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CHAPTER 1

Introduction

1.1 Transition Metal Oxides (TMO)

For the past two decades there has been a lot of interest in solid oxide
tuel cells, sensors, actuators, catalysts and cathode applications. On the
other hand understanding the fundamental phenomenon in CMR
related oxides like charge, orbital, spin ordering and phase separation is
in progress. This renewed interest of scientists to focus their attention on
transition metal oxides in particular ABOs-type perovskite oxides with
A=5r,Ca,La,Ba; and B=Fe,Co,Cr,Mn,Ni. The structural and physical
properties of these pervoskites largely depend on defect chemistry.
These TMO systems are classified into two types namely, stoichiometric

and non-stoichiometric oxides.

1.2 Perovskite Structure

ABO:s stoichiometric materials mostly stabilize in perovskite structure.
In ABO:s formula, generally A is a cation with 2+ valence state and B is a
transition metal cation. A is the larger of the three ions. If there is a
distortion in perovskites due to external parameters such as

temperature, field, pressure and chemical strain induced by doping, the
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structure transform from cubic symmetry depending upon the ratio of
ionic radii of A and B. The transformations may take place from cubic to
tetragonal, rhombohedral, or monoclinic depending upon the amount of
distortion. To sustain a cubic structure the three ions A, B and O should
satisfy two conditions simultaneously. The lattice parameter of the unit
cell “a’ should be equal to(rs+ro) and a=\2 *(ra+ro), where ra,rs and ro are
the ionic radii of A, B and O. Figure 1.1 shows the typical cubic
perovskite structure.

For an ideal contact distance of A and B cations,
(rs+r0) =1/N2 (ratro)

The above condition is difficult to satisty, if satisfied the existing ions
show a perfect perovskite structure for a tolerance factor t =1 (in an

ideal case) where t is defined as

t *(r+ro) =1/N2* (ra+ro).

In practice the structure normally remains cubic for ¢ in the range from

09to 1.0.
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Figure 1.1 The cubic ABOsperovskite structure with B cation
body center

1.3 Effect of Non-stoichiometry and Defects in structural

and physical properties of TMO

A wide range of non-stoichiometric oxides have been studied for the
past several decades with the development of new experimental
techniques. On the basis of results obtained from various
characterization techniques like Electron diffraction, x-ray, neutron and
other electron microscopy better understanding is developed and three

types of non-stoichiometric behavior is distinguished.

The first type is near the stoichiometric region when the defect

concentrations are very small and such defects are classified as point
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defects. For these small concentrations there will be no interaction
between them. e.g Feis O. When the defect concentrations exceeds 0.1
at% there will be interaction between the point defects leading to the
second type known as extended defects (called clusters). In ABOs-»
system, the ionic bonding is dominant over the covalent bonding. One
oxygen defect will reduce two B™ ions in to two B®D* jons . Removal of
one oxygen atom from the lattice leaves a net positive charge of 2+. In
ionic compound the charge (electrostatic) interaction is present between
B and O. Every oxygen ion is bound to two B ions and four A ions. The
reduction occurs in B cation only, modifying the B-O interaction

significantly leaving the A-O interaction unaffected.

If the concentration of clusters (extended defects) becomes too
high, the clusters themselves will interact forming a large cluster
resulting in a new ordered phase. In perovskite ABOs» systems there are
two ways in which the clusters can interact and they are linear
clustering and stepwise clustering. In a linear cluster (figure 1.2a)
oxygen ions in a B-O-B-O-B-O-B row are removed in one dimension.
The octahedral coordination of B ion changes to square planar by
removal of two oxygen ions in one dimension. In stepwise clustering
(figure 1.2b), two oxygen ions next to each other are removed in BOs

octahedral coordination, this will result in a tetragonal coordination and




Introduction 5

the B ion will rearrange at the centre of the tetrahedron. In figure 1.2a
shows the octahedral coordinated B cation and figure 1.2b shows the

point defect. [1]

Figure 1.2 (a) Linear interaction between clusters and (b) Stepwise
interaction between clusters
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1.4 Crystal Field Splitting

Crystal field splitting occurs in TMO systems, basically the transition
metal ion with d configurations is perturbed by their chemical
environment. If the B cation is in octahedral symmetry then the
degeneracy splits 3d orbitals into two different sets, triply degenerate tzg
and doubly degenerate eg orbitals, with an energy difference of Acr
(figure 1.3). Based on Hund’s rule the electrons in B cation are
accommodated in t2s-eg orbitals up to the maximum. If the crystal field
splitting is larger (A) than the pairing energy (U), the electrons first fill
up the t2g orbitals completely. The strength of the crystal field decides
the electron configuration, if A > U leads to low spin state and if A< U

gives rise to high spin state [2].

el de)

‘[ 3/SAIACF
Dg Acy 71
l 2/5A CF
— fzg(dx ” d)ch dyz )

10

Figure 1.3.Splitting of five fold degenerate d-orbital of an

isolated ion in an octahedral crystal field environment.
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1.4.1 Jahn-Teller Distortion

The 3d electron configuration in TMO is decided by the internal
crystalline fields. In an octahedral coordination (cubic symmetry) two
fold degenerate is present. Jahn and Teller (JT) pointed out that to lower
the energy of the crystalline fields at 3d* cations distort the cubic
symmetry. Distortion of orbitally degenerate configuration to achieve
lower energy is known as static JT effect whereas dynamic JT effect is

switching of the distortion from one orientation to the other (figure 1.4)

13].

A &
e, ——— ‘*—
e d,z
A
Y e
t 1.,..:..I. IIIIII jh h
29=—F— d,,, dyz

Figure 1.4. Splitting of d-orbital of an TM ion in an octahedral crystal
field environment and Jahn-Teller splitting of weak field d*
configuration.
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1.5 Comparison with Isoelectronic configuration in TMO

The electronic and magnetic properties of a material depend on valence
electrons. In perovskite structure the B cation has octahedral
coordination (BOs) surrounded with six oxygen atoms. Each oxygen is
shared by two B cations in one dimension. The octahedral coordination
lifts the 3d orbital degeneracy and favors triply degenerate t»; and
doubly degenerate e; orbitals. The ez orbitals points directly along the
axis and form o” bond and tz5 orbitals point between the axes and form a
7 bond. The strength of the covalent bonding, the transition metal ion
and the oxygen decides the physical properties of the system. If the
interaction between the metal (M) and the oxygen (O) is weak, the
valence electrons gets localized and the system becomes magnetic-
insulator type. If the strength of M-O interaction is sufficiently large,
then the increase in spatial overlap of the metal and oxygen orbitals
leads to delocalization of valence electrons exhibiting metallic like
conductivity.

