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Abstract

In this investigation the physical properties of Nd2FeCrOgs and Gd>FeCrOe double
perovskites were studied both theoretically and experimentally. The first-principles
predictions on the structural stability, magnetic behaviour and electronic structure of B-
site ordered double perovskite Nd2FeCrOg have been reported. The thermodynamic,
mechanical, and dynamic stability analyses suggest the possibility of the synthesis of
Nd>FeCrOe double perovskite at ambient pressure. This compound shows ferrimagnetic
(FiM) nature with 2 pg net magnetic moment and the magnetic ordering temperature has
been estimated to be ~265 K. Electronic structure indicates a higher probability of direct
photon transition over the indirect transition with a band gap of ~1.85 eV. Based on the
theoretical prediction, Nd2FeCrOg and Gd2FeCrOg nanoparticles were synthesized for the
first time using a facile citrate-based sol-gel method, and their structural, magnetic, and
optical characteristics were thoroughly studied. Rietveld refinement analysis of the
powder X-ray diffraction pattern of the synthesized Nd>FeCrOs and Gd2FeCrOs
nanoparticles confirmed their single-phase orthorhombic and monoclinic structure with
Pnma and P21/n space group, respectively. X-ray photoelectron spectroscopy confirmed
the presence of mixed-valence states of Fe and Cr. The temperature dependent
magnetization curves exhibited magnetic reversal behavior in Nd2FeCrOe¢ double
perovskite at temperature 6 K in the field cooled (FC) mode. Interestingly, exchange bias
effect was observed in this double perovskite material while the sample was cooled down
from 300 K to 10 K and magnetic fields were applied during cooling. The zero-field
cooled (ZFC) and field cooled curves of GdFeCrOsg perovskite largely diverged below
20 K. A downturn was observed in the ZFC curve at 15 K which corresponds to an
antiferromagnetic, Néel transition. The narrow magnetic hysteresis loop of Gd2FeCrOs
recorded at 5 K was nearly saturated and demonstrated an asymmetric shift along the
magnetic field axis indicating the concurrence of ferromagnetic and antiferromagnetic
domains in GdzFeCrOg nanoparticles. The optical band gap of Nd2FeCrOs and
Gd2FeCrOgs nanoparticles are found to be 1.95 eV and 2.00 eV, respectively, evaluated
experimentally from the UV-visible and photoluminescence spectroscopic analyses.
Here, by employing experimentally obtained structural parameters of Gd2FeCrOs
perovskite in first-principles calculation, the spin-polarized electronic band structure,
density of states and optical absorption property of Gd2FeCrOs double perovskite were
also investigated and compared the results with experimental outcomes. Therefore, due

to the lower band gap and magnetically tunable exchange bias, it is anticipated that the

Vi



newly synthesized Nd2FeCrOg and Gd2FeCrOg double perovskites could be the promising

materials for visible-light-driven energy device and spintronic applications.
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CHAPTER 1
INTRODUCTION

1.1 Background

The promises of B-site ordered double perovskite oxides (DPOs) A2B'B"”Os (A: alkaline
or rare-earth ions, e.g., Sr, Pr, La, Gd, etc.; B', B”: transition metals like Fe, Cr, Ni, Mn,
etc.) over AB’O3 and AB"Oz single perovskites for magnetic and semiconductor-based
applications have long been recognized [1-4]. Recently, many studies have investigated
the structural and transport properties of rare-earth-based DPOs, which exhibit a broad
variety of functional qualities depending on their different cationic orderings and
oxidation states [5-8]. Double perovskites provide a wide range of structural flexibility as
well as freedom of choosing a suitable combination of B’ and B" cations from the periodic
table and provides opportunity to control their electronic structure, magnetic behavior,
etc. for practical application [9]. In particular, A2B'B"”Os double perovskite enables us to
tune a vast variety of electronic and magnetic properties of its parent AB'Oz and AB"”O3
single perovskites by introducing additional B’-O-B” magnetic exchange interaction [5].
Compared to the B’-O-B' or B”-O-B" interaction, the physical significance of B'-O-B"”
interaction is more interesting [10]. Since it can accommodate two different B’ and B”
cations, their difference in ionic radius often leads to structural phase transition as well as
modification in the octahedral (BOe) environment. The flexibility of the formation of
A>B'B"Os double perovskite by adapting a suitable combination of B’ and B" cations
provide an opportunity to control their electronic structure, magnetic behavior, etc. and
opens the path to search for new multi-functional materials. To realize the opportunities
of A2B'B"Os, the major challenge is to achieve the long-range B’ and B" sites (B site)
ordering, which is governed by kinetic and thermodynamic factors of order-disorder
reactions during synthesis of these materials [11, 12].

