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Abstract

The orthoferrites BaFeO3_s can adopt several competing structural phases depending
on the oxygen content (3—0) of the formula unit which can be varied continuously between
0 =0tod = "%. The end members at 6 = 0 and § = % correspond, respectively, to struc-
tures with cubic and monoclinic symmetries. The § = %2 member having the monoclinic
symmetry has the well-known Brownmillerite type structure. For intermediate values of
0, structures with hexagonal, tetragonal, rhombohedral and cubic symmetries have been
controversially reported by several authors. In this thesis, we investigated the conditions
required for the formation of these various phases and those for growing single-crystal
of the Brownmillerite phase BasFesO5 (8 = ). Effect of La doping on the structural
and physical properties of BaFeO5;_5 were also studied. The polycrystalline samples of
BaFeO;3_s and their La-doped variants were obtained by using the conventional solid-
state reaction route under varying heat-treatment conditions. The single-crystal of the
Brownmillerite phase is grown using the floating-zone method associated with a four-
mirror image furnace. We find that BaFeO3_s synthesized under air in the temperature
range 1183-1373 K and with a cooling rate of 450 K /h crystallizes with a hexagonal struc-
ture. The same samples when annealed at 1373 K under flowing oxygen tended to be
impure containing small quantities of unidentifiable impurities. Attempts to synthesize
the tetragonal phase under different sintering conditions always resulted in a multiphase
sample consisting of a mixtures of hexagonal and monoclinic phases. The Brownmillerite
phase, on the other hand, could only be synthesized at temperatures above 1473 K in air
with subsequent quenching. Using this as the primary information, attempts were made
to grow single crystals of the Brownmillerite phase using a rapid growth technique in an
image furnace. Preliminary work suggests that the floating-zone can be stabilized under
synthetic air with growth speeds ranging from 5 to 10 mm /h. La-doping in the hexagonal
BaFeOs_s tends to stabilize the tetragonal phase. While 1 % La-doped sample retains
the hexagonal structure, the sample with higher La-doping contained increasing amounts
of the tetragonal phase. The sample with 20 % La-doping is found to be purely tetrago-
nal. Magnetization measurements were performed on pure BaFeO3_s (hexagonal) and 20
% La-doped BaFeOs_s (tetragonal) samples. Both samples show weak ferromagnetism
at low temperatures as inferred from hysteresis loops in their isothermal magnetization
measured at T = 2 K. The temperature variation of magnetization of the undoped sample
exhibits magnetic anomalies near T = 250 K, 170 K and 110 K. In the La doped sample
corresponding anomalies were present, however, they appear at lower temperatures of T
= 225 K, 70 K and 40 K, respectively. The possible origins of this magnetic anomalies
is discussed. The resistivity measurements show an increase of the electrical conductivity
due to the electron-doping in the La-doped samples.
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Chapter 1

Introduction

Pervoskites have the chemical formula ABO3; where A is typically an alkaline or rare-
earth metal ion and B is a transition metal ion. The ideal structure consists of A ions
located at the vertices of a cubic unit cell whose body-center and face-centers are occu-
pied by B and O ions, respectively. Perovskite structure allows a huge degree of flexibility
in terms of the choices of A and B elements and also to the degree of oxygen content
per formula unit. Materials derived from perovskite structure often exhibit interesting
physical and chemical properties and have found applications in several cutting edge tech-
nologies [1-5]. Some prototypical examples of perovskite based materials include BaT'iOs
which is ferroelectric at room-temperature (T = 400 K) [29], another closely related
perovskite compound is SrT703 which shows very interesting quantum paraelectric be-
havior with very large dielectric constant [37], in Y'T9iOs the orbital ordering of the Ti 3d
orbitals represents a novel magnetic ground state [30] and in LaMnQOs, a metal-insulator
transition and associated colossal magneto resistance upon hole doping is of significant
fundamental interest and has found applications in data storage devices. In recent ‘green’
energy initiatives perovskite materials are playing an important role. For example, some
of the perovskites have been shown to be useful materials for Solid Oxide Fuel Cells
(SOFCs) and thermoelectric devices owing to their structural stability under oxidizing
atmospheres and high temperatures, and also because of their low production cost.[ 3, 5-9
10, 11 1, 12,38] . LaggSro2MnOs_3, for instance, has been used as a conventional oxygen
reduction electrode in high temperature SOFCs due to high ionic conductivity [5, 12].
Pervoskite-type materials have also been used as electrochemical gas sensors for the de-
tection of oxidizing gases, such as, oxygen, ozone etc [3]. For example, LaCug3F e 7055,
Lagg5S70.95T10.65F €0.3503_5 have been studied as Oy sensors which show low temperature
dependency and fast response time [13]. Recently, a class of iron containing perovskites
AFeO3 (where A can be alkaline or rare-earth metal ion) have attracted considerable
attention due to their possible multiferroic behavior (mutually coexisting ferroic orders)
[39]. In particular, alkaline metal based orthoferrite containing Fe in its high-oxidation
state (F'e*™) are of considerable importance. The oxides containing Fe™ generally behave
differently from those containing Fe** and Fe?*. For example, FeO and LaFeOs; are anti-
ferromagnetic insulators and FezOy is ferrimagnetic with an insulating gap of 0.11 eV. On
the other hand, Fe** containing oxides tend to show a shift towards ferromagnetism and
metallicity. SrFeOj3 for instance is weakly ferromagnetic below about T = 140 K but be-
comes a genuine ferromagnet under external pressure. The present thesis focuses on more
specific orthoferrites BaFeOs;_s. BaFeOs_g is known to exist with varying crystal struc-
tures over a wide range of oxygen contents (3 — d). The fully oxygenated sample (x = 0)
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having the cubic perovskite symmetry cannot be easily stabilized. Very recently, Hayashi
et al. [22], used ozone as an oxidant to obtain this compound as a single cubic phase.
BaFeOj3 is unique in several ways. Firstly, it is one of those rare compounds with iron
in its high oxidation state (Fel": d?*), secondly, the Fe'™ spins order ferromagnetically
below T = 100 K and the Curie-temperature is reported to exceed room-temperature
under pressures as high as 400 GPa. The other end member with the Brownmillerite
structure (x = 0.5) can be prepared under air atmosphere at high temperature sinter-
ing and subsequent quenching. The Brownmillerite (BM) phase has the stoichiometry
BayFe 05 with iron in its usual 34 (d°) oxidation state. The study of the BM phase
could be of great relevance because its structural unit contains alternating layers of oc-
tahedrally and tetrahedral coordinated Fe3* ions and these are proposed to be potential
multiferroic materials [39]. As far as the intermediate values of § are concerned, there has
been controversial reports of structural phases with hexagonal, tetragonal, rhombohedral
and triclinic symmetries [18,19,23]. Moreover, there is no comprehensive report of the
magnetic and multiferroic properties of these compounds. Under this project work we
investigated the conditions required for the formation of these various phases and those
for growing single-crystal of the Brownmillerite phase BasFesOs5 (x = 0.5). Effect of La
doping on the structural and magnetic properties of BaFeQs3_s were also studied.

1.1 Crystal Structure

1.1.1 Basic Perovskite structure

Compounds having ABQOs perovskite-type structure can be considered as the basic struc-
ture from which compounds with other structure types can be derived. In the ideal cubic
unit cell of such a compound, cation A is situated at the corner of the cube (0, 0, 0),
cation B sits at body centered position (1/2, 1/2, 1/2) and the O*" ions are situated at
the face centered positions (1/2, 1/2, 0). The B-cation in the ideal cubic-symmetry is
in 6-fold coordination which is surrounded by an octahedron of anions, whereas the ‘A’
cation is in 12-fold coordination. The ‘A’ atom is normally bigger than the ‘B’ atom.

