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Chapter 1

Introduction

1.1 Introduction and origin of the problem

This chapter gives a brief introduction to the field of Cr-substituted
rare-earth orthoferrites and its importance in science and technology.
The inclusion of different chemical elements at different sites results
in distortion of the perovskite structure away from the ideal cubic
structure. A review of Fe site substitution in orthoferrites is presented
and a justification for the dopant and parent compounds, which have
been selected for the present work, is given in this chapter.

In “Silicon Age,” silicon transistors form the core of much of the
microelectronics and from the last few decades, the properties of silicon
devices have been investigated to an astonishing extent, which enables
the transformation of bulky old desktop computers into sleek
smartphones[1-4]. But this revolution will soon be forced to come to
culminate as the fundamental physical limits set by the size of the atoms
that make up the silicon material. Therefore, the steady march toward
smaller, faster, lighter products with more functionality can’t continue
within our existing framework. The use of microelectronics is increasing
worldwide so rapidly that may consume more than half of the world’s
energy by information technologies within a couple of decades[1-3]. In
order to improve and maintain the global standard of living, we need
new multifunctional materials. Further, the demands of high-
performance and multitasking micro-electronic devices that can store
and share information in an easier and faster way motivate scientists for
searching the new materials with multi-functional properties for reading,
writing and data sharing processes[2,3]. The new emerging technology
“Spintronics”, which explores the control of the magnetic (spin) state by

electric fields and/or vice versa can solve this problem[2,3,5-7]. Such



approaches relies on exploiting the intrinsic spin of electron in addition
to the electronic charge to encode the information[2,3,5-7]. The
coexistence of magnetization and electric polarization may allow an
additional degree of freedom for next-generation electronics devices
such as solid-state transformers, high sensitively dc and ac magnetic
field sensors, electrically tuneable microwave filters, and electromagnet-
optic actuators[2,3,5-7].

As technology advances, the increasing need for data storage and
advancement in miniaturization suggest an end to the era of conventional
data storage techniques[8-10]. To overcome this upcoming crisis,
modern technology is emerging as a solution these days. It is worth
noting here that the efficiency of conversion of primary energy (coming
from natural gas, burning coil or nuclear power plants) is around 35-40%
and most of the (10-15%) primary energy is consumed by the electronic
devices[11]. This consumption is expected to be growing exponentially
in the next few years, putting more stress on our resources for energy
production[11]. To overcome this issue, we need new materials or new
emerging technology as an alternate solution to this problem[2,3,5-7].
The searches for new materials for various electronic applications have
dominated the research worldwide particularly after the development of
silicon-based tiny integrated circuits. The tiny as well as energy-
efficient electronic devices are now dominating the research worldwide
and replacing the conventional electronic circuit elements. The efforts
are now being made to develop spin-based electronic devices and in
these directions perovskite oxides are of great interest[3,5,6,12].

The perovskite type oxides are very popular and are being
investigated due to their interesting underlying physics[13-16] as well as
technological importance[17-20]. Indeed, the complex and unusual
properties have been observed in these perovskite oxides due to the
presence of strong coupling between the electric charge, spin, and lattice
degrees of freedom. One of the intriguing properties shown by these
transition metal oxides is their multiferroic (MF) behavior i.e. exhibit

coexistence of at least two primary ferroic orders (amongst ferroelectric,



ferromagnetic and ferroelastic orderings) in a single-phase compound.
These materials become attractive as they can have intrinsically
combined magnetic, ferroelectric, and elastic properties. In MF, the
magnetism and the ferroelectricity can occur independently or may have
a strong coupling between these ferroic orders. Depending upon the said
coupling multiferroics are divided into two groups, which can be
categorized as type-l and type-1I multiferroics. The type-I MF covers
those materials in which magnetism and ferroelectricity have a different
origin and appears independently of one another, though there may be a
little (weak) coupling between them, while type-1l1 multiferroics exhibit
strong coupling between ferroelectric and magnetic orders[3]. The
interaction between two ferroic orders in these materials would result
into control of electric polarization with the application of applied
magnetic field or in magnetization control of electric field[21]. Broadly,
in type-1 multiferroics, the transition temperature of ferroelectric
ordering (Tee) is generally higher as compared to that of the magnetic
ordering (Twm) whereas Tz and Ty are same in case of type-II MF’s.
There is a quest for searching the materials that exhibit such kind of
coupling near to room temperature (RT), which further increases the

possibility of scheming RT based novel MF devices[2,3].

(G

Figure-1.1: Relationship between ferroelectricity (polarization P and
electric field E), magnetism (magnetization M and magnetic field H),
and ferroelasticity (strain and stress), their coupling and mutual

control in multiferroics[3].



1.2 Multiferroics: a beautiful but challenging multi-polar

world

Aside from the potential applications, the fundamental physics of
multiferroic materials is rich and fascinating[1,3,22]. It is well known
that the conventional mechanism of ferroelectricity in perovskites
requires the B site to have an empty d° orbital (such as Ti**, Ta™,
W®h[3], which is incompatible with ferroic orders (presence of partially
filled electrons in the d-orbitals of transition metals, such as Cr**, Mn**,
Fe*")[3,5]. However, not all experimental and theoretical results support
the argument that ferroelectricity and magnetism are incompatible, and
integration of them seems to be possible. First, the well-known Maxwell
equations which govern the dynamics of the magnetic field, electric field
and electric charges, express that rather than being two independent
phenomena, electric and magnetic fields are intrinsically and tightly
coupled to each other. A varying magnetic field generates an electric
field, whereas the motion of charge i.e. electric current produces a
magnetic field. Second, the formal equivalence of the equations
governing the electrostatics and magnetostatics in polarizable media;
describes the similarities in the physics of ferromagnetism and
ferroelectricity, such as their hysteresis behavior in response to the
external field and anomalies (thermal, structural, mechanical, dielectric
and magnetic) at the critical temperature[23]. These coupling
phenomena or/and similarities in terms of the electric dipoles and spins
endorse the integration of ferroelectricity and magnetism into single-
phase materials and hence the possibility of MD/ME effect. This effect
can be linear or/and non-linear with respect to the external fields, and
can be described in terms of ME coupling coefficients which are given
in the following equations. Thermodynamically, the ME effect can be
understood in terms of expansion of free energy within the framework

proposed in Landau-Devonshire theory[23];
S S l ] 1 1
F(E,H)=F-PF'E,-MH, ~50¢h EE; _EﬂoﬂiniHi —o;EH

ijit

(1.1)




here, Fo is the ground state free energy, P;® and M;® are the components
of spontaneous polarization P* and magnetization M *, subscripts (i, j, k)
stand for three components of a variable in spatial coordinates, E; and H;
are the components of electric field E and magnetic field H, respectively,
1o and go are magnetic and dielectric susceptibilities in vacuum, ;j and w;
are the second-order tensors of dielectric and magnetic susceptibilities
whereas ek and wij are referred as the third-order tensor coefficients.
Importantly, a;; is the component of tensor a which is designated as
linear ME coupling coefficient (or simply linear ME effect) and
corresponds to the induction of magnetization by an electric field or

polarization by a magnetic field.
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Figure-1.2: The combination of ferroelectrics and magnetic properties
in multiferroics. Ideally, the electric polarization of ferroelectrics in an
electric field displays the usual hysteresis (yellow), and magnetization
has a similar response to applied magnetic field (blue). In
multiferroics there is a simultaneously ferroelectric and ferromagnetic,
then there is a electric response to applied magnetic field, or, vice
versa[22].

The rest of the other such coupling coefficients in the preceding equation
are corresponding to the high-order ME effects parameterized by tensors
v and PB[2,23]. The partial differentiation of equation 1.1, w.r.t. H; will

lead to magnetization[23]
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whereas the differentiation of F w.r.t. E; leads to polarization
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The above equations 1.1 to 1.3 are treated as the theoretical framework
that describes ME coupling and provides the correlation between
polarization (magnetization) and external magnetic (electric) field.

1.3 Major challenges with the existing multipolar

materials and Background

The coexistence of magnetization and electric polarization may
allow an additional degree of freedom for next-generation electronics
devices[24-27]. The prerequisite is a simultaneous presence of
ferromagnetic and ferroelectric orders well above room temperature.
There are certain number of materials in which ferromagnetism and
ferroelectricity coexists, but the coupling between these two properties is
not always large enough at room temperature (RT)[2]. For bulk
ceramics, combining the different ferroic orders is a tricky problem as
such properties are exclusive in most materials. Distinctly, the
controlling of magnetization (electric polarization) through external
electric (magnetic) field i.e. the coupling between external magnetic
(electric) field with electric dipoles (magnetization) is known as
magneto-electric (ME) effect. Moreover, the magneto-electric effect is
an independent phenomenon though it may coexist along with multi-
ferroicity in specific compounds[2]. But, there are following major
issues with existing literature of Magneto-dielectric (MD)/ME and
multiferroic materials.

In multiferroics, the magnetism and the ferroelectricity can occur
independently or may have a strong coupling between these ferroic
orders[3]. On the other hand, the ferroelectricity can also be induced by

the canting of magnetic spins or spin chirality[3]. It is interesting to note



that the origin of observed ferroelectric behavior in these MF materials
is not attributed to the off-center displacement of small transition metal
(TM) cation as in the case of BaTiOs[5]. Such kind of ferroelectricity
requires the d orbitals of the TM cation are formally unoccupied. In the
case of LaFeOs, it has been reported that the exchange striction between
rare earth and Fe moments would result to ferroelectricity in these
materials below magnetic ordering temperature (Tni) as depicted in
figure-1.3. Even though these materials exhibit fascinating properties,
but the mechanism responsible for the appearance of MD/ME
phenomenon and/or multiferroicity is still not very clear and no such
generalized mechanism has been established till now. For example, the
ME coupling in ToMnOs;, NizV,03, MnWO, and BaNiF,[3,28-31,31]
has been attributed to inverse Dzyaloshinski-Moriya (DM) effect, which
works in systems with non-collinear spin structures (usually spiral
magnetic structures; in which spins rotate around an axis perpendicular
to the propagation vector of the spiral) and needs the direct action of the
spin-orbit interaction[1,3,28-31,31,32].
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Figure-1.3: The variation of the remanent polarization as a function

of temperature in orthorhombic LuFeO3[33].



On the other hand, the MD/ME effect is generally
witnessed with the application of high magnetic field of the order of
several tesla and/or below room temperature (RT)[20,31,32] which
inhibits low-field and RT applications of these materials. Magnetic
reversal of ferroelectric polarization or dynamical and resonant coupling
between magnetic and electric dipoles is reported in CoCr,04[34]. Both
ferroelectric and magnetic order parameters were supposed to be
changed simultaneously across these multiferroic domain walls
(MFDWs). The multiferroic nature of CoCr,0, is depicted in Figure 1.4
and it has been understood in terms of the dynamics of MFDWSs and the
electromagnon or electrically driven magnetic resonance. The
ferroelectricity in particular, has been attributed to conical spin
modulation for CoCr,04[34]. Further, simultaneous occurrence of long-
range ferroelectric and incommensurate magnetic order has been

observed across phase transition in NizV,0g[35] as shown in Figure 1.5.
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Figure-1.4: Magnetic field dependence of (a) magnetization and (b)
electric polarization measured for CoCr,0O, above (27K) and below
(18K) the ferroelectric transition temperature (Ts=26K). For
measurements of polarization, the magnetic field was scanned between
+H. and —H., for each magnetoelectrically cooled state prepared with

(Ec,H¢) and (E,—H.), as represented by closed and open circles[34].
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hence assigned as magnetically driven. Recently in SmFeOj; ferroelectric
features (as shown in figure-1.6) has been reported below Tni (670
K)[36], which is completely surprising due to the reason that R ion
moments orders at very low temperatures (<15 K). Therefore, exchange
striction mechanism cannot solely explain the cause of polarization
observed at high temperatures. There has been an intense debate on the
exact origin of multipolar order in these oxides[37—40]. Hence, the
probing of local structure would be very important to understand the
observed new class of multipolar order in these materials. Most
importantly, these properties depend on the structural parameters such as
octahedra tilts and distortions, various bond lengths, bond angles, and
atomic displacements, etc. Therefore, in the present work, an attempt has
been made to contribute to the field of multiferroic perovskite RFeOs; in
terms of their ferroelectric and magneto-dielectric properties.

1.4 Perovskite-type Oxides

The term perovskite is generally used for the class of compounds
which have the crystal structure type of calcium titanate. The
Ruddlesden-Popper phase (RPP) is the most general form of perovskite
structure consist of two-dimensional perovskite slabs interleaved with
cations[41]. The general form of RPP is An+1BnXsn+1, Where A and B are
cations and X is an anion (i.e. Oxygen), and n is the number of the layers
of octahedra in the perovskite-like stack[41]. The RPP series of the form
An+1BnXsne1 are essentially made of n ABX3 perovskite separated by a
AO layer. Here, n = o, corresponds to the ABX3 type perovskite type
structure, while n = 1and n = 2 correspond to K;NiF4 and Sr3Ti,O; type
structure of RPP series respectively. The perovskite was first discovered
by Gustav Rose and is named after Russian mineralogist L. A. Perovski.
The general chemical formula of materials (n = o) crystallizes in the
perovskite structure is ABX3[41,42]. In the case of perovskite-type
oxides, the X site is occupied by oxygen O. Thus, the perovskite oxides
usually represented with a general formula ABO3, where A site occupied

with a larger ionic radius element such as rare-earth, alkali or alkaline
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earth metal ions and B site is generally occupied by transition metals. A
site atom is situated at the corner and B site atom remains at the centre
of the unit cell forming three-dimensional BOgs octahedra with six
Oxygen atoms at the centre of each face[41,42]. An ideal perovskite
structure adopts a cubic symmetry and crystalizes in the space group
Pm3m as shown in Figure 1.7.

The perovskite structures have received great research interest
because it can accommodate a large number of chemical elements into
their structure. The doping of small chemical impurity introduces a
significant amount of structural distortions and modifies the electronic
structure of these materials to a large extent. Thus, the physical
properties of perovskite oxides can be engineered.

The perovskite structure crystallizes in several different distorted
lattices depending upon the structure flexibility of stabilization. The
stability of the structure is defined in terms of Goldschmidt tolerance
factor t based on the ionic radii of the A and B site cations and used as a
figure of merit to characterize perovskites[43]. The tolerance factor t is
calculated according to equation (1.4) using the radii of the ions for the

general perovskite formula ABO3[43].

_Ta +70

t = (1.4)

rg+70"

where r,, 1z and r, are the ionic radii of A, B and Oxygen atoms
respectively.

For an ideal cubic perovskite structure tolerance factor t considered to be
unity[43]. In practice, the tolerance factors of cubic perovskites range
from 0.8 to 1. The structural distortion in the lattices will increase with a
deviation of t to either higher or lower values than unity. The distortion
from the ideal perovskite structure can lead to a lower symmetry from
cubic to orthorhombic, rhombohedral, tetragonal, monoclinic, or
triclinic. The orthorhombic and rhombohedral lattices are the most
common for the perovskites. The perovskite structure is assumed to be

stable if the tolerance factor lies between 0.8 and 1.
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Figure 1.7: The ideal cubic Pm3m structure of ABO;z perovskite
oxides. A is a large 12-fold coordinated cation and B is a small 6-fold
coordinated cation[41].

The incorporation and combination of different elements into the
structure lead to distortions of the perovskites from the ideal cubic
structure. A vast amount of work has been done to investigate the
various types of distortions such as rotation or tilt of BOs octahedra,
displacement of the cations and the distortion of the BOg octahedra and
their consequence on the crystal symmetry[3,43-45]. The variety of the
elements that can be incorporated into the perovskite system and the
structural flexibility with respect to distortions lead to various properties
such as metal-insulator transition, colossal magnetoresistance,
multiferroic behavior etc[1-4]. The ABO3 perovskite-type oxides which
possess the more than one property at the same time can be potentially
useful for technological applications and will be discussed in detail in

the following section.
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1.5 Rare-earth Orthoferrites

Recently, rare-earth orthoferrites (RFeOs) perovskites have
attracted the attention of scientific community worldwide due to the
coexistence of electric and magnetic polarization in these materials
These compounds have been explored for novel applications in
spintronic devices[45-47], high dielectric constants materials[48,49],
ultrafast magneto-optical storage devices[50-52] and as magneto-
dielectric devices[53-55] and fast lasting optical switches[53,54]. These
materials also have much potential for photocatalytic activity, solid
oxide fuel cells, gas sensors, detection of ozone in monitoring
environment etc.[50-52]. All members of the RFeO3 family are known
to possess a canted antiferromagnetic structure arising from spins of the
Fe>* ions. The antiferromagnetic ordering of the iron ions occurs at Neel
temperature (Tn) between 650K and 750K. Several orthoferrites have
shown a spin reorientation at lower temperatures. The existence of
electric polarization in RFeO3; samples which possess a centrosymmetric
space group (Pbnm) is an interesting phenomenon because it requires a
space group with a non-centrosymmetric point of inversion. RFeOs is
again retrieving the interest of researchers because of their fast spin
dynamics, electric field control of magnetization and vice versa.
Another interest is the possible application of these materials in devices
because some of these compounds have recently shown to exhibit
spontaneous electric polarization, which makes them multiferroic
possibly due to their magnetic structure.

All the compounds of rare-earth orthoferrites group have been
studied by using neutron diffraction and it was found that at room
temperature the iron lattices are aligned antiferromagnetically and each
iron ion having six anti ferromagnetic nearest neighbours[40]. On the
other hand, the repeatability of the results of measurements of the weak
ferromagnetism by the various groups suggests that it is an intrinsic
property of these materials[40,51,56,57]. Dzyaloshinskii[56] and
Moriya[58] have explained the origin of the weak ferromagnetism via

antisymmetric exchange interaction and the detailed discussion on
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magnetic exchange interactions will be elaborated in the following

sections.

1.6 Magnetic interactions in rare earth orthoferrites:

1.6.1 Antisymmetric Exchange Interaction

It was shown by Dzyaloshinskii[56] and Moriya[58] “the
combination of low symmetry and spin-orbit coupling give rise to an
anisotropic exchange interaction” known as Dzyaloshinskii-Moriya
(DM) interaction or antisymmetric exchange interaction. The presence of
DM interaction favour’s a spin canting in magnetically ordered systems
which leads to intrinsic weak ferromagnetism in an antiferromagnetic
system like RFeOs.
The DM interaction explains the contribution to the total magnetic
moment due to exchange interaction between two neighboring magnetic
spins S; and S; slightly canted with each other as shown in Figure 1.8. In
DM interaction the Hamiltonian can be expressed according to equation
(1.5) given below[56,58]

where Dj; is a coupling constant and defined by the equation (1.6)

Djj < r;*1j, (1.6)
The equation (1.6) implies that the direction of Dj; is perpendicular to the
plane of the triangle formed by the two neighbouring spins with a ligand
as shown in figure 1.8. Here, r; and r; are the vectors connecting to the
ligand from two neighboring spins S; and S; respectively. For RFeOs
perovskite-type structure the direction vector of Dj; must be perpendicular to
the Fe—O-Fe plane and the symmetry restriction. In more general terms, if
we consider ABO3 perovskite structure, the A and B sites substitutions lead
to the oxygen octahedra tilt and distortion. This octahedral tilts and

distortions move each oxygen ion of B-O-B configuration away from 180°
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or from middle point, gives rise to a bent in B-O-B bond and break the axis
rotation symmetry. The change in B-O-B bond angle will modify DM
interaction as a relativistic correction to the super-exchange interaction
between the B ions. This suggests that the antisymmetric B-B exchange
interactions can be changed by changing structural tilts and (or) distortions
in the ideal perovskites.

® D;

Figure 1.8: Schematic Showing the DM vector and antisymmetric
exchange interaction between two near-neighbour spins[56,58].
The antisymmetric exchange interaction plays important role in
understanding and the multiferroic behaviour of an antiferromagnetic
system like RFeOs. It explains not only the origin of the net
ferromagnetic moment but also it is important for the understanding of

magnetic field induced electric polarization in multiferroic materials.

The magnetic properties of any magnetic material depend on the strength
of exchange interactions between the magnetic moments associated with
the ions in it. The presence of two magnetic ions, rare earth (R*") and
iron (Fe**) in the RFeO3 samples would lead to the existence of complex
magnetic interactions such as R*-R*, Fe**-Fe**, and R*-Fe®.
According to Goodenough-Kanamori (GK) rule, the Fe**-O-Fe®*
interactions are antiferromagnetic due to the reason that m-bonding
formed by the three half-filled tyg electrons and o-bonding formed by
two half-filled ey electrons interacts through the super-exchange
interactions, which follows the Hunds’s rule and are antiferromagnetic in

nature. Particularly, Fe** moments in these orthoferrites exhibit a canted
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antiferromagnetic (AFM) state and show a weak ferromagnetic moment
below their magnetic ordering temperature. Therefore, the moments
parallel to c-axis cancel out, whereas the moments perpendicular to c-
axis gives rise to a weak spontaneous magnetization. It should be noted
here that in RFeOs, R-O-R and Fe-O-Fe interactions take place at <10 K
and ~640K-750K respectively. Another distinctive magnetic transition
observed in these materials is spin reorientation (SR) transition in which
the direction of moments of Fe** sub lattice changes from one crystal
axis to other. The spin reorientation transition in RFeOj3 takes place due
to the domination of R**- Fe** interactions over the antiferromagnetic
Fe¥*-Fe®" interactions. The crystal symmetry of orthoferrites allows three
magnetic configurations for the Fe** moments labeled as I'y (Gy, Ay, F)),
I'; (Fx, Cy, G;) and I'1 (Ay, Gy, C;). The SR transition observed in these
samples is attributed to the transformation of high-temperature T, (G,
Ay, F,) phase to T, (Fy, Cy, G;) phase observed at low temperatures[40].
Among the above-mentioned magnetic configurations, I'; does not
exhibit net magnetic moment, whereas the configurations I'; and T4
display weak ferromagnetic moments along x and z directions
respectively.
1.6.2 Zener Double Exchange Interaction

The ferromagnetic behavior in mixed oxidation state perovskite
systems such as in LaixCax (Mni,Z*Mn,*")O; was first explained by
Clarence Zener through Zener double exchange interaction. The spatial
distribution and electron density of the Fe 3d and oxygen 2p orbitals
strongly influence the strength and nature of the magnetic exchange
interactions. Figure-1.9 represents the schematic of the double-exchange
mechanism for La;.xCaxMnO3; system, where Mn ions remain in the
mixed valence states of Mn** and Mn**. When the oxygen p orbital
overlaps with the empty orbital of Fe at one end and a half-filled orbital
at another end, then the resulting magnetic coupling will be
ferromagnetic and is known as double exchange interaction. Zener
explained this phenomena in the following way: (1) intra-atomic

exchange is strong so that the only important configurations are those
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where the spins of each carrier is parallel to the local ionic spin (2) the
carrier does not change their spin orientation when moving; accordingly
they can hop from one ion to the next only if the two ionic spins are not
antiparallel (3) when hopping is allowed the ground state energy is
lowered because of strong Hund’s rule coupling and results to lower
energy for ferromagnetic configurations. The hopping of electrons has
also a dependency on Mn-O-Mn bond angle. If the bond angle is 180°,
the strong overlap between d-orbitals transition metal and p-orbitals of
oxygen results to strong the interaction and vice-versa[59].

Mn3* (d*) Mn#= (d?)

Figure 1.9: An example of double exchange interaction in case of
manganite’s[59].
1.6.3 Super exchange interactions

Super exchange interaction can be described as the interaction
between the magnetic moments of two nearest neighboring ions
mediated through a nonmagnetic ion. The idea that exchange can indeed
proceed by means of an intermediate nonmagnetic atom was first
pointed out by Kramers in 1934[60] and the theory was more formally
developed by Anderson in 1950[61] and thereafter it was termed as
Kramers-Anderson superexchange interaction. These interactions are of
importance in ionic solids such as the transition metal oxides and
fluorides, where the bonding orbitals are formed by the 3d electrons of
TMO and the 2p valence electrons of the diamagnetic oxygen or fluorine
atoms. Later in 1950, Goodenough[62] developed a set of semi-

empirical rules to summarize the type of interactions, depending on the

17



type of orbitals (hybridized) that overlap with the oxygen 2p orbitals.
These rules are based on the symmetry relations and the electron
occupancy of the overlapping atomic orbitals, as illustrated for Mn atom

in the Figure 1.10.
XS
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Figure 1.10: Hlustration of the superexchange interaction in a
magnetic oxide. The bonding involves symmetry adapted metal 3d and
oxygen 2p orbitals. (a) and (b) show the spin configurations for an
antiferromagnetic (AFM) ground state and (c) shows the spin
configurations for a ferromagnetic (FM) ground state[62].

According to these rules:

(a) If both neighboring Mn ions point their empty orbitals toward 0%,
then the Mn-Mn separation is small and the exchange interaction
between Mn ions is AFM, as shown in figure 1.10 (a).

(b) If both neighboring Mn®** (half filled) ions points their filled atomic
orbitals towards O%, then the Mn-O-Mn bond length will be large and
the coupling between Mn ions is AFM, as shown in figure 1.10 (b).

(c) If one of the two neighboring Mn** ions (half filled) points its
occupied orbital (atomic orbit) towards O* and the other points its
unoccupied orbitals, then Mn-O-Mn separation will be large and the

manganese ions will have FM coupling, as shown in figure 1.10 (c).
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1.7 Possible signature of magnetism by Raman scattering
An important aspect of a real spin system is the interplay
between the spin interactions on lattice dynamics commonly known as
spin-phonon or magneto-elastic coupling. As discussed in the earlier
sections, the strength of the magnetic interactions strongly depends on
the bond length and bond angles and any variation in the local
arrangement of the magnetic ions results into alteration in the exchange
interactions, which hints that there exists a coupling between lattice and
spin. Granado et al.[63] modeled the spin-phonon coupling in perovskite
oxide La;.xMnxO3 by considering the superexchange interactions based

on nearest neighbor Mni—Mn; spin Heisenberg Hamiltonian is given as:
HSpin =~ —2] < SlSj > (17)

where J is the superexchange integral, <S;.S; > is the scalar spin
correlation function and the summation in j (i,j > 0) is over three nearest
neighbors of the i Mn ion such that each pair is not considered twice.
The anomalous behavior in the Raman shift around magnetic transition
is related to the magnetic ordering induced renormalization of phonon
modes and is proportional to spin-spin correlation function <S;.S;>
[63,64]. According to mean field theory, phonon renormalization
function and magnetization is associated as follows[63,64]:

M?(T)
Mszat(T)

Aw(T) = w(T) = Wannarmonic(T) = ¥ (1.8)

where, M(T) is the temperature-dependent magnetization per Fe-site
ions, M., (T) indicates the saturation magnetization and y epitomizes
the spin-phonon coupling strength.

Raman spectroscopy (RS) is a widely used fast and non-
destructive spectroscopic tool to explore the vibrational properties[65—
67]. It is now well established that RS is one of the versatile technique,
not only to investigate the local structural changes but also to study the
orbital mediated charge transfer mechanism, presence of disorder and
magnetic ordering temperature in perovskite systems[44,68,69].

However, the magnetic properties by RS can be investigated only if
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spin-phonon coupling has a clear influence on phonon scattering. At
magnetic ordering temperature, the alignment of spins encourages strain
in the material by means of magnetostriction, which causes a distortion
in the lattice and thus couples to the phonon system.
1.8 Crystal field splitting

Essentially, the crystal field is defined as the average electric
field produced by neighboring ions in the crystal. The basic building
block around which the physical properties of the orthoferrites and
orthomanganites are the Fe/MnOg octahedron as depicted in figure-1.11,
where a schematic of the perovskite structure is shown. In ferrite’s, Fe
ions are surrounded by six oxygen anions, which acts as an intermediator
and due to the crystal field of oxygen ions, the five d levels split into
lower triple tyq (dxy, dxz, dy;) and upper double ey (dz2, dxo-y2) levels. This
phenomenon occurs primarily due to electrostatic considerations
between the d electrons and the surrounded oxygen anions. The energy
of tog and ey levels is decided by the directions of oxygen anions and d
levels. The ty4 levels point in the directions between the ions, where the
field are less and therefore stabilized at lower energy. The doubly
degenerated ey orbitals point directly at these ions and are shifted to
higher energy. In perovskite containing trivalent Fe ions bonded with O,
the energy of crystal field splitting is smaller than the paring energy of
two electron, hence Fe ions in RFeO3 always remains in the high spin
state. An electron can be filled in d shell as per Hund’s rule will occupy
the lowest available orbitals compatible with the total spin associated
with the metal ion. In case of orthoferrites, the orbital excitations take
place within the 3d-orbital are basically transitions from (t2g)in to (eg)u
orbitals, so called d-d or crystal-field transitions and are well-known
probes of the local electronic structure[70-72]. These crystal field
transitions are highly sensitive to lattice distortions and contain crucial
information about electron-lattice coupling (EPC)°. In the case of
transition metal oxides, the width of d-d transition is believed to be
governed by EPC[70-74], which further can be due to a change in
density of states (DOS) near to the energy of d-d transitions[70,72]. The
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changes in DOS (p (E) < m for E>E,, else p (E) =0)° can be
assumed a direct dependency on the spectral line width of such
transitions and in EPC. The electron-phonon interaction is one of the
fundamental interactions in semiconductors and this interaction between
electronic and vibrational excitations plays an important role in
optoelectronic properties, transport processes, linear or nonlinear optical
absorption in semiconductors/insulators, etc.[75-77]. A systematic study
on the strength of the EPC in semiconducting materials is important for
practical applications and fundamental scientific understanding[78,79].
Keeping this in view, in the last part of the thesis, a detailed
investigations on the effect of defects/non-stoichiometry generated on d-
d transitions have been studied experimentally as well as by density
functional theory (DFT) implemented in WIEN2k package.

