) Big7Cag sMnggsSng 0503 samples. Solid red lines in Fig. 6.6 (A) are

according to theoretical model [173, 176].

Table 6.3. List of the various parameters (Ty, Tco, AH(x) and B) estimated from ESR (AH vs T)

data of all the samples.

Sample  Tn(K) Teo(K) AH(w)(G) B (GK?

Mn100 153 300 2967 0
Mn95Mg5 153 291 2661 0.031
Mn95AI5 153 300 2448 0.03
Mn95Sn5 148 295 2370 0.035

of the existence of FM clusters in the low-temperature region [7, 104].

In order to understand the spin dynamics of the system, AH data is analyzed

using equation (3.7) [173, 176] and the fitting parameters, high-temperature

asymptote (AH(c0)) and the strength of interactions between the ey electrons (B) of

these plots are listed in table 6.3. For all the samples the estimated values of

Curie-Weiss temperature (6c) are around 95 K. The undoped sample has zero B

value whereas all the doped samples have its value around ~ 0.03. This indicates

that the observed AH behavior of the undoped samples can only be due to pure

ion-ion spin relaxation. However decrease in the value of AH(«) and non-zero
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value of B for doped samples is an indication of weakening of the strength of

spin-spin relaxation and evolution of spin-lattice interactions, respectively.

6.3.3. Magnetization studies
6.3.3.1. Temperature dependent magnetization

Fig. 6.7 shows the temperature dependences of magnetization (M) for all the
samples both in zero-field cooled (ZFC) and field cooled (FC) modes in a static
magnetic field (H) of 500 Oe. For all the samples, as the temperature decreases
from 325 K, M increases slowly. For undoped and Sn-doped samples M reaches a
peak at Ty, as shown in the inset of Fig. 6.7, below this M decreases slightly then
it increases with further decrease in temperature. Whereas for Al and Mg-doped
samples no Ty is observed and M continuously increases with decrease in
temperature. Below ~50 K, M increases sharply in both ZFC and FC modes.

Below this, M in ZFC mode reaches a peak at spin freezing temperature (Ty),
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Flg 6.7 M vs T pIOtS of (a) Bio_7Cﬁo,3Mn03, (b) BiojCﬁo,gMnolg5Mgo.0503, (C)
Bip7Cag3sMngo5Alg 0503 and (d) Big7Cag3MnggsSngesO3 samples measured in a static magnetic
field of 500 Oe. Inset shows M vs T expansion in the temperature range 100 K < T < 325 K.
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Big.7Cap sMng g5Alp 0503 and (d) Big.7Cag 3MnNg g5SNng 0503 samples.

Table 6.4. List of the various parameters (Ty, Tco, fc and Heg) of all the samples estimated from

magnetization data.

Sample

Tn(K) Teo (K)  0c(K)

Herr (W)

Mn100
Mn95Mg5
Mn95AI5
Mn95Sn5

6.52
6.47
6.83
6.55

whereas M in FC mode continuously increases with decrease in temperature. This

behavior is attributed to spin glass (SG) behavior.

In order to extract further information about the magnetic interaction we have

plotted the ZFC magnetization (Mzrc) data as per Curie-Weiss law, is shown in

Fig. 6.8. From this fit the estimated values of 6 and effective magnetic moment

(uett) [T < Tco] are listed in table 6.4. From the estimated values of 6c, it is

concluded that substitution of Mn by Mg, Al and Sn enhances the FM correlations

than that of undoped material. The estimated values of Tco and Ty are listed in

table 6.4.
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6.3.3.2. Magnetic field dependent magnetization

®)

20 10 0 10 2
Magnetic field (kOe)

Fig. 6.9. M vs magnetic field (H) plots, measured at 5 K, of (a) Bip;CagsMnQs, (b)

0

Bio.7Cap 3sMng 9sM0p 0503, (C) Big.7Cag3Mng gsAlg 0503 and (d) Big 7Cag 3Mng 95SNng 005 samples.

For all the samples magnetic field dependences of magnetization plots are
shown in Fig. 6.9. All the samples display hysteresis at 5 K, indicating the FM
cluster formation. From this the estimated values of saturation magnetization
(Msa) (at 5 K, 20 kOe) are around 0.023, 0.117, 0.0925 and 0.0382 pg/f.u for
unoped, Mg, Al and Sn doped samples, respectively.

6.3.4. Transport studies

Fig. 6.10 (A) shows the resistivity (p) as a function of temperature plots for the
samples. All the samples show semiconducting behavior with decreasing
temperature. Fig. 6.10 (B) and Fig.6.10 (C) plots were drawn using equation
(3.11), and the continuous curvature of these plots indicate that the small polaron
hopping (SPH) model is not suitable to analyze the data. Using the variable range
hopping (VRH) model (left panel of Fig.6.11) the calculated values of various
parameters such as characteristic temperature (To), characteristic resistivity (po),

correlation length (&), hopping distance (R) and hopping energy (W) are listed in
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Fig. 6.10 (A) p vs T, (B) In(p/T) vs 1000/T and (C) In(p/T™%) vs 1000/T plots of (a)
Big7CasMnOz,  (b)  Big7Ca3MnggsM0oosOs,  (€)  BigsCagsMngesAloesO;  and  (d)
Biy7Cag 3sMng g5Sng 0503 samples.