Figure 1.1: Perovskite ABOj3 structure in its Cubic form [46]. The Grey ball at the centre
represents A ion, the blue balls are the B ions and the red balls are the oxygen ions.

The relative ion size requirements for stability of cubic structure is quite stringent.
Slight distortion in the structure can change the coordination numbers of both ‘A’ and
6



‘B’ cations. Tilting of BOg octahedra can reduce the coordination of ‘A’ cation from 12
to 8. Several combinations are possible for the choice of ‘A’ and ‘B’ cations. Generally
‘A’ is alkaline or rare-earth metal (e.g., La, Ba, Sr, Ca etc.) and ‘B’ is a transition metal
ion (e.g., Ti, Fe, Co, etc.). In general, pervoskites deviate from cubic structure because
of different reasons which can be due to i) shifting of the position of ‘A’ and ‘B’ cations
from their respective sites, ii) deformation of the octahedra iii) elongation of the whole
unit cell in one direction making it distorted or due to the rotation of the octahedra.

1.1.2 Effect of cation substitution on structure

In this system, ionic radii of ‘A’ and ‘B’ cations are different and govern the internal strains
in the compound. The size mismatch is responsible for distinct stacking and rotation of
the octahedra resulting in lowering of the symmetry, which can be as low as triclinic. The
Goldschmidt tolerance factor(t) is generally used to quantify the internal strain and is
given in terms of ionic radii or as a function of inter-atomic bond lengths [14].

Goldschmidt tolerance factor is given as

T r d
t:$0rt:$

(Tb—i_ro)’k\/§ dBo*\/§

where

ra = Atomic radii of ‘A’ cation.

ro = Atomic radii of oxygen ion.

rp = Atomic radii of ‘B’ cation.

dao = Bond length between A and O.
dpo = Bond length between B and O.

The strain is minimal for t = 1 which corresponds to the ideal cubic perovskite struc-
ture. In practice, the cubic symmetry remains for 0.9 < t < 1. But if t lies outside
this interval, the BOg octahedra undergoes rotation or distortion to compensate for the
non-ideal ionic sizes resulting in lowering of the symmetry altering the unit cell to form
superstructures. For instance, for t > 1, A — O bond distance increases and the struc-
ture becomes rhombohedral (example: BaTiO; for which t = 1.06 [29]). On the other
hand, the structure is compressed and becomes tetragonal (or Orthorhombic) for t < 1.
GdFeOs is a classic example of this case where the A-site cation is not large enough for
the space between the octahedra resulting in tilting of octahdra and giving rise to an
enlarged orthorhombic Pbnm unit cell [40].

1.2 Variation of ABOj; stoichiometry

1.2.1 Possible derivatives

Perovskite ABQO3 can be thought of as the parent structure from which related structures
can be derived [46]. For instance, one can derive the pyrochlore (A3 B,O7) type structure
through oxidation and Brownmillerite (A3 B2O3) type structure through reduction of the
ABOj3 phase.
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1.2.2 Intermediate phases

Compounds with various oxygen-deficient phases can be obtained by reducing perovskite
phase using different techniques such as giving different thermal treatment, controlling
partial pressure of different oxidizing and reducing gases. ABQOj_s system may exhibit
different lattice structure for different values of ‘0’ due to the ordering of oxygen vacan-
cies. There are several compounds like STFeOs_s5, LaFeO3_s, SrC0o03_s and BaFeO3_g
which show this phenomenon. For example, SrFeOs_s can be stabilized into four distinct
phases for the value of 6 = 0, 0.125, 0.25 and 0.5. Similarly, BaFeOs_s system acquires
different structures for different values of ‘6’. The structures reported include those with
cubic, Monoclinic, Rhombohedral, Tetragonal and Hexagonal symmetries [18,19,23]. The
removal of O?~ anions from ABO;_s lattice creates vacancies which changes the coordi-
nation number as well as the valence state of the B cations.

1.2.3 Brownmillerite phase

The Brownmillerite phase has the stoichiometry A;B;Os5. The formation of this phase
generally depends on the synthesis technique and on the type of cations involved. Some
possible combinations of ‘A’ and ‘B’ include: ‘A’ = Ca, Ba,Sr and 'B’= Al, Fe and Co.
Since, the oxygen vacancy is maximum for Brownmillerite phase, hopping of ion from
one vacant site to other increases which leads to very large ionic conduction. The crystal
has a sandwiched like structure where BOg octahedral layers is sandwiched between slabs
of BO, tetrahedral chains. These tetrahedral chains are separated by one dimensional
vacancy chains. Similarly, A2BB’O5 Brownmillerite-type structure can be explained by a
sequence of AO — BOy — AO — B’Oa — AO- layers, where ‘A’ symbolizes oxygen vacancy,
as shown on figure 1.2.

Figure 1.2: Basic Unit cell of Brownmillerite-type structure, space group, Pnma made of
layers of octahedra separated by layers of tetrahedral chains. [44]

There are two different sites which are possible for transition metal ions, called B and
B’, having different coordination number 6 and 4 respectively. ‘B’ sites refer to octahedra
and ‘B’ 7 sites correspond to tetrahedra. The B’O, tetrahedra are connected by corners
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and form 1-D chains lying in the [110] direction of the perovskite cell. In the B’Ox layers,
due to cooperative rotations of tetrahedra within the chains , both B’ and O atoms are
shifted from their respective position in the perovskite lattice structure[35].

1.3 Magnetism in Oxides

We shall now briefly review magnetism in transition metal ions. The material presented
here is essentially general and can easily be found in several textbooks in magnetism
JIron is one of the transition metal element having a 3d electronic structure. These 3d
transition metals especially their oxides are very important in the study of magnetism.
This section covers the theory of magnetism, mean field theory, the exchange interactions
between magnetic atoms and the crystal field environment they inhabit and at the end
the behavior of isolated magnetic moments.

1.3.1 Magnetic moments
The magnetic moment ‘p’ of an atom is associated with its total angular momentum ‘.J’

given by:

J=L+5,

where

L= Orbital angular momentum.
S= Quantum number associated with the intrinsic spin of the electron.

The relationship between the magnetic moment ‘u’ and the total angular momentum
‘J’ is given by the equation

p=gsupy/J(J+1)

In this equation

h
N Ar x 10-TN.A2.
m,

g; =Lande g-factor, which can be experessed in terms of the quantum numbers J, L
and S, as follows:

s =Bohr magneton, where, up =

3 S(S+1)—-L(L+1
M DGR P20}

2J(J +1)

The magnetic susceptibility ‘y’ is a measure of the magnetic response of a material
under a small external magnetic field and is defined as:

X:ﬁa

where,
M = magnetization which is magnetic moment per unit volume.
H =Applied magnetic field.