" Octahedral | g
'— <= X2-y?

2 III:::::;# g}% dxzdyz

Figure 1.11: The schematic representation for crystal field transitions
and Jahn-Teller distortion in manganites[80].

Further, Jahn and Teller have shown that if the electronic state of
a nonlinear molecule is orbitally degenerate, then there is always at least
one vibrational coordinate along which the molecule may distort, so as
to lower its energy. For example, in case of Fe**/Mn*" ion, due to

presence of a single electron in the double degenerate ey levels can
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distort the octahedron such as to lift the degeneracy of the levels. This is
known as the Jahn-Teller distortion and is known to be crucial in

stabilising various physical properties exhibited by the manganites.
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Figure-1.12: The Raman spectra taken at room temperature for
different Lag 70Sro30Mni.xFexO; samples. The Raman mode arising
around 710 cm™ is attributed to the lattice rearrangement, which takes
place by shining a photon having energy of the order of charge
transfer in mixed oxidation state systems[83].

It is well known that in the case of manganite’s, orbitons can be
excited in Mn ions having JT configuration (d* electronic state)[81]
through Jahn-Teller (JT) polaron hopping mechanism. The presence of
JT distortion in Mn®* results in the splitting of eq orbital into states with
lower energy which produces the potential to be minimum. The altering
in the potential traps the electrons in that orbital, known as self-trapping,
which increases the lifetime long enough for it to interact with lattice
distortion[82] and results to generation of new Raman modes as depicted
in figure-1.12. However, their consequences in the JT inactive materials
have not been explored so far in detail. Therefore, in the present work,
an attempt has been made to contribute in the orbital facilitated

generation of Raman modes in JT inactive materials.

22



1.9 The quantification of electron-phonon coupling by

Fano model

As discussed in the earlier section that the changes in the density
of states (DOS) near to the energy of d-d transition affects the EPC and
Raman spectroscopy is an effective tool to quantify the strength of
EPC[84-86]. In a crystalline material, only transitions with k=0 is
allowed by the momentum selection rule of first-order Raman
scattering[87,88]. However, disorder relaxes the Raman selection rule
for k=0, which allows first-order Raman scattering by phonons of larger
k values and causes the asymmetric broadening of the phonon modes in
the Raman spectra[89-91]. In crystalline materials a highly symmetric
Raman spectrum with Lorentzian line shape is observed[4]. Any
deviation from Lorentzian line shape can be due to various reasons
associated with electron/exciton interactions, quantum confinement
effects etc.[4]. The asymmetry (where asymmetry ratio is defined as
y2/y1, Where y; and y, are the half widths on the lower and higher side of
the Raman spectrum in the Raman line shape can be explained by the

Fano model[4]:

2
(@) =h'2r  (19)

The term y is equal to (w- wy I'(w)), ®p is renormalized phonon
frequency, and I'(w) is the width of Raman mode (line-width). The
quantity 1/q (g=asymmetry parameter) is proportional to EPC[4] and its
variation as a function of number of irradiated pulses (n) is illustrated in
Table-1. Lesser the |g| value, stronger is the interaction between
continuum states and discrete phonons. The parameter 1/q is directly
related to the number of free charge carriers in semiconductors[4] and
disorder present in the system[92,93]. The schematic illustration of

Fano interference is shown in figure-1.13.

23



Figure 1.13: The Fano lineshape of the absorption cross near
resonance energy E, of a discrete state buried in the continuum for

various values of the g parameter[94].

1.10 The probing of electronic disorder by optical

absorption spectroscopy

The exponential variation of optical absorption near band edge
(Urbach tail states/ Urbach energy) is one of the well-known feature of
optical absorption spectra and the same has been observed in the optical
spectra for almost all kinds of crystalline semiconductor materials,
amorphous semiconductors and highly disordered non-metallic glassy
systems [95-99]. The said tail states are very important from practical
applications such as the improving electronic properties, improvement in
absorption spectra in solar cells[100] and broadening of the emission
spectra in light emitting devices etc.[101]. Generally, it is believed that
Urbach energy (Ey) is a measure of total electronic disorder present in
the system and scales with temperature and structural disorders
(structural disorder induced by defects, vacancies, static strain fields,
doping) etc.[99,102,103]. The character of the localized states observed
in between the valance band and conduction band in optical
spectroscopy for disordered semiconductors is a problem of importance
with a history dating back to the fifties[103]. It has been understood

earlier that band tail states in amorphous semiconductors arise due to the
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thermal disorder[99]. The variation of absorption coefficient near the
band edges was firstly observed by Urbach in 1953 in studying the
optical properties of indirect band gap silver halides and described it in
the following form[99]:

_a(n(K) _
S= athv)

—1/kT  (1.10)

where S is slope of exponent, K is absorption coefficient, hv is photon
energy and k is Boltzmann’s constant. It was clear from equation given
by Urbach that S has only temperature dependence and has no reliance
on material properties. But experimentally it was observed that slope of
exponent is a property of material as well as a function of temperature.
Further Martienssen redefine the Urbach rule and wrote the same in

following form #:

a(E,T) = agexp [a (E;ioo

)| @

Hence behavior of « is referred in literature as Urbach-Martienssen’s
rule. Where; a,and Eq are the constants determined by extrapolating

linear region from In(a) versus E curves at a given temperature T.

| — Fitted data
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Figure-1.14: The exponential variation of absorption coefficient near
the band edge. The inverse of linear fitting of logarithmic of (a) vs

energy plot gives the Urbach energy as shown in the inset[44].
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The quantity E, =%T is termed as Urbach energy and can be

approximated by linear fitting between logarithmic of (o)) vs energy. The
temperature and doping at different sites is expected to create the
structural and on-site electronic disorder in the system. Such random
potential fluctuations are known to create energy levels near band edge,
which are termed as electronic disordered states and can be measured in
the form of Urbach Energy[104,105].

1.11 Motivation and objectives

1.11.1 Selection of material and a brief modus operandi
Perovskite oxides have become the most versatile compounds in
research of oxides[59,106,107]. Among these perovskites oxides, rare
earth ortho-ferrites (RFeO3) have gained enormous interests due to the
possibility of its technological importance and interesting
physics[108,109]. These oxides have been proposed for potential
candidates in spintronic devices, chemical sensors[46,47], precession
excitation induced by terahertz pulses, high dielectric constants
materials[48,49], magneto-dielectric devices[110], ultrafast magneto-
optical storage devices[50,52], magnetism induced ferroelectric devices
etc. in last few years. The technological attention towards the
renaissance of these materials was due to their potential in scheming
microelectronic devices which consume lower energy[l]. In an
unexpected complement to this original direction, these materials are
now showing promise as materials for harvesting energy[1]. Also,
astonishing progress has been done from the last few decades in
exploring these materials for bio-medical applications such as enhanced
scaffolds for tissue engineering and magnetically assisted in vivo
targeted drug delivery[1]. The importance of these materials now
enormously exceeds the applications envisaged at the start of the
multiferroics rebirth at the turn of this century. This progress culminates
in 2018 with the demonstration of a prototype magnetoelectric spin-orbit
logic (MESO) device which consume substantively lower amount of

energy than existing architectures[1,111]. The foremost challenge for the
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multiferroics research community is to minimize the voltage needed to
switch the ferroelectric state of the magnetoelectric component to around
100mV from the current value of approximately 5 V. In that case, for the
MESO device to be competitive, the voltage output from the spin-orbit
component should be increased to hundreds of mV from its current VvV
values[1,111].

It has been well explored that various fascinating properties can be
achieved by applying the chemical pressure at Fe-site of orthoferrites
materials[12,112-114]. The RFe;xCrO3; compounds have shown
superior physical properties, with mixed Fe and Cr at B-site, relative to
the end member RFeO3; and RCrO3; compounds[12,112—-114]. According
to Goodenough-Kanamori theory, Cr** could be the best choice to
replace Fe** in order to achieve the superior magnetic properties[113].
The advantage of Cr®* substitution at Fe®* site is that the magnetic
transition temperature (Tni1) can be tuned near to RT, which scales the
possibility of magneto-electric coupling and possibility of scheming RT
based novel magneto-dielectric devices[113,115]. This adds another
possibility to the multiferroic materials, making RFe;«CrOs ideal
multifunctional materials for future-devices[12,112-114]. In addition to
this, the importance of electron-phonon interactions has been epitomized
so far in colossal magneto-resistance (CMR) observed in manganite’s
with Jahn-teller (JT) active ions[81,106]. However, the presence of said
coupling would be very interesting and its consequence in the JT
inactive materials has not been explored so far in detail. Keeping this in
view, in the present thesis work Cr-substituted RFeO3; (R=Pr in present
case) samples were prepared with an expectation of aforementioned
intriguing properties. Additionally, the optical and magneto-elastic
properties of well-known multiferroic as well as magneto-electric

material GaFeO3; have been explored in detail in this work.
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1.11.2 Probing, quantification of electronic disorder and

its correlation with dissipation factor

In the starting part of the thesis, the detailed analysis of structural,
optical and electronic properties has been provided for PrFe;«CrOs
(0<x<0.20) system. The incorporation of Cr at Fe site appears to modify
the local strain field and on-site Coulombic potential, possibly due to
dissimilarity in the atomic number (Z) and ionic radii[77,105,116-118].
These two effects, collectively, result in an increment in the electronic
disorder[77,105,116-118]. The major contributing factors that influence
the values of electronic disorder arise due to presence of inhomogeneity
caused by compositional fluctuation, structural disorder, thermal
disorders and anharmonicity[99,102,119]. The contributing factors in the
mentioned disorders can be modified by varying the rotation and
distortion of the BOg octahedra (tilt angle disorder) and Fe-O bond
lengths (structural disorder). In these ABO3; perovskites, the tilts and
distortions of BOg octahedra are the key to control various physical
properties[120]. Hence, it is very important to explore the structural
characteristics such as bond lengths, bond angles, octahedral distortion
of PrFexCr1xO3 system with great accuracy to understand the physics
and related properties of these samples. Therefore, this work has been
started with the detailed structural characterization of Cr substituted
PrFeO3; samples using experimental and theoretical investigations.

Further for any practical applications, the dielectric loss (tand) must
remain sufficiently small[121]. The mixed oxidation state of transition
metal ions in these materials due to vacancies at various sites is believed
to be responsible for the observed high values of dielectric loss in these
materials[57,122]. Thus, in order to achieve real application of these
materials, it is extremely important to have basic understanding of
various contributing factors to the tand. For any dielectric material, it is
believed that the dielectric loss consists of two parts (1) frequency
dependent flipping of electrical dipole and (2) the leakage current. For
samples having Centro symmetric crystal structure, it is believed that the

hopping of electron possibly through disorder/defect states are
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responsible for leakage current[123,124]. For semiconducting/insulating
materials the leakage current is due to the defects/vacancy present *® in
Eg

the sample and is related to the band gap as; o = g, exp exp (—%)

(For Intrinsic case E,=E¢4/2)[121]. The random distribution of defects and
doping at lattice sites, introduces potential fluctuations that creates
energy levels within the forbidden energy gap or close to the
valance/conduction band[104,105]. These energy levels are also termed
as electronic disorders near the band edge and are measured in the form
of Urbach Energy[104,105]. These statistical effects are known to distort
the unperturbed density of states which are particularly important in
determining the number of free carriers and hence, their contribution to
the leakage current/dielectric loss[121]. Further, the disorder induced by
Cr doping has been estimated by performing the optical absorption
spectroscopy measurements. It is not easy to quantify these disorders
exactly with the help of such absorption spectroscopy techniques
alone®. In this regard, the Raman measurements have been carried out,
which provides information associated with relative difference in the
octahedral tilts and anharmonicity values through Raman modes. The
main aim of this work was to develop a comprehensive understanding on
the impact of PrFe;xCryO3 on the optical and also, phononic properties.
The understanding of disorder created by Cr-substitution at Fe-site are
very crucial for practical applications such as enlightening the electronic
properties[121], broadening of the emission spectra in light emitting
devices® and enhancement in absorption spectra of solar cells[100] etc..
Hence, the dependence of the electronic disordered term Urbach energy
on temperature and doping is of scientific and technological interest®.
From last decades, various researchers have probed the electronic
structure of various transition metal oxides with the help of optical
spectroscopy and the said technique is known for its potential to probe
electronic disorder (thermal, polar, chemical, structural and due to
defects etc.) present in the sample[120]. The major contribution in
Urbach energy is from various kinds of disorders present in the system

and the said energy increases if disorder in the system increases[120].
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Therefore, in the first part of the work, the structural optical and
dielectric properties have been explored using experimental and
theoretical investigations.

1.11.3 Strain and orbital mediated electron-phonon
coupling induced new Raman modes in mixed Fe-Cr based

orthoferrites

In the second part of thesis, the detailed investigations on the origin
of strain induced disordered modes and orbital facilitated charge transfer
originated Raman modes in PrFe; xCriO3; have been done. PrFeOs, in
accordance with Raman selection rules, exhibits 24 first order Raman
active modes and because of the presence of inversion symmetry, Fe
does not contribute to scattering. Nevertheless, the inversion symmetry
of FeOg octahedra can be destroyed by structural disorders induced by
doping, which may result in formation of additional modes in Raman
spectra as previously observed in case of centro-symmetric ionic
crystals[125,126]. In the case of doped PrFeO3, new Raman modes have
been observed and some experimental efforts have been made earlier by
some research groups to understand the origin of these phonon
modes[44,127,128]. For example the Raman mode around 510 cm™ has
been attributed to be due to strain induced structural disorder[120] and
the mode at around 660 cm™ predicted to be due to orbital mediated
charge transfer between two transition metal ions[114] but there exist no
unanimous consensus amongst the scientific community about the origin
of the this Raman mode[12]. It is important here to note that the
generation of new Raman mode in Raman spectra could be attributed to
various factors such as orbital mediated EPC[129], symmetry
breaking[44], strain induced structural disorder[44] etc. However, high-
resolution synchrotron x-ray diffraction studies investigations on these
samples suggest that there is no signature of change in the structural
symmetry with Cr substitution[44]. Hence, the occurrence of new
phonon modes cannot be due to the change in structural symmetry and

strong evidence through rigorous experimental and theoretical
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investigations is needed to establish the origin of the above-mentioned
Raman modes. Hence, to explore the possible origin of orbital mediated
charge transfer modes OAS, resonant and power dependent experiments
along with the first principle density functional theory calculations were
carried out and these discrepancies have been understood in terms of
strain and orbital mediated EPC generated Raman modes in the present
work. These analyses provide us a basic understanding of the interplay
between the electron-lattice coupling and would prove useful for
fundamental studies of the relation between global and local effects in
correlated systems[130,131].

1.11.4 Role of spin-phonon coupling and Pr atoms
displacement in natural and magnetic field induced polar

order

Spin-phonon coupling has an important role in several intriguing
phenomena related to transition metal oxides in the context of
multiferroics and spintronics, and the coupling between lattice degrees
of freedom and spin has been known to arise from the exchange
interactions. It is now well accepted that the presence of unpaired
transition metal d-electrons and rare earth f-electrons in these RFe/CrO3
oxides spectacle many striking effects arises from the coupling between
two magnetic sublattices[40]. It is reported that the exchange striction
between rare earth and Fe/Cr moments would result in ferroelectricity in
these materials below magnetic ordering temperature (Ty1). Recently in
SmFeQgs, ferroelectric features have been reported below Tyi (670
K)[132], which is completely surprising due to the reason being R ion
moments ordering at very low temperature (<15 K). Therefore, the
exchange striction mechanism cannot solely explain the cause of
polarization observed at high temperatures. The anisotropic interactions
between R and Fe** ions may play an important role in inducing the net
dipole moment in these oxides. Naveen et al.[133] explained the
observed polar order in terms of distortion of R®*" ion due to R-Cr
exchange field. Bhadram et al.[134] reported that the spin-phonon

coupling encourages stabilization of the polar order in RFe/CrO3 oxides.
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Therefore, there has been an intense debate on the exact origin of
ferroelectric order in these oxides. Hence, the probing of local structure
would be very important to understand the electron—lattice dynamics and
to observe a new class of ferro-electricity in these materials. To address
this issue and its correlation with the observed ferro-electric behavior in
detail, temperature and magnetic field dependent phonon spectra were
studied to understand the possible origin of polar natural order in mixed
Fe-Cr based orthoferrites. The basic physics of combined space-
inversion symmetry and time-reversal breaking mean that these
materials can be considered to be the model systems for realizing
fundamental laws of nature that have analogous mathematical
descriptions[1].  Further, attempts have been made to realize the
magnetic field induced polar order in PrFeps0Cros003 at room

temperature.

1.11.5 Defect induced d-d transitions and its correlation

with electron (spin) lattice coupling in GaFeO3

Another interesting feature of RFeO3 (or GaFeO3) compounds is
the charge neutral crystal field d-d transition, which appears due to the
transition of ty, electron to ey level of same or near neighbor Fe
atom[74,135,136]. In stoichiometric samples, Fe is having d° electronic
configuration and such transitions are expectedly spin forbidden[6],
moreover, it is well known that the high temperature sintered samples
generally exhibit deviation from exact oxygen stoichiometry, which
causes oxidation state of Fe to vary (i.e. Fe to be present in +2 or +4
oxidation state) [57]. Fe** and Fe*? have electronic configurations d° and
d*, respectively[108,127,137], and electron can be easily transported to
the (ey) level of the same or a nearby Fe atom[74,135,136], which
intensifies crystal field d-d transitions. In d° systems, d-d transitions
should be forbidden as per the electric dipole selection rule (Al = +1) and
also, the spin selection rule (AS = 0). It is seen that the strength of d-d
transitions is about a thousand times weaker than that of the dipole-
allowed p-d transitions (O-2p and Fe-3d). In the present case, the

intensity of such transitions is much higher; which strongly suggests the
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possibility of spin permitted transitions[138]. As discussed in earlier
section that these crystal field transitions are highly sensitive to lattice
distortions and contain crucial information about EPC. The changes in
DOS (p (E) « m for E>Eg, else p (E) =0) can be assumed a direct
dependency on the spectral line width of such transitions and in
EPC[108,127,137]. A systematic study on the strength of the EPC in
semiconducting materials is important for practical applications and
fundamental scientific understanding[78,79]. Therefore, in the last part
of this work, we have investigated the possible origins of d-d transitions
and its correlation with EPC and magneto-elastic properties has been
studied using optical absorption spectroscopy and Raman scattering
experiments.
1.12 Organization of the Thesis

The present chapter covers a brief introduction to this work. The
remaining chapters of the thesis are summarized as follows:
Chapter 2: Experimental Techniques used

This chapter gives a description of the characterization and synthesis
techniques used during course of this work. The sol-gel synthesis
method has been used to synthesize the samples and will be discussed in
detail in this chapter. The important characterization techniques such as
synchrotron x-ray diffraction (SXRD), diffuse reflectance spectroscopy
(DRS), x-ray absorption spectroscopy (XAS) valence band and Raman
spectroscopy techniques has been used for structural, optical electronic
and vibrational properties characterizations etc..
Chapter 3: Synthesis, Structural, electronic and optical Properties of
Cr-doped PrFeO;

In this chapter, the detailed analysis of structural, optical and
electronic properties has been provided. The details about the synthesis
and its structural properties in terms of Fe-O-Fe bond angles, Fe-O bond
lengths, FeOg octahedra distortions, etc. have been provided in this
chapter. The optical and electronic properties in correlated materials are
strongly controlled by these parameters. The optical properties such as

optical band gap and electronic disorder term (Urbach energy) of
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prepared series of samples have been examined in detail. Further, OAS
has been used to probe the origin of dielectric loss in prepared series of
samples.
Chapter 4: Strain induced disordered phonon modes in Cr-doped
PrrFeOs;

The present chapter has been devoted to exploring the origin of
octahedral distorted new Raman modes around 510 cm™ in PrFe; xCr,Os.
In order to further confirm the appearance of this Raman mode, FeOg
octahedra has been distorted by KrF Excimer laser irradiation, which in
turn result to formation of additional mode at 510 cm™. Further, a
systematic correlation between crystallographic strain, Raman line
width, disordered parameter (o) and Urbach energy is also provided in
this chapter.

Chapter 5: Orbital mediated charge transfers originated Raman
modes: A brief experimental and theoretical investigations

In this chapter, the possible origin of orbital facilitated new
Raman mode in orthorhombic perovskite PrFe;«CrOs; has been
investigated using resonance Raman spectroscopy and first principle
DFT calculations.

Chapter 6: Origin of spin reorientation, strong magneto-elastic

coupling and observed polar order in PrFe;xCryO3

In this chapter, a lot of fascinating properties such as; spin
reorientation, strong magneto-elastic coupling, intrinsic and magnetic
field induced polar order in PrFe;.xCryO3 has been examined in detail by
using temperature and magnetic field dependent Raman measurements,
neutron gamma Dopplerimetry experiments, and dc magnetization

measurements.

Chapter 7: Origin of charge neutral d-d Transitions in Pr/GaFeO;
(3d°) Systems: Experiments and Theory

This chapter includes the possible origin of charge neutral crystal
field (d-d) transitions in the optical absorption spectra of R/GaFeO; (3d°)
samples. Our experimental and theoretical analysis suggests that the

non-stoichiometry present in samples is the main origin of d-d
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transitions peak in the optical spectra of R/GaFeO3 (3d°) samples and so
does in d° systems. Further, charge neutral crystal field (d-d) transitions
and its possible correlation with coupling between continuum states
above the optical band gap in pure and laser irradiated PrFeO3 has been
examined in detail in this chapter.
Chapter 8: Conclusions and future perspectives

This chapter summarizes the results of the present research work
with concluding remarks. The possible future scope of present study has
also been discussed.
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Chapter 2
Experimental Dtail

In this chapter, the detail about synthesis and various
experimental techniques relevant to this thesis have been provided.
The PrFe;«CriO; (0<x<l) samples were synthesized using wet
chemical/sol-gel method. The structural characterization of the
prepared samples was performed using synchrotron x-ray diffraction
(SXRD) and Raman scattering experiments. Optical properties were
studied using UV-Vis-NIR spectroscopy. Further, the important
characterization techniques such as x-ray absorption near edge
spectroscopy (XANES), x-ray absorption spectroscopy (XAS) and
valence band spectroscopy were used for investigations of electronic

properties.

2.2 Experimental details

2.2.1 Material Synthesis technique Sol-Gel Method

Wet chemical method is one of the well-established sample
synthesis methods to prepare novel oxide ceramic and metal oxide
nanoparticles. This synthesis method has a potential to control over the
surface and textural properties of the materials. The sol is a molecular
suspension or colloidal (according to IUPAC) solution of solid particles,
whereas gel is a semi-rigid mass which remains after the evaporation of
sol. Generally, metal nitrates are used as the precursor’s materials in this
method. The obtained gel is densified through thermal annealing. It is
possible to fabricate ultra-fine ceramic powders, glassy, aerogel
materials using this method. The details about the sample synthesis

technique for samples under investigation are given below:

In this method, the stoichiometric amount of metal nitrates such
as; Pr(NO3)3.6H,0, Fe(NO3)3.9H,0 + Cr(NO3)3.9H,O were mixed in

37



excess of water to form stable metal chelate. Then an equimolar amount
of ethylene glycol and citric acid per mole of metals ions has been added
to the solution. In the synthesis process, citric acid acts as a
chelating/complexing agent and ethylene glycol fulfills the process of
hydrolysis and gelation'. The resulting sol was constantly stirred and
heated at 90°C until a gel like network is formed. The prepared gel was
further calcinated in a furnace for 6h at 400°C and a final treatment was
done at 12h at 700°C. The obtained powder was grinded and pelletized
at the pressure of 10 tons to make the pellet.

It is to be noted that particularly for dielectric measurements
pellets with very high density (i.e., low porosity) are needed. Hence, in
order to further enhancing the intimate bonding between crystallites (i.e.
minimizing the porosity), the pure phase powder is pressed in the form
of a circular pellet by means of a hydraulic press and a suitable die set.
Then the pellet is again heated/sintered at high temperature (well above
to calcination temperature), but, below the melting point. This post-
calcination sintering (below melting point), helps in (i) improving the
crystal quality by minimizing defects, (ii) enhancing grain growth by
reducing the total area of grain boundary (GB), and (iii) attaining the
maximum possible density. Moreover, as far as present research work is
concerned, the pure phase powder samples have been pelletized to form
circular discs of 1 mm thickness and 12 mm diameter by applying a
pressure of 15 ton. These pellets were allowed to sinter in air at 1200 'C
for 24 hours. Further, these pellets were coated with silver paint and
were fired at 300° C for 30 min. These pellets are then used for, almost,

rest of all the measurements carried out under present research work.
The chemical reaction may be written in the following form

PI’(N03)3.6H20 + (1-x)Fe(N03)3.9H20 + (X)Cr(N03)39H20 + CgHgO7 +
Cy,HgO; —PrFe,,Cr,O3 + 8CO, + 9/2N, + nH,0

The main advantages of the sol-gel process are
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>Lower formation temperature,
>High homogeneity,

> Precise composition control of multi-component compounds

> Synthesis with low-cost apparatus.

2.3 Characterization techniques used

2.3.1 X-Ray Diffraction

X-ray diffraction (XRD) is the most reliable, suitable and non-
destructive tool to probe the structure and chemical composition of a
material[44,139,140]. As the x-rays have wavelengths of order of the
interatomic distances, they are more suitable to probe the structural
arrangement of atoms. In XRD, an X-ray falls on the material at some
incidence angle, gets diffracted through different set of atomic planes
present in the crystal structure. When, both, d (spacing between
successive atomic planes; also called as d-spacing) and & (the angle of
incidence of X-ray), satisfies the Bragg relation 2dsin6=nA (here, d is the
inter-planer distance, A is wavelength of incident X-ray and n is an
integer), a constructive interference takes place between the diffracted
waves®. The Bragg condition i.e., the basic of XRD can be understood
with help of a schematic ray diagram depicted in Figure 2.1. According
to Bragg’s law of x-ray diffraction, a radiation having a particular
wavelength will constructively interfere if it is reflected between crystal
planes with a path difference equal to an integral multiple of the
wavelength[140].

Path difference (A) = 2dSin6 = nA

where d is the interplanar distance, 0 is the angle made by incident x-
rays with planes of reflection, and A is the wavelength of x-rays and n is
an integer. In this way, with the satisfaction of Bragg’s condition, a
peak, across the corresponding 6 value appears in the intensity versus
angle (20) curve. There are sets of planes of lattices which are indexed
using Miller indices hkl and the interplanar distances d could also be

written as dnw. In this way, with the satisfaction of Bragg’s condition, a
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peak, across the corresponding 0 value appears in the intensity versus 20
curve. The XRD pattern of each element/material is unique and can be
considered as a signature of its structural phase. This uniqueness enables
the XRD to identify and validate the purity of a structural phase for a
given material. It is worth noting here that the intensity provides the
information of the total scattering from each plane, which can be
expressed as[140]:

1+cos?6
4sin20cosf

Ihkl = K IFhklIZ (21)

Figure-2.1: The schematic diagram of X-ray diffraction by a crystal
(Reproduced from, https://commons.wikimedia.org/wiki/File:
Bragg_legea.jpg).

where, K is a constant and Fj;,; is the structure factor, which can be

ascribed as:

Fra = 2fiexp[2mj(hx; + ky; + 12)] (2.2)
where x;, Vi, zi are the coordinates of i atom, f; is the atomic scattering
factor.

In the present work, primary phase-purity of the samples has
been checked with the help of lab source XRD experiments on a Rigaku

smart Lab diffractometer, wherein Cu Ka (A = 1.54 A) radiation was
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employed and operated at an applied voltage of 45 kV. For the
calculations of structural parameters with great accuracy, synchrotron
powder x-ray diffraction experiments were performed at Indian
synchrotron radiation source (Indus-11), at Raja Ramanna Center for
Advanced Technology Indore, India. The phase purity of synthesized
samples was checked by matching the experimental data with the Joint
Committee on Powder Diffraction Standards (JCPDS) database followed
by Rietveld refinements. The details on the refined parameters will be
discussed in Chapter 3.

