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Synopsis

Strongly correlated electron systems are very active research area of condensed matter
physics owing to their underlying rich fundamental physics and possibilities of amazing
technological applications. Electronic correlations can cause striking many-body effects that
cannot be described in the independent particle picture. The subtle coupling and competition
between electron, lattice, spin, charge and orbital degrees of freedom are the essence of these
systems, which leads to the emergence of exciting novel properties such as magnetism [1],
ferroelectricity [2], multiferroicity [3], piezoelectricity [4], charge ordering [5], metal-insulator
transition [6], colossal magnetoresistance [7], spin-state transitions [8], superconductivity [9]
and many more. The interplay of the internal degrees of freedom also make them extremely
sensitive to small external perturbations such as temperature, pressure or substitution [10].
Strong correlation effects are observed in transition metal compounds, mainly oxides [11], rare
earth-based materials [12], organic metals [13] etc. Among these materials, oxides have always
been a topic of intense discussion among the researchers as these are the basis of smart and
functional materials. Some of these functional oxides are investigated in this thesis, both in

terms of their fundamental understanding as well as from the application point of view.

GaFeOs is a unique system, where the properties are heavily influenced by disorder at
the atomic level [14] and hence can be tuned. It adopts non-centrosymmetric crystal structure
with space group Pc21n and remain in a highly disorder state i.e. Fe is often found in the Ga
site and vice versa due to similar ionic radii of Ga and Fe. The significant inherent cationic

disorder and noncentrosymmetric crystal structure leads to ferrimagnetism, piezoelectricity,
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ferroelectricity and pronounced magnetoelectric effects in the system, making it one of the few
chemical systems to possess multiferroic ordering near room temperature [14-16]. Eventhough
ferroelectricity with unusually high coercive field and remnant polarization was obtained in
thin film [16], the presence of ferroelectricity in bulk GaFeOs is rather inconclusive due to
leaky behavior of the sample [17]. Furthermore, there are contradictory claims about the
existence of spin-glass-like behavior in GaFeOs [8]. Therefore, we have systematically studied
magnetic and ferroelectric properties in bulk GaFeOs and its various compositions with varying

proportions of Ga and Fe i.e. Gay..Fe Os.

Functional perovskite oxide (4B03) is an expanding interdisciplinary paradigm which
encompasses diverse fields of science and engineering. A particular aspect of perovskites is
their ability to incorporate most of the element of the periodic table into their structure due to
their capacity to accommodate various structural distortions [19]. The external parameters like
temperature, pressure and chemical compositions, can also drive such distortions, which leads
to an extraordinary richness of physical properties within the family of perovskites. Structural
distortions in perovskites is mainly associated with three main features with respect to their
ideal cubic structure [19,20]: (i) rotation (tilt) of BOs octahedra, (ii) polar cation displacements,
which often lead to ferroelectricity, and (iii) distortions of the octahedra, such as the Jahn-
Teller (JT) distortion. A particular resurgence of intense activity in investigating the properties
of these systems followed by colossal magnetoresistence in the manganites [7], simultaneous
ferroelectric and complex magnetic ordering in the manganites [3], multiferroicity and metal-
insulator transition in nickelates [21] and considerable high temperature ferroelectric ordering
in chromites [22]. The rare-earth manganites (RMnQO3) possess JT character of Mn>" ions
G g e;) and exhibit orbital ordering along with highly anisotropic Mn-O bond lengths. Such a
complex interplay among the spin, orbit and lattice degrees of freedom have led to a plenty of

intriguing physical properties in RMnOs. On the other hand, Cr** is JT inactive due to its

Xiii



completely empty e, orbitals, hence octahedra are more regular. Inspite of this, the most of
RCrO3 systems are high temperature ferroelectrics [22]. Additionally, they exhibit complex
magnetic properties such as spin-reorientation (SR), spin-flipping (SF) and temperature induced
magnetization reversal (TMR) etc [23]. Eventhough immense research activities have been
pursued in these areas, the underlying phenomena is not fully understood yet. Therefore, we have
carried out a detailed study of the structural, magnetic and electronic properties of GdAMnQO3 and
GdCrOs and their evolutions with substitutions, viz. GdMn;..Cr,Os. Furthermore, existence
and/or origin of ferroelectricity in GACrOs system is still debated [24]. In order to obtain detailed
understanding of origin of ferroelectricity in GACrO3, we have performed temperature-dependent
synchrotron powder x-ray diffraction studies along with first-principles density-functional-

theory-based calculations.

Detailed investigations on some of the Gd-based oxides, GdMO3 (M = Al, Mn and Cr) have
been done for possible usage in magnetic refrigeration (MR) applications, as they exhibit field-
induced metamagnetic transition from antiferromagnetic (AFM) to to ferromagnetic (FM) state
near the Gd-ordering temperature. MR technology has attended great attention in recent years
due to its high energy efficiency and eco-friendly characteristics over conventional gas
compression/expansion cooling technology [25]. The working principle of MR is based on
isothermal magnetic entropy change (ASy) or the adiabatic temperature change (A7) caused
by change in the magnetic field, which is, in a way, similar to the process that occurs in a gas
in response to the change in pressure [25]. During the isothermal magnetization process,
magnetic entropy is decreased significantly near the magnetic transition temperature (FM to
paramagnetic (PM) transition and field-induced AFM to FM state) due to a reduction of
disorder in the spin system. Hence, such materials are suitable candidates for magnetic

refrigeration in the vicinity of the transition temperature. Materials having a room temperature
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cooling capacity can be used for domestic and industrial refrigeration purposes, whereas
materials with low working temperatures are useful for helium liquefaction (4 K) and

hydrogen liquefaction (20 K).

The thesis organized in to seven chapters. Chapter 1 is a brief introduction and motivation

to various concepts discussed in this thesis followed by the experimental and the theoretical

techniques used in the present study in Chapter 2. This includes sample synthesis technique:
solid state reaction, characterization tools: powder x-ray diffraction (XRD), dc and ac
magnetization, dielectric, pyroelectric, heat capacity, Raman spectroscopy, x-ray absorption
spectroscopy (XAS) and extended x-ray absorption fine structure (EXAFS) studies and density
functional theory (DFT) calculations to study the structural, electronic and magnetic properties
and density functional perturbation theory (DFPT) approach for phonon calculations.
Chapter 3 is divided into two parts. In the first part, we discuss the detailed magnetic
properties of solid solutions of GaxxFe,O3 (x =0.75, 1.0, and 1.25). Magnetic behaviour in this
series of compounds could broadly be explained by the molecular-field-approximation of a
three-sublattice ferrimagnetic model considering three inequivalent octahedral sites. x = 0.75
composition exhibits a transition from the cluster-glass-like phase to the spin-glass-like phase
with decreasing temperature. Mentioned glassy behaviour is found to gradually evolve with the
composition (x) from the Ising type character to Heisenberg type behaviour to unconventional
glassy behaviour for the x = 1.25 composition. The complex spin glass behaviour in these
systems is due to the inherent site disorder driven magnetic inhomogeneity, competing FM and
AFM interactions along with spin frustration and their modifications with compositions (x). In
the second part, we discuss detailed dielectric and pyroelectric studies in Gay.xFe,Os3. These
systems exhibit multiple dielectric relaxations associated with high frequency Debye type
relaxation in grains and low frequency Maxwell-wagner type relaxation at grain boundaries.

Further, pyroelectric study confirmed that the emergence of polarization in these systems can
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be understood in terms of thermally stimulated depolarization current (TSDC) effect caused by
the freezing of defect dipoles possibly associated with charged oxygen vacancies rather than
the intrinsic ferroelectric behaviour.

Chapter 4 also consists of two parts. In first part we discuss detailed studies on the
possible non-centrosymmetric structure of GdCrOs; using XRD measurements and first
principle calculations. We also discuss the possible polar phonon mode instability in its cubic
structure to understand the origin of ferroelectricity at considerable high temperature. The
actual lattice symmetry is found to be noncentrosymmetric orthorhombic Pna2; structure,
supporting the polar nature of the system. Polar distortion is associated with the Gd
displacements with respect to the oxygen cage. An intimate analogy between GdCrOs and
YCrOs systems is revealed, even though a distinctive difference exists that Gd is less displacive
compared to Y, which results in an orthorhombic Pna2; structure in GdCrOs in contrast to
monoclinic structure in YCrO3 and consequently, decreases its polar property. It is found that
magnetic coupling between Gd-4f'and Cr-3d plays an important role in ferroelectric distortion.
Temperature dependent EXAFS study also infers Gd-O bond polarization might play
significant role for the emergence of ferroelectricity. Detailed magnetic properties and spin-
phonon coupling studies in GdCrOs3 are discussed in the second part. Magnetic interactions in
this system is quite complex and hence exhibit various exotic magnetic phenomena like
temperature induced magnetization reversal, spin flipping and spin reorientation etc. These
behaviors can be successfully explained by symmetric (Si.Sj) and antisymmetric (SixSj)
exchange interactions within and between Cr and Gd-sublattices. Detailed temperature
dependent Raman study reveals a strong magneto-electric coupling in the system, which
provides a complementary tool for the ferroelectric modulation.

Evolution of structural, electronic and magnetic properties of Cr-doped GdMnOs for Cr

doping levels 0 <x <1 is discussed in Chapter 5. In the solid solutions, the JT-distortion
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associated with Mn>" ions gives rise to major changes in the hc-plane sub-lattice and also the
effective orbital ordering in the ab-plane, which persist up to the compositions x ~ 0.35. These
distinct features in the lattice and orbital degrees of freedom are also correlated with the bc-
plane anisotropy in the local Gd environment. A gradual evolution of electronic states with
compositions is also clearly seen in O K-edge x-ray absorption spectra. Evidence of
magnetization reversal in field-cooled-cooling mode for x = 0.35 compositions coinciding with
JT-crossover, suggests a close correlation between magnetic interactions and structural
distortions. These observations indicate a strong entanglement between lattice, spin, electronic
and orbital degrees of freedom. The nonmonotonic variation of remnant magnetization can be
explained by doping induced modification of magnetic interactions. Density functional theory
calculations are consistent with a layer-by-layer type doping with ferromagnetic
(antiferomagnetic) coupling between Mn (Cr) ions for intermediate compound (x = 0.5), which
is distinct from that observed for the end members GMnOs (4-type) and GdCrOs (G-type).
Magnetocaloric effect (MCE) of polycrystalline GdMO3 (M = Al, Mn and Cr) near the
Gd-ordering temperature are discussed in Chapter 6. A giant magnetic entropy change ( A S»)
occurs under moderate magnetic field change in GdAlOs;, where as GdMnO; exhibits

comparably less A S, at same magnetic field changes, due to the Gd-Mn negative exchange
interaction. Even though GdMnOs has quite less A S, compared to GdAlOs3, both the

compounds have comparable cooling power. However, absence of magnetic and thermal
hysteresis in GdAlO; make it a more efficient and reversible magnetic refrigerant than
GdMnOs3. GdCrOs exhibits exceptionally large A Sy, adiabatic temperature change ( A 7,4) and
relative cooling power (RCP) at moderate magnetic field change. Such exceptionally large
MCE possibly arises from the suppression of the spin entropy associated with the suppression

of spin reorientation transition, in addition to the Gd-ordering, which makes it the best
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candidate for magnetic refrigeration among all the potential low temperature magnetic

refrigerants known so far.

Summary and outlook of the present thesis work are given in Chapter 7.
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Chapter 1

Introduction

1.1 General background

Strongly correlated electron systems has attracted enormous research interest over several
decades due to their underlying rich fundamental physics and amazing technological appli-
cations. The strong electron-electron interactions causes striking many-body effects that
cannot be described in the independent particle picture. The subtle coupling and compe-
tition between electron, lattice, spin, charge and orbital degrees of freedom leads to the
emergence of wide spectrum of exotic properties like magnetism [1], ferroelectricity [2,3],
multiferroicity [4], piezoelectricity [5], charge ordering [6], metal-insulator transition [7],
colossal magnetoresistance [8,9], spin-state transitions [10], superconductivity [11,12] and
many more. Further the complex interplay among all internal degrees of freedom also
make them extremely sensitive to small external perturbations such as temperature, pres-

sure or substitution [13-15].

Strong correlation effects are observed in various transition metal compounds, mainly
oxides [16], rare earth-based materials [17,18], organic metals [19,20] etc. Among these
materials, oxides have always been a topic of intense discussion among the researchers as
these are the basis of smart and functional materials. For example high-dielectric oxide
materials are used in mobile telecommunication as resonators, capacitors, and frequency

filters [21]. High temperature oxide superconductors are used in high-field magnets [22],



2 Introduction

while layered oxide materials are used as read/write heads in computer hard drives [23].
Piezoelectric oxide materials have applications in actuators and transducers where as
ionic conductors are used in fuel cells [24]. Another aspect of oxides is that they can
posses cations with mixed valence state and anions with vacancies [25], thus providing
an opportunity to tune physical properties and giving rise to the possibilities of wide
range of device applications. Such unique characteristic makes oxides one of the most
important class of materials, with properties covering almost all areas of physics and
materials science such as magnetism, superconductivity, ferroelectricity and many more

fields.

1.2 Scope of the thesis

Some of the advanced functional oxides such as gallium ferrites and its different com-
positions (Gay_,Fe,O3) and various perovskite oxides (ABOQOj3) are investigated in this
thesis. The general motivation behind the research is to study the magnetic and fer-
roelectric properties and related phenomena, in terms of fundamental understanding as
well as from the application point of view. Although several multiferroic materials are
known, there are still many aspects of the mechanisms giving rise to ferroelectricity that
are not well understood. Furthermore, in the search for novel systems, the role of disorder,
defects, oxygen vacancy, nature of magnetic and ferroelectric behavior, etc. need to be

carefully investigated.

1.2.1 Gallium ferrrite

Gallium ferrrite (GaFeOs) is one of the few chemical systems to possess multiple ferroic
ordering like ferrimagnetism [26,27], ferroelectricity [28-30] and pizeoelectricity [31] near
the room temperature and is thus suitable for practical applications. It crystallizes in
to orthorhombic structure with a non-centrosymmetric space group Pc2;n and retains
the same crystal structure with stoichiometries ranging between x = 0.7 and * = 1.4
in Gag_,Fe,O3 [26,27,31]. The crystallographic unit cell have four different cation sites
labeled as Gal, Ga2 (mainly occupied by gallium) and Fel, Fe2 (mainly occupied by

iron), as shown in Figure 1.1. The environment of Gal is almost a regular tetrahedron,
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Figure 1.1: Crystal structure of GaFeOs.

where as Ga2, Fel and Fe2 are in octahedral co-ordinations. Practically, this system
always remain in disorder state as Fe is often found in the Ga site and vice versa due
to the similar ionic radii of Ga and Fe [26]. This inherent cationic site disorder leads to
multiple exchange paths between Fe at different sites: antiferromagnetic coupling between
Fe ions at Fel and Fe2 sites, antiferromagnetic coupling between Fe at Ga2 and Fel
sites and ferromagnetic coupling between Fe at Ga2 and Fe2 sites, resulting in overall
ferrimagnetic behavior in GakFeOjs [26,32]. Magnetic property of GakFeOs can be tuned

either by various synthesis techniques or by varying stochiometric compositions in turn by
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varying the cation distribution among the different sites. Flux grown single crystal shows
magnetic transition temperature of about 300 K while sample obtained either by float zone
method [26] or solid state reaction [27] show a transition temperature of around 200 K.
For quenched and slowly cooled samples prepared by the solid state reaction, the magnetic
transition temperature are 210 K and 260 K, respectively [33]. The Curie temperature can
also be varried from 50 K to 370 K by changing the compositions from x = 0.7 to x =1.4
in Gag_,Fe,O3 system prepared in solid state method [26,27] . This anti-site disorder is
also origin of the ferroelectricity in this compound and room temperature ferroelectricity
has been reported in the thin-films of the material [28-30,34]. Song et al. [30] achieved
unusually large value of coercive field (£,) and remnant polarization (F,) in the thin film
grown on hexagonal strontium titanate or cubic yttrium-stabilized zirconia substrate, by

applying a very high bias electric field.

1.2.2 Perovskite oxides (ABO3)

The family of perovskite oxides (ABOj3) have proven to be a fertile research area in
condensed matter physics due to the fascinating array of physical properties they exhibit
such as from conductor to insulator and superconductor, from (anti)ferromagnetic to
spin glass and more complex magnetic ordered state, high k dielectric to ferroelectric
and multiferroic, from antiferro-distorted to orbital ordered etc. A particular aspect of
perovskites is their ability to incorporate most of the element of the periodic table in A and
B sites due to their capacity to accommodate various structural distortions [35]. Besides,
the external parameters such as temperature, pressure and chemical compositions can
also tune such distortions, which results in wide range of physical properties. Structural
distortion in perovskites is governed by Goldschimdts tolerance factor (tg) rule defined
as [35]
T4+ 70

= en s (1.1)

ta

were, 74, rg and ro represent the average ionic radii of respective elements. The per-
ovskite will be cubic if 0.9<ts< 1.0 and orthorhombic if 0.75 < t< 0.9. Whereas for to <

0.75, the compound adopts hexagonal structure. Structural distortions in perovskites are
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mainly associated with three main features with respect to parent cubic structure: [35-37]
(i) polar cation displacements, which generally give rise ferroelectricity, (ii) octahedral ro-
tation (tilting) of BOg octahedra,which corresponds to the non-polar antiferro-distorted

phase transition and (iii) octahedral distortions, like the Jahn-Teller distortions.

Octahedral tilting
Glazer’s notation is commonly used to describe the octahedral tilting in perovskites [36].
It describes the rotation of oxygen octahedra around the three orthogonal axes of the ideal

cubic structure. The tilt about a particular axis is denoted by a™ for in-phase rotation,

Table 1.1: Possible perovskites structures obtained from various octahedral tilting of ideal

cubic structure.
Type Tilt system Space Relative Pseudocubic subcell parameters
Group

No Tilt a’a’a® Pm3m ap = by = ¢

One Tilt aa’ct P4/mbm | @& = bp < ¢
a’a’c” I4/mem ap = by < ¢

Two Tilts | a®btb " I4/mmm | @p < by =¢p
a’bte” Cmem ap < by #¢p
a’b~c” C2/m ap < by #¢p, a 7 90°
a’h=b~ Imma ap < by = ¢p, a7 90°

Three Tilts | atbtct Immm ap # by #¢p
atata® Im3 ap = by = ¢
atate Pdy/nme | Gp = 7 Cp
atb e P2,/m ap 7 by #¢p, a 7 90°
a~a"ct Pbnm ap = by #¢p, 7 7# 90°
a b c P1 ap # by F#cp, a0 FB Fv # 90°
a~b b C2/c ap 7 by = ¢p, @ #0 Fy # 90°
a~a~a” R3c ap = by = ¢p, a0 = f = # 90°

a~ for out-of-phase rotation and a° for no rotation at all. One symbol for each tetrad axis
is sufficient to fully determine the structure. The tilting leads to decrease in the distances
between octahedral centres perpendicular to the tilt axis, thus results in modification of

unit-cell lengths. If , § and ¢ are the tilting angles about the pseudocubic [100], [010]
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and [001] directions, then the new axial lengths can be expressed as

a, = apcosfcose (1.2)
b, = agcosacose (1.3)
cp = ApCosacosf3 (1.4)

where ag the cell edge length of the aristotype and a,, b,, and c,, are the pseudocu-
bic subcell lengths. Within the framework of group theory undertaken by Howard and
Stokes [38], there are 15 possible structures obtained from various octahedral tilting of

ideal cubic structure, which are given in Table 1.1.

Jahn-Teller distortion

Jahn-Teller effect states that if in a nonlinear molecule the degenerate orbitals are asym-
metrically occupied, a geometrical distortion will occur to lift the degeneracy. In oc-
tahedral complexes, the JahnTeller effect is most pronounced when the e, orbitals are
occupied by odd number of electrons since they are directed towards the ligands and the
energy gain is considerably more. The effect also occurs when there is uneven electrons
in the t9, orbitals. In such cases, however, the effect is very weak, because the ty, orbitals
do not point directly at the ligands and therefore the energy gain is much less. Because
of same reason, the tetrahedral complexes also do not exhibit Jahn-Teller distortion.

The Jahn-Teller distortion for high spin d* system is shown in Figure 1.2. The degener-

acy of e, state is removed, resulting in elongation of octahedron along Z-axis.

The rare-earth manganites (RMnO3) have been subject of intensive studies owing
to the Jahn-Teller character of Mn®* ions, exhibiting orbital ordering along with highly
anisotropic Mn-O bond lengths [39]. These class of materials show wide variety of mag-
netic and electric properties as a function of ionic radius of the R** ion. Due to the
co-operative Jahn-Teller orbital ordering, next-nearest-neighbor antiferromagnetic (NNN-
AFM) coupling plays a significant role in addition to nearest-neighbor ferromagnetic (NN-
FM) coupling in ab-plane and the subtle coupling competition between the NN and NNN

interaction results in various complex magnetic ground state such as cycloidal, A-type,
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3d orbitals

Figure 1.2: Jahn-Teller distortion observed in high spin d* system.

E-type etc [40]. Manganites are also of great interest as they exhibit multiferroelectric
behavior with strong magneto-electric coupling, originating from magnetic interactions,

through lattice modulations [40,41] .

The family of rare-earth chromites (RCrOjz) have invoked great interest as they ex-
hibit complex magnetic properties such as spin-reorientation (SR), spin-flipping (SF),
temperature induced magnetization reversal (TMR) and many more caused by symmet-
ric (5;.5;) and antisymmetric (S;xS;) exchange interactions within and between Cr and
R-sublattices. Besides most of the members have been reported to be multiferroics at
considerable high temperature [42—44].

In this thesis we have studied some Gd-based perovskites (GdM, M| ,Os, M, M' = Cr,
Mn, Al and 0 < x < 1). All the compounds posses orthorhombically distorted perovskite

structure as shown Figure 1.3.
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Figure 1.3: The orthorhombic perovskite structure (ABOj3).

1.3 Magnetism

Magnetism is associated with the spin and orbital degrees of freedom, which arises from
the partially filled d or f orbitals of transition metal or rare-earth ions. Generally, the
magnetic interaction is caused by overlapping of partially filled outer electronic orbitals
of neighboring atoms, which leads to correlated electronic behavior. The magnetic inter-
action is described by a quantum mechanical mechanism, expressed by the Heisenberg

spin Hamiltonian,

H==>""7J;5.5 (1.5)

i

where, J;; is the exchange integral (coupling constant), which indicates the strength of

the coupling between the spins and S;, S; are i'" and j™ site spin magnetic moments,
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respectively. The positive sign of J;; indicates that the interaction between the mag-
netic moments of neighboring atoms is ferromagnetic type, while the negative sign of J;;
corresponds to antiferromagnetic type interaction. The exchange interaction is mediated
by different mechanisms depending on the material system under consideration. Various

mechanisms which are relevant to this thesis are described below.

1.3.1 Superexchange interaction

This is an indirect exchange interaction between two magnetic cations mediated by a
non-magnetic anion lying between the two. Figure 1.4 illustrates the principle with two
Mn3" ions separated by an oxygen ion. The nature of the superexchange interactions are
usually explained by Goodenough-Kanamori-Anderson (GKA) rules, which is based on
various orbital arrangements in d shell as described by ligand field theory [45].The rules
say, if two magnetic ions are connected through legand with a bond angle of 180° i.e.
180° superexchange, the interaction will be strongly antiferromagnetic, while if the bond
angle is 90° i.e. 90° superexchange, the interaction will be ferromagnetic and will be much
weaker. The general GKA rules are based on the symmetry relations and the electron
occupancy of atomic orbitals overlapped are described below: [45]

(A) when the lobes of orbitals of two magnetic ions are pointing towards each other in

e
0> '

Figure 1.4: A schematic representation of superexchange interaction showing the virtual
transfer of electrons between two neighboring Mn** ions via oxygen ion (legand). The
antiferromagnetic coupling is favored according to Pauli exclusion principle.

such a way that overlap integral is large, the exchange will be antiferromagnetic. There

are following subcases.
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(a) When ds,2_,2 orbitals are in the 180° position to each other (generally in octahedral
case) so that the lobes of orbitals point directly towards the ligand and each other, it
results in to strong antiferromagnetic superexchange interaction.

(b) When d,, orbitals are in the 180° position to each other, in which interaction occurs
via pm orbitals of the ligand, one can obtain moderate exchange.

(e) When one magnetic ion has ds,2_,2 occupied and the other has d,, with 90° ligand
situation, then interaction occurs via pw for one and po for the other, which provide a
strong overlap and antiferromagnetic exchange.

(B) When ds,2_,2 and d,, are in 180° position, the overlap integral is zero by symmetry,

the rule gives ferromagnetic interaction.

1.3.2 RKKY interaction

Ferromagnetic

Antiferromagnetic

Figure 1.5: Variation of the indirect exchange coupling constant (J) with the distance
between the magnetic ions.

The indirect exchange or RKKY (Ruderman-Kittel-Kasuya-Yosida) interaction is an
indirect interaction between two magnetic ions having localized orbitals which is mediated
by the polarization of the conduction electrons [46]. The exchange coupling J shows
damped oscillatory behavior which changes its sign as a function of distance between
the magnetic ions (Figure 1.5). Therefore, depending upon the separation between the
ions their magnetic coupling can be ferromagnetic or antiferromagnetic. The coupling of

4f electrons in rare-earth materials occurs via RKKY interaction as they have localized



1.4 Spin glass 11

orbitals .

1.3.3 Dzyaloshinskii-Moriya interaction

There is also an anisotropic interaction which is mediated by spin-orbit coupling [47,48].
Dzyaloshinskii-Moriya interaction is very weak as it is just a relativistic correction. Nev-
ertheless this interaction favors canting of spins by small amounts (non-collinear spin

ordering) leads to weak ferromagnetic behavior. The Hamiltonian is written as

HDM = Dz](Sz X Sj) (16)

where vector D;; vanishes if the crystal field has an inversion symmetry at the mid point

S; S

Figure 1.6: Schematic illustration of Dzyaloshinskii-Moriya interaction resulting in spin
canting in an antiferromagnet.

of the vector joining the two spins, r;; (Figure 1.6). It is proportional to z x r;;, where

x is the perpendicular displacement of the ligand ion from the line [49].

1.4 Spin glass

The spin glass is a complex state of magnetism, distinctly different from long range or-
dered ferromagnetic and antiferromagnetic phases [50]. No apparent order phase forms

in the system rather metastable frozen states appear below the transition temperature.
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Necessary ingredients for spin glass behavior are frustration of spins, disorder in mag-
netic interactions, and competing ferromagnetic and antiferromagnetic interactions [50].
Magnetic frustration means that all the interactions can not be satisfied simultaneously,
this results in to a wide range of relaxation times. The time averaged value of spin S;
is non-zero. Spin-spin correlation function <S5;S;> does not show long-range order due
to the absence of periodically ordered spin structure. Therefore, a spin glass transition
results in a cusp at the spin glass freezing temperature (7y) in the real part of ac sus-
ceptibility (x’). Such system has many metastable ground states covering a broad range
of relaxation time scales (Figure 1.7), from atomic timescales (107! s) to experimental
time scales (seconds) at low temperatures and finally, diverges at the glass transition

temperature (7,) to remain infinite at lower temperatures [50]. Thus, with cooling, the

log  (s)

»
L4
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Figure 1.7: Schematic representation of distribution of spin relaxation times (7) with
temperature.

spins in the system form locally correlated units, denoted as domains, clusters or droplets.
When 7" — Ty, the fluctuations in the clusters are slowed down progressively, resulting in

growth of clusters and glassy correlations between the spins become large and each spin
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starts interacting with the neighboring spins. Consequently, at T, the system is expected
to freeze into a random albeit well-defined frozen ground state. Depending on the cooling
rate, the system can trapped in a metastable state and at temperatures higher than 7y,
called as freezing temperature (7). Between 7' and T}, the system shows slow relaxation,
which tends to achieve the glassy ground state only asymptotically when approaching
T, [51]. Peculiarly, the spin glass ground state is chaotic by nature [52] such that at
different temperatures below T the system have different spin configurations, which can,
again, be reached only asymptotically slowly. Therefore, it shows memory effect upon

aging, which is the signature of glassy behavior.

1.5 Magneto caloric effect (MCE)

MCE is the process of heating or cooling (i.e., the temperature change) of a magnetic ma-
terial when exposed to adiabatic magnetization and demagnetization [53]. The working
principle of MCE is based on isothermal magnetic entropy change (AS,) or the adiabatic
temperature change (AT,4) caused by change in the magnetic field, which is, in a way,
similar to the process that occurs in a gas in response to the change in pressure [53].
During the isothermal magnetization process, magnetic entropy is decreased significantly
near the magnetic transition temperature (ferromagnetic (FM) to paramagnetic (PM)
transition and field-induced metamagnetic transition from antiferromagnetic (AFM) to
ferromagnetic (FM) state) due to a reduction of disorder in the spin system. Therefore,
magnetic materials can be used for refrigeration purpose in the vicinity of the transition

temperature.

MCE was discovered by E. Warburg in 1881 from pure Iron [54] and subsequently by P.
Weiss and A. Piccard in 1917 [55]. Debye [56] and Giauque [57] independently explained
origin of the MCE: the adiabatic demagnetization. First breakthrough application (work-
ing magnetic refrigerators) was achieved Giauque and MacDougall in 1933, cooling below
about 0.3 K using Gdy(S0O,4)3.8H50 as the magnetic refrigerant [58]. In 1976, Brown [59]
constructed a magnetic heat pump operating at room temperature using the rare-earth

metal Gd and demonstrated magnetic refrigeration can be realized in room temperature
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region. In 1997, Pecharsky and Gschneidner discovered the room temperature giant MCE
effect in Gds;SipsGey. After that many researchers concede that it has good potential for

refrigeration from room temperature to low temperature.

1.5.1 Working principle

Heat Load
{Refrigerator)

— — —
—_— — —
— — —
— — —

i 1

1k

Figure 1.8: Pictorial representation of various thermodynamic processes in magnetic re-
frigeration cycle in comparision with the gas refrigeration cycle. When the magnetic field
is applied or removed under isothermal condition, leads to an entropy change and the
adiabatic process, yields a variation in temperature.

Analogous to the conventional vapor-compression cycle, the basic thermodynamic cy-
cle of the magnetic refrigerator operates between following two adiabatic and two isother-
mal conditions which is pictorially shown in Figure 1.8 and schematic of closed Carnot

cycle (ABCDA) is shown in Figure 1.9.
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1- Adiabatic magnetization: When a magnetic material is magnetized under adia-
batic condition (¢) = 0, ) this results in alignment of the magnetic dipoles along the field
direction and magnetic entropy decreases. Since total energy is constant during the pro-
cess, it results in an increase in temperature (7' + AT) of the refrigerant by increasing
lattice and electron entropy to compensate reduced magnetic entropy.

2- Isothermal heat extraction: After that heat is removed by a heat sink under the

Entropy (S)

Temperature (T)

Figure 1.9: Schematic representation of Carnot cycle (ABCDA) in the magnetic refriger-
ation process.

isothermal condition without changing applied magnetic field. This leads to a decrease in
entropy (AS). Once completely cooled, the magnetocaloric substance and the heat sink
are separated.

3- Adiabatic demagnetization: In this step magnetic field is removed adiabatically (Q
= 0), which results in disorder in magnetic dipoles and consequently, increase of magnetic
entropy. This results into an decrease in temperature (7 - AT') caused by lowering lattice
and electron entropy to compensate the increased magnetic entropy.

4- Isothermal heat absorption: Finally, the material is placed in thermal contact with
the environment being refrigerated, which is at higher temperature than the refrigerant

material (by design). Thus heat energy (+@Q) migrates into the refrigerant material from
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the refigerated environment.
Note that both isothermal magnetic entropy change (AS)) and the adiabatic temperature

change (AT,,) are crucial for the achievement of magnetic refrigeration.

1.5.2 Fundamental aspects

The entropy (S) of a magnetic substance at constant pressure (P) depends on both exter-
nal magnetic field and temperature. The change in magnetic entropy (5,,) is correlated
with the magnetization (M), magnetic field strength (H) and the absolute temperature
(T') by the Maxwell’s relations as given by,

(asma(g, H))T _ (aMézT: H))H an

Integrating above equation under Isothermal (7" = constant) and isobaric (P = constant)

conditions, one can obtain

AS, (T, AH) = /O ’ (%)Hm (1.8)

Above equation indicates that magnetic entropy change,ASy (T, AH) is proportional to
both derivative of magnetization with respect to temperature at constant magnetic field
and to the magnetic field variation.