1.3.2 Paramagnetism

In a paramagnetic state magnetic moments are considered independent (non-interacting)
and are in state of constant thermally driven orientational disorder. In the presence of
an applied magnetic field (typically of the order of 100 Gauss) the moments tend to align
parallel to the applied magnetic field, however, the thermally driven disorder does the
opposite (i.e., opposes any kind of alignment); consequently a partial alignment ensues
(to be more precise, a small non-zero component of each moment appears along the
field direction). Cooling the sample, weakens the thermal effect and the magnetization
(i.e., magnetic moment per unit volume in the direction of the applied magnetic field)
increases in magnitude. Curie law provides a quantitative description of the variation
of magnetization (or magnetic susceptibility) in the paramagnetic state. By applying
the Boltzmann statistics, it can be easily shown that the magnetic susceptibility in the

paramagnetic state is given by x = T where C is the Curie constant and T is temperature

of the sample measured in the units of Kelvin. The Curie constant C is given as

Nap®
O —
3K

(CGS unit)

Here, N4 is the Avogadro’s number; and pu is given by

1? = ppg3J(J +1),

In most real systems, however, the magnetic interactions (typically between the nearest
neighbors) are non-negligible. In such a scenario, the magnetic material undergoes a
phase transition near temperatures given roughly by kpTe = J, where J is the strength
of ‘exchange’ interaction between the neighboring moments and kg is the Boltzmann
constant. Note the use of the word ‘exchange’ to emphasize the quantum mechanical origin
of the magnetic interactions (except when it arises solely due to the dipolar interactions,
which are far too weak in most cases to be of any significance). Returning to the main
point of discussion, we now have two temperature regions: a region below Ty where
the moments are ordered and a region sufficiently above T where the moments are in
a thermally driven disordered state (as for paramagnet discussed above). In this high
temperature range, a modified Curie law (known as Curie-Weiss law) can be derived with
the mean field framework. The law states that the susceptibility of an interacting system
(nearest neighbor interactions non-zero) in the temperature range above T¢ is given by:

X=F g where C as before is the Curie constant and 6p is the paramagnetic Curie
P

temperature which coincides with the actual T within the mean-field framework.

1.3.3 Diamagnetism

Diamagnetism is a weak effect which gets always induced no matter what the nature of
the sample under investigation is. However, being a weak effect, its omnipresence has
any significance only when the other forms of magnetization (to be discussed later) are
not present. Weak induced magnetic moment of the diamagnetic materials align in the
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opposite direction of the applied magnetic field to oppose the external magnetic field.
Unlike paramagnets, the diamagnetic response is largely temperature independent and
the diamagnetic susceptibility is always negative since the moments are induced in a
direction opposite to that of the applied magnetic field.

1.3.4 Ferro-, antiferro- and ferrimagnetism

Permanent magnets that can be magnetized by applying external magnetic field and
remain magnetized even if the applied field is removed are either ferromagnetic or ferri-
magnetic. Let us first talk about ferromagnets. Their most common examples are Iron,
Nickel and Cobalt (note that all three are metals, i.e., ferromagnetism and metallicity usu-
ally go together). In a ferromagnet, there is only type of magnetic ion (i.e., moment size
at each magnetic lattice point is the same). Below a certain temperature (called the Curie
temperature) these moments spontaneously align along a certain spatial direction. In an
isotropic ferromagnet (i.e., isotropic moments), all direction are equally favorable, minor
or residual fields or interactions present in the system make one of the directions slightly
more energetically favorable over the others. However, most ferromagnets are anisotropic
(i.e., moments are constrained to point either along a certain direction or are confined
to a certain crystallographic plane) in such cases one of the crystallographic directions
is preferred over the others. The preferred direction is called the easy-axis. In iron, for
example, the easy-axis is along the crystallographic (100) direction and in Nickel the easy-
axis is along the (111) direction. This is a fundamental effect called magneto-crystalline
anisotropy. Above, we mentioned that below T, all the moments align along a certain
spatial direction. This would mean that the magnetic field due to all the moments would
add up to give rise to a large magnetic field spread over the entire space. Such a thing
would cost a large magnetic energy to the system. In order to avoid paying such large
energy costs, a ferromagnet typically has domains. Within each domain the moments
point along the same crystallographic direction, however, on traversing from one domain
to the adjacent domain the orientation switches to another equivalent crystallographic
direction (for instance for iron if the magnetization in domain A points along (100), in
the neighboring domain they may point along the (010) direction (or any one of the other
5 equivalent directions). The region that separates two adjacent domains is called the
domain-wall. If the magnetization switches by 90° between the two adjacent domains it
is called a 90° domain wall and if does by 180° (e.g., from (100) to (100) in the above
example), it is called a 180° domain wall. Magnetization measured at a fixed temperature
as a function of applied magnetic field is called isothermal magnetization. In a ferro-
magnet, the isothermal magnetization below the Curie temperature is characterized by
the following quantities: saturation magnetization: a state where the magnetization in
all the domains point along the direction of the field or in other words the domain with
magnetization pointing along the field direction (favorably arranged domain) expands at
the expense of those that are arranged unfavorably. Magnitude of the saturated mag-
netization can be used to calculate the magnetic moment at each magnetic lattice site.
Typically, for rare-earths (both oxides and intermetallics) this value matches with the
free-ion value (i.e. the value of the magnetic moment for an ion in vacuum taking both L
and S into account). The magnetic moment of the transition metal oxide (of at least the
iron group) is typically given by the total spin angular momentum, orbital angular mo-
mentum being quenched due to the crystalline electric field of the neighbors. In transition
metals (Iron group), the magnetism is itinerant and the magnetic moment per atom is
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smaller than the calculated value. In itinerant ferromagnets the spontaneous magnetiza-
tion arises due to splitting of the electron energy band at Fermi level. Antiferromagnets

are those where below a certain temperature (called the Néel temperature) the spins on
any two neighboring magnetic sites order anti-parallely. The resultant spin structure has
an ...-up-down-up-down-... kind of arrangement. One can think of this arrangement as
a superposition of two interpenetrating ferromagnetic sublattices such that the ferromag-
netic order of one is opposite to that of the other. Antiferromagnets are more common
than the ferromagnets. Some examples of magnetic materials showing antiferromagnetic
order are: a large number of transition metal oxides, for example, NiO and LasCuQy;
intermetallic compounds, such as C'elnz, MnNi, etc. Among elements, Cr and Mn or-
der antiferromagnetically, most rare-earth metals also show antiferromagnetically ordered
ground state though admittedly the ordered spin structure in most rare-earths is often
more complicated than in a simple Néel type antiferromagnet. A ferrimagnet consists

of two magnetic sublattices (say, A and B) occupied by two different kinds of magnetic
ions. The classic example of ferrimagnets is the compound based on Spinel (or inverse
spinel) A, BO, structure. For example, FesO, or Fe3t(Fe*T Fe3t)O, where Fe?T at the
A site couples antiferromagnetically to the Fe?T and Fe3™ at the B site of the inverse
spinel structure resulting in a ferromagnetic structure. Interestingly, under small applied
magnetic fields the net magnetization of a highly anisotropic ferrimagnet can become
negative below the so-called compensation temperature.

1.3.5 Crystal field splitting

Crystal field theory generally describes the breaking of orbital degeneracy of d or f orbital
due to the static electric field created by surrounding charge distributions of the anions
or the ligand ions. Five degenerate d orbitals, which are d,, d., d;., dy2_y2 , d.2, can
be grouped as three toy (dyy, dy., dy.) and two ey (dy2_y2,d,2) orbitals. The electrostatic
repulsion between the electrons of ligand ions and the d orbitals results in a partial lifting
of the degeneracy to d orbitals. In an octahedral complex, the d orbital splits into two
sets of energy level where ty, orbitals having lower energy then the e, orbitals. In the
tetrahedral symmetry, the reverse occurs with to, having higher energy and the e, orbitals
which can easily be understood by considering the spatial orientations of these orbitals
with respect to the Ligand ions.
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Figure 1.3: Shows the crystal field splitting of ‘d” orbitals of Tetrahedral and Octahedral
complexes. [41]

Normally, Iron has d° electronic configuration and can exist in several oxidation states
such as Fe?t, Fet and Fe*t. The electronic configurations of these states are d°, d°,
and d* respectively. The most common configurations are Fe?*Tand Fe3T. Very few
compounds having iron in Fe!* oxidation state are known or reported. Electrons are
filled in the energy levels according to the Hund’s rule. When the crystal field energy
is higher than the pairing energy, then pairing occurs at the lower energy states before
filling the higher energy states. This makes the total spin less and therefore called as the
‘low spin’ state. Other case is the ‘high spin’ case where all the energy levels are filled
first before the pairing occurs.