LaMnQOs, CaFeOs and SrFeQs are isoelectronic in nature with the
electronic configuration of tz’es! .Jahn-Teller (JT) theorem suggests that
single electron in eg orbital is not a stable state. LaMnOs undergoes
cooperative JT distortion of MnOs octahedra with two long and four
short Mn-O bonds. In this compound, Mn exists only in Mn?* state with

A-type antiferromagnet. CaFeOs undergoes charge disproportination,
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2Fe**(t2g’eg') —Fe (t2g’es?) + Fe¥*(t2g’es”). Based on Mossbauer, synchrotron

x-ray and neutron powder diffraction the crystal structure of CaFeO:s is
found to have two chemically and crystallographically distinct Fe sites
and incommensurate antiferromagnetic ground state with Neel
temperature of 120 K[4]. SrFeOs which is the subject of present
investigation is completely different from the above systems as there is
no JT distortion and charge disproportination. Moreover, the valence
state of 4+ makes the metal-oxygen interaction strong enhancing the
width of the 0" band which is responsible for metal like conductivity in
ground state. The tables 1.1 and 1.2 compares the crystal structure,
transport and magnetic properties of several trivalent and tetravalent

ABOs compounds.
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Table 1.1 Electronic and structural behavior of some of the Trivalent ABO3

compounds
o g
: E g
o 2 2 g
~ -
5 g g g 2 - 5 E
& g B 2 g g 2 ) c
8 "E R= > %D =] < 8 “—
S = S & 0 > 5 & z &
LaMnOs tegleg! High  Orthorhom A Insulat 141K [5,6]
bic or
LaFeOs t2g%eg? High  Orthorhom G Insulat 750K [7,8]
bic or
LaCoOs t2geg? Low  Rhombohed Paramag. Insulat - [9]
ral or
LaCrOs tog? High  Orthorhom G Insulat 320K [10,11]
bic or
LaNiOs t2gteg! Low  Rhombohed Paramag. Metal - [12]

ral
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Table 1.2 Electronic and structural behavior of some of the Tetravalent ABO:s

compounds
ot [}
o =
5 g £ _g gy 5 =
:  E® f oz i: = 2
§ 3E &  E3 ¥ 2 g g E 3
O H S & U & = B = Z = &
CaMnOs  tg® High  Orthorho AFM Insulator 110K [13]
mbic
CaFeOs tag’eg! High  Orthorho Incommensur Metal 120K [4]
mbic ate AFM
SrCoOs togleg? High  Cubic AFM Metal 210K [14,15]
SrFeQO:s tag3eg! High  Cubic Helical AFM Metal 134K [14,16]]

1.6 Magnetic Interactions in TMO

The different types of magnetic orders that are present in materials can
be broadly classified based on the presence and type of interaction
between the magnetic moments. Absence of unpaired electrons (any
permanent magnetic dipoles) leads to diamagnetism, which can be
understood on the basis of Lenz’s law of electromagnetism. Presence of
unpaired electrons leads to permanent magnetic dipoles, and if these
magnetic dipoles do not interact with one another, they are oriented at
random and give rise to paramagnetism. Depending on the type and
range of interaction between the magnetic dipoles, different kinds of

magnetic order such as ferromagnetic, antiferromagnetic and
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ferrimagnetic order can arise. We will briefly discuss these different

types of possible interactions between the magnetic moments.

1.6.1 Exchange interaction

The interactions operating between magnetic moments in solids can be
be broadly classified into two types: direct short-range interactions and
indirect long-range exchange interactions.

Exchange interactions are basically electrostatic in nature. Let us
consider two electrons (on two atoms ‘a’ and ‘b’) having spatial
coordinates r1 and r2 with respect to nuclei. The wave function for the
joint state is the product of single electron states. If the first electron is in
a state y,(r;) and the second electron in state ¥, (1;), the joint wave
function for the two electrons 1, (11)y, (r2). This product wave function
does not satisfy the condition that overall wave function must be
antisymmetric under the exchange of electrons. For electrons the total
wave function must be antisymmetric so the spin part of the wave
function must be an antisymmetric singlet state ys(S = 0) for the
symmetric spatial part and if the spatial part is antisymmetric then the
spin part is a symmetrical triplet state y+(S=1).

The total wave function which includes both the spatial part and
the spin part for the singlet state 15 and the triplet case yr can be

written as:
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1
Ys = ﬁ[%(n)%(rz) + Yo (r)Yp(r)1xs

1
Yr = E (o r)p (12) — Yo (), (r) 1 xr

The exchange constant (or exchange overlap integral) ] is defined as

] = f¢2(T1)¢Z(rz)H¢a(ﬁ)%(rz)dn dr,

The Hamiltonian H =-23"J,(S;*S,) - If two electrons are on

i~
same atom, the exchange integral is usually positive stablizing the triplet
state which ensures the antisymmetric spatial part. This minimizes the
Coulomb repulsion between the two electrons by keeping them apart.
When the two electrons are on neighbouring atoms, the exchange

integral is negative [3].
1.6.2 Direct exchange

The exchange interaction between two neighboring spin moments arises
as a consequence of the overlap between the magnetic orbitals of the
two adjacent atoms. This so-called direct exchange interaction is strong
in 3d metals, because of the comparatively large extent of the 3d electron
charge cloud. Bethe-Slater semi empirical curve (Fig. 1.5) describes as to
how the magnetic moment coupling changes when the interatomic

distance between the corresponding atoms changes. The exchange
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integral Jj is positive for ferromagnets and negative for antiferromagnets

[17].

Jexch
Co

+

y\‘\‘l\li\‘
0

Mn )
- Fq

Cr

Figure 1.5 Bethe-Slater curve describing the variation of the
exchange constant with interatomic separation r,, and the radius
rq of the incompletely filled shell.

1.6.3 Super Exchange Interaction

Most of the transition metal oxides are insulators and electrons are
localized. The probability of direct overlap between 3d-3d orbital is less,
but the hybridization between metal 3d and oxygen 2p orbitals is
possible. Figure 1.6 shows the super exchange bond. In the case of singly
occupied 3d orbital or half filled shell (Fe*, Mn?*) configuration (b) is
lower in energy than configuration (a), because both the electrons in an

oxygen 2p orbital spread out into unoccupied 3d orbitals. The
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superexchange interaction ] involves simultaneous virtual transfer of
two electrons with instantaneous formation of a 3d""12p° excited state. ]
depends on interatomic separation and M-O-M (M stands for the
transition metal ion) bond angle. The occupancy and orbital degeneracy
of the 3d orbital decides the strength and sign of superexchange.
Goodenough —Kanamori [18] proposed a set of rules for superexchange

interaction to mediate and they are as follows.