Fig. 1.1 shows a schematic illustration of possible B’ and B” sites distribution when B is
inserted into AB’Oz in order to form A2B'B”Oe double perovskite. If the synthesis
conditions are not optimized for a certain material, it may form a randomly distributed B’
and B"’ phase or a partially ordered phase. The physical properties especially magnetism
is strongly dependent on the degree of cations ordering in double perovskite [13]. For
example, ReB'05B”0503 perovskites, containing rare-earth (Re) elements, have

orthorhombic (Pnma) crystal structure as like as ReB'Os, but demonstrate enhanced
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magnetization because of the additional B’-O-B" net ferromagnetic (FM) exchange
interaction along with B’-O-B’, B"-O-B”, Re-O-B'/B”, and Re-O-Re antiferromagnetic
(AFM) interactions [5]. These materials are generally weak FM due to the competing
AFM and FM superexchange interactions arising from the B-site disordering as shown in
Fig. 1.1(b) [2, 13-17]. Yuan et al.[18] studied several orthorhombic ReFeosCros03
systems and reported that magnetization improves greatly upon degree of B-site ordering
of Fe and Cr atoms via the Fe3*(d®)-O-Cr*(d®) interaction. Interestingly, due to the
presence of multiple magnetic interactions, multiple magnetic phase transitions with
variation in temperature have been observed corresponding to the activation of each
interaction. Yin et al. [19] reported that DyFeosCros03 perovskite shows an anomaly in
temperature dependent magnetization curve near 261 K due to the Fe**(d®)-O-Cr3*(d®)
interaction and another at 120 K, related to the Cr3*(d®)-O—Cr¥*(d®) interaction which is
expected for DyCrOs. Indeed, DyFeosCros03 also show another anomaly at 640 K
corresponding to the onset of Fe®*(d®)-O-Fe3*(d®) interaction, which also observed for
DyFeOs [15]. Similar multiple magnetic phase transitions have been reported for
NdFeosCros03 disordered perovskite [20, 21]. From these reports, it is evident that
ReB’05B"0503 retains the properties of their parent compounds and the strength of B'-O-
B interaction is much weaker than that of B’-O-B’ and B"-O-B"” AFM interaction [22-
24]. For the technological applications, long range B’-O-B"" interaction is more demanded
[10]. Therefore, to achieve a very high degree of ordering in B-sites, a number of synthesis
techniques like solid-state reaction, soft chemical-based synthesis routes, and thin-film
deposition techniques have been proposed [11-13, 25-27]. In B-site ordered double
perovskites, one may find three patterns (rock salt, columnar and layered) for B’ and B”
depending on the choice of cations and synthesis condition [28, 29]. The rock salt ordering
Is most symmetric and common as the array of B’ and B" cations is equivalent to the anion
and cation positions as shown in Fig. 1.1(d) [29, 30].

Among the double perovskites, rear-earth (Re) containing magnetic semiconductors,
Re2B'B""Os (4f-3d-3d system) have gained significant research interest because of their
wide range of technological applications and rich physical properties [31, 32]. For
instance, Re2NiMnOg systems have been studied extensively due to their ferromagnetism,
low band gap, large magneto-capacitance, magneto-resistance, and relaxor
ferroelectricity [33, 34]. Notably, Re2FeCrOg is another class of double perovskites which

is expected to be a hub of ferrimagnetic semiconductors [35], however, they are less
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Fig. 1.1 (a) Cation order in AB'O3 perovskite. (b) Random distribution of B’ and B”
cations in disordered AB'05B" 0503 perovskite. (c) Partial ordering of B’ and B"” cations
in disordered AB’05B"0503 perovskite. (d) Perfectly B’ and B” sites ordered double
perovskite A2B'B"Oe.

studied either by experimental or computational investigation. Double perovskite
La2FeCrOg is an example of this class that has been synthesized using the pulsed laser
deposition technique with a high degree of Fe and Cr ordering [36, 37] and the electronic
properties of this compound have been studied by the first-principles calculations [38].
Unlike the randomly distributed Cr and Fe disordered AFM perovskite LaCrosFeos0s3,
ordered La>CrFeQOg double perovskite shows FiM nature with a saturation magnetization
of ~2ug per formula unit (f.u.) [36, 37]. Recently Majumder et al.[2] reported a saturation
magnetization of ~0.8 pg/f.u. in partially ordered Pr.FeCrOs bulk sample. Undoubtedly,
a complete B-site ordered phase is difficult to achieve for double perovskite samples by
conventional solid-state or sol-gel technique. Booth et al. [39] achieved perfect ordering
in several ReaNiMnOeg double perovskites by repeated sintering where the number of
required sintering steps and sintering temperature varied with different Re cations.