(a)
] p—

Figure 1.4: Illustrate the high spin and low spin case respectively.

1.3.6 Exchange interactions

Materials containing magnetic ions often show long-range ordering of the magnetic
13



moments (we discussed above the case of ferro- antiferro- and ferromagnetic order of the
moments) because of exchange. For the exchange interaction to be direct, the orbitals of
neighboring ions should overlap which normally occurs in the case of transition metals
such as Iron. However, in transition metal oxides, often the neighboring magnetic ions
have an intervening anion which couples their magnetic moment indirectly. Such an
indirect exchange is called super exchange and it is represented schematically in figure
below in the case of Mn**—0 — Mn*" (as in LaMnO3).

Mn 4] Mn

dg P, 4y

T 2

Figure 1.5: Shows schematic representation of superexchange[42]

Ferromagnetic ordering and associated conductivity arise due to the phenomenon of
double exchange as for example in La;_,Sr, MnOs (i.e., hole doped Mott insulator) where
the e, electron can hop from one Mn?* to a neighboring Mn** via the intervening oxygen.
Since hopping can only occur between ferromagnetically aligned spin, therefore ferromag-
netic alignment is favorable.

| ) 1

1 |

| t2g 02p | t2g
N N-1

Figure 1.6: Illustrates the double exchange in mixed valence state through oxygen atom.

(Source: Wikipedia)

1.3.7 Spin State Transitions

In section 1.3.5 , we discussed that electrons in iron atoms can exist in different spin states
depending on the crystal field environment. This spin state transitions are not generally
favorable in perovskites containing manganese and copper ions, but they are possible in
materials containing iron and cobalt ions[19]. All the three possible spin states of iron are
illustrated in figure 1.9.
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Figure 1.7: The electronic configuration of Fe?T, Fe3tand Fe'" in an octahedral envi-

ronment in high spin, intermediate spin and low spin cases.
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Chapter 2

Experimental Techniques

This chapter includes all the experimental techniques that were used for the sample prepa-
ration, their structural characterizations and for measurement of various physical prop-
erties. These techniques are discussed in sections 2.1, 2.2, 2.3, respectively. Briefly, the
samples were prepared using the conventional solid state reaction route under various
sintering conditions. Structural characterizations of the synthesized samples were done
by using scanning electron microscopy equipped with energy dispersive x-ray analysis tool
and powder X-ray diffraction. Single-crystals were grown using a 4-mirror image furnace.
The magnetic properties of the samples were studied by using Physical Properties Mea-
surement System (PPMS) and resistivity measurements were done on a home-built set-up
using a Four-Probe method.

2.1 Sample Preparation

Samples were prepared using the conventional solid state reaction route. The starting
precursors (BaCO3 and FesO3) were high purity reagents. They were weighed as per the
stoichiometry and mixed thoroughly in a mortar and pestle for about 45 min and placed in
an alumina crucible for the solid-state reaction at high temperatures. The process of solid-
state reaction involves slow diffusion and reaction of the molecules of the two species to
form the desired compound. The solid-state reaction is more effective when the reaction
product is subject to intermediate grindings and often pelletizing the reaction product
accelerates the reaction process. In the present work, we always calcined the sample first
before pelletizing it. The pellets were made by casting in the samples in a 12 mm diameter
stainless steel die using uniaxial pressures up to 10 bar. The heat-treatments were carried
out using the muffle and tube type furnaces. In the tube furnace, water cooled vacuum
flanges were used to ensure high purity of the sintering atmosphere which is crucial in
the present case because of the sensitivity of BaFeO3_s to the oxygen partial pressure in
the reaction medium. The temperature was controlled using a Eurotherm (model 3504)
temperature controller.

2.1.1 Single crystal growth of BayFe 05

The single crystal of BasFesO5 was grown by using a four-mirror optical floating zone

furnace (from Crystal system Corporation, Japan). A schematic diagram of the vertical

section of an optical floating zone furnace is given in figure 2.1. The image furnace consists

of four halogen lamps, each placed at the focus of a semi-ellipsoidal shape reflector. The
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second focus of each reflector coincides at a certain point on the vertical axis of the furnace
inside the growth chamber. The growth chamber is enclosed by using a quartz enclosure
which not only allows the light flux to travel unhindered but also help in maintaing the
growth atmosphere. After the reflection from the walls of the reflectors, the energy flux
of all the lamps converge at the second foci, where a molten zone is formed between the
polycrystalline feed and the seed rod. The feed rod is normally suspended from the upper
shaft of the furnace using nickel wire while the seed rod is clamped to the lower shaft by
using an alumina holder.

Halogen
Lamp

€~ Mirrors
Gas in Growth Chamber

Figure 2.1: Schematic diagram of the vertical section of the optical furnace[36]

2.2 Characterization

2.2.1 Powder X-ray Diffraction

Powder X-ray diffraction is a preferred method of identifying the crystal structure sym-
metry of a compound. Often, if the compound being synthesized is already known to exist
one can find its calculated or experimental X-ray diffraction pattern in a large database
compiled by Joint Committee on Powder Diffraction Standards (JCPDS). Powder diffrac-
tion provides a rapid and non-destructive analysis of multi component mixtures. This
method is widely used to identify and characterize crystalline solids, which produce a
distinctive diffraction pattern. The position of peaks corresponding to lattice spacing and
their relative intensities are indicative of a particular phase of a material. A multiphase
sample shows more than one pattern superposed while single phase shows distinct peaks.
In the the present work, X-ray of all the samples were collected using Bruker D8 Advance
powder X-ray diffractometer. As illustrated in figure 2.2, it consists a monochromatic
source of X-rays, usually from a copper target or anode giving the characteristic CuKua
radiations (A=0.154 nm after passing through nickel filter), sample holder and X-ray de-
tector. X-ray data was collected by performing a scan on 29 range of 10 — 80° with an
angular step of 0.01° and using a scan speed of 0.5 sec/step. Then XRD patterns of all
the samples were compared with the standard data base.
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Figure 2.2: Schematic diagram of X-ray Diffractometer [45]

2.2.2 Scanning Electron Microscope technique

FE-SEM technique is generally used to study the sample’s surface morphology and com-
position. This is one type of electron microscope which produces images of the sample by
scanning it with a focused beam of electrons. The electron beam is generated by heating
a Zirconium oxide coated Tungsten filament. SEM can achieve resolution more than Inm
and can be operated at energies in between 0.1 KeV to 30 KeV. Specimens can be ob-
served in high vacuum as well as in wet conditions. We did SEM analysis of our samples
in presence of high vacuum of the order of 107¢ bar. Scanning electron microscope uses
angular back scattered electrons from the sample for imaging. In an electron microscope,
the electron beam can be focused to a very small spot size using electrostatic or magnetic
lenses, but usually electrostatic lenses are used for an SEM. The fine beam is scanned
on the sample surface using a scan generator and back scattered electrons are collected
by a detector. This also can be used to obtain the composition of the sample by using
a technique known as Energy Dispersive Analysis of X-rays (EDAX). The high energy
electrons interact with the sample and produce characteristic X-rays of the constituent
atoms. The composition can be obtained by comparing the intensities with the given
database.