Table 6.5. List of the various parameters (T, and po) of all the samples estimated from VRH

model.
To (108K) p0(102Q cm)
Sample
To>T>Ty T<Ty Teo>T>Ty T<Ty
Mn100 0.842 1.71 2.70 0.0019
Mn95Mg5 1.27 2.70 0.0739 1.51366E-05
Mn95AI5 1.30 2.25 0.0611 0.000123732

Mn95Sn5 1.26 2.46 0.142 7.14585E-05
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Bio7Cag.3Mng gsMgo 0503, (€) Big7Cag3sMng gsAlg 0505 and (d) Big 7Cag3Mng g5SNng 0503 samples.

Table 6.6. List of the various parameters (£, R and W) of all the samples estimated from VRH

model.
Sample A R (nm) W(ev)
Teo>T>Ty T<Ty To>T>Ty T<Ty To>T>Ty T<Ty
Mn100 6.50 5.13 5.62 5.30 0.149 0.178
Mn95Mg5 5.67 441 5.43 5.10 0.165 0.199
Mn95AI5 5.62 4.69 5.42 5.18 0.166 0.190
Mn95Sn5 5.69 4,54 5.43 5.14 0.165 0.195

Table 6.7. List of the various parameters (To, po and &) of all the samples estimated from ES-VRH

model.

Sample  To(10*°K) po(10°Qem) &(A)

Mn100 541 6.80 5.30
Mn95Mg5 6.9 0.75 4.10
Mn95AI5 6.46 1.67 4.45

Mn95Sn5 6.54 2.37 4.39
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tables 6.5 and 6.6. Using Efros and Shklovskii-VRH (ES-VRH) model (right
panel of Fig. 6.11) the estimated values of various parameters are also listed in
table 6.7. The value of various parameters estimated from VRH model is in good

agreement with the values predicted theoretically [211].

6.3.5. Discussion

In the present system doping has not much impact on the properties except
that a significant enhancement in M at low-temperatures. It has been reported that
the doping of magnetic ion enhances the magnetic properties, whereas
nonmagnetic ion doping suppresses the magnetic properties [121-139]. A few
theoretical [140, 141] and experimental [130, 138, 142] reports supports the
present results, i.e., enhancement of magnetization due to small amount of
nonmagnetic ion doping. This may be due to the development of disorder in the
samples at low-temperatures. Disorder modifies the effective Mn**/Mn** ratio
which results in the enhancement of magnetic properties. A significant change in
the properties of the present doped systems is expected when nonmagnetic ion is
substituted for Mn. However, no such changes were observed. This might be due
to that the nonmagnetic ion doping percentage is not sufficient; as a result,

physical properties are not affected.

6.4. Conclusions

In conclusion, Big7Cag3MnOs and Big7Cag3Mng.osY00s03(Y = Mg, Al and
Sn) samples are synthesized by sol-gel method. The studies on Bip7Cag3MnOs
and Big7Cap3MnoosY0.05s03(Y = Mg, Al and Sn) reveal that nonmagnetic ion
doping does not affect the transition temperatures (Tco and Ty) and the crystal
structure. Substitution of Mn with nonmagnetic ions enhances M. This may be
due to the defects created at lattice site, due to which disorder is induced in all
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doped samples, which in turn affects the Mn®*/Mn*" ratio, leading to the

enhancement of magnetization. Semiconducting behavior is observed in undoped
and doped samples.



Chapter 7
Effect of grain size on the properties of

BigsCaysMnO; manganite nanoparticles

7.1. Introduction

Manganites exhibit different properties when the size of the grain is reduced
to nanoscale compared to their bulk counterpart, particularly in the low-
temperature region. Apart from the external field and pressure, the environment at
the surface of the system is also responsible for the properties of the materials.
The surface to volume ratio of nano-grains plays an important role on the
properties of the nanomaterial. In bulk BigsCapsMnO3; manganite
antiferromagnetic (AFM) correlations exist below ~325 K [7, 216]. When the
grain size (GS) of this material is reduced to nanoscale, the uncompensated
surface spins may destroy the collinear AFM configuration, which in turn may
lead to the suppression of charge ordered (CO) state and enhance the
ferromagnetic (FM) behavior. In view of this, we have undertaken a detailed

study of the effect of GS on the properties of BipsCapsMnO3; manganite.

7.2. Sample preparation

The stoichiometric amounts of pure Bi(NO3)3.6H,0, Ca(NOs),.4H,O and
MnCl,.4H,0 were dissolved in distilled water to obtain a clear solution. Citric
acid was added with constant stirring in the ratio of metal cation to citric acid as
1:2. The pH of the solution was adjusted to ~6-7 by adding ammonia solution.
Ethylene-glycol was added to get a viscous solution. The solution was slowly
evaporated to get a gel by keeping the temperature at ~60-70 °C with constant



162 | Effect of grain size......

stirring for several hours (hrs). The gel was decomposed at 250 °C. The resulting
powder was separated into three parts and annealed at 500, 800 and 1000 °C to

obtain the samples with different grain sizes.