According to second law of thermodynamics, heat capacity (C') at constant H can be

represented as,

oS
C(T,H)=T|(—=— 1.9
rmn=1(5) (19)
Thus, total entropy (S) can also be calculated from specific heat data by using following
equation,

S(T, H) = /OT @dT (1.10)

The isothermal magnetic entropy change (ASy,) at different field variations can also be

calculated from specific heat data acquired at various magnetic fields, using the following
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thermodynamic relations,

AS (T, H) = <S(T,H)—S(T,0)>T=/OT@dT—/OT O(?O)dT (1.11)

It can be written following thermodynamic relations,

<§T€>S: _<§_§>T(§_§>H (1.12)

Using Eq. 1.8, 1.9 and 1.12, the infinitesimal adiabatic temperature change can be ex-

pressed as follows,

nae (k) ()

Integrating above equation, one can obtain adiabatic temperature change (AT,4) as fol-

lows,

AT, (T, AH) = —/OH (C(ZI?,H))H<8M((3? H)>HdH (1.14)

Above equations provide an understanding of the behavior of the MCE and serve as a
guide for the search of potential magnetocaloric materials. First, for paramagnets and
simple ferromagnets, magnetization decreases with increasing temperature at constant
applied field [i.e. OM /IT)y < 0], this implies ASy(T,AH) is negative (Eq. 1.14), while
AT, (T, AH) is positive (Eq. 1.8). Second, in ferromagnets |(OM /OT) | is the largest
at the Te and therefore, ASy(T,AH) will be maximum at 7o and will be gradually
reduced both below and above the T (Eq. 1.8). Third, for the same [(OM /OT)y|, the
ATu(T, AH) will be larger at a higher absolute temperature, and also when the total
heat capacity is lower (Eq. 1.14).

1.6 Multiferroics and mechanism of ferroelectricity

Multiferroics refer to the class of materials in which two or more ferroic states such as

ferroelectric, ferromagnetic, ferroelastic or ferrotoroidic coexist. The ferroic states are
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generally characterized by a stable and switchable order parameter under the application
of external stimuli, e.g. magnetic field, electric field, pressure, temperature and strain.
More specifically, the current research on multiferroics focuses on the materials exhibit-
ing ferroelectric order and long-range magnetic order that also includes antiferromagnetic
and more complex spin order such as spiral/cycloidal. In spite of their huge potentials,
multiferroic materials are rare because of contradictory requirements of magnetism and
ferroelectricity as former one requires an odd number of d electrons, whilst later one
generally occurs only in materials without d electrons [60]. This has led to an intense
research activities in this area aimed at identifying alternative mechanisms by which both

the degrees of freedom can coexist and couple strongly.

Electric polarization can be induced by several mechanisms; based on the origin of
electric polarization, ferroelectrics are classified into two categories: proper ferroelectrics
and improper ferroelectrics. In proper ferroelectrics, polarization is a primary effect di-
rectly associated with the structural instability arising out of the hybridization and change
in the chemical bonding. One example of proper ferroelectrics is BaTiO3 [2,61], in which
ferroelectricity originates from the off-centering of the Ti with respect to the oxygen octa-
hedral cage due to the virtual hopping of electrons between empty Ti-d and occupied O-p
states. Ferroelectric polarization in improper ferroelectrics on the other hand develops
as a byproduct of other spin, lattice or charge ordering. Different mechanisms inducing

ferroelectricity are described below.

1.6.1 Lone pair driven ferroelectricity

In BiFeO; [62], BiMnOj3 [63] and PbVOj3, the A-site cation (Bi*", Pb?*") has two outer
6s electrons that do not participate in chemical bonds, called lone-pairs, or sometimes
dangling bonds, which causes the Bi 6p (empty) orbital to come closer in energy to the O
2p orbitals and hybridize resulting in the displacement of A-site ion from centrosymmetric
positions with respect to the surrounding oxygen ions and drives ferroelectricity. Such

ferroelectrics are also classified as proper ferroelectrics.
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1.6.2 Geometric ferroelectricity

The improper ferroelectrics in which spontaneous electric polarization is induced by some
geometric effects such as non-centrosymmetric atomic arrangements of the crystal rather
than chemical bonding are termed as Geometric ferroelectrics. Hexagonal rare-earth
manganites (h-RMnOj3, R = Ho-Lu, Y) are the improper geometric ferroelectrics in which
polarization arises from the tilting of MnOj5 polyhedra accompanied by displacement of

the R ions [4,64].

1.6.3 Charge ordering induced ferroelectricity

(a)

Neutral chain

ececede

—
Slte centred charge order
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Bond + site centred charge order

Figure 1.10: Schematic representation of neutral one-dimensional chain (a) showing site-
centered charge ordering (b), bond-centered charge ordering (c¢), and linear combination
of both site-centered and bond-centered charge orderings (d), which exhibits non-zero
ferroelectric polarization [65].

Another mechanism that can lead to ferroelectricity is charge ordering, in which com-
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pound contains transition metal ions with mixed valence. A specific periodic pattern
(like alternative ordering or checkerboard type ordering) of transition metal ions with
different valence states is generally referred as site-centered charge ordering. The second
type of charge ordered pattern develops due to the lattice dimerization as observed in the
case of Peierls distortion. In this charge order pattern, each lattice site is occupied by
equivalent charges but the bond strengths between the sites are unequal which result in
charge disproportion on alternating strong and weak bonds between ions. This type of
charge ordering is called bond-centered charge ordering. In both the type of charge order
pattern (Figure 1.10), the net polarization turns out to be zero. However, the simulta-
neous presence of site centered and bond centered charge ordering in a system breaks
inversion symmetry and results in ferroelectricity [65]. Charge ordered compounds such

as LuFe, Oy [66], RNiOj3 [67], Pr;_,Ca,MnOj [68] etc show ferroelectric ordering.

1.6.4 Magnetically driven ferroelectricity

Magnetically driven ferroelectrics are the interesting class of multiferroics, which trigger a
lot of research activities owing to their large magnetoelectric coupling. In these materials,
spontaneous polarization appears due to spatial inversion symmetry breaking by magnetic
ordering which involves various microscopic mechanism as described below.

(a) Inverse Dzyloshinskii-Moriya interaction
In orthorhombic rare-earth manganites (RMnOs3, R = Gd, Tb, Dy) [4,41,69] and MnWO,
[70], ferroelectricity arises due to the breaking of inversion symmetry from the heli-
coidal/spiral spin order, which is connected with the spin-orbit interaction. Underlying
mechanisms for the generation of electric polarization in this class of compounds is the
inverse Dzyloshinskii-Moriya interaction, where the spin configuration displaces oxygen
(ligand) ions through the electron-lattice interaction and breaks the inversion symme-
try [71].

(b) Exchange striction mechanism

Besides the non-collinear magnetic structure, the ferroelectricity can also be induced
in the collinear magnetic structure caused by the lattice distortions associated with the

competing magnetic interactions so-called exchange striction mechanism. Best known
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Figure 1.11: Alternating ionic order and up-up-down-down (11lJ) spin structure in
CazCoMnOg, where ferroelectricity arises from exchange striction mechanism. Dashed
circles represent the undistorted positions of the atoms [72].

such type of ferroelectric is one-dimensional Ising spin chain system, CazCoMnOg [72].
In this type chain system, there exist nearest-neighbor ferromagnetic exchange interac-
tions (Jp) and next-nearest-neighbor antiferromagnetic exchange interactions (J4x) such
that Jap /Jp>1/2, which results in up-up-down-down (11]J) type spin structure, as
shown in Figure 1.11. The exchange striction associated with this unequal strength of
exchange interactions shortens the bonds between the parallel spins and elongates the
bonds connecting the antiparallel spins and breaks the inversion symmetry which leads
to ferroelectric polarization.

(c) Metal-ligand orbital hybridization mechanism

The microscopic theory which describes the induced polarization by the metal-ligand or-
bital hybridization was first introduced by Katsura, Nagaosa and Balatsky (KNB) taking
into account the transition metal orbital states and crystal field effects [71]. According
to this model, the dipolar polarization develops along the direction of M-O-M (M =
transition metal) cluster (as shown in Figure 1.12) which require a noncollinear magnetic
structure with non-zero spin-orbit coupling. If we consider two transition metals with spin
moments m, and m; located at positions r and r + [ and connected via a ligand (oxygen)
at the center r + /2, the dipole moment of this cluster (spin dimer) at the center of the

ligand site can be expressed as

Pryijo = P™q(mymei2) + PPq x (my X myyyp0) + P (qme)my — (qmpp)my 4]
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Figure 1.12: The M-O-M cluster model with the ds,2_,2 /ds,2_,> staggered orbital order
under a noncollinear spin configuration m; and m, with the associated electric polarization
P, [73].

where P™* | PP and P°"" are the magnetostriction, spin current and orbital terms, respec-
tively. The third term arises due to the asymmetry in metal-ligand (p-d) hybridization. It
may be noted that the asymmetry in p-d hybridization depends on the local environment
of the transition metal and ligand i.e. on the spin orbit coupling and the specific lattice

structure. Example of such systems are Cu(Fe,Al)O, [74] and BayCoGeyO7 [75].

1.6.5 Other ferroelectrics

Apart from the above mentioned feroelectrics, CdTiO3 is a unique system, in which ferro-
electricity is driven by a phase transition from the centrosymmetric orthorhombic struc-
ture (Pbnm) to a non-centrosymmetric structure (Pna2;) via displacement of Ti and
O ions, even though overall orthorhombic symmetry is maintained [76,77].The Concept
of ”local non-centrosymmetry” has been suggested to understand the weak ferroelectric
behavior of YCrOs [78]. Yet another novel mechanism has been proposed where the
rotation of oxygen octahedra coupled with lattice distortion can lead to a ferroelectric

phase [79-81].
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1.7 TSDC effect and dielectric relaxation

Defect engineering have generated considerable attention in recent years as it opens up
novel opportunities to drive and control various physical properties, gives rise to increase
in functionality of the materials. Oxides are very prone to lattice defects, mainly atomic
vacancies, which drive a wide range of extra properties that the host materials do not ex-
hibit intrinsically, including photoconductivity [82], conductivity [83], unusual dielectric
behavior [84], magnetization [85], polarization [86] and many more.

The emergence of polarization from the defect dipole reorientation is termed as thermally
stimulated depolarization current (TSDC) effect. When a material is poled by the ap-
plication of electric field at relatively high temperatures, barely mobile charge carriers of
defects get distributed so as to screen the electric field and with cooling, these charge
carriers get trapped. Since at low temperatures the relaxation time is infinitely long, an
internal electric field by the frozen-in dipoles persists even when external electric field is
switched-off. Further, during heating cycle this trapped carriers get released giving rise

to pyrocurrent/polarization.

Theory of TSDC
The theoretical basis for the TSDC phenomena was established by Bucci, Fieschi and
Guidi in 1966 [87]. The time and temperature dependence of the dipolar polarization
is determined by the competition between the orienting action of the field and the ran-
domizing action of thermal motions. The time-dependent polarization at a constant

temperature, 1" can be expressed as,
P(t) = B[l — exp(—t/7)] (1.15)

where 7 is the dipolar relaxation time and F is the equilibrium or steady-state polarization

which can be described by the Langevin function:

SNdPQE
) 2 1.1
0 kT, (1.16)

where s is a geometrical factor depending on the possible dipolar orientations, N, is the
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concentration of defect dipoles, £, is the polarizing field, 7}, is the poling temperature,

P, is the dipolemoment and kp is Boltzmann constant.

The decay of polarization after removal of the field at t = oo is given by,
P(t) = Pyexp(—t/T) (1.17)

Assuming the time taken to polarize defect dipoles at a given temperature is same as
the time taken for those dipoles to depolarize at the same temperature and adopting the
decay process as a thermal activated process of Arrhenius type, 7(1") = 79 exp(E,/ksT),
where 7y is the characteristic relaxation time for a vacancy jump from one lattice site to
another for reorientation of defect dipole and is independent of temperature and FE, is the

activation energy, the Eq. 1.17 can be rewritten as,

Pt) = Poemp( - /Ot %) - Poemp< - /Ot “p(_i“/kBT) dt) (1.18)

The depolarization current is given by, I(t) = -dP(t)/dt. For linear heating process, 7' =

To + bt, where b = dT'/dt heating rate, the depolarization current can be expressed as,

1(r) = —iexp(—Ea/kBT)exp[— 1 / e:cp(—Ea/kBT’)dT’} (1.19)

T0 bTO To

The first exponential, which dominates in the low temperature range, leads to initial in-
crease of the current with temperature, while the second exponential dominates at high
temperature range which is accompanied by decrease of current. Thus the temperature
dependence depolarization current represents an asymmetrical glow curve, where the am-

plitude is a linear function of the poling field.

1.8 Organization of thesis

The various chapters of the thesis are briefly described below.

In Chapter 2 we discuss the various experimental and the theoretical techniques used
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in this thesis work. This includes sample synthesis technique: solid state reaction and
various characterization tools such as powder x-ray diffraction (XRD), dc and ac mag-
netization, dielectric, pyroelectric, heat capacity, Raman spectroscopy, x-ray absorption
spectroscopy (XAS) and extended x-ray absorption fine structure (EXAFS) studies and
density functional theory (DFT) calculations to study the structural, electronic and mag-
netic properties and density functional perturbation theory (DFPT) approach for phonon

calculations.

Chapter 3 is divided into two parts. In the first part, we discuss the detailed magnetic
properties of solid solutions of Gag_,Fe,O3 (x = 0.75, 1.0, and 1.25). Magnetic behav-
ior throughout the series could be well explained by the molecular-field-approximation of
three-sublattice ferrimagnetic model. The series of compounds exhibit complex spin glass
behavior which gradually evolve with the compositions (z) from the Ising type character
to Heisenberg type behavior to unconventional glassy behavior for Fe-rich compositions.
Hence, Gay_,Fe, O3 can serve as an ideal system for modeling complex spin glasses. The
glassy behavior these systems is due to the inherent site-disorder driven magnetic inho-
mogeneity and random distribution of ferromagnetic and antiferromagnetic interactions
and their modifications with compositions (). In the second part, we discuss detailed
dielectric and pyroelectric studies throughout the series. These systems exhibit multi-
ple dielectric relaxations associated with dominating low frequency Maxwell-Wagner type
relaxation through the interfaces, i.e., grain boundaries and high frequency Debye type
relaxation through the bulk (grains). Further, emergence of polarization in these systems
is a thermally stimulated process caused by the freezing of defect dipoles possibly associ-

ated with charged oxygen vacancy instead of intrinsic ferroelectric behavior.

Chapter 4 also consists of two parts. In first part we discuss our detailed investiga-
tions on structural studies by temperature dependence synchrotron x-ray diffraction and
theoretical calculations to understand the microscopic origin and underlying physics of fer-
roelectricity in GdCrOg at relatively high temperature. The preferred symmetry is found
to be non-centrosymmetric orthorhombic Pna2, structure, favoring the polar nature of

the system. The weak polarization arises from the small ferroelectric instability associ-
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ated with the Gd displacements with respect to the oxygen cage. Furthermore, magnetic
coupling between Gd-4f and Cr-3d also plays an important role in ferroelectric distortion.
Second part of the chapter contains detail magnetic and spin-phonon coupling studies in
GdCrOg. It shows various interesting magnetic features like temperature induced magne-
tization reversal (TMR), spin flipping (SF), spin reorientation, nonlinear coercivity etc,
which arise due to the symmetric (S; . S; ) and antisymmetric Dzyaloshinsky-Moriya
interaction (S; x S;) interactions within and between Cr and Gd-sublattices. The system
also exhibits strong spin-phonon coupling, which provides a complementary tool for the

enhancement of ferroelectric polarization.

In Chapter 5 we discuss detailed structural, electronic and magnetic properties of
GdMn;_,Cr,Os. In the solid solutions, the Jahn-Teller distortion associated with Mn3*
ions gives rise to major changes in the be-plane sublattice and also the effective orbital
ordering in the ab-plane, which persist up to the compositions = ~ 0.35. These dis-
tinct features in the lattice and orbital degrees of freedom are also correlated with the
be-plane anisotropy in the local Gd environment. Evidence of magnetization reversal in
field-cooled-cooling mode for x ~ 0.35 coinciding the Jahn-Teller crossover, suggests a
close correlation between magnetic interaction and structural distortion. These observa-
tions indicate a strong entanglement between lattice, spin, electronic and orbital degrees
of freedom. Density functional theory calculations find that the intermediate compound
(x = 0.5) consists of alternate ferromagnetic Mn layers and antiferromagnetic Cr layers,

which is distinct from that observed for the end members GMnOj3 (A-type) and GdCrO;

(G-type).

In Chapter 6 we discuss magnetocaloric effect (MCE) of polycrystalline GAMO3 (M
= Al, Mn and Cr) assess their potential usage as magnetic refrigerants at cryogenic tem-
peratures. GdAlOj3 exhibits a giant magnetic entropy change (§.5)/), while the moderate
effect is observed in GAMnQOj;. This is possibly due to the presence of Gd-Mn negative
exchange interaction in GAMnOj. The relative cooling power (RCP) and adiabatic tem-
perature change (07,4) of both the materials are similar. However, absence of magnetic

and thermal hysteresis in GAAIO3 make it a more efficient and reversible magnetic refrig-
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erant than GdMnOj3. GdCrOj possesses exceptionally large magnetocaloric parameters
(65w, 01,4 and RCP ), which arises from the suppression of spin entropy associated with
the suppression of spin reorientation transition, in addition to the Gd-ordering. The gi-
ant MCE parameters along with high insulating nature of the sample and weak magnetic
hysteresis, make it one of the best candidates for low temperature magnetic refrigeration

among all known potential low temperature magnetic refrigerants known so far.

Summary and outlook of the present thesis work are given in Chapter 7.



Chapter 2

Experimental and theoretical

techniques

This chapter presents a brief overview of the experimental methods used for synthesiz-
ing bulk (powder) samples and characterization of their properties. We synthesized poly-
crystalline samples of various functional oxides by the solid-state route. Powder x-ray
diffraction (XRD) technique was used to confirm phase purity and determine the crystal
structure. Thereafter, samples were characterized using dc and ac susceptibility measure-
ments, heat capacity measurement, Raman spectroscopy, xz-ray absorption spectroscopy
(XAS), extended z-ray absorption fine structure (EXAFS) study and dielectric measure-
ment and pyroelectric measurement, etc. In addition, we also performed first-principles
density functional theory based calculations to study the structural, electronic and mag-

netic properties of various systems.
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2.1 Sample synthesis

The synthesis techniques used for the preparation of polycrystalline oxide samples in this
thesis works is solid-state reaction route. The solid-state synthesis reaction techenique
is the most conventional and widely used synthesis method for the preparation of bulk
oxides. Basically, thermodynamic and kinetic factors are important in solid state reac-
tions; thermodynamic considerations show whether a particular reaction should occur or
not by considering the changes in free energy that are involved; kinetic factors determine
the rate at which the reaction occurs. The rate of reaction between the starting materials
are controlled by three important parameters: (i) the contact area between the reacting
solids and hence there surface areas (surface area depends on particle size, therefore pre-
cursors are needed to crush into fine powder), (ii) the nucleation rate of product phase
(it is facilitated if there is a structural similarity between the product and one or both
of the reactants because this reduces the amount of structural reorganization) and (iii)
the diffusion rate of ions through the various phases and especially through the product
phase. The diffusion length (v/2Dt) should be greater than the particle size (L) of raw
materials which is expressed as V2Dt > L, where, D is the diffusion constant (depends
on the reaction temperature and the material) and ¢ is the time of reaction. As the ionic
diffusion is a slow process, it requires a high temperature (typically 1000-1500 °C) and
a longer heating duration. In this method, stoichiometric ratios of powder binary oxides
and carbonates of metals of interest are finely ground in an agate mortar for homoge-
nization. The first heating of the mixture is carried out at 700-900 °C for calcination.
Subsequently, the powder is pressed in to pellets by using hydraulic pellet-making press
under an external pressure (~ 600-800 MPa) and sintered at high temperatures. The sin-
tering temperature is chosen based on the relevant phase diagram (information available
from literature). Multiple heating and grinding of the precursor is required to achieve
single-phase desired materials. Some compounds need to be annealed in restricted en-
vironment like any inert/reactive gas medium e.g Ar, Ny, Oy to maintain stoichiometry.
If the raw materials have variable oxidation states or a certain oxidation state is desired
in the product phase, then depending on the requirement control of either temperature

or atmosphere may be needed. In addition, a suitable container material for annealing
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is taken having high melting point and which is chemically inert to the reactants un-
der the heating conditions. The alumina and platinum crucibles/boats are usually used.
Compounds investigated for this thesis work, were synthesized by this route while the
detail synthesis conditions such as annealing temperature and duration are described in

the respective chapters.

2.2 X-ray diffraction and Rietveld refinement

The crystal structure, phase purity and site-specific order/disorder of the polycrystalline
samples were determined using powder x-ray diffraction (XRD) technique. XRD is an
ideal characterization tool to extract the structural information due to the fact that wave
length of x-ray radiation is comparable to the interatomic distances. Von Laue first
introduced this technique in 1912 [88]. In a laboratory system, x-rays are generated
when high energetic electrons collide with a metal target within a sealed tube that is
under vacuum. The source of electrons is a tungsten filament that is connected to a high
voltage transformer. The wavelength of x-rays produced is a characteristic of the metal
target. The x-rays are collimated and directed towards the powder sample, which consists
of various lattice planes in every possible orientation. The incident ray gets scattered
elastically from different atoms arranged periodically in lattice planes. The constructive
interference is favored when the path difference of scattered x-rays is an integral multiple

of the phase difference and it is expressed by the Bragg condition [89] given by

2dsinf = n\ (2.1)

where d denotes inter-planer distance, # denotes the diffraction angle and A, the wave-
length of the x-rays. The schematic representation of x-ray diffraction process is shown
in Figure 2.1.

The intensity distribution of the scattered wave or distribution pattern is the finger-
print of the crystalline solid. Lattice parameters (a, b, ¢) of a unit cell are related to the

inter-planer distance via miller indices (h, k, [) as given by,
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Figure 2.1: Schematic representation of x-ray diffraction from the parallel planes of the
periodic crystal lattice.
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In principle, the intensity of diffracted beam depends on the structure factor (Fjy) of the
specimen. Fjy;, varies with the atomic form factor of the atoms present in the unit cell,

their population and thermal motion as given by following expression,
N
Fhkl _ Zgntn(S)e2ﬂi(hun+kvn+lwn) (23)
n=1

where, ¢g" is the population factor of n'* atom, #"(s) is the temperature factor, f" is the
atomic scattering factor and (u, v, w) are the fractional coordinates of n'® atom in the
unit cell. The integrated intensity of a diffracted peak in the XRD pattern is proportional

to the amplitude of the structure factor, as expressed below,
Init =] Fia |? (2.4)

In addition, some external factors may also affect the position, intensity and width of the
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diffracted peak, such as lattice strain, orientation/disprientation of grains, particle size
and instrument parameters.

In this work, the XRD measurements were carried out using Bruker D8 diffractome-

Figure 2.2: X-ray diffraction set up (Bruker D8 Advance) in our lab.

ter (Figure 2.2) in Bragg-Brentano geometry with Cu K, radiation available in our lab.
Diffracted x-rays are collected by the detector, which is a sodium iodide (Nal) scintillation
detector. While performing the measurements, a Ni filter was used to eliminate Cu Kz
lines. X-ray diffraction pattern of corundum (standard sample) collected in our lab is
shown in Figure 2.3.

Temperature dependent XRD measurements were carried out at the XRD1 beamline at

ELETTRA synchrotron radiation facility using photons of wavelength 0.85507 A.

Rietveld refinement
We analyzed the measured XRD data by Rietveld refinement method using Fullprof soft-
ware package. In this refinement method, the theoretical diffraction pattern is generated
by considering the given initial structural parameters such as Wyckoff positions, lattice

constants, anisotropic parameters, peak shape parameters, asymmetry parameters and
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Figure 2.3: X-ray diffraction pattern of corundum (standard sample) collected in our lab.
Peak indices are also marked.

instrument parameters such as peak shape and background. Refinement is based on least
square fitting of the data and minimization of the difference between the experimental
pattern and theoretical pattern. During the refinement, Pseudo-Voigt (PV) function is
used to describe the peak shape. The initial parameters are then optimized to improve
the reliability of the fit, which are expressed in terms of R-factors such as profile factor
(R,), weighted profile factor (R,,), expected weighted profile factor (R.,,) and goodness
of fit indicator (x?).

Z?:l Yi

R, = (2.5)

n .9
i=1Yi

n . R |2
Ry — \/Zi:ﬂ% | Yi — Yo (2.6)
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where, y; is the profile intensity, y.; is the calculated intensity, w;=1/02 (o7 is the stan-
dard deviation) is the weighing factor for the i'® data point and n-p is the number of
degrees of freedom. R, provides the information of the difference between the observed
and calculated intensity points, R,, contains weighted profile which gives more accurate
difference between the observed and calculated intensity peaks rather than considering
the background intensity. R.,, is calculated based on the number data points (n) in the
profile and number of variable parameters (p) used in the refinement procedure. It should
be noted that n should be always greater than p. The lower values of x? and R-factors

suggest a good profile fit to the data.

2.3 Physical Property Measurement System - PPMS

Evercool-11

The PPMS EverCool-II is an integrated cryocooler-based design to condense liquid helium
directly within the dewar. Under normal operation, the system recovers all the helium
gas generated by static boil-off and temperature control functions. It consists of liquid-
helium bath called as dewar. The dewar has reflective super-insulation to help minimize
helium consumption. The probe is immersed inside the dewar. The probe contains the
basic temperature-control hardware, gas lines, the superconducting magnet, sample puck
connectors and various electrical connections. Its outer layer isolates sample chamber
from liquid-helium bath. Two concentric tubes separated by a sealed. evacuated region,
prevent heat exchange between the sample chamber and helium bath. Major components
are the sample chamber, impedance assembly, magnet, baffle rods and probe head. The
sample chamber is inside the two vacuum tubes. The region between sample chamber
and the inner vacuum tube is called as the cooling annulus. Helium is pulled through
the impedance tube into the cooling annulus so that it can warm and cool the sample
chamber evenly. The impedance assembly enables and disables the flow of helium into

the cooling annulus from the dewar and accordingly maintains the desired temperature
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Figure 2.4: PPMS Evercool-1I set up in our lab.

of the sample chamber. PPMS contains a magnet which is a superconducting solenoid
composed of a niobium-titanium alloy embedded in copper, which is immersed in liquid
helium, outside the the probe. The cryocooler unit consists of the cold head and the
compressor. The cold head is a closed-cycle, Gifford-McMahon style cryo-refrigerator that
uses high-pressure helium as the working gas and an indoor control unit and an outdoor
compressor and heat exchanger are there to supply high-pressure and oil-free helium gas
to cold head. PPMS Evercool-II system installed in our lab is shown in Figure 2.4. It
has been designed to measure various physical properties such as specific heat, resistivity,
thermal conductivity, Seebeck coefficient, hall measurement, ac magnetic susceptibility,
etc. in a wide range of temperature (1.9 - 400 K) and magnetic field (£9 T). For the

present thesis work, we extensively used heat capacity and ACMS options.

2.3.1 Heat capacity

The heat capacity measurement is of special interest in the study of magnetic and dielectric
materials since it essentially determines the thermodynamic behavior of the sample and
provides a signature of phase transitions, which may be structural, magnetic or electric.

All the specific heat results reported in this thesis were obtained by using the heat capacity
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option of PPMS. A specially designed sample holder (the puck) is used for specific heat
measurement in the PPMS, as shown in Figure 2.5. The sample is mounted on a platform
of typical size 3x3 mm? square, which is suspended in the middle of the puck by thin wires.
For better accuracy, thin sample with large surface area (less than 3x3 mm?) should be
used so that thermal gradient can be avoided. The platform is made up of sapphire while
heater and thermometer are connected at the bottom of the puck platform. Apiezon
N-grease (addenda) is generally used to stick the sample on the puck platform, which
ensures a good thermal contact between sample and platform.

The measurements of heat capacity is performed using ac relaxation technique. During
the measurement (at constant temperature), a known amount of heat energy is supplied to
the sample for a fixed duration at the constant power which is then followed by a cooling
cycle. The thermal response of the measured sample with time is then fitted with a single
or pair of exponential functions. Generally, we used the latter one which corresponds to

two tau model.

<4—— Sample holder (puck)

Sample platform
Suspending wires

Figure 2.5: The sample holder used for heat capacity measurements in PPMS.

Chtasirs T2 = PI1) ~ Kol Ty(0) ~ Ty) — K,(T3(1) — Ty(1) (2.9
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Csample% = _Kg(Ts(t) - Tp(t)) (210)

Where, Cpiatrorm is the heat capacity of sample platform, Csgppie is the heat capacity of
sample, P(t) heat power, K,, thermal conductivity of supporting wires, K, is the thermal
conductance of grease, T), is the platform temperature, T is the sample temperature and
T, is the temperature of thermal bath. The room temperature specific heat measurement
takes more time as compared to that of low temperature measurements, since the relax-
ation time at lower temperatures is very less (few secs) than that at higher temperature
(few minutes). In order to find the heat capacity of sample alone the addenda heat ca-
pacity (contribution from the sample stage and grease) must be subtracted from the total
measured value.

In general, the low temperature (preferably below 20 K) heat capacity contains informa-
tion related to the ground state lattice, magnetic and electronic properties of the solid
crystalline material. The total heat capacity of a magnetic material can be expressed as

follows
C=~T+ 6T+ BT+ BT+ BT+ ... (2.11)

where the first term on the right-hand side represents heat capacity from electronic con-
tribution, second term represents magnetic contribution ( n = 2 for ferromagnets and n
= 3 for antiferromagnets) and third and higher order terms represent lattice contribution
of heat capacity.

In present thesis work, we performed temperature dependence of heat capacity measure-

ments on various samples at various magnetic fields ranging from 0 T to 9 T.

2.3.2 Ac magnetic susceptibility - ACMS

The ACMS mainly consists of an ac-drive coil set and a detection coil set.The former
one gives an alternating excitation field and later one responds to the combined sample
moment and excitation field inductively, as shown in Figure 2.6. The copper drive and
detection coils are situated within the ACMS insert, concentric with the superconducting

dc magnet of the PPMS.



2.3 Physical Property Measurement System - PPMS Evercool-I1 39

The drive coil is wound longitudinally around the detection coil set, which generates ac
fields up to £10 Oe with a frequency range 10 Hz to 10 kHz. To isolate the sample’s signal
from the uniform background the detection coils are configured in the form of first-order
gradiometer, which consists of two sets of counterwound copper coils connected in series
along with a separation of several centimeters. During the measurement, the sample is
placed at the center of each detection coil and ac field is applied to the measurement
region. The detection coils indicate how the applied field is altered by the sample. Ac
susceptibility measurements do not directly measure a sample’s magnetic moment. A
small alternating field, dH, is applied, while a large constant field can still be applied
by the superconducting magnet. The amplitude and phase of the sample’s response is
received by the detection coils and compared with the drive signal. The change in the

samples moment, dM, is found from this. The ac susceptibility is then calculated by:

Xac = dM/dH (2.12)

This is the local slope of the sample’s magnetization curve. The ideal sample response

Electrical Detection coils (+/-) Ac drive . . Sample space
connections compensation coils

Figure 2.6: Schematic diagram for ACMS coil setup.

signal is 90° out of phase with the drive signal in accordance with Faraday’s law, but other
factors lead to deviations. Therefore, the ac susceptibility can also be described by a real
component, x/, that is in phase with the ideal response and an imaginary component,

x/!, that is 90° out of phase with the ideal response. These values are indicative of the
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stiffness of the spins, or their resistance to flipping with the changing field.
In present thesis work, we performed temperature dependence ac susceptibility measure-
ments of some systems over a wide range of frequencies (17 - 9997 Hz) and also at several

applied dc magnetic fields (0 - 10* Oe).