(1) When the cations have lobes of singly occupied 3d orbitals which
point towards each other, giving large overlap and hopping integrals,
the exchange is strong and antiferromagnetic. Bond angle between M-O-

Mis 120° -180°.

(2) If two cations have an overlap integral between singly occupied 3d
orbitals, then the exchange is ferromagnetic and relatively weak. The

bond angle between M-O-M is 90°.

(3) When two cations have an overlap between singly occupied 3d
orbitals and empty or doubly occupied orbitals of the same type, the
exchange is ferromagnetic and relatively weak.

Superexchange is more commonly antiferromagnetic than
ferromagnetic, because the overlap integrals are more likely to be larger

than zero [18].
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2p(0) 3d(Mn)

A H 1

Figure 1.6 A typical super exchange bond. Configuration (b) is lower in
energy than configuration (a).

1.6.4 Double exchange

This interaction arises between 34 ions which have both localized and
delocalized d electrons. Mixed valence configuration is required for
double exchange. For example, Lao7CaosMnQOs has both Mn* and Mn*
ions (d® and d*) present on octahedral sites. The d° core electrons for both
octahedrally coordinated ions are localized in a narrow tz1 band, but

the fourth d electron inhabits a broader e;? band, hybridized with
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oxygen, where it can hop from one d° core to another (figure 1.7). Double
exchange leads to a ferromagnetic order as electrons can hop freely if the
core spins are parallel, but when they are antiparallel there is strong

energy barrier due to the Hund’s rule [18].

Mn® 3

Figure 1.7 Double exchange interaction. The electron hops with
spin memory from one localized ion core to the next.

1.7 Spin glass

Spin system with both FM and AFM interactions competing with each
other finds it difficult to decide among various collinear magnetic orders
in the ground state due to randomness and frustration of spins resulting
from the competing interactions. As a consequence, the frustrated spins

freeze in random orientations below a certain temperature (called the
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freezing or spin glass temperature) in the spin glass state. A spin glass
can arise in two ways. (i) If a small amount of magnetic impurities are
added to a non-magnetic metallic host, the interactions between the
magnetic atoms are mediated by the conduction electrons. In this
situation, the magnetic interaction oscillates between ferromagnetic and
antiferromagnetic depending upon the distance between the magnetic
ions. This type of interaction is termed as RKKY interaction. (ii) In an
amorphous solid, the nearest neighbor distance between the atoms has a
distribution. Thus, exchange integral ] which sensitively depends on
distance and angle between the magnetic atoms, also has a distribution.
If this distribution in ] is peaked at ] = 0, the competing ferromagnetic

and antiferromagnetic interactions establish a spin glass state [19].

The net magnetic moment is zero in both paramagnetic and spins
glass state. But below the spin glass (SG) transition temperature, the
time average moment on a site is non- zero. Below the SG transition
temperature, the spins are frozen in random directions whereas in the
paramagnetic state spins are oriented at random but they fluctuate in
time around mean random directions. Therefore, spin glass transition
occurs without spontaneous symmetry breaking. Spontaneous

magnetization (Ms) cannot be the order parameter for the spin glass
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phase transition because above and below transition temperature Ms is

Zero.

1.8 Temperature coefficient of Resistance (TCR)

The electrical conductivity of semiconductors (o) can be expressed as ¢ =
qup, where q is the charge, p is the mobility and p is the concentration
of charge carriers. The temperature coefficient of the semiconducting
metal-oxide is decided by the temperature dependence of the mobility
and the concentration of the charge carriers. The increase in electrical
resistivity with increasing temperature is called positive temperature co-

efficient of resistivity (PTCR).

Materials with zero TCR (temperature independent resistivity)
are most sought after in automotive industry for oxygen sensing
applications without cross sensitivity to temperature. SrTii-FexOs-» (STF)
solid solutions were found to shift their coefficient of resistance (TCR)
from negative to positive as Fe increasingly substitutes for Ti. SrTiOs
(STO) is a wide band gap semiconductor with a band-gap of 3.2 eV and
the band gap decreases with increasing Fe doping. It is reported in the
literature [20] that the variation in the bandgap energy as a function of

Fe content is responsible for the change in TCR of Fe doped STO.
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1.9 Review of earlier work in SrFe1«TixOs.5 systems

Synthesis of stoichiometric Transition Metal Oxides (TMO) is a
challenge and usually non-stoichiometry is observed which leads to
interesting physical properties. Depending upon the concentration of
oxygen defects different crystal structures are stabilized. If the
concentration of the defects is up to 0.1at%, the interaction between the
point defects still retains the original crystal structure of the defect-free
TMO. In SrFeOs-» (ABOs cubic perovskite family), the Fe-O bonding is
ionic rather than covalent. The stoichiometric SrFeOs (o = 0) has a cubic
perovskite structure and is a helical antiferromagnet with Neel
temperature, Tn =130 K. For a small concentration of oxygen deficiency

(0 ~ 0.03), the cubic structure is retained.

Non-stoichiometric SrFeOss forms four crystallographically
distinct phases depending upon the oxygen deficiency [21]. The
different phases can be realized based on the interaction mediated
through the defects. In the SrFeOs-» compound, Fe exists in the valence
states of 4+ and 3+. Mixed valence nature makes this system to exhibit
interesting electric, magnetic and transport properties. With the increase
in oxygen deficiency as the defect concentration increases beyond a

threshold value, the defects start to interact with each other forming
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extended point defects. In SrFeOs-s, every oxygen ion is bound to two Fe
ions and four Sr ions. The interaction is mostly Fe-O rather than Sr-O as
the valence state of only Fe is effected by the oxygen deficiency. If the
concentration of the Fe-Vo-Fe (Vo- Oxygen vacancy) clusters becomes
too high, then clusters themselves will interact over a long range
forming a different crystal structure. These clusters can interact in two
ways [1]. The first type is a linear cluster interaction observed for an
oxygen deficiency of & ~ 0.125, which crystallizes the system in to
tetragonal structure, as observed in SrsFesOzs (SrFeOzs75). For o ~ 0.25, the
interaction of the clusters is stepwise leading to orthorhombic SrsFesOn
(SrFeO27s) structure. With further increase in the oxygen deficiency, i.e.,
for 6 ~ 0.5, SrFeOs»s has Brown Millerite structure [21 ]. Hodges et.al.
[21] determined the crystal structure for the undoped SrFeOs-s system
(for all the 4 phases) by comparison of Rietveld refined data of several
closely related structural models proposed in the literature. The
stoichiometric SrFeQOs is found to be of simple cubic structure with Pm-
3m space group. The space group for SrFeOss with o = 0.125 and

tetragonal structure is found to be [4/mmm.
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1.10 Motivation and objectives of the present work

Synthesizing a completely single phase of SrFeOs-»s is a challenge as the
traces of minor phases are observed even in single crystals of SrFeOs-.
One way to address this issue is by partially doping Fe with another TM
such as Ti. One of the motivations for the present work is to stabilize the
single phase SrFeOss. Doping of Ti is found to stabilize SrFeOs-s in the

tetragonal structure with space group I4/mmm.