Most recently, Das et al. identified almost canted or compensated ferrimagnetic ordering
of the Fe moments in Pr.FeCrOg double perovskite [40]. In ordered perovskites, the Fe*;-
O-Cr®" | super-exchange interaction is dominant, whereas the disordered perovskites show
the dominant AFM Fe®*;-O-Fe3*| and Cr3*;-O-Cr®*| interactions (illustrated in Fig. 1.1).
The partially ordered perovskites demonstrate a small magnetization due to the presence
of additional FiM Fe®*;-O-Cr3*, superexchange interaction in conjugation to the strong
AFM interactions [22-24].

There is significant interest in finding new eco-friendly, conveniently synthesizable, low-
cost, and lead-free light absorber materials for solar cell applications [41, 42].
Furthermore, Bi2FeCrOs and ProFeCrOs double perovskites have recently demonstrated
fascinating optoelectronic characteristics such as a suitable band gap, strong absorbance

in the visible range, and high photocatalytic performances. Due to their diverse magnetic
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and optical properties, researchers are curious about other members of the Re2FeCrOg
double perovskite family. Experimentally, the difficulties could have come from the
almost equivalent ionic radii of Fe and Cr, which poses a hurdle to produce B-site ordered
samples [36]. The experimental investigation of the material properties of these double
perovskites at the molecular level are sometimes unattainable due to the unavailability of
the required experimental facilities. These complexities can be circumvented to a greater
extent by implementing the Density Functional Theory (DFT) based on first-principles
calculation [43, 44]. In this investigation, the parent single perovskites NdFeOz and
NdCrOs were studied initially to understand the effect of Hubbard parameter U (Uefr = U-
J, where the effects of the on-site Coulomb and exchange interactions are denoted by U
and J, respectively, hereafter referred to simply as U) on magnetic and electronic

properties.

First-principles calculation showed Nd2FeCrOg satisfied the thermodynamic, mechanical,
and dynamic criteria as a stable compound. Based on theoretical outcomes of Nd2FeCrOg,
a stable structure of double perovskite Nd2FeCrOs and Gd2FeCrOs nanoparticles were
synthesized by adapting a low-cost facile sol-gel method and investigated extensively
their crystallographic structure along with field and temperature-dependent magnetic

properties.

In rare-earth-based single perovskites ReFeOs (Re = rare-earth element), the 4f electron
-based Re sublattice and 3d electron-based Fe sublattice are coupled in an antiparallel
fashion. In these orthoferrites, the noncollinear antiferromagnetism in the Fe sublattice
demonstrates weak ferromagnetism [45, 46] comparatively at high temperatures, while
the Re sublattice usually orders antiferromagnetically at much lower temperatures. The
exchange interaction between 3d electrons is substantially stronger than that of 4f
electrons, therefore, the two sublattices reveal temperature dependent complex magnetic
behavior [47]. Like orthoferrites, rare-earth orthochromites ReCrOs3 also exhibit complex
magnetic transitions at different temperatures due to a rich variety of magnetic spin
interactions between Re* and Cr3* [48, 49]. When cooled from room temperature, the Cr
sublattice in ReCrOz3 is found to order at a critical temperature Tni, Whereas the rare earth
sublattice orders at a much lower temperature (Tn2) [49]. Interestingly, magnetization
reversal was also observed in both ReFeOs [50] and ReCrOs [51, 52] single perovskites.
In addition to magnetization reversal, recent investigations have also demonstrated the

presence of exchange bias effect in a number of single perovskites ferrite-chromite e.g.,
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YFeosCros03 [53], LuFeosCros03 [54], NdFeosCros0s [20, 21]. The presence of
intriguing magnetic properties in the aforementioned ferrite-chromite was another
motivation to synthesize Nd2FeCrOs and Gd2FeCrOg double perovskites. To the best of
our knowledge, the crystallographic structure and physical properties of Nd2FeCrOs and

Gd2FeCrOs double perovskites have not been reported yet.

1.2 Objectives of the present study
The objectives of the present research are as follows:

(i) Theoretical investigation of structural, magnetic, electronic and optical
properties of Nd:FeCrOs and Gd>FeCrOe double perovskite by first-
principles DFT calculations.

(if) Synthesis of Nd2FeCrOs and Gd2FeCrOe perovskites via a facile sol-gel
technique.

(iii) Characterization of the as-prepared samples by analyzing their Rietveld
refined powder X-ray diffraction patterns. Analysis of their chemical
structure by Fourier transform infrared spectrum.

(iv) Investigation of the bond length of as-synthesized Nd:FeCrOs and
Gd2FeCrOs double perovskites using Raman spectra.

(v) Analysis of their surface morphology by performing field emission scanning
electron microscopy imaging. Investigation of the size and crystalline
structure of the nanoparticles using transmission electron microscopy
imaging.

(vi) Investigation of the chemical binding energies and valence states of different
elements by X-ray photoelectron spectroscopy.