2.2.3 Physical Properties Measurement System

Physical Properties Measurement System (PPMS) can be used to measure different physi-
cal properties of samples such as electrical properties, magnetic properties, thermal trans-
port properties, etc. Sample environment controls include magnetic fields up to + 9 Tesla
(using a superconducting magnet) and temperature range of 2.0 to 400 K. ‘DC’- suscep-
tibility measurements were done using VSM (Vibrating sample Magnetometer), which
is a part of PPMS. This operates on Faraday’s Law of Induction, which tells us that a
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changing magnetic field will produce an electric field. A VSM operates by first placing
the sample in a constant magnetic field. If the sample is magnetic, this constant magnetic
field will magnetize it by aligning the magnetic domains, or the individual magnetic spins,
with the field. The magnetic dipole moment of the sample will create a magnetic field
around the sample. As the sample is moved up and down, this magnetic field changes
as a function of time and can be sensed by a set of pick-up coils. In our experiments,
we used powder samples filled in a ‘non-magnetic’ polymeric capsule. The typical sample
mass was around 40 mg and the sample was vibrated at a fixed frequency of 40 Hz and
an amplitude of 2 mm.

2.2.4 Four Probe Resistivity Measurement System

Four probe apparatus is one of the standard and most widely used methods for the
measurement of resistivity. The advantage of using the four-probe method is that one can
eliminate completely the contact resistance. The experimental set up consists of probe
arrangement, sample, constant current source, container to keep liquid Nitrogen, Vacuum
pump, Pressure gauge and a digital nanovoltmeter. In our set-up the temperature is varied
steadily by moving the sample into (cooling) and out (heating) of a liquid nitrogen Dewar
using a stepper motor assembly. The rate of translation of the sample determines the
cooling/heating rate. Typically, a translation speed of 5 mm/h corresponds roughly to a
temperature change of 2 K/min. The sample chamber contains helium gas at low pressure
to provide temperature uniformity. The current and voltage sources employed are from
KEITHLEY model no.6221 (current source) and 2182A (Nanovoltmeter). Resistivity of
all the samples was measured at low temperature down to liquid Nitrogen temperature.
Rectangular shape samples were cut out from the Pellet for these measurements. Since
most of the samples were highly resistive in some cases current as low as 100 nA was used
to record the voltage drop across the sample.

Figure 2.3: Schematic diagram of Four Probe Resistivity Measurement system. (Source:
Wikipedia)
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Chapter 3

Results & Discussion

3.1 Preparation of various BaFeO;_sphases

The samples were prepared by the conventional solid state reaction route. Starting pre-
cursors were BaCOs5 (99.99% pure, Alfa Aesar) and FeyOs (99.98% pure, Alfa Aesar).
The precursors were weighed according to the reaction equation given below:

43&003 + 2F6203 + 3302 — 4BGF603_5 + 4002

where x represents the undetermined amount of oxygen absorbed during the reaction,
depending on the oxygen partial pressure in the sintering atmosphere. It is related to
x by the relation x = 1-20. The actual reaction mechanism need not be as simple
as depicted above because of the presence of residual moisture, H, and C'O gas in the
sintering atmosphere; however, the ratio of the metal ions will be unaffected and will
not interfere with the weighing of the starting precursors. The precursors were weighed
accurately in their respective stoichiometric proportion and mixed thoroughly for around
45 mins by using a mortar and a pestle. Then, the mixture was kept in an alumina boat
and was subjected to a heat treatment in air atmosphere at 1223 K for 24 h using a
Naberthem muffle furnace. The mixture was then grounded thoroughly before pelletizing
using an uniaxial hydrostatic press under 10 bar pressure. The pellet was sintered at 1323
K in air for 24 h and this process was repeated two to three times with an intermediate
grinding.The resulting powder is called A on which subsequent heat-treatments were
carried out under different conditions as explained below.

3.1.1 Synthesis of Hexagonal phase BaFeO;3_;

First, a part of the parent sample ‘A’ was divided into two batches named as ‘A1’ and
‘A2’. They were pelletized and subject to the following heat treatments: sample ‘A1’ was
sintered at 1183 K for 24 h in the presence of 1 bar of flowing oxygen. Similarly, sample
‘A2’ was sintered at 1373 K for 24 h in presence of 1 bar of flowing oxygen. The heating
and cooling rate in both cases was fixed at 450 K/h. Both reaction products were found
to crystallize with the Hexagonal structure.
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Figure 3.1: Shows the XRD plot of BaFeO;3_s calcined at 1223 K, 1273 K, 1323 K in air
and at 1323 K in presence of 1bar oxygen flow.

All the lines in the powder x-ray diffraction pattern could be indexed on the basis of
the hexagonal structure reported in JCPDS 00-023-1024. The lattice parameter of the
hexagonal phase was calculated using a freely downloadable program called UNITCELL
and found to be a = 5.653A°, ¢ = 13.876 A° and volume V = 382.22 A%, These values
are in good agreement with those reported in the literature [18,23]. It is well-know that
the hexagonal phase forms with some oxygen deficiency. In fact, the fully oxygenated
sample exhibits a cubic symmetry as reported recently and can only be prepared using
ozone as an oxidizing agent. Attempts to obtain this phase under high pressure did not
yield the desired results [23]. However, one can try increasing the oxygen content of the
hexagonal phase by sintering it under high oxygen pressure which is something we plan to
do in future. In the present investigations we did try to find out the effect of lowering the
cooling rate on the stability of the hexagonal phase. The do so, we subjected the sample
‘A2’ to a further sintering at 1373 K for 24 h under a flowing oxygen stream at 1 bar of
pressure. The cooling rate was set at 300 K/h, however, this resulted in the appearance
of extra phases as shown in the figure below.

21



| I | ' | I |
o
2000 - - —— BaFeO,_ | 1
1500 i
~ - -
=
©
~ 1000 | .
&
c
5 = i
o~
500 |-
(]
(=}
i S T
0
1 I 1 I 1 I 1 I 1 I 1 I 1
10 20 30 40 50 60 70 80

2 Theta

Figure 3.2: Shows the XRD pattern of BaFe(Os;_s under slow cooling.
Here the blue arrow represents the extra phase which corresponds to monoclinic phase.

3.1.2 Synthesis of Tetragonal phase of BaFeO3_;

In a few previous reports it was reported that BaFe(O;_s can be stabilized in a tetragonal
phase.[18,23] . To get the tetragonal phase, a part of the sample ‘A’ was sintered under
both air and oxygen separately for 12 hrs, each at 1273 K followed by rapid cooling of the
sample by pulling it to one end of the tube furnace where the temperature is typically
less than 350 K. The final reaction product (called A3) was analyzed using the powder
x-ray diffraction which is shown in Fig. 3.3.
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Figure 3.3: Shows the XRD pattern of Tetragonal BaFeOs_s with some impurity phases.
Red Circle: Monoclinic Phase, Blue Rectangle: Tetragonal Phase, Green Delta: Hexago-
nal Phase

However, the resulting reaction mixture was found to be multiphase consisting of peaks
corresponding the tetragonal phase (JCPDS 00-023-1023) with few additional peaks due
to hexagonal and monoclinic phases

3.1.3 Synthesis of the Brownmillerite phase BasF'e;0s5

A part of sample ‘A’ was sintered at 1273 K for 12 h in the presence of 1 bar oxygen flow
and subsequently cooled down very quickly by pulling the alumina boat to one of the tube
furnace. In a subsequent step, the sample after regrinding and pelletizing was quenched
from 1473 K in presence of air resulting in the formation of the monoclinic phase with
Brownmilleirte structure. The powder x-ray diffraction of the resulting product is shown
in the figure below.
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Figure 3.4: Shows the XRD pattern of Brownmillerite Bas F'e;Os calcined at 1223 K, 1273
K, 1323 K in air and then quenched from 1323 K in oxygen flow and the again quenched
from 1273 K in presence of air.