SrFe1«TixOs» (STF) is an interesting solid solution [22] system as
the Fe-rich phase is a good electronic and ionic conductor and the Ti-
rich phase is an acceptor - doped large band gap insulator. These mixed
conductors hold a key to multi-functional materials that can be used in
fuel cells, electrochemical sensors, permeation membranes and catalysts
[23-26]. By partial replacement of Fe* in SrFeOs.» with a non-magnetic
ion of Ti* , the SrFeixTixOss(x =0 - 0.3) system is prepared. In this
system, Ti*" replaces Fe in the oxidation states of Fe® and Fe*’; the actual
Fe*/Fe* concentration depends on the total Fe concentration and
applied oxygen partial pressure during synthesis. It is also reported in
the literature that the charge compensation for Fe* occurs mainly by the
mobile oxygen vacancies. Even though it is a well-established fact that

the structure of parent SrFeOss system depends critically on the
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stoichiometry of oxygen, so far there are no reports of non-cubic Ti*

doped SrFeQO:s-» system [27-37].

There are a number of reports on Mossbauer effect studies (ME)
[20, 38, 39] of SrFeOs» because ME determines the coordination of Fe
ion, valence state, magnetic alignment and also the interaction of specific
ion with its coordination. ME data give the complimentary information

regarding the site occupancy and the valence state of Fe.

In this work, the crystal structure of SrFeixTixOss(x =0 - 0.3)
system is established through neutron diffraction data refinement. The
Mossbauer data is analyzed taking in to account the existence of Fe in

three different sites.

Ti substitution is expected to affect the structure and physical
properties of SrFeOs. host drastically. This prompted us to undertake an
extensive investigation of structural, magnetic and transport properties

of SrFei«TixOs- system with the following objectives in mind.

1. SrFeOssis known to have different phases with completely
different structural and magnetic properties. The first aim is to
synthesize SrFeOs.s, characterize its structure, microstructure,
magnetic and transport properties.

2. Toinvestigate the crystal structure of SrFe1xTixOsz-»
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3. Intetragonal SrFeOs-s (T-SrFeOs-s), Fe occupies different sites,
what is the cation distribution in SrFe1xTixOs-5?

4. T-SrFeOss is a helical antiferromagnet,what is the effect of Ti** on
the magnetic properties such as Hc, ordering temperature and
exchange bias.

5. What is the magnetic ground state of Ti doped T-SrFeOs-5?

6. SrFeOs is a metal, the other end of the Ti doped solid solution
SrTiOs is an insulator. What is the effect of Ti doping on the
transport and magneto-transport properties?

7. SrFeixTixOs-sis of interest for high temperatures applications in
sensors, electrodes for fuel cells, etc. To investigate the high-
temperature conductivity and study the nature of temperature

coefficient of resistance (TCR).

1.11 Scope of present work

The first chapter describes briefly about oxygen defects in transition
metal oxides and different magnetic interactions present in this type of
oxides. The second chapter describes about various experimental
techniques which are used to investigate the present thesis work.
Chapter 3 describes the synthesis, results of the microstructure

and structural characterization of SrFeOs-» with and without Ti doping
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using X-ray diffraction, Neutron diffraction, Mdssbauer spectroscopy

and TGA techniques. The structural parameters like bond-length,
bond angles and cation distribution in each coordination is
established. With the help of low temperature Mossbauer and
neutron diffraction, it is established that Fe occupies three different

coordinations both crystallographically and magnetically.

Chapter 4 describes describes the results of the studies on SrFe:-
«TixOs» (x=0 to 0.3) by AC Susceptibilty, Magnetization, and low
temperature Neutron diffraction techniques. Based on all the three sets
of data, it is established that the undoped system exhibits the long-range
helical antiferromagnetic order while the Ti doped systems behave as a

cluster spin-glass.

Chapter 5 describes the results of the transport and magneto-
transport studies on SrFeixTixOs» (x = 0 to 0.3) carried out by the
standard four probe technique using the dc transport option of
PPMS. These systems have defects (vacancies) originating from the
oxygen deficiency and site disorder caused by a partial substitution
of Ti* at Fe sites. Large change in resistivity due to charge ordering
is observed when lowering the temperature. In all the above

systems, semiconducting like decrease in resistivity with increase in
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temperature is observed. The temperature dependence of resistivity
is well described by the three dimensional Variable Range Hopping
(3D-VRH) model. Magneto-resistance is measured by applying a

field of 80 kOe and the results are discussed.

Chapter 6 describes the composition dependence of ac
conductivity of Ti doped SrFeOss measured from room to high
temperature of 450 °C. Complex impedance spectroscopy data are
analyzed based on Cole-Cole type impedance response function and oac
(dc conductivity) and activation energy are calculated. The measured
data are analyzed using Jonscher’s universal power law to explain the
observed dispersive behavior of the electrical conductivity. Positive
temperature coefficient of resistance (PTCR) for x =0.2 and 0.3 is
observed for the first time at ambient pressure and moderate
temperature. The correlation between TCR and electrical modulus is
observed. The non linear variation of the conductivity with increase in
Ti doping is attributed to the change in Fe-O bond distances and also the

increase in site disorder.
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CHAPTER 2

Experimental Techniques

In this chapter, we briefly explain the experimental
techniques which are used to investigate the structural,
magnetic and transport properties of SrFeOs-s with and

without Ti doping presented in this thesis.
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2.1 Introduction

Characterization techniques play an important role to study the
materials in order to understand their properties. Fundamental
properties of the materials inherit from their internal structures such as
defects, microstructure, grain boundaries and crystal structure. Various
characterization techniques are employed in the study of structural,
magnetic, transport and dielectric properties of materials. The present
chapter describesa brief introduction of powder X ray and Neutron
diffraction, Mossbauer, Physical Property Measurement System (PPMS-
VSM, ACMS and DC resistivity), Impedance analyzer, Field Emission
Scanning Electron Microscope (FE-SEM), and Thermogravimetric

analyzer (TGA).