(vii) Investigation of the temperature and field-dependent magnetic properties of
the as-prepared samples using a superconducting quantum interference
device magnetometer.

(viii) Investigation of optical properties of the synthesized materials using UV—

visible and photoluminescence spectrometers.

1.3 Outline of the thesis
This thesis contains the following chapters:

» Chapter 1 of this thesis deal with the introduction and importance of double

perovskites and the objectives of the investigation.
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Chapter 2 provided a literature review in the relevant areas of the double
perovskites.
Chapter 3 included a detailed description of the sample preparation and the
different measurement techniques that have been used in this research work.
Chapters 4, 5 and 6 presented the results of various investigations of the
study and explanation of results in the light of existing theories.

Chapter 7 included the summary and conclusions of this research.



CHAPTER 2
LITERATURE REVIEW

2.1 Previous investigations on double perovskite materials

In the last few decades, perovskite oxides, ABOs (A = rare earth or alkaline metal ions,
B = transition metal ions), have intrigued significant research interest due to their
exceptional structural and compositional flexibility. Recently, substituting exactly half of
the transition metal ions of perovskites by another cation has resulted in a number of
interesting double perovskites (Fig. 2.1), A2B'B"Oe (e.g., A = La, Sr, Bi, Y, Pr, Nd, Gd,

etc., B’ and B"” = Co, Fe, Cr, Ni, Mn, etc.) which possess a great diversity of functional

properties based on their various cationic orderings and oxidation states.

A

Fig. 2.1 Crystal structure of (a) single perovskite, where the A cation is surrounded by a
network of corner sharing BOs octahedra and (b) double perovskite, where the A cations
are surrounded by an alternating network of B'Os and B"Os octahedra [55].

Recently, S. Vasala and M. Karppinen have published a review work [1] that explored a
thousand A2B'B”Os type double perovskites, most of which were synthesized at ambient
pressure. Additionally, a range of novel A2B'B""Og compounds were also fabricated under
high-pressure. However, a number of their synthesized compounds having A2B'B”Oe
stoichiometry failed to achieve the desired perovskite crystal structure. In Fig. 2.2, the
scenario for compounds with the most common A-site cations (A = Ca, Sr, Ba, and La)
has been graphically depicted. Notably, these compositions account for the vast majority
of known compounds, totalling over 800 [1]. However, as can be observed, many
potential cation combinations are yet unexplored.
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Fig. 2.2 A,B'B"”"Os compositions with A = Ca, Sr, Ba, or La reported in the literature. Left
column represents the B’ cation and top row the B” cation. The colors indicate perovskite
compounds synthesized at ambient pressure (green) or stabilized using either high-
pressure or high oxygen-partial-pressure synthesis (purple), and compounds with a
hexagonal non-perovskite structure with the A2B’B"'Os stoichiometry (yellow), and cases
where a phase of the A2B’B""Os composition does not form (red) [1].

Until now Re2NiMnQOg double perovskites (where Re = rare earth metal ions) have been
widely explored owing to their ferromagnetism, narrow band gap, strong magneto-
capacitance, magneto-resistance, and relaxor ferroelectricity. However, Re>FeCrOs is a
kind of double perovskite that is expected to be a hub for ferrimagnetic semiconductors

but has received less experimental and computational attention. The family of
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Re2NiMnOg double perovskites has been explored by number reaserch of groups. Among
them, recently, M. Nasir et al. [33] investigated the R2NiMnOs (R= rare earth metal ions)
double perovskite series. This group synthesized all double perovskites using sol-gel
method. It was observed that the ionic radius of R-site cations affects the structural
characteristics of R2NiMnQOs. X-ray patterns established that all samples were single-
phase except Th2NiMnQOg, Ho2NiMnOg and Y2NiMnOe (Fig. 2.3). A minor impurity peak
appeared for ThoNiMnOg, H02NiMnOg corresponding to Th.Oz and Ho2Oz3, respectively.
Investigations showed, the fluctuation of lattice characteristics and cell volume with an

ionic radius of R cations and the tolerance factor of these materials varied from 0.925 to
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Fig. 2.3 (a) Normalized X-ray diffraction patterns of R2NiMnOs (R= La, Pr, Nd, Sm, Gd,
Th, Dy, Y, and Ho). All the peaks were indexed to the monoclinic cell belonging to P21/n
space group [33].