7.3. Results and discussion

7.3.1. Structure and morphology studies

Intensity (a.u)

| 150,300 450 600 750
4 Grain size (nm)
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Fig. 7.1. Rietvled refinement (solid black lines) of XRD plots of BiysCagsMnOz; sample (open red
circles) annealed at (a) 500, (b) 800 and (c) 1000 °C along with diffraction planes (green lines) and
difference between experimental and fitting data (blue lines). Inset shows the FESEM images of
the samples. It also shows the grain size distribution of the samples annealed at (a) 500 and (b)
800 °C.
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Fig. 7.2 Crystal structure of BiysCagsMnO; sample annealed at 800 °C.

Fig. 7.1 depicts the Rietveld refinement of x-ray diffraction (XRD) pattern for
BiosCagsMnO3; sample annealed at 500, 800 and 1000 °C. Rietveld refinement
confirms the single phase orthorhombic nature of all the samples with Pnma space
group. From the refinement, the estimated values of various structural parameters
such as atomic positions (x, y and z), lattice parameters (a, b and c), unit cell
volume (V), goodness of fit (S), average Mn-O bond length (<dwn-0>) and average
Mn-O-Mn bond angle (<Mn-O-Mn>) are listed in table 7.1. Inset of Fig. 7.1
shows the field emission scanning electron microscopy (FESEM) micrographs
and also GS distribution of the samples annealed at different temperatures. The
estimated average GS are 27, 450 and 1080 nm for the samples annealed at 500,
800 and 1000 °C, respectively. The agglomeration in the sample with GS 1080
nm may be due to high annealing temperature, giving the grains enough time to
coalesce. The energy dispersive x-ray spectroscopy (EDX) results on various
samples at different regions confirm the purity of the samples. The decrease in
unit cell volume with increase in average GS is observed. It has been reported that

the unit cell volume increases with increasing GS [275], whereas others reported
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Table 7.1. List of the atomic positions(x, y and z), lattice parameters (a, b and c), V, S, <dun.0>

and <Mn-O-Mn> values estimated from the refinement of the XRD data of BiysCagsMnO; sample

annealed at different temperatures. Average GS values, estimated from FESEM images are also

listed in the table.

Annealing
temperature

500°C 800°C 1000°C

Bi/Ca

a(A)
b (A)
c(A)
V (A%
S
<d Mn-0~ (A)

<Mn-O-Mn> (%) 154.16

GS (nm)

0.051
0.250
0.999

0.500
0.500
0

0.498
0.250
0.086

0.246
0.530
0.340
5.513
7.719
5.345
227
2.54
1.933

27

0.040
0.250
0.992

0.500
0.500
0

0.491
0.250
0.059

0.225
0.547
0.213
5.372
7.414
5.322
211
1.62
1.918
157.64
450

0.041
0.250
0.996

0.500
0.500
0

0.482
0.250
0.054

0.358
0.469
0.278
5.377
7.416
5.330
212
1.82
1.944
153.60
1080

that the unit cell volume decreases with increasing GS [276]. The variations in the

unit cell volume as a function of GS may be due to the different preparation

techniques. Using the structure parameters, the crystal structure of BigsCapsMnO3

sample annealed at 800 °C, representative of whole series, is generated as shown

in Fig. 7.2.
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7.3.2. Electron spin resonance studies
Fig. 7.3 shows the electron spin resonance (ESR) spectra at some selective
temperatures for the samples with different GS. Fig. 7.4 shows the ESR spectra
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Fig. 7.3. ESR spectra of BigsCagsMnO3; sample with different average grain sizes measured at

various temperatures.
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Fig. 7.4. Lorentzian fit (solid red line) to the ESR spectra (open circles) of BiysCagsMnO; sample

with different average grain sizes measured at 273 K.
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Fig. 7.5 (A) DI vs T and (B) 1 /DI vs T (B) plots of BiysCaosMnO3z sample with different average

grain sizes.