2.3.2 Williamson-Hall Plot

In ideal and perfectly ordered crystals, there is a periodic
arrangement of all atoms and when the Bragg condition is satisfied,
corresponding diffraction peaks will be observed. These Bragg peaks
would be very narrow or ideally, point like. But practically, the crystals
grown in laboratory are not perfect due to Mosaic effect (Mosaic effect
states that a crystal always consists of mosaic blocks which are
misaligned relative to the idealized lattice by typically 0.3 degrees) and
various kinds of disorders (dislocation, vacancy etc.) present in the
sample, which results in broadening of XRD peaks[140]. This mosacity
is responsible for the instrumental broadening of diffraction peaks. Also,
the incorporation of doping during the growth of the crystals gives
significant contribution in the XRD peak broadening, which will
produce the micro strain in the host lattice. Instead to these entire effects,
this broadening is also a function of crystallite size. For large sized
grains diffraction peaks are very sharp and vice versa. Williamson-Hall
Plot is based on the idea that the broadening of the diffraction peaks has

a contribution from the size broadening (B") and strain broadening ().
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Figure-2.2 Shows systematically representation of Williamson-Hall

plots.

The relation between the broadening of the x-ray peak g’ is related to the

size of the crystallite L is given in eq. (2.3) [139,140].

g =L (2.3)

" Lcos®

Whereas, the Strain broadening is given by eq. (2.4)
pe = n'tan6 (2.4)

Williamson and Hall assumed that if both the contributions in
broadening are present then by convolution total broadening is a simple

sum of these two broadenings, then we get:

B =pe+ p =——+n'tanf (2.5)

where g is total broadening due to strain and crystallite size contribution

Now on multiplying the eq. (2.3) by cosf then we get:

KA ;o
T T sin@ (2.6)

Bcosl =
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on comparing the eq. (2.4) to general equation of straight line, we can
easily obtained strain component from plot of Bcosb versus sinf and
crystallite size component from the intercept (KA/L). The schematic

representation of Williamson-Hall plot is given in figure 2.2.

2.4 Diffuse Reflectance Spectroscopy (DRS)

Diffuse reflectance spectroscopy (DRS) is a spectroscopy in
which we study the light absorbed in UV and visible regions of the
electromagnetic spectrum[139,141-143]. It is a well-known non-
destructive technique used for the quantitative and qualitative analysis of
optical properties. The advantage of DRS is that there is no need for
difficult sample preparation, powder/pellet samples could be used for the
purpose. It is based on the principle of diffused reflection. When light
falls on the surface of a sample, it is reflected in specular and non-

specular directions through multiple scattering; as shown in figure-2.3.

Light
source

Diffused light

Figure-2.3: Schematic Diagram of Light Scattering from a powdered

sample.

Some part of the light undergoes multiple scattering inside the sample
and fraction of this part is emitted back into the detector. Since the light

cannot penetrate the solid samples and is reflected from the sample
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surface. As displayed in the figure, incident light scattered in different
directions independent of the angle of incidence is called "diffuse
reflection[143]. When the UV-Visible light shines on the sample
surface, the incident light either gets absorbed or reflected (transmission
is negligible). Due to the finite absorption coefficient of the sample, as
the diffuse reflected light is reflected becomes weaker i.e. loses its
intensity and this loss of intensity is a function of absorption coefficient
of sample which is function of A of incident beam. This diffused
reflected light is detected by the detector and give a corresponding DRS
spectrum. Although various models exist but the Kubelka-Munk model
is the most usual approach to interpret the DRS spectra. The Kubelka-
Munk formula considers that light passing through a diffused reflecting
surface can be divided into two components: (i) light flux traveling into
the medium and (ii) returning to the surface. Each component loses
intensity by scattering and absorption and each also adds up the intensity
via scattering of its partner. For the powder or infinitely thick layered

samples the Kubelka-Munk equation may be written as[121,143]:

F(R,) = K _ (1-Rw)? 2.7)

S 2Roo0

Roo = Rsample/Rstandard. Where, Rsample @and Rswndara denote, respectively,
the diffuse reflectance for the sample and for the standard (as BaSQO, or
white paper). K and S, respectively, are the Kubelka—Munk absorption
and scattering functions. Since, powder samples have been used for
diffuse reflectance measurements, hence, the assumption that the
reflected light being scattered in a perfectly diffused manner holds true.
For such cases, the scattering function S is nearly constant with
wavelength and the Kubelka—Munk function can be related to the
absorption coefficient (o) as:

(hv-Eg)t/n
hv

F(Rs) & o (2.8)

where, n = 2 would correspond to direct band gap transitions, whereas n
= 1/2 for an indirect transition 2.
Therefore, a plot of [F(Roo) x Av]" versus Av gives a straight line whose

intercept, on energy axis, yields the value of the band gap.
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Figure-2.4: Experimental set up for diffuse reflectance measurement
(a) Carry 60 UV-Vis spectrometer, (b) internal set up of 60 UV-Vis
spectrometer (c) an integrating sphere attachment to detect diffuse
reflectance.

We have measured DRS spectra in the present investigations
using a commercial spectrometer Carry 60 from Agilent Technology,
displayed in figure 2.4(a). Figure 2.4 (b) shows its internal ray diagram.
In DRS measurement, a broad spectrum of UV-Vis-NIR radiation is
made to fall on a rough bulk sample through an optical fiber coupled
with source and the diffusely reflected light through the sample are
collected using ellipsoidal lens and guided to the detector (shown in
figure 2.4 (c)). From this radiation, a spectrum is obtained containing the
information about the optical properties of target samples. The DRS
setup available in the lab can measure the band gap with an accuracy of
0.001 eV and the detail about the data processing and the calculation of
optical band gap and electronic disordered term Urbach energy will be

discussed in chapter 3.
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2.5 Raman spectroscopy

Raman spectroscopy is based on the scattering phenomenon
wherein a monochromatic beam of radiation, incident on a sample is
scattered from it[144]. When the scattering occurs with no energy loss,
the frequency of the scattered beam is same as that of incident beam.
This is known as Rayleigh scattering (Elastic scattering), whereas when
the energy of radiation changes during the scattering process, such kind
of scattering is known as Raman scattering (Inelastic scattering) [144]
and was first discovered by C.V. Raman and his collaborator K.S.
Krishnan in 1928[144]. Raman effect is an inelastic scattering of light
from the atomic vibrations (phonons), which measures how atoms
vibrate about their equilibrium positions and provides valuable
information about microstructural properties like crystal structure,
chemical composition and the nature of chemical bonds[44,138,144].

Raman scattering is a consequence of inelastic scattering of the
incident photons, where energy is either received from or transferred to
the sample. as a result of change in the vibrational and rotational modes
of the sample, causing a change in the energy and therefore, the
frequency of the scattered light[144]. The changes in the energy are
observed in the form of discrete lines in the scattered light above and
below the Rayleigh line called Stokes and anti-Stokes lines, respectively.
An even smaller fraction of the scattered photons (approximately 1 in 10
million) can be scattered inelastically, with the scattered photons having
an energy different (usually lower) from those of the incident photons,
these are Raman scattered photons. Because of conservation of energy,
the material either gains or loses energy in the process. When the
incident photon transfers energy to the sample, the phonon excites to the
higher vibrational energy level, then the change (Raman shift) in the
energy (frequency) of phonons is red shifted and is known as Stokes
shift. Alternatively, if a molecule is previously in an excited state, an
incident photon may lead to the de-excitation of lattice phonon to lower
vibrational energy level, and the corresponding scattered photon is
termed as anti-Stokes shift[144].
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In the present thesis, room temperature Raman spectra were recorded by
using the Jobin-Yvon Horiba Raman micro spectrometer attached to two
air-cooled solid-state laser kits, at 532 nm, at 785 nm and a He-Neon gas
laser having excitation wavelength 633 nm[44] and with a power of less
than 10 mW. For temperature dependent Raman measurements,
THMS600 stage from Linkam having accuracy of 0.1 K was used. The
other major components of the Raman Spectrometers are:

1. Plasma line filter: This filter is used to cut the plasma lines generated
by gas laser due to formation of plasma. These plasma lines are very
intense and can interfere in the Raman spectra of the specimen therefore
it needs to be cut to accomplish good Raman spectra.

2. Edge Filter: An edge filter is used to exclude the Rayleigh lines as
the intensity of the elastically scattered Rayleigh lines are 106 times
higher than the Raman lines and it can overshadow the Raman lines
therefore it needs to be removed. The edge filter ensures that only
Raman stokes lines are transmitted. The edge filter has a very narrow
width of transition which allows it to measure even the smallest Raman
shifts.

3. Microscope: The present system is equipped with three objective
lenses 100x, 50x and 10x for the collection Raman scattered radiation.
All these lenses are different by their working distance, numerical
aperture and resolution. In the present work, mostly 50x objective lens is
used for the low temperature measurements as in this case long working
distance is required because of the height of the stage used for taking the
sample to low temperature.

4. Grating: It acts as a dispersive element and separates the scattered
photons on the basis of wavelength before they enter the detector. The
Raman set up is equipped with the two gratings, 600grooves/mm and
1800grooves/mm. The spectral range covered by the spectrograph in one
shot depends on the grating and wavelength used for the excitation.

5. CCD Detector: The output of the spectrograph is detected by the
charge coupled device (CCD). It collects the scattered photons and gives
an electrical signal to the computer, where the software (Labspec6.0)

processes the signal by subtracting the energy of the scattered photon
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from the incident photon and generates the pattern of intensity vs.
Raman shift (cm™) with reference to the zero set energy of incident
photon.

Ms

aapnds mvag

Ar * laser

#/2 plate
‘Grating (G

Microscope

Sample

m—
My M, My iiii EM4

Neutral density filter

Figure-2.5: The block diagram of the major components of Raman

spectrometer set up.

2.6 Dielectric properties

The dielectric materials are electrical insulators that can be
polarized by the application of electric field[145]. These materials allow
the passage of an electric field or flux which leads to slightly shift of
electric charges from their equilibrium position and would results to the
formation of electric dipoles. The mean electric dipole moment
developed per unit volume of the sample is termed as polarization of the
sample, which is dependent on the applied field frequency. The
dielectric susceptibility y, of a material is correlated to the polarization
by dP/dE = &' x, (where &'=1+y). Therefore, the slope of a plot of

Polarization vs Electric field depends directly on the dielectric constant
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or capacitance of the material. In case of a dielectric material, the
capacitance in parallel-plate geometry is defined as[146,147]:

C = g0 &' (41d) (2.9)

where ¢, ¢, A and d stand for permittivity of free space, dielectric
constant, area of the contact plates and thickness of the sample,
respectively.

2.6.1 Sample Preparation for the Dielectric Measurements

For the measurement of the dielectric properties, generally disc
shaped specimens (pellets) are used. The samples were properly polished
to remove the roughness on the surface during sintering. After
measuring the thickness and diameter of the pellets, their two parallel
opposite faces were coated with silver paste to form parallel plate
capacitor geometry with the material (prepared samples) as the dielectric
medium.

2.6.2 Low Temperature Dielectric Experimental Setup

A homemade (designed in our own laboratory) sample-holding
assembly (see Figure 2.6) with the provision of cooling up to liquid
nitrogen temperatures and vacuum upto 10 mbar (or even lower), was
used to place the sample[148]. The more detail about the experimental
set up is given in our recently published article[148]. Figure-2.6 Shows
the Schematic diagram of Low Temperature Dielectric Experimental
Setup. For low temperature dielectric measurements sample is cooled up
to 78 K in liquid nitrogen gas. A sensor is connected to the heater (which
provides heat to the samples) which is further connected to the
temperature controller to get the sample temperature. By using the lab
view based user interface dielectric properties of the samples at various
temperatures and frequencies is measured. In addition to above
mentioned parts/equipments, a data acquisition unit, a liquid N,
(nitrogen) container and a turbo Vacuum pump (Pfeiffer vacuum
company), were also used for recording RT and temperature dependent

dielectric response. We have measured the dielectric loss and dielectric
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constant at different-2 temperatures for frequencies range 20 Hz to
10MHz frequencies and results are discussed in chapter 1 and chapter 6.

Figure-2.6  Schematic diagram Low Temperature Dielectric

Experimental Setup.
2.6.3. Working

When a dielectric material is placed in an alternating electric
field and its dielectric response is recorded through a LCR meter, a
phase lag or lead may appear between the applied field (voltage) and the
response (current) of the system depending upon the type of component
(capacitor or inductor). It is to be noted that unlike capacitive or
inductive counterparts, a resistor, does not induce any phase shift
between the applied voltage and measured current as illustrated (for
ideal L, C, and R elements) in the top and bottom panel of Figure 2.7.
However, when an unknown element/material is kept in an alternating
electric field, an arbitrary/unknown phase shift can be expected. For
present research work, the sample is kept in parallel plate geometry with
a difference that all the sample were circular in shape and hence the
electrode plates on both the sides were also circular in shape as they
were just coating of silver paint on both the faces of circular pellet. Note
that in an impedance analyzer (LCR meter) the capacitance (indirectly

¢")/limpedance is recorded by measuring the above discussed phase shift.
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The basic theoretical formulation for these measurements is given
below.

90°

Figure-2.7: Schematic illustration of LCR circuit (middle panel) in
association with the phase diagram between voltage and current

individually for L, C and R (top and bottom panel).

The impedance is defined as quotient of voltage vector and
current vector calculated from a small single sinusoidal measurement.
The impedance of the system obeys Ohm's law, when an ac signal is fed

to it, as ratio of voltage to current in the time domain[147].

V(t)=V,exp(jor) (2.10)

I(t) =1, exp(jot—¢) (2.12)

The impedance is a complex quantity, which has both magnitude | Z| &
phase angle (¢) and expressed as
Z(w) =|Z|cos ¢ — j|Z|sin¢ (2.13)
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7r=27 —jz" (2.14)

where Z' is the real and Z" is an imaginary part of complex impedance,
whereas j=V-1. In impedance technique, both the real and imaginary
quantities of impedance, for the specimen, are simultaneously measured
as a function of frequency. The impedance data so obtained can be

converted in the three other forms using following conversion relations

1

e =¢ —je'" = TN (2.15)
Yr=Y 4y =— (2.16)
M* =M +jM" =jC,Z" (2.17)

where ¢* Y* and M* are complex permittivity, complex admittance and
complex modulus respectively. &' is the real or relative permittivity, also
known as dielectric constant, &" is the imaginary equivalent or dielectric
loss. Similarly, remaining quantities with a single prime are real whereas
double primed ones are corresponding imaginary counterparts. Co is the
vacuum capacitance (or capacitance of free space) and w= 2xnf is the
angular frequency. In present investigations, all the dielectric
measurements were carried out with the help of a precision impedance
analyzer (LCR meter)-6500B of Wayne Kerr company with a
measurement accuracy of +0.05%. For TD dielectric measurements a
cryogenic temperature controller- CTC100 of SRS (stanford research
systems) company was used to record the temperature dependent

dielectric response in the present investigations.

2.7 Magnetic measurements

For present research work, the temperature dependent magnetic
state of the sample i.e. magnetization versus temperature (M-T) data as
well as field dependent magnetic response (M-H) at a fixed temperature
has been recorded using superconducting quantum interference device
(SQUID) vibrating sample magnetometer (VSM) of Quantum Design.
Working principle of a SQUID VSM is briefly described below.
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SQUID VSM: A conventional VSM is based on the Faraday’s laws of
induction to measure the magnetic moment of a sample. In VSM, a
magnetic sample vibrates inside a detection coil under a magnetic field.
Consequently, due to the change in flux through the coil the voltage of
the coil changes[149]. This change in voltage is proportional to the
magnetic moment of the sample. Schematic of VSM is shown in Figure
2.8. On the other hand, the principle of SQUID is based on the change in
the persistence current in a superconducting detection circuit due to
change in flux in the detection coil by magnetic moment of the
sample[149]. This change results in voltage variation in the SQUID
output which is proportional to the moment of the sample. The SQUID
is a very sensitive magnetometer and it can detect magnetic moments as
low as 107 emu[149]. Interestingly, a SQUID VSM combines the high
sensitivity of conventional SQUID magnetometer and fast scan speed of
a VSM. The major components of a SQIUD VSM are:

Superconducting Magnet: The magnet is in the form of a solenoid and
constructed in the form of a close superconductor loop. Once the loop is
charged up to a critical current the magnet can be used in a persistent
mode without the need of external power source[149].

Superconducting detection unit: This is the most important and
sensitive part of the magnetometer. It consists of a single
superconducting wire which is wound in a second order gradiometer
geometry containing three sets of coils.

Sample space and Temperature controller: The sample space is a tube
of 9 mm inner diameter. The temperature is controlled precisely by
means of a temperature controller in association with a heater and two
thermocouples placed at the bottom of the sample space. The SQUID
VSM can be operated from 2K to 450 K. However, high temperature
susceptibility measurements up to 1100 K can be performed by using a
VSM oven option[149]. In present research work, following magnetic

measurements were performed on the bulk samples.
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2.7.1 Temperature dependent Magnetization (M-T measurements)

M-T measurements are important for observation of different
magnetic phase transitions and for finding the corresponding transition
temperature. These measurements can be performed in two modes. (i)
Zero Field Cooled (ZFC) measurement; in this mode, the specimen is
cooled to the lowest permissible temperature and the magnetic moment
iIs measured in presence of a low magnetic field (like 100 Oe) while
heating the sample. (ii) Field Cooled (FC) measurement; in this mode,
the specimen is subjected to cooling to the lowest temperature under a
fixed magnetic field and the moment is measured under heating cycle
again in the same field.

2.8 X-ray absorption spectroscopy (XAS)

XAS is a widely used technique that provides information of
electronic structure of a material[150]. The experiments are generally
performed at synchrotron radiation source, which provides tunable and
intense X-ray beam[138,151,152]. X-rays are ionizing radiation with
wavelengths ranging from ~ 25 A° to 0.25A° or energies ranging from ~
500 eV to 500 keV and thus, have potential to eject an electron from a
core level of an atom[153,154]. When a substance is scanned for x-ray
energies across the binding energy of a core level, an abrupt increment in
absorption cross-section takes place, which gives rise to an absorption
edge in the absorption versus photon energy plot. When an x-ray enters a
material, its intensity decreases due to the absorption of x-ray photons in
that material. This phenomenon is described by Lambert-Beer’s law,
given by equation below[155]:

Ir = Le™"9, (2.18)
where I; and I, are the incident and transmitted intensities measured

before and after the absorption of x-ray photons by the absorber with
thickness d and linear absorption coefficient u. The equation (2.4) may

be written as:
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p=-ln (’i), (2.19)

Ig

The probability that an x-ray photon is absorbed by the material is given
by this absorption coefficient u described in equation (2.5). As shown in
figure 2.9, it can be noticed that when the x-ray energies equal to the
bonding energies of a core-electron of an element in the material, u
increases sharply and this step-like feature in an absorption spectrum are
called absorption edge[155]. The absorption edge energy depends on the
binding energy of a core level. The absorption edges for an atom can be
termed as per the principal quantum number associated with that
electron, that is, K for n=1, L for n=2, M for n=3, etc.

1ol  XANES EXAFS
—_ ——
2
= oS}
=
=
= 06}
]
@
=
= 04}
=
€
=
= 02F
= !
7z 0.0 e

1 i 1 M 1 i [ M 1

5000 5100 5200 5300 5400 5500 5600

Photon energy (eV)

Figure 2.9: A typical X-ray absorption spectrum showing XANES and
EXAFS regions[156].

The XAS spectra acquired of a material shows oscillations just
above the absorption edge and these oscillations are called x-ray
absorption fine structure[153,154]. Thus, the spectrum can be cleaved
into two portions: the x-ray absorption near edge structure (XANES) up
to 50 eV above the absorption edge and the extended x-ray absorption

fine structure (EXAFS) - region from 50 eV to 1000 eV above
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absorption edge (as shown in figure 2.10)[156,157]. In this work we will
focus on XANES spectroscopy.

T

Figure 2.10: Schematic of x-ray absorption process of a core electron
to continuum state[157].

XANES spectroscopy is a well-established technique to get
information about the electronic structure of a material. In XANES, an
X-ray photon is absorbed, leading to excitement of an electron from a
core state to a higher unoccupied state. XANES basically measures the
change in the absorption of the x-rays due the photoelectric effect and
the intensity of the XANES spectra described with the Fermi-Golden
rule, which can be written as[153,154]:

Iyangs & |< ¢f|éq-T|(pi >|25Ef—Ei—hw' (2.20)

where, é,.7 is the dipole matrix operator coupling initial state (¢;) and
final state (@f). given, & is the delta function that takes care of the

energy conservation.
In the final state, a core electron has been excited and can be defined as

the initial state with a continuum electron (¢) added and a core electron
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is removed, i.e. @, = ce®;. Therefore, the intensity of XANES spectra

can be written as[153,154]:
Ixanes ¢ |< ce®;|ég.7|P; >|25Ef—Ei—ha)' (2.21)

All electron rearrangements taking place on excitement of a core hole to
a continuum electron are neglected, the delta functions may be replaced

by the density of states (p) and the XANES spectral intensity becomes
Ixanes « |< €lég.r|c >|?p, (2.22)

The dipole matrix element dictates that the density of states has an
orbital moment that differs by 1 from the core state i.e. Al = +1, while
the spin is conserved i.e. AS = 0. The quadrupole transition is ~ 100
times weaker than the dipole transitions and may be neglected in broad
sense. But, in the case of the metal K edges, the quadrupole transition is
important as the 3d density of states is much larger than the 4p density of
states and the quadrupole peaks occur in the pre-edge region where no
4p density of states is there[138,153].

Transition metal K edge (1s) XANES spectroscopy is an
important technique to investigate local coordination environment and
electronic structure depending on sample composition, and structure.
The K edge transition of 3d transition metal has energies ranging from
about ~4 keV to ~9 keV[153,154]. The shift of metal 1s XANES spectra
edge energy towards higher energies with higher valency is generally
used to determine the valence of 3d transition metals[138,153,154]. The
metal 1s XANES spectra are often interpreted with the help of molecular
orbital approach[153,154]. In this work, the Fe K edge XANES spectra
of RFeO3; having orthorhombic structure has been investigated. The Fe
K edge XANES spectra were acquired at Indian synchrotron radiation
center, Raja Ramanna centre for Advanced Technology Indore, India,
Indus-11, BL-12[138].. The measurements were performed in

fluorescence mode using an energy dispersive detector (VERTEX-EX).
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The spectra were normalized to the incident photon current, measured by
an ionization chamber. For the photon energy calibration, the absorption
edge energies of Fe foil, FeO and Fe,O3; samples were used as
standard[138]. The low-energy pre-peak region observed in the Fe K
edge spectra is a representative of quadrupole 1s to 3d excitations. In the
present work, Fe K edge XANES measurements were taken in the
transmission mode to determine the oxidation states of Fe atoms. The
experiments were performed at Indian synchrotron radiation center BL-
12, Indus-I1, Raja Ramanna Center for Advanced Technology Indore,
India.
2.9 X-ray and ultraviolet photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive
spectroscopic technique, which is based on the principle of photoelectric
effect and it can quantitative identify the elemental composition existing
in a material[154,158,159]. XPS is a non-destructive experimental
technique, which gives not only the information related to elements
present in the sample, but also gives the information of what other
elements they are bonded to. The XPS spectra are obtained by irradiating
the x-rays beam on the material and by measuring the Kkinetic energy
(KE) of the ejected electron material properties can be investigated. High
vacuum (p ~107° Pa) or ultra-high vacuum (p < 10’ Pa) condition is
maintained by using vacuum pumps before performing the XPS
measurements, although ambient-pressure XPS is a current area of
development in which samples are analysed at pressures of a few tens of
millibar. On the other hand, the basic principle of Ultraviolet
Photoelectron Spectroscopy (UPS) is same as that of XPS, and the
difference is that the incident radiations have energies of ~10 eV which
instigate the photoelectric effect, whereas in case of XPS the incident
radiations have energy greater than 1keV[154]. The valence band and
core level representations of energy diagrams for metals, semiconductors
and insulators are depicted in figure-2.11. In the UPS measurements, UV
photons are created by means of a gas discharge lamp, which is usually

filled with helium (He) gas, though other gases like Neon (Ne) and
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Argon (Ar) can also be used[154,158,159]. The photons emitted by the
lamp filled with He gas have energies of 21.2eV (He I) and 40.8eV. Due
to this small energy of photons, core level photoelectrons are out of
reach using UPS and hence spectral acquisition is only limited to the
valence band region. UPS and XPS, both together, could be very
important tools to investigate the valence band as the ionisation cross
section of an orbital has a strong dependency on the energy of incident
photons, therefore, by using different photon energies, different
electronic transitions and states can be probed. Thus, using the
photoelectric effect equation, the binding energy (BE) of an emitted
electron can be estimated as given in equation-2.23[154,158,159]:

Esgindindg = Epnoton — (Ekinetic energy T ¢) (2.23)

Here, Eginding, Ephoton, Ekinetic energy and ¢, respectively, denote BE of the
electron, energy of the incident x-ray photons, the KE of the photo-
electron and the work function for the specific sample. Hence, by
counting the photo-electron over a range of Kinetic energies a spectrum
is recorded, which provides crucial information related to electronic
work function. The typical UPS spectrum for a sample is given in figure-
2.12.

In the present investigations, the effect of Cr doping on the
density of states near Fermi level have been investigated using UPS
measurements. Excitation of monochromatic He-1 line from SPECS
(UVS 300) source has been used to study the valence band of the
prepared samples at the experimental station of angle resolved
photoelectron spectroscopy (ARPES) beamline BL-10 at Indus-2
synchrotron source. Polycrystalline pellets were cleaned in-situ by
sputtering with Argon ions at 1.5 keV for 10 min. Valence band spectra
have been recorded with a SPECS Phoibos 150 electron energy analyser.

The base vacuum during the measurement was ~ 7 X 10™** mbar[121].
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Figure-2.11: The valence band and core level representations of
energy diagrams for metals, semiconductors and insulators

(https://xpssimplified.com/UPS.php).
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Figure-2.12: The typical UPS spectrum for a sample
(https://xpssimplified.com/UPS.php).

2.10 Structural Characterization by synchrotron x-ray

diffraction

In Figure 2.13 the SXRD pattern of the as-synthesized Cr-
substituted PrFeO3; samples have been shown. SPXRD patterns reveal
that these samples were synthesized in pure phase and there is no
impurity present in these samples. Rietveld refinements of SXRD data of
all samples (depicted in figure-2.14) have been done to calculate the

structural parameters like lattice constants, bond lengths, bond angles,
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etc.. The x-ray diffraction data has been refined considering
orthorhombic space group Pnma. The structural parameters like lattice
constants, cell volumes, Fe-O bond lengths and Fe-O-Fe bond angles
were extracted from the Rietveld refinements of XRD data of the
prepared series of samples and their evolutions with Cr-substitution is
given in the Table-1. It has been observed (Table-1) that lattice constants
(a, b and c) and cell volume decreases systematically with Cr doping in
PrFeOs. The decrease in the value of lattice constants has been
understood in terms of slightly different ionic radii of Cr** (0.615 A)
than that of Fe** (0.645A) ion in high spin states of Fe [160-164]. The
variation in the lattice constants with Cr doping is well consistent with
earlier reports[160-169]. The systematic scaling in the Fe-O-Fe bond
angles and reduction in the Fe-O bond length (as shown in Table-1)
enhances the overlapping of Fe-3d and O-2p orbitals which strongly
affects the optical properties. In recent years, optical absorption
spectroscopy has been widely used to probe the electronic structure of
similar ferrites and the said electronic structure is believed to be
responsible for various physical properties of these materials. Thus, the
following section is devoted to exploring the effect of Cr-substitution on

the optical and electronic properties of PrFeOs.
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Figure-2.13: The SXRD data for Cr-doped PrFeQO; series of samples.
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Table-1: The variation of unit cell parameters as a function of Cr-doping
in PrFeOs. The number in open bracket represents the last digit error bar.