2.4 Dc Magnetic measurement system - SQUID VSM

Dc magnetization measurements were carried out using the SQUID-VSM (superconduct-
ing quantum interference devices -vibrating sample magnetometer),which is a combina-~
tion of high sensitivity of the SQUID along with high speed measurement of conventional
VSM, as shown in Figure 2.7. It consists of primarily VSM linear motor transport (VSM
head) to oscillate the sample and sample oscillates across a superconducting detection
coils, which are arranged in a second-order gradiometer configuration. When the sample
moves up and down in the presence of the applied magnetic field, it produces an alter-
nating magnetic flux in the detection coils, consequently, current is produced in response
to magnetic flux. Current in detection coils is inductively coupled to the SQUID, which
serves as an extremely sensitive current-to-voltage converter. The SQUID consists of two
superconductors separated by thin insulating layers to form two parallel Josephson junc-
tions, which is very sensitive to measure extremly small magnetic fields.

The SQUID signal (V') generate in the form of a flux profile as a function of time (t) is
given by,

V() = AB*sin*(wt) (2.13)

where w is the frequency of oscillation by which sample is vibrating about the center of
detection coils, A is a scaling factor relating to the sample magnetic moment and B is
the amplitude of sample vibration. Finally, the magnetization of the sample is deduced
by fitting the measured flux profile to that expected for a point dipole.

In present thesis work, we performed temperature dependence of magnetization (M vs T))
and isothermal magnetization (M vs H) and magnetic relaxation (M vs t) measurements

on various samples using SQUID-VSM, to understand the magnetic properties of the
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Figure 2.7: (a) Schematic of SQUID magnetometer. (b) SQUID-VSM setup at IOP,
Bhubaneswar.

materials.

2.5 Dielectric measurement

Dielectric measurements were performed using impedance analyzer is used. Silver paste
is applied on both sides of the dielectric sample to make parallel plate capacitor geometry
and the measurements were carried out using two-point configurations as shown in Figure
2.8. Two Teflon coated coaxial cables are connected to the BNC connectors attached to
the aluminum flange of the sample probe. Another side of these two cables is connected
to Impedance Analyzer. The outer shielding wires on these coaxial cables are connected
to the instrument guard to maintain the equipotential surface on the designed probe,
while the inner core parts of the BNC connectors are connected to the top and bottom
electrodes. The area of the sample holder where samples are mounted is covered with A
thin layer of mica sheet to prevent the electrical short-circuit and to maintain good thermal
contact with Cu-based material. To investigate the temperature dependent dielectric

measurements, it has been inserted into a closed cycle cryogenic system. In parallel plate
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Figure 2.8: Schematic diagram for dielectric measurements setup.

capacitor geometry, the capacitance of a dielectric medium is defined as the ratio of charge

(Q) induced on capacitor to the applied voltage (V), as given by

_ 49 _ =4

C=w=a

where € = g¢¢, (2.14)

Here, ¢ represents dielectric the permittivity of the free space (8.854x107!2 F/m)
and &, relative permittivity of the dielectric medium which is a complex parameter and

can be given by,

"

e=¢e —¢! and tand = E—f (2.15)

&

Here, tand indicates the loss tangent and its physical significance is the ratio of energy
dissipated per radian to the total energy stored in the dielectric medium at the maximum
value of polarization.

In the present thesis work, we investigated temperature dependent dielectric relaxation
behavior of some systems using impedance analyzer 4291A in the frequency range of 1

kHz -1 MHz, under dc bias voltage of 1 V.
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2.6 Pyroelectric measurement

To measure electric polarization, commonly used method is thermally stimulated pyroelec-
tric current measurement. In these measurements parallel plate capacitor-type samples
are used with silver contacts on both sides of the samples. The pyroelectric current is
recorded with respect to temperature in quasistatic method. An electrometer is used in
the current mode to measure the current through a circuit between the electrodes. This
method typically involves poling of the sample during cooling mode under an electric
field through the ferroelectric phase transition temperature. Applied electric field is then
set to zero and both the electrodes of the samples are shorted for sufficiently long-time
to remove thermally induced extrinsic surface charges. Thereafter, in the heating mode,
the current generated in the sample due to constant temperature ramping rate is mea-
sured. The spontaneous polarization (P) for a given poling field can be estimated from

the pyrocurrent as follows,

dT’
I = Ap(1)" (2.16)

Where, A is an electrode area, p(T)= dP/dT is the pyroelectric coefficient and d7'/dt is
the rate of temperature change.The temperature dependent polarization can be estimated

by integrating this current with respect to time as,

P(T) = 5 / I(T)dt (2.17)

In the present thesis work, we investigated the pyroelectric current measurements in some
systems using Keithley 6517A electrometr, under the poling field , £, = £ 1.1 kV/cm

along with different poling temperature.

2.7 Raman spectroscopy

Raman spectroscopy is a powerful tool to observe vibrational, rotational and other low-
frequency modes in a system. The basic principle is based on Raman effect, which was

discovered by sir C. V. Raman and K. S. Krishnan [90]. It is an inelastic scattering
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process of the light with the vibrations of the molecules. Especially, in magnetic systems,
the coupling between the softening of phonon modes and various magnetic excitations can
be investigated using this optical technique. In Raman spectra, the incidence of photon
is scattered elastically (i.e. Raleigh scattering) and inelastically as shown schematically
in Figure 2.9. In inelastic scattering process, the energy of the scattered light is weakly
modified by the characteristic vibrational mode of the molecule. When energy is lost the
Raman scattering is designated as Stokes, when energy is gained it is called as anti-
Stokes. Generally, Stokes Raman light is used in measurement as it has more intensity
than the anti-Stokes, however both give same vibrational informations of the compound.

The spectral modes can only be observed in the case of change in polarizability («) of

Rayleigh (elastic) scattering

hv,
Q
o .

O hvtv Vibrational
. . . Stat
Raman (inelastic) scattering ates

Ground State
hv,

Rayleigh Stokes  Anti-Stokes
scattering Raman  Raman
scattering scattering

Wi Virtual States

Figure 2.9: Mechanism of Raman scattering effect when molecule exposed to LASER
light.

the molecule during the scattering process. Intensity of inelastic scattered light is,

do
Is = I, L(—)*
s = ToL(g)"

1

A)4 (2.18)

Here, X is wavelength of the monochromatic source, ‘é—‘; is change in polarizability, Iy and

L are the intensities of incident light and sample optical path respectively. For lattice

vibrations in a crystalline solid, the typical Raman shift is of the order 100-1000 cm ™1,
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and the lifetime of a scattering is 7 < 1074 sec.

In the present thesis, the vibrational properties were measured using a micro-Raman

Figure 2.10: Raman spectrometers at IGCAR, Kalpakkam (upper one) and IOP,
Bhubaneswar (lower one).

spectrometer (inVia, Renishaw, United Kingdom) with 514.5 nm excitation of an Ar*
laser. Spectra were collected in the back scattering configuration using a thermoelec-
trically cooled CCD camera as the detector. A long working distance 50x objective
with numerical aperture of 0.45 was used for the spectral acquisition. For the temper-
ature dependent Raman spectroscopic measurements, the sample was kept in a Linkam

(THMS600) stage, driven by an auto-controlled thermoelectric heating and cooling func-
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tion within a temperature range of 80 to 300 K. Preliminary analysis of Raman spectra
were done using ISA JobinYovn U1000 Raman spectrometer available in IOP (Figure
2.10).

2.8 X-ray Absorption Spectroscopy (XAS) and Ex-
tended X-ray Absorption Fine Structure (EX-
AFS)

X-ray absorption spectroscopy is useful in probing the local environment of the elements
present in the systems as well as for studying the conduction band via the electron exci-
tations. This techenique is sensitive to the local structure around the absorbing central
atom. Here, one electron is excited to one of the unoccupied state using a tunable photon
source. This absorption of photons as a function of the photon energy is the essential
process for XAS. The extent of photon absorption can be monitored directly measuring
the incident and the transmitted photons; this method is often employed for very high
energy photons in several keV range. For low energy x-ray absorption measurements
with typically less thanl keV photon energy, it is often more advantageous to monitor
the number of photons absorbed or alternately the number of core electrons excited in
an indirect manner. The process of de-excitation of the highly excited state gives rise
to emission of electrons and photons is proportional to the number of core holes created.
If the emitted photons are detected to extract the information, it is known as the total
fluorescence yield (TFY) mode. On the other hand, if the emitted electrons are detected
to obtain information about the unoccupied part, the technique is known as the total
electron yield (TEY) process. Since the absorption process involves the transition of elec-
tron from a core level to the unoccupied part, the various features in the spectrum can
be characterized by appropriate selection rules (Al = + 1, As = 0). Thus, this technique
provides information about the site and momentum projected spectral functions. In the
present thesis work, we recorded XAS spectra of some systems to probe the unoccupied

state at CIPO beamline, ELETRA synchrotron centre, Italy.
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Extended X-ray Absorption Fine Structure (EXAFS)

The oscillatory variation of the x-ray absorption as a function of photon energy beyond
the absorption edge is called as Extended X-ray Absorption Fine Structure (EXAFS). The
absorption, normally expressed in terms of absorption coefficient (), can be determined
from a measurement of the attenuation of x-rays when it passes through through a ma-
terial. When the x-ray photon energy (£) is same as that of the binding energy of some
core level of an atom in the material, an abrupt increase in the absorption coefficient oc-
curs, known as the absorption edge. Beyond the edge the absorption coefficient decreases
monotonically as a function of energy. For atoms either in a molecule or embedded in a
condensed phase, the variation of absorption coefficient at energies above the absorption
edge displays a fine structure called as EXAFS. Such fine structures have a range up to
1000 eV above the absorption edge and have an amplitude of up to a few tenths (normally
1-20 %) of the edge jump.
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Figure 2.11: XAFS spectrum showing the pre-edge, XANES and EXAFS regions.

EXAFS spectroscopy represents the variation of the x-ray absorption coefficient (u)
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Secondary beam ) 96‘69‘9‘

Figure 2.12: A schematic representation of EXAFS process.

as a function of photon energy (FE) above the threshold of an absorption edge as shown in
Figure 2.11. The region between 50 to 1000 eV above the absorption edge represents the
EXAFS spectrum. The absorption peaks appear near or below the edge, due to excitation
of core electrons to some bound states. The excitation of electrons from 1s state to nd,
(n+1)s, or (n+1)p orbitals are represent as K-edge , and from 2s state is denoted as L
edge, from 2p state is denoted as Lj;, L;;; edges to the same set of vacant orbitals. This
pre-edge region gives the information about the electronic configuration, the energetics of
virtual orbitals, and the site symmetry. The position of edge also contains information
about the charge on the absorber. The region between the pre-edge and the EXAFS is
called as x-ray absorption near edge structure (XANES). It generally arises from various
complex effects such as many-body interactions, multiple scatterings, band structures,
distortion of the excited state wavefunction by the Coulomb field and many more.

EXAFS is the final state interface effect involving scattering of the outgoing photoelectron
from neighboring atoms. The probability that an x-ray photon will be absorbed by a core
electron depends both on the initial and final state of the electron. The initial state is the

localized core level corresponding to the absorption edge. The final state is that of the
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ejected photo electron which can be represented as outgoing spherical wave originating
from the x-ray absorbing atom. The presence of neighboring atoms incoming electron
waves are produced. Thus, final state is the resultant of outgoing and all the incoming
waves. This interference between the outgoing and the incoming waves results in to the
sinusoidal variation of p vs E known as EXAFS.

For a monoatomic gas with no neighboring atoms, a photoelectron ejected by absorption

of an x-ray photon will travel as a spherical wave with a wavelength A = 27 /k, where

k= ,/%"(E-Eo) (2.19)

where F and Ej represent the incident photon energy and the threshold energy of that
particular absorption edge. If neighboring atoms are present, the backscattering of outgo-
ing photoelectron occur from the neighboring atoms, thereby producing an incoming wave
which can interfere either constructively or destructively with the outgoing wave near the
origin, resulting in the oscillatory behavior of the absorption rate. The amplitude of the
sinusoidal modulation of p vs E depends on the bonding and type of the neighboring
atoms and frequency on their distances away from the absorber. A short-range single-
electron single-scattering theory has been developed to visualize this simple picture of
EXAFS. For reasonably high energy (> 60 ¢V) and moderate thermal or static disorders,
the modulation of the absorption rate normalized to the background absorption (ug) can

be expressed as,

p(E) — po(E)

x(E) = po(E)

(2.20)

Above equation can be expressed as function of the photoelectron wavevector k as follow-

ing,

C202k2 —ors s (k) STV 2ET; 4 ¢ (K
XUR) = 30 N8, (R) B (1)~ oy SR 0 ) (221)
J J

where Fj(k) is the back scattering amplitude from each of the neighboring atoms of the jth

type. N;. o; and r; denote Debye-Waller factor and distance between neighboring atoms.
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This accounts thermal vibration (assuming harmonic vibration) and static disorder. ¢;;(k)

—2r5/X; represent the inelastic

is the total phase shift experienced by the photoelectron. e
losses in the scattering process (due to neighboring atoms and the medium in between)
with electron mean free path,\;. S;(k) is the amplitude reduction factor due to many-
body effects such as shake up/down processes at the central atom denoted by j. Hence
each EXAFS wave is determined by the backscattering amplitude N, F};(k), modified by
the reduction factors S;(k), e~2% and e=29/% and the 1 /kr3 distance dependence, and
the sinusoidal oscillation is a function of interatomic distance (2kr;) and the phase shift
¢ij(k). While the amplitude function depends only on the type of the backscatters, the
phase function contains contributions from both the absorber and the backscatter.

The Debye-Waller factor (o) provides structural and chemical information, thus is an
important parameter in EXAFS spectroscopy. It consists of two components, o4, and
oy, due to static disorder and thermal vibrations, respectively.

In the present thesis work, we performed the temperature dependent EXAFS study using
P65 beam line at Petra III, Deutsches Elektronen-Synchrotron (DESY), Germany.

2.9 Theoretical approach

Density Functional Theory (DFT) has emerged as one of the widely used methods to
describe the properties of various systems. The basic problem in condensed matter physics
is dealing with the interactions among large number of particles. The full Hamiltonian
for a many body problem in the non-relativistic case consists of two species, electrons
and nuclei, with Coulomb interaction within and between themselves. To make situation
simple, the Born-Oppenheimer approximation [91] is considered which assumes that the
nuclei are fixed and generate constant external potential in which the electrons move.

Schrodinger equation for a system containing N electrons can be expressed as,
[ ZVQ-'_Z%“?': rz + 5 Z |1“ . |] (I1,$2 ----- ,IN):E\I/($1,£C2 ..... ,SEN)
J#t ot

where, x; = r;, 0;. 7 and o are the electron space and spin coordinates, respectively. The

first term represents the kinetic energy T', the second term denotes the external potential
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V..t and the third term describes the electron-electron interaction U. The electrostatic

potential, V.., generated by the nuclei can be given by,

Ze?

; Vear (i) = 2}; TR

where, 7, is the atomic number of nucleus k at Rj.

The quantum mechanical approach to solve this many body problem involves specifica-
tion of external potential, calculation of wave function and observables by taking the
expectation value of operators with this wave function. The early attempts to solve the
many body problem started with the free electron model, which could explain metals
satisfactorily. Thereafter, Hartree and Hartree-Fock approaches came and finally, the
Thomas-Fermi model was developed, which is assumed as a very early form of DF'T since

it uses the electron charge density as the basic variable instead of the wave function.

In 1964, Hohenberg and Kohn [92] proposed the density functional theory (HK-DFT),
which is based on the two theorems. The first theorem demonstrates that the ground
state properties of a many clectron system are uniquely determined by an electron density
that depends on three spatial coordinates, through the use of the functionals of electron
density. The second theorem defines an energy functional, which is minimum at the
correct ground state. The HK-DFT lacked in accuracy due to the absence of exchange and
correlation (XC) terms. In 1965, Kohn and Sham [93] formulated the DFT theory (KS-
DFT) including the XC terms. In the KS-DFT approximation, the many-body problem of
interacting electrons in a static external potential is treated as a system of non-interacting
electrons moving in an effective potential. The effective potential includes the external
potential and the effects of the Coulomb interactions between the electrons, like the
XC interactions. However, as XC term is in general unknown, its correct modeling are
difficult within the framework of KS-DFT. The most widely accepted approximations are
the local density approximation (LDA) and generalized gradient approximation (GGA)
to incorporate the XC interactions. Under LDA, it is assumed that charge density n(r)
varies smoothly with respect to r. However, in strongly correlated systems, the LDA

based results markedly deviates from the experimental findings. For these cases GGA
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has emerged as promising attempt, in which exchange functional not only depends on the
electron density, like LDA but also on the gradient | V,, | of the electron density. Valence
wavefunctions tend to have rapid oscillations near ion cores due to the requirement that
they be orthogonal to core states. The oscillatory behavior in the core regions, requires
a very large set of plane waves, or equivalently a very fine grid, to be described correctly.
One way of solving this problem is the use of pseudopotentials such as ultrasoft [94]
and projector argumented wave (PAW) [95], in which the collective system of nuclei
and core electrons are described by an effective, much smoother potential. Generally,
the PAW potentials are more accurate than the ultrasoft pseudopotentials. This is due
to the smaller radial cutoffs (core radii) for PAW than the radii used for the ultrasoft
pseudopotentials, and it reconstructs the exact valence wavefunction with all nodes in
the core region. Due the smaller core radii of the PAW potentials, the required energy
cutoffs and basis sets are also somewhat larger. GGA of Perdew-Burke-Ernzerhof (PBE)
[96] parameterization for the XC potential is the most widely used functional in the
first-principles DFT calculations. But, it overestimates lattice parameters. PBEsol [97]
functional has been proposed by a restoration of the density-gradient expansion in PBE.
This functional is intended to provide accurate values of equilibrium properties for solids
and their surfaces. Also, it provides better values of lattice constant in the densely packed
solids and in solids under pressure.
Many physical properties depend upon a system response to some form of perturbation
such as polarisabilities, phonons, Raman intensities etc. Density functional perturbation
theory (DFPT) is a technique that allows calculation of such properties within the density
functional framework, thereby facilitating an understanding of the microscopic quantum
mechanical mechanisms behind such processes. The DFPT formalism is, in many ways,
very similar to the DFT itself. DFT states that the total energy is the functional of the
electron density; thus one can solve the DF'T equations by minimizing the total energy.
Similarly, the DFPT problem can be solved by minimizing the second order perturbation
in the total energy, which gives the first order changes in density, wavefunctions and
potential [98,99].

Theoretical calculations of the structural, electronic and magnetic properties of this

thesis work is based on DFT, using GGA with PBEsol parameterization for the XC
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potential along with the PAW method as implemented in the Vienna ab-initio simulation
package (VASP) [100]. Phonon calculations has been done using DFPT implemented in
the VASP package.



Chapter 3

Investigating complex spin glass ad

probable ferroelectric nature of

Gag_xFeg;Ozg

This chapter consists of two sections, in the first section we discuss detailed magnetic
properties of Gay_<Fex O3 (x = 0.75, 1.0 and 1.25). Magnetic behavior in this series of
compounds could be well explained by the molecular-field-approximation of three-sublattice
ferrimagnetic model considering three inequivalent octahedral sites Ga2, Fel and Fe2,
suggesting weak magnetic exchange coupling related to Fe present at tetrahedral Gal site.
Analysis of frequency dispersion of ac susceptibility reveals a transition from cluster-glass-
like phase to spin-glass-like phase with decreasing temperature for x = 0.75 composition.
Mentioned glassy behavior is found to gradually evolve with composition (x) from Ising
type character to Heisenberg type behavior to unconventional glassy behavior for x = 1.25
composition. Gas_yFe, O3 can hence serve as an ideal system for modeling complex spin
glasses. In the second section we deal with dielectric and pyroelectric studies. The emer-
gence of polarization in these systems is a thermal stimulated process caused by freezing
of defect dipoles associated with charged oxygen vacancies rather than the intrinsic ferro-

electric behavior.
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3.1 Ferrimagnetism and complex spin glass behavior

3.1.1 Introduction

Over the past several decades spin glass systems have drawn a considerable attention of the
scientific community as a prototype of complex systems which demands various physical
models for understanding. Spin glass concepts, ideas, and mathematical tools provide a
way to analyze some interesting real-world problems in computer science [101], biological
applications [102], memory applications, neural networks [103] etc. Necessary ingredients
for spin glass behavior are frustration of spins, disorder in magnetic interactions and
competing ferromagnetic (FM) and antiferromagnetic (AFM) interactions which destroys
the long range magnetic ordering in the system [50, 104-106].

Of late Gallium ferrite (GaFeOj3) is found to exhibit spin glass behaviour [107], apart
from several promising characteristics such as room temperature piezoelectricity [31],
ferrimagnetism [26,27] and electric polarization with significant magnetoelectric coupling
[26]. It adopts non-centrosymmetric crystal structure with space group Pc2;n and remain
in a highly disorder state i.e. Fe is often found in the Ga site and vice versa due to
similar ionic radii of Ga and Fe [26,27]. This inter-site disorder also provides an novel
opportunity to tune its various physical properties by various synthesis methods or by
varying stoichiometric compositions in turns by varying the cation distribution among the
different sites. There are contradictory claims about existence of spin-glass-like behavior in
GaFeOj;. Flux grown single crystal of GaFeO3 exhibits spin glass behavior at temperatures
much below the ferrimagnetic transition temperature in [107,108]. However, Sharma et
al. [109] and Wang et.al. [27] contradicted this claim on samples grown by sol-gel method
and solid state synthesis, respectively. However, the lack of observation of spin-glass like
phase in the sol-gel processed samples is possibly due to the presence of grain boundaries
in the polycrystalline samples which can amplify the magnetic anisotropy over spin glass
like behavior or any deleterious effects of sol-gel processing and in solid state synthesized
sample ac susceptibility measurements were done in a narrow high frequency range. This
warrants a detailed investigations of glassy behavior in polycrystalline sample.

In this work, we have tuned the extent of disorder by preparing a series of polycrystalline

compounds of the type Gas_,Fe,O3 and systematically analyzed the magnetic glassy
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behavior using dc¢ and ac magnetization and magnetic relaxation measurements. Our
results suggest double spin glass behavior for x=0.75 composition and a gradual evolution

to complex glassy behavior with increasing Fe concentration (z).

3.1.2 Experimental details

The polycrystalline samples of Gay_,Fe, O3 (z = 0.75, 1.0 and 1.25) were prepared by
solid state synthesis technique. Stoichiometric proportions of Ga,O3 and Fe,O3 were
mixed thoroughly and heated in air at 1400 °C for 24 h with several intermediate heating
and grinding. The crystalline structure and phase purity of the samples were confirmed
by x-ray diffraction (XRD) measurements using Bruker D8 Advance x-ray diffractometer.
Rietveld refinements were performed using the FULLPROF program to determine site
occupancies. The dc magnetization and ac susceptibility measurements were performed
using SQUID-VSM and Physical Property Measurement System (PPMS), respectively

from Quantum Design, US.

3.1.3 Results and discussion
3.1.3.1 Structural studies

X-ray diffraction patterns of Gay_,Fe, O3 (z=0.75, 1.0 and 1.25) acquired at room temper-
ature along with the corresponding refined patterns are shown in Figure 3.1. Refinement
was performed considering Pc2,n space group for all the samples. It is found that the site
specific disorder between Ga and Fe results in partial occupation of Fe at Ga sites and
vice-versa. All the crystallographic parameters, mixed occupancies at different Ga and
Fe sites obtained from refinements and reliability parameters of refinements for all com-
positions are tabulated in Table 3.1. The lattice constants a, b and ¢ show a monotonic

increase with the Fe content (z) consistent with those reported previously [26,110].

3.1.3.2 Magnetic studies

Zero-field-cooled (ZFC) and field-cooled (FC) magnetization data of Gas_,Fe, O3, x =
0.75, 1.0 and 1.25 acquired at 100 Oe are shown in Figure 3.2. ZFC curves show negative

magnetization at low temperatures for x = 0.75 and 1.0 compositions. To confirm whether
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Figure 3.1: X-ray powder diffraction patterns of Gay_,Fe, O3 (z = 0.75, 1.0 and 1.25) at
room temperature. Experimental data is presented with symbol while the fitted curves
from the Rietveld analysis are represented as solid line. Difference spectra (difference
between experimental data and fitting) is also plotted.

it is a genuine effect or an experimental artefact, we have done magnetization measure-
ments at various magnetic fields. It is observed that ZFC curves still remain negative at
low temperatures up to a 750 Oe for x = 0.75 and up to 500 Oe applied field for x =
1.0 compound. The negative magnetization at this considerable large field can not be an

artefact due to the negative trap field and therefore believe that this is a genuine effect.
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Table 3.1: Lattice constants, atomic positions, sites occupancies and reliability parameters
obtained from Rietveld analysis for Gay_,Fe,O3 (z = 0.75, 1.0 and 1.25).

T 0.75 1.0 1.25
Lattice 5y _ g 7919 a(A) = 8.7406 a(A) = 8.7556
constants

b(A) = 9.3655 b(A) = 9.3842 b(A) = 9.4083

c(A) = 5.0719 ¢(A) = 5.0789 ¢(A) = 5.0851
Atomic
positions % ¥, 7) % ¥ 2) %%, 2)
Gal(4a) 0.1522, 0, 0.1775) 0.1474, 0, 0.1702) 0.1529, 0, 0.1767)
Ga2(4a) 0.1580, 0.3188, 0.8146)  (0.1563, 0.3109, 0.8072) (0.1615, 0.2952, 0.8150
Fel(4a) 0.1467, 0.5910, 0.1935)  (0.1552, 0.5829, 0.1924)  (0.1487, 0.5907, 0.1839

(
(
(
(
(0.0285, 0.7939, 0.6602
(0.3524, 0.4304, 0.9591
(
(
(
(

)

)

)

0.3228, 0.4385, 0.9637 )
0.4204, 0.4494, 0.4440)
)

)

)

)

)

)

)

) (0.3298, 0.4302, 0.9811
0.4956, 0.4536, 0.5261)

)

)

)

)

)

)

)

)

0.5003, 0.4301, 0.4976)
0.9869, 0.2163, 0.6454 )
0.1594, 0.2074, 0.1597 )
0.1487, 0.6772, 0.8337 )
)

0.9992, 0.1944, 0.6459
0.1674, 0.1959, 0.1578
0.1738, 0.6715, 0.8359

0.9961, 0.1971, 0.6301
0.1546, 0.2081, 0.1503

(
(
(
(
Fe2(4a) (0.0287, 0.7931, 0.6783
(
(
(
(
( 0.1684, 0.6884, 0.8588

(
(
E
(0.0271, 0.7953, 0.6747
(
(
(
(
(

06(4a) (0.1712,0.9512, 0.4967) (0.1681, 0.9303, 0.5219) (0.2118, 0.9222, 0.4968
Sites Occ. Ga/Fe Ga/Fe Ga/Fe

Gal 0.47/0.03 0.44/0.06 0.37/0.13

Ga2 0.435/0.065 0.32/0.18 0.25/0.25

Fel 0.155/0.345 0.115/0.385 0.06/0.44

Fe2 0.19/0.31 0.125/0.375 0.07/0.43

R-factors

Resy 4.67 3.65 2.45

Ry 8.14 8.03 7.44

R, 777 7.01 6.63

Such negative magnetization is not an uncommon feature in ferrimagnetic materials, as
the total magnetization is the sum of two sublattice magnetizations. Gay_,Fe, O3 consists
of four types of cation sites: octahedral Fel, Fe2, Ga2 sites and tetrahedral Gal sites and
magnetization at these sites might have different temperature dependence of magnetic
transition temperature, coercive field etc. and the total magnetization is the vector sum
of magnetizations of all four sub-lattices, resulting in negative value at low temperatures.
Note that there is increase of ferrimagnetic transition temperature (7,) with increase of
Fe concentration in the sample (i.e. for large value of z). This is due to the increase
in Fe occupancy at Ga2 site which is strongly antiferromagnetically coupled with Fe at
Fel site [26]. Further, these are not simple two-sublattice classical ferrimagnetic sys-

tems as Fe ions are distributed at all four inequivalent cationic sites as noted in Table
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3.1. For x = 0.75 and 1.0 compounds Fe occupancy at tetrahedral Gal site is negligibly
small. Therefore these systems could be explained by molecular-field-approximation us-
ing the three-sublattice ferrimagnetic model [111], where magnetism is contributed only
by Fe present in Fel, Fe2 and Ga2 sites. The paramagnetic susceptibility can hence be

expressed as,

l_T—FGp_ ol'+m (3.1)
x C T2 —0T +p '

where C' is the Curie constant and 6, 6, o, m and p are intersublattice and intrasublattice
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Figure 3.2: ZFC (closed circle) and FC (open circle) dc magnetization plots of
Gay_, Fe O3, with z = 0.75, 1.0 and 1.25 compositions as a function of temperature
acquired at 100 Oe. (a), (b) and (c) are the respective fitting of inverse susceptibility plot
to Eq. 3.1 in the paramagnetic region.

molecular-field coefficients. The fitting of inverse susceptibility for z = 0.75 compound
is shown in Figure 3.2 (a) (inset) and the deduced parameters are presented in Table
3.2. The effective magnetic moment can be calculated from Curie constant (C) using
the relation, u?;; = 3Ckp/N, kg = Boltzmann Constant and N = Avogadro’s constant.

The calculated magnetic moment values for x = 0.75 compounds are very close to those
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Table 3.2: The magnetic parameters extracted from fitting the paramagnetic region
of inverse susceptibility data using three-sublattice ferrimagnetic model (Eq. 3.1) for
Gag_,Fe,O3 (z = 0.75, 1.0 and 1.25). The fitting parameters are C' (cm*.mol '), 6, (K),

0 (K), o (K. mol. cm?®), m (K* .mol. c¢m?), p (K?), calculated effective moments, uc%

(up) and theoretical effective moments s ().

T 0.75 1.0 1.25
C 40.8 + 0.1 54.6 &+ 0.18 68.21 & 0.5

Op 495 + 30 618 + 35 699 + 40

0 182+ 2 433 + 4 505 & 7

o 488 + 6 1050 &+ 9 -1220 £ 16

D 20118 + 140 56952 4 110 81216 + 218
m 206562 4 1470 371071 £ 2520 697025 + 2850
ps 5.1 £ 0.05 5.89 £ 0.1 6.58 + 0.3
Leff 5.11 5.91 6.61
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Figure 3.3: M-H loop immediate below T, (magnified) (a) and at 3 K (b) of Gay_,Fe,Os,
with z = 0.75, 1.0 and 1.25 compositions.
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estimated from the free-ion moments suggesting good quality of the fit and correctness of
the model used. Similar fitting was also performed for z = 1.0 and 1.25 systems (Figure 3.2
(b) and (c)), where there is significant amount of Fe present at Gal site. Three-sublattice
ferrimagnetic model hence may not suffice in these case. However, the goodness of the
fit for these systems suggests that magnetic exchange coupling related to Fe present at
tetrahedral Gal site is very weak [26,27] compared to Fe present at other three tetrahedral
sites.

Figure 3.3 (a) and (b) represents magnetization as a function of applied field. The pinched
like shape of M-H loop mainly for x = 1.0 and 1.25 compounds is an evidence of two phase
systems consisting of hard and soft magnetic phases, indicating occupation of significant
amount of Fe at Ga2 sites, which is magnetically softer relative to Fel and Fe2 sites
[26,112]. A careful inspection of M-H loop at 3 K also finds that there is no saturation
of magnetization up to 9 T field and the observed value of magnetization is much lower
than the expected spin only value, evidencing disorder and/or ferrimagnetic behavior in
the system.