(open circles) as well as its fit (solid red line) using Lorentzian equation (equation
(3.1)) for the samples measured at 273 K. Fig. 7.5 (A) shows the normalized
double integrated intensity (DI) of the ESR signal as a function of the
temperature. For all the samples, DI increases as the temperature decreases from
453 K. All the samples, except the sample with GS 27 nm, show a peak at ~327
K, which can be assigned to charge ordering temperature (Tco). Below T¢o DI
decreases sharply and shows a weak temperature independent behavior due to
orbital ordering, in the temperature range 250-180 K. The sharp decrease in DI at
~150 K is due to long-range AFM ordering. This is assigned as Neel temperature
(Tn). The Tco and Ty values are close to that of the bulk samples as reported
earlier [7, 216]. For the sample with GS 27 nm, DI increases with decreasing
temperature and reaches its maximum value at ~150 K, and then it decreases with
further decrease in temperature similar to the samples with GS 450 and 1080 nm.
No peak corresponds to the CO state is observed.
The 1/DI vs T plots are shown in Fig. 7.5 (B). Linear fits to the data in the
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temperature range T > T¢o is as per Curie-Weiss law. The positive intercepts on
the x-axis of samples with GS 450 and 1080 nm indicate the existence of
dominating FM-double exchange (DE) interactions which can be attributed to
thermally activated Mn®*-Mn** hopping of small polaron. As the temperature
reaches Tco, the straight line deviates from the linearity, indicating the evolution
of AFM ordering in the sample, giving rise to the CO state. In the temperature
range Tco > T > Ty, evolving domains of FM and AFM correlations coexist,
because the Mn spins do not completely undergo orbital ordering. The sample
with GS 27 nm shows nonlinear dependence of 1/DI with the decrease in
temperature. It is pointed out by E. Rozenberg et al. [15] that the nonlinear
behaviors of 1/DI vs T plot follows Neel paramagnetic (PM) susceptibility
behavior.
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Fig. 7.6. AH vs T plots of BigsCagsMnO3; sample with different average grain sizes. Solid red line

is according to theoretical model. Inset shows H;vs T plot for sample with GS 27 nm sample.

Fig. 7.6 shows the variation of linewidth (AH) of ESR signal with
temperature. On decreasing temperature from 453 K, AH decreases, reaches a
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Table 7.2. List of the parameters (6c, AH and B) estimated from ESR and magnetization data of
BiysCagsMnO3; sample with different average GS.

Average AHvVsT UyvsT
GS (M) ¢ (K)(T>Teo) AH(®)G) B(GK')  0c(K) (T <Tco)
27 - - - -189
450 148 2652 0 -219
1080 117 2196 0 -251

minimum at Tco (~327 K) for samples with GS 450 and 1080 nm. Below Tco,
AH increases with decreasing temperature. The 1080 nm sample show mixed
behavior below Tco. Below Ty, AH decreases sharply. This maybe because of the
contribution of FM correlations spread in the long-range AFM ordered matrix
[171, 216]. For the sample with GS 27 nm, AH increases gradually with
decreasing temperature. The magnitude of AH of the sample with GS 27 nm is
low compared to the other samples in the measured temperature range (123-453
K), which indicate the existence of FM correlations. For the sample with GS 450
nm, below T¢o the sharp rise in AH and disappearance of ESR signal at 123 K
(Fig. 7.3) compared to the other samples indicate the evolution of dominant AFM
correlations. The line broadening of these samples can be due to the random
orientation of the anisotropy energy axes from grain to grain and the
demagnetizing fields arising from nonmagnetic inclusions as well as pores
between grains [243].

To understand the spin dynamics of the present system we have used the
Huber et al. [173] and Auslender et al. [176] model which has been already used
in our earlier works [277]. For samples with GS 450 and 1080 nm, AH vs T fits
(solid red lines) in the temperature range T > Tco are drawn using equation (3.7)
and shown in the Fig. 7.6. From this fit, the estimated values of Curie-Weiss
temperature (6c), high-temperature asymptote (AH(w)) and the strength of
interactions between the eq electrons (B) are listed in table 7.2. The lower value of
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AH(o0) for the sample with GS 1080 nm indicate the weak spin-spin relaxation in
this sample compared to the sample with GS 450 nm [217]. Resonance field (H;)
as a function of temperature (inset of Fig. 7.6 for 27 nm sample ) shows
approximately constant behavior in the temperature range 453 K > T > 200 K
and it is in the PM region, whereas below ~ 200 K, H, decreases for all samples,

indicating the evolution of FM spin correlations.

7.3.3. Magnetization studies
7.3.3.1. Temperature dependent magnetization

Fig. 7.7 (A) shows the temperature dependences of magnetization (M) for all
the samples measured in both zero-field cooled (ZFC) and field cooled (FC)
conditions in the applied field of 500 Oe. For the samples with GS 450 and 1080

nm, as the temperature decreases from 350 K, M in both ZFC and FC modes
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Fig. 7.7 (A) M vs T [measured in an applied static magnetic field of 500 Oe] and (B) 1/x vs T [for