The pattern could be nicely indexed on the basis of the Brownmillerite structure
reported in JCPDS (00-039-1296) with no extra peak indicating that the sample is of
high purity. The lattice parameters of BayFe,O5 were calculated using the UNITCELL
program are a = 6.929A° b =11.704 A%, ¢ = 23.131A4°, V = 1875.85A% and 3 = 98.74°.
These values are in good agreement with the corresponding JCPDS file.

3.1.4 Synthesis of La doped BaFeO3_;

The precursors taken for the preparation of La doped BaFeO;_s were BaCO3 (99.99%
Pure, Alfa Aesar), FeaO3 (99.98% Pure, Alfa Aesar), LasOs (99.99% Pure, Alfa Aesar).
The stoichiometric quantities of the precursors were taken to synthesize Ba,_y Lay FeO3_g
for Y = 0.02, 0.04, 0.06, 0.08, 0.1, 0.2, 0.3, and 0.4.The precursors were taken according
to the reaction equation given below.

Y
2(1 — Y)BGCOg + F€203 + (Y)LCLQOd — Bal_yLayF603_5 + (1 — Y)COQ + (1 - 5)02

The starting precursors were weighed and mixed thoroughly using a pestle and a

mortar. Due to the hygroscopic nature of Lanthanum Oxide (LasOs), it was preheated
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at 1173 K before weighing. The mixture were loaded in an alumina boat and sintered
at 1223 K for 24 h in the presence of air. The powder thus obtained was well grounded
and pelletized. These pellets were sintered at 1323 K with an intermediate grinding. The
heating and cooling rate was fixed to be 450 K /h in all the cases. Finally, all the samples
were subjected to a heat treatment at 1373 K in presence of 1 bar oxygen flow for 24 h.
For reasons mentioned later, we re-sintered a part of the samples doped with 1% and 2 %
La at 1373 K, however, unlike the previous sintering step, here the samples were allowed
to cool relatively slowly at 300 K/h to room temperature in presence of 1 bar oxygen
flow. The reaction product sintered at 1373 K and cooled to room temperature at 450
K/h indicated the formation of the hexagonal phase but the presence of some impurity
phase(s) were also observed. However, the subsequent sintering at 1373 K where the
samples were cooled relatively slowly (300 K/h) proved efficient in eliminating the extra
phase completely within the resolution limit of powder X-ray diffraction technique. XRD
pattern of 1% La doped BaFeOs_;s is given in figure 3.5.

12000 T T T o T T T T T T T
[ —— 1% La Doped BaFeO,__|]
10000 | —]
8000 - -
."é' | J
=3
o 6000 |- -
&
=
® 4000 | -
o o <
£ ' = .3 & 1
2000 | ~ S® ° .
5 - ~N N&g ¥ J
o ﬁ L e
1 I 1 I 1 I 1 I 1 I 1 I 1
10 20 30 40 50 60 70 80

2 Theta (In degree)

Figure 3.5: Illustrates the XRD pattern of 1% La doped BaFeQOs_s calcined at 1223K,
1273K, 1323K in air. Then calcined at 1373 K in presence of oxygen with a normal cooling
rate and again sintered at 1373 K in presence of oxygen with a very slow cooling rate.

A comparison of the obtained x-ray diffraction pattern with that of the standard
pattern for the hexagonal phase reported in JCPDS 00-023-1024 agreed very well. Lattice
parameter as well as unit cell volume were calculated and are found to be a= 5.614A°, c=
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13.622A% and V= 370.53 A% . The X-ray diffraction plot of 2% La doped BaFeO;_s is

shown in figure 3.6.
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Figure 3.6: Shows the XRD pattern of 2% La doped BaF'eO;_s with some impurity phase.
(Arrow mark shows the impurity peaks)

The main diffraction peaks could be indexed on the basis of the hexagonal structure,
however, several small extra peaks (indicated by arrow) were also present. Even the
sintering step at 1373 K followed by slow cooling as mentioned above could not help in
eliminating or reducing the intensity of these extra peaks. These extra lines are likely due
to the competing tetragonal phase which is getting stabilized due to the incorporation
of La at the Ba site. This is rather apparent from the fact that for sample with higher
La concentration the volume fraction of the tetragonal phase increased and eventually
for a sample with 20 % La doping the volume fraction of the tetragonal phase reached
almost 100 % as shown in the x-ray diffraction pattern of this sample in Fig. 3.7. All the
diffraction lines could be nicely indexed based on the tetragonal structure of BaFeOs3_s
reported in JCPDS 00-023-1023.
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Figure 3.7: Shows the XRD pattern of 20% La doped BaFeO;_g

3.1.5 Stabilization of Cubic phase of Bafl'eOs3 s

Since the structure of no oxygen deficient BaFeO5_s (i.e, § = 0) is reported to be cubic, we
tried to stabilize the cubic by doping Sr, Ca and Y at the Ba site. This work is motivated
by a recent report by Dong et al. where they showed that 5% La doped BaFeOs_s can be
stabilized in the cubic phase [1]. We prepared samples with 5% Sr, Ca and Y substitution
at the ‘Ba’ site. Following the method of Dong et al., we sintered these samples at 1273K
in air for 24 h followed by a subsequent sintering at 1273K in 1 bar oxygen flow for
24 h with an intermediate grinding. However, the reaction products were found to be
multiphased samples consisting of a mixture of Tetragonal, Hexagonal and Monoclinic
(Main phases). In a subsequent step, the samples were quenched from 1273K in presence
of oxygen flow, still the cubic phase didn’t form. These negative results prompted us to
verify the results due to Dong et al. by doping 5% La at the Ba site and following the
same sintering procedure as mentioned in their paper. However, the X-ray diffraction
pattern of the resultant product, as shown in figure 3.8 showed mixed phases as for the
case of Sr, Ca and Y.
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Figure 3.8: Shows the XRD pattern of 5% ‘La’ and ‘Y’ doped BaFeOs;_s with some
impurity phases.
Delta : Hexagonal phase, Circle : Monoclinic phase, Rectangle : Cubic/ Tetragonal phase

Here, it must be mentioned that the X-ray diffraction pattern of the cubic (JCPDS
01-075-0426) and the tetragonal (JCPDS 00-023-1023) phases have subtle difference and
distinguishing them from a qualitative comparison is rather difficult (the lattice parameter
of Cubic BaFeO3 and tetragonal BaFeO;_s differs only marginally). Therefore, one can
completely rule out the formation of the cubic phase along with some small impurity
peaks of the hexagonal and monoclinic phases.