Crvo | a(A) b (A) c(A) Fe-O1 Fe-O1(A) | Fe-02(A) | Fe-O1-Fe Fe-O2-Fe
A ) €

)

Degrees Degrees
0 5.477(9) 55649(5) | 7.7755(9) | 2.013(7) | 2.011(7) 2.005(9) 153(4) 152(5)
0.01 5475(10) | 5.5636(4) | 7.7744(6) | 2.000(6) | 2.001(6) 2.002(9) 153(4) 152.4(5)
0.02 5.4741(7) | 55601(8) | 7.7731(5) | 2.013(5) | 2.001(7) 2.001(8) 153.2(5) 152.5(6)
0.03 54737(1) | 5.5596(7) | 7.7723(3) | 2.009 (4) | 1.998(5) 1.998(5) 1535(7) 153.1(6)
0.05 5.4736(7) | 55581(5) | 7.7714(7) | 2.007(7) | 1.998(7) 1.995(2) 153.8(4) 153.7(5)
0.07 54731(5) | 55531(8) | 7.7704(8) | 2.023(7) | 1.995(7) 1.998(3) 153.2(4) 153.2(5)
0.0 | 54721(6) | 55507(7) | 7.7658(5) | 2.012(6) | 1.993(6) 1.997(8) 153.5(4) 153.6(5)
0.13 5.4712(7) | 554639(5) | 7.7658(5) | 2.023(7) | 1.989(7) 1.994(3) 153.5(5) 153.6(6)
0.15 5.4709(8) | 5.5464(4) | 7.7647(4) | 1.999(7) | 1.981(7) 1.991(3) 153.6(6) 154.2(6)
0.18 5.4706(9) | 55425(6) | 7.7633(7) | 1.992(8) | 2.015(9) 1.991(3) 152.7(5) 154.1(7)
020 | 54694(3) | 55421(7) | 7.7614(@8) | 2.012(7) | 1.991(7) 1.992(3) 153(5) 154.2(6)
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Chapter 3

Structural, Optical and Dielectric
Properties of PrFe,,Cr,O;
(0<x<0.20) Compounds

The detailed analysis about the structural, optical and dielectric
properties has been provided in this chapter. The optical properties
such as optical band gap and electronic disorder term Urbach energy

have been examined. After rewriting the conductivity equation o =
gy exp (—Z%) a completely new way has been established in order to

understand the possible correlation between these terms in the form of
tunnelling probability. As a final remark, systematic variations
between dissipation factor and tunnelling probability have been
discussed in detail. The importance of these investigations lies in the
fact that optical absorption spectroscopy could be used as an
alternative tool to probe the origin of dielectric loss in prepared series
of samples. Results in this chapter have been published in the
literature*.

*Kumar et al. Ceram. Int. 45 (2019) 8585-8592.
https://doi.org/10.1016/j.ceramint.2019.01.177.

3.1 Introduction

As discussed in chapter-1, for any practical applications, the dielectric
loss in the sample must remain sufficiently small[122].The mixed
oxidation state of transition metal ions in these materials due to
vacancies at various sites is believed to be responsible for the observed
high values of dielectric loss in these materials[57,122].Thus, in order to
achieve real application of these materials, it is extremely important to

have basic understanding of various contributing factors for observed
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high value of tand. In case of dielectric materials, the dielectric loss
consists of two parts (1) frequency dependent flipping of electrical
dipole and (2) the leakage current. For samples having Centro symmetric
crystal structure, the hopping of electron possibly through
disorder/defect states is responsible for leakage current [123,124]. For
semiconducting/insulating materials the leakage current is due to the
defects/vacancy present [123] in the sample and is related to the band
gap as; o = g, exp (—i—gT) (For Intrinsic case E.=Ey/2) [170]. The
random distribution of defects and doping at lattice sites, introduces
potential fluctuations that creates energy levels within the forbidden
energy gap or close to the valance/conduction band[104,105]. These
energy levels are also termed as electronic disorders near band edge and
are measured in the form of Urbach Energy[104,105]. These statistical
effects are known to distort the unperturbed density of states, which are
particularly important in determining the number of free carriers and
hence contributes to the leakage current/dielectric loss[105]. In order to
understand the correlation between electronic disorder term Urbach
energy and dissipation factor tand in details, optical absorption
spectroscopy in diffuse reflectance mode and dielectric measurements
have been carried out on prepared series of samples.

Keeping this in view, the possible origin of dielectric loss in pure
and Cr doped PrFeOs and its correlation with that of the electronic
disorder have been demonstrated in this part of thesis work. Inclusion of
Cr at Fe site seems to modify local strain field, possibly due to
difference in the ionic radii of Fe and Cr. Further, it is natural to expect
that random distribution of Cr also leads to the change in the on-site
potential due to difference in the ionic radii as well as atomic number
(2). These two effects lead to an overall increase in the electronic
disorder. Hence, polycrystalline samples of Cr doped PrFeO3 have been
prepared and composition dependent optical absorption as well as

dielectric measurements have been carried out on these samples.
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3.2 Experimental detail
3.2.1 Sample preparation

Polycrystalline samples of PrFe;xCrO3; have been prepared via
sol-gel method[102,171]. Citric acid has been used as a chelating agent
and ethylene glycol as a fuel. The details of sample preparation
methodology have already been discussed in the chapter-2.

3.2.2 Structural studies

SXRD experiments were carried out at BL-12 ADXRD beamline
at Indus-2, Synchrotron Radiation Source (Raja Ramanna Centre for
advanced Technology Indore). The energy of the incident x-ray beam
was 15 keV. The diffraction pattern recorded in the 20 range of 10-50°.
with the step size of 0.01° using Huber six-circle diffractometer (model:
5020). All obtained diffraction patterns have been analyzed by using the
FullProf suite and VESTA software was used for visualization of the
crystal structure of the refined pattern. The details analysis of SXRD

data have been discussed in the chapter-2.

3.2.3 Dielectric Measurements

Precision impedance analyzer (Wynne Kerr 65120B) having
oscillator voltage of +1 volt has been used to perform dielectric
measurements. For this purpose the obtained powdered samples have
been pelletized at high pressure of ~20 ton to make~1 mm thick and ~13
mm diameter circular pellets, these pellets have been sintered in air at
1100 ‘C for 24 hours and then coated with silver paint on both sides
followed by heating at 200 °C to make parallel plate capacitor[9].
3.2.4 Diffuse Reflectance Measurements

Room temperature variations of optical band gap and electronic
disorder in terms of EU of prepared samples have been estimated using
diffuse reflectivity measurements. These measurements have been
performed, in the wavelength range 190 nm to 800 nm, using Cary-60
UV-VIZ-NIR spectrophotometer having Harrick Video-Barrelino
diffuse reflectance probe[99].
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3.2.5 Valence band spectroscopy measurements

In order to investigate the effect of Cr doping on the density of
states near Fermi level, valence band spectroscopy measurements have
been carried out. Excitation of monochromatic He-1 line from SPECS
(UVS 300) source has been used to study the valence band of the
prepared samples at the experimental station of angle resolved
photoelectron spectroscopy (ARPES) beamline BL-10 at Indus-2
synchrotron source. Polycrystalline pellets were cleaned in-situ by
sputtering with Argon ions at 1.5 keV for 10 min. Valence band spectra
have been recorded with a SPECS Phoibos 150 electron energy analyser.
The base vacuum during the measurement was ~ 7 X 10™* mbar[121].
3.3. Results and discussion

This section is divided into four subsections. The variation of
optical properties such as optical band gap and Urbach energy are
discussed in the first segment. Further in second subsection, the
dissipation factors as a function of frequencies have been analyzed. The
impact of Cr doping near Fermi level have been examined using valence
band spectroscopy experiments in third subsection. In last subsection, a
direct correlation between the dissipation factor and tunneling
probability will be elaborated in detail.
3.3.1 Optical absorption spectroscopy analysis

It is well known that the optical spectroscopy could be an
effective tool to estimate the value of electronic disorder, present near
the band edge in the form of Urbach energy. The doping of different
atomic species i.e. Cr at Fe site in the present case is expected to create
the structural and on-site electronic disorder in the system. Further, such
random potential fluctuations are known to create energy levels within
the forbidden energy gap near band edge[121]. These states are also
termed as electronic disorders near band edge and can be measured in
the form of Urbach Energy[104,105]. Hence, in order to understand the
possible correlation between dielectric loss, band gap and width of
electronic disorder near band edge, the optical absorption spectroscopy

(OAS) experiments have been carried out. In figure-3.1(a), absorption
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spectra of all prepared series of samples have been shown as a function
of energy. It is clear from the figure that many features dominate in
absorption spectra for the prepared samples. Strong absorptions have
been observed around 2.1 eV in all samples, generally, it is called p-d
transition, and this is recognized as the main absorption peak which
decides the band gap of these materials. The interesting feature centred
around 1.7 eV is attributed to crystal field d-d transitions[172], the linear
region around 2.1 eV corresponds to optical band gap region and another
interesting feature related to this spectrum is the exciton line
shapes[173].
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Figure-3.1: The optical absorption spectra for PrFe;.xCrcO3 system (a),
whereas the representative plot for Urbach energy is depicted in
figure-(b). The Variation of Urbach energy (Ey) and optical band gap)

with Cr content is given in figure-(c).

In order to estimate the optical band gap, the obtained DRS
spectra have been converted into equivalent absorption spectra using

Kubelka—Munk equation[141].
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F(Ry) =K = (R=)" (3.1)

S 2Reo

Where, F(R) is Kubelka- Munk function, K and S are the Kubelka—
Munk absorption and scattering functions respectively and R, = R
sample)/ R (standard). R(sample) @Nd R(standarq) are the diffuse reflectance of the
sample and standard white reference. E4 can be calculated by fitting
straight line of [F (R, )hv]™after converting the Kubelka- Munk function
into Tauc equation[102,174]. Here ‘n’ can take two values i.e. n = 2 for
direct band gap transition and n = % (in present case) for indirect band
gap transition. Here we have used n = % as our DFT studies on the
similar ferrites suggest that these samples have an indirect band gap.

In order to estimate the value of Urbach energy (E.), optical absorption a
has been plotted as a function of energy E. This optical absorption a is

related to energy as[104,175];

a(E, T) = agexp [O’ (E:;OO)] (3.2)

Where; a,and Eqo are the constants determined by extrapolating linear
region from In(a) versus E curves at a given temperature T. The quantity
E, = %T is termed as Urbach energy. The quantity o is called steepness

parameter. This implies that logarithm of o plotted as a function of E =
hv can be approximated by a straight line in energies just below the
fundamental absorption edge and the linear fitting can be used to
estimate the value of Urbach energy as depicted in figure-3.1 (b).

The variation of band gap and Urbach energy is depicted in
figure-3.1 (c). It can be clearly seen from the figure that E, increases
systematically with inclusion of Cr doping. It is now well accepted that
E, is a measure of total “electronic disorder” present in the system and
has contributions due to thermal disorder (arises due to random
vibrations of atoms with temperature) as well as disorder which gets
further induced due to difference in lattice mismatch or defects present
in the system[174]. In the present case, the contribution due to thermally
induced disorder may be considered as constant[103], since all the
measurements have been carried out at room temperature. Hence, major

contribution in Urbach energy is due to temperature independent term
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i.e. structural disorder induced by Cr doping[105]. However, optical
band gap systematically decreases with Cr doping, which is attributed to
the formation of Cr states near Fermi level.
3.3.2 Dielectric Measurements

The obtained dielectric data for pure and Cr doped PrFeO; as a
function of frequency has been shown in figure-3.2 (a).
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Figure-3.2: Variation of dielectric loss at different frequencies for
pure and Cr doped samples respectively. The inset of figure (b) clearly
suggests the increase in value of dielectric loss with increasing the Cr
concentration in PrFeO; at higher frequencies. The variation of

dielectric loss (tand) at 10 MHz with Cr doping is depicted in figure-
(b).
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The dielectric relaxation[176] in the dielectric measurements is
clearly evident from the figure. At this juncture, it is important to note
that at low frequency region the dielectric measurements have
contribution due to the space charge regions i.e. due to the contact
between metallic electrodes or grain boundaries[124]. Hence, in order to
examine only the grain contribution, the data have been collected at
much higher frequency i.e. up to 10MHz. The variation of dielectric loss
(tand) at 10 MHz as a function of Cr doping has been shown in figure-
3.2 (b), which clearly indicates the systematic scaling of dielectric loss
with Cr doping.

3.3.3 Valence band Spectroscopy Analysis

As in semiconductors/insulating materials, the density of states
is predicated to be scale with the electronic disorder[105,116], hence in
order to investigate the effect of Cr doping on the density of states,
valence band spectroscopy measurements have been carried out. The
valence spectra of the prepared samples have been shown in figure-3.3.
From the figure, it is clear that the intensity of the feature near Fermi
level E;, as indicated by arrow, systematically increases with Cr doping.
This may possibly be due to increase in random statistical fluctuation in

the potential due to Cr doping.
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Figure-3.3: The valence band spectra for some of prepared samples.
Inset of figure suggests increase in the value of the intensity of the

feature near Fermi level Es(as indicated by arrow) with Cr doping.
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Additional features at 4.5 eV and 6.5 eV in the valance band spectra is
related to the Fe 3d (tyg) states and the Fe 3d- O 2p bonding states
respectively. The positions of both the features tend to decrease in
energy with the inclusion of Cr and same could be responsible for the
decrease in the band gap with incorporation of Cr to PrFeOs. It should be
noted that the spectral feature near Fermi level E; as indicated by arrow
(2.25 eV) has been assigned to Cr-3d states related to PrCrOs; whereas
feature at 4.5 eV is primarily related to the Fe 3d states of PrFeOs-like
local compositions. Thus, it appears that Cr-3d states hybridize weakly
with O-2p states, thereby gaining less binding energy compared to Fe 3d
states in PrFeOs. Hence, Fe 3d states lies deeper in energy with respect
to Cr-3d states which could be responsible for decrease in the band gap
with Cr doping.

3.3.4 Direct correlation between dissipation factor and electronic

disorder

As discussed in earlier sections that the dielectric loss (in MHz
frequency range) and Urbach energy increases systematically with the
inclusion of Cr doping as illustrated in figure-3.1. In this section, the
correlations of above-mentioned results have been presented. As
discussed earlier, the dielectric loss of a material essentially consists of
two parts (i) frequency dependent flipping of electric dipoles and (ii)
leakage current. In the absence of net dipole moment in the sample i.e.
for centro symmetric crystal structure; the leakage current which is due
to thermally activated hopping of charge carriers and electronic
disorder/defect states, plays a crucial role in dictating the value of
dielectric loss[124,177-179]. The probing of such disordered states is
possible by using optical spectroscopy in the form of Urbach tails and
these disordered states/defects are the major contributing factor in the
dielectric loss. Hence, there should be a direct correlation between

dissipation factor and electronic disorder i.e. Urbach energy. Keeping
this in view, equation ¢ = g, exp (— 2%) can be written in completely

new way in the form of tunnelling probability given as:
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Tij=Cexp|[-CE2Y|  (33)
Here Tj; is tunnelling probability and C is constant. As discussed in the
introduction, the value of dielectric loss (leakage current) is critically
controlled by the band gap and electronic disorder, hence, it is expected
that with decrease in the band gap and increase in the electronic disorder
dielectric loss increases, which, further could be due to increase in
tunnelling probability or escape probability (T;;) of an electron from the
localized states as given in equation-3.1.As all the experiments have
been performed at room temperature, hence kT is constant for all the
samples. Using obtained values of Ey and E,, values of T; have been
estimated and plotted in figure-3.4. From figure, it is clear that estimated
variation of T as a function of Cr inclusion, shows a similar functional

form as that of dielectric loss as shown in Figure-3.2 (b).
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Figure-3.4: The estimated values and variation of tunnelling
probability as a function of Cr doping.

Thus, with decrease in the band gap and increase in the Urbach
energy, the effective value of tunneling probability systematically
increases and appears to be responsible for observed value of dielectric
loss. Therefore, it seems that using the combined dielectric and optical
spectroscopy, we have demonstrated a new way to understand the origin

of dielectric loss in correlated electron system.
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3.4 Conclusion

The optical absorption spectroscopy has been used to probe the
origin of dielectric loss in Cr doped PrFeOs;. Present investigations
strongly suggest that there should be a direct correlation between
dissipation factor and electronic disordered term i.e. Urbach energy.

After rewriting the conductivity equation o = g, exp (—2%) a

completely new way has been established in order to understand the
possible correlation between these terms in the form of tunnelling
probability. In present study, it has been observed that with inclusion of
Cr doping optical band gap systematically decreases, whereas, electronic
disorder increases systematically. These factors lead to overall increase
in the tunnelling probability of electron from localized states and said
tunnelling is responsible for systematic scaling of dielectric loss. Present
studies leads to a new way to analyse the origin of dielectric loss in

highly correlated electron systems.
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Chapter 4: Strain induced disordered
phonon modes in Cr-doped PrFeO;

The dissipation factor and its relationship with Urbach energy and
optical band gap have been presented in previous chapter. Here, in this
chapter attempts have been made to realize the systematic correlation
between crystallographic strain, Raman line width, disordered
parameter (s) and Urbach energy. Further, the origin of octahedral
distorted new Raman modes around 510 cm™ in PrFe;,Cr,Os is also
provided in this chapter. Results presented in this chapter are
published in peer reviewed journal*.

*Kumar et al. J. Phys. Condens. Matter. 31 (2019) 275602.
https://doi.org/10.1088/1361-648x/ab1195.

4.1 Introduction

The exponential variation of optical absorption near band edge is one
of the well-known feature of optical absorption spectra and the same has
been observed in the optical spectra for almost all kinds of crystalline
semiconductor materials, amorphous semiconductors and highly
disordered non-metallic glassy systems[95-99]. Generally, it is believed
that Urbach energy (Eu) is a measure of total electronic disorder present
in the system and scales with temperature and structural disorders
(structural disorder induced by defects, vacancies, static strain fields,
doping) etc.[103]. Earlier, various efforts have been made by many
research groups in order to explain the behaviour of Ey, its functional
form as a function of temperature (T) and structural disorder (X)
[95,98,180,181]. The said tail states are very important from practical
applications such as the improving electronic properties, improvement in
absorption spectra in solar cells[100] and broadening of the emission
spectra in light emitting devices etc.[101]. The major contributing

factors which influence the values of Urbach energy arises from
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presence of structural disorder, inhomogeneity due to compositional
fluctuation, thermal disorders and anharmonicity[99,102,119]. The
contribution due to thermal disorder can be considered as very small and
could be treated as constant at given temperature in the case of doping
dependent measurements. In addition to thermal disorder the anharmonic
terms do not have significant involvement at room temperature[120].

Apart from this, in case of orthoferrites the octahedral breathing
mode disorder is expected to modulates mainly the asymmetric Fe-O-Fe
stretching frequencies through the variable M-O bond distance[82].
However, the tilt angle disorder arises due to change in the octahedral tilt
angles also affects the total disorder present in the system. Thus, it is
clear that the structural, compositional, chemical and thermal disorder
contributes to the tail part of the optical absorption spectra and affects
the total value of Urbach energy. Raman spectroscopy (RS) is a widely
used fast, effective and non-destructive spectroscopic tool to explore the
crystal structure as well as phononic disorder[120]. The exact
quantification of these disorders is not easy only by using such optical
absorption spectroscopy techniques. For this purpose the combined
synchrotron x-ray diffraction (SXRD) and Raman measurements could
be useful, as these data have information on the relative change in the
value of octahedral tilts and anharmonicity in Raman modes.

Thus, keeping in view of the potentials of these experimental
techniques to probe the crystal structure and total disorder, a
comparative study have been presented here. One of the major outcomes
of the present work is the broadening in the Raman line shapes is mainly
due to temperature independent term structural disorder. Moreover, a
systematic correlation between crystallographic strain, Raman line
width, disordered parameter (o) and Urbach energy has been observed,
which implies that structural disorder affects phononic as well as
electronic states of the system. To the best of our knowledge, such
correlation between structural disorders, phonon disorder and Urbach
energy Ey was not available in the literature. Present study would be
useful to understand the variation of electronic disorder and phononic

disorder with structural strain and density of disordered phonons.
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4.2 Experimental detail
4.2.1 Structural characterizations

The structural phase purity of the prepared samples has been
investigated by SXRD technique using ADXRD beamline BL-12, at
Indus-2, the Indian synchrotron source. All the experiments were
performed in angle-dispersive mode using a Huber 5020 diffractometer
and with beam energy of 15 keV [152,182].
4.2.2 Diffuse Reflectance Measurements

Room temperature and temperature dependent variation of
electronic disorder in terms of Ey of prepared samples has been
estimated using diffuse reflectivity measurements. These measurements
have been performed in the 190 nm to 800 nm wavelength range using
Cary-60 UV-VIZ-NIR spectrophotometer having Harrick Video-
Barrelino diffuse reflectance probe[120].
4.2.3 Raman measurements

The Raman measurements were carried out on prepared pellets
samples by using LABRAM HR dispersive spectrometer equipped with
a 633 nm excitation laser source and a CCD detector in backscattered
mode. For temperature dependent Raman measurements THMS600
stage from Linkam having accuracy 0.1 K was used[120].
4.3 Results and discussion

This section is divided into five subsections. The variation of
structural parameters has been discussed in detail in the first subsection.
Further in second subsection, the room temperature Raman scattering
results has been analyzed. In the last three subsections, a systematic
correlation between the Raman line width, Urbach energy, compressive
strain and disorder parameter have been demonstrated.
4.3.1 Structural studies

Figure-4.1(a) shows the SXRD pattern of all synthesized
polycrystalline Cr-doped PrFeO3; samples. The obtained x-ray diffraction
data has been refined considering orthorhombic structure having space

group Pnma [102,171]. A comparison of experimental & the calculated
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diffraction data and the absence of any extra peak in the diffraction data
confirm the structural phase purity of the prepared samples. It is clear
from the inset of figure-4.1 (a) that the peaks shift towards higher 26
values with increase in Cr content, indicating the decrease in lattice
parameters/compressive strain with inclusion of Cr doping. In order to
understand the effect of Cr doping on the structural distortions
particularly in terms of octahedra tilts, the lattice constants were used to
find the distortions along (100) and (001) axes of basic cubic perovskite
structure based on the formalism reported by Warshi et al.[183]. In
Glazer’s notation the octahedra tilt of Pbnm system is expressed as a'a’
¢” or in pseudocubic settings it is known as rotations by angles 0, ¢, and
@ around the (110), (001), and (111) axes, respectively. In order to
probe the said tilt angles SXRD data has been carefully analyzed. The
tilt angles 6 [110] and ¢ [001] are related to the lattice parameters
as[183,184]:
0 = cos™(a/b), ¢ = cos™(V2alc), (4.1)

where a, b and c¢ are the lattice constants of orthorhombic unit cell.
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Figure-4.1: SXRD patterns of the prepared series of samples. Inset (a)
illustrates the increase in FWHM of XRD peak with Cr concentration.
Inset (b) shows the shifting of XRD peaks towards higher 20 values
with increase in Cr content, indicating the decrease in lattice

parameters with inclusion of Cr doping.
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From systematic variation of lattice parameters octahedral tilt angles 6
and ¢ has been estimated and are provided in figure-4.1 (b). It can be
seen from the figure that the average tilt angle decreases with the
inclusion of Cr, which could be attributed to the increase in the stability
and tendency towards the more symmetric structure. These results are in

excellent agreement with the reported literature[44,82].
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Figure-4.1(b): The variation of octahedral tilt angles as a function of

Cr doping.
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Figure-4.1(c): The variation of crystallographic strain as a function of

Cr doping in PrFeOs estimated by using William son hall method.
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The variation of lattice parameters and Fe-O bond lengths is already
discussed in the Table-1 of chapter-2. A systematic decrease in lattice
parameters (see Table-1) is consistent with the fact that the ionic radii of
Cr¥*(0.61 A) is smaller than Fe*" (0.64 A)[169,171]. The systematic
decrease in the values of Fe-O bond lengths clearly suggest the
compressive strain induced with inclusion of Cr doping which has been
further quantified by Williamson-Hall plot as shown in figure-4.1(c).

4.3.2 Raman spectral Analysis

PrFeO3 has orthorhombic distorted structure having 24 Raman-
active modes which decompose into (7Ag + 7Big+ 5 B2gt+ 5Bsg), 25
infrared-active modes (7 Biu + 9 Bau + 9 Bsu), 8 inactive modes (8 Au)
and 3 acoustic translational modes (1 Biu + 1 Baut+ 1 B3u)[185,186]. The
Raman spectra for prepared series of samples are shown in figure-4.2
(@). An increase in the overall Raman line width (corresponding to
phonon mode ~340 cm™) has been observed with inclusion of Cr clearly
indicating the scaling of Cr induced structural disorder with Cr
concentration. Further, the generation of a new phonon mode at ~510
cm™ is clearly evident from figure-4.2 (a), which could be either due to
structural phase transition with doping or Cr induced structural disorder
[186-189]. The variation in the FWHM of phonon mode corresponding
to 340 cm™ is shown in figure-4.2 (b).

It is well known that in AFeO; type of systems, the observed
Raman spectrum is basically dominated by FeOg octahedral vibration
modes [186,190]. The spectral features are clearly evident in figure-4.2
(@). The modes between or around 400-500cm™ and 600cm™ are
assigned to bending/Asymmetric stretching (AS) and symmetric
stretching (SS) of FeOg octahedral Raman modes respectively [190,191].
It should be noted here that Raman mode that appears around 620 cm™
in AFeO3 type of systems is assigned to SS of FeOg octahedral Raman
modes and becomes harder with doping [190,191]. Therefore, its
appearance at higher wave number is quite reasonable due to Cr
substitution at Fe site. Raman spectrum for prepared series of samples is

shown in figure-4.2 (a). It is clear from the figure that in Cr doped
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samples Raman peaks shifts to higher wave number region, clearly
indicating the blue shift/compressive strain/hardening behaviour. Here, it
should be noted that symmetric broadening of Raman peaks is
essentially controlled by crystallographic strain[185,186]. However,
anti-symmetric broadening of Raman line shapes could be due to
interaction of electrons/excitons with phonons[192]. In the present case,
symmetric broadening (Raman line shape having single mode of
vibration i.e. 340 cm™) in Raman line shapes has been observed with Cr
doping which clearly indicates the increase in crystallographic strain

after inclusion of Cr®* ions at Fe site.
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Figure-4.2 (a): The Raman spectrum for prepared series of samples.
An additional band generated at around 510 cm™ whose intensity goes

on increasing with increasing the Cr content is a direct indication of

increase in structural disorder with incorporation of Cr doping.

4.3.3 Systematic correlation between the structural disorder and
Urbach energy

Now, if we recall the variation of Urbach energy in chapter-2,
there is a scaling of Urbach energy with Cr-substitution. Apart from this,
the systematic broadening in Raman line width and FWHM of x-ray

diffraction peak follow the similar trend with Cr-substitution, which
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suggest that SXRD/Raman line width and Urbach energy are dominated
by a common factor. Hence, it might be possible to separate the effects
of structural, compositional disorders from those of anharmonic effects,
later.

which will be discussed

These results suggest that the
crystallographic disorder affects phonons as well as electronic states of
the system. In order to understand the physical significance of the
various broadening contributions discussed above, it is useful to make a
comparative study between electronic disorder term Ey and Raman line
width. Such comparative study allows us to find the correlation between
densities of tail states, structural disorders and anharmonic effects

probed by Raman spectroscopy.
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Figure-4.2 (b): The systematic correlation between Raman line width
(Raman mode having single mode of vibration 340 cm™) and Urbach

energy as a function of Cr content.

It is important here to note that both PrFeO3; and PrCrO; have
orthorhombic structure and have 24 Raman active modes[185,186];
hence, from Raman spectrum it’s not easily possible to differentiate the
orthorhombic and any other space group. However, any change in the
spectrum with incorporation of doping is expected to be either due to a

structural phase transition or it can also be treated as disordered phonon
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modes [187-189,193]. It is clear from the figure-4.2 (a) that with Cr
doping an additional mode is generated at around 510 cm™ and intensity
of this mode increases with increasing the Cr doping.
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Figure-4.3: The Raman spectrum for pure and irradiated bulk
PrFeQOs. The scaling of Raman line width with irradiation of Laser
pulses clearly indicates the locally induced structural disorder. Inset
(a) of figure clearly signifies the increase in the structural disorders
after higher irradiation/exposed time. The shifting of Raman modes
(inset (b)) to lower wave-number side signifies the expansion of
material due to irradiation.

As discussed in earlier section, the generation of new mode in Raman
spectra with Cr doping can be due to structural disorder [187,188] or due
to symmetry breaking [189,193], SXRD studies do not show any new
peak due to symmetry breaking as no new peak in the diffraction patter
appears or existing peak disappears even at much higher values of 20
where the resolution of the system is much higher. Hence, it appears that
the formation of new Raman mode in the Raman spectra is possibly due
to structural disorder [118,187,188]. Present results are in well
agreement with earlier reports[187,193-196]. In order to further confirm
the appearance of Raman mode around 510cm™ is due to the structural

disorder; laser irradiation has been carried out on pure PrFeO3 samples.
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The used laser parameters are listed in the Table:

Laser KrF Excimer
Wavelength 248 nm
Energy density 2J/cm?