Mzec data] plots of BiysCagsMnO3; sample with different average grain sizes.
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increases reaching a peak value at Tco (=327 K). At high-temperatures, FM
correlations exist due to the hopping of e4 electrons between Mn®** and Mn*" ions.
As the temperature decreases to Tco, charge ordered state freezes out the hopping
of the egy electrons [278], resulting in slight decrease in M below Tco, then it
increases and shows maxima at Ty in ZFC mode whereas M increases
continuously in FC mode. The decrease in M below T¢o is an indicative of the
formation of AFM correlations. M raises sharply below ~40 K for the samples
with GS 450 and 1080 nm and ~50 K for the sample with GS 27 nm, which
indicate the FM-cluster glass (CG) formation. Below this M in ZFC mode shows a
peak at spin freezing temperature (Ty) [16, 219] while M in FC mode continuously
increases with decreasing temperature. The magnitude of M in the high-
temperature range is approximately same for all the samples whereas it shows a
mixed behavior in the low-temperature region. There are two possibilities which
are responsible for the change in the magnitude of M. One is the change in the GS
and the other one change in the ratio of Mn**/Mn** which depends on oxygen
stoichiometry [279]. The Tcoand Ty of the sample with GS 27 nm are suppressed.
The increase in the value of M below ~50 K and the suppression of Tcoand Ty for
the sample with GS 27 nm can be explained according to core-shell model
proposed by Bhowmik et al. [280]. As the GS decreases surface to volume ratio
increases, which leads to the deviation of the shell spins from the collinear AFM
arrangement of the core spins. This in turn develops the uncompensated surface
spins. These uncompensated surface spins are responsible for the increase in the
surface chemical disorder. The surface chemical disorder and the enhancement of
inter-particle interactions within agglomerated nano-sample results in well-
defined core-shell structure [281] and the relaxation of superexchange (SE) on the
surface layer allows formation of FM shell [282]. The increase in the surface to
volume ratio also introduces the unscreened Coulomb attraction at the surface,

which results in an increase of the charge density in the system [235]. The



Chapter 7 | 171

enhanced itinerant ey electron density changes the collinear AFM configuration
and hence weakens the AFM-SE interaction, thereby improving the DE
interaction, leading to the enhancement of M and suppression of long-range
charge ordered state.

According to an empirical equation [52] given as

b D, ’
Tco(D) :Tco(l_Bj (7-1)

where T2, is the charge ordered transition of bulk sample. Dy is the critical particle

/grain size for the disappearance of the charge ordered state. y is a fitting
parameter. If the particle size is below a critical diameter, surface energy will
become comparable with the CO energy, leading to the disappearance of the CO
state. In the low-temperature range, all the spins freeze in random direction in the
absence of magnetic field in ZFC mode. As the temperature increases the
randomly oriented FM clusters melt and get oriented by an external magnetic field
leading to increasing in magnetization. As the temperature reaches a particular
value of ~ 30-40 K, thermal fluctuations dominate, resulting in the decrease in
magnetization due to disturbed moments [283].

In order to get further information about the magnetic interaction, we have
plotted the ZFC magnetization (Mzrc) data as per Curie-Weiss law and shown in
Fig. 7.7(B). The estimated values of 8¢ (T < Tco) are listed in table 7.2. Below
Tco the negative value of dc and increasing trend in AH of all samples indicate the
existence AFM correlations. However, the decrease in the negative value of 6¢ for
the sample with GS 27 nm can be ascribed to the short-range AFM correlations
rather long-range order.
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7.3.3.2. Magnetic field dependent magnetization

4 5K
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Fig. 7.8. M vs Magnetic field (H) plots, measured at 5 K, of BiysCagsMnO; sample with different

average grain sizes.

Fig. 7. 8 depicts the magnetic field dependent magnetization measured at 5 K
by applying a maximum magnetic field of 20 kOe. The large hysteresis of the
sample with GS 27 nm supports the results obtained from M vs T plots. The large
coercivity of the sample with 27 nm is a general behavior observed for many FM

materials when the size is reduced to the nano scale.

7.3.4. Transport studies

Resistivity (p) as a function of temperature of the samples with GS 450 and
1080 nm is shown in Fig. 7.9 (A).The behavior of p is similar to what we have
reported in Chapter 3 and 4 for the same composition. Since the value of p
becomes high below ~200 K, we could not measure the resistivity of the sample
with GS 27 nm. This behavior is ascribed to grain boundary scattering when GS is
reduced [229, 230]. Fig.7.9 (B) and Fig. 7.9(C) plots drawn using equation (3.11)
and the continuous curvature of these plots indicate that the small polaron

hopping (SPH) model is not suitable to analyze the data [7]. Using the variable
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Table 7.3 List of the various parameters (To, po, &, R and W) estimated from VRH model in the

temperature range Tco > T > Ty of BigsCagsMnOs sample with different average GS.

Average GS (nm) To(10° K) po(10%2Qem) &(A) R (nm) W(ev)

450 0.689 13.882 6.98 572 0.141

1080 0.755 5.73 6.74 567 0.145

range hopping (VRH) model (left panel of Fig. 7.10) the calculated values of
various parameters are listed in table 7.3. Below Ty, for sample with GS 450 nm
the value of characteristic temperature (To), characteristic resistivity (po),
correlation length (&), hopping distance (R) and hopping energy (W) is found to be
1.38 x10° K, 0.01x 10™%Q cm, 5.51 A, 5.39 nm and 0.16 eV, respectively. Using
Efros and Shklovskii-VRH (ES-VRH) model (right panel of Fig. 7.10) the
estimated values T, po and & are found to be 4.82 x10* K, 1.11x 10°Q cm and
5.96 A, respectively for 450 nm sample. Similarly for 1080 nm sample the
estimated values Ty, po and ¢ are found to be 3.89 x10* K, 10.57x 10°Q cm and
7.39 A respectively. These values of pg do not match with Mott’s predicted
values. The values estimated from VRH model and Mott’s predicted [211] values

are in good agreement with each other.