3.1.6 Synthesis of single crystal of BayFe 05

For the crystal growth experiments, polycrystalline feed rod of composition BasF'e;Os
was prepared by conventional solid state reaction route which is already discussed in
subsection 3.1.3. The feed rod was prepared by filling the powder, which was obtained
after the final round of heat treatment, in a rubber tube and cold-pressed under 700 bar
isostatic pressure. The compactified rod was further densified by heating at 1473 K for 24
h. In the first growth experiment, lamps of 1000 W were used. However, the floating zone
was difficult to stabilize and it broke on several occasions probably because the length
of floating zone was too large further the diameter of the grown crystal or of the feed

rod. Therefore, in the subsequent growth experiment we used 150 W lamps which have
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very narrow filament resulting in a tight focusing of the infrared radiations. With these
smaller lamps the float-zone could be successfully stabilized over the entire duration of
the growth experiment. The values of the various parameters used during these growth
experiments are summarized in table no 3.1.

v} v’g’ wr, wy Lamp Power Growth length
(mm/h) (mm/h) rpm rpm W (%) mm
Exp. 1 5 5 30 30 1000 38.6 55.3
Exp. 2 5 5 30 30 150 70 72.77

Table 3.1: Summary of growth parameters. v§- Feeding speed, v'g’— Growth speed, wp-
Rotation speed of Lower part, wy- Rotation speed of Upper part

Images of the single crystal (Both obtained by experiment 1 nad 2) are shown in fig.3.9
and 3.10 respectively

Figure 3.10: The grown crystal boule of BagyFeyOs(experiment 2)

To investigate the compositional and structural homogeneity of the grown crystal,
small sections were cut at different lengths of the crystal boule for optical microscopy
under polarized light and powder XRD diffraction. This work is ongoing and here we
show our powder XRD results of crystal grown during the first trial.
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Figure 3.11: XRD pattern of different sections of the grown crystal of
Bay FesO5(Experiment 1). Here, "upper”, "middle” and "lower” refer to the positions of
the investigated sections with respect to the starting of the growth experiment. Square:
represents the impurity phase.

From the XRD pattern recorded at different lengths of the crystal, it was observed
that in the lower part, i.e., 1 cm from the starting of the growth experiment ( for powder
obtained from both the core and surface regions of the section) , pure BayFeyOsphase
has been crystallized. However, in the middle (4 ¢cm) and the upper (5.5 cm) sections
the hexagonal impurity phase and an unidentified phase also crystallized. The lattice
parameters of the lower crystal section calculated using the UNITCELL program are:
a= 6. 937 A°, b= 11.713 A% c= 23.264 A°, V= 1890.41 A%and 3 = 98.54%n excellent
agreement with the literature (JCPDS 00-039-1296). For the crystal grown during the
second experiment the structural characterization is under progress.

3.2 SEM Analysis

Representative SEM images of the samples BaF'eOs_s, 1% La doped BaFeOs_5, 20%
La doped BaFeO;_s and BasFeyOs are shown in figure 3.11(a),3.11(b),3.11(c),3.11(d),
respectively. The microstructure of all the specimen shows grains of various morphologies
and sizes. From the images it appears that the grain size decreases with increasing La
concentration and for 20 % La-doped sample the grain size distribution appears to be
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more homogeneous. In the BasFe;Os5, which is sintered at relatively higher temperature
(1473 K) the grains appeared to have agglomerated.
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Figure 3.12: Surface morphology using SEM for (a) BaFeOs;_5 (b) 1% La doped
BaFeO;_s (¢) 20% La doped BaFeOs3_s5 (d) BayFesOs

3.2.1 EDAX Analysis

Elemental analysis of these specimens was carried out using the EDAX tool attached to the

SEM at 20 KeV accelerating voltage. The EDAX results for 1% La doped BaFeOs_5,BaFeO5_s,
BasFeyOsand 20% La doped BaFeOs;_s are shown in figure 3.12(a), 3.12(b), 3.12(c),
3.12(d) respectively.
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Figure 3.13: EDAX of (a)1% La doped BaFeO3_s (b) BaFeOs_ s (¢)BayFesOs (d) 20%
La doped BaFeOs_s

The quantitative results of EDAX are presented in the table below.

’ Compounds \ At. ratio of Ba w.r.t Fe \ At. ratio of La w.r.t Fe
BaFeOs_s 1.04 -
1% La doped BaFeOs_; 1.00 0.03
20% La doped BaFeOs_s 0.86 0.21
Ba2F€205 1.04 -

Table 3.2: Shows the atomic composition of different elements in all the compounds

Briefly, the compositions obtained using EDAX are found to be in very good agreement
with the nominal compositions.

3.3 Physical properties

3.3.1 Magnetization

The de-susceptibility y of the powdered samples of the hexagonal BaFeO;_s and 20%
La doped BaFeOs3_s were measured as a function of temperature using a Quantum de-
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sign PPMS. The amount of sample weights taken for these measurements were 0.047 g
and 0.045 g for BaFeO3_s and 20% La doped BaFeOs_s, respectively. The magnetic
measurements were carried out under applied magnetic fields ranging from 100 Oe to
1 KOe. The temperature dependence of the susceptibility under the zero-field-cooling
(ZFC) and field-cooling (FC) conditions for BaFeOs;_; is shown in figure 3.13. Besides
a large thermomagnetic irreversibility indicative of magnetic relaxation processes several
notable features were observed in the temperature dependence of the magnetic susceptibil-
ity. Upon cooling below room temperature the ZFC susceptibility shows a weak anomaly
around T = 250 K and a prominent peak near T = 160 K. Upon further cooling the sam-
ple, the susceptibility decreases rapidly becoming negative around T = 125 K and in the
negative region (below about T = 110 K) ceases to decrease as rapidly as it did above this
temperature, indicating a cross-over from one magnetic state to another. These features
at T = 250, 170 and 110 K are also seen in the FC susceptibility and are shown by arrows
in fig. 3.14.

To get an insight into what might possibly be happening at these temperatures, we
measured the isothermal magnetization (IM) of our sample at temperatures T = 310 K,
200 K, 80 K and 2 K. Before measuring the IM at any temperature the sample is cooled
from 310 K in a nominal zero-field to that temperature.

The T = 310 K IM is characterized by a linear variation of magnetization up to the
highest applied field of 80 KOe, suggestive of a paramagnetic state. In the paramagnetic
state, IM should follow the Brillouin function dependence. The magnetization calculated
using the Brillouin function gives a value of roughly 800 emu/Fe*t at T = 300 K under
80 KOe. The observed value of about 650 emu/mol at T = 310 K and 80 KOe is in a
reasonable agreement. Since the hexagonal phase is oxygen deficient [18,19], one would
naturally expect the presence of Fe3" in the sample which can be in a high-spin (S=
5/2), intermediate-spin (S = 3/2) or low-spin state (S = 1/2). In the high-spin state, the
magnetization per Fe3™ at 300 K and 80 KOe is about 1160 emu; in the intermediate
state this value of about 500 emu and in the low-spin state about 100 emu. Clearly, the
observed value of 650 emu/mol cannot be understood from the high-spin state. Assuming
intermediate spin state, a hand-waving calculation (800 x mol fraction of Fe'™ +600 x
mol fraction of Fe3* = 650 emu) yields a value of about 50 % for F'e3* mol fraction which
is too large to be true. However, a similar calculation assuming low-spin gives a value of
21 % of Fe3*, which is quite reasonable and provides a good estimate of the stoichiometry
to be BaFeOs, g9, in good agreement with previous reports where the stoichiometry of the
hexagonal phase is measured using thermogravometric or iodometric titration methods [
18,20].