Rep rate 2 Hz

It is important here to note that various researchers have used
laser and irradiation to produce the structural disorder[118,187,188,197].
Figure-4.3 shows the effect of laser irradiation on the Raman spectra of
pure PrFeOs. Interestingly the relative intensity ratio of disorder peak
(around 510cm™) increases after laser irradiation. Further change in the
relative intensity of AS and SS mode (as indicated in figure-4.3) indicates
that the bending or asymmetric stretching of FeOg octahedral modes are
highly sensitive to structural disorder which is consistent with earlier
studies[118,190,195,198]. From the inset (a) of figure-4.3 it is clearly
evident that further laser irradiation leads to huge structural disorder as
evident from increase in the intensity of disorder peat at 510cm™.
Additionally, scaling of Raman line width with irradiation of Laser
pulses clearly indicates the locally induced structural disorder, which
further leads to change in relative intensity ratio of AS and SS FeOg
octahedral modes similar to Cr doping. A significant red shift due to
irradiation is clearly visible from inset (b) of figure-4.3. This shifting of
Raman modes to lower wave-number side signifies softening of AS/SS
FeOg¢ octahedral modes, indicates expansion of material (or tensile
strain) due to irradiation. At this point it should be noted that according
to Raman selection rules, PrFeOs exhibit 24 first order Raman active
modes and Fe does not contribute in scattering due to presence of
inversion symmetry. However, structural disorders (defects and
impurities) can destroy the inversion symmetry of FeOg octahedra which
in turn may result to formation of additional mode at 510cm™. Similar
phenomena was previously observed in case of centro-symmetric NaCl,

Kl and KCI crystals[125,126]. From this discussion, it can be concluded

86



that the generation of new Raman mode at around 510cm™ with Cr
doping is due to structural disorder and represents the disordered phonon
mode and not a symmetry/structure change.

4.3.4 Discussion on cationic disorder:

Additionally cationic disorder has been studied and estimated value of
disorder parameter ¢ [189,199] is shown in figure-4.4. It is well known
that disorder due to ionic size mismatch between various ions at the
same crystallographic site influences the transport properties of
materials[199]. Average cation size and cation disorder are known to
affect the electronic as well as magnetic properties of highly correlated
oxides[200].

0.012 | -@- PrFe;_xCryO3 0]
£ 0.010-
&
T O
o
©0.008 1
S
2
0]
0.006 1— : : : . . .
0.05 0.10 0.15 0.20

Cr Content (x)

Figure-4.4: The variation of disorder parameter (o) as a function of Cr

content in PrFeOs.

Cation disorder at B-site (6°) in this ABO3 system can be calculated by

standard deviation of the average ionic radii[199,200].
(62=<r1i> —<1r5>?%) (4.2)

Here in case of Cr-doped PrFeO; The cation disorder parameter ¢ scales

with the Cr content as illustrated in figure-4.4 and has been understood
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in terms of modification of strain and on-site potential fluctuations due
to difference in the ionic radii and atomic numbers of Fe and Cr.

4.3.5 Some Additional Remarks and Quantification of different kind

of disorders

As discussed in the earlier sections optical absorption
spectroscopy have a potential to probe the total disorder present the
system. However, in order to quantify the different kind of disorders
(structural, thermal, compositional, chemical etc.) are not possible only
through the optical absorption spectroscopy techniques. The octahedral
breathing mode disorder modulates mainly the asymmetric M-O-M (Fe-
O-Fe) stretching frequencies through the variable M-O (Fe-O) bond
distance[82] and the corresponding changes can be reflected in Raman
Spectroscopy. Similarly the change in the tilt angle and the
corresponding tilt disorder, however, affects the lower frequency FeOg
liberation-type modes of Ay symmetry[45]. In order to probe the said tilt
angles SXRD data has been carefully analysed. The tilt angles 6 [110]
and ¢ [001] are related to the lattice parameters as[183,184]:

0 = cos™(a/b), ¢ = cos(v/2alc),
where a, b and c are the lattice constants of orthorhombic unit cell.

From systematic variation of lattice parameters (which is
consistent with the fact that the ionic radii of Cr*(0.61 A) is smaller
than Fe** (0.64 A)) octahedral tilt angles 6 and ¢ has been estimated and
are provided in figure-4.1(b). It is clear from the figure that with increase
in Cr doping 6 and ¢ decreases systematically, which is well
conformance with earlier report on similar ferrite system[82]. The
disorder due to variation in tilt angle disorder affects the lower frequency
soft modes of Ay symmetry. Figure-4.5 represents the low frequency
mode of Ay symmetry in magnified view. It is clear from the figure that
with inclusion of Cr doping corresponding mode shifts slightly to lower
wave number region. The detail analysis of this mode suggests that the
FWHM of this peak also increases which could be responsible for tilt

angle disorder, in the present case the percentage change in the FWHM
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(with respect to the pure PrFeO3; samples) is found to be increasing with

Cr doping.

i —o— PrFeq.4CryO3

=l

=

=

ot

8

2

2 —o— x=0.20

-lqé _ —— X=0.15

- —— x=0.10
I x=0.05
i —o— X=0

270 280 290 300 310
Raman shift (cm'l)

Figure-4.5: The variation of soft mode of Ay symmetry modes in

magnified view.

The evaluation of results shows the linear relation between the
vibrational frequencies of soft Ay modes and the octahedral tilt angles.
However, direct probing of tilt angles are chronically not easy to probe
directly, because it requires in depth synchrotron radiation diffraction
experiments or neutron diffraction experiments. Our results clearly
suggest the linear relation of tilt angles with soft Ay modes; hence, it
seems that Raman spectroscopy could be an appropriate tool to probe the
lattice distortions and slight changes in octahedral rotations.

However, disorder in octahedral breathing modes modulates
mainly the asymmetric Fe-O-Fe stretching frequencies through the
variable Fe-O bond distance. A systematic decrease in Fe-O bond length
has been observed, whereas Fe-O-Fe bond angles increases with Cr
doping. The variation of Fe-O bond length and Fe-O-Fe bond angles is
consistent with earlier reports[120,171]. These parameters affect the
asymmetric M-O-M stretching mode (AS) as illustrated in figure-4.2 (a).

It seems that AS mode shifts towards higher wave number, which could
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be due to compressive strain induced with Cr doping (due to decrease in
Fe-O bond lengths). Hence, it seems that Raman spectroscopy could be
an effective tool to quantify the different types of disorders.

In order to quantify the weightage of octahedral/polyhedral tilt
angle disorder and octahedral breathing mode disorder (i.e. disorder due
to the presence of two different M-O bond lengths) (i.e. Cr-O and Fe-O
bond length) percentage change in FWHM for corresponding Raman
modes has been estimated. The percentage change in Raman mode (Bgsy)
around 340 cm™ is found to be 27% with respect to PrFeO3z which could
be the involvement due to the presence of two different Cr-O and Fe-O
bond length. However, the percentage change in Raman mode
corresponding to soft Ay mode/octahedral tilt angles is found to be 7%
with respect to parent sample which could be considered as the
involvement due to tilt angle disorder. The values of said disorders have
also been estimated from the corresponding shifts in the peak positions.
It has been observed that the contribution due of octahedral breathing
mode disorder is ~4 times larger than that that of the tilt disorder. Hence
the value of the total Urbach energy will have involvement from the said
disorders accordingly (assuming the linear contributions from each

disorder).

In order to estimate the possible impact of anharmonic terms,
temperature dependent (TD) Raman spectroscopy measurements were
carried out on 20% Cr doped PrFeO3; sample. Figure-4.6 (a) illustrates
the temperature dependence of Raman shift in temperature range 120K
to 300K. A significant red shift to lower wave-number side is clearly
visible, signifies expansion of material (or tensile strain) due to
temperature. In order to estimate the effect of anharmonic terms
variation of Raman FWHM (corresponding to Raman mode at 340 cm™)
as a function of temperature is fitted with Balkanski model expressed
as[120,201]:

T(T) = T(0) + A[1 + 5 — ]
exp(an‘T)—l

(4.3)
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where term T(0) in the model is corresponding to temperature
independent terms such as compositional fluctuations, structural defects,
inhomogeneity contribution etc. A is related to the anharmonic

coefficients for three phonon processes.
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Figure-4.6: Temperature dependent Raman spectra for 20% Cr doped
PrFeO; (a), whereas the variation of FWHM of Raman mode at 340

cm™as a function of temperature is depicted in figure-(b).

91



Here, in the present study we have not considered the four phonon
process due to the reason that the involvement of anharmonic terms is
small even at room temperature and becomes less significant at low

temperatures.

Figure-4.6 (b) presents the variation of Raman line width as a
function of temperature with fits to Balkanski model. The term T(0)
(=17.01 cm™) is temperature independent term (attributed to structural
disorders) have significant contribution, whereas, A7 (6cm™) and
anharmonic involvement is considered as negligible. These results are

well conformance with the earlier reports[119,202].

As discussed in earlier sections that all Ey measurements have
been carried out at 300K, hence it can be assumed that thermal disorder
IS approximately constant. This statement seems meaningful since the
weightage of anharmonic terms is almost constant up to room
temperature. In addition to this this statement appears to be justified as
there exists no substantial variation in Debye temperature even with 20%
Ni doping in similar ortho-ferrite LaFeO3[203,204]. Thus, the
contribution due to thermal disorder may be treated as constant. Hence,
it can be concluded that the systematic scaling of Urbach energy,
broadening in Raman line width and FWHM of x-ray diffraction peak
are dominated by a common factor i.e. structural disorder.

From this discussion, it is clear that at room temperature the
major contributing factor in Urbach energy is due to structural disorders.
In order to understand this context in details high temperature optical
absorption spectroscopy and Raman measurements were carried out.
Here, it should be noted that increase in random vibrations of atoms with
temperature would leads to create thermal disorder as clear from OAS

analysis (depicted in figure-4.7).
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Figure-4.7: The variation of Urbach energy as a function of

temperature for 20% Cr doped PrFeOs.

Since Raman spectroscopy is a powerful technique to probe the
thermal/structural disorders and possible signature of such disorders is
essentially lies in spectral width of Raman line shapes. The increase in
Raman line width with temperature is depicted in Figure-4.6 (b). It is
clear from the figure that Ey varies in similar trend as the Raman line
width increase, clearly indicating the affection of temperature on
phonons dynamics as well as on electronic states of the system. The
scaling of FWHM of Raman line width and Urbach energy follows the
same trend, i.e. the systematic variation with temperature is dominated
by a common factor. However, at high temperatures anharmonic
influence significantly contributes to the both terms. The similar
variation of electronic disorder term and Raman FWHM is due to
increase in random vibrations of atoms with temperature as discussed in
earlier literature brief[99,194,201,202].

In additional, Raman spectra (shown in figure-4.2 (a)) the mode

around 660 cm™ consists very less intensity in the parent PrFeOs,
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whereas this peak gains intensity in mixed combination of both Fe and
Cr at the B-site, could be due to enhancement in orbital mediated
electron—phonon  coupling  (EPC)  with inclusion of Cr
doping[82,129,205]. However, due to lack of such coupling in PrFeOs,
the mode around 660 cm™ gains very less intensity. This mode is
attributed to be due to in phase Fe-O stretching/breathing
vibrations[82,129,206,207]. The possible origin of enhancement in
intensity of such stretched modes is the charge transfer between the Fe®*
(d°) and Cr** (d® through an orbital facilitated e-ph interaction
mechanism[82,129,205]. At this juncture, it should be noted that d° and
d® electronic configurations does not support such orbital mediated EPC
due to absence of highly interacted half-filled eq levels in both transition
metal ions. However, when a photon having energy equal to or greater
than charge transfer (CT) energy gap between transition metals ions (i.e.
Fe>* and Cr®" in present case), an electronic transition takes place from
Fe>* to Cr*" ions leaving them in a highly coupled configuration (d*-d*).
The increase in such super exchange interactions with inclusion of Cr
doping clearly suggests the enhancement in the magnetic
interactions[82,129,205]. From this discussion, it seems that Raman
spectroscopy could be used as an alternate characterization technique for
predicting the magnetic properties and small variation in the octahedral
tilt angles, this need to be further investigated. Also, the evaluation of
these results suggests that these samples can be used as a model

compound to understand the electron-phonon coupling in detail.
4.4 Conclusion

In conclusion, extent of electronic disorder Ey is quantified in
terms of octahedral breathing mode disorder, tilt angle disorder, thermal
and contributions due to anharmonic terms. Present results clearly
suggest the linear relationship of tilt angles and soft Ay modes. Hence, it
seems that Raman spectroscopy could be an appropriate tool to probe the
lattice distortions, slight changes in octahedral rotations etc. An

additional band observed in Raman spectra around 510 cm™ has been
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understood in terms of structural disorder produce by Cr doping.
Moreover, a systematic correlation between crystallographic strain,
Raman line width, disordered parameter, and Urbach energy has been
observed, which implies that structural disorder affects phonons as well

as electronic states of the system.
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Chapter 5
Orbital facilitated charge transfer originated
phonon mode in Cr substituted PrFeOs;: A

brief Raman study

In recent years, Raman spectroscopy has been widely used to probe the
vibrational properties of mixed Fe-Cr based RFeO; systems and the
properties is believed to be responsible for various physical properties
of these materials. The origin of strain induced disordered Raman
modes have been discussed in the previous chapter. Here, the present
chapter the origin of orbital facilitated new Raman mode in
orthorhombic perovskite PrFe;«CriO3; has been investigated using
resonance Raman spectroscopy and first principle DFT calculations.
Results reported here are published in the literature*.

*Kumar et. al. J. Raman Spectrosc. 10 (2020) 5894,
https://doi.org/10.1002/jrs.5894

5.1 Introduction

The importance of electron-phonon interaction has been
epitomized in colossal magneto-resistance (CMR) observed in
manganite’s with Jahn-teller (JT) active ions[81,106]. It is well known
that in the case of manganite’s, orbitons can be excited in Mn ions
having JT configuration (d* electronic state)[81] through JT polaron
hopping mechanism. The presence of JT distortion in Mn** results in the
splitting of ey orbital into states with lower energy which produces the
potential to be minimum. The altering in the potential traps the electrons
in that orbital, known as self-trapping, which increases the lifetime long
enough for it to interact with lattice distortion[82]. However, the
presence of said coupling and its consequence in the JT inactive
materials has not been explored so far in detail. Electron-lattice

dynamics plays a very important role to realize the phenomenon of CMR
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in rare earth-transition metal oxides[106] and the correlation between the
structural, magnetic and orbital ordering is very important to realize the
orbital facilitated charge transfer (CT) mechanism, which is the base for
the EPC[82,106].

In the case of doped PrFeOs; new Raman modes have been
observed and some experimental efforts have been made earlier by some
research groups to understand the origin of these phonon
modes[44,127,128]. For example the Raman mode around 550 cm™ has
been attributed to be due to strain induced structural disorder[44] and the
mode at around 660 cm™ predicated to be due to orbital mediated charge
transfer between two transition metal ions[129] but there exist no
unanimous consensus amongst the scientific community about the origin
of the this Raman mode. It is important here to note that the generation
of new Raman mode in Raman spectra could be attributed to various
factors such as orbital mediated EPC[129], symmetry breaking[44],
strain induced structural disorder[44] etc. However, high-resolution
synchrotron x-ray diffraction studies investigations on these samples
suggest that there is no signature of change in the structural symmetry
with Cr substitution[44]. Hence, the occurrence of new phonon mode at
around 660cm™ cannot be due to the change in structural symmetry. In
addition to this, the generation of the said new phonon mode in distorted
perovskites has been discussed in detail based on the orbital mediated
charge transfer and Franck-Condon principle[208,209]. It is important
here to note that the generation of this Raman mode due to orbital
mediated lattice rearrangement is not allowed for the atomic
arrangement having orthorhombic symmetry as per the selection rules of
group theory for orthorhombic system[210]. Recently, J. Andreasson et
al.[208,209] studied the Franck-Condon higher-order lattice excitations
in LaFe;xCrO3 system and attributed the possible origin of Raman
mode around 660cm™ to orbital mediated Fe to Cr charge transfer
effects. However, strong evidence through rigorous experimental and
theoretical investigations is needed to be established and to prove the
origin of the above-mentioned Raman mode.

Keeping the above in mind, the present study is aimed to
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understand the origin of Raman mode arising around 620 cm™ (in
PrFeOs) and 660cm™ (in Cr-substituted PrFeOs). To be best of our
knowledge, Jahn-teller (JT) compounds such as manganite’s are known
to exhibit electron-phonon coupling mechanism through JT polaron
hopping mechanism[106,150]. However, the presence of above-
mentioned coupling in JT inactive compounds would be very interesting
to explore. Therefore, Cr-substituted PrFeO3 has been prepared by the
wet chemical method[171,211] and the interplay between the electron
dynamics and lattice has been studied in the same. One of the important
outcomes of the present investigations is that both Fe** and Cr®" ions are
JT inactive and no JT coupling is expected in parent compounds.
However, in the samples having mixed Fe and Cr ions, it seems that the
lattice rearrangement takes place through the orbital mediated electron
transfer from Cr** to Fe®" ions with the shining of a photon with energy
equal to charge transfer gap, which is further supported by first-principle
calculations, experimental resonance Raman spectral analysis, optical
absorption and valence band spectroscopy measurements[171] carried
out on as prepared and vacuum annealed samples. Thus, by using the
different techniques, a possible mechanism for orbital mediated electro-
phonon coupling in PrFe; «CrO3 system is provided here.
5.2 Experimental details

The synthesis of PrFe; «CryO3 samples has been achieved by the
citric acid route method. The details of the synthesis method had been
discussed in chapter-2. The crystalline phases of the prepared samples
were identified by synchrotron x-ray diffraction (SXRD) at BL-12 using
the Indus-2 synchrotron source[44,171]. The Horiba Raman micro
spectrometer is attached to two air-cooled solid-state laser Kits, at 532
nm, 785 nm and a He-Neon gas laser having excitation wavelength 633
nm was used to probe the vibrational properties of prepared samples[44].
The optical properties have been studied by optical absorption
spectroscopy (OAS) experiments in the wavelength range 200-800
nm[65,66,212,213]. Valence band spectroscopy measurements were

carried out to investigate the effect of Cr substitution on the density of
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states near the Fermi level. Excitation of monochromatic He-1 line from
SPECS (UVS 300) source has been used to study the valence band of the
prepared samples at the experimental station of angle-resolved
photoelectron spectroscopy (ARPES) beamline BL-10 with a SPECS
Phoibos 150 electron energy analyser with base vacuum ~ 7 X 10™!
mbar at Indus-2 synchrotron source [171].

5.2.1 Theoretical details

In the present study, first-principle calculations were carried for
25% Cr-substituted PrFeO3; sample by using a full-potential linearized
augmented plane wave (FP-LAPW) method within the framework of
density-functional theory as implemented in WIEN2k package[127,214—
216]. The experimental values of lattice parameters and Wyckoff
positions extracted from the refinement of x-ray diffraction data have
been used for first-principle calculations with strong Coulomb
interaction (GGA+U) U= 3 eV for Fe and U= 2 eV for Cr was taken into
consideration to simulate the density of states (DOS). A super-cell of
size 2x1x1 containing 40 atoms was used to generate the DOS for the

present system.

5.3. Results and discussion

This section is divided into five parts; first part presents the
structural characterizations using synchrotron Xx-ray diffraction
experiments. In the next four parts, a detailed investigations on the
orbital mediated charge transfer originated Raman modes have been
presented using Raman scattering, valence band spectroscopy and first
principle calculations.

5.3.1 Structural studies

The structural phase purity of the prepared samples has been
examined using synchrotron x-ray diffraction (SXRD) measurements
and the details of various structural parameters are provided in the

Table-1. Further, the values of Goldschmidt structural tolerance factor

defined as: t = —4=0_

N (where; Ra-0 and Rgo are the average Pr-O and
B-0

Fe-O bond length respectively) has been estimated to understand the
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structural parameters in detail. For this purpose, the SXRD data have

been refined considering the Pnma space group.
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Figure 5.1: The Synchrotron x-ray diffraction for prepared series of
samples (a). The variation of tolerance factor and octahedral tilt

angles as a function of Cr content is depicted in figure-(b).

Figure-5.1 represents the estimated values of Goldschmidt structural
tolerance factor, which scale systematically with Cr content, indicating
the increase in the stability and tendency towards the more symmetric
structure i.e. the values of Goldschmidt structural tolerance factor is

approaching towards 1 and Fe-O-Fe bond angles towards 180° with Cr
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substitution. Apart from this, the average tilt angle has been
estimated[183,184] from the variation of unit cell parameters. It can be
seen from the figure-5.1 that the average tilt angle decreases with the
inclusion of Cr, which could be attributed to the increase in the stability
and tendency towards the more symmetric structure. These results are in

excellent agreement with the reported literature[44,82].
5.3.2 Effect of Cr-substitution on Raman line shapes

Figure-5.2 represents the Raman spectra using 633 nm excitation
laser acquired at room temperature. It is now well accepted that the
samples experiencing compressive strain undergo a blue shift of Raman
mode and the same is clearly visible in the present case, as shown by the
blue rectangle in figure-5.2. This systematic blue shift is attributed to the
decrease in the Fe-O bond length with increasing the Cr content, which
is in good agreement with the variation of Fe-O bond length as shown in
Table 1. At this point, it should be noted that the Raman mode (arising
around 660 cm™) shifts towards higher wavenumber (as shown by the
blue rectangle in figure-5.2), whereas, the soft Ay modes (as shown by
the black rectangle) show the redshift with Cr substitution. As discussed
by Weber et al.[186], soft Ay modes at lower wavenumber are governed
by the variation in the octahedral tilts and the red shift with Cr
substitution could be attributed to the reduction in the orthorhombic
distortion. The possible reason for orthorhombic distortion present in
these RFeOj3 oxides is ascribed in terms of the difference in the size of
rare-earth ions and transition metal ions. These effects further distort the
FeOg octahedra in terms of tilting and rotation in order to fulfil the extra
space present around R ion[82,217]. It is interesting to note that the
increase in the values of Fe-O-Fe bond angle parameters (see Table 6.1
in chapter-2) with Cr content suggests the decrease in deviation from the
ideal value of 180° and the systematic reduction in the octahedral tilt
angle with doping is in excellent agreement with the linear relationship
between the soft A; Raman modes and tilt angle. In addition to this, two
new phonon modes are visible at ~510 cm™ and ~660 cm™. The

generation of new phonon mode arising around 510 cm™ has been
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understood in terms of strain-induced structural disorder due to Cr
substitution[44].
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Figure 5.2: The Raman spectrum for prepared series of samples by
using laser having excitation wavelength 633 nm. Dark black
rectangles represent the red shift in soft A; modes, whereas dark blue

rectangles show the blue shift with doping.

Also, the origin of Raman mode around 620 cm™ in PrFeQs is related to
the oxygen defects. However, with strong experimental and theoretical
evidences the origin of 620 cm™ in PrFeO; and 660 cm™ in mixed Fe-Cr
systems has not been done so far in available literature. To understand
this in detail, first principle calculations, OAS and valence band
spectroscopy measurements have been done on the prepared series of

samples and will be elaborated in detail in the next sections.

5.3.3 Density functional theory, optical absorption spectroscopy and

valence band spectroscopy analysis

To deeply understand the origin of Raman mode arises around
620 cm™ in PrFeO; and 660 cm™ in mixed Fe-Cr system, the first-
principle calculations on 25% Cr substituted PrFeO3 sample were carried

out and corresponding partial dos is depicted in figure-5.3. It is well
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known that metal-3d states and O-2p states generally contribute to the
band gap in these ABO; type transition metal oxides?**4. The

overlapping between these states gives rise to the separation of energy

bands.
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Figure 5.3: The spin up (a) and spin up (b) total and partial density of

states for Cr substituted PrFeOs.
From the figure-5.3, the band gap of 1.49 eV can be clearly seen,

which separates the occupied density of states (DOS) of Cr close to
Fermi level and unoccupied DOS of Fe atoms centred around 2 eV.
Apart from this, it can be evident from the inset of figure-5.3 that, Cr-tyq
states contribute near the Fermi level in PrFe;«CrOs. The energy

difference of centre of Cr-tyq band from the Fe- tog band is about ~2.1 eV
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and the probability of electronic transition between these bands is
maximum, which is in excellent agreement with the formation of exciton
line shape in optical absorption spectra as shown in detail in chapter-3
(figure-3.5). Hence, the observed mechanism can be realized in terms of
charge transfer from Cr-tyq band to Fe-tq band with the absorption of a
photon having energy of the order of ~2 eV. It is evident from the inset
of figure-5.3 that, Cr states contribute near the Fermi level in PrFe;.
xCrxOs.

The formation of Cr states near Fermi level has been further
confirmed experimentally by performing the Valence band spectroscopy
measurements on some of the prepared series of samples. The detail
about the Valence band spectroscopy has already been discussed in
chapter-3. In the case of semiconducting oxides, the intensity at the
Fermi level is negligible, which is consistent with the present results.
However, the systematic increase in the intensity of feature near E; (as
shown in the inset of figure-3.5 of chapter-3) suggests that Cr states

dominate near the Fermi level in PrFe;«CryOs.

From this discussion, it can be concluded that Cr states are
formed about 0.1 eV below the valence band maxima and the density of
these states systematically scales with Cr concentration as clear from
experimental VBS results. Therefore, the probability of CT from Cr**-
0?%-Fe*" is maximum instead of Fe**-0%-Cr®" transition with shining a
photon of energy ~2eV. Hence, the origin of aforesaid Raman mode
could be related to the transfer of charge from Cr®-0%-Fe**. The
mechanism for the generation of Raman mode around 660 cm™ could be
related to the orbital mediated lattice rearrangement due to excitation of
electrons from Cr¥* to Fe*" and leaving them in d*-d® (Cr**-O%-Fe?")
configuration. The interactions of these configurations are different from
Cr¥*/Fe**, which further couples with the intrinsic breathing mode and
activates the Raman mode[219]. The schematic representation of orbital

mediated Franck-Condon (FC) scattering is shown in figure-5.4 (a&Db).
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Franck Condon mechanism for mixed Fe-Cr system
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Figure-5.4 (a): The Franck-Condon picture for mixed Fe-Cr systems.
The orbital mediated charge transfer from Cr** to Fe** after leaving

them in Cr** and Fe®" state respectively is depicted in figure-(b).