7.3.5. Discussion

Magnetization studies of Ndo.sCapsMnO3z nanoparticles [53] show the
suppression of charge ordering down to the particle size of 40 nm, whereas the
temperature dependence of AH and Lande g-factor show the typical charge
ordering even in the 40 nm sample. Similarly in the present study ESR results
show the existence of the AFM ordering for the sample with GS 27 nm. Das et al.
[284] used density-functional theory and mean-field theories to understand the
effect of GS reduction on the properties of half doped Lag.sCapsMnO3; manganite
and pointed out that the lattice structure changes with reduction in GS. These



Chapter 7 | 175

structural changes are responsible for the weakening of charge and orbital order.
But the slight decrease in GS can be due to oxygen non-stoichiometry too, which
causes the systematic deviation from the real composition [285]. This could be
reason for the random variations in bond angle and bond distance as a function of
GS. There are some systems which show complex behavior when GS is reduced
to nanometric scale [52]. In some materials GS reduction causes the increase in
disorder resulting in the reduction of magnetization as compared to the bulk
sample [279]. On the other hand some materials show the enhancement in the
magnetization as the GS is reduced to nanometric size [16]. In the study of
Bio.2CapsMnOj3 nanoparticles the observed variation in the charge ordered state
and the appearance of the spin glass state were interpreted in terms of martensitic
strain and surface effects [286]. In the present system also the effects of
martensitic strain cannot be ruled out. E. Rozenberg et al. [175] have proposed a
model to understand the effect of chemical/magnetic disorder, associated with
size of the particles, on the coexistence of different magnetic/electronic phases.
However, the complexity, i.e., the evolution of different properties with reducing
GS is still in the debate.

7.4. Conclusions

In conclusion, the studies on the BigsCagsMnO3; manganite samples with
different grain size (GS) (27, 450 nm and 1080 nm) show that for sample with GS
27 nm the long-range charge ordering and antiferromagnetic (AFM) ordering
transitions are suppressed. However the electron spin resonance (ESR) and
magnetization results reveal that even for the sample with GS 27 nm the AFM
correlations still exist in the form of short-range order. The evolving different
magnetic correlations with the decrease in grain size are ascribed to increase in

surface to volume ratio of grains.
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Summary and conclusions

In the present work, the doping as well as size induced changes in structural,
magnetic and transport properties of Bi and rare earth manganites are reported.

Structural analysis indicates that the series of samples, i.e., Bi;«CaxMnO3
(0.40 <x <£0.90), BipsxPrCapsMn0O3 (0.0 < x <0.50), Lag 37D0.30Ca0.33Mn0O3 (D =
Bi, Sm), Lap37Bip15SmMo15Cag33sMnO; and BigsCapsMnO3; manganite with
different average grain sizes (27, 450 and 1080 nm) possess orthorhombic
structure with Pnma space group. Whereas for Bigp;Cap3MnOz; and
Bip.7Cap3Mnpgs5Y0,0503 (Y = Mg, Al and Sn) samples, although majority of the x-
ray diffraction (XRD) peaks correspond to orthorhombic phase but some XRD
peaks corresponding to monoclinic phase have also been observed. The energy
dispersive x-ray spectroscopy (EDX) results confirm composition of the samples
very close to the starting composition.

The structural studies of Bi;«CayMnO3; (0.40 < x < 0.90) reveal that the
average ionic radii of A-site cations (<ra>), tolerance factor (t), and the unit cell
volume (V) decreases with increase in Ca content. This is ascribed to the lower
ionic radii of Ca®* (1.12 A) than that of Bi** (1.24 A) ion. The estimated values of
average grain size (GS) from field emission scanning electron microscopy
(FESEM) data are in the range 200-650 nm. The value of average GS decreases
with increasing Ca content.

The electron spin resonance (ESR) data analysis was done using normalized
double integrated intensity (DI) as a function of temperature for samples with
0.40 < x <0.80. As the temperature decreases from high-temperature (453K), DI
increases and reaches its maximum value at a temperature which is assigned as
charge ordering temperature (Tco). Below Tco DI decreases, evidencing the

existence of antiferromagnetic (AFM) correlations, and reaches a minimum value
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and then it increases with further decrease in temperature for 0.65 < x < 0.80. For
samples with x = 0.85 and 0.90 no T¢o is observed and for these samples, on
cooling from high-temperature, DI increases gradually. For samples with 0.40 < x
< 0.80 sharp decrease in DI below 126-150 K is ascribed to onset of long-range
AFM ordering and this temperature taken as Neel temperature (Ty).