2.2 X-ray Powder diffraction

The powder diffraction method (Debye and Scherrer method) is one of
the the most useful diffraction methods and when properly employed,
can yield a great deal of structural information about the material under
investigation. The powder diffraction of a substance is characteristic of
the substance and forms a sort of fingerprint [1] of the substance to be
identified. Powder diffraction method involves the diffraction of

monochromatic x-rays by a powder specimen.
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Selection of K, renders the incident beam to be a highly
monochromatised one. The focusing monochromatic geometry results
in narrower diffracted peaks and low background at low angles. INEL x-
ray diffractometer with Co target x-ray tube is used to do all x-ray
diffraction measurements in this thesis. Position Sensitive Detector
(PSD) filled with P10-gas (10% methane in Argon) is employed to record

the counts.

The peaks of the x-ray diffraction pattern of known samples for
which the data is available can be compared with the standard available
data for the confirmation of the structure. For the purpose of
comparison, many standards are available [2], some of which are Willars
Hand book, Joint Committee on Powder Diffraction Standards (JCPDS)

Pcpdf win and National Bureau of Standards.

A beam of x-rays of wavelength 2, incidents on the crystal at an
angle 0 to the atomic planes. In Bragg's law, the interaction between x-
rays and the electrons of the atoms is visualized as a process of
reflection of x-rays by the atomic planes. This is an equivalent
description of the diffraction effects produced by a three dimensional
grating. The atomic planes are considered to be semi-transparent, that is,
they allow a part of the x-ray to pass through and reflect the other part,

the incident angle 0 (called the Bragg angle) being equal to the reflected




36 Chapter 2

angle. Referring to Fig. 2.1, there is a path difference between the x-rays
reflected from plane 1 and the adjacent plane 2 in the crystal. The two
reflected x-rays will reinforce each other, only when this path difference
is equal to an integral multiple of the wavelength. If “dna” is the inter-
planar spacing, the path difference is twice the distance d sin6, as

indicated in figure 2.1. The Bragg condition for reflection can therefore

be written as 2d,,SINE= NA 2.1

where, n is an integer (order of diffraction), A is the wavelength of the

x-ray used, 0 is the Bragg angle.

e dsing
—e T * T *—

Figure 2.1 Illustration of Bragg’s law
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2.3 Neutron Powder Diffraction

A neutron beam is highly penetrating and thus gives details about not
only the surface but also about the bulk of the sample.The oxygen ions
have weak presence in the x-ray diffraction pattern. Neutron scattering
amplitudes depends on how neutrons are scattered by the nucleus. Most
of the nuclei scatter neutrons equally well. In neutron scattering,
amplitudes for neighboring Z values could differ from each other unlike
x-ray. For example, the scattering amplitude for x-rays is nearly the
same for Mn and Fe but for neutron the scattering amplitudes are -0.39 p
cm/atom and 0.95 p cm/atom respectively [3,4]. Unlike x-rays, for
neutrons the scattering amplitudes fall off rapidly with increasing
sin(0)/A, where 20 is the scattering angle and A is the wavelength of the
incident radiation. In x-ray scattering the wavelength is comparable to
the dimensions of the scatterer but in neutron case nucleus is very small

in comparison to the wavelength of neutrons [5,6].

In general, X-ray scattering amplitude is directly related to the
atomic number of the scattering element. In the present SrFei«TixOs»
system the atomic numbers of the four elements are: 8 for Oxygen, 26 for
Iron, 22 for Titanium and 38 for Sr. Neutron powder diffraction can
detect the presence of oxygen as the scattering takes place from the

nucleus and depends on mass number rather than the atomic number.
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The magnetic moment of the neutron interacts with the magnetic
moment associated with unpaired electrons of the sample giving rise to
the magnetic scattering. X-rays and neutrons are extensively used to
study the structural properties. In the case of magnetic materials
(antiferromagnetic, ferrimagnetic and ferromagnetic), neutron

diffraction can reveal both the magnitude and direction of the moments.

2.3.1 High Resolution powder neutron diffractometer

The neutron diffraction measurements presented in this thesis were
carried out using Multi-PSD, high throughput, high resolution neutron
powder diffractometer at Dhruva Reactor, Trombay, Mumbeai, designed
and developed [7] by UGC-DAE CSR Mumbai Centre, India (Fig. 2.2 ).
The instrument employs open beam geometry (i.e., no Soller
collimators), doubly bent perfect and asymmetrically cut Si single
crystal to enable high flux at the sample position and good resolution
over wide scattering angular range. It is possible to change the
wavelength of monochromatic beam by computer controlled
goniometer within couple of minutes. The usable wavelengths on this
instrument are 1.1 A, 1.48 A, 1.76A & 2.31 A. The standard wavelength
for is 1.48 A. For all the neutron diffraction measurements reported in

this thesis a wavelength of 1.48 A was used.
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The diffractometer is equipped with a cryogen free magnet
(CFM) driven by closed cycle refrigerator (CCR). Using this CFM,
neutron diffraction measurements can carried out at any temperature
from 1.6K to 300K and magnetic fields up to 7 Tesla. The neutron results

presented in this thesis were measured using this CFM.

Beam
stopper

5.45 36

All dimensions in meters

Figure 2.2 The schematic lay-out of the neutron diffractometer based

on focusing monochromator
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The powder samples were filled Vanadium sample holder, which
then attached with to sample holder that is inserted into the CFM.
Sample is cooled by the Helium gas that is flowing through the sample
chamber. This diffractometer is equipped with oscillating radial
collimator (ORC) between the CFM and the detectors, which eliminates
contamination from the CFM shrouds apart from reducing general
background and improving S/N ratio.

Neutron scattering on magnetic materials consists of two parts
namely nuclear and magnetic. For the nuclear scattering, the form factor
is angular independent and the scattering intensity will not decrease
with increase in angle and even at higher angles there is a sizable
contribution. Whereas, the magnetic scattering is not isotropic and
decreases sharply with increase in angle (s-wave type). Figure 2.3 shows
the atomic form factor for x-ray, neutron (nuclear and magnetic) versus
angle and figure 2.4 shows the neutron scattering amplitude versus

atomic weight.
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Figure 2.3
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Figure 2.4

The neutron scattering amplitude versus atomic weight
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2.4 Mossbauer Spectroscopy

’Fe M0ssbauer spectroscopy is one of the most important local probes
to understand the structural and magnetic properties of the materials
containing iron. The phenomenon of recoilless emission and resonant
absorption of nuclear gamma rays in solids is called the Mossbauer

effect.

During the interaction between the sample and gamma ray there
is a possibility of exciting lattice vibrations, i.e., creation or annihilation
of phonons. These lattice vibrations are quantized and if the free atom
recoil energy is less than the phonon energy, statistically, there is a
fraction f of events that take place without lattice vibrations.