It is based on the idea that when electrons are promoted to an
excited state having very short-life time, atomic nuclei do not change its
position during this short interval as clear from figure-5 (a). When the
electronic excited state has a lifetime analogous to the atomic vibration

period, then the nuclei can readjust its positions to achieve a new total
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energy minimum so-called lattice relaxation. The orbital mediated FC
scattering principle applies to a case, where light excites an electron to
the excited state and could have a sufficiently long lifetime for a lattice
relaxation[220]. It is interesting to note that the electric field component
of light acts as a perturbation within the context of quantum mechanical
perturbation theory in this scattering. If the lattice distortion is
sufficiently large, then this should result in generation of new modes in
the Raman spectrum. The relative intensities of new originated Raman
modes contain the crucial information of lattice distortion and permit
these modes to be distinguished from other modes having different

origins.
5.3.4 Effect of vacuum annealing

As discussed in earlier sections, the present investigations are
aimed to understand the possible origin of Raman mode arising around
620 cm™ in PrFeO; and 660 cm™ in mixed Fe and Cr system. The
generation of these Raman modes are not allowed for the normal Pnma
space group as per the selection rules of group theory[210]. The
evaluation of results infers that the intensity of this Raman mode in
PrFeO; has a direct relationship with the presence of oxygen
stoichiometry, the extent of disorder/local lattice imperfection etc.,
which might be responsible for the presence of strongly interacting eq
electrons and Raman mode around 620cm™ in PrFeO;[82,215]. To
deeply understand the origin of this mode in PrFeO3, the samples have
been annealed in vacuum for 10 hours at 1000°C. Figure 5.5 (a) and (b)
represent the compared Raman spectra for polycrystalline vacuum
annealed PrFeO; and PrFeo70Cro3003 samples recorded at room

temperature respectively.
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Figure-5.5: The Raman spectrum for as prepared and vacuum

annealed PrFeO; by using laser excitation wavelength 633 nm. The

disappearance of Raman mode around 620cm™ after vacuum

annealing suggests the origin of this mode is related to oxygen

Stoichiometry (a). No observable changes have been observed for 30%

Cr substituted sample as represented in figure 6(b).
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Interestingly, the absolute intensity, positions and Raman line
width of Raman modes below 600 cm™ remain similar after annealing in
vacuum, while these properties for the Raman mode at around 620cm™
change drastically after annealing in vacuum for PrFeOs;. Hence, it
seems that this mode does not relate to the normal Raman modes of
orthorhombic structure having space group Pnma. The evolution of
results seems meaningful because of the reason that normal space group
modes are insensitive to external conditions such as annealing
temperature. For transition metal oxides, it is well known that self-
trapping of electronic excitations would result in the instigation of
Franck Condon scattering. Generally, the self-trapping is facilitated by
hybridization between the metal-3d and O-2p orbitals and d*
configuration seems to be necessary for the appearance of Franck
Condon scattering in these oxides[219]. Therefore, the presence of
Raman mode around 620 cm™ in PrFeO; could be attributed to variation
in oxygen stoichiometry/d* configuration. However, for PrFeg.70Cro 3003,
no significant changes have been observed after vacuum annealing,
which strongly reveals that the origin of Raman mode around 660 cm™ is
not related to the above-mentioned lattice imperfection or oxygen
defects. The detailed analysis of the aforesaid mode will be elaborated in

the following sections.
5.3.5 Effect of excitation wavelength on Raman modes

Further, to shed more light on the orbital mediated charge
transfer mechanism, resonant Raman scattering experiments were
performed on pure and Cr-doped samples. Raman spectra for vacuum
annealed PrFeO; and Cr-substituted PrFeO; sample using different
excitation wavelength sources (532 nm, 633 nm and 785 nm) strongly
support the CT speculation and the representative data is given in figure-
6.6 (a) and (b) respectively. The wavelengths 532 nm and 633 nm are in
the range of optical band gap and d-d transitions[129,209], where
resonance can be expected[44,82,129]. The presence of oxygen defects,
the extent of disorder/local lattice imperfection etc., in as prepared

PrFeOs; would results to self-trapping of electrons, which increases the
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lifetime long enough for electrons to interact with lattice distortion and
results to formation of Raman mode around 620 cm™ in those samples
having laser excitation energy is comparable to CT gap. Apart from this,
the lattice rearrangement through photon irradiation can take place by
CT from Cr** (d®) to Fe** (d°) ions and leaving them in d-d° (Cr**-O%-
Fe?") configuration[129]. The Coulomb interactions of this configuration
are different from Cr**/Fe**, which further couples with the intrinsic
breathing mode and activates the new Raman mode. This can be
understood as follows: In the case of semiconducting materials, the
transition of electron from valence to the conduction band is modeled as
follows[221,222]:

v-0) = Cvoe p() p(Ve) (5.1)

where nw-c) IS a rate of transition of electron from valence to
conduction band, Cy_.c is a constant of proportionality (for given energy
®), p(w) is the density of photon having frequency ® and p(Vg)
represents the density of electron in top of the valence band. The
absorption coefficient (Cyc) is ideally zero for photon energy; E < Eq (Eq
is charge transfer gap), which scales with the photon energy E[108,215].
From the equation-1, it is clear that with increase in the energy (Cv_.c)
and density of photon (p(w)), the rate of electronic transition scales
systematically. It is interesting to note that by exciting a particular
Raman mode, electron—phonon interactions even induce metal-insulator
transitions and changes in the magnetic order[130], which makes these
phenomena’s further very interesting. At this point, it is important here
to note that with changing the laser excitation energy penetration depth
also changes, which contributes to the change in the relative intensity of
phonon modes. The intensity of modes related to the normal Pnma space
group is stronger for 785 nm and 633 nm excitation than 532 nm, which
is in good conformance with the weaker optical absorption at higher
wavelengths and large penetration depth. However, relative intensity (of
Raman mode around 660 cm™ and Ay mode around 300 cm™) is scaling

with the Cr concentration, which strongly suggests the dominating factor
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is the distortion/lattice rearrangement related to the CT and effect of
penetration depth can be ruled out.

Vacuum annealed PrFeO, samples [ PrEen +nCrn anO ) — 785 nm

@ ——s32nm| | L 0707703073 —633nm

. —=— 633 nm = —532nm
2 ——785nm|
c >
] .
. o]
Qo [
3 s
> 2
— (%2}
G 5
= —— =

400 50 600 700 200 400 600 800
Raman shift (cm™) Raman Shift (cm™)

Figure-5.6: The resonance Raman spectrum for as prepared PrFeO;
(a) Cr substituted PrFeO3 (b) by using different excitation

wavelengths.

From this discussion, it can be concluded that the origin of
Raman mode around 620 cm™ in the vacuum annealed PrFeO; is
attributed to the oxygen defects, the extent of disorder/local lattice
imperfection etc. However, in the case of mixed Fe-Cr samples, the
fundamental excitation is generated by strong orbital facilitated electron-
phonon interactions activated according to the Franck Condon picture by
a photon-induced transfer of an electron from an Cr to an adjacent Fe
ion. Present results demonstrate the case of selective phonon mode
excitation and the magnitude of the observed Franck Condon scattering
should prove useful for fundamental studies of the relation between
global and local effects in correlated systems in general and electron-
phonon interactions in particular, as well as for the study of transient
phenomena such as electron—phonon interactions induced metal-

insulator transitions, changes in the magnetic interactions etc[130,131].
5.4 Conclusion

A detailed investigation on the origin of orbital facilitated
electron-phonon coupling has been done in orthorhombic perovskite
PrFe;xCryOs. The presence of mixed Fe-Cr ions would instigate the

orbital mediated electron-phonon coupling mechanism due to transfer of
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charge from Cr** to Fe** ions. The systematic increase in the absolute
intensity of Raman mode arising around 660cm™ suggest that the
probability of charge transfer is maximum for the highest Cr substituted
sample, which is in conformance with the Resonance Raman scattering
results. Another important and intriguing aspect of present work is the
absence of eq electrons seems to be responsible for the non-presence of
Raman mode around 620 cm™ in vacuum annealed PrFeQs;. The
presence of strongly interacted ey electrons in as prepared PrFeO3z would
results to self-trapping of electrons, which increases the lifetime long
enough for electrons to interact with lattice distortion.
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Chapter 6
Role of Pr atoms delocalization on the
natural and magnetic field induced polar

order in PrFeysCrys0;

The controversial discovery of ferroelectricity in RFeO3; [Kuo et al.,
Phys. Rev. Lett. 113, 217203 (2014)] and mixed Fe-Cr based
orthorhombic (Pnma) perovskites, [Yang et al., Physical Review B 101,
014415 (2020)] inspire further investigations on these strongly
correlated systems. Here, in this chapter, we studied the possible origin
of natural and magnetic field induced polar order near room
temperature in PrFegsCrosO;  using  temperature-dependent
synchrotron  x-ray diffraction, P-E measurements, Raman
spectroscopy and Compton scattering experiments. The present results
show a significant contribution in understanding the ferroelectric
polarization and progress in search for new room temperature

magneto-dielectric materials.
6.1 Introduction

As discussed in the earlier chapters that the search for new
materials that exhibit magneto-electric coupling has become the need of
the day, which increases the possibility of scheming RT based novel
devices. The development of silicon-based tiny integrated circuits has
open new avenue for research in the direction of exploring new materials
for various electronic applications [5-8]. Nowadays, research is focused
on developing new tiny as well as energy- efficient electronic devices
and replacing the conventional electronic circuit elements. The efforts
are now being made to develop spin-based electronic devices and in

these directions perovskite oxides are of great interest[3,5,6,12].
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In this work, we focus on the PrFeqsCry503 ceramic, and its end
members i.e. both PrFeO3; and PrCrOs; crystallize in orthorhombic
structure along with the space group Pnma[12,223-225]. Earlier,
astonishing efforts have been made by various research groups to
understand the multi-ferroic properties of these
compounds[33,39,226,227]; however, the origin of natural and magnetic
field-induced polar order in these materials is not clear so far in the
available literature[14,15]. It is now well accepted that the presence of
unpaired transition metal d-electrons and rare earth f-electrons in these
RFe/CrO; oxides is responsible for the existence of the coupling
between two magnetic sublattices[40]. It is reported that the exchange
striction between rare earth and Fe/Cr moments would result in
ferroelectricity in these materials below magnetic ordering temperature
(Tn1). Recently in SmFeOg, ferroelectric features have been reported
below Tni (670 K)[36], which is completely surprising as it would
require R ion moments ordering at very low temperature (<15 K).
Therefore, the exchange striction mechanism cannot solely explain the
cause of polarization observed at high temperatures. The anisotropic
interactions between R and Fe®* ions may play important role in
inducing the net dipole moment in these oxides. Bhadram et al.[37]
reported that the spin-phonon coupling plays an important role in
stabilizing the polar order in RFe/CrO3 oxides. Therefore, there has been
an intense debate on the exact origin of ferroelectric order in these
oxides. Hence, the probing of local structure would be very important to

understand the observed new class of ferroelectricity in these materials.

It is worth noting that the magnetic ordering temperature in these
orthoferrite oxides can be tuned to room temperature and the strength of
magneto-dielectric  coupling is maximum around transition
temperature[138,228]. The magnetic ordering temperature (Ty1) for the
parent PriFeO3; sample is 700 K and for PrFegsCrps03, Ty IS near room
temperature[32]. Therefore, it could be possible to tune the orientations
of spins by applying very small magnetic field by means of magneto-

striction. Further, the demands of high-performance and multitasking
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micro-electronic devices that can store, share information in an easier
and faster way motivate scientists for searching the new materials with
multi-functional properties for reading, writing and data sharing
processes[2,3].

Keeping the above in view, temperature-dependent (TD) Raman,
synchrotron x-ray diffraction, neutron Compton scattering experiments
and dc magnetization measurements were performed to investigate the
origin of the natural and magnetic field-induced polar order in
PrFeosCros03. The careful analysis of neutron Compton scattering data,
TD and magnetic field dependent Raman data strongly demonstrates an
increased magnitude of delocalization of Pr** ions in the presence of the
Cr in the lattice at room temperature which seems to be one of the
important contributing factors for the observed ferroelectric behavior in
PrFeosCros0s. The present investigations suggest that Cr** substitution
at Fe** site in ortho-ferrites would scale the possibility of magneto-

dielectric coupling for scheming RT based novel devices.
6.2 Sample characterization techniques used

6.2.1 Structural characterization

The structural phase purity of the prepared sample has been
confirmed by performing the synchrotron x-ray diffraction (SXRD)
facility at Indus-2 Indian synchrotron radiation source at beamline (BL-
12) using Huber 5020 diffractometer. The beam energy used or the
measurements was 15keV. A resistive heater was used for heating the
sample. Measurements were performed in 0-20 mode. The x-ray
wavelength used in the present study is 0.756 A and was accurately
calibrated by measuring the XRD pattern of NIST LaBg standard sample.
The SXRD data has been refined by considering the space group
Pnma[223,229]. The one to one fit of experimental data with the fitted

data clearly suggests the prepared sample is in single phase.
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6.2.2 P-E experiments

The TD polarization vs electric field measurements have been
carried out using the ferroelectric loop tracer system of Radiant
Technologies (Precision multiferroic test system). In order to perform
the dielectric measurements, the obtained powdered samples were
pelletized to circular pellets at high pressure of ~20 ton. These pellets
were sintered in air at 1200 'C for 24 hours and then coated with silver
paint on both sides to make a parallel plate capacitor.

6.2.3 Magnetic Measurements

To understand the magnetic ordering temperature and spin
reorientation temperature in PrFeysCros03, temperature-dependent dc
magnetization measurements have been performed using a magnetic
property measurement system (MPMS, Quantum Design, U.S.A.) in 500
Oe magnetic field and temperature ranging from 5 K to 310 K[230].

6.2.4 Temperature-dependent Dielectric measurement
The temperature-dependent (TD) dielectric experiment has been
performed by using precision impedance analyzer (Wynne Kerr 65120B)

with oscillator voltage of +1 volt[21].

6.2.5 Temperature and magnetic field dependent Raman
experiments

The temperature and magnetic field dependent vibrational
properties of prepared samples have been studied by using LABRAM
HR dispersive spectrometer equipped with 633 nm excitation laser
source[66,212,229,231-233]. The TD Raman measurements have been
carried out using THMS600 stage from Linkam having accuracy of the
order of 0.1 K[229].

6.2.6 Inelastic and deep inelastic (Compton) neutron scattering

experiments

Neutron Compton scattering (NCS) and inelastic neutron

scattering experiments were performed at VESUVIO[234-237] and
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TOSCA[238-243] inverted geometry spectrometers, both located at the
ISIS neutron and muon spallation source at the STFC Rutherford
Appleton Laboratory in Harwell, Oxfordshire, UK. The VESUVIO
measurements of PrCrO3 and PrFeqsCros03 samples were carried out at
T=300K and at T=10K, whereas the TOSCA measurements at T=10K,
The powder samples were placed into flat aluminum cells. The cells
were assembled out of two flat (one front and one backside) walls, each
of cross-section of 64 square centimeters, fully exposed to the incident
VESUVIO neutron beam when placed perpendicular to its direction. The
general setup of VESUVIO was described elsewhere [234-237]. The
raw NCS data were corrected for multiple scattering effects in a self-
consistent manner according to the established and widely used
protocol[237]. During all subsequent steps of the NCS data correction
protocol the technique of ‘stoichiometric fixing” was applied, whereby
the ratios of the integral scattering intensities of peaks present in the
NCS spectra recorded in the TOF domain were constrained to be equal
to the ratios of the products of the total bound scattering cross sections
and the number of moles of the respective nuclei per formula unit of the

compound under consideration[237].
6.3 Results and discussion

6.3.1 Temperature dependent PE measurements

An important goal of the present study is to understand the origin of
natural and magnetic field-induced polar order in PrFeosCros03. To
explore this in detail, temperature-dependent PE measurements were
carried out and the representative PE plots at different temperatures are
displayed in figure-6.1. A discernible hysteresis loop has been observed
below 280 K in PrFey5Cro503, which might be due to the presence of net
dipole moment in the sample. The observed values of polarization are
very small but exactly similar loop for these samples have been reported
to be due to ferroelectricity in literature[10,11,27,38]. It is important
here to note that the observed natural PE may have extrinsic origin but

keeping in view the various reports published[ [9,10,11,27,38], we
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presumed that the observed hysteresis is attributed to the intrinsic
ferroelectricity. Naveen et al.[244] explained the observed polar order in
terms of distortion of R** ion due to R-Cr exchange field. Bhadram et
al.[27] reported that the presence of spin-lattice coupling plays a critical
role in persuading the ferro-electric polarization. Hence, probing of the
local structure of these compounds would be very important to
understand the observed new class of ferroelectricity in these materials.
The SXRD experiments (see figure-6.3) carried out on the prepared
samples is best fitted by centro-symmetric Pnma space group, which is
not compatible with the emergence of natural ferroelectricity in this
sample and the observed polar order cannot be explained in terms of
displacement of Fe/Cr ions or non-centrosymmetric structure as in the
case of classical ferroelectric materials[9]. It is reported in the literature
that this observed polar may have a magnetic origin[38,40]. Therefore,
to get more insight into this phenomenon, TD magnetization
measurements have been performed and will be elaborated in detail in

the next sections.
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Figure-6.1: The variation of the remnant hysteresis loops at 280 K (a)

and 100 K (b). The ferroelectric loop was absent at 300 K and

emergence of loop around 280 K may have a magnetic origin.
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6.3.2 Temperature dependent Magnetization measurements

Figure-6.2 represents the TD magnetization under the FC (field
cooled) and ZFC (zero-field cooling) mode with H = 500 Oe. It can be
seen from the figure that PrFeqsCros03 exhibits three obvious magnetic
transitions at temperatures; Tn1=280 K, Tn2=140 K, Tn3=10 K. The
possible origin of these magnetic transitions may arise due to the
presence of several magnetic interactions like Pr-O-(Fe/Cr), Pr-O-Pr, Fe-
O-Cr, Cr-O-Cr, Fe-O-Fe. It should be noted here that in PrCrO3, Pr-O-Pr
and Cr-O-Cr interactions take place at <10 K and 140 K respectively,
whereas in PrFeOs, Fe-O-Fe and Pr-O-Pr interactions take place at 700
K and <10 K respectively[115]. Here in this section, the possible reasons
for the increase in the magnetization values at 280 K followed by spin
reorientation (160 K) will be discussed in detail.
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Figure-6.2: Temperature dependence of the dc magnetization variation
for polycrystalline PrFeq50Cro5003. Inset corresponding to Ty; and Ty
represents the magnetic transition and spin reorientation temperature.

At low temperature ascribed as Tys is attributed to the ordering of Pr®*

ions.
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The two possible reasons for the alteration in the values of Ty
are (i) structural distortion induced by the inclusion of Cr doping (ii)
dilution of the Fe/Cr-O-Fe/Cr antiferromagnetic exchange interactions.
The structural distortion arises due to the difference in ionic radii of Fe**
(0.645 A) and Cr** (0.615 A), which may affect the super-exchange
interactions and results in systematic altering in the values of Ty;. Apart
from this, the weakening of Fe/Cr-O-Fe/Cr super-exchange interactions
with the inclusion of Cr** ions could be better described by Good -
Kanamori (GK) rule[245] in the terms of interactions between two

adjacent transition metal ions with virtual charge transfer.

According to GK rule, the Fe**-O-Fe** interactions are
antiferromagnetic due to the reason that m-bonding formed by the three
half-filled tyy electrons and o-bonding formed by two half-filled eq
electrons interacts through the super-exchange interactions, which
follows the Hund’s rule and are antiferromagnetic in nature[113,115].
However, the incorporation of Cr at Fe site would result in a
ferromagnetic component apart from the antiferromagnetic interactions
in filled tyy orbitals. The interplay between the ferromagnetic and
antiferromagnetic interactions in PrFeqsCrosO3 may result to altering in
the values of Tyz. In addition to this, the observed variation in Ty is
consistent with the molecular field theory. According to this theory, the

correlation between Tyand J is defined as[246]:

- P (6.1)

k~ 2zS(S+1)

where, k is Boltzmann’s constant, z is the nearest neighbor’s number
i.e.= 6 for RFeOs; J is the strength of super-exchange interaction
between nearest-neighbor ions, S=5/2 and 3/2 for Fe**and Cr** ions
respectively. The calculated values of J for PrFeO3 (18.42 K) is greater
than PrCrO3 (9.43 K), which indicates the dilution of strength of super-
exchange interaction with the inclusions of Cr doping and results in the
decrement of the values of Tyi. It can be mentioned here that the
antiferromagnetic ordering temperature for PrFeO3 is around 700 K[115]

and with the incorporation of 50% Cr doping, Ty reaches to near room
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temperature (RT). Hence, Cr** could be the best choice to replace Fe** in
order to achieve superior magnetic properties. The advantage of Cr**
substitution at Fe®" site is that the Tn1 can be achieved near RT, which
scales the possibility of magneto-electric coupling and developing RT
based novel magneto-dielectric devices[113,115].

Apart from Ty, there is a peak in M-T data assigned as Tng,
which corresponds to the spin reorientation (SR) transition. Such
transitions in RFe;xCriO; (R= rare-earth atom) system arises due to
complex exchange interactions between R*" and Fe**/Cr** ions[115]. It
is worth noting here that the Ty, for parent RFeOs; is of the order of 50
K, however with the inclusion of Cr-doping[115], it systematically
scales up to 150 K. The SR transition observed in these samples is
attributed to transformation of high-temperature T, (GxAyF,) phase to T
(FxCyG;) phase observed at low temperatures[40]. The spin reorientation
transition in PrFeO; takes place due to the domination of Pr**- Fe®*

% interactions. The

interactions over the antiferromagnetic Fe**- Fe
inclusion of Cr** ions at Fe** site dilutes the Fe**-Fe®* interactions and
Pr¥*- Fe**/Cr** interaction enhances, which may result to increase in Tnz
for Cr substituted samples [40]. The transition Tys is basically attributed
to the magnetic ordering of rare-earth atoms. It is well accepted that
around the magnetic transitions region, the alignment of spins produces
strain in the material by means of magneto-striction, which causes a
distortion in the lattice and thus magnetic ordering couples to phonon
modes[113,115]. In order to confirm the same, TD Raman scattering
experiments were carried out and will be elaborated on in detail in the

following sections.
6.3.3 Temperature dependent x-ray diffraction measurements

The Synchrotron x-ray diffraction data (SXRD) is depicted in
figure-6.3 followed by Rietveled refinements. The coexistence of PE
hysteresis and spin-lattice coupling (SPC) around 280 K strongly reveals
that SPC could be a crucial factor, which may have a connection with

the observed polar order as discussed in the earlier sections. To further
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confirm  the centrosymmetric/non-centrosymmetric ~ structure,
temperature-dependent x-ray diffraction experiments were carried out
for the PrFeosCros03 sample in the temperature window of 40—350 K
followed by the Rietveld refinement. The x-ray diffraction data is best
fitted by centrosymmetric Pnma space group (see figure-6.3(b).) in the
given temperature range, which strongly reveals that the observed
ferroelectricity is not attributed to the displacement of Fe/Cr ions as in
the case of well-known classical ferroelectric BaTiOs. Hence, it seems
impossible to probe the non-centrosymmetry experimentally might be
due to a small deviation from the centrosymmetric structure. Further,
from the refinements, the lattice parameters and average Fe-O bond
lengths have been estimated as shown in figure-6.3(c) &(d))
respectively. The lattice parameters and average Fe-O bond lengths
systematically scales with the temperature, which is related to the
inherent anharmonicity of the bonds. Also, an unusual cusp-type
anomaly in the lattice constant and Fe—O bond lengths around the spin
reorientation (150 K) and magnetic transition temperature (280 K) have

been observed which, could be attributed to the presence of strong SPC.
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Figure-6.3: The temperature dependence of x-ray diffraction for
PrFeosCros03 (a), Figure-(b) and (c) represents the representative
Rietveld refined x-ray diffraction data by considering the Pnma and
Pb2:n space group at 40 K respectively. Inset in the figure represents
the quality of fitting. Figure-(d) shows the variation of lattice constants
as a function of temperature. The anomalies corresponding to spin-
reorientation and magnetic ordering temperature region suggest the
presence of strong spin-lattice coupling. Figure-(e) represents the

variation of average Fe-O bond lengths as a function of temperature.
6.3.4 Temperature dependent Raman measurements

It is well established that Raman spectroscopy (RS) can be
employed as a microscopic tool to examine the changes in the structure,
EPC, spin-phonon coupling, presence of defects, orbital mediated charge
transfer. etc.[17, 24-26]. The group theory analysis for the Pnma space
group suggests the 24 Raman active modes with four formula unit per

unit cell ascribed as:

The Raman spectrum pertinent to PrFegsCrps0O3 as a function of

temperature is depicted in figure-6.4.
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Figure-6.4: The temperature dependent Raman spectrum for

PrFeosCros03 sample.

The detailed analysis of the Raman modes has been done in
earlier chapters and is not discussed here. It is now well accepted that RS
has a potential to investigate the structural changes and magnetic
ordering with temperature[12,138]. The non-appearance/disappearance
of any Raman mode in TD Raman spectra indicates the absence of any
structural symmetry in the temperature range 90-300 K. Further, to get
more insight about the effect of magnetic ordering temperature and spin-
reorientation temperature on the phonon modes, Raman shift and full
width at half maxima (F.W.H.M.) have been plotted and is depicted in
figure-6.5(a&b). The anomalous behavior in Raman mode position and
F.W.H.M. around the Tyn; and Ty have been observed, which could be

attributed to the presence of very high SPC across these temperatures.

124



696

'—O- Fe-O Symmetric stretching mode
| Magnetic ordering. ' (a) |
695 temperature region

694 [Spin reorientation E

693_— (H){;} |
SR ity

Raman shift (cm'l)

______

100 150__ 200 250 300 350
Temperature (K)

—(5— R"am'an iine'width S é
— Fitted data /
20 F é .
< | (b) /
:
e
S
=18+ .
=
e
©
04

100 150 200 250 300 350
Temperature (K)
Figure-6.5 (a): The Raman shift for the Byy (7) mode and Fe-O
symmetric stretching Raman mode as a function of temperature.
Figure-(b) represent the variation of Raman line width for By (1)

mode fitted by Balkanski model.

Kumar et al.[138] discussed the variation of Raman shift with
temperature and the aforementioned shift is attributed to these factors

ascribed below:
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W(T) - W(O) = AWlattice + AWsp—ph + AVvanharmonic

where w(0) corresponds to the Raman shift at 0° K, Aw;gice gives the
involvement of lattice volume contribution, Awg,_,,is the SPC
contribution and Awg,narmonic FEPresents the anharmonic terms
contribution respectively. The term Aw;geice represents the volume
contribution and can be considered as negligible[138]. Therefore, the
observed changes in Raman modes with temperature may arise due to a

combination of anharmonic terms and SPC contribution.

Further, the anharmonic term contribution has been estimated by
Balkanski model expressed as[138,229]:

T(T) =T(0) + A[1 + 2 (6.2)

exp(hwi)—l]

2nkT.

Where, T(0) is the Raman F.W.H.M. at 0° K, A (anharmonic coefficient)
represents the contribution due to higher-order terms for three phonon
processes. The dependence of Raman line width with temperature has
been fitted by using the Balkanski model and from the estimated values
of A (6 cm™) below 280 K, it can be concluded that the anharmonic
terms contribution is negligible, which is consistent with the earlier
reported literature[138,229]. The deviation of Raman F.W.H.M. of By
(1) with temperature can be seen from figure-6.5 (b), which suggests the
presence of strong SPC around the magnetic transition temperature
regions. Apart from this, the deviation of experimental data by fitted
Balkanski model[247] data below Ty; indicates the presence of another
dominating factor than anharmonicity. Hence, it seems that the main
contributing factor for the anomalies observed in TD Raman shift and
FW.H.M. is due to the presence of SPC, which may have direct
correlation with the observed magneto-dielectric coupling near room

temperature and will be elaborated in detail in the following sections.
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6.3.5 Effect of Magnetic field on Raman line shapes at 290 K

To understand the intrinsic origin of magneto-dielectric coupling,
magnetic field dependent Raman measurements has been carried out at
290 K. The detailed analysis of phonon modes for orthorhombic
structure with space group Pnma was presented in our recent
publications[12,127]. It is now well accepted that the samples which
experience tensile strain undergo a red shift of Raman modes, which, in
the case of the system under investigation, is further attributed to the
increase in the Fe/Cr-O bond length. The Raman mode arising around
690 cm™ is related to symmetric stretching of the Fe/Cr-O bonds,
whereas the soft Ay modes at lower wavenumber have a direct
connection with the octahedral tilting. Figure-6.6 (a) represents the
magnetic field dependent Raman spectra. It can be clearly seen that
Raman spectra for PrFeo sCro 503 are highly affected by the applied small
magnetic field. However, no significant changes have been observed for
the parent PrFeO3; sample (seefigure-6.6 (b)), which reveals that SPC
plays a crucial role for the observed magneto-dielectric coupling. The
Raman mode attributed to symmetric stretching vibrations of FeOg
octahedra (690 cm™ mode) shows the softening behavior or magneto-
expansion with field, which reveals that Fe/Cr-O bond length is strongly
affected by the magnetic field. The soft Ay modes at lower wavenumber
also show a similar behavior, which could be attributed to the variation
in the octahedral tilts with magnetic field as suggested by Kumar et
al.[12]. In addition to this, the enhancement in intensity of symmetric
stretching vibrational mode (690 cm™ mode) can be seen from the
figure-6.6 (a), which could be explained in terms of enhancement in the
super-exchange magnetic interactions by charge transfer from Cr* (d°)
to Fe®" (d°) ions[12]. It is reported in literature that the contribution of
SPC in polarization (P) can be given as, P = AZ*M(T)/w(T)? where w is
the frequency of the phonon mode, M is the magnetization and AZ is the
effective charge[33]. This term arises due to the significant contribution

of SPC effect to the polarization.
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Figure-6.6 (a): The variation of Raman spectra as a function of
applied magnetic field in PrFeysCros03. Inset of the figure represents
the spin-phonon coupling induced magneto-expansion effect with the
application of magnetic field. Figure-6.6 (b) represents the variation of
Raman spectra as a function of applied magnetic field in PrFeOs.
Therefore, the variation in Raman shift with applied magnetic
field could have a direct connection with the induced polarization. Apart
from this, the B,y (1) Raman mode arising around 160 cm™ is related to
the displacement of Pr** ions[113]. It is clear from the figure-6.6 (a) that

a Raman spectrum for PrFeysCrosO3 is highly affected by the applied
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small magnetic field (100-300 Gauss), which an indirect signature of
magneto-electric is coupling even at room temperature. It should be
noted here that the signature of magneto-electric coupling is completely
missed in PrFeOs; as depicted in figure-6.6 (b). Hence, it can be
concluded that Pr** ions in PrFeOs are highly localized, whereas, with
the inclusion of Cr substitution, Pr®* ions get delocalized and would
contribute significantly to magneto-electric coupling. The distortion of
Pr** ion due to Pr-Fe/Cr exchange field seems to be responsible for the
displacement of Pr** ion i.e. the polyhedral formed around Pr** ion is no
more centrosymmetric and results to produce a local dipole.