For samples with x > 0.65 peak to peak linewidth (AH) of the ESR signal
shows prominent minima at ~150 K. For all the samples, the ESR signal persists
only for a few degrees below 150 K and then it disappears evidencing the onset of
long-range AFM state. AH increases linearly with the increase in temperature in
the temperature range T > Tco. As Tco decreases with increase in x, AH shows
saturation effect with increase in temperature.

For samples with 0.40 < x < 0.80, magnetization (M) as a function of
temperature, measured under a static magnetic field (H) of 500 Oe, shows similar
trend, i.e., as the temperature decreases from 350 K, both zero-field cooled (ZFC)
and field cooled (FC) curves show a peak at Tco. On further decrease in
temperature, M decreases slightly. A broad maximum at ~150 K, representing
long - range AFM order (Ty), is observed for samples with x < 0.50.

The Bi1xCayMnOj3 phase diagram is constructed from the estimated values of
Tco and Ty from the ESR and magnetization data. For samples 0.30 < x < 0.80
(Tco and Ty values of the sample with x = 0.30 are taken from chapter 6) the
magnetic phase in the temperature range T > T¢o is dominated by ferromagnetic
(FM)-double exchange (DE) interactions. The paramagnetic (PM)-FM transition
at ~150 K co-exists with PM to canted-antiferromagnetic (C-AFM) transition at
~120 K for samples with 0.50 < x < 0.80. Whereas, only PM to C-AFM transition
is observed for the samples with x = 0.85 and 0.90.

From the resistivity (p) studies of Bi;xCaxMnO3 (0.40 < x < 0.90) samples, it
is observed that p increases with increasing Ca content from x = 0.40 to 0.50 and

then decreases in the composition range 0.50 < x < 0.75, again increasing for x up



Summary and conclusions | 179

to 0.90. The samples with x < 0.60 have higher values of p compared to that of the
other samples. This, presumably, is due to the distortion arising from the A-site
disorder as well as due to 6s lone pair electrons of Bi** ions. For samples with
0.50 < x < 0.75, the average Mn-O-Mn bond angle increases with increasing Ca
content and the sample with x = 0.75 shows the lowest p value (in the 100 K< T <
300 K range) for which the average Mn-O-Mn bond angle has the highest value.
This could be due to decrease in disorder for which the strength of the 6s* lone
pair electrons of Bi** ions is weakened with increasing Ca content. In M vs T
plots, the shift in FM-cluster glass (CG) state towards higher temperature from
~50 K for samples with x < 0.60 to 115 K for samples with x > 0.65 is also
associated to the decrease in disorder. For all the samples, a sharp increase in p in
the temperature range ~120-150 K is observed, which is characteristic of the
AFM nature.

The structural studies of BigsxPr«CagsMnO3 (0.0 < x < 0.50)(BPCMO) show
that with increase in Pr content from x = 0.0 to 0.05, the unit cell volume
decreases drastically. For samples with 0.05 < x < 0.50, the unit cell volume is
found to increase steadily with increase in Pr content. The higher cell volume of
undoped sample can be due to the strengthened dominant lone pair character of
Bi** ion. The sharp drop in the cell volume for the sample with x = 0.05 indicates
that the constrained effect of the 6s* lone pair becomes strong due to Pr-doping.
The constrained effect of the lone pair maintains the ionic size of the Bi** ion at
1.170 A, which is smaller than that of the Pr** ion (1.179 A). As a result the cell
volume increases for samples with x > 0.05. From the microstructure the
estimated average GS are found to be 405, 249, 213, 190, 200, 238, 141 and 157
nm for x = 0.0, 0.05, 0.10, 0.15, 0.20, 0.30, 0.40 and 0.50, respectively.

The value of Tco as a function of Pr content, estimated from ESR data,

matches quite well with that estimated from magnetization and resistivity data
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analysis. Tco decreases as x increases from 0.0 (Tco = 327 K) to 0.20 (Tco = 249
K) and becomes independent of doping content with further increase in x.

From the magnetization studies of BPCMO, it is observed that the undoped
sample shows CG behavior below 45 K and for doped samples it is below 115 K.
For 0.0 < x < 0.20 samples, Curie-Weiss temperature (6¢c) increases with Pr-
doping. The estimated value of Curie temperature (Tc) is increases with
increasing in Pr content. The samples with x = 0.0-0.40 show first-order and the
sample with x = 0.50 shows second-order phase transition near the critical point.
The estimated critical exponents for sample with x = 0.50 are found to be #=0.75
and y = 0.82, do not fall into any universality class. The sample with x = 0.50
shows a maximum magnetic entropy change (|ASy| = 1.22 J.kg™.K™) at Tc in the
applied magnetic field of 40 kOe, which is associated with the magnetocaloric
effect (MCE). Since T¢ and |ASy| increased with Pr-doping, these materials can be
used in magnetic refrigeration technology. For all the samples M-H plots
measured under the application of a maximum field of 20 kOe at 5 K show
hysteresis, indicating the formation of FM clusters.