57 -
Co

277U

(270 days)

e capture (99.84%)

136.32 keV
i MI
j 1L

l 14.41 keV
Y

57
26 P8

Figure 2.5 Decay scheme of >’Co source.
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These events, which are called zero phonon transitions, have the

spectrum centered on E;with the natural line width [10,11]. This is called

the Mossbauer effect. Since ¥Fe Mossbauer isotope is used in the
present study, all illustrations in this thesis are confined to “Fe
Mossbauer spectroscopy only. The decay scheme of ’Co decaying into

Fe is shown in figure 2.5.
2.4.1 Mossbauer parameters

The values of the different Mossbauer parameters yield valuable
information about the crystal field associated with the Fe at a particular
coordinate site depending on the interaction of the crystal symmetry
and magnetic moment associated at a particular Fe site with the gamma
rays. There are three main hyperfine interactions (i) isomer shift (electric
monopole interaction), (ii) quadrupole splitting (electric quadrupole
interaction) and (iii) nuclear Zeeman effect (magnetic dipole
interaction). These parameters are important to understand magnetism
and other structural information of the nuclei which are embedded in

the lattice [12-15]
2.4.1. (a) Isomer shift (electric monopole interaction)

Isomer shift (I.S.) arises due to the difference in the electrostatic

interaction between the nuclear charge and the electronic charge of
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source and the absorber in the excited and ground states of the
Mossbauer nucleus (figure 2.6). This interaction causes a shift in the
resonance peak from the zero velocity position in absence of electric
quadrupole and magnetic dipole interactions. This shift is known as the
isomer shift or centre shift. When electric quadrupole and magnetic
dipole interactions are present, the position of the centre of gravity of

the spectrum from the zero velocity is a measure of the isomer shift.

1.S.= (OE).-(OE)g 4-[(GE)e—(SE)], 2.2
It can be shown that
1.S.= (47 /5)Ze’R¥(SR/R)[ [¥(0)|» -[¥(0) :] 2.3

withR = (R, + Ry¢) /2 and R = Re=Rg. Here Ze is the nuclear charge, R,

and Rg are nuclear radius in its excited and ground states, respectively.

SR is negative for 9/Fe and —e | w(0) |* is the electronic charge density at
the nucleus. The suffixes a ands represent the terms for the absorber and
the source respectively. From isomer shift, one can find (i) the sign and
magnitude of JR/R, (ii) the s-electron density at the nuclear site and (iii)

the spin and charge states of metal ions in solids.
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2.4.1. (b) Quadrupole splitting (electric quadrupole interaction)

The interaction of the nuclear quadrupole moment €Q with the electric

field gradient eq due to other charges in the crystal is called quadrupole
interaction. The quadrupole interaction can be expressed by the

Hamiltonian
H=QVE with Q_ Ipn(r)xi.xjdv (2.4)

wherepy, is the nuclear charge density and x; and xj are the Cartesian

coordinates of r. The field gradient VEa 3 x 3 tensor. The Eigen value

eZQQ 2 n? "
=_°9% Ep j0+1) 1+

equation for the interaction Hamiltonian is
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Figure 2.6The effect of electric monopole interaction on nuclear energy levels.
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Figure 2.7The effect of electric quadrupole interaction on nuclear energy levels.
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With the magnetic spin quantum number m;, = I, I-1,....., —I and the
asymmetry parameters, Nuclear state with [>!/2 is having (2I + 1) fold
degeneracy and it will split into sub states |1, +m,) without shifting the
centre of gravity. The excited state with I = 3/> splits into two sub
states | 3#1/2) and | 343/ as shown in figure 2.7. Therefore, two
resonance lines are observed and the separation between these two lines

is called the quadrupole splitting. The separation (Q.S.) is given by,

2 V%
Q.S.:G)e?Qq [1+%} (2.6)

The resonance lines are equal in intensity for an isotropic system.
The anisotropic vibrations of the lattice give raise to asymmetric dou-
blets. The quadrupolemoment €Q, is constant for a given Mdssbauer
nucleus while quadrupole splitting depends on the electric field
gradient (EFG). The quadrupole splitting would give information about

the electronic structure, bonding and molecular symmetry.

2.4.1. (c) Nuclear Zeeman effect (magnetic dipole interaction)

The interaction of the nuclear magnetic moment, #, with the internal

magnetic field Hat the nucleus due to the atom's own electrons is called
the nuclear Zeeman effect or magnetic hyperfine interaction. The

Hamiltonian for this interaction is,

Hp=-nH=-gNANLH — (27)
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whereg,and S are the nuclear g-factor and the nuclear magneton,

respectively. The energy levels are given by,

Ep=-uHm/a = —g\fHm(2.8)
where m,=11-, ..., -L

There are (2I+1) equally spaced energy levels and the splitting

between adjacent level is g, H. Transition between the sublevels of the
excited state and those of the ground state are governed by selection

rules. For magnetic dipole interaction, transitions (for 97Fe) with Al =1,

and Am,; = 0, 1 are allowed, giving six transitions as shown in figure

2.8.The net effective magnetic field is,

Hy,—~DM+(4n/3) M+ Hg+H +Hp  (2.9)

whereH; is the external applied magnetic field, DM is the

demagnetising field and (47/3)M is the Lorentz field.
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Figure 2.8 Magnetic dipole splitting (a) without electric quadrupole
perturbation and (b) with electric quadrupole perturbation. The relative

intensities of the transitions are given by the vertical bars at the bottom.




50 Chapter 2

The Fermi contact interaction term Hg (arises due to a direct

coupling of the nucleus with an imbalance in the s-electron spin density

at the nucleus) and Hyrefers to the contribution arising from non-zero

orbital magnetic moment of the parent atom. The dipolar interaction of

the nucleus with the spin moment of the parent atom is Hp.

2.5 Physical Property Measurement System (PPMS)

Magnetization, AC Susceptibility, DC resistivity and magneto-resistance
are carried out using PPMS-6000 with a maximum field of 9T (Quantum
Design). The principle and operation of each technique will be discussed

one by one [16].

2.5.1 Vibrating Sample Magnetometer (VSM)

The VSM option for the PPMS (Quantum design, U.S.A) consists
primarily of a VSM linear motor transport (head) for vibrating the
sample, a coil set puck for detection, electronics for driving the linear
motor transport and detecting the response from the pickup coils. The
basic measurement is accomplished by oscillating the sample near a
detection (pickup) coil and synchronously detecting the voltage induced
from sample. The system is able to resolve magnetization changes even

less than 10¢ emu.
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The basic principle of operation for a vibrating sample
magnetometer is a changing magnetic flux induces a voltage in a pickup
coil. The time-dependent induced voltage is given by the following
equation

V,, =dd/dt

coil

= dd/dz dz/dt 2.10

In equation (2.10), @ is the magnetic flux enclosed by the pickup
coil, z is the vertical position of the sample with respect to the coil, and ¢
is time. For a sinusoidally oscillating sample position, the voltage is
based on the following equation

Vei= 2rtfCmAsin(2tft) (2.11)

In equation (2.11), C is a coupling constant, mis the DC magnetic
moment of the sample, A is the amplitude of oscillation, and fis the
frequency of oscillation. The acquisition of magnetic moment
measurements involves measuring the coefficient of the sinusoidal

voltage response from the detection coil.