6.3.6 Possible origin of Pr atoms delocalization as a function of
temperature and its role in natural and field induced polar order

To understand the possible origin of delocalization of Pr atoms
and its role in the natural and magnetic field induced polar order, the
magnetic field dependent Raman scattering experiments as a function of
temperature have been performed by applying a very small magnetic
field (30 Gauss). It is worth mentioning here that the applied magnetic
field was so small that it does not lead to any change in the Raman
spectra at RT. The corresponding Raman spectrum at 90 K with the
application of magnetic field is depicted in figure-6.7 (a&b). It can be
seen from the figure that the visible Raman shift of the order of 2 cm™ in
the low wavenumber Raman mode (160 cm™) has been observed at 90
K, whereas no significant changes in all other Raman modes
corresponding to Fe (>400 cm™) vibrations have been observed as clear
from the figure-6.7 (b). It is important to note here that the Raman
modes below 400 cm™ are attributed to the heavier Pr atom vibrations
and the deviation of only these modes with applied magnetic field
reveals that the large values of 4¢ (a detailed discussion is given in
section 3.9) at low temperatures have a direct relationship with the
displacement of Pr atoms. Importantly in this context, the polarization
(P) is proportional to the displacement of soft Byy(1) mode[51] (i.e P =
Twieo, T IS @ constant of proportionality and wigo is the Raman shift of

the particular mode). This qualitative relation would lead to the
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following simplified expression for the magnetic field induced

polarization variation:

P(H)—P(0) o WH)-W(0)

P(0) w(0) ©3)

To get more insight into this, TD Raman shift for the (Byg(1))
(the Raman mode attributed to displacements of Pr sublattices) and
Ay(7) Raman mode by applying magnetic field was plotted in figure-6.7
(c&d) respectively. It can be seen from figure-(c) that Aw (the
difference between Raman shifts with and without magnetic field)
decreases systematically with temperature and at RT it almost vanishes,
suggesting a strong magneto-dielectric coupling at low temperatures.
Also, no significant changes have been observed in the Raman shift
corresponding to Fe vibrations (Aq(7)) with the application of magnetic
field, which suggests that the Fe atoms do not contribute significantly to
the field-induced polar order even at low temperatures. Thus, the
softening of the low wavenumber Raman modes with magnetic-field in
the PrFeosCrosO3 demonstrates the magnetic-field-induced electric
polarization by stress-mediated magneto-dielectric coupling[55], which
is consistent with the variation of Aw and Ae¢ (estimated from TD
dielectric measurements) as shown in figure-6.7 (e). These results are
excellent agreement with the results published by Rajeswaran et al. [19],
where polarization is changing systematically with the strength of the
applied magnetic field. Hence, it can be concluded that at low
temperatures, the Pr atomic delocalization has a significant contribution
to the observed polar order, whereas at RT, SPC as well as Pr atoms
delocalization seems to be responsible for the natural and field-induced

polar orders.
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Figure-6.7: The low temperature Raman spectra (90 K) related to Pr

atomic vibrations (a) and Fe atomic vibrations (b) By applying very

small magnetic field (30 Gauss). Figure-(c&d): The variation of

Raman shift as a function of temperature for B2g (1) and Ag (7)

modes respectively with the application of magnetic field for

PrFeosCros0s. Figure-(e): The variation of 4w (variation in Raman

shift with the application of magnetic field) vs Ade (variation in

dielectric constant due to the presence of hyperfine interactions).
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6.3.7 Inelastic and deep inelastic (Compton) neutron scattering

experiments

To shed more light on the delocalization of the Pr** ions, isotopic
mass-resolved neutron Compton scattering as well as inelastic neutron
scattering experiments were performed on PrFeqsCrosO3 and PrFeOs;
sample. An example of a mass-resolved NCS spectrum recorded in the
TOF domain for PrFeysCrys03 and PrFeO; at T=10K is shown in Figure
6.8 (a&b), respectively. As routinely applied for the analysis of the NCS
spectra of samples composed off heavyweight nuclei[237], the total
neutronic responses of both samples were fitted with underlying
Gaussian nuclear momentum distributions convolved with the isotopic
mass-dependent resolution functions. As mentioned in Section 2.2. (f),
the technique of ‘stoichiometric fixing’ [43] was applied in fitting NCS
spectra, which allowed for reliable fitting of the widths of the recoil
peaks despite their partial overlapping in the signals recorded in the TOF
domain (see Figure 6.8 (a&b)). Following the rule of thumb on the
inverted-geometry NCS spectrometers, the recoil peaks appear centered
at increasing values of the time of flight for the increasing masses of

individual nuclear species.
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Figure 6.8: Neutron Compton scattering spectrum for Cr- substituted
PrFeO3; (a) and PrFeO; (b), both recorded at 10K. Black points show
the sum (over all backward scattering detectors) of the recorded data.
Solid red curve indicated the sum (over all backward scattering
detectors) of the fits of the recorded data. The sum of the fits is
dissected into sums (over all backward detectors) of fits to individual
recoil lines of Pr (solid green line), Fe (solid navy blue line), Cr (solid
orange line), aluminum sample container (magenta), and O (solid blue
line).

In Figure 6.8 (a), these are the recoil peak of the oxygen, aluminum
sample container, chromium (absent for PrFeO3; — see Figure 6.8 (b))
iron and praseodymium, all Doppler-broadened by their respective
nuclear momentum distributions. The widths (standard deviations), o, of
the Gaussian nuclear momentum distributions underlying the Doppler-
broadened recoil peaks of individual nuclear species present in
PrFeo5Cros03 and PrFeOsare listed in Table 6.1.

Sample s (PN [A] o(Fe)[A] o(Cn[A"] o(0)[A"]
PrFeosCros0; 8.8+13 154+ 17 111+17 9.2%05

T=10K

133



PrFegsCros03 325+ 1.4 21.2+15 21.2+1.1 11.0+0.6
T=300K

PrFeOs; 81+11 155+1.3 8.9+0.9
T=10K

PrFeOs; 32.8+0.8 21.7+13 10.8 £ 0.6
T=300K

Table 6.1. The widths (standard deviations), o, of the Gaussian
nuclear momentum distributions underlying the Doppler-broadened
recoil peaks of individual nuclear species present in PrFeqsCry503 and
PrFeOs; (see text for details).

As can be clearly seen in Table 6.1, the widths of momentum
distributions of Pr, Fe, and O in PrFeysCros03 and PrFeOs are equal
within the single-standard deviation error level. Let us start with the
remark that, by virtue of the uncertainty principle, the narrower the
momentum distribution the wider the position distribution, and thus the
more a given species is delocalized in space[234-237]. Thus, at first
glance the praseodymium ion does not seem to get more delocalized in
space due to the presence of Cr, both at 10K and 300K. However, a
more careful inspection reveals quite marked and important differences
between the two compounds. Firstly, as a rule of thumb according to the
classical limit of quantum mechanics, the heavier the nuclear species
under consideration, the more ‘classical or localized in space’ it should
be. Thus, an expected natural progression of the widths of nuclear
momentum distributions at any given constant temperature should be
such that the heavier the species the wider its momentum distribution
gets. Conversely, the widths of nuclear momentum distributions should
be approximately equal for two nuclear species of equal masses at the
same temperature in the classical limit. As can be seen by inspection of
the results listed for T=300K for both compounds, this trend is
approximately fulfilled at 300K, where, as expected, the nuclear
quantum effects for heavyweight nuclei start to cease and the momentum

distributions become more and more similar to Maxwell-Boltzmann
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distributions of classical non-interacting particles subject to no
confinement of any local Born-Oppenheimer potential[234-237].
However, at T=10K, a completely different picture emerges. The Pr
nuclei, whose mass is approximately three times higher than the mass of
the Fe and Cr nuclei, have momentum distribution width that is roughly
fifty per cent narrower and equal to the width of the momentum
distribution of the approximately ten times lighter oxygen nucleus. In
order to provide a degree of quantitation to these trends, a new
observable, referred to as the quantum excess of the nuclear kinetic
energy (QE) [234-237] has been introduced. The QE measures the

‘quantumness’ of a given nuclear species of mass M and is defined as

QE = Equa%l . In this expression, E,. is the nuclear Kinetic energy,
C

2.2
= _32 |\j measured in an NCS experiment for a realistic system

quant

where the momentum distribution can be interpreted as a square of the
modulus of the nuclear wave function in the momentum space subject to
the local confining potential of the mean force[234-237]. Furthermore,

E, IS the nuclear kinetic energy of a classical nucleus subject to no

confining potential (and thus given by the Maxwell-Boltzmann
distribution), E, = ng . The values of the QE calculated based for all

nuclear species present in PrFeysCros03 and PrFeQOjs are listed in Table
6.2.
Sample QE (Pr) QE (Fe) QE (Cn) QE (0)

PrFeosCros03 2.7+0.06 20.53+0.24 11.39+0.26 25.67+0.08
T=10K

PrFeosCros03 1.21+ 1.34+0.01 1.40+£0.01 1.22+0.01
T=300K 0.01

PrFeOs 2.23 + 20.79+0.14 24.27 +0.25
T=10K 0.04
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PrFeOs; 1.23+ 1.37+0.01 1.17+0.01
T=300K 0.01

Table 6.2. The values of the QF variable measuring the ‘quantumness’
of individual nuclear species present in PrFeysCrys03 and PrFeO; (see
text for details).

As can be clearly seen from the inspection of the Table 6.2,
whereas the value of the QE at T=300K is ca. ten times lower than its
counterpart at T=10K for Fe, Cr and O, the value of the QE at T=10K is
only ca. two times higher compared to the QE value at T=300K for the
praseodymium in both compounds. This result signifies much more
‘classical’ character of the praseodymium in the entire temperature scale,
whereby it resembles much more a nucleus which is unconfined/not
subject to any local binding potential and thus more delocalised
compared to the other heavier nuclei such as Fe and Cr. Moreover, the
praseodymium seems to be much more classical in nature in the sense of
the QE variable at T=10K than an almost ten times lighter oxygen

nucleus.

The picture of the the delocalization of the Pr¥* ions in
PrFegsCros0O3 and PrFeOs; emerging from the careful analysis of the
NCS data is further corroborated by the INS results on PrFe;s5Cro503
and PrFeO; obtained at T=10K (see Figure 6.8 (c)). In order to
understand this result, it is worth nothing that the nuclear kinetic energy
can be interpreted as Boltzmann-population factor-weighted partial
density of vibrational states[234-237]. For a constant temperature
experiment, this interpretation means that the nuclear kinetic energy of a
nucleus is roughly given by the value of the center of the gravity of a
region of a vibrational spectrum that is dominated by the partial (atom-
projected) vibrational densities of states if this nucleus. Concretely, as
can be seen in Figure 6.8 (c), the center of gravity of the low (<400 cm™)
vibrational region of the INS spectrum of PrFeO; attributed the
vibrations of the praseodymium, and thereby the nuclear kinetic energy

of the praseodymium, is shifted to the low energy values. Moreover,
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upon doping with chromium, the center of gravity of this part of the
vibrational spectrum of PrFeysCros03 seems to shift even further
towards lower values of the energy (a marked softening of the bands
centered at 210 and 250 cm™ can be seen), thereby signaling even lower
value of the nuclear Kkinetic energy of the praseodymium in
PrFeosCros03 at T=10K. The fact that this effect of increased classical
(unbound) character of Pr upon doping of PrFeO3 with chromium is not
apparent from the NCs results may be due to the limited energy
resolution of the NCS method for this relatively heavy nuclear species.

0.0025 (c) — PrFeOg
— PrFeg 5Crg 503

10 110 210 '13io 410
wavenumber (cm™)

Figure 6.8 (c) Inelastic neutron scattering spectra of Cr-substituted
PrFeOz; (solid blue line) and PrFeO; (solid black line). The
contribution from the sample aluminum container has been
subtracted, and the resultant spectra were normalized/scaled in such a

way that the integrated area in between 10 and 4000 cm™ is equal to 1.
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6.3.8 Temperature dependent dielectric measurements

The TD dielectric measurements have been performed to
understand the presence of magneto-dielectric coupling and the
corresponding results are depicted in figure-6.9 (a) at frequency 1MHz,
It can be seen from the figure that around the magnetic ordering
temperature, a clear anomaly has been observed in the permittivity data.
Moreover, the first derivative of the (¢) versus T curve (as depicted in the
inset of figure-6.9 (a)) confirms that the anomaly taking place at about
280 K. The dielectric anomaly in the form of cusp around the magnetic
transition temperature reveals the possibility of observing magneto-
dielectric effect very close to RT. The said cusp type characteristics were
also observed earlier in GaFeO3[249] and YMnO;[250], which have
been explained in terms of the presence of magneto-dielectric effect.
Hence, the observed behavior is attributed to the antiferromagnetic
ordering from the super-exchange interactions between the Fe**/Cr**
ions. It is worth noting here that in the absence of magnetic ordering; the
dielectric constant varies similarly as in the high-temperature region
(above 280 K). However, because of the presence of internal hyperfine
magnetic field interactions below 280 K, the dielectric permittivity
below this temperature cannot follow the same trend. Therefore, the
variation of low temperature dielectric constant in the absence of zero
hyperfine magnetic fields can be obtained by extrapolating the high-
temperature window region. The difference Ae between the &, (zero field
¢ in low- temperature region) and ¢ (the experimental value of field ¢ in
low temperature region) would only be the result of magnetic hyperfine
interactions, and could be proportional to the square of
magnetization[10] i.e. 4e ~M*(T).
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Figure-6.9 (a) represents the variation of g, estimated from

extrapolating the high-temperature permittivity region as a function of

temperature, whereas the variation of 4 as a function of M? is depicted

in figure-6.9 (b). The linear variation of M? in the temperature window

150-280 K can be seen from figure-6.9 (b), however this linear
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dependence deviates around 280 K as a result of magneto-dielectric
coupling. These results show excellent consistency with the magnetic
field dependent Raman scattering experiments. Hence, it seems that the
present results show a significant contribution in searching for new RT

based magneto-dielectric materials.

6.4 Conclusion

In summary, the temperature dependence of dielectric, magnetic
and vibration properties for PrFeosCros03 has been done in detail. The
magnetic transition around 280 K has been identified by the magnetic
susceptibility measurements, whereas the anomalies in the unit cell
parameters, Raman shift and dielectric data confirm the presence of
strong magneto-dielectric and spin-lattice coupling. Moreover, the
signature of unusual negative thermal expansion has been observed
below the spin reorientation temperature region, which could be
attributed to the magneto-elastic effect due to repulsion between the
magnetic moments of neighbor transition metal ions. The origin of
natural and external magnetic field induced polar order seems to have a
direct relationship with the displacements of Pr atoms and strong SPC,
which is in excellent conformance with the result of neutron Compton
scattering experiments. The origin of magneto-dielectric coupling has
been explained in terms of rotation of spin coupled Fe-orbitals under the
influence of magnetic field as clear from the magnetic field dependent
Raman spectral analysis. As a final remark, the present study reveals that
the intrinsic magneto-dielectric effect can be realized in strongly
correlated compounds that contract/expands in response to an externally
applied magnetic field and such materials could have immense potential

applications in data storage devices.
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Chapter-7

The Magneto-elastic and Optical Properties
of Multiferroic GaFeOs.;

The most common feature observed in transition metal oxides is the
charge neutral crystal field d-d transitions, which arises due to
transition of an electron from tyy to ey orbitals. Present chapter deals
with the possible origin of d-d transitions in the optical absorption
spectra and its correlation with exciton lines shapes. It has been
observed that the presence of peak due to d-d transition is associated
with the annealing temperatures driven defects present in these
samples. Apart from this, the variation of magneto-elastic coupling as
a function of oxygen non-stoichiometry has been discussed in detail in
this chapter. The results reported in this chapter have been published

in literature®.

*Kumar et al. J. Magn. Magn. Mater. 514 (2020) 167210.
https://doi.org/10.1016/j.jmmm.2020.167210.

*Kumar et al. J. Phys. Chem. Solids. 130 (2019) 230-235.
https://doi.org/10.1016/j.jpcs.2019.03.012.

*Kumar et al. Journal of Physics and Chemistry of Solids. 135 (2019)
109102. https://doi.org/10.1016/j.jpcs.2019.109102.

7.1 Introduction

Multiferroic materials (MF) with ferroelectric and ferromagnetic
properties offer possible applications for functional devices[24-27]. The
prerequisite is a simultaneous presence of ferromagnetic and
ferroelectric orders well above room temperature. There are certain
number of materials in which ferromagnetism and ferroelectricity
coexists, but the coupling between these two properties is not always
large enough at room temperature (RT)[2]. For bulk ceramics,
combining the different ferroic orders is a tricky problem as such

properties are exclusive in most materials. Distinctly, the controlling of
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magnetization (electric polarization) through external electric (magnetic)
field i.e. the coupling between external magnetic (electric) field with
electric dipoles (magnetization) is known as magneto-electric (ME)
effect. Moreover, the magneto-electric effect is an independent
phenomenon though it may coexist along with multi-ferroicity in
specific compounds[2]. These materials exhibit coupling between
electric and magnetic properties, which are emerging as one of the
promising applications in spintronic devices, non-volatile memory
devices, sensors, actuators etc.[6,25,148,251]. The fundamental
challenge is to realize both the magnetic transition temperature (Tc¢)
close to room temperature (RT) with strong magneto-electric coupling
between the magnetic and electrical order parameters. So there are
increasing activities in search of RT magneto-electric materials. Various
approaches have been done earlier to understand the tuning of electrical,
optical and magnetic properties in the perovskite oxides around room
temperature[252—-255]. With controlling the defect density and crystallite
size, the tuning of aforementioned properties can be realized in these
oxide systems[108,127,137].

GaFeOs; (GFO) is one of the well-known multi-ferroic as well as
magneto-electric material, which has been extensively studied because
of its proposed applications and interesting physics[64,256-258].
GaFeOs is the one of the promising versatile ME material, which has
large magneto-electric coupling constant (10! s/m at 4.2)[64]. The
advantage of GaFeO3 on other MF materials such as BiFeOs, YbMnOs,
BiMnOs, etc. is that its magnetic transition temperature can be tuned
near to RT by varying Ga:Fe ratio, sintering temperature and method of
preparation, which is not the case in earlier mentioned MF materials,
where magnetic transition is either far above or very low from room
temperature[257,259]. It is important here to note that for the practical
applications high value of magneto-electric response is required which is
observed to be maximum near (Tc)[228]. Hence, the tuning of magnetic
transition temperature scales the possibility of ME coupling. Recently,
Han et al.[260] studied the effect of grain size on the magnetic properties

of GaFeO3; samples and explained that T¢ can be tuned by varying the
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Fe-O-Fe bond parameters and hence strength of magnetic interactions.
Sharma et al[261]. studied that the magnetic properties in GaFeOs are
largely controlled by the site-disorder, which is very sensitive to the
sintering temperature and method of sample preparation[261]. The
presence of such kind of site-disorder may vary the strength of super-
exchange interactions by varying the Fe-O-Fe bond parameters[261].
Thus, the possibility to tune Tc in wide limits can be achieved by
changing the chemical composition and synthesis procedure.

GaFeO3 has a non-centrosymmetric structure with four cationic sites
Gal, Ga2, Fel and Fe2 for Ga and Fe ions respectively[64,256]. The
Gal ions make tetrahedral environment with oxygen atom whereas, Ga2,
Fel and Fe2 ions occupy octahedral sites with the oxygen atom[64,256].
The distortions in the Ga2, Fel and Fe2 octahedra and non-
centrosymmetric structure of Fe-ions, there is an existence of
ferroelectric polarization along the b axis[64]. The beauty of the
structure lies in the fact that Fe ions is surrounded by oxygen ligands and
the local electric field due to oxygen leads to splitting of Fe d-levels into
tog-€g Orbitals, which is known as crystal field splitting[70,108,127]. The
crystal field d-d transitions contain crucial information related to
electron-phonon  couplings  (EPC) and local electronic
structure[117,127,215]. It is worth mentioning here that sintering
temperature (Ts) is a crucial parameter, which strongly affects the
electron-lattice and spin-lattice coupling[127,245]. It is now well
accepted that Raman spectroscopy has the potential to probe the strength
of these couplings[127,262,263]. The variation in the Raman shift as a
function of temperature generally occurs due to spin-phonon coupling
and effective lattice interaction contributions as a result of
renormalization of the phonon frequency brought out by magnetic
ordering changes alone. Further, the strength of the spin phonon
coupling in these materials is associated to the colossal magneto-elastic,
magneto-ferroelectricity, behavior, etc[228]. Therefore, it is of interest to

study the strength of spin phonon coupling, EPC as a function of Ts and
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get insight into the intriguing spin ordered coupling phenomena in
GaFeOs.

Keeping all these aspects in mind, OAS and Raman spectroscopy
experiments were carried out on GaFeOs samples sintered at different
temperatures. Using the phonon renormalization function(4dw), the
coupling strengths for all series of samples are estimated and compared.
The temperature-dependent ac susceptibility measurements were carried
out to obtain the T¢ and correlated with the Raman spectroscopic results.
The present investigations suggest that for GaFeO; the oxygen non-
stoichiometry is very suitable route to enhance the electron-lattice and
spin-lattice coupling for practical applications.

7.2 Experimental detail

7.2.1 Sample preparation

Single-phase  polycrystalline samples of GaFeO; were
synthesized by wet chemical method[264,265]. To accomplish this, the
stoichiometric amount of gallium metal was dissolved in dilute nitric
acid (60%) in order to prepare gallium nitrate. The gallium nitrate and
iron nitrate [Fe (NO3)3.H,O (99.99%, Sigma Aldrich)] were mixed in an
equimolar amount of citric acid and ethylene glycol. During this process,
citric acid acts as a complexing agent and ethylene glycol acts as a fuel.
The resulting solution was constantly stirred at 70 °C for formation of
gel network and the prepared gel was calcined in a muffle furnace for
12h at 200 °C. The calcined gel was powdered and pelletized at the
pressure of 10 tons to make the pellet. The final sintering of uniaxially
compressed pellets was done at different sintering temperatures with

heating rate 3°C/min and cooling rate of 1°C/minute for 12 hrs.

7.2.2 Structural characterization
Crystallinity and structural phase purity of GaFeO3 were ensured
using x-ray diffraction experiment with Bruker D8 diffractometer

equipped with Cu target (Cu Ko = 1.54 A), in the angular range of 20 =
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20°-80°. The obtained x-ray diffraction data were fitted by using the
Fullprof_suit Rietveld refinement package[265,266].
7.2.3 Temperature-dependent ac susceptibility measurements

The variation of ferri-magnetic transition temperature as a
function of Ts is confirmed by using temperature-dependent ac
susceptibility measurements. The low-field (4 Oe) temperature-
dependent ac-susceptibility measurements were carried out in the
temperature range 150-300 K by using Physical Quantities Measurement
System (PQMS) at frequency 1000 Hz and with temperature ramp rate 1
K/min.

7.2.4 Scanning Electron Microscopy (SEM)

To investigate the variation in surface morphology of the
prepared samples, scanning electron microscopy (SEM) studies were
carried out by using Supra-55 Zeiss scanning electron microscope.

7.2.5 Optical measurements

To investigate the effect of Ts on charge neutral d-d transitions
and exciton line shapes, optical absorption spectroscopy (OAS)
experiments were carried out in diffuse reflectance mode. These
measurements have been performed in the 190-800 nm wavelength
range using Cary-60 UV-VIZ-NIR spectrophotometer having Harrick
Video-Barrelino diffuse reflectance probe[65,66,121].

7.2.6 X-ray absorption measurements

The presence of mixed oxidation states in the prepared samples
have been confirmed by performing the x-ray absorption near edge
spectroscopy (XANES) measurements at Fe K-edge in transmission
mode and the DCM energy was calibrated using standard Fe foil at 7112
eV. All the XANES measurements were done at the BL-9 of Indus-2
synchrotron source at the RRCAT (Raja Ramanna Centre for Advanced
Technology) Indore, India[253].

7.2.7 Raman experiments
The Raman experiments for prepared GaFeO3; samples by using

LABRAM HR dispersive spectrometer with laser source having
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excitation wavelength 633 nm and CCD detector in backscattered
mode[12]. For temperature-dependent Raman experiments THMS600
stage from Linkam with accuracy of the order of 0.1 K was used[262]

7.3 Results and discussion
7.3.1 X-ray diffraction (XRD)

Figure-7.1 represents the refined x-ray diffraction data by
considering the space group Pc2:n for all series of samples. The one to
one fit of experimental data with theoretical calculated data confirms the
phase purity of prepared GaFeO3; sample. In addition to this, the XRD
peak slightly shifts towards lower 20 side with increasing the sintering
temperature, which is attributed to the systematic increase in the values
of lattice parameters. The variations of unit cell parameters as a function
of TS are listed in Table-7.1. From the Table it can be seen that Fe-O-Fe
bond angle scales systematically, whereas minute changes in the Fe-O

bond lengths has been observed as a function of Ts.
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Figure-7.1: The refined x-ray diffraction for all prepared series of
samples. The one to one fit of experimental data with calculated data

confirms the structural phase purity of the sample.
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Sintering temperature | 900 1000 1100 1200
(°C)

a (A 8.7386(4) | 8.7408(2) 8.7418(3) 8.7435(7)
b (A) 9.3823(8) | 9.3885(3) 9.3897(5) 9.3937(8)
c(R) 5.0758(3) | 5.0799(6) 5.0802(4) 5.0827(6)
Fel-O-Fe2(°) 131.22(5) | 131.43(6) 132.15(5) 133.03 (4)
Fel-O1(A) 2.361(3) | 2.361(1) 2.362(3) 2.362(7)
Fel-O1(A) 2112Q2) | 2.111(3) 2.112(7) 2.113(5)
Fel-02(R) 2.0803) | 2.080(5) 2.080(6) 2.081(7)
Fe1-03(A) 1.900(5) | 1.901(2) 1.901(3) 1.902(8)
Fel-O5(A) 1.901(2) 1.901(5) 1.902(4) 1.901(6)
Fe1-O5(A) 19725) | 1.972(2) 1.973(1) 1.973(9)
Fe2-O1(A) 2.340(1) | 2.341(3) 2.341(3) 2.341(5)
Fe2-02(A) 2.052(3) | 2.053(4) 2.052(3) 2.053(7)
Fe2-03(A) 1.933(4) | 1.934(4) 1.934(9) 1.935(2)
Fe2-04(A) 2.115(6) | 2.115(2) 2.115(4) 2.116(8)
Fe2-05(A) 1.872(3) 1.872(7) 1.872(8) 1.872(7)
Fe2-06(A) 1.982(1) | 1.982(6) 1.982(5) 1.983(2)

Table-7.1: The variation of unit cell parameters as a function of

sintering temperature. The numbers in open bracket indicates the last

digit error bar.
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It is important here to note that the structural distortion arises due to Ts
affects the strength of super-exchange interactions as explained by
Goodenough-Kanamori (GK) rule[245] in terms of interactions between
two adjacent transition metal ions with virtual charge transfer. To
understand this in detail, magnetic measurements were carried out and
detailed analysis will be elaborated in the following sections.
7.3.2 Temperature-dependent magnetic measurements

The variation of T¢ as a function of Ts is further checked by
using temperature-dependent ac susceptibility measurements. It can be
seen from figure-7.2 that T¢ scales directly with increasing the sintering
temperature. The observed changes in the Tc¢ is attributed to the
enhancement in the super exchange interaction between neighboring
Fe>* ions, which has a strong dependency on Fe-O-Fe bond angles. The
interesting feature in the form of cusp (see figure-7.2) at ferrimagnetic
transition temperature could be attributed to magnetic anisotropy[267].
At this point, it should be noted that GaFeO; is highly anisotropic
material[267] and all the cation sites are not magnetically identical. In
the case of GaFeOs, Fe ions occupied on Fel, Fe2 sites, and Ga2
octahedral sites have strong local anisotropy, but Fe ions on tetrahedral
site interact weakly with the other cations[268]. It is well known that Fe
ions on octahedral sites have the property of hard magnetic phase,
whereas the tetrahedral site Fe ion has the soft magnetic property[268].
Therefore, Fe ions in GaFeO3; have different magnetic anisotropy
energies at each cation site. Fe ions on the Gal site behave differently
from those on Fel, Fe2, and Ga2 sites. This leads to the magnetic
anisotropy in the samples under investigations. Apart from this, the
magnetic crystalline anisotropy depends on the angle between the
components of a sub-lattice’s magnetization[269] and increase in Fe-O-
Fe bond angles scales the strength of antiferromagnetic super exchange
interactions, which might be another contributing factor for the sharp
cusp in higher sintered sample. Accordingly, it is expected that with the
variation in the oxygen content of GaFeOs; nanoparticles results to
disorder in the occupation of cation sites, especially for octahedral sites,

leads to a local deformation of the lattice and is consistent with the
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variation in the angle between the components of a sub-lattice’s
magnetization. Hence, it might be expected that with the variation of

sintering temperature, there are significant changes in the cationic

distribution and magnetic properties.
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Figure-7.2: Temperature dependence of ac-susceptibility measurement
results for prepared series of samples. The scaling of ferrimagnetic
transition temperature and magnetic anisotropy can be clearly seen
from with increasing the sintering temperature.