Observation of strong divergent behavior of ZFC and FC curves below T, (Figure 3.2)
is indicative of magnetic freezing such as spin glass, cluster glass, superparamagnet etc.
Comprehensive investigation to distinguish the collective glassy behavior was performed
using ac susceptibility measurements over a wide range of frequencies from 17-9997 Hz.
Figure 3.4 (a) and (b) show real (y') and imaginary (x”) part of ac susceptibility for z =
0.75 sample, where a main peak at T, and a small shoulder at slightly lower temperature
(Ty2) are observed. Maxima of both the peaks shift towards higher temperatures with
increasing frequency. Such frequency dispersions of susceptibility have been observed in
various oxides and dilute magnetic systems [72,104-106, 113] and is an indicative of spin
glass behavior or short range spin interactions.. For detailed understanding, frequency
dependence of freezing temperature (1) was analyzed using the concepts of dynamic
scaling theory which predicts critical power law of the form [50]

Ty =T,

T = TO(—TS ) (3.2)
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Figure 3.4: (a) Real (') and (b) imaginary (x”) part of ac susceptibility measured at dif-
ferent frequencies with an applied ac magnetic field of magnitude 10 Oe for Gay o5Feq 7503.
Inset in (b) displays magnified view of low temperature peak in x” plot. Plot of In,,.. (c)
and 1/In(wp/w) (d) with dynamic spin freezing temperature where solid lines represents
the best fit with Eq. 3.2 and Eq. 3.3, respectively.

where zv is the critical exponent of the correlation length, 7y is the shortest relaxation
time and T is the spin glass transition temperature determined by the interactions in the
system. Fitting of frequency dependent variations of 7%, and 7', using the critical slowing
down model is shown in Figure 3.4 (¢). The best fitting yields Ts = 54 K, zv = 9.1 £+ 0.7,
7o ~ 10712 s for Tj; and Ts = 39 K, 2v = 6.8 £ 0.5, 79 ~ 107'* s for T}5. These values

are well with in the range of typical spin glass system, eg. for zv ~ 5 -10 and 79 ~ 10710 -
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107135 [105-107,113,114], confirming the spin glass nature for z = 0.75 composition. These
parameters are, however, not sufficient to differentiate between different types of spin-glass
freezing viz canonical spin glass, where a true equilibrium phase transition occurs at a
fixed temperature and cluster glass, in which magnetic (ferro/antiferro) inhomogeneous
clusters exists with non-equilibrium freezing [115]. For such differentiation Vogel-Fulcher

(V-F) law [50] can be used which presumes correlations between spin clusters as follows,

—E,

W = WOGZEp[m] (33)

Here the activation energy FE, separating different metastable states are related to the
characteristic frequency wg while Tg is the Vogel-Fulcher temperature, measuring inter-
particle or intercluster interaction strength. Using relaxation time as calculated from
critical power law, the Vogel-Fulcher law is fitted with the experimental data. Figure 3.4
(d) shows a linear fit between 1/In(wy/w) and freezing temperatures Ty (7y2) plots and
best fit yields Ty = 50 K and E, ~ 5.5kgT for T and Ty = 39 K and E, ~ 2.3kgT} for
Tro. E,/kpTy is less than 3 for spin-glass-like systems and for cluster-glass-like systems
it is quite large [106,107,116]. Our analysis hence suggests the existence of cluster-glass-

like state below T and a transition from cluster-glass-like state to spin-glass-like state

oL [50], where the

below T%,. This is also confirmed by Mydosh parameter, K = PN C—

calculated value of K for Ty, and T, are 0.027 and 0.009, respectively. This lies within
the expected range of 0.02 - 0.06 for cluster glass [50,117] and between 0.005 - 0.01 for
canonical spin glass systems [50,116,117].

This is a case similar to nano manganite Lag7Cag3MnOj3 [113] which exhibits cluster-
glass-like state below Curie temperature (7;) followed by a spin-glass-like behavior at low
temperature (< 40 K) where interruption of long range ferromagnetic double exchange
interaction due to the reduction of grain size results in a ferromagnetic cluster-glass-like
state below T.. However, in Gaqo5Feq 7503, Ga breaks long range magnetic correlation
caused by inherent site disorder and results in cluster glass like state below Ty [106] and
this site disorder also introduces random ferromagnetic and antiferromagnetic interactions
leading to additional freezing of individual spin below T's,. [105,106,114,118].

To further understand the nature of spin-glass-like behavior we performed ac susceptibil-
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Figure 3.5: Temperature dependent ac susceptibility (x’) plotted at several applied dc
fields with an ac magnetic field of magnitude 10 Oe and a driving frequency of 97 Hz for
z = 0.75 composition. Inset shows field dependence of 1o with solid line representing the
best fit to the Eq. 3.4.

ity measurements with superimposed dc magnetic fields (H) as shown in Figure 3.5. With
increasing dc field, T, was found to shift towards higher temperature whereas T’ shifted
towards lower temperature, corroborating cluster-glass-like behavior below 1%, and clas-
sical spin-glass-like behavior. [104] Field-dependent variation of Ty can be qualitatively

described by the following expression

H n
T(H) = TO)1 ~ (5-)'] (3.4
0
where the exponent n defines the nature of spin glass system. For n = %, Eq. 3.4 rep-
resents the well known de Almeida-Thouless (AT) line corresponding to anisotropic Ising
spin glass system, [105] while for n = 2, Eq. 3.4 is known as Gabay-Thouless (GT) line

representing typical Heisenberg spin glass system having weak magnetic anisotropy. [105]

As depicted in inset of Figure 3.5, Ty (H) fits well with the above equation with the best
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fitting parameters being T(0) = 40 K, Hy = 2810 Oe and n = 0.67, suggesting Ising
nature of the spin glass below T,.

Apart from x = 0.75 sample, detailed investigations were also carried out on other
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Figure 3.6: (a) Real (x’) and (b) imaginary (x”) part of ac susceptibility measured at dif-
ferent frequencies with an applied ac magnetic field of magnitude 10 Oe for Ga; o5Feq 750s5.
Inset in (b) displays magnified view of low temperature peak in x” plot. Plot of In,q. (¢)
and 1/In(wy/w) (d) with dynamic spin freezing temperature where solid lines represents
the best fit with Eq. 3.2 and Eq. 3.3, respectively.

members of the Gay_,Fe, O3 series viz © = 1 and 1.25. Figure 3.6 (a) and (b) represent
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frequency dependent real (x’) and imaginary (") part of ac susceptibility plots for z =
1 sample, respectively. Similar to the x = 0.75 case, here too, two frequency dependent
peaks were observed but at different temperatures, Ty, ~ 200 K and Ty, ~ 160 K. Pa-
rameters obtained by fitting the frequency dependence with critical slowing down model
(2v = 5.4 4+ 1 and 79 ~ 107% s, fitting shown in Figure 3.6 (c), V-F law (F, ~ 1.67
kpTs, fitting shown in Figure 3.6 (d) and Mydosh parameter (K = 0.006) supports the
idea of classical spin-glass-like behavior below T, as in the case of x = 0.75 sample and
as suggested by Mukherjee et. al. [107]. However, unlike previous studies where no fre-

quency or field dependence was observed for Ty, due to coarser data points [107] or not
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Figure 3.7: Temperature dependent ac susceptibility (x’) plotted at several applied dc
fields with an ac magnetic field of magnitude 10 Oe and a driving frequency of 97 Hz for
z = 1.0 composition. Inset shows field dependence of Ty with solid line representing the
best fit to the Eq. 3.4.

spanning larger frequency range [27], we clearly observe frequency dependent behavior for
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Ty peak. Extracted parameters after fitting the frequency dependence of T with V-F
law (Figure 3.6 (d)) and Mydosh law yields E, ~ 3.17 kT, and K = 0.01, respectively,
which suggests a behavior that is at the boundary of spin-glass-like and cluster-glass-
like states. However, fitting the data points with critical slowing down model (as shown
in Figure 3.6 (c)), yields an unrealistic spin relaxation time 7o ~ 107%% s, suggesting
unconventional glassy phase below 7' like in CazCoy 04MngosOg [72] and in perovskite
manganite Prg;Cag3;MnOs [119]. This arises possibly due to the progressive reduction of
short range magnetic effects with increasing Fe concentration (x), resulting in increased
magnetic homogeneity and long range ordering.

Furthermore, to understand the nature of spin-glass-like behavior below 7%, ac suscepti-
bility measurements were performed by varying dc field (Figure 3.7). With increasing field
Tyo peak was found to shift towards lower temperature (shown in inset of Figure 3.7) and
its fitting with Eq. 3.4 gave best results for exponent n = 1.9, very close to n = 2, which
corresponds to GT line, suggesting Heisenberg type spin glass state below T, in contrast
to Ising type behavior obtained for x = 0.75 sample (as discussed above) and flux-grown
GaFeOj single crystal [107]. This difference could arise due to the presence of considerable
amount of magnetic anisotropy present in x = 0.75 and flux-grown GaFeOjs single crystal
samples [26,27] where Fe ions are distributed mostly among octahedral Fel, Fe2 and Ga2
sites having strong magnetic anisotropy and negligible amount of Fe is present in Gal site
which are less anisotropic [26,120]. Such decrease in magnetic anisotropy is also favored
by decrease of coercivity with increasing of Fe content (z) in Gas_,Fe, O3 [26].

For x=1.25 sample we observe lack of frequency dependence in ac susceptibility for T,
(as shown in Figure 3.8) in addition to a broad peak around Ty, ~ 220 K. Ty shows
inverse trend of peak shifting with frequency (shifting to low temperature with increasing
frequency), which is unusual for conventional spin glass systems. Similar behavior has
also been observed Pry¢Cag 1 MnOs3 thin film , which has been ascribed to the presence of
large distribution of ferromagnetic clusters within spin glass matrix [121]. Such unusual
behavior has also been observed in SrRuQO3, rendering glassy behavior caused by possible
existence of spin canting or antiferromagnetically coupled spins embedded in the ferro-
magnetic matrix [122] and in layered NaNiOy antiferromagnet, it has been explained by

multi-relaxation rates due to the coalescence of magnetic clusters [123].
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Figure 3.8: \/(7T") measured at several frequencies with an applied ac magnetic field of
magnitude 10 Oe for £ = 1.25 composition.

To have clear understanding we have carried out magnetic relaxation measurement at
50 K and also studied the influence of a temperature cycling on the relaxation behavior
as shown in Figure 3.9. The experiments were done as follows, the sample was cooled
down to 50 K in a constant magnetic field of 20 Oe. Then magnetization was recorded
as a function of time immediately after removing the field. After a period of time tq,
the sample was quenched to 46 K (54 K for the temporary heating experiment) and
magnetization was recorded for a period of time ty = 3600 s. Finally, the temperature
was brought back to 50 K and magnetization was recorded for another interval of time
t3. It was observed that in case of negative temperature cycle, the starting value of the

magnetization at t3, was almost the same value observed at the end of the stage t;. The
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Figure 3.9: Magnetic relaxation data at 50 K obtained after FC (20 Oe) process, showing
the effects of (b) temporary cooling the sample at 46 K for a time to= 3600 s, and (c)
temporary heating at 54 K for a time, t9=3600 s, without any magnetic field change
during to.

observation of this memory effect is a clear signature of glass-like state in the system.
However, in case of temporary heating cycle, the memory from previous aging was lost
and at t3, the relaxation started with an entirely different value from that of t; and ts.
Such an asymmetric response with respect to positive and negative temperature cycles
can be explained by the hierarchical model where there exists multiple metastable states
at a given temperature [124]. Similar behavior has been observed in Lag7Cag3MnO;
nanomanganite, having two kinds of glassy regions, one ferromagnetic-like and the other

spin-glass-like. [113] Here also we could say that the magnetic dynamics in GagzsFej 2503
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is controlled by a ferrimagnetic part and a glassy magnetic part. This kind of scenario was
proposed by Jonason et al. [113,125] by fractural cluster glass model, which leads to the
coexistence of many different time scales in the system and many length scales too. The
presence of different time and length scales might be responsible for the broadening of the
peak around 7', and reverse trend of shifting of ac susceptibility peak with frequency.

To get further information, we have also performed long-time FC relaxation measurement
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Figure 3.10: Normalized magnetic relaxation data (M (t)/M(0)) obtained after FC (50
Oe) process of Gay_,Fe, O3, for x = 0.75 (a) and (b), 1.0 (c) and (d) and 1.25 (e). The
solid curves represent the fitted curves using Eq. 3.5.
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at various temperatures for all compositions (Figure 3.10, where M is plotted in normal-
ized form as M (t)/M(0)). The sample was cooled from well above T to the measurement
temperature in a constant magnetic field of 50 Oe. Then magnetization was recorded as
a function of time immediately after removing the field. Ulrich et al. [126] proposed a
model for interacting magnetic particles and demonstrated that above some crossover
time to, the relaxation rate, W (t) = d[InM (t)]/dt, decays by a power law, W (t) = At",
where exponent n depends on the concentration and hence on the strength of magnetic
interaction and A is a temperature dependent prefactor. For n >1 (high density), the
magnetization can be written as [113,126]

M(t)
M (to)

t

= e 1 + Oy
to

), (3.5)

with C,, = Ate'™"/|1 —n|. The best fitting of relaxation curves with Eq. 3.5 (solid
line), suggest spin glass effects in a dense cooperative systems. It is observed that the
compounds with z = 0.75 and 1 ,show an increase of n with increase of temperature
below T, corroborating cluster-glass-like behavior as inter-cluster interaction gradually
increases with increase of temperature [127]. In contrast, n is found to be independent
of temperature below T}y, favoring spin-glass-like state as discussed earlier [127]. The
system with x = 1.25 also show relaxation behavior not only below 7', but also above 1%,
evidencing existence of glassy matrix beyond 7%, like in Lag 7Cag3MnO3 nanomanganite

[113].

3.1.4 Conclusion

Systematic investigation of Gay_,Fe,O3 suggests a gradual evolution of glassy behavior
with composition. By varying the Fe content (x), we could tune magnetism by controlling
the number of antiferromagnetic and ferromagnetic bonds and their relative abundance
which also results into gradual evolution from cluster-glass-like state just below T, for
x=0.75 to strongly interacting magnetic domains for x=1.0 composition and with no
sign of spin glass behavior. Furthermore, spin-glass-like state is observed for all the
compositions at lower temperatures and there is an evolution of spin dynamics from

anisotropic Ising type character (for x = 0.75) to isotropic Heisenberg type behavior
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for higher Fe compositions, hence can hence serve as an ideal system for modeling spin
glasses wherein by just tuning the Fe content in turns the inherent site disorder driven
magnetic inhomogeneity, competing ferromagnetic and AFM interactions along with spin

frustration can be tuned to give rise to transition from one glassy state to other.

3.2 Defect induced polarization and dielectric relax-

ation

3.2.1 Introduction

Mutiferroics have gained considerable attention because of their scientific interest and
potential for technological applications in magnetic sensors, multi-state memories and
many more [128]. Most of the multiferroics have ferroclectric transition either at very low
temperature or very high temperature. However, for practical applications, it is of prime
importance to establish such properties in the vicinity of room temperature.

GaFeOgs is expected to be room temperature ferroelectric because of the non-centrosymmetric
Pc2in crystal symmetry up to very high temperature (1368 K) [129] and is believed to
have very large polarization caused by the inherent site disorder as calculated theoreti-
cally [34,130]. Several groups have studied polarization vs electric field (P-E) response in
GaFeOg, mostly using thin-films and found very small coercieve field (E,) and remnant
polarization (P,), inconsistent with the theoretical calculations [29,112,131]. Mukherji et
al. argued the presence of room temperature nanoscale ferroelectricity from their obser-
vation of a 180° phase shift in the piezoresponse [28]. However, this phase shift does not
necessarily indicate ferroelectric (FE) behavior. On the contrary, Song et al. [30] achieved
very large E,. and P, in the thin film grown on hexagonal strontium titanate (STO) or
cubic yttrium-stabilized zirconia (YSZ) substrate and applying very high bias electric
field , which is in good agreement with ab-initio calculations [34,130] . However, pres-
ence of ferroelectricity in bulk GaFeOj; is rather inconclusive due to leaky behavior of the
sample [132]. Saha et al. [133] studied FE property in bulk GaFeO3 by pyroelectric mea-
surements and showed the emergence of polarization below magnetic transition. They

claimed from symmetry analysis that non-centrosymmetric magnetic ordering coupled
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with inherent site-disorder below T drives ferroelectricity in GaFeOs. Note, pyroelectric
measurements showing spontaneous polarization does not necessarily indicate intrinsic FE
behavior, pyrocurrent (polarization) can also arise from dipole reorientation and release
of charges from localized states as observed in Y3Fe;O15 [86], YFeqsMng 203 [134] and
various manganites [135-137] etc. Therefore, it is essential to explore the differences of
pyroelectric currents related to FE phase transition and that induced by dipole reorienta-
tion or the release of charges from localized states i.e. thermally stimulated depolarization
current (T'SDC) effect.

In this study, we discuss in detail pyroelectric measurements in solid solutions of Gas_ ,Fe, O3
(z = 0.75, 1.0 and 1.25) to elucidate the origin of ferroelectric polarization. Our results
indicate that induced polarization is associated with TSDC effect rather than the true
FE behavior. We have also discussed dielectric relaxations behavior of these systems and

their correlations with TSDC effect.

3.2.2 Experimental details

Temperature dependent dielectric measurements were performed using an impedance
analyser 4291A in the frequency range of 1 kHz-1 MHz, under a dc bias voltage of 1
V. The pyroelectric current (I) was measured using a Keithley 6517A electrometer and
was recorded during the heating process after the sample was cooled down under a pol-
ing field (£, = + 61.1 kV/cm) from high temperature and was shortcircuited for long
time to remove any residual charges. Spontaneous electric polarization was obtained by

integrating the current with respect to time.

3.2.3 Results and discussion

3.2.3.1 Dielectric studies

Figure 3.11 (a-c¢) and (d-f) depict temperature dependence of the dielectric permitivity
(¢/(T)) and corresponding loss (D) of Gag_,Fe,O3 (z = 0.75, 1.0 and 1.25) at different
frequencies ranging from 1 kHz to 1 MHz, respectively. &'(T") shows frequency depen-
dent dielectric relaxations for all the compounds. A large variation in ¢’ with respect to

frequency near room temperature and very high value of D (> 1) indicate the extrinsic
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Figure 3.11: (a), (b) and (¢) Temperature dependent dielectric permitivity (¢'(7')) mea-
sured at several frequencies of Gay_,Fe, O3, for = 0.75 (a), 1.0 (b) and 1.25 (c). Corre-
sponding dielectric loss (D = tand) are shown in (¢), (d) and (f), respectively. Insets in
(e) and (f) represent enlarged view of D at low temperature region for x = 1.0 and 1.25
compositions, respectively.

source of dielectric relaxations, known as Maxwell-Wagner type relaxation. Generally, it
originates from the presence of accumulated charge carriers between regions in the sample
that have different conductivities such as near the grain boundaries. Furthermore, two di-
electric relaxations, A and B, are clearly visible in &(T"), for x = 1.0 and 1.25 compositions,
where as a single peak is observed for = 0.75 compound in the limited measurement

window. Such an observation suggests a combined relaxation mechanism associated with
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dominating low frequency Maxwell-Wagner type relaxation through the interfaces i.e.
grain boundaries, as described above and low frequency Debye type relaxation through
the bulk (grains) arising from polaron hopping process originating from the asymmetric

hopping of charge carriers in the presence of an electric field. Such type of combined
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Figure 3.12: Plot of In f vs. peak temperature (1) obtained from the relaxations A and B
from &'(T"), with solid line representing the best fit with the Arrhenius law of Gay_ ,Fe, O3,
for (a) x = 1.0 and (b) x = 1.25. (c) and (d) represent the same obtained from the peak
of D for x = 1.0 and 1.25 compositions, respectively.

relaxation observed in various systems such as YFeqgMng203 [134], LagNiMnOg [138]

BiFeOs3 [139], LaCoO3 [140] and Ndg 22Sr1 7sMnOy [141]. Recently, Singh et. al. [142] also
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Table 3.3: Various physical parameters obtained from the fitting of frequency dependence
of peak temperature of £/(7) and D(T") with the Arrhenius law for Gay_,Fe,O3 (2 = 1.0
and 1.25).

Compositions
()
Relaxation A E, (eV) 0.24+0.006  0.2040.007

1.0 1.25

lelectrlc permitivity _— 7 8% 10-11 6.6x 10-11
Relaxation B E, (eV) 0.284+0.006
To (S) 2.7x 10_10

E, (eV) 0.314+0.01 0.25+0.009
Dielectric loss (D) 70 (8) 3.1x 1071 L1x 1071

observed two dielectric relaxations behavior in polycrystalline GaFeOs at high tempera-
tures, consistent with our results. As the dielectric relaxations are thermally activated

process, can be analyzed using Arrhenius law, as given by,

“, (3.6)

[ = foeiﬂp[kBT

where fy is the characteristic frequency, 7,, is the peak temperature of dielectric loss
curve, kg is the Boltzmann constant and £, is the activation energy of relaxation. The
peak positions are extracted by differentiating the £'(7"). Both the relaxations A and B
are fitted well with the Arrhenius behavior. We could fit only relaxation A for x = 1.0
composition due to the limitation of the measured temperature range and both relaxations
A and B for x = 1.25 composition, as shown in Figure 3.12 (a) and (b), respectively. The
best fitted parameters obtained from the fitting with the Arrhenius law are listed in Ta-
ble 3.3 and are comparable with the recent report in polycrystalline GaFeOg [142]. The
presence of a strong and broad dielectric relaxation peak in the corresponding dielectric
loss (D = tand) (Figure 3.11 (d-f)) suggests joint effect of relaxations of grains and grain
boundaries as like observed in DyMnOj [143]. The fitting of loss data with the Arrhenius
law (solid line) for z = 1.0 and 1.25 compounds are shown in Figure 3.12 (c¢) and (d),
respectively. The best fitted parameters are listed in Table 3.3 and are comparable with
the parameters that obtained from (7). The activation energy obtained signifies elec-

tron transfer or hopping between Fe?" and Fe®T ion [66,86, 139, 144], another possibility
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could be the relaxation due to the short range movement of charged oxygen vacancies,
which are generally formed during high temperature synthesis process as seen in various

systems [145,146] as per Kroger-Vink notation, [147] given by the following reactions:

Op = VX 4 1047

V= Ve +¢

Vo Ve e

In addition, there exists a weak high frequency relaxation at low temperature as
clearly seen in x =1.0 and 1.25 compositions (insets of Figure 3.11 (e) and (f)) is likely
to be related to the bulk relaxation. Such multilple relaxations has been observed
in various systems such as Pb-doped LaFeOjs [148], BiFeOs [139], LaCoOj3 [140] and
Ndg 22511 7sMnOy [141]. Observation of double bulk relaxations in present systems is pos-
sibly due to the presence of intragrain electric inhomoginities similar to that of Pb-doped

LaFeOj [148].

3.2.3.2 Pyroelectric studies

We discuss polarization properties of Gas_,Fe, O3 in this section. Pyroelectric current
measurements were performed at various poling temperatures (7},) and also with different
heating rates keeping fixed poling field (E,) and T},. Due to the high leakage current py-
roelectric measurement on x =1.25 composition could not be performed. Figure 3.13 (a)
depicts temperature dependence of pyroelectric current and polarization measurements
for GaFeO3 under a E, of 1.1 kV /cm and 7}, of 90 K, in which polarization starts to emerge
below 120 K and it is switchable under reversed £,. Our results are in agreement with
earlier study reported by Saha et al. [133]. They argued from symmetry analysis that po-
larization induced is not switchable if it is caused by the inversion symmetry breaking due
to anti-site disorder only. Moreover, polarization obtained from structural distortions as-
sociated with non-centrosymmetric magnetic ordering coupled with inherent site-disorder

can be switchable in this system. We also present results for x = 0.75 compound in Figure
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3.13 (b) for a 7}, of 150 K. It has to be noted that for = 0.75 composition, polariza-
tion emerges well above T, suggesting that it can not be driven by magnetic ordering
as proposed by Saha et al. for GaFeOg [133]. However, it is needed to confirm whether
it is true ferroelectric or not. The observed phenomena could be a thermally stimulated
process, which mainly originates from the thermal release of trapped-charges and gives
rise to current peak upon heating [149]. The correlation between TSDC and polarization
is clearly seen in Figure 3.13 (c¢) and (d), which show an increase of transition temperature
and polarization with increase of poling temperature.

Further analysis was performed to understand the TSDC effect. The TSDC measure-
ment is a major probe to study the dielectric relaxation dynamics and is used to obtain
the relaxation parameters. In the Bucci-Fieschi-Guidi framework, which assumes that a
system has a single relaxation time (7(7")) and the decay rate of Polarization (P) that

means pyroelectric current (I) is proportional to P, as described by following equation,

P —P

o (1) (3.7)

Adopting it as a thermally activated process governed by Arrhenius law, which leads to
a correlation between pyroelectric current, polarization, relaxation time and activation

energy described by the following relation, [86]

PO _ L, (3.8)

I
"I(T) T kel

where T is the temperature, F is the activation energy and 7y is the shortest relaxation
time. Plot of log(P/I) vs the inverse temperature (1/7) along with its fitting with Eq.
3.8 for z = 1.0 and 0.75 compositions are shown in Figure 3.14 (a) and (b), respectively.
The best fitting parameter obtained are £ = 0.08 £ 0.0002 eV and 75 = 7.01 x 107° s
for x = 1.0 compound and those for x = 0.75 composition these parameters are 0.11 +
0.0002 eV and 6.11 x 107 s, respectively.

The dependency of pyroelectric peak temperature (7,,) on heating rate (b = d1'/dt) for
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Figure 3.13: Temperature dependent polarization of Gay_,Fe, O3, for x = 1.0 (a) and
0.75 (b). Corresponding pyroelectric current peaks are shown in the insets. Temperature
dependent polarization at different poling temperatures of Gay_,Fe, O3, for x = 1.0 (c)
and 0.75 (d).

TSDC process is governed by the following equation, [86]

T2 E ol
In-2 = In— :
n— = +In o (3.9)

It is expected that T, shifts to high temperature with increasing heating rates as per Eq.
3.9 and it is also observed for the present systems as shown in Figure 3.14 (c) and (d).

This confirms TSDC nature of the pyroelectric current instead of intrinsic FE behavior



3.2 Defect induced polarization and dielectric relaxation 81
x=0.75 (b)
=
=
0.009 0.012 0.015 0.007  0.008  0.009
1/T (K" 1T (K
[ x=10 (0 I x=075 (@]9
15k 174 182 .
Y 30 "
72 &) 130+ 10.6
~ L0} ] <
/ 47.8 <
g 10 L g
— 99 10.2 y 6.9 7.2 ‘ 103 —
0.5 [1000/T_(K) 1000/T_ (Kl) :
/5 K/min 4/ 5K/min
/ /'/ — 7 K/min — 7 K/min
0.0 = "":// 1 L 9 K/Flln 1 ] 1 | )|9 K/Ipln 1 ] 0'0
60 80 100 120 90 120 150 180
T (K) T (K)

Figure 3.14: Plot of In(P/I) vs. inverse of temperature, with dashed line representing the
best fit with Eq. 3.8 of Gay_,Fe, O3, for x = 1.0 (a) and 0.75 (b). Variation of pyroelectric
Corresponding
insets represent fitting with Eq. 3.9, which describes relation between pyroelectric peak

peak with heating rate of Gas_,Fe, O3, for x = 1.0 (¢) and 1.25 (d).

temperature (7},,) and heating rate (b).

where no such temperature dependence is expected [135]. Insets of Figure 3.14 (¢) and (d)

show the fitting of heating rate dependence of T;,, with Eq. 3.9. The best fitting gives £ =
0.08 4+ 0.005 eV and 0.15 + 0.003 eV for z = 1.0 and 0.75 compounds, respectively. The

obtained activation energy from TSDC effect is less than that obtained from the dielectric
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relaxation A, as described above. However, it is of the same order to the activation energy
obtained from the dipolar relaxation in single crystal of GaFeOs [145]. We also observed
a weak high frequency bulk relaxation at low temperature dielectric loss data (insets of
Figure 3.11 (c) and (d)), which is probably associated with the TSDC effect. Such low
activation energy signifies an interplay between lattice and polaronic defects associated
with charged oxygen vacancies [145]. The electrons associated with this charged oxygen
vacancy are localized and could only hop to neighboring sites and results in reorientation
of defect dipoles. With decrease of temperature the freezing of these defect dipoles gives
rise to electric polarization. Two bulk relaxations are observed in polycrystalline sample
in contrast to single bulk relaxation in single crystal of GaFeOg [145]. This difference may
be possibly due to the presence of Fe divalent (Fe?") state in polycrystalline GaFeOj3 [142],

where as there is no Fe?T state in single crystal as confirmed by Mossbauer study [145].

3.2.4 Conclusion

In summary, the detailed dielectric studies show multiple relaxation process. The high fre-
quency relaxations are associated with the Debye type relaxation through the grains/bulk
and low frequency relaxation is due to the extrinsic Maxwell-wagner type mechanism at
the grain boundaries. Further, pyroelectric study confirmed that emergence of polar-
ization in bulk Gas_,Fe, O3 can be understood in terms of TSDC effect rather than the
intrinsic ferroelectric behavior. It is seen that TSDC effect is correlated with the dielectric
relaxation caused by freezing of defect induced dipoles possibly associated with charged

oXygen vacancies.



Chapter 4

Investigating magnetism and origin

of ferroelectricity in GdCrQOj

This chapter is divided into two parts. In the first part we will discuss detailed mechanism
giving rise to ferroelectricity in GdCrQOs. Temperature dependent synchrotron powder x-
ray diffraction studies along with first-principles density functional theory calculations
revealed preferred symmetry of GdCrOs is non-centrosymmetric Pna2; rather than cen-
trosymmetric Pbnm, supporting polar nature of the system. Polar distortion is driven by
Gd off-centering with respect to the oxygen cage. An intimate analogy between GdCrQOs
and YCrOs systems is also revealed, even though a distinctive difference exists between
these that Gd s less displacive compared to Y. It is also found that magnetic coupling
between Gd-4f and Cr-3d plays an important role in ferroelectric distortion. EXAFS
study also infers the significant role of Gd-O bond polarization for emergence of ferroelec-
tricity in GdCrOs. In the second part, we will discuss complex magnetic properties and
spin-phonon coupling in the material as it shows a wide spectrum of interesting magnetic
features, such as temperature induced magnetization reversal (TMR), spin flipping (SF)
and spin reorientation (SR) etc, which arises from symmetric (S; . S;) and antisymmetric

(Si x S;) exchange interactions within and between Cr and Gd-sublattices.
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4.1 TUnderstanding the origin of ferroelectricity

4.1.1 Introduction

Various mechanisms drive ferroelectricity in different class of materials, as have been dis-
cussed in chapter 1. There are diverging opinions about the existence and/or origin of
ferroelectricity in rarc-carth orthochromites (RCrOgz). Most of the members of RCrO;
family have been predicted to be biferroic with a reasonably high ferroelectric (FE) tran-
sition temperature (above magnetic transition temperature), caused by polar movement
of R-ions associated with phonon instability at zone-centre similar to other perovskite
ferroelectrics like PbTiOg [78,150-152]. Ramesha et al. [153] reported from neutron pair
distribution function (PDF) analysis that, YCrOj possess a locally non-centrosymmetric
monoclinic structure (P2;) via Cr off-centering in the ferroelectric state though the av-
erage crystal structure is centrosymmetric (Pnma/Pbnm) . The non-centrosymmetric
structure was also supported from theoretical calculations, however this is associated
with the polar Y displacements in a direction opposite to that of the oxygen cage and
Cr atoms from ideal cubic structure [78,150]. It suggests that local non-centrosymmetry
could play an important role in understanding the ferroelectric properties in the family
of RCrO; [154].

In addition to the structural distortion ideas where the magnetic coupling plays a minor
role, several studies have reported that the multiferroicity in RCrQOjs is due to the strong
interaction between magnetic R and weakly coupled ferromagnetic (canted) Cr ions below
the magnetic-ordering temperature of Cr (Ty) along with a lower symmetry structure than
Pbnm [154,155]. Also, Raman studies show anomalous change of phonon frequency and
a decrease in phonon life times across the mutiferroic transition temperature, both in the
modes involving CrOg octahedra and magnetic R-ion [156]. This argument implies that
ferroelectricity in RCrOg is driven by magnetostriction mechanism caused by 3d-4f cou-
pling, resulting in the displacement of the R-ion and the octahedral distortion via oxygen
displacements, hence magnetic R-ion is required in order to stabilize a ferroelectric state
in RCrO3. Ghosh et al. [157,158] observed some RCrO; (R = Sm and Ho) compounds ex-
hibiting structural transformation from centrosymmetric Pbnm to non-centrosymmetric

Pna2; sub-group, resulting in ferroelectric behavior. In these systems magnetic coupling
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between R-ion and the matrix is not important in stabilizing a ferroelectric phase as it
develops in the paramagnetic state. On the contrary, recently it is reported that GdCrOs3
can only be ferroelectric at very low temperature via magnetostriction effect and it is nec-
essary to have Gd3*-Cr®* interaction along with G-type magnetic structure in both Gd
and Cr-sublattices to break the inversion-symmetry which is driven by antipolar X-mode
instability [159]. Considering all the contradicting possibilities, it is important to under-
stand the microscopic origin and mechanism of ferroelectricity in GdCrOs at relatively
high temperatures.