2.5.2 AC Measurement System (ACMS)
The ACMS option has possibility to be used as both a DC magnetometer
or an AC susceptometer. The ACMS contains an AC-drive coil set that

provides an alternating excitation field and a detection coil set that
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inductively responds to the combined sample moment and excitation
tield. The copper drive and detection coils are situated within the ACMS
insert, concentric with the superconducting DC magnet of the PPMS.
The drive coil is wound longitudinally around the detection coil set. The
field amplitude that can be applied depends on the frequency of the
alternating field and the temperature within the PPMS probe, but, at any
temperature, the drive coil can generate alternating fields of up to +10
Oe in a frequency range of 10 Hz to 10k Hz. Both the amplitude and
phase of this response are reported. Alternatively, the ACMS can report
the in-phase and quadrature components of the sample’s response. The
dynamic or ac susceptibility xac = dM/dH, where dM is amplitude of

change in magnetic moment and dH the amplitude of alternating field.
2.5.3 DC Resistivity and Magneto-resistance

The Resistivity option consists of a configurable resistance bridge board,
called the user bridge board, to the Model 6000 PPMS Controller[16].
Samples for four-wire resistance measurements may be mounted on
standard resistivity sample pucks. Resistivity sample pucks have four
contacts, one positive and one negative contact for current and voltage
for each user bridge board channel to which a sample may be
conventionally wired. Up to three samples may be mounted on a

resistivity puck, so the resistivity option can measure up to three
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samples at one time. The resistivity of the samples can be measured as a
function of temperature and also with and without applied field so that
using this option one can measure the DC resistivity and also the
Magneto resistance. The maximum compliance voltage of 95 mV with a
minimum current of +0.01 pamp sets an upper limit on the resistance

value that can be measured.

2.6 Impedance spectroscopy

Impedance is a more general concept than resistance because it takes
phase difference between current and voltage. Impedance spectroscopy
is one of the powerful methods for studying the electrical properties of
materials. To investigate the dynamics of bound or mobile charges in the
bulk or in the interfacial regions of any kind of solids or liquid materials
impedance analyzer is used [17-19]. The study of electrical conductivity
(o) and dielectric properties like dielectric constant, £”and dielectric loss
(tand) as a function of frequency is called as impedance spectroscopy.
The processes (phenomenon in the material) can be represented by a
complex combination of resistance (R), a capacitance (C) and an
inductance (L). Agilent 4294A impedance analyzer is used with the
frequency range of about 40 Hz to 1 MHz to collect the data. Two
identical electrodes (silver paste) applied to the faces of a sample in the

form of a circular pellet (rectangular also possible).
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The applied a.c. voltage and the measured current in an electrical

network are given by,

V(t) =V, exp(jot) 2.12
I(t) =1, exp(jot+ @) (2.13)

whereg is the phase angle and j= +/-1.

The impedance Z(w) of the circuit is given by

Z(w) =V (t)/1(t) =|Z|exp(-jo)
=|Z|cosp— j|Z|sing
-7,-jz (2.14)

Where Z; and Zi are the real and imaginary parts of the complex

impedance.

The relations that relate these two quantities are,
Z|=NZ7 +ZF  with tang=2,/2,
Conductance Oac = Z: [ (Z2+Z72).

The real and imaginary parts of the impedance of the samples are
plotted in a complex plane and their frequency dispersion curves

possess information about the effects of electrode - electrolyte interface,
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grain and grain boundary resistances etc. In a parallel RC combination,

the real and imaginary parts are,
Z,=R/(@+(wRC)®) and Z,=wR*C/(l+(wRC)?

Elimination of wfrom the above equations leads to,

(z,-%) +2 =(RI2)" (2.15)

which is the equation of a circle of radius R/2 with center at (R/2,0) [17].
The typical impedance spectrum in the complex impedance plane

corresponding to the circuit in figure 2.9(a) is shown in figure. 2.9(b).
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Figure 2.9. (a) A common RC circuit and (b) its impedance plane plot.
2.7 Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) measures the amount and rate of

change in the weight of a material as a function of temperature or time
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in a controlled atmosphere. Measurements are used primarily to
determine the composition of materials and to predict their thermal
stability up to higher temperatures. Because most events that occur in a
TGA are kinetic in nature (they are dependent on absolute temperature
and time spent at that temperature), any experimental parameter like
material type of the pan (shape and size), ramp rate, purge gas, sample
mass, volume/form and morphology that can effect the reaction rate will

change the shape / transition temperatures of the curve.

Thermo gravimetric (TGA) measurements are useful to study the
phase transition, melting point, crystallization, glass transition and
decomposition of the materials. TGA is used to find the weight loss with
temperature of a sample. We used Mettler TGA (Model 851 LF). Weight
is measured accurately with thermobalance and the controlled heating
was achieved by a microfurnace (with an accuracy of = 0.5 K) and the
accuracy of the thermobalance is 0.10 pg. The maximum temperature
that can be achieved in the furnace is 1350 °C. An inert gas atmosphere

(N2/Ar) is maintained for the balance chamber and the sample.
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2.8 Field Emission — Scanning Electron Microscope

The grain size and surface morphology of the powder samples were
investigated using Carl-Zeiss FESEM, model of Supra 40 VP. In this
model combined with GEMINI- FESEM column with beam booster
comprises three direct detection systems In-lens SE detector for high
contrast topography, In-column EsB detector for low KV ultra-high
resolution material contrast and Integrated annular AsB detector for
compositional imaging. FE-SEM uses a field emission source producing
a cleaner image with a spatial resolution <2 nm.