The IM at T = 200 K deviates from linearity, suggesting that the anomaly at 250 K
corresponds to a transition into some kind of an ordered moment state. To understand
what this ordered state could be we notice that the magnitude of magnetization under
80 KOe has now increased to roughly three times its value at room temperature and a
minor but clearly discernable hysteresis loop appears in the magnetization as shown in the
inset of the corresponding figure. These observations indicate that a weak ferromagnetic
state sets-in below about T = 250 K with a canted spin structure. The peak at T
= 170 K, could possibly be due to spin-reorientation which is one of the characteristic
magnetization features of rare-earth based orthoferrites with canted spin structure that
arises due to antisymmetric Dzyaloshinskii-Moriya type interaction D. (S; x S;) [46].
These features also manifests themselves in the IM measured at T = 80 K and 2 K.
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The T = 80 K data shows pronounced curvature and larger magnetization under 80 KOe
(approximately twice the value at T = 200 K), moreover, the size of the hysteresis loop
has also become relatively larger now, showing that the possible spin-reorientation below
T = 170 K has gradually changed the canted spin structure to a somewhat simpler spin
structure. The magnetization at T = 2 K doesn’t really differ much from that at T =
80 K as far are the magnitude is concerned, showing no further changes in the magnetic
structure at low temperatures. An increase of the width of the hysteresis loop at T = 2
K is due to pinning barrier height being larger than the thermal energy. Interestingly, a
part of the virgin curve in the M-H loop lies outside the hysteresis loop. The exact cause
for this behavior is as yet unclear. Although unusual, such an effect can arise in magnetic
system with first-order magnetic transition [47].
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Figure 3.14: shows the temperature dependence magnetic susceptibilities of BaFeO5_sand
20% La doped BaF'eOs_srespectively. Black square: Zero field cooling.

Doping with trivalent Lanthanum at the divalent Barium site implies further increase
in Fe*t in the structure. Since the actual oxygen content of the La doped sample may
differ from the undoped sample the increase in Fe?* need not be equal to the amount of
La®** substituted. What is known from the literature is that rare-earth orthoferrites are
nearly stoichiometric; therefore, La-doped sample should have relatively higher oxygen
content than its undoped counterpart. In fact, if we assume 20 % La doped sample
to be exactly stoichiometric then its Fe3* content would be roughly equal to that of
BaFeO; g9 (the estimated stoichiometric of our undoped sample), however, since doping
with La, results in a decrease of resistivity (discussed in the next section), it seems that
La** doping does lead to electron doping or in equivalent terms an increase of the Fe3*
contents per formula unit. The temperature dependence of the susceptibility of 20%

‘La’ dopedBaFeO;_; is shown in figure 3.14. x(T) exhibits a broad maximum centered
around T = 70 K. Below this temperature the x(T) behavior is rather similar to that of
the undoped sample. The susceptibility of two samples near room-temperature, in the
paramagnetic regime, is nearly equal. The change of slope of x(T) near T = 225 K, below
which a region of somewhat steeper increase of x(T) ensues, is similar to the behavior
of its undoped counterpart. Thus, judging from the bulk magnetic response, the overall
behavior of the two samples seems to agree well except for a shift of the temperature
scale with anomalies in doped sample appearing at lower temperatures compared to the
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undoped sample. The IM of the doped samples were carried out at T = 200, 70 and

2 K (Fig. 3.16). The overall behavior of IM is also similar to the undoped counterpart
albeit with less amplified features. For instance, here the virgin curve lies very close to
the hysteresis loop. The magnitude of magnetization at T = 2 K under 80 KOe is around
1750 emu/mol which is less than the undoped sample under the conditions. Possible
reason for this decrease could be a significant increase of low-spinFe3" moments in the
doped sample.
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Figure 3.15: Hysteresis loop of BaF'eO;_; at different temperatures.
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Figure 3.16: Hysteresis loop of 20% La doped BaFeO5_s at different temperatures.

3.3.2 Electrical resistivity

The temperature variation of electrical resistivity of 1 % and 20 % La doped samples is
shown in figure 3.17. Attempts to measure the undoped sample were proved unsuccessful
due to its highly resistive nature. The room temperature resistivity of the two samples
were measured to be: 0.5 MQ (1 % La) and 328Q (20 % La). Upon decreasing the
temperature the resistivity of the two samples continuously increases. However, for the 1
% La doped sample the rate of increase is substantially higher. As seen in the figure below,
at temperatures less than T = 180 K, the resistivity increases very steeply increasing from
a value of about 2 MQ at 180 K to almost 200 M) near 155 K below which it became
impossible to measure it even at the lowest current used ( ~ 100 nA). On the other hand,
the resistivity of 20 % La doped sample remained less than 1 M down to 120 K, below
this temperature a sharp increase is recorded with a value of about 80 M{2 at the lowest
measurement temperature (85 K). A kink in the resistivity is observed near T = 90 K in
both heating and cooling data. It may be related to the broad magnetic anomaly centered
on T = 70 K. However, at this point of time, we will refrain ourselves from assigning any
definitive interpretation to it.
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Chapter 4

Conclusions & Outlook

We have successfully synthesized polycrystalline samples of BaFeO;3;_s with hexagonal
and monoclinic structures. The tetragonal structure type could not be obtained as a sin-
gle phase. The effect of Ca, Sr, La and Y doping at Ba site is investigated. It was found
that La and Y substitution tends to stabilize the cubic or the closely related tetragonal
structure. We also investigated the effect of La-substitution by systematically increasing
the La percentage. We show that while the 1 % La-doped sample retains the hexagonal
structure of the undoped counterpart, with increasing La substitution, multiphase hexago-
nal/tetragonal sample results with increasing tetragonal and decreasing hexagonal volume
fraction. Near 20 % substitution the entire sample transforms to a single-phase tetrago-
nal structure. Single-crystals of the Brownmillerite phase is grown using the floating-zone
method associated with a four-mirror image furnace. Magnetization measurements were
performed on BaFeO;_;5 (hexagonal) and its 20 % La-doped BaFeO;_s (tetragonal) sam-
ples. Both samples show weak ferromagnetism at low temperatures as inferred from minor
hysteresis loops in the isothermal magnetization measured at T = 2 K. The temperature
variation of the zero-field-cool magnetization of the ‘pure’ sample exhibits a peak near T
= 170 K, below this temperature, the magnetization decreases rapidly becoming negative
below about T = 120 K. In contrast, magnetization of the La-doped sample shows a rather
broad peak centered at T = 70 K. Upon cooling below this temperature the susceptibility
decreases rapidly but does not become negative. The resistivity measurements show an
increase of the electrical conductivity due to the electron-doping in the La-doped samples.

Future plans: The results obtained so far are very interesting and encourage us to
continue this work further so that some key questions can be answered and more light can
be shed on the formation and stability regimes (in terms of oxygen contents) of the various
structure variants of BaFeO3_s. In the near future our plan is as follows: 1. To develop
an iodometric technique to determine the actual oxygen content of our samples (typical
iodometric technique rely on reducing Fe3t to Fe?**, however, our samples contain an
overwhelming amounts of Fe*t). 2. To carry out systematic magnetic measurements on
samples of the same structure type but different oxygen content to understand the role of
oxygen off-stoichiometry on the magnetic properties. 3. To measure electrical resistivity
again to confirm the behavior and to analyze the electrical resistivity quantitatively using
various models (thermally Activated and variable hopping range model). 4. To align the
single-crystals using Laue camera. 5. To conduct magnetic measurements on the single-
crystals Long-term plans: 1. If the grown single-crystals of the Brownmillerite phase
show interesting magnetic behaviors, such as, signs of spin reorientations/multiple phase
transitions etc. We will do dielectric measurements in collaboration with Dr. Sunil Nair
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to look for possible multi-ferroicity in the compound. 2. Omne can also try to look at
the Mossbauer spectroscopy on these compounds which can be done at Inter University
Consortium of Department of Atomic Energy at Indore.
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