In this work, we have done detailed temperature dependent synchrotron powder x-ray
diffraction studies along with first-principles density functional theory calculations to find
the possible non-centrosymmetric structure of GACrOz;. We have also investigated the
possible polar phonon mode instability in the parent cubic structure as it plays a crucial
role in understanding classic ferroelectrics. Additionally, we have systematically studied
the changes in the local structures around Cr and Gd in GdCrO3 and around Y in YCrOs3

by temperature dependent extended x-ray absorption fine structure (EXAFS) studies.

4.1.2 Experimental and theoretical details

Polycrystalline samples of GACrO3 (YCrOjz) were prepared by the solid-state synthesis
technique at ambient pressures. Stoichiometric proportions of GdyO3 (Y203) and CryOg3
were mixed thoroughly and heated at 1300 °C for 24 h in air with several intermediate
heating and grindings. The product was then pressed into pellets and finally sintered at
1400 °C for 24 h and cooled down to room temperature. Phase purity of the samples were
confirmed by powder x-ray diffraction (XRD) measurements as performed in Bruker D8
Advance x-ray diffractometer using Cu K, radiation. Temperature dependent XRD mea-
surements in GACrOz were performed at the XRD1 beamline at ELETTRA synchrotron
radiation facility using photons of wavelength 0.85507 A. Reitveld refinements of the
diffraction patterns were performed using the Fullprof package. Temperature dependent
EXAFS measurements were done at P-65 beamline at PETRA-III synchrotron source,
DESY, Hamburg, Germany. The incident (Iy) and transmitted (I;) photon intensities
were recorded at the Gd-L3 (7243 eV) and Cr-K (5989 eV) edges in GACrO3 and Y-K



86 Investigating magnetism and origin of ferroelectricity in GdCrOg

(17038 eV) and Cr-K edges in YCrO;. Extraction of structural parameters was carried
out using standard procedures such as pre-processing of data, theoretical modeling with
basic crystallographic information, and fitting of the R-space experimental data to theo-
retical EXAFS functions using various applets of the Demeter program [160].

Our theoretical calculations of the structural properties were based on density functional
theory, using generalized gradient approximation (GGA) with Perdew Burke Ernzerhof
for solids (PBEsol) [97] parameterization for the exchange correlation potential, the pro-
jector argumented wave (PAW) method [95], and a plane-wave basis set, as implemented
in the Vienna ab-initio simulation package (VASP) [100]. The interaction between ions
and electrons was approximated with PAW potentials, treating 3p, 3d and 4s for Cr and
2s and 2p for O as valence electrons. For Gd, 4f state was treated as either a velence
state or as a core state. Hubbard U was used for a better treatment of Cr-3d and Gd-
4f electrons and chosen to be 3 eV and 4 eV for Cr and Gd, respectively, in line with
the earlier report [159]. For Brillouin zone sampling, we chose 12x12x8 and 6x6x6
Monkhorst-Pack k-point mesh [161] for orthorhombic and cubic structures, respectively
and the wave-function was expanded in a basis set consisting of plane waves with kinetic
energies less than or equal to 770 eV. Using these parameters, an energy convergence of
less than 1 meV/formula unit (f.u.) was achieved. Structures were fully relaxed until
residual HellmannFeynman (HF) forces were smaller than 0.001 eV/A while maintain-
ing the symmetry constraints of the given space group. G-type magnetic structure was
considered for both Cr and Gd moments in the calculation [159, 162].In order to impose
G-type antiferromagnetic ordering in cubic structure, the unit cell was doubled along the
<111> direction, which resulted in 10 atoms unit cell [150]. The phonon frequencies were
calculated in high symmetry directions using the 2x2x2 supercell. The real-space force
constants of the supercell were calculated using density functional perturbation theory
(DFPT) implemented in the VASP package. The unit cell results in 30 phonon branches:
3 acoustic which have a zero frequency at k = (0,0,0) and 27 optical, some of which are
triply degenerate. We are mainly interested in optical modes with imaginary phonon
frequencies corresponding to instabilities in the structure. Due to the doubling of the
unit cell along the <111> direction, we could access zone boundary phonon modes at

the R-point along with the zone-center I" modes [150]. The electric polarization was cal-



4.1 Understanding the origin of ferroelectricity 87

culated using the Berry phase method [163], as implemented in VASP. The utility tool
phonopy [164] was used to obtain phonon frequencies and phonon dispersions over the

entire Brillouin zone.

4.1.3 Results and discussion
4.1.3.1 Structural studies: Global

GdCrOj crystallizes in to orthorhombic perovskite structure, having Goldschimdts toler-
ance factor, t = %&% = 0.862 [165,166]. Figure 4.1 (a) and (b) depict synchrotron
x-ray diffraction patterns acquired at 300 K and 100 K respectively along with the corre-
sponding Rietveld refined data using Pbnm space group superimposed on it. Reasonably
small values of reliability parameters (For 300 K: R, ~ 0.084, Re., ~ 0.041 and x? ~
4.16, while for 100 K: R, ~ 0.088, Ry ~ 0.043 and x* ~ 4.23 ) indicate good quality
of the fitting and suggest that the centrosymmetric Pbnm space group persists in the en-
tire (studied) temperature range. Additionally, the compound posses a centrosymmetric
G-type magnetic structure in Cr-sublattice below Txn(Cr) = 169 K [154, 162] (whereas
Gd-sublattice remains in paramagnetic state). The globally centrosymmetric magnetic
and crystal structures are not compatible with the emergence of ferroelectric polarization.
However, a weak electric polarization was also observed below Ty (Cr) suggesting polar na-
ture of the system [154]. This strongly indicates a possibility of local non-centrosymmetric
structure in GdCrQOg3, which might be responsible for its ferroelectric property.

Recent synchrotron x-ray diffraction studies on the other members of rare-earth chromite
family (RCrOs, R = Sm, Ho and Nd) over a wide temperature range revealed a structural
transition from a high temperature centrosymmetric Pbnm space group to low tempera-
ture non-centrosymmetric Pna2; sub-group close to the onset of polar order [157,158,167].
Also, it has been proposed that local noncentrosymmetry drives ferroelectricity in YCrOs,
though, its average crystal structure is centrosymmetric [78,153]. Keeping this in mind
XRD patterns of GACrO3 were also refined with non-centrosymmetric Pna2; space group
as depicted in insets of Figure 4.1 and the reliability parameters are surprisingly similar
to the Pbnm space group for both 300 K and 100 K (R,, ~ 0.083, Reyy ~ 0.041 and x?
~ 4.37 for 300 K and R, ~ 0.082, Ry, ~ 0.041 and x? ~ 3.94 for 100 K) suggesting
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Figure 4.1: X-ray powder diffraction patterns (symbol) obtained at 300 K (a) and 100
K (b) with the refinement patterns (continuous curve) using Pbnm space group super-
imposed on it. Insets represent the same with Reitveld refinement using Pna2, space

group.

that the average long-range ordering obtained by x-ray diffraction can not alone provide
an answer to the origin of ferroelectricity in GdCrOs.

We hence performed first-principles density functional calculations with fully optimizing
the structure using PBEsol functional [97], as it is shown to be quite accurate in the

estimation of lattice parameters and describe the ferroelectric property best [168, 169].



4.1 Understanding the origin of ferroelectricity 89

We fully optimized the structure of GdCrO3 using Pbnm space group and found that the
resulting structure attains non-centrosymmetric Pna2; symmetry, which was confirmed
using FINDSYM software [170,171]. In order to further confirm the results, we did cal-
culations considering Pbnm and Pna2; structures separately and observed that both the
structures converge to structures having same lattice parameters. The optimized lattice
parameters for Pna2; structure are a = 5.530 A, b = 5.306 A and ¢ = 7.601 A. The energy
difference is less than 1 meV (0.3 meV /f.u.), which is within calculation error. We believe
that the ground state structure of GdCrOj3 is no-ncentrosymmetric Pna2,, as it favors
polar ordering. Non-centrosymmetric Pna2; space group is a sub-group of centrosym-
metric Pbnm structure and the distortion in the structure is possibly very small, hence it
is not distinguished by XRD measurements. Recent theoretical calculations allowing for
magnetic interaction for different crystal symmetries by Zhao et al. suggested that only
Pna2, crystal symmetry gives a sizable polarization for GACrOg, which is in agreement
with our results [159]. However, according to them GdCrOj can only be ferroelectric
at very low temperature as it is necessary to have G-type magnetic ordering in both Cr
and Gd-sublattices to break the inversion symmetry via exchange-striction mechanism,
which is associated with antipolar X-mode instability in the ideal cubic perovskite. We
observed no-ncentrosymmetric Pna2; symmetry in GdCrOz both when Gd-4f electrons
were treated as valence electrons or as core electrons. This suggests that magnetic cou-
pling between Cr and Gd moments is not necessary for the stability of the polar Pna2,
structure. However, the actual positions of the atoms and the value of the ferroelectric

moment does depend on whether Gd-4f electrons are treated as core or valence states.

4.1.3.2 Phonon instability studies

To understand the origin of ferroelectricity in GdCrOs at relatively high temperature we
performed phonon calculations using density functional perturbation theory approach for
the ideal cubic perovskite structure of GAdCrQOg, to access various structural instabilities
in the system. Structural instability studies have been used to examine a large variety of
ferroelectric perovskite oxides [78,150-152,172,173]. As the structure was fully relaxed
using PBEsol functional, the resulting lattice constant was found to be only 0.3% (0.5%)

less than that of experimental value considering Gd-4f electrons as valence (core) state.
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Figure 4.2: Phonon dispersion curves for the cubic phase of GdCrOj3 treating Gd-4f as
core state. The labels indicate the symmetry of unstable modes.

Calculated phonon dispersion curves treating Gd-4f as core state are shown in Figure
4.2, with imaginary frequencies plotted in the negative axis. Soft modes occur over a
wide range of wave vectors, with strong instabilities at R (Ry5) and M (M;), symmetry
points which are associated with the octahedral rotations. Simultaneous condensation
of these soft modes result in cubic-to-orthorhombic phase transition. Polar mode insta-
bilities at R (R15), X (X5) and I' points, are associated with displacements of Gd and
oxygen atoms, case similar to that for YCrOs [78]. Rj5 and X5 modes correspond to
anti-ferroelectric distortions, and can only give rise to non-zero polarization below Gd-
ordering temperature via magneto-striction effect with the dominant contribution from X

mode as reported by Zhao et al. [159]. I';5 mode on the other hand is responsible for the
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Figure 4.3: Visualization of eigenvectors of unstable (a) polar I';5 and (b) antiferrodis-
tortive Ro5 modes.
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polarization at relatively high temperature as described in YCrOj and other ferroelectric
perovskite compounds [78,150, 152].

To understand more, we determined phonon frequencies only at the I' point, which gave
phonons at I' and R points of the primitive unit cell due to the doubling of the unit cell
along the <111> direction. Treating Gd-4f as core state, we found one triply degener-
ate zone-center instability at 120i cm™" (I'y5) and two triply degenerate zone-boundary
instabilities at 60z cm™' (Ry5) and 302i cm™' (Ry;) similar to YCrO3z and other d* sys-
tems [150]. Considering Gd-4f as valence state in the calculations, we noticed Rj5 is no
longer unstable, while the magnitudes of other two modes decreases as 293i cm ™! (Rys)
and 92i cm™! (T';5). This clearly indicates a strong influence of Gd-4f electrons on the
various instability modes of the cubic structure. The weakest instability mode, R;5 in-
volves the displacement of the Gd cations along with small oxygen displacements and
these are antiparallel in neighboring unit cells. The I'j5 mode (Figure 4.3 (a)) involves
mainly the Gd ion movement in a direction opposite to that of the oxygen cage and Cr
ions where as Cr and O ions move in the same direction, resulting in a ferroelectric polar
structural distortion very similar to YCrOg [78,150]. The strongest instability Ry (Figure
4.3 (b)) is an antiferrodistortive (AFD) mode corresponding to the rotation of the corner
connected oxygen octahedra. To probe the strength of ferroelectric instability, we displace
the atoms toward the eigenvectors for polar I'j5 mode and relaxed it, which resulted in
an energy lowering by 0.90 eV /formula unit.

We also calculated the magnitude of ferroelelctric polarization using Berry phase method
and found it to be 0.75 uC/cm? when the Gd-4f electrons were treated as valence elec-
trons. The strength of the polarization decreased to 0.35 uC/cm? when the 4 f-electrons
were treated as core state. This indicates that magnetic exchange coupling between Gd-
4f and Cr-3d electrons does play an important role in ferroelectric distortion. The value
of 0.75 uC/cm? is in close agreement with the experimental value (~ 0.7 uC/cm?) [154].
The XX-component of calculated Born effective charges (BECs) are listed in Table 4.1.
The BEC tensor (Z; 4) is described as the change in polarization component, P, resulting

from a displacement (Jr) of ion ¢ along Cartesian direction /5 [174,175],

. Q oP,

= 4.1
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Table 4.1: The XX component of Born effective charge tensor for cubic GACrO3z compared
with YCrOj [150]. Formal charges are given in brackets.

Compound LGayy 75, 75, Zo,.

GdCrO; (With Gd-4f) 455(3)  3.33(3)  -3.49(2) -2.16(-2)
GdCrOs (Without Gd-4f) 448(3)  3.32(3)  -3.48(-2) -2.16(-2)
YCrO; 4.45(3) 3.44(3)  -2.62(-2)  -2.66(-2)

where (2 is the unit cell volume and e is the electronic charge. Significantly enhanced
BEC of Gd compared to its formal charge indicates large changes in hybridization of Gd
with the surrounding ions, which is smoking gun for the emergence of ferroelectricity. It
is surprising that polarization value in GdCrQOj is one order of magnitude less than that
of YCrOj [78], even though BEC of Gd is comparable to Y as given in Table 4.1. Also
note that BECs are not affected whether one considers Gd-4f as a valence state or inside
the core. However, only BEC can not define the tendency of a certain material towards
ferroelectricity [175]. Also the ionic radii of Gd** (1.08 A) and Y*' (1.04 A) ions are
similar, indicating that the reduction in the strength of polarization in the Gd system is
not due to the effect of size of R-site like in LaCrO3. The difference in their polarizations
arises from smaller displacement of Gd compared to Y and is possibly due to the subtle
forces involving Gd orbitals (filled or unfilled) either directly or indirectly. Additionally,
the BEC for Cr here is similar to the value found for YCrOjz and other RCrO3 (R = Lu
and La) [150]. Anomalous BEC is obtained for O,, which is slightly less to the value found
in LaCrOg3 having very high magnetic transition temperature and quite large compared to
YCrOj3 having low magnetic transition temperature [150,151]. This suggests that larger
BEC in O, is due to the stronger Cr-O-Cr superexchange interaction, consequently, hav-
ing relatively higher magnetic transition temperature in GdCrO3 than YCrOs.

The charge density around the O-Gd-O bonds in the [001] plane of the undistorted cubic
structure and the distorted structure associated with frozen in ferroelectric phonon mode
(T'15), are shown in Figures 4.4 (a) and (b), respectively. The charge density around the
Gd ion for the undistorted cubic structure is quite spherical and the Gd-O hybridization
is minimal. The ferroelectric distortion causes the Gd and O ions to displace in opposite

direction (Figure 4.3 (a)), which results in one pair of Gd and O ions closer together



94 Investigating magnetism and origin of ferroelectricity in GdCrOg

Figure 4.4: Contour plots of charge density around the O-Gd-O bonds in the [001] plane of
(a) undistorted cubic GACrOs (b) distorted GdCrO3 associated with frozen in ferroelectric
phonon mode (I'y5).
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and builds up large charge density in the Gd-O bond, indicating an increase in Gd-O
hybridization as shown in Figure 4.4 (b). This indicates ferroelectric instability results in
asymmetric stretching of the O-Gd-O bond and suggests that Gd-site partial covalency
is the driving force for the ferroelectric distortion in the compound.

Further, to see the effect of intra-site Coulomb correlation effects of Cr-3d- and Gd-4f
electrons on the structural properties and on phonon modes we also did calculations with-
out U and found same negative modes (I'i5 ~ 67i cm™' and Ros ~ 266i cm™'), however
both the modes are affected noticeably. Correlations lead to softening of both the modes
by about 25 cm L.

Ferroelectric behavior in GdCrOg3 could be explained by the competition between polar
(T'15) mode and AFD rotational (Rgs) mode [176,177]. The polar mode favors non-
centrosymmetric ferroelectric phase where as AFD mode (octahedral rotation) results in
centrosymmetric phase by inducing R-site antipolar displacements and hinders the fer-
roelectric ordering. The competition among these two modes stabilize various structures
as follows. Ferroelectric rhombohedral structure is only associated with polar instability
without having AFD instability. Whereas with progressive increase of AFD instability
combined with the decrease of polar instability give rise to monoclinic, tetragonal and
orthorhombic phases respectively, which in turn suppress the ferroelectric property in the
structure gradually [176]. It can be noted that both polar and AFD modes are weaker in
GdCrOj than that of YCrOs [150]. The dominant contribution of AFD mode together
with ferroelectric mode result in Pna2; phase in GdCrOs and reduce the ferroelectric
property compared to YCrOg, which stabilizes in monoclinic P2; phase [153]. The intrin-
sic differences in the bonding in monoclinic YCrO3 and orthorhombic GdCrOg3 leads to
different magnitude of polarization. Displacements of Gd-atoms via polar distortion com-
bined with movements of specific oxygen ions via AFD distortion of octahedra lift certain
symmetries of centrosymmetric Pbnm structure and stabilize the lower symmetry Pna2;

structure in GdCrOs, which is responsible for the emergence of spontaneous polarization.

4.1.3.3 Structural studies: Local

Based on phonon instability calculations, it is found that Gd-O bond polarization plays a

major role in driving ferroelectricity in GACrOs. To probe it experimentally we performed



96 Investigating magnetism and origin of ferroelectricity in GdCrOg

temperature dependent EXAFS measurements. It is a powerful technique which provides
information on the local structure around atoms of a selected type. It provides valuable
information about the structural peculiarities and allows one to verify structural model.

Figures 4.5 (a) and (b) show k*-weighted EXAFS data in k space at Cr-K and Gd-L;

6

K7 (k) (A7)

-3

6

12

6
o cr-o .o GCricri03 ¢
¢ 4L Gd-02 14 <
=~ Gd-Cr3| =
3 Cr-Gd1/Gd2 cacd &
=2f Cr-Gd3 12 =

Cr-Cr
O 1 L 1 1 1 1 1 1 1 1 n O
1 2 3 4 1 2 4

3
R (A) R (A)

Figure 4.5: k*-weighted EXAFS data in k space (open circles) at (a) Cr-K edge and (b)
Gd-L3 edge acquired at room temperature for GACrOs, along with corresponding fittings
(solid lines). Magnitude of Fourier transform of corresponding data (open circles) along
with fitting (solid lines) are shown in (c) and (d), respectively. Various contributions in
different regions are marked in the figures.

edges, respectively, acquired at room temperature for GACrQOs, along with corresponding
fittings superimposed on it. Magnitude of Fourier transform of the corresponding spectra
along with fittings are shown in Figs. 2 (c¢) and (d), respectively. Various contributions in

different regions of the spectra are marked in the figures. The scattering contributions for
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atomic shells were derived considering both Pbnm and Pna2; crystal structures and in
either cases the EXAFS data fit well throughout the entire (measured) temperature range
having R-factor ~ 0.01 for Cr-K edge and ~ 0.009 for Gd-L3 edges. This corroborates
that distortion in the structure is very small, is in agreement with the XRD results as
discussed above. For Cr-K edge, fits were confined to the k range of 3 < k < 12 A~! and
R-range of 1.2 < R < 4 A. In this region Cr-K edge is originated from the single oxygen
shell from the nearest neighbor octahedral oxygens, three Gd subshells with two, four and
two Gd atoms, respectively, a single Cr shell with four atoms and other multiple scattering
contributions. The fitting of Gd-L3 edge was done in the k range of 3 < k < 12.5 A~ and
R-range of 1.1 < R < 4 A, to model Gd-O and Gd-Cr distributions. The Gd-O distribution
is more complex having three subshells with four, two and six oxygens, respectively. Cr
shell also splits into three subshells with two, four and two Cr atoms.Additionally, a single
Gd shell is considered with four atoms. During fitting procedure, co-ordination number
was fixed, while bond length and mean square relative displacement (MSRD) or Debye
waller factor [0 = <(r - <r>)?>] were used as free variables. It is seen that Debye waller
factor for short (O1) and long (O3) Gd-O bonds are highly correlated, therefore we chose
single o2 for them and different one for middle bond oxygens (O2). Similarly, there are
two o2 for Gd-Cr bonds; one for short and long bonds in be-plane and another for middle
bonds. o2 are most sensitive to modes contributing to radial motions, basically depending

only on the local vibrational structure.

Temperature dependence of o2 for all the shells were fitted with Einstein model which
consider the bond vibrations as harmonic oscillations with a single effective frequency

proportional to Einstein temperature, 0, as given by following relation [178§],

h? ¢
2 2 E
o(T) = o5 + (QMk?BeE>COth <_2T> (4.2)

where o is the static contribution, 7 is in Kelvin and g is the reduced mass of the bond

pair. g provides an approach to characterize the relative stiffness of the bonds. Fitting
of temperature dependence of o2 using Einstein model for Cr-O bond correlation is shown

in Figure 4.6. The best fitting yields 02 = 0.0012(4) and 6z = 818(11) K. The large value
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Figure 4.6: Temperature dependence of MSRD (0?) of Cr-O bond correlation of GACrOs.
The solid line represents the fitting using Einstein model (Eq. 4.2).

of A indicates the rigidness of CrOg octahedra. Furthermore, no anomalous change in
the o2 is observed around the magnetic/ferroelectric transition temperature (~ 169 K).

The fitting of temperature dependence of o2 for Gd-O subshells using Eq. 4.2 are shown
in Figure 4.7 (a). From the fitting, it is found o2 = 0.0015(4) and 0 = 391(15) K for
Gd-01/03 bond correlations; and o3 = 0.0011(4) and 0 = 458(26) K for Gd-O2 bond
correlation. The relatively low values of g of Gd-O subshells compared to Cr-O shell sug-
gest that the Gd-O bonds are weaker than Cr-O bonds i.e. GdO;y polyhedra are not as
rigid as CrOg octahedra. Furthermore, there is clear deviation of o2 from the expected
behavior in the region near the magnetic/ferroelectric transition temperature, suggesting
the presence of structural anomalies around the transition. The temperature dependent
variation of 02 for Gd-Cr bond correlations along with fitting using Eq. 4.2 are shown in
Figure 4.7 (b), giving 02 = 0.0044(1) and 6 = 293(7) K for Gd-Cr1/Cr3 bonds; and o3
= 0.0015(3) and 0 = 428(6) K for Gd-Cr2 bond. The o2 for of Gd-Cr1/Cr3 bonds which

are in be-plane show anomaly around the transition, where as Gd-Cr2 bond shows no
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Figure 4.7: (a) Temperature dependence of variation of MSRD (0?) of (a) Gd-O bond
correlations and (b) Gd-Cr bond correlations of GACrOs. The solid lines represent the
fitting using Einstein model (Eq. 4.2). The arrows indicate the magnetic/ferroelectric

ordering temperature.

anomaly. This anomalous behavior is possibly due to the Gd displacements caused by the

magnetostriction effect (lattice contribution) and spin-phonon coupling magnetostriction

effect associated with the Gd*"-Cr®T interaction [156].
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Figure 4.8: (a) Thermal variations of average Cr-O atomic bond of GACrOs obtained from
both EXAFS and XRD analysis. Thermal variations of bond lengths (Cr-O;/05/03) and
bond angles (Cr-O,/05/03-Cr), obtained from Reitveld refinement of XRD are shown in
pancls (b)-(g), respectively. Vertical dashed line corresponds to the magnetic/ferroelectric
ordering temperature.

For further understanding, we extracted the various bond lengths from EXAFS fiiting
and Reitveld refinement of XRD pattern. The thermal variation of average of Cr-O bonds
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is shown in Figure 4.8 (a). The bond length obtained from both EXAFS and XRD analy-
sis are identical and shows no anomaly around the transition. Figures 4.8 (b-d) represent
the individual bond lengths (Cr-O;/04/03) extracted fron XRD analysis, in which O,
occupies the apex and Oy/0O3 occupy the base of CrOg octahedra. The bond length Cr-O,
contracts with decrease of temperature, whereas one bond length in ab-plane (Cr-O,) de-
creases and other (Cr-Os) increases with decrease of temperature. The Cr-O3 bond shows
anomalous behavior around the transition indicating the exchange-striction effect and
spin-phonon coupling due to the magnetic interactions [156]. The temperature dependent
variation of the bond angles with temperature are shown in Figures 4.8 (e)-(g). With
decreasing temperature the axial angle (Cr-O;-Cr) increases and one of the equatorial
angles (Cr-Oy-Cr) decreases, whereas other equatorial angle (Cr-O3-Cr) increases. The
bond angles also exhibit anomalous behavior around the transition. This suggests that
there exist distortions in the octahedra probably associated with off-center displacements
of oxygens via octahedral rotations. The off-center displacement of oxygens, generally in
the ab-plane is the most important factor for the Dzyaloshinskii-Moriya interaction in the
system [179)].

The temperature dependent variation of Gd-O and Gd-Cr bonds obtained from EXAFS
and XRD analysis are shown in Figures 4.9 (a) and (b), respectively. Except Gd-03, all
the Gd-O and Gd-Cr bonds obtained from EXAFS analysis match reasonably well with
that extracted from the Rietveld refinement of XRD. Gd-O3 bond obtained from EXAFS
fitting is shorter by ~ 0.07A, than that determined from XRD. Discrepancies between
EXAFS and diffraction results may arise from either physical or fictitious effects. The
systematic errors in the EXAFS data analysis may originate from the correlation between
distances and energy scale parameters. On the other hand, discrepancies can be possible
due to the differences between local and long-range structure as reported in the litera-
ture [180,181]. In the present system the identical length of Gd-O3 and Gd-Cr bonds may
lead to the suppression of Gd-O3 contribution. However, the contraction is observed only
for one distance (Gd-O3 bond), while all the other bond lengths show a general agree-
ment between XRD and EXAFS results. This points towards the true shorter distance
of the Gd-O3, which may possibly be due to the deviations of local structure from the

average structure. The change in local structure mainly associated with the Gd-O coor-
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Figure 4.9: Thermal variations of (a) various Gd-O bond distributions and (b) Gd-Cr
bond distributions obtained from both EXAFS and XRD analysis. Vertical dashed line
corresponds to the magnetic/ferroelectric ordering temperature.

dination sphere, whereas the Cr-O coordination remains less affected, suggesting that the
structural distortion is dominated by Gd displacements consistent with phonon instability
study. Further, all the Gd-O bonds and Gd-Cr bonds except Gd-Cr2 show slope changes
around the transition. Such anomalous behavior can be explained by magnetostriction

effect and spin-phonon coupling, which plays a role in ferroelectric modulation [156].
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Figure 4.10: (a) k*-weighted EXAFS data in k space and (b) magnitude of Fourier trans-
form of the data at Y-K edge acquired at room temperature for YCrOs, along with
corresponding fittings (solid lines). Various contributions in different regions are marked
in the figure. (c¢) Temperature dependence of MSRD (02) of Y-O bond correlations. The
solid lines represent the fitting using Einstein model (Eq. 4.2).
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Figures 4.10 (a) and (b) depict the magnitude of Fourier transform of k3-weighted
EXAFS data (|x(R)|) and back-transformed spectra in k space at Y-K edge acquired
at room temperature for YCrOs , respectively, along with corresponding fitting superim-
posed on these. The scattering contributions for atomic shells were derived considering
both Pbnm crystal structure and it fits well throughout entire (measured) temperature
range having R-factor ~ 0.01. Fits were confined to the k range of 3 < k < 12.5 A~}
and R-range of 1.15 < R < 4 A. From the fitting it was found that the oxygen shell is
originated from three subshells with four oxygens each. Cr shell splits into three subshells
with two, four and two Cr atoms and a single Y shell is considered with four atoms. Total
five 02 parameters were used. One for both short and long Y-O bonds and other for the
middle bonds. Similarly, there are two o2 for Gd-Cr bonds; one for both short and long
bonds in be-plane and another for middle bond. Fifth one is for Y-Y correlations. The
fitting of temperature dependence o2 for Y-O subshells using Eq. 4.2 are shown in Figure
4.10 (c). From the fitting, it is found o2 = 0.0083(2) and 0r = 341(7) K for Y-O1/03
bond distributions; and o3 = 0.0015(8) and 0z = 432(5) K for Y-O2 bond distribution.
The relatively low values of g for Y-O subshells indicate YO, polyhedra are also not
rigid enough like GdO15 in GACrO3. These results suggest an intimate analogy between
GdCrO3 and YCrOj3 consistent with phonon calculations. However, Gd-O environment
(three subshells with four, two and six oxygens, respectively) is different in GACrOj from
Y-O environment (three subshells with four oxygens each) in YCrOgs, which leads to or-
thorhombic Pna2; structure in GdCrOs in contrast to the monoclinic P2; structure in
YCrOj3 [78]. The good fitting of EXAFS data using Pbnm structure is possibly due to
tiny distortions in these systems, giving rise to very weak polarizations (GdCrOz ~ 0.7

p/em? YCrOz ~ 3 p/em?) [78,154] .

The above studies indicate the distortion in the structure is associated with the off-
centering displacement of Gd-atoms together with octahedral rotations via movements of
oxygen ions, which lift certain symmetries of centrosymmetric Pbnm structure [157, 158]
and possibly stabilizes a local non-centrosymmeyric Pna2; structure. Figure 4.11 illus-
trates a schematic representation of the displacement of oxygens around CrOg octahedron

(octahedral rotation), as indicated by the arrows and dashed circles represent possible dis-



4.1 Understanding the origin of ferroelectricity 105

b

Figure 4.11: Visualization of displacement of oxygens around CrOg octahedron (octahe-
dral rotation), as indicated by the arrows and dashed circles represent possible displace-
ment of Gd atoms in GdCrOs.

placement of Gd atoms. The distortion is dominated by mainly Gd displacements, indicat-
ing that Gd-O bond polarization plays a major role in driving ferroelectricity. Moreover,
density-functional theory calculations showed that GdCrOgs prefers Pna2, symmetry as
reported earlier and XRD also gives better fitting with this space group, suggesting that
some sort of long range positional disorder is always present in the system. The magnetic
coupling leads to extra distortion in the system via magnetoelectric coupling and plays a

complementary tool for the enhancement of ferroelectric polarization [167].
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4.1.4 Conclusion

Our results clearly demonstrate that the preferred symmetry of GdCrOj is found to
be non-centrosymmetric Pna2;. There are competing structural instabilities in cubic
GdCrOj3: the dominating one is of antiferrodistortive type and the weak polarization arises
from the small ferroelectric instability resulting in Gd-O bond polarization. The smaller
displacement of Gd than that of Y leads to decrease in the strength of ferroelectricity
in GdCrO3 compared to YCrOjz in turn stabilizes an orthorhombic Pna2; structure in
GdCrO3 and monoclinic P2; structure in YCrOgs. This indicates a strong influence of Gd
orbitals on the suppression of ferroelectric property of the system. It is also found that 3d-
4 f magnetic coupling plays an important role in ferroelectric distortion. Further, detailed
EXAFS and XRD studies also corroborate the distortion in the structure is associated
with the off-centering displacement of Gd-atoms together with octahedral rotations. The
magnetic coupling leads to extra distortion in the system via magnetoelectric coupling,

indicating its relevance to ferroelectric modulation.

4.2 Complex magnetic behavior and spin-phonon cou-

pling studies

4.2.1 Introduction

In addition to ferroelectric behavior, rare-earth orthochromites (RCrO;) also exhibit ex-
tremely rich magnetic properties like temperature induced magnetization reversal (TMR),
spin flipping (SF), spin reorientation (SR), exchange bias etc. [43, 157, 182-184], due
to various magnetic interactions such as Cr3*-Cr3t | Cr3T-R3* and R*'-R3*" interac-
tions, each of which is generally a combination of symmetric antiferromagnetic (AFM)
exchange interaction (.5;.5;) with the antisymmetric Dzyaloshinsky-Moriya (DM) interac-
tion (S;xS;) [42,185,186]. The TMR behavior can provide novel opportunities in the fab-
rication of nonvolatile memory, which facilitates two distinct states of magnetization and
magnetic cooling/heating based constant temperature bath, as polarity of magnetization

can be switched without changing the direction of external magnetic field [182,187-189].
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GdCrOj3 shows TMR behavior below Cr-ordering temperature followed by sharp upturn
behavior in field-cooled-cooling (FC(C)) mode. This upturn of magnetization has been
attributed to the onset of SR transition [190]. However, similar upturn behavior in poly-
crystalline CeCrO3z has been explained in terms of SF in Ce and Cr-sublattices [43].
Further, recent report on single crystal of GACrOgs shows a discontinuous jump from neg-
ative magnetization to positive magnetization in FC(C) mode, which has been attributed
to SF in Gd and Cr sublattices, though the SF transition temperature (Tsz ) is quite
high [184]. These contradicting results motivated us to reinvestigate the magnetic be-
havior in polycrystalline GACrO3. Further, we also studied the magnetoelectric coupling

strength in the material from temperature-dependent Raman measurements.