The electrons generated by the Field emission source under the
vacuum are accelerated in a field gradient and passes through
electromagnetic lenses. This beam focuses and bombards the specimen
resulting secondary electrons, back scattered electrons, auger electrons
and others which are collected by the detector. The image of the sample
surface is constructed by comparing the intensity of these secondary
electrons to the primary electron beam and this is displayed on the

monitor.
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Figure 2.10. Schematic diagram of field emission scanning electron

microscopy

The Schematic diagram of field emission scanning electron microscopy
is shown in the figure.2.10. FE-SEM operates always under high
vacuum (less than 1x107 Pa), which prevents electron scattering and
discharges inside the instrument. The field emission electron Gun
consists an emitter usually a Tungsten (W) wire fashioned into a sharp
point of radius ~ 100 nm so as the electric field can be concentrated to an
extreme level. This emitter is held at several kilovolts (1~30 KV) negative

potential relative to a nearby electrode, so that there is sufficient
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potential gradient at the emitter surface to cause field electron emission.
A high energy (10-30 keV) electron beam, emitted from a tungsten tip is
condensed to a spot diameter of 1-5 nm using electromagnetic lenses.
The pair of scanning coils deflects the electron beam over the sample
surface. This incident primary electron beam bombards the sample and
cause low energy secondary electrons generation,which originates
within a few nanometers from the surface.

The secondary electrons emitted from the sample are detected by a
scintillator-photomultiplier device and signal is modified into a two-
dimensional intensity distribution that can be viewed and saved as a
digital image in a monitor. There are the high-energy electrons called as
back scattered electrons, which are elastically scattered and essentially
possess the same energy as the incident electrons.These are used to
detect contrast between zones with different chemical compositions as
they are emitted from a depth in the sample.

For specimen with poor electrical conductivity, a negative charge builds
up gradually from bombardment by the high-energy electron beam. An
abnormal contrast and splitting of the image result from the uneven
distribution of the negative charge on the sample. A simple solution is to
coat a very thin (generally 10 - 20 nm thick) gold layer on the sample's

surface. It can enhance the emission of secondary and backscattered
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electron, reduction of thermal damages as well as the elimination of
charge accumulating effect.

Energy Dispersive Absorption of x-rays (EDAX) or Energy Dispersive x-
ray analysis (EDX) is a method used to determine the energy spectrum
of x-ray radiation emitted by a sample. It is a technique used for
identifying the elemental composition of the specimen in an area of
interest thereof. The EDAX attachment works as an integrated feature of
a Field emission scanning electron microscope (FE-SEM), and cannot
operate, on its own, without the FE-SEM. In addition, elemental
analysis can be possible in two different ways. Based on energy called
EDS and wavelength (WDS) up to the element Boron one can determine

using this probe.
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CHAPTER 3

Structural characterization of SrFei1-xTixOs-»
(x=0 to 0.3)

This chapter deals with the results of our
studies on SrFeixTixOs-s (x=0 to 0.3) by x-
ray  diffraction,  Neutron  diffraction,
Mossbauer  spectroscopy — and  TGA
techniques. The structural parameters like
bond-length, bond angles and cation
distribution in  each  coordination is
established. With the help of low temperature
Mossbauer and neutron diffraction, it is
established that Fe occupies three different
coordinations both crystallographically and

magnetically.
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3.1 Synthesis of SrFe1xTixOs-s systems

SrFe1xTixOss (x = 0 — 0.3) samples were prepared through solid state
reaction route. Required molar ratio of SrCOs, FexOs and TiO:
(procured from Sigma-Aldrich with the 99.9% purity) are taken and the
mixed powder was milled up to 20 hours using planetary high-energy
ball mill (Restch, PM-100) with zirconia vials and balls. The milling
speed was 400 rpm with a ball to powder weight ratio of 8:1. The
ground powders were calcined at 1000 °C for 24 hours. The calcined
powder is again well ground (up to 1 hour) and pellets were made using
hydraulic press with applied pressure of 15 ton per square inch (207
MPa). These pellets were sintered for 24 hours at 1200 °C in air, then
samples are cooled under N2 gas atmosphere up to 250 °C and at this
temperature Oz gas with 1 atm pressure flow is introduced for 48 hours.
Oxygen flow is stopped and N2 with 1 atm pressure flow is introduced
and pellets are suddenly quenched from 250 °C to room temperature.
One undoped SrFeOss and three different percentage of Ti* doped
samples of 10%, 20% and 30% were chosen for further characterization
which are labled as TO (undoped), T1 (10% Ti), T2 (20% Ti) and T3 (30%
Ti) [1-9].
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3.2 Microstructure and composition analysis

The microstructure of the samples is studied using Field Emission
Scanning Electron Microscope (FE-SEM) from Carl Zeiss and with
combined EDAX attachment composition analysis is carried out. The
chemical homogeneity of the samples is ensured by averaging the EDAX
measurements taken from more than five different positions from the
centre to the edges. The relative elemental concentration from EDAX
spectra are normalized to the nominal composition of the starting
materials. In TO (undoped) system Sr to Fe ratio is close to one. In Ti
doped systems Sr to Fe/Ti ratio comes very much close to one. The
average particle size varies from 40 nm to 80 nm. Figure 3.1 shows the
microstructure of all the samples TO to T3 and Figure 3.2 shows the
EDAX spectra taken on T1. Very good chemical homogeneity is seen in

all the samples.
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Figure 3.1 Microstructure of (a) TO, (b) T1, (c) T2and (d) T3
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Figure 3.2 EDAX spectra taken on sample T1 in two different

places.

3.3 Estimation of oxygen content

The oxygen content of all the samples are evaluated through TGA.
SrFeOx is decomposed into Sr2Fe20s at 1200°C [10] as follows.

251FeOx=2.5+5Sr2Fe20s+ (x-2.5) O2

The value of x is calculated using the following equation,

(3.1)

x22.5+{MSf+MFE}< M — M

o mf
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Where M, is initial mass taken, m, is final mass at 1200 °C, Mg, is

molecular weight of Sr, M, is molecular weight of Fe and M, is

molecular weight of oxygen.

Figure 3.3 shows the TGA curve of SrFeOss from room
temperature to 1200 °C and the measurement is done in an inert N2
atmosphere with a heating rate of 10 °C per minute.

The oxygen stoichiometry of the undoped sample as determined
from the TGA is found to be 2.87+0.01. The overall variation of oxygen
across all the samples evaluated from TGA is found to be 2.86+0.02. This

oxygen stoichiometry matches with the reported tetragonal SrFeOs- [1,

2,9-12].
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Figure 3.3 TGA measurement SrFeOs- (T0) sample.
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3.4 Crystal structure investigation from XRD pattern

Powders of sintered pellets were used to carry out x-ray diffraction
(XRD) with an INEL diffractometer using Co Ka radiation. To get
preliminary information of structure and phase confirmation x- ray
diffraction (Figure 3.4) was carried out using Co Ka radiation with
wavelength of 1.789 A for all the samples. All the diffraction peaks are
indexed ruling out the presence of any impurity or secondary phase.
The diffraction pattern of all the samples closely matches with
tetragonal structure. The reflection corresponding to (224) with Bragg
angle of 62.50° has a relative intensity of less than 1%, (Ref: 