0.849 with decreases of ionic radii, (rz) from La to Ho. Notably, the ionic radii reduced
in the order of 7., > 1, > 1yg > Ty > 164 > Trp > Tpy > 1y > Tyo>. Except for
LaoNiMnQOse, the lattice parameter "b™ rose as the tolerance factor decreased. This was
associated to the displacement of oxygen ions, which resulted in the octahedra tilting as
(rge) decreases. This investigation also showed that the tilting angle progressively
increased with the reduction in the size of the rare earth ion, from 7.1° for LazNiMnOs to
17.9° for Ho2NiMnOe. The magnetic properties of ReaNiMnOg samples were also
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investigated in the temperature range of 4-300 K under 100 Oe. The zero-field cooled
(ZFC) and Field Cooled Cooling (FCC) M-T data for all the Re2NiMnQOgs samples were
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Fig. 2.4 Temperature dependence of the field-cooled cooling (FCC) and zero-field
cooling (ZFC) dc magnetization for R2NiMnOs double perovskites under 100 Oe applied
magnetic field: (a) LNMO, (b) PNMO, (c) NNMO, (d) SNMO, (e) GNMO, (f) TNMO,
(9) DNMO, (h) YNMO, and (i) HNMO [33].

shown in Fig. 2.4. Thermomagnetic irreversibility was reported for all samples in the ZFC
and field FCC M-T values below the ferromagnetic transition temperature, Tc. This
behaviour was typical for R2NiMnOs compounds. At lower temperatures, the bifurcation
of the FCC and ZFC curves suggested competing magnetic interactions or spin geometric
frustrations such as spin glass or cluster glass. Authors also reported that T, decreased
with decreases 73, which was a good agreement with the M-T analysis done by R. J.
Booth et al. [39]. This monotonic decrease of Tc with decreasing 3% indicated the
correlation of magnetism with Ni/Mn-O bond length and the Ni-O-Mn bond angle.
Isothermal field-dependent magnetization hysteresis loops (Fig. 2.5) for R2NiMnOs at 5
K temperature demonstrated that all samples were ferromagnetic. This investigation
discovered that the magnetic nature of R3* ions affect the behaviour of M-H curves. The
magnetization rose continuously for Gd2NiMnOs, ThzNiMnOs, Dy.NiMnOs, and
Ho2NiMnOgs samples up to the field of 5 T. This might be arising from the polarization of
the Gd**/Tb3*/Dy**/Ho** moments. The optical band gaps of these double perovskites
were also measured by plotting Tauc plot and reported that the band gap of R2NiMnOs

increased with the decreasing ionic radius of Re cations from 1.42 to 1.68 eV.
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Fig. 2.5 Magnetization vs magnetic field isotherms for R:NiMnOe at 5 K temperature
[33].

Earlier, in another investigation, Booth et al. [39] explored the structural, magnetic and
dielectric properties of a series of double perovskite oxides, Re2NiMnOg (Re = Pr, Nd,
Sm, Gd, Th, Dy, Ho and Y). Using repeated sintering temperatures, the authors claimed
to have achieved perfect ordering in several Re2NiMnOg double perovskites. All of the
phases had monoclinic (P2:/n) double perovskite structures, with Ni and Mn atoms
arranged at 2c and 2d sites, respectively and they showed ferromagnetic behaviour. It was
observed that the radius of Re3* atoms is more closely related to the Re2NiMnOg series'
ferromagnetic ordering temperature than to the average Ni-O—Mn angle in the double
perovskite structure. All samples had Mn** and Ni?* with the presence of antisite disorder.

Temperature-dependent magnetic properties of Nd2NiMnOs double perovskite were
investigated by R. Yadav et al. [56]. The outcome of the investigation showed that
Nd2NiMnOs is a ferromagnetic material with a transition temperature of 190 K and an
additional anomaly at a lower temperature. Due to superexchange interaction between
Ni2*-O-Mn**, FM order was developed. The antiferromagnetic interaction in the sample
was ascribed to the sample's mixed-valence states of Ni** and Mn®*, which resulted in a
lower temperature magnetic transition. An additional transition was observed near 100 K
in the field cool curve of Nd2NiMnOe. However, Choudhury et al. [57] reported that the
two magnetic features were an intrinsic part of a homogeneous system due to antisite
disorder. C. Shi et al. [58] also observed double magnetization transition temperatures at
193.04 K and 105.12 K from the temperature-dependent magnetization curve of

Nd2NiMnOgs due to NiZ*-O-Mn®** and Ni**-O-Mn** superexchange interactions,
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respectively. However, in Dy2NiMnOs, two magnetic transitions occurred around 100 K
and 20 K [59]. As reported by Kumar P. et al. [60], DC and AC magnetic susceptibility
measurements of LazNiMnOgs showed two magnetic anomalies at Tc1 ~270 K and Tc2
~240 K, indicating the ferromagnetic ordering of the monoclinic and rhombohedral
phases, respectively. The authors observed a broad peak at a lower temperature (70 K),

indicating a spin-glass transition due to Ni?* and Mn** jons' partial anti-site disorder.