For all the samples, p increases exponentially with decreasing temperature.
The value of p does not vary significantly in the composition range 0.0 < x < 0.20.
The x = 0.30 sample shows lower resistivity. For samples with 0.30 < x < 0.5 the
resistivity increases. The small grain size in the samples increases the grain
boundary scattering, which gives rise to the increase in resistivity for x = 0.40 and
0.50 samples. In all the samples, FM clusters exist above Tco. As the temperature
reaches Tco, AFM interactions grow at the expense of FM interactions. With the
further decrease in temperature AFM domains grow progressively and the FM
cluster size decreases simultaneously, as a result of which large increase in the
resistivity is observed.

The high Tco of the undoped sample is due to strong electron-lattice coupling

induced by Jahn-Teller (J-T) distortion and long-range Coulomb interaction. With
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increasing Pr content the effect of 6s® lone pair of Bi** ions and the hybridization
of Bi*" and O% ions decreases, resulting in decrease of Tco. For x > 0.20,
Pr¥*probably stabilizes the effect of 6s® lone pair of Bi*" ions and hence, the
charge ordered state becomes same as that of Pr-manganite.

With increasing Pr content the disorder is also likely to decrease because of
similar ionic radii of Pr** and Ca* ions, which are confirmed from the decrease in
the value of the variance of the A-site cation size distribution (¢?) with increase in
the Pr content. The formation of FM or FM-CG state and shift of this transition
towards higher temperature is ascribed to decrease in disorder. In the present
system there is a strong possibility that grain size effects are present. For x = 0.0
and 0.05 samples doping does not affect M, but it shifts the FM transition towards
higher temperature. This may be due to the decrease in grain size. Reduction in
grain size increases the surface to volume ratio, resulting in appearance of FM
clusters. In the composition range 0.05 < x < 0.50, an increment in the value of
<ra> is observed with the increase in Pr content. As a result, the average
Mn-O-Mn bond angle increases and the length of Mn-O bond decrease, leading to
widening of bandwidth and the increase in mobility of ey electrons. This results in
strengthening of FM-DE coupling, leading to increasing in magnetization and Tc.

From the structural studies of  Lags7Biop30CapssMnOs;  (B30),
Lag 37Bio15SMo15Cap33sMnO;  (B15S15) and  Lag37Smp3pCap3sMnOs  (S30)
samples, it is confirmed that these samples have lower unit cell volume
compared to Lagg;Cap3sMn0O3 (~231 A3), which could be due to the smaller ionic
radii of Bi** (1.24 A) and Sm* (0 .96 A) than that of La** (1.36 A).

M as well as T¢ decreases when La is replaced by Bi and/or Sm. Below ~ 60 K
for B30 and ~40 K for B15S15 and S30, the drop in ZFC magnetization (Mzrc)
indicates the evolution of competing AFM and FM phases. As a result the system
exhibits spin-cluster glass behavior. The sharp drop in Mzrc for B15S15 and S30

is presumably due to the increased competition between AFM and FM
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interactions with Sm doping. This can be due to the randomly distributed
magnetic potential and Coulomb potential of Sm, which prevents Mn-O-Mn
bonds from forming homogeneous long-range order, leading to the formation of
cluster and spin-cluster glass state. The samples show second-order phase
transition near the critical point. The estimated critical exponents are close to the
values predicted in mean field theory (MFT). The scaling plots fallen on two
curves, one above Tc and the other below T¢, and are in agreement with the
scaling theory. This indicates that the calculated critical exponents are reliable.
The decrease in the M, T¢ and evolution of spin or cluster glass and the nature of
second-order phase transition (compared to first-order transition in
Laps7Cap33MnQO3) are ascribed to the disorder in the samples due to the lattice
distortion caused by the size mismatch of the A-site cations by Bi** and Sm®" ion
doping at La-site.

The studies on Big7Cag3MnO3 and Big7Cag3MnggsY0,0s03(Y = Mg, Al and
Sn) reveal that nonmagnetic ion doping does not affect the transition temperatures
(Tco and Ty) and the crystal structure. Substitution of Mn with nonmagnetic ions
enhances M. This may be due to the defects created at lattice site, due to which
disorder is induced in all doped samples, which in turn affects the Mn*/Mn**
ratio, leading to the enhancement of M.

The studies on the BipsCagsMnO3; manganite samples with different GS (27,
450 nm and 1080 nm) show that for sample with GS 27 nm the long-range charge
ordering and AFM ordering transitions are suppressed. However, the ESR and
magnetization results reveal that even for the sample with GS 27 nm the AFM
correlations still exist in the form of short-range order. The evolving different
magnetic correlations with the decrease in GS are ascribed to increase in surface

to volume ratio of grains.
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All the samples follow the semiconducting behavior. The p of the samples
follow Mott’s variable range hopping (VRH) model in the temperature range T <
Tco.

In conclusion, doping (A/B-site) as well as change in grain size induces
changes in structural, magnetic and transport properties of the samples. The
changes in magnetic and transport properties of the samples are associated with
the changes in structural parameters. ESR and magnetization studies reveal that

the phase separation is an intrinsic phenomenon in these manganite compounds.
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