4.2.2 Experimental details

Magnetic measurements were performed using Quantum Design SQUID-VSM magne-
tometer. Heat capacity ac susceptibility measurements were done in Quantum Design
Physical Property Measurement System (QD-PPMS) using relaxation method in exter-
nal magnetic field up to 9 T. The vibrational properties of the sample were measured
using a micro-Raman spectrometer (inVia, Renishaw, UK) with 514.5 nm excitation of
an Ar™ laser. Spectra were collected in the back scattering configuration using a thermo-
electrically cooled CCD camera as the detector. A long working distance 50x objective
with numerical aperture of 0.45 was used for the spectral acquisition. In order to carry
out the temperature dependent Raman spectroscopic measurements, the sample was kept
in a Linkam (THMS600) stage, driven by an auto-controlled thermoelectric heating and

cooling function within a temperature range of 80 to 300 K.

4.2.3 Results and disscussion
4.2.3.1 Magnetic studies

Temperature dependence of magnetization curves collected in zero-field cooled (ZFC),

field-cooled-cooling (FC(C)) and field-cooled-heating (FC(H)) protocols with applied field
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of 100 Oe are shown in Figure 4.12 (a). Canted-AFM ordering (G, F,-type, where AFM
coupling along the a-axis (easy axis) and weak ferromagnetism along the c-axis) occurs in
Cr-sublattice at around T (Cr) ~ 169 K, whilst Gd-sublattice retains its paramagnetic or-
der [162,190]. The canted antiferromagnetism is due to the antisymmetric Dzyaloshinsky-
Moriya (DM) interaction between Cr®T spins, arising from the introduction of spin-orbit
coupling as a perturbation on the quenched Cr3* ground state [47, 48,162, 190]. This
perpendicular component of magnetization (weak FM moment perpendicular to magnetic
easy axis, x, ) does not follow Curie-Weiss law (x = %) as it only describes parallel

component of magnetization (x|). The x| can be explained by following modified Curie-

Weiss law modeled by Moriya [48,191],

_ C(I'-To)
XS T T) (43)

Where C' is the Curie Constant, Ty is the fitted parameter, 6 is the Weiss temperature
and T is the Neel temperature. For polycrystals, it is not possible to measure x| and
x 1 independently, hence, average susceptibility is expressed as Xqvg = (Xx+2x1)/3. In
GdCrOg, the magnetic structure is G, F,-type below Tn(Cr), which leads to negligible
contribution of x| to net susceptibility. Total susceptibility near 7T (Cr) can hence be
well explained by Eq. 4.3, as evident from excellent fitting (Inset of Figure 4.12 (a)). The
best fitted parameters are C' = 10.8518 emu.K.Oe™L.mol™!, TH=168.12 K, Ty = 168.28
K and 8 = -87.12 K.

Strength of nearest neighbour symmetric exchange interaction (.J.) and antisymmetric
DM exchange interaction (D) between Cr3™ ions can further be calculated using following

expressions,

 J.Z8(S+1)

T
0 3kp

(4.4)

_ JZS(S+1) L+ D

T
N 3kp [ (ZJe
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Figure 4.12: ZFC and FC M-T curves for GdCrO3 with an applied field of 100 Oe.
Lower Inset: Enlarged view of selected temperature region highlighting Cr-ordering and
magnetization reversal in FC(C) mode. Upper Inset: Fitting of inverse susceptibility to
the Curie-Weiss law modified by the Dzyaloshinsky-Moriya interaction
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Here, Z = 6 is the coordination of Cr3*, S = 3/2 is the spin quantum number of Cr3™,
and kg is Boltzmann constant. Substituting these values we got J, = 11.058 K and D =
2.64 K, Which are quite in agreement with other rare earth chromites [191]. The effective
paramagnetic moment (i.ss) is estimated from Curie Constant, using the relationship
feff = \/@ and it is found to be 9.1684 5, which is slightly higher than theoretical
value (8.846u5) as estimated from the spin only contribution of Cr®* and Gd* ions.
Temeperature dependence heat capacity data under different magnetic fields is shown in
Figure 4.12 (b). A A-shaped anomaly is found in specific heat around 7 (Cr), suggesting
a second-order nature of the transition, and it is observed to be independent of external

magnetic fields.

Below 160 K the FC(C) magnetization decreases continuously and finally becomes
negative, followed by compensation at around T¢pnp,1 ~ 131 K (Figure 4.12 (a)). Such
a behavior can be explained by the polarization of paramagnetic Gd** spins along the
induced field of canted Cr®* spins via isotropic Gd**-Cr3T interaction [190,192]. Thus

net magnetization is this region can be described by following equation [162,184,190]

C(H, + H;)

M = Mg,
ot 7 g

(4.6)

where first and second terms represent magnetic moments of canted Cr3* spins and mag-
netic moment of paramagnetic Gd** ions, respectively. 0, H, and H; are the Weiss
temperature, the external MF and the induced field at Gd3* sites due to canted Cr3*
spins, respectively. C' stands for the Curie constant, whose value is taken 7.875, theoreti-
cal value for the Gd** ground state [162].

Thereafter, sharp upturn of magnetization is observed below 1},;, ~ 18 K. To under-
stand this behavior we have fitted whole FC(C) curve with Eq. 4.6 as shown in Figure
4.13 (a). Tt fits well except the region very near below T},;, and below 5 K. The deviation
of fitting below 5 K arises due to the Gd**-Gd3* interaction. Temperature dependency
of M¢, is not considered in Eq. 4.6 due to large Gd*' moment, which can overcome the

small canted Cr** moments. The best fitting for the region above T},;, provides M¢, =
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115.93 emu/mol, H; = -2191.41 Oe and 6 = -7.982 K, which are consistent with earlier
report [190]. These suggest above T,;,, canted Cr3* moment is along the direction of
applied field and induced field is opposite to the applied field direction, which leads to
ferrrimagnetic coupling between Cr and Gd-sublattices [190]. In contrast, for the region
below T}in, M= -157.77 emu/mol, H; = 2956 Oe and 6§ = -2.16 K. Negative value of 0
implies Gd and Cr-sublattices retain their ferrimagnetic coupling. However, canted Cr3+
moment and H; have reversed their signs. implying that canted Cr** moment is opposite
to the external field while Gd3* spins are aligned along the external field direction, sug-
gesting spin flipping (SF) below T},,;,,. Further, deviation from the fitting very near below
Tnin suggests that flipping of spins occurs continuously. This continuous nature of SF are
plausibly due to spatial average of magnetization in the polycrystalline sample, whereas
in single crystal the flipping occurs discontinuously [184]. SF is likely caused by Zeeman

energy between net moments and the external MF as given by following equation [43],

EZeeman = _IUOMNetHaCOS¢ (47)

Here, 1o, Myet, H, and ¢ represent the vacuum permeability, net moments of a pair
of antiparallel Gd3* and Cr®* in a unit cell, external MF and the angle between net
moment and external MF respectively. For ¢ = m, net magnetization is opposite to the
external field and it has maximum Zeceman energy. This leads to spontancous flipping
of spins. Again the magnetization becomes zero at 12 K. Yoshii et. al [190] reported it
as spin-reorientation (SR) transition temperature (Tsg), where the Cr®* and Gd** spins
are completely along a-axis . Note, in polycrystalline sample magnetization is spatially
averaged, so moment can not become zero along c-axis at Tsr. So it can be attributed
as the second compensation point (7,omp2), Where antiferromagnetic moment of Gd and
Cr sublattices again cancel each other in the SF region. Finally, Gd-ordering (canted-
AFM type) sets in around 2.3 K (Figure 4.12 (a)), which results in a broad and cusp
like anomaly in heat capacity data as shown in Figure 4.12 (b). Gradually this anomaly
smears out and shifts towards high temperature with external field due to the weak mag-

netic exchange coupling between Gd ions and beyond 1 T the ground state of the system
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becomes ferromagnetic.

Remarkably, FC(H) curve is vastly different from FC(C) curve (Figure 4.12 (a)). The
best fitting to Eq. (4.6) as shown in Figure 4.13 (b) provides M¢, = -112.9 emu/mol,
H; = 2702.5 Oe and 6 = -1.22 K, indicating ferrimagnetic coupling between Gd and Cr
sublattices with Gd®* moment along external MF direction and canted Cr3* moment is
opposite to it. Such a behavior is likely due to strong temperature dependency of dif-

ferent exchange interactions (Gd**-Gd**, Gd**-Cr** and Cr**-Cr?*). During cooling
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Figure 4.14: Temperature dependence ac susceptibility at different DC fields. Insets shows
temperature dependence magnetization under different fields and isothermal M (H) curve
at low temperatures displaying spin reorientation behavior.

cycle strong Cr3*-Cr3* interaction at high temperature drives Gd3T-Cr®* interactions
resulting alignment of Gd-sublattice opposite to magnetic easy axis,where as in heating
cycle dominant Gd**-Gd3?* interactions at low temperature region favors alignment of

Gd-sublattice along the external field direction and Cr-sublattice aligns opposite to ex-
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ternal field via antiferromagnetic Gd3T-Cr3* interactions. This leads to negative Zeeman
energy and kinetically does not favor SF [43].
Additionally, ZFC curve (Figure 4.12 (a)) shows an anomaly at around 7 K, which

10/
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Figure 4.15: Temperature dependence magnetization under different magnetic fields in
FC(C) mode.

is attributed as onset of SR transition temperature (Tsg) [42, 162,186, 190], at which
continuous rotation of spin configuration occurs in Cr-sublattice from G,F,-type at low
temperature to G, F.-type at high temperature resulting from the anisotropic Gd3*-Cr3+
exchange interaction [42]. Where as, the absence of SR in the FC(C) mode is possibly
due to the increment of magnetization caused by SF far exceeds the decrement of mag-
netization caused by SR.

Further confirmation of SR transition, we performed ac-susceptibility measurements as it
is an extremely sensitive technique to detect SR, which depends on the strength of the
anisotropies.The real part of ac-susceptibility under different dc magnetic fields are shown

in Figure 4.14. SR occurs near 7 K at zero field resembling with ZFC measurement. With
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increase of applied field, Tsr shifts towards low temperature and is suppressed around
2000 Oe resulting G,F, phase through out whole temperature region. Sudden change
of slope in low temperature M-H curves (Inset) at around 1000 Oe also supports the
occurrence of SR in GdCrOj3 [162].
Further, M-T" measurements in FC(C) protocol under different magnetic fields are shown
in Figure 4.15. With increase of external field 75,,;,, gradually shifts towards high tempera-
ture, plausibly because of the increase in the Zeeman energy with the applied field. Finally
beyond 2000 Oe, the applied field prevails over the antiferromagnetic Gd3*-Cr3* inter-
action, resulting in alignment of both sublattices along the field direction, consequently
Toin disappears and magnetization gradually increases with decrease of temperature. It
is observed that the positive and negative magnetization states can be tuned by changing
temperature only or by changing the magnetic field at same direction. Such behavior can
be utilized in the fabrication of nonvolatile memory, which facilitates two distinct states
of magnetization and magnetic cooling/heating based constant temperature bath [193].
Figure 4.16 (a) represents the variation of coercivity (H.) with temperature. According
to Stoner-Wohlfarth (SW) model [194] for a single-domain magnetic particle H, is directly
proportional to the magnetocrystalline anisotropy (K 4), as given by following equation:
H. = Ks/M,, where M; is the saturation magnetization. In addition, K4 is related to
M, by following relation: K, ~ (M;)", where n is as large as 10 and is often system de-
pendent. Usually, M has approximate Brillouin function type temperature dependence
behavior (i.e, increase in M, with decreasing temperature) [194], suggesting that from
magneto-crystalline alone, H,. should increase with decrease of temperature. Thus, the
observed nonmonotonic behavior of H. with temperature for the present system can not
be explained by magneto-crystalline alone, moreover additional mechanisms are respon-
sible for such variation. It is observed that the initial increasing and then decreasing
trend of H. with decrease in temperature has a good correlation with the decrease of
Ttomp1 in magnetization reversal region and increase of 14,2 in SF region with increase
of applied field, respectively (Figure 4.16 (a)). It corroborates that initial increase in H,
with decreasing temperature is due to the gradual increase of antisymmetric interaction
in Cr-sublattice. As below certain temperature Cr3*-Cr®* interaction saturates and con-

tribution from paramagnetic Gd-sublattice via isotropic Gd3*-Cr®* interaction becomes
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eye. (b) zoom view of M(H) loops at various temperatures.

increasingly important, resulting in decrease of H,, as isotropic interaction does not con-

tribute to coercivity [191]. Below 1Tx(Gd), dominant anisotropic exchange interaction in

Gd-sublattice causes again increase of H, .

4.2.3.2 Raman and spin-phonon coupling studies

We also performed temperature dependent Raman spectroscopy studies. Based on group
theoretical analysis of the orthorhombic structure 24 first order Raman active modes are
expected for GdCrO3 which are classified as I'rgman = TAy + 7By + 5By + 583, in-
volving vibration of Gd and oxygen atoms [195]. Figure 4.17 depicts the temperature

dependent Raman spectra at a few selective temperatures both below and above the
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Figure 4.17: Raman spectra of GdCrO3 at few selective temperatures both above and

below the magnetic/ferroelectric ordering temperature (169 K).

transition temperature. We see only 14 Raman modes. The absence of other predicted

modes are due to very low intensity, which are below the detection limit of the instrument

or beyond our experimental range. The phonon modes below 200 cm™! generally arise

from the movement of Gd-atoms. Bs,(1) and A,(3) involve out-of-phase and in-phase

octahedral z-rotations, respectively. Bj,(2) and A,(4) are related to Gd-O vibrations in

GdOy; polyhedra. Bay(2)/A,4(5) involve the out-of-phase/in-phase octahedral y-rotations
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and Bs,(2) is associated with out-of- phase bending. A,4(6) involves octahedral bending
mode, Bi,(3) is associated with in-phase O2 scissor-like vibration and A, (7) arises from
antisymmetric stretching vibration of octahedra [156,195-197].

At first glance, no new modes emerge down to 80 K from 300 K. Further, to examine the
subtle structural changes and the presence of any interactions between lattice and mag-
netic degrees of freedom, i.e., spin-phonon coupling, the Raman spectra were analyzed by
Lorentzian fitting of the peaks. The temperature evolution of the phonon mode frequency

comprises various contributions as follows [198],

w(T) = w(0)+ (Aw)e(T) + (Aw)ann(T)
+H(Aw)er-—pn(T) + (Aw) sp—pn(T) (4.8)

where w(0) is the frequency of the mode at 0 K, Awgp, (T'), (Aw)ann (T'), (Aw)er—pn (T') and
(Aw)ei—pn (1') represent change in phonon frequency due to quasi-harmonic effect (change
in lattice parameters of the unit cell), intrinsic anharmonic contribution, electron-phonon
coupling and spin-phonon coupling, respectively. The quasi-harmonic effects due to the
change in unit cell volume can be approximated by Gruneisen’s law relating change in
the frquency to the change in lattice volume as given by (%)qh = ’y(A—Vv), where v is
the Gruneisen parameter for the given mode and A—VV is the fractional unit cell volume
change due to thermal expansion [195,198]. As GdCrOjs is an insulator, electron-phonon
interaction is unlikely to be temperature dependent. Therefore, its contribution to change
in phonon modes can be neglected.

The intrinsic anharmonic phonon contribution to the frequency shift can be explained
by a simple Klemens model , considering cubic and quartic anharmonic process, i.e.,
each phonon with frequency w decays into two (three) phonons of frequency w/2 ( w/3)
for the cubic (quartic) anharmonic process. This process can be described by following

relation [199,200],

2
wanh(T) = W(O) - A[l + 7w (0) ]
e?kpT _ ]
3 3
_B[l + hw(0) + hw(0) ]7 (4'9)
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where w(0) is the frequency at 7" = 0 K of the mode in harmonic approximation, 7" is in
K, A and B are anharmonicity coefficients for cubic and quartic anharmonic processes,

respectively. Figure 4.18 (a) represents the temperature evolution mode associated with
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Figure 4.18: (a)-(c) represent temperature dependence of frequencies of few selective
modes (octahedral rotation with respect to y-axis (Bgy(2)/(A4(5)), antisymmetric stretch-
ing (A4(7)) and Gd-O vibration (A,(4)), respectively. The dotted lines represent the fitted
curves for anharmonic contributions to these modes according to Eq. 4.9. (d)-(e) rep-
resent line widths of corresponding modes and solid lines represent the fitted curves for
anharmonic contributions according Eq. 4.9.

the out-of-phase/in-phase octahedral y-rotations (Byy(2)/A4(5)) represented as circles,
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along with their fitting using Eq. 4.9 marked as dotted line. Below the transition, it
shows a pronounced softening from the intrinsic anharmonic contribution. The anoma-
lous behavior of this phonon mode across T can be explained by the exchange-striction
effect /magnetoelastic coupling. To understand more about the origin of anomalous behav-
ior of various phonon modes such as the presence of spin-phonon coupling, it is necessary
to study the temperature dependence of corresponding linewidths as these are related
to the phonon lifetime which will not be affected by subtle volume changes due to the

exchange-striction effect.

Figure 4.18 (d) shows the temperature evolution of the linewidth of the mode related
to octahedral rotations. The anomaly in the linewidth across the transition indicates the
presence of spin-phonon coupling in GdCrOs. Such type of spin-phonon coupling was
not observed in RCrO3 having non-magnetic R*" ions such as Y and Lu etc [156]. This
suggests the presence of spin-phonon coupling due to the magnetic interaction between
Gd** and Cr*" moments which is mediated by the weak ferromagnetic coupling (canted)
of Cr-sublattice. The temperature variations of frequency and corresponding linewidth
of antisymmetric stretching mode (A4(7)) are shown in Figure 4.18 (b) and (e), respec-
tively. Such hardening behavior of the antisymmetric stretching mode in YCrOs has been
explained by exchange-striction effect with a major contribution of 30-40% and the re-
maining contribution coming from magnetic coupling (Cr**-Cr3* interaction) [195]. Thus
spin-phonon coupling can not be ignored in YCrOjs although no significant anomaly in
linewidth has been seen by Bhadram et al. in this system [156]. Similarly, in GdCrO;
hardening behavior of the antisymmetric stretching mode can be explained by exchange
striction effect consistent with the reduction of unit cell volume. In addition, a pronounced
anomaly is observed in the linewidth. This indicates a strong spin-phonon coupling, which
can be explained by the Gd*"-Cr3* interaction in addition to a contribution from Cr3*-
Cr* interaction. Sharma et al. also observed considerable softening of the bending mode
along with anomaly in its linewidth in YCrOs (non-magnetic R-ion) [201], favoring signif-
icant contribution of Cr®*-Cr®* magnetic interaction to the spin-phonon coupling below
the magnetic transition as discussed here. Moreover, lattice modes related to Gd atoms

also show strong softening below the transition along with anomalies in their linewidths as



4.2 Complex magnetic behavior and spin-phonon coupling studies 121

clearly seen in A,4(4) mode (Figure 4.18 (c¢) and (f)). This suggests a possible displacement
of GA** ion induced by the spin-phonon coupling caused by Gd*T-Cr** interaction [156].
As discussed above, the anomalous behavior of various modes is mainly due to exchange-
striction effect (lattice contribution) and spin-phonon coupling induced by Cr3*-Cr** and
Gd3*-Cr®* interactions right below the magnetic transition . Granado et al. proposed
that the spin-phonon coupling strength can be estimated for a given mode by relating
the deviation of Raman mode frequency from intrinsic anharmonic contribution to the

nearest neighbor spin-spin correlation function (S;.5;) as given by [198],
Awsp_ph =A< SZSJ >, (410)

where \ is the spin-phonon coupling coefficient. In molecular field approximation, the
spin-spin correlation function can be described by the square of the sublattice magnetiza-
tion [202] and also by the normalized order parameter [44]. The temperature dependence

of the frequency mode can be written as follows,

T . M(T
Awgy_pp = )\82[1 — (E) "] & )\(M( )

)2, (4.11)

where T is Cr-ordering temperature, S = 3/2 is the spin quantum number of Cr?*
ion, 7 is the critical exponent, M(7T') is the magnetization as function of temperature
(T'). Since different modes involve motions of different atoms, the associated coupling
constant (A) depends on how these motions change the bond lengths and bond angles
involving the oxygen atoms which mediate magnetic exchange. As the antisymmetric
stretching mode (A,(7)) exhibits the largest deviation from the conventional anharmonic
behavior below the transition, this should correspond to possibly the largest value of spin-
phonon coupling. Figure 4.19 shows the thermal evolution of Awg,_,, below Ty (circle)
and its fitting with Eq. 4.10 (dotted line). The good fit obtained by considering only
the symmetric Cr3+-Cr3* interaction implies that the antisymmetric interaction (canted
ferromagnetism) is very weak. We also found symmetric exchange coupling (J. = 11.06 K)
is four times larger than the antisymmetric Dzyaloshinsky-Moriya interaction (D = 2.64

K) by fitting the temperature dependence of magnetization with modified Curie-Weiss
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Figure 4.19: Temperature dependence of Aw of streching mode (A4(7)) below Ty. The

dotted line represents the fitting using Eq. 4.10. Inset shows Aw versus (M(T)/Myqz)>
(circle) and its fitting (dotted line) using Eq. 4.11.

law given by Moriya [48,191]. From the fitting spin-phonon coupling constant (A) of
3.02 cm ! and critical exponent () of 2.9 are obtained, while the value calculated for the
same from sub-lattice magnetization yields spin-phonon coupling constant (\) of 2.8 cm™*
which is in good agreement with that estimated from the order parameter. The obtained
spin-phonon coupling in GdCrOs is quite comparable to the various systems estimated
from Raman modes. For example, in antitiferromagnetic rutile structured MnFy and
FeF5 [203] the spin-phonon coupling strength for different modes are in the range from
0.4-1.3 em™! and for SryRuzOyp [204], A is 5.2 em™!. The above estimated coupling
constant considers only the nearest-neighbor Cr*"-Cr3*. In addition, there is an important
contribution from Gd3*-Cr3* interaction to spin-phonon coupling as discussed above.

These results corroborate the existence of strong magneto-electric coupling in the system
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as evidenced from dielectric measurement as well as from the enhancement of polarization

with magnetic field [154, 156].

4.2.4 Conclusion

In summary, we have studied detailed temperature evolution of magnetic structure in
polycrystalline GAdCrOj3. Strong temperature dependency of various magnetic interactions
within and between Gd and Cr-sublatices, leads to emergence of various novel magnetic
properties such as TMR, SF and SR. Nearest neighbour symmetric and antisymmetric
interaction in Cr-sublattice is found to be J, = 11.058 K and D = 2.64 K from modified
Curie-Weiss law modeled by Moriya. Occurence of SF in cooling cycle is caused by
Zeeman energy between net magnetization and external MF, where as in heating cycle
magnetization is along external field direction and does not favor SF. This leads to strong
deviation of FC(H) curve from FC(C) curve. In addition, SR occurs in Cr-sublattice at
around 7 K and is suppressed at around 2000 Oe. Occurrence of nonlinear behavior of
H,. can be successfully explained by competition between antisymmetric Dzyaloshinskii-
Moriya interaction in Cr sub-lattice and isotropic Gd**-Cr* interaction. Further, we
also found a large spin-phonon coupling of 3.02 cm~! from the antisymmetric stretching
mode (A4,(7)) considering only the symmetric Cr**-Cr®T interaction, corroborating strong
magnetoelectric coupling in this material, which provides a complementary tool for the

enhancement of ferroelectric polarization.



Chapter 5

Site-substitution in GdMnOsj :
effects on structural, electronic and

magnetic properties

In this chapter, we discuss evolution of structural, electronic and magnetic properties of
Cr-doped GdMnOs (GdMny_,Cr,Os, 0 < x < 1). In the solid solutions, the Jahn-Teller
(JT) distortions associated with Mn*T ions give rise to major changes in the bc-plane
sub-lattice and also the effective orbital ordering in the ab-plane, which persist up to the
compositions x ~ 0.35. These distinct features in the lattice and orbital degrees of free-
dom are also correlated with be-plane anisotropy of the local Gd environment. A gradual
evolution of electronic states with doping is also clearly seen in O K-edge x-ray absorption
spectra. Fuvidence of magnetization reversal in field-cooled-cooling mode for x > 0.35 co-
inciding with JT-crossover, suggests a close correlation between magnetic interaction and
structural distortion. These observations indicate a strong coupling between lattice, spin,
electronic and orbital degrees of freedom. Density functional theory calculations using
GGA + U type exchange correlation potential showed that the system with intermediate
composition (GdMngsCros03) consists of alternate ferromagnetic Mn layers and antifer-
romagnetic Cr layers, which is distinct from that observed for the end members GMnQOs

(A-type) and GdCrOs (G-type).
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5.1 Introduction

Functional oxides with perovskite structures (ABQOj3) are very active research area due
to their potential technological applications and for their fundamental importance in ba-
sic scientific research. An unusual aspect of perovskites is their ability to incorporate
most of the elements of the periodic table at the A and B sites due to their capacity to
accommodate various structural distortions [35]. External parameters like temperature,
pressure and chemical compositions can also effect such distortions, which leads to an
extraordinary richness of physical properties within the family of perovskites. Structural
distortions in perovskites are mainly associated with three main features with respect to
their ideal cubic structure: [35-37] (i) rotation (tilt) of BOg octahedra, (ii) polar cation
displacements, which often lead to ferroelectricity, and (iii) distortions of the octahedra,
such as the JT distortion.

Rare-earth manganites (RMnQO3) forms an interesting series of materials owing to the JT
character of Mn3*t ions. A complex interplay among the spin, orbital and lattice degrees
of freedom has led to a large number of intriguing physical properties in RMnOj3 such as
colossal magnetoresistance [205], charge and orbital ordering [206-208], metal-insulator
transition [209,210], complex spin structures [40], multiferroic properties with significant
magnetoelectric coupling [4], etc. In contrast, Cr®" is JT inactive ion because of having
completely empty e, orbitals and therefore the oxygen octahedra are more regular. On
the other hand, most of the members of RCrO3 family are reported to be multiferroic at
considerable high temperature [154]. Additionally, RCrOs systems are of great interest as
these exhibit wide spectrum of magnetic properties as well such as spin-reorientation (SR),
spin-flipping (SF) and temperature induced magnetization reversal (TMR), etc [43,44].
GdMnOs3 exhibits incommensurate sinusoidal magnetic structure arising from compet-
ing nearest-neighbor ferromagnetic (NN-FM) and next-nearest-neighbor antiferromag-
netic (NNN-AFM) interaction followed by canted-A-type ordering in Mn-sublattice [40].
Additionally, a low temperature ferroelectric ordering is established, caused by Gd3*-
Mn?*" spin interaction and/or lattice distortion associated with magnetic field-induced
spin rearrangements [41,211]. GdCrOj is one of the G-type antiferromagnetic (AFM)
RCrO3z compounds, exhibiting extremely rich magnetic properties like TMR, SF, SR and
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others [190]. It has non-centrosymetric pna2; structure, associated with the ferroelectric
transition concurrent to Cr magnetic ordering temperature with significant magnetoelec-
tric coupling [154]. Although the parent compounds, GAMnO3 and GACrOj3 are well inves-
tigated, the off-stoichiometry series GdMn;_,Cr,Oj is largely unexplored [212]. Various
interesting properties have been reported in similar type off-stoichiometric compositions
such as re-entrant spin reorientation (74 — 71 — 74) and abundant magnetic phase dia-
gram in TbMn;_,Fe, O3 [213] and rich magnetic phase diagram in DyMn;_,Fe, O3 [179],
YbMn;_,Fe,O3 [214] and TbMn;_,Cr,O3 [215] and many more.

Here, we report on the systematic structural, electronic and magnetic characterizations
of the solid solutions of GdMn,;_,Cr,O3 (0 < x < 1). Doping GAMO3 (M = Mn/Cr)
gives rise to M-sites dilutions and average lattice distortions in the compound, resulting

in a critical crossover from JT active region to JT inactive region in GdMn; ,Cr,Os.

5.2 Experimental and Theoretical Details

A series of Cr-doped gadolinium manganites, GAMn;_,Cr,O3 (0 < z < 1) was prepared
by the solid-state synthesis technique at ambient pressures. Stoichiometric proportions
of Gdy03, MnyO3 and CryO3 were mixed thoroughly and heated at 1300 °C for 24 h
in air with several intermediate heating and grindings. The product was then pressed
into pellets and finally sintered at 1400 °C for 24 h. The crystalline structure and phase
purity of the solid solutions were confirmed by x-ray diffraction (XRD) measurements us-
ing Bruker D8 Advance X-ray diffractometer equipped with Cu K, radiation. Structural
investigations were done by Rietveld refinements of the obtained powder XRD patterns
using the FULLPROF program. Raman measurements were performed using a micro-
Raman spectrometer (inVia, Renishaw, United Kingdom) with 514.5 nm excitation of
an Ar™ laser. Spectra were collected in the backscattering configuration using a thermo-
electrically cooled CCD camera as the detector. A long working distance 50x objective
with a numerical aperture of 0.45 was used for the spectral acquisition. Magnetization
measurements were carried out using SQUID-VSM from Quantum Design US. The O
K-edge x-ray absorption spectra were recorded in total electron yield (TEY) mode at the
CIRCULARPOLARIZATION beamline at the Elettra synchrotron radiation facility.
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Theoretical calculations of the structural, electronic and magnetic properties were based
on density functional theory, using generalized gradient approximation (GGA) with Perdew
Burke Ernzerhof for solids (PBEsol) [97] parameterization for the exchange correlation
potential, the projector argumented wave (PAW) method [95], and a plane-wave basis set,
as implemented in the Vienna ab-initio simulation package (VASP) [100]. The interaction
between ions and electrons was approximated with PAW potentials, treating 3p, 3d and
4s for Cr/Mn and 2s and 2p for O as valence electrons. For Brillouin zone sampling, we
chose 12x12x8 Monkhorst-Pack k-point mesh [161] and the wave-function was expanded
in a basis set consisting of plane waves with kinetic energies less than or equal to 770 eV.
Using these parameters, an energy convergence of less than 1 meV /formula unit (f.u.)
was achieved. Structures were fully relaxed until residual HellmannFeynman (HF) forces
were smaller than 0.001 eV/ A while maintaining the symmetry constraints of the given
space group. Gd-4f electrons were treated as valence electrons for parent compounds.
We performed calculations using different Hubbard U values up to 4 eV for Mn/Cr and 4
eV for Gd and results for U = 3 eV for Mn/Cr and 4 eV for Gd explained satisfactorily
the experimental results, which would be explained in later section. In GdMng 5Crq 5053,
Gd-4f electrons were assumed as core electrons to reduce the calculations time. Irrespec-
tive of this, the 4f states lie deep in energy and they are almost completely localized so
that they do not affect other valence states [216]. To visualize the orbital ordering in
GdMnOs, in addition to the global X, Y, Z orthorhombic frame a local frame specific to
each Jahn-Teller-type distorted MnOg octahedron was defined choosing z, y, z along the
middle, short, and long Mn-O axes, respectively [216].