On the other hand, the synthesis of Re2FeCrOs (Re= rare earth meatal ions) double
perovskites was challenging due to the similar ionic radii of Fe and Cr ions. It should be
noted that except La:FeCrOs, ProFeCrOs and Y:FeCrOs double perovskites, other
members of Re.FeCrOs family are less explored either by experimental or computational
investigation. Several groups investigated Re;FeCrOs (Re= La, Pr and Y) double
perovskite materials. Among them, most recently, Majumder et al. [2] reported the crystal
structure and the nature of the magnetic ground state of the polycrystalline compound
ProFeCrOs. Analysis associated with XRD pattern unveiled that the ProFeCrOgs double
perovskite exhibited a B-site disordered orthorhombic crystal structure. The
crystallographic unit cell's B-sites have a random distribution of Fe** and Cr®* magnetic
sublattices, which helps to produce a variety of intriguing magnetic characteristics. Three
unique anomalies were discovered in the temperature dependence of the magnetization
and magnetic entropy change curves of the compound: (i) a G-type canted AFM ordering
of the Fe** and Cr3* at ~256 K, (ii) a progressive spin reorientation transition, and (iii) an
AFM ordering of Pr3* sublattices at ~14 K. Compensated temperature of ~135 K was
observed for this material. Surprisingly, a distinct "diamagnetism-like" behaviour evolved
in the low-temperature region under small applied field values. Furthermore, irreducible
representations of crystal symmetry were used to create the thermal evolution of magnetic
crystal structures in distinct transition areas. A maximum change of 2.06 Jkg*K™ was
observed in magnetic entropy when the magnetic field was changed between 0 and 90
kOe.

Earlier in 2010, B. Gray et al. [5] investigated the electrical and magnetic states of an
artificial double perovskite, LaxFeCrOs using element-resolved polarized X-ray probes.
Using unit-cell level control of thin film growth on SrTiO3 (111), the rock salt double
perovskite structure could be created for this material, which did not have an ordered
perovskite phase in bulk. Even though the Fe and Cr were in the proper +3 valence state,
the element-resolved magnetic studies show that the moments in the field were small and
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there is no evidence of substantial magnetic moments in the remanent state, contrary to
related previous findings. Based on these data, this group argued that the ground state was

consistent with the canted antiferromagnetic order.

In another recent investigation by N. Das et al. [40], ProFeCrOg (PFCO) nanoparticles
were synthesized with exceptional structural stability at a sintering temperature of 1500
K. A clear magnetic hysteresis loop was observed below 150 K (Fig. 2.6 (a)). The
magnetic hysteresis loop revealed a low remnant magnetization of around 0.05 ps/f.u.
Because of surface spin canting of nanoparticles, the M-H loops of Pr.FeCrOs recorded

at 50 and 150 K demonstrated the existence of strong remanent magnetization and a
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Fig. 2.6 (a) Isothermal magnetization of ProFeCrOs measured at three different
temperatures 300, 150, and 50 K in an applied magnetic field of 5 T. (b) ZFC and FC
magnetization of ProFeCrOg as a function of temperature measured in a magnetic field of
0.1 T [40].
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significant coercive field. ProFeCrOs bulk particles were paramagnetic at room
temperature and undergo a magnetic transition below 240 K (Fig. 2.6(b)). Maossbauer
study at 25 K showed a high hyperfine magnetic field of ~53 T at the iron nucleus,
corresponding to a magnetic moment of near 6—7 pgs/Fe. These two findings revealed that

the Fe moments were ordered in a ferrimagnetic (nearly compensated or canted).

In 1998, using the laser-ablation approach, Ueda et al. [61] synthesized the ordered
La,FeCrOs as an artificial superlattice of LaFeOs/LaCrOsz (111) layers. Ferromagnetic
spin order was observed in the LaCrOs-LaFeQOs3 superlattices, whereas their single-phase
materials LaCrO3 and LaFeOs possess an antiferromagnetic (AFM) state. Ferromagnetic

coupling between Fe®* and Cr* through oxygen has long been expected based on
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Anderson, Goodenough, and Kanamori rules. Despite many studies of Fe-O-Cr-based
compounds, random positioning of Fe* and Cr®* ions had frustrated the observation of
ferromagnetic properties. Ferromagnetic ordering was accomplished by forming artificial
superlattices of Fe3* and Cr3* layers along the [111] direction.