7.3.3 Scanning Electron Microscopy (SEM)

The surface morphology and microstructure of the prepared
samples has been investigated by the scanning electron microscopy
(SEM) studies carried out for the GaFeO3 samples are shown in figure-
7.3. It is seen from the figure that the sample sintered at the lowest
temperature (900°C) possesses the small grain size, whereas increase in
Ts results to increment in grain size. The observed variation is attributed
to the grain growth at higher Ts, which leads to the decrease in voids and
porosity. The calculated average grain size calculated from Image-j
software are 0.50 um for GFO-900°C, 0.65 um for GFO-1000°C, 1.33

pum for GFO-1100°C, 3.72 um for GFO-1200°C respectively.
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Figure-7.3: The scanning electron microscopy images for GaFeOj3
sintered at 900°C (a), 1000°C (b), 1100°C (c), 1200°C (d).

7.3.4 X-ray absorption at Fe K-edge

In order to investigate the oxidation state of Fe ions in GaFeQOs,
XANES measurements were carried out. Figure-7.4(a) represents the
XANES data for all series of samples. The energies corresponding to the
absorption edge of pure Fe foil (Fe°), FeO (Fe?*) and Fe,O3 (Fe**) were
also measured and wused as standard reference for energy
calibrations[270-276]. The absorption edge of all prepared samples is
found to be at lower energy as compared to that of standard Fe** (i.e.
Fe,03), which clearly indicates the coexistence of Fe in +2 and +3
oxidation states in the prepared samples. Further, to quantify the
oxidation state of Fe, a polynomial equation has been fitted between the
oxidation state and edge energy of the standard samples[151,152] as
depicted in figure-7.4(b). Thus, the value of oxidation state of Fe for
samples sintered at 900°C, 1000°C, 1100°C, and 1200°C is found to be
3+0.005, 2.99+0.005, 2.97+0.005, 2.96+0.005 respectively. Hence, it can

be concluded that there is a significant effect of sintering temperatures
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on the oxidation state of Fe ions and oxygen stoichiometry in higher
sintered samples, which result to red shift in x-ray absorption edge.
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Figure-7.4(a): The x-ray absorption spectra at Fe K-edge for GaFeO;

samples sintered at different temperatures.

341 O Experimental data (b)
—— Polynomial fit
@
LL
G 2+
b
E Magnetic transition
2 o temperature vs
c = 2301 Fe oxidation state
L E 220 °
5 -5 A
2ol 9
0 - = 296 2.97 2.98 2.99 3.00
Fe oxidation state

7112 7116 7120 7124
Energy (eV)
Figure-7.4 (b): The polynomial fitted plot of Fe oxidation state vs Fe
K-edge energy for the standard samples. Inset represents the effect of
oxygen defects on Fe oxidation state and magnetic transition

temperature.
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Apart from this, a pre-edge feature arising around 7115 eV has
been observed, which arises due to quadrupolar allowed transitions and
its intensity has a direct connection with the non-centrosymmetry around
Fe octahedra[150]. The systematic increase in the intensity of pre-edge
feature for higher sintered samples suggests the reduction in inversion
symmetry around the transition metal atom[150]. Moreover, it has been
reported earlier that pre-K-edge features in these perovskite oxides arise
due to the strong mixing of 3d states of neighboring transition metal
atoms via strong hybridization with 2p states of intermediate oxygen,
which further causes the local distortions in the octahedra and may lead
to the reduction in inversion symmetry[150].

7.3.5 Diffuse reflectance spectroscopy (DRS)

To understand the optical properties of prepared GaFeO3 samples
as a function of Ts, OAS experiments in diffuse reflectance mode were
carried out[141,215,232,277,278]. The optical absorption spectra as a
function of Ts are depicted in figure-7.5 (a). The variation in optical
spectra with Ts is attributed to the competing effects due to micro-strain,
oxygen defects and onsite columbic interactions[137]. The importance
of the present work lies in the detailed investigations of the intensity
feature centered around 1.7eV, which results to increase in the double
exchange mediated charge transfer and magnetic interactions as a
function of Ts. In the case of ferrites, this intensity feature arises due to
transition of electron from tyy (triply degenerate) level to ey (doubly
degenerate) level of same or near neighbor Fe atom[74,135,136]. The
Fe atoms in GaFeOj3 are surrounded by the oxygen ligands, which exerts
an electrostatic force (internal stark effect) on Fe-3d orbitals and results
to crystal field splitting of Fe orbitals[127,279,280]. The scaling in the
intensity of the crystal field d(txg)-d(eg) transitions with Ts is clear from
the figure-7.5 (a) and can be realized in terms of oxygen non-

stoichiometry induced variation in oxidation state of Fe atoms.
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Figure-7.5 (a): The optical absorption spectra for GaFeO3 at various
sintering temperatures. Figure suggests the systematic scaling in the
intensity and red shift in d-d transitions. The variation of d-d
transitions width as a function of sintering temperatures is depicted in

figure-(b).

In stoichiometric GaFeOs, Fe is having d°> electronic
configuration and such transitions is expected to be spin forbidden[6],
whereas, the samples sintered at high temperatures generally show

deviation from exact oxygen stoichiometry, which leads to variation in
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oxidation state of Fe (i.e. Fe to be present in +2 or +4 oxidation
state)[127]. Fe™? and Fe™ have d* and d°® electronic configuration
respectively[108,127,137] and electron can be easily transported to the
(eg) level of same or near neighbor Fe atom[74,135,136]. The formation
of Fe*? ions with Ts scales the intensity of crystal field d-d transitions,
since the probability of electron transfer is maximum for the samples
having large deviation from oxygen stoichiometry. The schematic
illustration of spin allowed and forbidden transitions are given in
schematic-1. At this juncture, it should be noted that the presence of
spin-orbit coupling may relax the spin selection rule, however, the
intensity of spin prohibited transitions are very less than spin permitted
transitions[72,135]. In the present case, the intensity of such transitions
is much higher; which strongly suggests the possibility of spin permitted
transitions[59]. Thus, from this discussion, it is clear that the change in
the oxygen stoichiometry in higher sintered samples would results to the
intensity of d-d transition. Another interesting and important aspect of
OAS data is the red shifting of d-d transitions as a function of Ts. This
phenomenon has been realized by invoking the Tanabe-Sugano (T-S)
diagrams[281,282]. T-S diagrams theoretically predicted the position of
such transitions for samples having d°, d°, d* electronic configurations
for Fe?*, Fe**, and Fe*" ions respectively. The Fe*" ions does not show
spin allowed transitions, whereas the predicted position for Fe** (d*) and
Fe?* (d®) is around 13,900 cm™ (~1.73 eV) and 10,300 cm™ (~1.28 eV)
respectively[108,127,281]. In the present investigations, the red shift of
d-d transitions signifies the formation of Fe?* ions or oxygen vacancies
in high sintered samples. This red shift in d-d transitions is in good
agreement with the results published by Mocherela et a[280]. In addition
to this, the tuning of position of d-d transitions would be useful to realize
the oxygen vacancies, which can be a new and unorthodox approach to
understand the oxygen non-stoichiometry. Further, the width of these
transitions scales systematically with increasing the Ts as depicted in
figure-7.5 (b). To estimate the width of these transitions, the
experimental data arising around 1.7 eV has been fitted by using

Lorentzian function. As mentioned earlier, the width of such transitions
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contain important information about electron-lattice
coupling[70,71,127]. Thus, it seems that with Ts, EPC changes
significantly due to oxygen vacancies, which changes the density of
states (DOS) near to energy of d-d transitions[70,72,127]. The detailed
analysis of EPC as a function of Ts will be elaborated in next sections.

The intriguing feature around 2.6 eV is assigned as the transition
from ®A; to *A; states, which determines the strength of mixing of the
3d-states with the dipolar allowed charge transfer transitions[283].
Therefore, the feature around 2.6 eV can be assigned as a exciton line
shape, which arises due to electric-dipole allowed charge transfer
transition from ®A; to *A;. From the deeper analysis of figure-7.5 (a),
changes in exciton line shapes towards Gaussian one can be clearly seen,
which could be very interesting to realize the one to one relation
between the width of d-d transitions, excitonic band and EPC. As
discussed by Vella et al[284]., the excitonic bands provide important
information related to EPC and mobility of the excitons. For pure
GaFeOs, this band is not clear, however for high temperature sintered
samples, these lines shape transform towards the Gaussian side, which
suggests the localization of excitons for higher sintered samples. From
the model given by Vella et al.[284], the shape of excitonic peak is
decided by the competition between EPC and mobility of the excitons.
For Gaussian-like band, EPC prevails over mobility factor (B)[284].
Hence, it seems that the formation of excitonic peak towards Gaussian
one shows the domination of EPC over B[117,127], which further could
be attributed to the presence of oxygen defects/structural disorder in high
temperature sintered samples. Hence, it can be concluded from here that
the width of crystal field d-d transitions and changes in the excitonic
band towards Gaussian one signifies the scaling of the EPC with Ts.
These results are strongly supported by the earlier reported
literature[70,71,127].
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Schematic-1: Represents the illustration of spin allowed and forbidden
transitions.

7.3.6 Raman scattering results

Raman is a microscopic probe to investigate the subtle changes
in the structure, EPC, spin-phonon coupling, presence of defects,
structural disorders etc.[12,127,262]. The Raman spectrum for GaFeO3;
is dominated by the modes related to both tetrahedral and octahedral
vibrations[64]. The orthorhombic primitive cell of GaFeO; has 8
formula units and has total 117 Raman active non-degenerate optical
phonon modes, which decompose into Toptical = 29 A1 + 30A; + 29 By +
29B, Raman modes[64,257]. As discussed in earlier sections, the
structure of GaFeOs; comprises of Gal-O tetrahedral, whose corner
shared with the octahedra formed around Fel-O, Ga2-O, and Fe2-O
octahedron units, whereas the cations with octahedral arrangement have
edge shared networks[64,285]. The octahedral environment units are
loosely bound, whereas, the tetrahedral formed by Gal-O atoms are
comparatively strongly bound[64]. Hence, the Raman modes involving
the tetrahedral vibrations could be observed in the high-frequency
region, whereas, spectra corresponding to octahedral vibrations can be
seen in low-frequency region[64]. The Raman modes positioned around

650-850 cm™ arise due to the symmetric stretching (SS) vibrational
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modes of tetrahedral units, whereas the symmetric stretching vibrational
modes corresponding to octahedral units come around 600-650 cm™[64].
The bending vibrations of polyhedral units are dominated in the region
around 400 and 500 cm™. The Raman active rigid rotational modes for
the octahedral and tetrahedral units are generally observed in the low-
frequency region with wave number range[64,256,262] 80-390 cm™.
The Raman spectra for the prepared GaFeO3; samples are displayed in
figure-7.6. The number of Raman modes is same for all samples,
suggesting no change in structure or symmetry irrespective of Ts, which
is in good conformance with the x-ray diffraction results. At this point, it
should be noted that Raman scattering has a potential to probe the
presence of compressive/tensile strain in the sample. The presence of
compressive or tensile strain would result to shift in the position of Raman
mode towards higher wave number side (blue shift) and lower wave
number side (red shift) respectively. In the present study, a clear blue
shift has been observed with increase in Ts, suggesting the enhancement

in the bond strengths for high temperature sintered samples.

L (b) =0=1000°C

«}\J\/—v @ —0-1200:C
\ 1200-C [
»\,,/\/\

(N

Intensity (arb. units)
S5
faraa

< &

Intensity (arb. units)

\/ '\j-ggoic/\-
\/ 900°C
200 400 600 800 720 730 740 750 760 770 780
Raman shift (cm'l) Raman shift (cm™)

Figure-7.6: Room temperature Raman spectrum for the prepared
series of samples (a). Figure-(b) represents the deviation from normal
Lorentzian Raman line shapes or asymmetry observed in higher
sintered samples on the same scale. The observed behavior is
attributed to interaction of electron with the phonons at room

temperature.
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spectrum for GaFeOj; sintered at 1200°C.

Further, Raman spectral analysis provides crucial information
related to electron-phonon interactions and the presence of such
interactions would result in deviation from generally observed
Lorentzian Raman line shapes[127]. The extent of EPC can be estimated
from the variation of asymmetry parameter in Raman line shapes. It
should be noted here that GaFeOs is a dielectric material and EPC is not
supposed to be the dominating factor in Raman line shapes. However,
the evaluation of results strongly infers that the samples sintered at
higher temperatures contains more asymmetry than the sintered at low
temperatures as represented in figure-7.6 (b). Apart from this,
asymmetry has a direct dependency with the carrier density in
semiconductors[127] and presence of extent of disorder[92,93]. Hence, it
seems that the formation of oxygen vacancies would lead to phononic
disorder and enhancement in the charge carriers, which could be the
contributing factor for the scaling of EPC. The systematic increase in the
asymmetry of phonon modes are in good conformance with the width of

crystal field d-d transitions.
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Further, to realize the effect of Ts on magneto-elastic properties,
temperature-dependent  Raman  spectroscopy was used and
corresponding Raman spectra for GFO-1200 is shown in figure-7.7. It is
well accepted that Raman spectroscopy has the potential to probe the
structural changes as a function of temperature[64,261]. The non-
disappearance of any Raman mode strongly suggests the absence of any
structural phase transition in the given temperature range, which is in
good conformance with the earlier studies by neutron diffraction
experiments[286]. Moreover, the changes in Raman spectra as a
function of temperature are generally a consequence of various factors as
ascribed below[63]:

W(T) - W(O) = MWigttice + AWrenormaiization + AWsp—ph +

AWanharmonic (7- 1)

where, w(0) is the Raman shift corresponds to 0 K, Aw;,;¢ice Signifies
the lattice volume contribution due to thermal excitations of atoms,
AWy enormatization 1S the involvement from the renormalization of
electronic states near magnetic transition temperature, Awg,_, is the
contribution of spin-phonon coupling and Aw g, harmonic COrresponds to
the contribution of anharmonic terms respectively. The term
Awygerice TEPresents the isotropic variation in volume and can be
considered as negligible. Also, in the present case, no extra
electrons/holes have been added by n/p type doping; Hence, the
contribution due to renormalization of electronic states can be neglected
because of low carrier concentration. Therefore, the observed changes in
Raman modes with temperature are a consequence of higher-order terms
contribution and spin-phonon coupling/ magneto-elastic coupling.
Further, to estimate the contribution of anharmonic terms, the variation
of Raman shift is fitted by Balkanski model expressed as[229,247]:

w(T) =w(0) —A[1+ 2% (7.2)

— ]
hb.)i
eXp(ZTL’kT)_l
where, the term w(0) is the Raman shift at 0 K, A (anharmonic

coefficient) is the contribution from higher order terms for three phonon
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processes. It can be seen from Balkanski fittings in the figure-7.8 that the
variation of Raman shift as a function of temperature does not follow the
normal anharmonic behavior and show deviations around the magnetic
transition temperature, which strongly suggest the domination of another
factor than anharmonicity.
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Figure-7.8: The variation of Raman modes corresponding to 175 cm™
for GFO-900 (a), GFO-1000 (b), GFO-1100 (c), GFO-1200 (d) as a

function of temperature.

Hence, it can be concluded that the key contributing factor for
the anomalies observed in temperature-dependent Raman shift is the
presence of strong magneto-elastic coupling. The anomalous behavior in
the Raman shift around magnetic transition is related with the magnetic
ordering induced renormalization of phonon modes and has a direct
dependency on the spin-spin correlation function <S;.S;> [63,64].
According to mean field theory, phonon renormalization function and

magnetization is associated as follows[63,64]:

160



M?(T)

Aw(T) = T)— ic(T) =
W( ) W( ) Wanharmomc( ) yMszat(T)

(7.3)

where, M(T) is the temperature dependent magnetization per Fe-site
ions, M., (T) indicates the saturation magnetization and y epitomizes
the spin-phonon coupling strength. With invoking the Balkanski model,
the experimental Raman shift has been fitted in the region before and
after the magnetic transition temperature and the values of Aw(T) has
been estimated as depicted in figure-7.8. It can be seen from the figure
that Aw(T) grows from 0.68 cm™ to 1.18 cm™ with increasing Ts from
900 °C to 1200 °C, suggesting the strong magneto-elastic coupling
strength for higher sintered samples. The estimated values of Aw(T)
seems to decrease slightly for GFO-1100, however the change is so
small and can be considered in the error bar range. Hence, it can be
concluded that the larger Aw(T) value for GFO-1200 sample could be
attributed to stronger sensitivity of magnetic interactions to the atomic
vibrations, which further could have a direct connection with the oxygen
vacancies. In addition to increase in the strength of magneto-elastic
coupling there is a systematic scaling in the T¢ values with Ts as clear
from figure-7.8. This behavior has been explained in terms of increase
in the oxygen vacancies and Fe-O-Fe bond angles. The formation of
oxygen non-stoichiometry in higher sintered samples enhances the
exchange interactions and the mobility of e4 electrons, which strongly
controls the strength of super-exchange interactions[287]. Apart from
this, the conduction band consists of ey electrons and magnetic
properties are highly dictated by the band structure[288,289]. This seems
meaningful due to the reason that ferromagnetic double exchange
interactions is driven by the spin dependent transport of conduction
electrons[59] which could be responsible for the determination of the
magnetic ground state. At this point, it should be noted that the

frequency of Raman mode is directly related to the force constant given

by the formula, © = /k/ 1 Where K is related to the bond strength and M

is the reduced mass of the atoms. The blue shifting of Raman modes

with increasing the Ts could be attributed to improvement in the strength
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of bonds with increasing Ts. The important aspect that should be noted
here is the potential of Raman spectroscopy to probe the subtle changes
in the overlapping/hybridization between the metal-3d and O orbitals,
which further increases the ey electron bandwidth[288,289] At this
point, it is imperative to note that the superexchange interaction between
neighboring Fe®* ions in GaFeO; is strongly affected by the Fe-O-Fe
bond parameters[290]. It is clear from the Table-1 that lattice parameters
systematically scale with the Ts, which escalate the Fe-O-Fe bond angles
and hence increases the strength of antiferromagnetic interactions. Also,
the scaling in Fe-O-Fe bond parameters supports the Goodenough-
Kanamori-Anderson coupling (GKA)[245]. The GKA coupling
increases the magnetic interaction between the spins and hence increases
the T¢ values. The improvement in these exchange interactions is also
consistent with the formation of Fe?* ions, which enhances the Fe?*-O-
Fe>* interactions and aggravate the mobility of eq electrons, which might

be responsible for the increasing trend in T¢ with sintering temperature.

From this discussion, it is clear that sintering temperature is an
important factor, which highly affects the structural, optical, magneto-
elastic as well as ferri-magnetic interactions. Optical absorption
spectroscopy experiments carried out on GaFeO3; samples infers the
variation in crystal field transitions and formation of exciton line shapes
in high temperature sintered samples. The systematic scaling in the
intensity and shifting of d-d transitions to the lower energy suggest the
formation of oxygen defects with Ts. The increase in oxygen vacancies
for higher sintered samples would result in enhancement in double
exchange interactions and hence affect the magnetic ground state. Room
temperature Raman experiments infer the blue shift with increasing Ts,
which suggests the improvement in the strength/overlapping of Fe-O
bond with Ts. The increase in the overlapping affects the conduction of
eq electrons and hence variation in T¢ has been observed as a function of
Ts. The advantage of present investigations on GaFeO; is that the
magnetic transition temperature T¢ can be tuned by varying the sintering

temperature, which is not the case in MF materials such as BiFeOs3,
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YbMnOs, BiMnOs, where magnetic transition is either far above or very
low from room temperature. Hence, the tuning the magnetic transition
temperature scales the possibility of ME coupling and possibility of
scheming near RT based novel MF devices.

7.3.7 Some concluding remarks on exciton line shapes

As discussed in the earlier sections that the description of the
excitonic band gives evidence of localization or delocalization of
excitons, depending on the shape of the band. The line shape of
excitonic band in a system is basically decided by the rivalry between
the tendencies of exciton to localize due to electron phonon coupling
(EPC) and their mobile nature (B). The mobile nature of excitons is also
measured by the F.W.H.M. of excitonic band, whereas, EPC is measured
by root mean square amplitude (D) of the fluctuations of excitonic
energy, which, is generally due to thermally activated vibrations of the
lattice or structural disorders[77,117,291]. The beauty of this discussion
lies in the fact that the line shape of excitonic band gives crucial
information about the localization/delocalization of excitons. The
absorption of excitonic band is given as[77,117,291,292]:

E—Ep®+Ao(T)

a(E,T) = ag[1+ ( —

) (7.4)

Vella[291] et. al. discussed in detail about the line shape of
exciton for amorphous SiO, as a function of temperature. Further, in
order to shed more light on the exciton localization or delocalization,
PrFeO3; sample has been irradiated with laser pulses. It is assumed that
laser induced defects at different sites would results in systematic scaling
of EPC, which may results to localization of the excitons. These results
have been published in case of PrFeO3; by Kumar et al. in literature[127].
The single phase purity of the PrFeO3 ;nd Cr-doped PrFeO3 has already
been discussed in chapter-2 (see figure-2.13 and 2.14).
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Figure-7.10(a): The simulated optical spectra for PrFeO; and Cr
doped PrFeO3 by using full-potential linearized augmented plane wave
(FP-LAPW) method within the framework of density-functional
theory.

Apart from this, First principle calculations have been carried out
only for un-doped and 25% Cr doped samples. The theoretically
simulated optical spectra for PrFeO3; and 25% Cr doped PrFeOs signifies
the transformation of excitonic peak from almost Gaussian to Lorentzian
nature as shown in figure-7.9 (a) & (b). The F.W.H.M. of excitonic peak
is given by cD?B and inversely scales with the mobility of
electrons[117,291]. From simulated optical absorption data, it seems that
width of 25% Cr doped (Lorentzian nature peak) samples is less than un-

doped one, which might be due to increase in mobility of excitons.

Further, from the obtained band structure data we have estimated
the quantity 1/(d°E/dk?) which is proportional to m* (effective mass of
electron/exciton) and inversely related to mobility factor (B) as
illustrated in figure- 7.9(c). . It is observed that for Cr doped PrFeQO3 the
value of m* is small as compared to that of pure PrFeO3; sample, which

signifies the increase in the mobility (B) of the electron/exciton.
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Hence, it seems that the mobility factor (B) prevails over the

energy fluctuations for Cr doped sample and for D/B>>1 for pure

166



PrFeQOs; possibly due to very high value of EPC or less mobility of
exciton, which leads to localization or Gaussian line shape of exciton.
On the other hand, less than one value of the ratio D/B is possibly due to
decrease in EPC or increase in mobility of exciton for Cr doped system,
which may leads to delocalization or Lorentzian line shape of exciton.
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Figure-7.12: The estimated values of Urbach focus for pure PrFeO3

(@) and 25% Cr doped PrFeOs; (b). The relatively lower value of

Urbach focus (hwyg) than that of hw,,,, is a signature of exciton

localization (figure-2(a)) while vice-versa is true for delocalization
(figure-7.12(b)).

Further, M.V. Kurik[98] have discussed a way to examine the
signature for the exciton localization/delocalization by using optical
absorption spectroscopy in terms of Urbach focus. As discussed by
Kurik et al. [98] that the relatively higher value of Urbach focus (hwg)
than that of hw,,,, is a signature of exciton localization while vice-versa

holds for exciton delocalization[98] (see figure-7.11).

Keeping this in view, we have estimated the value of Urbach
focuses[99] for pure and Cr doped samples. The representative data for
pure and 25% Cr doped PrFeO; is shown in figure-7.11 (a) &(b). The
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estimated values of Urbach focus for pure and Cr doped PrFeQOs; is 2.52
eV and 2.80 eV respectively. It seems from the figure that in pure
PrFeO; excitons are highly localized, whereas, in 25% Cr doped PrFeO;
sample gives a signature of exciton delocalization. These results show
the excellent consistency with the first principle calculation results and
have been published in the literature[142].

7.4 Conclusion

A detailed investigations on the exciton line shapes, charge-neutral
d-d transitions, magneto-elastic properties and scaling of super-exchange
interactions as a function of sintering temperature have been done. The
deviation from expected anharmonic behavior in temperature-dependent
Raman shift has been understood by invoking the Balkanski model for
three phonon process. The evaluation of results suggest that the
ferrimagnetic transition temperature has a strong dependency on
sintering temperature, which has been realized in terms of systematic
scaling in Fe-O-Fe bond angles and enhancement in the Goodenough-
Kanamori-Anderson coupling with oxygen vacancies. The improvement
in these exchange interactions is also consistent with the formation of
Fe?* ions, which may enhances the Fe®*-O-Fe*" interactions. The
formation of near Gaussian exciton line shapes in high temperature
sintered samples has been understood in terms of enhancement in the
electron-phonon coupling/EPC, which is in good agreement with the
increase in the width of crystal field d-d transitions and asymmetry
observed in Raman line shapes. Present investigations suggest that in
case of GaFeO; the oxygen non-stoichiometry is very suitable route to

enhance the electron-lattice and spin-lattice coupling for applications.
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Chapter 8

Conclusions and future perspectives

This chapter summarizes the results of the present research
work with concluding remarks. The possible future scope of present

study has also been discussed.

8.1 Conclusion

“The detailed analysis of structural, optical and electronic properties
have been studied for PrFe;«CriO3; system. The optical properties such
as optical band gap and electronic disorder term (Urbach energy) of
prepared series of samples have been examined in detail. Further, OAS
has been used to probe the origin of dielectric loss in prepared series of
samples. The detailed analysis of density of states and band structure is
also provided using WIEN 2K code.

A systematic correlation between crystallographic strain, Raman line
width, disordered parameter (o) and Urbach energy have been studied in
detail. The systematic correlation between the aforementioned
parameters have been observed, which implies that structural disorder
affects phonons as well as electronic states of the system.

“Further, the possible origin of orbital facilitated Raman modes in
orthorhombic perovskite PrFe;«CriOs; has been investigated using
resonance Raman spectroscopy and first principle DFT calculations.
These results establish PrFe; «CriO3 as a model compound for research
on electron-phonon interactions in strongly correlated complex systems
and show that Franck-Condon scattering in complex solids is not limited
to Jahn-Teller active compounds.

« The origin of natural and external magnetic field induced polar order
have been explained in terms of displacements of Pr atoms and strong
SPC, which is in excellent conformance with the neutron gamma

Dopplerimetry experiments. The origin of magneto-dielectric coupling
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has been explained in terms of rotation of spin coupled Fe-orbitals under
the influence of magnetic field as clear from the magnetic field
dependent Raman spectral analysis. As a final remark, the present study
strongly reveals that the intrinsic magneto-dielectric effect can be
realized in strongly correlated compounds that contract/expands in
response to an externally applied magnetic field and such materials
could have immense potential applications in data storage devices.

+ The reorientation of spin coupled Cr/Fe-orbitals under the influence of
magnetic field was proposed as the mechanism responsible for the
compression or expansion of material (i.e. magnetostriction) and
ultimately for the observed intrinsic polar order at room temperature.
“The DRS (diffuse reflectance spectroscopy) has been used to probe
the defect states in wide band gap materials.

% The evaluation of results suggest that the ferrimagnetic transition

temperature has a strong dependency on sintering temperature, which
has been realized in terms of systematic scaling in Fe-O-Fe bond angles
and enhancement in the Goodenough-Kanamori-Anderson coupling with
oxygen vacancies. These investigations suggest that in case of GaFeOs,
the oxygen non-stoichiometry is very suitable route to enhance the spin-
lattice coupling for applications purpose.

Ultimately, magnetodielectric material (PrFeosoCros003) has
been synthesised which shows MD effect at room temperature, with a
low or moderate magnetic field. The intrinsic MD effect has been
evidenced in terms of magnetic field dependent red/blue shifting of
Raman modes and the mechanism for observed MD phenomenon has
been understood in terms of reorientation of spin-coupled transition
metal orbitals. Our analysis reveals that MD effect can be realized in
strongly correlated compounds that have scope to shrink/expand in

response to an externally applied magnetic field.
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8.2 Future Perspectives

+ In this work, the structural, optical, dielectric, mafneto-dielectric and
vibrational properties PrFe;.xCryO3; and GaFeO; have been studied. This
opens the possibilities of future research scope in these materials.Some
of the experiments/studies that can be considered as steps of future
research scope for these systems, are mentioned below.

% The intrinsic nature of observed MD effect can be further verified
through magnetic field dependent non-electrical measurement
techniques like XRD, XANES and DRS.

“The influence of defect on magneto-dielectric, magneto-elastic and
magneto-optical properties still remain to be examined.

% As a future scope, the fundamental works such as temperature
dependent spin dynamics, neutron diffraction studies can be done to
understand the origin of magnetic phases exhibited by these materials
should be explored.

% The effect of rare earth atoms delocalization on the natural and
magnetic field induced polar order on RFeos50Cros003 samples is still
remains to be examined.

« It would be interesting to grow thin films of these samples to explore
their structural, electronic, optical, and magnetic properties and compare
to results of this work such as presence high net magnetic moment,
nature of d-d transitions, magneto-elastic properties and variation of

band gap as a function of doping.
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