5.3 Results and discussion

5.3.1 Structural studies

Figure 5.1 (a) depicts room temperature XRD patterns of the solid solutions along with
the corresponding refined patterns considering orthorhombic Pbnm space group except
for GACrOg, which posseses Pna2; space group as discussed in chapter 4. The composi-

tion dependent evolution of the lattice parameters (a, b, and ¢/v/2 ) and cell volume (V)
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Figure 5.1: (a) The Rietveld-refinement plots of room temperature XRD patterns of
GdMn,; ,Cr,O3 (z= 0, 0.25, 0.5, 0.75 and 1.0) in the space group of Pbnm. Experimental
data is presented with symbol while the fitted curves from the Rietveld analysis are
represented as red line. Difference spectra (difference between experimental data and
fitting) is plotted in blue line. (b) Evolution of the cell parameters (a, b, and, ¢/v/2
(left panel) and cell volume (V) (right panel) as a function of compositions (z). As
GdCrOj3 has pna2; symmetry, lattice parameters a and b interchanges with respect to
other compositions having Pna2; symmetry.
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in GdMn;_,Cr,O3 are shown in Figure 5.1 (b). There is a remarkable decrease in the
b-axis, accompanied with an increase of the c-axis with increase of Cr-content, while the
a-axis remains almost constant. This suggests that lattice degrees of freedom confined
to the be-plane are strongly affected by the substitution of Cr. Further, the decrease in
the cell volume reveals that the c-axis elongation is dominated by the b-axis reduction.
Such structural characteristics can not be explained by only considering the ionic radii of
Cr®t ion (0.615 A) into the site of Mn®t ion (0.645 A). Therefore, a detailed structural
investigation was carried out.

The composition-dependent variations of three M-O bonds (M = Mn/Cr) in the MOg
octahedra, obtained from Reitveld refinements are shown in Figure 5.2 (a), with I,, [,
and [, denoting bond lengths along the respective local axes. The intrinsic octahedral
distortion in orthorhombic structure allows the short and long bonds to lie within the
ab-plane and the middle-length bond, along the c-axis [179,217]. The large differences
among the three M-O bond-lengths in GAMnOj are correlated with the cooperative JT
distortion of Mn3* ion along with a contribution from intrinsic structural distortion. In
contrast, GdCrOg exhibits a regular structure with the similar bond-lengths for [, [, and
I, which is consistent with the quenched JT distortion for Cr3* ion. The local modes
characterizing the JT distortion are defined as in-(ab) plane orthorhombic distortion, Qs |
= 1,-1,,] and out-of-plane tetragonal-like distortions, Qs [ = (2,-1,-1,)/+/3] [179,218,219)],
which are illustrated in Figure 5.2 (b). The large positive value of Q3 in GAMnOj is asso-
ciated with the cooperative JT distortion, which is along the b-axis and ()3 with negative
sign indicates that an out-of-plane distortion along the c- axis is competing with the JT
distortion [179,218]. This implies that the lattice deformation is primarily confined to
the be-plane sub-lattice. In addition, the larger magnitude of ()5 over ()3 also indicates
that the increase of c-axis is largely overwhelmed by decrease of b-axis. Upon approach-
ing towards GdCrO3 the decrease of both Qs and 3 reveals gradual decrease of JT and
tetragonal distortions. An intriguing slope crossover in both @); and @3 around x ~ 0.35
(guided by the dotted lines in 1) indicates suppression of long range structural distortion
associated with local JT distortion at the Mn sites.

Further examination of the average octahedral distortion Ay [= (1/6) Y n—1-6 [(dp-
(d))/(d)]?, where d, ((d)) is the individual (average) M-O bond length| is shown in
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Figure 5.2: (a) The composition-dependent variations of the M-O bonds in the MOg
octahedra of GdMn;_,Cr,O3, with the long, short M-0O2 bonds and the middle M-O1
bond, respectively. O1 (O2) represents the apical (equatorial) oxygen along the c-axis. (b)
The composition-dependent variations of in-(ab)plane orthorhombic-like (Q2) and out-of-
plane tetragonal-like (QQ3) distortions . Dotted line guiding () point to the slope crossover
around x ~ 0.35. (c) Variation of average octahedral distortion evaluated by A, . Dotted
lines guiding A, to the slope crossover as a result of effective supression of JT orbital
ordering around x ~ 0.35. All the parameters are derived from the Rietveld refinements
of the respective XRD patterns.
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Figure 5.2 (c¢). Ay shows an slope changeover around = ~ 0.35 (guided by the dotted
lines), indicating a critical crossover from JT-active region to JT-inactive region.
JT-effect results in lifting of degeneracy of e, orbitals of Mn** ions and builds up ab-
plane staggered orbital ordering. For more understanding, a polar plot of magnitude
of the octahedral-site distortion, py (= Q3 + Q3) versus the angle ¢ (= tan_l(%) was
mapped for the compositions as shown in Figure 5.3 (a), where ¢ opens from the () axis
in anticlockwise direction [220].

The description of the e, orbital associated with the M atom in an MOg octahedron
can be made by the wave function ¢ with a linear combination of orbitals |z* — y?) and

1322 — 72} in the (Qa, QQ3) space as given by [39,221]

V(0) = cos(0/2)]32* — r?) + sin(0/2)|z* — y?)

where the angle 6 (6 = 90° +|¢|) represents respective orbital components, which opens
anticlockwise from the Q3 axis. The § = 0, 27 /3 and 47 /3 correspond to orbitals |32% —72),
13y? —r?) and 322 —7r?), respectively and 6 = 7/3, m and 57 /3 represent |y>—22), |22 —y?)
and |22 — z?), respectively. For an octahedral site distortion, which has a 6 deviating from
these special angles reflects the presence of orbital ordering along with orthorhombic dis-
tortion in the material. Figure 5.3 (b) depicts the the schematic representation of orbital
ordering in Mn3* ions in GdMnQOj3. Since for all compositions in GdMn,_,Cr,Os, 0 falls
between the special angle and close to 27/3 for one of the co-planner Mn-sites (site 1)
as defined in Figure 5.3 (b) (it is close to 47/3 for site 2), we can define a new angle ~y
= 7/6 - ¢ to simplify the wave functions. Thus, wave functions for occupied (e;) and

unoccupied (e?) orbitals for site 1 can be written as follows [39,221]

Voee(Y) = cos(7/2)|3y* — 1r2) + sin(v/2)|2* — 2%)

wunocc(ﬁ/) = —Sin(“//2)|3y2 - T2> + COS(’\//2)|Z2 — ZL’2>

The total site distortion as measured by, pg remains above 0.3 up to x ~ 0.1 composi-
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(a)

(b)

Figure 5.3: (a) The polar plot of py (= Q3 + Q3) and ¢ (= tan_l(%), which are used to

describe the orbital mixing in GdMn;_,Cr,Os. (b) Schematic diagram of e, orbitals of
Mn?** due to the JT orbital ordering.

tions, reflecting a dominant contribution from a static JT orbital mixing along with the
octahedral distortion [39,221]. Whereas for z = 0.5 and higher compositions, py is about
one order of magnitude smaller than that of JT-active GdAMnO3 and other manganites

(RMnO3) and compared to the value found in JT-inactive rare-earth ferrites (RFeO3) and
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Figure 5.4: The evolution of the lattice anisotropy specific to the local Gd environment

through variations in the nearest neighbor Gd-M bond lengths. Right panel represents

corresponding average distortion (A,) in the local Gd-M environment. Dotted lines guid-

ing Ay signify the slope crossover around x ~ 0.35. Inset represents nearest neighbor

Gd-M bond lengths with blue atom,Gd and gray atoms, M. All the parameters are
derived from the Rietveld refinements of the respective XRD patterns.

vanadites (RVO3) indicating the disappearance of orbital ordering [39, 218, 221].

To examine lattice anisotropy specific to the local Gd environment, NN Gd-M bond
lengths are plotted, as shown in Figure 5.4. There are eight NN-coordinated M which are
doubly paired as M1-M4, as viewed schematically in the inset of Figure 5.4. Each pair of
Gd-M lengths are equivalent for all compositions except GACrQOgs, in which they are un-
equal (slightly) due to the Pna2; symmetry. The longest Gd-M1(shortest Gd-AM4) lying
in the be-plane, shows visible reduction (slight increase) towards x = 1, which is due to
the suppression of JT distortion predominantly along the b-axis. The corresponding aver-
age local distortion, Ay [= (1/8) Y =18 [(dn-(d))/{d)]?, where d,, ({d)) is the individual
(average) Gd-M bond length| also shows a decrease of local anisotropy with increase of
Cr-content and further slight increase in GdCrO3z owing to having Pna2; symmetry. A

slop change occurs (guided by dotted line) around the critical concentration, x ~ 0.35 of
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JT-crossover, consistent with earlier discussions. This suggests that the evolution of lat-
tice and orbital degrees freedom in the solid solutions is also correlated with the be-plane

anisotropy in the local Gd-environment [179].

5.3.2 Raman studies
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Figure 5.5: (a) Evolution of room temperature Raman spectra with compositions ()
in GdMn;_,Cr,O3 (z = 0, 0.25, 0.5, 0.75 and 1.0). The inset shows the linear depen-
dence of the JT symmetric stretching [By,4(7)] and antisymmetric stretching [Ag4(7)] modes

frequency with the dy; %, , where dy;_os is the average of short and long M-O2 bond
lengths.

The knowledge of the lattice/atomic vibrations and their correlations to the structural
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distortion is of crucial importance. In order to throw some light on this issue, room
temperature Raman measurements were performed in GdMn;_,Cr,O3, as depicted in
Figure 5.5. For isostructural orthorhombic structure, the group theory predicts 24 Raman
active modes (7TAy + 7By + 5By, + 5Bs,) at the I' point of the Brillouin zone [222,223].
However, we see only 14 Raman active modes. The other predicted modes are either
of too low intensity to be observed or are beyond our experimental range. The details

U are described in chapter 4. We believe the

about the observed modes up to 600 cm™
modes around 670 cm ™! may be the disorder-induced phonon density of states of oxygen
vibrations [224,225]. Besides, Kovaleva et al. argued that there is an additional component
to the multi-order scattering, which may arise from coupling between the low-energy
electronic motion and the vibrational modes [226].

The most common distortion in orthorhombic Pbnm stucture is the tilting of BOg
octahedra, which can be described either by orthogonal tilt angles (denoted by a~a~c*
Glazers notation) or by octahedral tilts 6, ¢ and ® around the pseudocubic [110],. and
[001],. and [111],. axis [37,196,227,228]. The Raman modes, A,(3) and Ay(5) are corre-
lated with the tilt angles ¢ and 6, respectively [196,222]. The position of A,(3) remains
unchanged throughout the series i.e. ¢ remains constant. In contrast, A,(5) shows hardly
any shift up to x ~ 0.5 compositions, whereas it shifts around 15 cm~! towards high
frequency for z = 0.75 and 1.0 compositions. This, in turn, suggests that 6 remains
more or less constant up to x ~ 0.5 compositions and slightly increase (negligibly small)
for x = 0.75 and 1.0 compositions. Furthermore, ® is correlated with 6 and ¢ via the
relation, cos® = cosf cos¢ [196,227]. This implies ® remains constant up to z = 0.5,
thereafter it slightly increases for x = 0.75 and 1.0 compositions. The in-plane antisym-
metric stretching [A,4(7)] and symmetric stretching [By, (7)] modes are the JT modes,
which are associated with the M-0O2 bond lengths in ab-plane. The variation of frequency
of these modes are correlated with M-0O2 bond lengths by the relation as given by, w
o< dy %y [222,229] and this holds good here, as shown in the inset of Figure 5.5. With
Cr-doping there is a rapid decrease of M-O2 bond length up to  ~ 0.5 (Figure 5.2)
leading to clear shift of these two modes after that shift is less. Furthermore, the spectral
weight also decreases dramatically with increase of Cr-content () due to the reduction of

JT distortion and becomes weak for 0.75 and 1.0 compositions, which are the JT-inactive
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compounds.

5.3.3 Electronic structure studies
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Figure 5.6: Evolution of O K-edge XAS spectra with compositions (z) in GdAMn;_,Cr,O3
(z =0, 0.25, 0.5, 0.75 and 1.0).

X-ray absorption spectroscopy (XAS) is a widely used technique for determining the
electronic structure of material. We performed XAS measurements at O K-edge in

GdMn;_,Cr,O3 (z = 0, 0.25, 0.5, 0.75 and 1), as shown in Figure 5.6, which provides



138 Site-substitution in GAMnOs3 : effects on structural, electronic and magnetic properties

2% 7
R %o
S ® i
)
1
Ay
-1
g 2
2 0.0
2
§ 0.5} ‘-0.5“
&~ 0.5 0.5
0.0! 0.0
-0.5 Alpicall-O 2Ip -O.5-I | A.pi(.:al.'o. ZP
0.0 0.0}
-0.7¢ oplanar-O 2p -0.5

6 4 20 2 4
Energy relative to E, (eV)

Figure 5.7: The total and site-decomposed DOS of GAMnO3; (a) and GdCrO; (b)

information about the unoccupied M-3d, Gd-5d and deep Gd/M states via the hybridiza-
tion with the O-2p states [179,230]. To provide a proper assignment to XAS features,
we also performed density of state (DOS) calculations for parent compounds (x = 0 and
1.0). The total and site decomposed DOS of GAMnO3 and GdCrOj; are shown in Figure
5.7 (a) and (b), respectively. Due to JT orbital ordering, the e, band splits into two

sub-bands: occupied e,T mainly dominated by [3y® — %) with a small contribution from
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|2 — ) and unoccupied €21, mainly contributed by |2* — 2*) mixing with [3y* —r?) for
one co-planer Mn sites (for other co-planer Mn sites, these two e, orbits are mixture of
|32%2 —r?) and |y* — 2?)), as discussed earlier. Based on the DOS calculations, the features
between 526.5-531 eV in O K-edge of GAMnO3 are contributed by unoccupied e, (egT),
togltegd and ey [179,230,231], as labeled in Figure 5.6. The first peak around 527.8 eV
arises from unoccupied €1 states. From the PDOS of GAMnOs (Figure 5.7 (a)), a band
gap of 1.2 eV is obtained between these JT-split Mn e,1 bands. This is in agreement with
the indirect band gap obtained from absorption study of polycrystalline GAMnOj [232].
The second peak of XAS spectrum around 529 eV is associated with 5, and e,| states,
with a small contribution from e, around 530.5 eV. Further there is a splitting of 1.4 eV
between ef}T, tagdteyl states, which agrees satisfactorily with the calculations.

In contrast to GAMnOs3, the O K-edge for JT-inactive GACrOs (Figure 5.6) is very simple,
having one single peak between 529-531 eV contributed by all unoccupied states of Cr3+
L.e. egT, tag) and eyl states and is in good agreement with the calculated PDOS as shown
in Figure 5.7 (b). The energy gap of 2.7 eV obtained from the calculation agrees well
with the reported experimentally obtained band gap values in chromite family [233,234].
Above studies suggest that the first hump (527.8 eV) in XAS spectra for all compositions
generally arise from contribution of egT state of Mn-atoms and second broad hump con-
tributes from e, 1 state of Cr and t5,] and e,] state of both Mn and Cr ions. This results
in a gradual decrease of spectral weight of first peak with increase of Cr composition.
The broad feature between 531-537 eV (Figure 5.6) corresponds to Gd-5d states, indicat-
ing hybridization of Gd-5d and M-3d (e, 1) states through the mediation of oxygen, this in
turn evidences Gd(4f)-M (3d) electronic interactions in these compounds [235,236]. The
4f states are highly localized, therefore the direct 3d(M)-4f(Gd) coupling is not likely.
The interaction occurs via 5Hd states as they are partially polarized by the 4f electrons
via intra-atomic 4f-bd exchange interactions and finally couples with the M-3d states
mediated by the O-2p states [235,236]. The 3d-4f interactions via hybridized 5d and
O-2p states is also evidenced from the calculated DOS of GAMnO3 and GdCrOg (Figure
5.7 (a) and (b)).
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5.3.4 Magnetic studies

Temperature dependent magnetization for GAMnO3 under ZFC and FC protocols are
shown in Figure 5.8 (a). The co-operative JT-distortions in GAMnOj result in to inequiv-
alent Mn-O bond lengths as described earlier. As a result one pair of opposite Mn atoms
(Mn2-Mn4) in ab-plane come closer, as shown schematically in Figure 5.9. This bond
shortening facilitates the magnetic interactions between Mn2 and Mn4 (next-nearest-
neighbor) via two oxygen atoms, O2 and O4. Thus in addition to nearest-neighbor
(NN) interaction, next-nearest-neighbor (NNN) interaction plays a significant role in
GdMnO; [40]. The NN interaction is ferromagnetic (FM) in nature as it occurs be-
tween one occupied and other unoccupied e, orbitals. Whereas, NNN interaction takes
place between two filled e, orbitals, resulting in antiferromagnetic (AFM) coupling be-
tween them. The competition between these two interactions (NN-FM and NNN-AFM)
leads to various complex magnetic structure in this compound. In addition, along the
c-axis there is antiferromagnetic coupling between these layers. Bifurcation of ZFC and
FC curves is observed around 7x(Mn) ~ 40 K (Figure 5.8 (a)). However, no noticeable
change in magnetization is observed in the ZFC curve immediate below T)y(Mn), suggest-
ing onset of an incommensurate sinusoidal spin structure in Mn-sublattice, which gives
no macroscopic magnetic moment. This implies NN-FM interaction and the NNN-AFM
interactions are comparable in strength [40]. The M(H) curve at T'= 35 K (< Tx(Mn))
shows PM type behavior (Figure 5.8 (c)), corroborating occurrence of the sinusoidal spin
structure in Mn-sublattice. Further lowering of temperature results in a sharp rise of mag-
netization around 7oy = 25 K in M vs. T' (Figure 5.8 (a)), which is likely associated with
the onset of canted A-type antiferromagnetic ordering (A, F.-type, in Bertaut’s notation)
in Mn-sublattice. A clear opening of M (H) loop at 7" = 25 K also favors the occurrence
of canted A-type antiferromagnetic ordering (Figure 5.8 (c¢)). This is possibly due to the
relative predominance of the NN-FM exchange interaction against the NNN-AFM one,
with decrease of temperature. The spin canting can be explained by the antisymmetric
Dzyaloshinsky-Moriya interaction (D. (5;x95;)) between Mn-spins, originating from the
interplay between the spin-orbit interaction and the lattice distortions [40,237]. A dip

is observed around 10 K in the ZFC curve, which is possibly resulting from the onset
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Figure 5.8: (a) Temperature dependent magnetization under zero-field-cooled and field-
cooled protocols of GAMnO3. Upper inset shows an enlarged view to highlight the canted-
antiferromagnetic transition (7¢4). Lower inset shows an enlarged view of the selected
region clearly depicting the bifurcation of zero-field-cooled and field-cooled curves. (b)
M (H) loop acquired at 2 K and inset represent the enlarged view of the loop. (c¢) Enlarged
view of M (H) loops above and below the (T:4). (d) Temperature dependent heat capacity
at various magnetic fields ranging from 0 T to 9 T of GdAMnO3.
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Figure 5.9: Schematic representation of the occupied Mn-e, orbitals and NN-FM and
NNN-AFM superexchange interactions (solid curves) in the ab-plane. Exchange path for
the NNN-AFM interaction via two O-2p orbitals is indicated by a dashed line. In addition
to global X and Y axes, local x and y axes are shown with respect to Jahn-Teller Mn-sites.

of ferroelectric transition [41,211]. Finally, canted-antiferromagnetic Gd-ordering occurs
around 4.5 K. The presence of small hysteresis in the M(H) loop at T' = 2 K (Figure 5.8
(b)), also favors this canting nature of Gd-spins. The temperature dependent heat capac-
ity acquired at various magnetic fields ranging from 0 T to 9 T of GAMnOj3 are shown
in Figure 5.8 (d). A A-shaped anomaly is found around Ty (Mn) ~ 40 K, suggesting a
second-order nature of the sinusoidal magnetic transition, and it is observed to be inde-
pendent of external magnetic fields, whereas the canted-antiferromagnetic ordering (T¢a)
stabilizes slightly at higher temperatures in the presence of external magnetic fields. Fur-
ther, a broad and cusp like anomaly is observed at Ty (Gd), which shifts towards higher
temperatures in the presence of external magnetic field and smears out eventually, result-
ing in a FM ground state [238]. The details magnetic interactions of GACrOyj is described
in chapter 4. In GdCrOs, Cr3* ions have t3¢° cubic-field d-electron configurations, which

leads to an isotropic t3>-O-t> AFM interactions. The isotropic AFM superexchange inter-
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actions along with the antisymmetric Dzyaloshinsky-Moriya interactions result in canted

G-type ordering (G, F., in Bertaut’s notation) in Cr-sublattice in GdCrOj.

In order to understand the magnetic evolution in the solid solutions, we carried out
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Figure 5.10:

Variation in magnetic moment at 10 K with compositions (z) in

GdMn;_,Cr,0O3. Stars () represent the results extracted from Ref. [212]. Insets rep-
resent temperature dependent magnetization measured in field-cooled-cooling protocol of
the solid solutions for x = 0, 0.25, 0.5, 0.75 and 1.

temperature and field dependent a magnetization measurements throughout the series.

Figure 5.10 depicts variation in magnetic moment at 10 K with doping concentration

and insets represent temperature dependent magnetization measured in FCC mode of the

solid solutions. Remarkably, magnetization at low temperature (10 K) increases grad-

ually upon Cr-doping up to = ~ 0.25 in spite of the fact that Cr®* moment is smaller

than the Mn3" moment. This indicates strengthening of FM interactions in the system.
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This is probably due to the increase in the strength of NN-FM coupling as compared
to NNN-AFM coupling in Mn-sublattice caused by progressive decrease of JT distortion.
Furthermore, there is possibility of having magnetic interactions between the Mn3* and
Cr®* ions, which is probably FM in nature. Such Mn?**+-Cr3* FM coupling was also re-
ported in TbMn,; ,Cr,O3 [215], LaMn; ,Cr,O3 [239] and YMn; ,Cr,O3 [240] systems.
The interaction between two Cr®" moments at the lower Cr concentration may not be im-
portant. However, for Cr-rich compositions Cr**-Cr3* interaction dominates, thus having
similar behavior to that of GACrOg i.e. G-type magnetic structure. Notably, FCC magne-
tization curve for x = 0 and 0.25 compositions show positive magnetization in the entire
temperature region. However, one sees a magnetization reversal effect for all other com-
positions suggesting the strengthening of AFM coupling between Gd and M-sublattices
with increase of Cr-content. The observation of magnetization reversal as a function of
temperature above a critical Cr concentration suggests that there is a strong correlation

between the structural distortion and magnetic coupling.

5.3.5 DFT Calculations and Spin Hamiltonian for GdMn ;Cr; 503

Further, we performed DFT calculations to determine the possible low temperature mag-
netic ground state in GdMng5Crg503. It has been reported that magnetic interaction
in RMng 5Cr 503 composition strongly depends on the R-sites. ThMng 5Crg 503 exhibits
G-type magnetic structure with the alternate arrangements of Mn and Cr atoms as con-
firmed from neutron diffraction study and DFT calculations [241]. DyMng5Cr 503 has a
random distributions of Mn and Cr ions, which leads to two distinct magnetic orderings
associated with Cr3*-Cr3* and Cr3T-Mn3" interactions as clearly seen in temperature
dependent magnetization data [242]. From DFT calculations, LaMng5Cro 503 was found
to have stable structure with the layer-by-layer doping type (Mn and Cr are alternatively
arranged along the c-axis). The DFT calculations also showed FM interactions between
Mn ions and AFM interactions between Cr ions in ab-plane and satisfactorily explained
its magnetization [243]. All the compounds discussed above possess Pbnm symmetry.

On the contrary, YMng5Crg 503 has monoclinic structure with a layer-by-layer arrange-
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ments of Mn and Cr along the c-axis and exhibits ferrimagnetic behavior [244,245]. For
GdMng 5Crg 503, Reitveld refinement of XRD pattern using orthorhombic Pbnm structure
fitted better than that of the monoclinic structure. Temperature dependence magnetiza-
tion measurement did not show two magnetic transitions like in DyMng 5Crg 503 implying
Mn and Cr are well ordered. To understand the magnetic coupling in GdMng 5Crq 503,
the total energy was calculated within the framework of GGA including Hubbard U, for
various possible arrangements of Mn and Cr ions and various possible spin configurations,
as listed in Table 5.1. The results of GGA+U are consistent with GGA+U+SOC results
as reported in TbMngsCro503 [241]. It is found that structure with the layer-by-layer
doping type with a FM interaction between Mn3* spins and AFM interaction between
Cr3* spins is the most stable configuration similar to LaMng5Cro 503 [243].

In constructing an effective Hamiltonian (H) to understand the spin dependent energetics

Table 5.1: Calculated relative energies (F, in meV /unit cell) of various magnetic struc-
tures of GdAMng 5Cry503. The unit cell contains two Mn and two Cr spins. The energies of
the FM phase with layer-by-layer arrangements is used as the reference energy. Subscripts
m and c represent Mn and Cr ions, respectively.

Magnetic ¢t ct cl ¢t cl cl ctcl ctcl
structure mT m? m?T mt mT m? m| m? mT ml
E 0 -16.15 12.25 131.02 125.33
Magnetic m? ¢t m? ¢l ml ¢t ml cl

structure m?T ¢t mT ¢t mT ¢t mT ¢t

E 354.87 332.98 420.76 421.31

Magnetic ¢t mt cl ml ¢t ml ¢l mt

structure mT ¢t mT ¢t mT ¢t mT cl

E 321.31 306.16 343.92 372.3

of GdMny 5Cr.503 we have considered only Mn3* and Cr3* spins, since in our total energy
calculations the Gd®* spins were not included. The unit cell used in the calculation of
the energies for different Mn and Cr arrangements and different spin orientations consists
of 20 atoms, Gd4MnyCry019, consisting of two Mn and two Cr ions. The unit cell then
consists of 4 magnetic atoms I-IV; I, II are in one basal plane representing the Mn atoms
and III, IV are in the other basal plane representing the Cr atoms as shown schematically

in Figure 5.11. The structure in the figure is denoted as (Mnt,Mn?1)(Crt,Crl), which is
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Figure 5.11: The calculated most stable magnetic structures in one unit cell for
GdMng 5Crg503. Only the transition-metal ions Mn and Cr are shown (Filled circles:
Mn; Empty circles: Cr). The ions labeled as I, II, III and IV are the non-equivalent
atoms in the unit cell.

the lowest energy atomic structure obtained from the calculations.

The Hamiltonian for the system is given by

H=—J Y Sym8hm—g, >SS
<ij>l <ij>l
—J3 > SYmSer+ A (5.1)
<>l
where 7, j indicate lattice sites in the basal (ab) plane and [ indicates different layers along
the ¢ axis. In the Figure 5.11, the number of Mn-Mn bonds/unit cell is 4, the number
of Cr-Cr bonds/unit cell is 4 and the number of Mn-Cr bonds/uc is also 4. There are
4 parameters in the Hamiltonian which we estimate using calculated DF'T energies for
different spin configurations with a layer-by-layer arrangements of Mn and Cr along the

SMn=2: S¢r=3/2. In the mean-field approximation,

c-axis (see Table 5.1 first row). Here
energy /unit-cell for 4 different spin configurations are given below. Energy for a fifth
configuration can be predicted using parameters obtained from the first four spin config-

urations and compared with calculated DFT energy. All the energies are in meV /unit cell.
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Ep=—16J; —9J, —12J5 + A= 0 (5.2)
Ei=—16J, +9Jy + A = —16.15 (5.3)
Erp=—16J; — 95+ 12J3 + A = +12.25 (5.4)
Ery = +16J1 +9J, +12J5 + A = +131.02 (5.5)
Ey =+16J1 + 9, — 12J5+ A (5.6)

Solving Egs. 5.2-5.5, it is obtained: J;=JM" " = 4.39 meV (Ferro), Jo = JO ¢ =
-1.26 meV (Antiferro), J3 = JM=¢" = 0.55 meV (Ferro) and A = 65.48 meV. Using
these parameters we predict E, = 117.78 meV, whereas the calculated DFT energy is
125.33 meV. Looking at the calculated exchange parameters, the coupling between Mn
spins is ferromagnetic and strong, similar to the parent manganite, i.e. GdMnQO3. The
coupling between Cr spins is antiferromagnetic, again similar to the parent compound
GdCrOj3. The cross coupling between Mn and Cr spin is ferromagnetic and weak. In an
earlier study of transport in LaMn;_,Cr,O3; 0< z < 0.15. Morales et al. [?] argued that
the experimental findings could be understood through a simple model of the electronic
structure of the alloy, which included FM double exchange interaction between Mn and
Cr spins and a CPA type approximation to handle disorder. It is possible that the small

magnitude of JM"=¢7

results from a near cancellation between two competing contribu-
tions, one the usual AFM super-exchange and the other FM double exchange.
Variation of the remnant magnetization (M,) at 10 K with compositions and corre-

sponding M-H loops are shown in Figure 5.12 (a) and (b), respectively. M, shows a
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Figure 5.12: (a) Variation of remnant magnetization (M,) at 10 K with compositions ().
Stars () represent the results extracted from Ref. [212] (b) Enlarged view of M-H loops
measured at 10 K of the solid solutions for x = 0, 0.25, 0.5, 0.75 and 1.

non-monotonic variation with compositions: initially it increases with increasing Cr con-
centration (z) and reaches a maximum value for  ~ 0.3 and then starts to decrease with
further increase in x followed by no distinct variation beyond x ~ 0.7. As discussed above,
magnetic behavior in the solid solutions are contributed by variety of magnetic interac-
tions such as symmetric exchange interactions (FM and AFM type) and antisymmetric
DM interaction coupled to octahedral tilting. The DM interaction is directly proportional
to the perpendicular displacement of oxygen in the M-O-M chain, which, in turn, de-
pends on the tilt angles [246,247]. It is evident from Raman data that there is hardly
any change of tilt angles throughout the series. This suggests contributions from canted

ferromagnetism (DM interaction) remains almost constant throughout the series. Thus,
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the increase of M, up to x ~ 0.3 suggests an increase of NN-FM coupling as compared to
NNN-AFM coupling caused by the progressive decrease of JT-orbital ordering and incor-
poration of Mn**-Cr3* FM interactions as discussed earlier. Beyond that ferrimagnetic
type structure arises due to the incorporation of AFM Cr3+-Cr3* interactions, thus re-
sulting in decrease of M,. In Cr-rich compositions (z > 0.7) AFM Cr*"-Cr** interactions

are more dominating resulting in no further change in M,.

5.4 conclusion

The structural, electronic and magnetic properties of GdMn;_,Cr,O3 were studied. In
the structural investigations, it was found that the JT distortion characteristic to Mn3*
results in bond anisotropy and effective orbital ordering for x < 0.35. A gradual vari-
ation of electronic states with doping is also clearly seen in O-K edge x-ray absorption
spectra. The temperature dependence of magnetization under the FCC mode shows sign
reversal effect for > 0.35, whereas magnetization does not change sign in the JT-active
region. The change in magnetic polarity at the critical concentration coinciding with
JT-crossover, infers a complex interplay of magnetic interaction and structural distor-
tion. The nonmonotonic variation of remnant magnetization can be explained in terms of
doping induced modification of symmetric magnetic interactions (FM/AFM type). DFT
calculations using GGA+U type exchange correlation potential find that the system with
x = 0.5 consists of alternate ferromagnetic Mn layers and antiferromagnetic Cr layers.
The strength of the ferromagnetic exchange interaction between nearest neighbor Mn
spins is stronger than the NN Cr antiferromagnetic exchange. The exchange interaction
between NN Mn and Cr is quite small but ferromagnetic. This is distinctly different from

that observed for both end members GMnO3; and GdCrOs.



Chapter 6

Magnetocaloric studies in GdM Os5
(M = Al, Mn and Cr)

In this chapter, we will discuss magnetocaloric effect (MCE) of polycrystalline GdM Os
(M = Al, Mn and Cr) near Gd-spin ordering temperature. We found GdAlOs has a giant
magnetic entropy change (-ASy;) under moderate magnetic field change, while GdMnQOs
exhibits comparably less -ASy; due to the Gd-Mn negative exchange interaction. FEven
though GdMnOs has quite low magnetic entropy change compared to GdAlOs, both the
compounds have comparable cooling power and adiabatic temperature change (AT,;) .
Absence of magnetic and thermal hysteresis in GdAlOs make it more efficient and re-
versible magnetic refrigerant than that of GdMnQOs. It is observed that GdCrOs exhibits
exceptionally large value of -ASy;, ATy and relative cooling power (RCP) at moderate
magnetic field change. Such exceptionally large MCE arises from suppression of the spin
entropy associated with the suppression of spin reorientation transition in addition to the
Gd-ordering, which makes it one of best candidate for magnetic refrigeration among all

the potential low temperature magnetic refrigerants discovered so far.