Recently, V.M. Gaikwad et al. [62] have synthesized single-phase perovskite oxide
ProFeCrOe nanoparticles by low-temperature co-precipitation technique. The analysis of
X-ray diffraction patterns using Pbnm space group showed that these nanoparticles

exhibit larger structural distortion than their bulk counterparts. Because of the increased
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Fig. 2.7 (a) FESEM image of ProFeCrOe spherical nanoparticles with inset showing size
distribution plot [62].

precipitation rate during synthesis, the nanoparticles were agglomerated (Fig. 2.7(a)).
According to the size distribution plot (inset of Fig. 2.7(a)), the mean particle size was
found to be 262 nm. This group also investigated magnetic properties of ProFeCrOg
nanoparticles and observed the temperature fluctuation of magnetization (Fig. 2.8), which
revealed that these nanoparticles undergo a ferrimagnetic transition at ~245 K, followed
by substantial irreversibility (87%) under field (1 kOe) cooled conditions. Because of the
surface spin canting of nanoparticles, the M- H loops recorded at 10 K and 50 K revealed
strong remanent magnetization and a large coercive field. The optical absorption analysis
revealed an energy band gap (Eg) of 2.13 eV, which is somewhat higher than the
equivalent bulk system (1.4-2.0 eV).



15

g 245K
o 1.2} §40me~ 7sapsta /1] 4
E '3.' 20,,6 ~-71K E
= = :
L 0-8 ] e :T =
N’ Tx Ve
2 -{)00 0 100 200 300

T (K) d

100 200 300
T (K)

Fig. 2.8 Temperature dependent magnetization (25 to 300 K) of Pr.FeCrOg nanoparticles
at 1 kOe with inset showing Curie-Weiss fitting [62].
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Fig. 2.9 (a-e) Temperature variation FC and ZFC magnetization curves of NdCri.xFexOs
at 0.01 T applied field. Inset figures show FC and ZFC magnetization curves at 0.5 T

applied field [63].
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In another recent study, J. Shanker et al. [63] investigated the magnetic properties of
NdCr1.xFexOs perovskite. ZFC and FC magnetization curves of NdCry.xFexO3 as functions
of temperature at 0.01 T and 0.5 T applied fields have shown in Fig. 2.9(a-e). According
to the investigators, the first-order transition temperature (Tn1) varied depending on the
composition. For samples with x =0, 0.3, 0.5, 0.7, and 1, the transition temperatures were
estimated as Tn: = 223 K, 190 K, 232 K, 192 K, and 157 K, respectively. This group also
observed that at temperatures below Tni, ZFC and FC magnetization curves were
bifurcated. Notably, the temperature-dependent magnetization plot of x = 0 sample
exhibited strange complex nature for T < Tni and was symmetric with a reverse sign in

low temperature.

In 2013, R. P. Maiti et al. [64] synthesized Y2FeCrOs nanoparticles by a molten salt
synthesis procedure. By TEM analysis, the authors determined the structure of the
produced Y2FeCrOs double perovskite. The particle diameter was determined to be in the
range of 40 to 60 nm. Additionally, using a high-resolution TEM image, interplanar
spacing was calculated and found to be 0.269 nm, which corresponds to the (1 2 1) plane.
XPS analysis revealed the presence of Fe?* and Cr?* species in addition to Fe** and Cr*
ions in these materials. Moreover, these particles exhibited ferromagnetic and relaxor-
type ferroelectric transition. The magnetic characteristics of these nanoparticles were
described using superexchange interactions between Fe?*/Fe** and Cr?*/Cr®* and

Kanamori-Goodenough coupling between Fe**/Cr3*,

Computational methods using DFT based first-principles calculation have emerged as a
new era in condensed matter physics. Using this method, it is possible to calculate the
structural, thermal, elastic, electronic, magnetic and optical properties of solids with
reasonable accuracy, enabling us to understand and predict the properties that are
sometimes difficult to measure even experimentally. Nowadays, first-principles
calculations based on DFT have become an essential and significant part of condensed
matter physics and material science research. Apart from the experimental investigations,
double perovskites have also intrigued many researchers in recent years to conduct
comprehensive theoretical investigations to have a deep insight regarding the band

structures and density of states of these materials.

The electronic and magnetic properties of La2NiMnOs double perovskite compound were
studied by H. Das et al. [6]. The authors considered the compound as a ferromagnetic

insulator and carried out first-principles density functional calculations to understand the
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ferromagnetic insulating behaviour in this compound and understand the origin of the
dielectric anomaly that has been observed experimentally. The quick change was
observed in the dielectric constant at H = 0 T, which occurs at a temperature below
transitions temperature (Tc) because the magnetic moment was not fully developed near
Tc¢ due to thermal fluctuation. While at a lower temperature, the moment was fully
developed and made the effect of coupling to phonon degrees of freedom appreciable
enough to observe the jump in the dielectric constant. This was corroborated by the fact
that the jump became closer to T upon applying a magnetic field, which helps to

overcome the thermal fluctuation and improve the magnetization.