152 Magnetocaloric studies in GAM Oz (M = Al, Mn and Cr)

6.1 Introduction

The vapor-compression refrigerators have become ubiquitous in a large number of cooling
applications. However, the use of volatile refrigerants such as chlorofluorocarbons (CFCs)
and hydrochlorofluorocarbons (HCFCs) have raised serious environmental concerns, pri-
marily for the destruction of ozone layer and the global warming [53,248]. Replacement
by liquid hydrofluorocarbons (HFCs), which contain no chlorine and therefore have no
ozone depletion potential, is not without problems because HFCs are greenhouse gases
with higher global warming potential than COy [53,248]. Therefore, scientist and engi-
neers have begun to explore alternative environmental-friendly technologies to replace the
conventional gas refrigeration. Magnetic refrigeration can provide such an opportunity
as it does not use any hazardous chemicals. In addition to environmental concerns, the
magnetic refrigeration technology is more efficient compared to gas refrigeration technol-
ogy. Cooling efficiency of magnetic refrigerant working with Gd has been reached 60% of
the theoretical limit, where as best gas-compression refrigerator has reached a limit only
40% [53]. Besides, it offers considerable operating cost savings by eliminating the most
inefficient part of the gas refrigerator: the compressor. Depending upon the magnetic
transition of various materials, magnetic refrigerants work in wide range of temperatures
from room temperature to the temperatures of hydrogen and helium liquefaction (~ 20 -
4.2 K). Materials having a room temperature cooling capacity can be used for domestic
and industrial refrigeration purposes. It has been reported that utilization of magnetic
hydrogen liquefier (20 K) is more cost effective than a conventional liquefier, which could
make hydrogen the best alternative fuel [249]. Magnetic refrigeration near the liquid
helium temperature (~ 4 K) also has application in space science [53]. Recently, an
active magnetic regenerative refrigeration (AMRR) has been developed for space appli-
cation [250]. To achieve cooling below 1 K, the adiabatic demagnetization refrigeration is
an attractive process compared to *He/4He dilution refrigeration because of the growing
cost of helium and scarcely available 3He isotope. In addition, magnetic refrigeration also
has significant applications in the medical field, such as magnetic hyperthermia and drug
delivery [251].

For effective refrigeration capacity, it is paramount important to have following properties
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of the materials [252] :

(i) large effective quantum number to have large magnetization i.e. large magnetic en-
tropy

(ii) high electrical resistivity to avoid eddy current loss

(iii) small specific heat and large thermal conductivity for remarkable temperature change
and rapid heat exchange

(iv) weak magnetic exchange interaction, so that spins can easily align along the field
direction

(v) small or zero magnetic and thermal hysteresis for multistage operation as to avoid

magnetic-work losses due to the rotation of domains in a magnetic-refrigeration cycle

A large number of compounds based on rare-earths [253, 254|, manganites [252],
Heusler alloys [255], etc have since been discovered to show large magnetocaloric effect
(MCE). Of these, compounds based on rare-earth alloys and oxides are the candidates
with the most potential, especially for low temperature applications, due to the low AFM
ordering temperature in rare-earth sublattice. Also, since the AFM coupling is not so
strong, moderate field strengths can induce a metamagnetic transition and suppress the
antiferromagnetic ordering. Another advantage of rare-earth oxides is the presence of
minimal thermal and field hysteresis. Moreover, Gd and Gd based alloys [256-258], have
continued to receive large attention because large magnetic moment of Gd. In this chap-
ter, we will discuss magnetocaloric effect (MCE) of various Gd-based oxides (GAM O3, M
= Al, Mn and Cr) near the Gd-ordering temperature to assess their potential usage as

magnetic refrigerants at cryogenic temperatures.

6.2 Experimental details

Polycrystalline samples of GAM O3 (M = Al, Mn and Cr) were prepared by the solid-
state synthesis technique at ambient pressures. Stoichiometric proportions of GdyOsj
and Al,Oj were used to synthesize GdAlOjz. The precursors were thoroughly mixed
and heated at 1400 °C for 24 h in air with several intermediate heating and grindings.

Detailed synthesis procedure for GAMnO3; and GdCrOj are described in chapter 4 and
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5. Powder x-ray diffraction measurements were performed in Bruker D8 Advance x-
ray diffractometer using Cu K, radiation to confirm the phase purity of the samples.
Magnetization measurements were performed on a SQUID-VSM, Quantum Design Inc.
with external magnetic fields up to 7 T. Heat capacity measurements were carried out
using a relaxation method in the Physical Property Measurement System (PPMS) from

Quantum Design Inc., with external magnetic fields up to 9 T.

6.3 Results and discussion

6.3.1 Structural studies

Figure 6.1 (a-c) represent x-ray powder diffraction pattern acquired from GdA103, GAMnO3
and GdCrOjz samples, respectively. The obtained XRD of GdAlO3; matches well with the
one reported in the JCPDS (Joint Committee on Powder Diffraction Standards) database
(46-0395). The system shows an orthorhombic distorted perovskite structure with Pbnm
symmetry [259]. Rietveld refinement (using FULLPROF software) of the XRD pattern
confirms that there are no detectable impurities in these compounds. Lattice parameters,
obtained from refinements are: a = 5.249 A, b = 5.297 A and ¢ = 7.441 A, are in good
agreement with the literature. GAMnO3 and GdCrOj3 also crystallize in to orthorhombic
distorted perovskite structure having Pbnm and Pna2, space group, respectively. The
detailed structural characterization of GdAMnO3; and GdCrOgz are described in chapter 4
and 5.

6.3.2 Magnetic studies
GdAIO;

Temperature dependent magnetization for GAAlIO3 acquired at 100 Oe applied field is
shown in Figure 6.2, where open and closed circles show the zero-field-coled (ZFC) and
field-cooled (FC) data, respectively. Transition from PM to AFM ordering is clearly seen
at Ty (Gd) = 3.9 K, resulting from indirect exchange interaction between Gd** ions [260].
Variation of inverse susceptibility, 1/x with temperature is represented by open squares

and the graph in the PM region is fitted using Curie-Weiss law, xy = %, where C' =



6.3 Results and discussion 155

(a) —+— Experimental
Refined
—— Difference

v’ =2.93

(b)

Intensity (arb. unit)

20 (degrees)

Figure 6.1: X-ray powder diffraction patterns of GAAlO3 (a), GAMnOj (b) and GdCrO;
(c) along with the corresponding Reitveld refinement pattern and difference spectra, x>
represents the quality of the fit.

Curie constant and # = Weiss constant (shown as dashed lines). Estimated values of
parameters are C' = 6.178 emu.K/mol.Oe and 6 = -4.95 K. The effective paramagnetic
moment (u.rs) of GA** ion was calculated using the expression, perr = 4/ 36;\’[“3, where C

= Curie constant, kg = Boltzmann Constant and N = Avogadro’s constant, giving fi. ¢

= 7.028up, which is close to the theoretical spin only moment of Gd3T ion (7.937up).

Nearest neighbor exchange interaction J., between Gd** ions was calculated using the
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Figure 6.2: Temperature dependent magnetization of GAAIO3. Open and closed circles
show the zero-field-cooled and field-cooled data, respectively. Open squares show the
inverse susceptibility where as the Curie-Weiss fit for the same is represented as dashed
line.

following relation, [261]

_ 3kpt
D nide = 5 D) (6.1)

where S'is the spin quantum number = %, n; is the number of nearest neighbours of each
Gd3T ion = 6. Substituting these values, it was obtained J,., = - 0.054(6) em™!' = -0.078
K, which is quite in agreement with other reports [262,263], suggesting that the low tem-
perature magnetic ordering is predominantly due to antiferromagnetic exchange coupling
between nearest-neighbour Gd3* ions. Hence, well below Ty, GdAlOj; is a uniaxial two-

sublattice antiferrromagnet, in which each Gd3* ion in one sublattice is surrounded by
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Figure 6.3: (a) Isothermal Magnetization Vs H curve for GdAlO; acquired at various
temperatures. Upper inset shows an enlarged view of selected region clearly depicting a

spin flop transition. Lower inset shows complete M(H) loop acquired at 2 K. (b) Arrott
plots at various temperatures ranging from 2 K to 20 K.

six nearest neighbours Gd** ions belonging to the opposite sublattice [264,265].
[sothermal magnetizations as a function of applied field H ranging from 1.8 to 4 K for

GdAlOj3 are shown in Figure 6.3 (a). An enlarged view of selected region of M(H) curves
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and M(H) loop acquired at 2 K are shown in upper and lower insets, respectively. All
the magnetization curves at temperatures below Ty (Gd) showed a sharp jump at about a
small critical field (Hgy) of 0.76 T as clearly seen in the upper inset of Figure 6.3 (a). This
suggests the occurrence of a spin flop (SF) type transition, as reported in single crystal
samples by Blazey et al. [264], where the direction of two sublattice magnetizations sud-
denly turn (flop) perpendicular to the easy axis direction, consequently perpendicular to
the applied magnetic field direction. The discontinuity jump in M(H) indicates that the
field-induced spin flop transition is first-order in nature. With further increase of magnetic
field, the sublattice magnetization rotates gradually, until at a certain critical field their
mean direction is parallel to the applied field and the ferromagnetic phase sets in, beyond
that magnetization is almost independent of applied field. With increase of temperature,
critical field of spin flop transition (Hsp) decreases slightly [264,265]. Absence of hystere-
sis in M(H) loop acquired at 2 K also indicates that GAAlOj; is a uniaxial two-sublattice
antiferrromagnet.  Belov-Arrott plots (M? Vs H/M ) at various temperatures ranging

30 —0—0T 1T

—9 2T ——3T
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Figure 6.4: Temperature dependence of specific heat at various magnetic fields ranging
from 0 T to 9 T of GdAIOs.
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Figure 6.5: Temperature dependence of specific heat at various magnetic fields ranging
from 0 T to 9 T of GAMnOg near the Gd-ordering temperature.

from 2 K to 20 K are shown in Figure 6.3 (b). According to Banerjee criterion, for a
first-order magnetic transition, the slope of the Arrott plot will be negative, whereas it
will be positive when the transition is second-order in nature [266,267]. Negative slope
of the plots at temperatures below 7n(Gd) for field H < 0.76 T confirms that the field
induced antiferomagnetic to spin flop transition is first order in nature, while positive
slope of high field data indicates that spin flop to paramagnetic transition is second order
in nature.

Temperature dependent specific heat variation at various magnetic fields ranging from 0
T to 9 T are shown in Figure 6.4. Zero field specific heat result shows a sharp A-shaped
anomaly at Tn(Gd), which is characteristic of second order phase transition coincid-
ing with magnetization results as discussed above. Gradually, with increasing field this
anomaly is observed to be shifting towards low temperature in spin flop region and be-
yond 4 T applied field, the peak is nearly suppressed resulting in a paramagnetic ground
state [264].
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Figure 6.6: Temperature dependence of specific heat at various magnetic fields ranging
from 0 T to 9 T of GACrOg3 near the Gd-ordering temperature.

GdMnO;

As in GdAMnQOg, both Gd and Mn are magnetic species leads to complex magnetic behavior
in the the system. The detailed magnetic behavior of GdMnOj is described in chapter
5. Canted antiferromagnetic Gd-ordering occurs at around 4.5 K, which leads to broad
and cusp like anomaly in heat capacity data as shown in Figure 6.5, which shifts towards
higher temperatures in the presence of external magnetic field and smears out eventually,

resulting in a FM ground state.

GdCrOg

GdCrOg exhibits extremely rich magnetic properties driven by symmetric (S;.S5;) and
antisymmetric (5;x.S;) exchange interactions within and between Cr and Gd-sublattices.
The detailed magnetic behavior is described in chapter 4 and 5. At low temperature a

broad anomaly appears in heat capacity data (Figure 6.6) at around 2.5 K resembling
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canted-antiferromagnetic Gd-ordering [162]. Gradually this anomaly smears out and shifts
towards high temperature with external field due to the weak anti-ferromagnetic exchange
coupling between Gd ions and beyond 1 T the ground state of the system becomes ferro-

magnetic.

6.3.3 Magnetocaloric studies

In order to understand if the present systems under investigation are suitable for magnetic
refrigeration applications, we have performed detailed investigations of ASy;, AT,q and
RCP at various change in magnetic field (H) as all these parameters are the measure of
effective refrigeration capacity of the material.

Total entropy (S) has been calculated from specific heat data by using following equation,

S(T, H) = / ' @dT (6.2)

0

AS); at different field variations have been calculated from specific heat data acquired at

various magnetic fields, using the following relations [53],

ASm(T7 H) = <S(T, H) - S(T, 0)>T = /OT C’(TdeT — AT @d’f (63)

For comparison, we have also calculated the same from field dependence magnetization

data at different temperatures using the following thermodynamic Maxwell relation [53],

AS(T,AH) = /O ’ (%) L (6.4)

Adiabatic temperature change (AT,4), which is the isentropic temperature difference be-

tween S(H,T',) and S(0,T") has been calculated by using the following equation [268],

ATea(T, AH) = - /H (e H))H (5 H)>HdH 635)

For GdCrOs, it is extracted from the isentropic line connecting S(H, T;) and S(0,1y) for

a magnetic field change from zero to a final value H [269] Relative cooling power (RCP) is

a measure of heat energy that is extracted for each refrigeration cycle and defined as [257]
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T>
RCP = / | AS,, | dT (6.6)

Ty

where 17 and 15 are the temperatures corresponding to both sides of the half maximum
value of the isothermal magnetic entropy change (ASy (7)) peak. Maximum of RCP
value (RCP™%) is typically reported as the product of AS}* and the full width half
maximum (FWHM) of the AS)y, peak,

RCP™ = ASnn:LLax X 5TFWHM (67)

6.3.3.1 Magnetocaloric effect in GdA1O3; and a comparative study with GdAMnO;

Theoretically, it was predicted that rare earth orthoaluminates (RAlO3) are also efficient
magnetic refrigerants in low temperature range and experimentally, it was confirmed
for R= Dy, Ho and Er [270-272]. But so far such investigations are not yet reported
on GdAlO3. Also MCE was studied in various single crystal of rare-earth manganites
(RMnOs, R = Dy, Th, Ho, Yb, Tm.Gd) having giant -ASy; ~ 10-32 JKg 1K~ at liquid
helium temperature [257, 273-275]. However, hardly any detailed investigations have
been performed on polycrystalline samples, which are relatively simple to synthesize and
are cost effective compared to their single crystal counterparts. This motivated us to

investigate the magnetocaloric effect in polycrystalline GdAlO3; and GdMnOs.

Total entropy (5) as a function of temperature for GdAlO3 and GdMnOj at zero field
and 9 T applied field, calculated from heat capacity measurements are presented in Figure
6.7 (a) and (b), respectively and closed Carnot cycles (ABCDA), are shown schematically.
Note that both ASy; and AT, are crucial for the achievement of magnetic refrigeration.
Therefore, we have done detailed calculations of these parameters from specific heat data
acquired at various magnetic fields as well as from isothermal magnetization curve at

various temperatures.

Temperature dependence of -A Sy, and ATy, for GAAIO3, with varying magnetic field
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Figure 6.7: Total entropy (.5) as a function of temperature for zero field and 9 T applied

field for GAALO; (a) and GAMnOj (b). A schematic of the Carnot cycle (ABCD) is shown
for both the cases.

from 1 T to 9 T calculated from heat capacity are shown in Figure 6.8 (a) and (b), respec-
tively. Below Ty (Gd), -ASys is negative up to 4 T. Hence, GAAlOj3 exhibits an inverse
magnetocaloric effect in the antiferromagnetic as well as in the spin flop region. -AS), is
observed to be more and more negative with increasing magnetic fields up to 3 T. This
is caused by the field-induced spin disordering since an initial increase of magnetic field
enhances the magnetic moment fluctuation in one of the two antiferromagnetic sublat-
tices which is antiparallel to the magnetic field. With further increase of magnetic field
beyond 4 T as the system becomes ferromagnetic, the majority of spins in antiparallel
sublattice orient along the field direction resulting in an ordered state, which in turn,
results in positive -A Sy, that means conventional magnetocaloric effect. Similarly, AT,
also shows negative hump in antiferromagnetic/spin flop region and becomes positive in

the ferromagnetic region.
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Figure 6.8: Temperature dependence of (a) isothermal entropy change (-ASy,) and (b)
adiabatic temperature change (AT,q) of GAAlO3, with varying magnetic field from 1 T
to 9 T with z-axis in log-scale. Inset shows temperature dependence of -AS); calculated
from isothermal magnetization curves.
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Temperature dependence of -ASy; and AT,y for GAMnOs3, with varying magnetic field
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Figure 6.9: Temperature dependence of (a) isothermal entropy change (-ASy,) and (b)
adiabatic temperature change (A T,4) of GAMnOg, with varying magnetic field from 1 T
to 9 T with z-axis in log-scale. Inset shows temperature dependence of -A Sy, calculated
from isothermal magnetization curves.
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from 1 T to 9 T are shown in Figure 6.9 (a) and (b), respectively. Unlike GdAlOs;,
here -AS), is positive down to the lowest measured temperature under all magnetic field
changes (1-9 T). This suggests antiferromagnetic ground state in GAMnOj is less stable
against the applied field and metamagnetic transition from antiferromagnetic to ferromag-
netic state occurs at a small value of magnetic field. Similarly, AT,,(T) is also positive

in the whole temperature range under all magnetic field changes.

A comparison of the variation of maximum of isothermal entropy change (-AS7,**),
maximum of adiabatic temperature change (AT,7***) for GAMnO3; and GdAlO; as a
function of external magnetic field are depicted in Figure 6.10(a) and (b), respectively .
At lower field changes (1-3 T), the -AST;%" is almost same in both the compounds. But
a rapid increase of -A S ** occurs in GdAIO; afterwords. Beyond 5 T, rate of increasing
of -AST* reduces as the moment is approaching towards saturation. For GdMnOs
ferromagnetic state is established below 1 T resulting in a smooth variation of -A Sy, **.
It is found, -AST,%* is as high as 40.9 J/Kg.K for GdAlO3 while for GAMnOs, it is 18
J/Kg.K at AH =9 T. So the value of AT,*** for GAAlOs is slightly higher compared
to that of GAMnOs. Also for GdAIOs, the rate of increase of AT,7'** reduces slightly
above 4 T, whereas that of GdAMnOj it varies smoothly throughout the whole magnetic
field changes. The low value of magnetic entropy change in GdMnOj is possibly due to
the 3d-4f negative exchange interaction.

In order to assures the potentiality as good magnetic refrigerant materials, along with
-AST and AT, the relative cooling power (RCP) of materials also needs to be
taken into account. The maximum of RCP (RCP™*) at different applied fields for both
the materials has been calculated using Eq. 6.7, which is depicted in Figure 6.10 (c).
It is observed that in spite of having larger magnetic entropy change for GdAAlO3 than
that of GdAMnO3, both the systems show almost same RCP for an external field greater
than 4 T . This is because RCP not only depends on -AS7;%*, but also on FWHM of
-ASyr peak. For GdAIO3, -ASy; shows a rapid fall on both sides of the maximum value,
where as for GAMnOj it decreases smoothly on both sides of the -ASy, peak, resulting
in a higher FWHM in GdMnOj3 than that of GAAIO3, as shown in inset of Figure 6.10
(c). RCP of GdAIO; at AH =7 T and 9 T is estimated to be 203 and 271 J/Kg for ,
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Figure 6.10: Variation of maximum of isothermal entropy change (-ASY,“*
adiabatic temperature change AT,7"**) and relative cooling power (RCP

maximum of
for GAMnOs;

and GdAlOs3 as a function external magnetic fields are shown in panels (a), (b) and (c),
respectively. Inset shows variation of full-width-half maximum (FWHM) of -AS,; peak
for GAMnO3; and GdAlO3 as a function external magnetic fields.
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respectively, whereas that for GAMnOj is 211 and 265 J/Kg, respectively. The obtained
values of -AST*, AT,7** and relative cooling power for these systems are comparable
to several other systems in the same temperature range as well as for same magnetic field
changes [256,258,276,277]. So these systems can be used as efficient magnetic refrigerants
in low temperature region. Since GdAlOjz; does not show any thermal and magnetic
hysteresis, whereas GAMnOj3 do exhibit a small magnetic hysteresis at low temperature,
hence one may conclude that GAAIOj is a more efficient candidate for cryogenic magnetic

refrigeration than GdMnOs3 at moderate magnetic field changes [252].

6.3.3.2 GdCrOj;: Potential candidate for low temperature magnetic refrigera-

tion

Some of the rare-earth chromites (RCrOjz) have also been studied from the prospective
of magnetocaloric effect and are found promising systems for low-temperature magnetic
refrigeration [184,278,279]. Single crystal of GACrOj exhibits a giant -AS), at mod-
erate magnetic field, indicating that it is a potential candidate for effective magnetic
refrigeration [184]. Yin et al. [280] also observed exceptionally high -AS); and RCP in
polycrystalline GACrOs. However, a good magnetic refrigerant should also possess large
values for AT,,). Besides, they have evaluated -AS), from magnetic measurements only.
MCE at low temperature calculated from magnetization data sometimes gives high error
(~ 20-30%), whereas calculated from heat capacity data shows a better accuracy [252].
Therefore, we reinvestigated the magnetocaloric effect of polycrystalline GdCrO3 from

heat capacity measurements.

Figure 6.11 (a) represents total entropy (5) as a function of temperature for zero field
and 9 T applied field, as calculated from heat capacity data and temperature dependent
-AS) for different field variations are shown Figure 6.11 (b). The maximum of -AS),
reaches as high as 41.24 J. Kg 1. K1 at around 3.8 K for AH = 9 T. This is exceptionally
large in comparison with the similar rare-earth perovskites, such as RMnOj [257,273,28]1,
282], RFeOy [283-285] and other RCrOs, R = Ho and Dy [278,279]. Generally, the above
said compounds containing magnetic 3d-elements (Mn, Cr and Fe) exhibit less -ASy, in

comparison to than that of RA1O3 [271,272,286], where R is the only magnetic sublattice,
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Figure 6.11: (a) Total entropy (5) as a function of temperature for zero field and 9 T

applied field for GdCrOs, calculated from the heat capacity data.

Arrows (AB) and

(BC) represent isothermal entropy change and isentropic temperature change, respec-
tively. Temperature dependence of (b) isothermal entropy change (-ASy,) and (c) adia-
batic temperature change (AT,,) and (d) relative cooling power (RCP) at various mag-
netic field changes up to 9 T. Inset of (b) represent -ASy; up to the temperature well
above magnetic ordering temperature (190 K) and inset of (c¢) represent final temperature
(Ty) as a function of initial temperature (7;) in the adiabatic demagnetization process for
9 T and 7 T magnetic fields.
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due to the presence of negative 3d-4f exchange interactions. In contrast, GACrO3 shows
larger -AS), as compared to RAIO3 [271,272,286], indicating that change in magnetic
entropy is not simply induced by the ordering of R-sublattice or the interactions between
R-4f and Mn-3d, moreover some new mechanism is expected to be responsible for this
giant magnetic entropy change. It is clearly seen that the magnetic entropy changes
rapidly below 10 K (Figure 6.11 (b)). Further, M vs. T measurement decreases rapidly
below the spin reorientation transition (~ 7 K) i.e, dM /dT is large and change in magnetic
entropy is proportional to the dM/d7T . All these observations corroborates that the
extra contribution from suppression of spin reorientation under the applied field along
with the suppression of Gd-ordering is responsible for giant magnetic entopy change in
GdCrOg [184,280].

In order to have a better understanding on the application potential of GdCrOs3, we
calculated MCE in terms AT,4. It is extracted from the isentropic line connecting S(H,
T;) and S(0,7y) for a magnetic field change from zero to a final value H [269], as shown
in Figure 6.11 (a). The temperature dependence of AT,; with varying magnetic fields
from 1 T to 9 T are shown in Figure 6.11 (c) and inset represent final temperature (7
) as a function of initial temperature (7;) in the adiabatic demagnetization process for 9
T and 7 T magnetic fields. The maximum value of AT,; reaches as high as 26.2 K for a
field change of 9 T. If the sample is initially at 32 K and magnetized by 9 T, decreasing
the magnetic field adiabatically to zero causes the sample temperature drop to 6.5 K.
Values of -AST* and AT,;"** for the present compound are quite large as comparable to
that of most of the potential magnetic refrigerant materials with low magnetic transition
temperatures.

RCP is another important paramter, that we calculated. The maximum value of RCP
is typically reported as the product of AS}}* and the full width half maximum of the
AS)y peak (Eq. 6.7). In the the present system the full peak is not observed since it
occurs at very low temperature . Therefore, the temperature depent RCP was evaluated
from high temperature (75 = 190 K) to low temperature (77 = 2 K), using Eq. 6.6 [279].
RCP as a function of temperature for different magnetic field changes (1-9 T) is shown
in Figure 6.13 (d). It is observed that GdCrOj3 exhibit a giant RCP of 648 J Kg™! at

2 K for 9 T field change. For comparison of the magnetocaloric properties, the values
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Table 6.1: -AST*, ATm* and RCP™* of various potential magnetic refrigerant materials
having operating temperature below 20 K along with GdCrOs;.

Compound -(?f{AZiK_l) AT (K) EICIE;T f ) é)
GdCrOs[This work] 36.97 19.12 542 7
Hog67Gdos3CrOs [279] 14 5 490 7
CdAIO; 34.27 6 209 7
EuTiO; [269] 42.4 16.6 353 o
Gd(HCOO); [287] 55 22 503 7
EuggoLago1 TiO3 [288] 41.5 17.2 445 5
EuTiggsNbg 1503 [289]  36.3 15.5 410 5
EuHo,04 [290] 37 10.4 275 5
EuS [291] 37 10.4 782 S)
EuSe [292] 37.5 580 5
CdyNiMnOg [256] 36 11.5 7

of -AST, AT and RCP™* of various promising magnetocaloric materials having
operating temperature below 20 K along with GdCrOg are listed in Table 6.1. EuTiO3
and Gd(HCOO); exhibit quite large -AS}}* and comparable AT however their RCP
is still lower than that obtained for GACrOs. Even though EuS has largest RCP™** and
comparable -ASYT**, AT is quite less in comparison to GdCrO3z;. Comparison of all
the parameters shows that, polycrystalline GdCrOj3 indeed possesses large MCE. The
giant MCE parameters in polycrystalline GdCrOj along with high insulating nature of
the sample, weak magnetic hysteresis and easy synthesis procedures make it a promising

candidate for low temperature magnetocaloric applications.

6.4 Conclusion

For GdAIOj3 antiferromagnetic interaction in Gd-sublattice is strong, thus it exhibits both
inverse and conventional magnetocaloric effect below and above 4 T, respectively. Where
as, GAMnOj3 shows only conventional magnetocaloric effect as antiferromagnetic state is
suppressed at very small extenal magnetic field. At moderate magnetic field GdAlO3
shows a giant magnetic entropy change of 40.9 J kg=! K=! compared to GdAMnO3 18 J
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kg=! K~! for a field change of 9 T. However, relative cooling power and A7T,4 are compa-
rable for both the systems. All the magnetocaloric parameters obtained for these systems
are comparable to several potential magnetic refrigeration materials and can be used as
potential magnetic refrigerant at cryogenic temperature. Moreover, the absence of mag-
netic and thermal hysteresis in GAAIO3 make it more efficient magnetic refrigerant than
GdMnOg3. We have also studied the detailed magnetocaloric properties of polycrystalline
GdCrO3 sample from heat capacity measurements. It exhibits giant isothermal entropy
change of 36.97 J kg~! K1, adiabatic temperature change of 19.12 K, and a refrigeration
capacity of 542 J kg™! for a field change of 7 T at low temperature. Thus, polycrystalline
GdCrOg is one of the best candidate for cryogenic magnetic refrigeration. In addition
to giant MCE parameters, high insulating nature of materials and negligible magnetic

hysteresis make it a potential low temperature magnetic refrigerant.



Chapter 7

Summary and outlook

In this thesis we present detailed investigation of magnetic and feroelectric properties
and related phenomena on two kinds of functional oxides: one gallium ferrites with var-
ious stoichiometric compositions (Gas_,Fe,O3) and other perovskite oxides of the type
GdM,M;_,O3, where M, M' = Cr, Mn and Al. Our findings of complex spin glass
behavior and TSDC phenomena in polycrystalline Gas_,Fe, O3 are presented in chapter
3. Investigations on origin ferroelectricity and complex magnetic behavior of GdCrOg
are discussed in chapter 4. Studies on structural, electronic and magnetic evolutions in
GdCr;_,Mn,O3 are presented in chapter 5 and investigations on magnetocaloric effect of
polycrystalline GAM O3 (M = Al, Mn and Cr) are presented in chapter 6. In the following

sections we summarize our main results and outlook of the of the present work.

7.1 Gag_:EFexOg

These are unique systems, where the properties are heavily influenced by disorder at the
atomic level and hence can be tuned either by varying compositions or by various syn-
thesizing techniques. In particular, the spin glass behavior and ferroelectric behavior in
polycrystalline sample had long been under dispute. We prepared a series of polycrys-
talline compounds of the type Gas_,Fe, O3 (z = 0.75, 1, 1.25) . Magnetic behavior in this
series of compounds could broadly be explained by the molecular-field-approximation of

three-sublattice ferrimagnetic model. Detailed analysis revealed a transition from cluster-
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glass-like phase to spin-glass-like phase with decreasing temperature for x = 0.75 com-
position. Mentioned glassy behavior is found to gradually evolve with the composition
(x) from the Ising type character to Heisenberg type behavior to unconventional glassy
behavior for the x = 1.25 composition. This system hence can serve as an ideal sys-
tem for modeling complex spin glasses.The complex spin glass behavior in these systems
is due to the inherent site disorder driven magnetic inhomogeneity, competing FM and
AFM interactions along with spin frustration and their modifications with compositions
(). Detailed dielectric and pyroelectric studies confirmed that the emergence of polar-
ization in these systems is a thermally stimulated process caused by the freezing of defect
dipoles possibly associated with charged oxygen vacancies rather than being the intrinsic

ferroelectric behavior.

7.2 GdM,M/_O;, M, M’ = Cr, Mn, Al

Conflict between the observations of the ferroelectric behavior and the centrosymmetric
lattice and magnetic structure in GACrOgj is a puzzling issue. As a key to solve the prob-
lem, we found that the preferred lattice symmetry in GdCrOjz is non-centrosymmetric or-
thorhombic Pna2;, supporting polar nature of the system. The distortion in the structure
is associated with the off-centering displacement of Gd-atoms together with octahedral
rotations via movements of oxygen ions. The weak polarization arises from the small
ferroelectric instability resulting in Gd-O bond polarization. Furthermore, magnetic cou-
pling between Gd-4f and Cr-3d also plays an important role in ferroelectric distortion.
Additionally, it exhibits various complex magnetic phenomena like temperature induced
magnetization reversal, spin flipping, spin reorientation and many more, which can be
successfully explained by symmetric (S; . S;) and antisymmetric (S; x ;) exchange

interactions within and between Cr and Gd-sublattices.

Investigating structural evolution from Jahn-Teller active region to Jahn-Teller inac-
tive region with increasing Cr content in GdMn;_,Cr,O3, we found there is close correla-
tion between lattice, spin, electronic and orbital degrees of freedom. Jahn-Teller distortion

associated with Mn?* ions gives rise to major changes in the be-plane sublattice and also
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the effective orbital ordering in the ab-plane, which persists up to the compositions x ~
0.35. These distinct features in the lattice and orbital degrees of freedom are also corre-
lated with the be-plane anisotropy in the local Gd environment Progressive modification
of magnetic coupling with the compositions results into complex and distinct magnetic
behavior throughout the series. DFT calculations using GGA + U type exchange cor-
relation potential find that the system with intermediate composition (GdMng5Crg503)
consists of alternate ferromagnetic Mn layers and antiferromagnetic Cr layers, which is

distinct from that observed for the end members GMnOj; (A-type) and and GdCrO3 (G-

type).

We have also investigated magnetocaloric effect in polycrystalline GAM O3 (M = Al,
Mn and Cr) to assess their potential usage as magnetic refrigerants at cryogenic temper-
atures. GdAlOj3 exhibits a giant magnetic entropy change under moderate magnetic field
change, where as GdMnO3 exhibits comparably less magnetic entropy at same magnetic
field changes, possibly due to the Gd-Mn negative exchange interaction. All the magne-
tocaloric parameters (magnetic entropy, adiabatic temperature, relative cooling power)
are found to be exceptionally high for GdCrOjs, which makes it one of the best material
for magnetic refrigeration among all the potential low temperature magnetic refriger-
ants discovered so far. Such extraordinarily large MCE in GdCrOj possibly arises from
the suppression of the spin entropy associated with the suppression of spin reorientation

transition, in addition to the Gd-ordering.
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