Recently, Sadhan Chanda et al. [65] investigated the electronic structure and magnetic
properties of Dy2NiMnOg (DNMO) using DFT simulations and compared the results with
experimentally obtained values. The study demonstrated that when Coulomb repulsion
was neglected, i.e., when U = 0, the ground state of Dy>.NiMnOs exhibited a half-metallic
character with a limited density of states at the Fermi level (set to 0 eV) in the down-spin
channel. The electronic band gap of Dy>NiMnOg in the up-spin channel was found to 1.4
eV. This half-metallic behaviour contradicted their experimental findings, which
indicated that DNMO was an insulator with a 1.62 eV direct energy band gap. It is widely
established that the Local Density Approximation (LDA) and the Generalized Gradient
Approximation (GGA) cannot accurately represent the ground state of perovskite oxides
and other strongly correlated compounds. Authors claimed that the GGA+U
computations' forecast was accurate. The optical band gap was determined to be 1.5 eV,
almost identical to the value found experimentally in the UV-visible absorption spectra
of Dy2NiMnQOe. The sum of Ni and Mn magnetic moments in Dy>2NiMnOs was estimated
to be 4.43 pg/f.u., and the total magnetic moment was determined to be 15 pg/f.u.
Therefore, in this investigation, the magnetic, optical, and electrical properties of
Nd2FeCrOs and Gd2FeCrOs double perovskites were calculated using the GGA+U
technique in conjunction with GGA.

Earlier, in another investigation, M. Ullah et al. [66] used the full-potential linearized
augmented plane wave technique to study the impact of spin polarization on the electrical
and thermoelectric characteristics of the double perovskites La>NiMnOes and
La2CoMnQOs. The investigations showed that La2NiMnOg had a larger band gap energy
than La,CoMnOQs in both the majority and minority spin states. It was seen that in the
spin-up state, the electrical conductivity, thermal conductivity, and thermoelectric power
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of both compounds rose with temperature, whereas in the spin-down state, they stayed
unchanged. Total magnetic moments computed for both compounds indicated a strong

ferromagnetic character.

In 2001, K. Miura et al. [67] calculated the band structure of La,FeCrOg which is a d°-d®
system and discovered that although the ground-state magnetic ordering of La,FeCrOs
was ferrimagnetic in GGA, it became ferromagnetic when Uess was applied in LDA+U.
This group developed an explicit formula for superexchange coupling, validated the
outcome of band-structure calculation, and observed the coexistence of FM and AFM

contributions in LaFeCrQOs.

According to this review, structural, optical, magnetic, and electrical properties of
Re2NiMnOg and Re2FeCrOs based compounds have been widely investigated among the
primary combinations of double perovskites (Re2B'B"Og). In this investigation, for the
first time, Nd2FeCrOs and Gd2FeCrOg double perovskites nanoparticles were synthesized
by adopting a facile sol-gel technique and extensive investigation on their
crystallographic structure, optical and magnetic properties were conducted both
experimentally and theoretically. The synthesis procedures and characterization
methodologies are described in Chapter 3, and the results are presented in Chapters 4,
5, and 6.



CHAPTER 3
SAMPLE PREPARATION AND CHARACTERIZATION
TECHNIQUES

In this chapter, firstly the essential steps of synthesizing Nd2FeCrOg and Gd2FeCrOs
double perovskites using sol-gel technique are presented. After that, number of
experimental techniques applied for investigating the structural, morphological, magnetic
and optical properties of the synthesized double perovskites have been discussed.
Notably, to explore the properties of the synthesized materials, a number of relevant
characterization techniques were employed, and these techniques were briefly described

in this chapter.
3.1 Sample preparation

To synthesize perovskite oxide materials, various techniques are widely employed,
including combustion, sol-gel, hydrothermal, and co-precipitation method. The double
perovskites Nd2FeCrOg and Gd2FeCrOs were synthesized in this research using the sol-
gel technique, which is highly cost-efficient, easy, and appropriate for the synthesis of
homogeneous and crystalline powder [68]. This method involves combining readily
oxidizing reactants, such as metal nitrates, with an organic chelating agent that serves as

the reducing agent.
3.1.1 Synthesis of Nd2FeCrOs double perovskite

As was already mentioned, in this investigation, facile sol-gel method was used to
synthesize Nd>FeCrOe double perovskite. A schematic of the synthesis technique is
presented in Fig. 3.1. Stoichiometric amounts of analytical grade Nd(NO3z)3.6H20
(Sigma-Aldrich, 99.9%), Fe(NO3)3.9H20 (Sigma-Aldrich, 99.95%) and Cr(NO3)3.9H.0
(Sigma-Aldrich, 99%) and citric acid (CA) were used as precursor materials and dissolved
separately in 40 mL of deionized (DI) water while stirring with a magnetic stirrer. The
solutions were poured into a beaker and vigorously stirred for 20 minutes on a hot plate
at 50 °C followed by the addition of aqueous ammonia to maintain the pH of the solution
at approximately 6.5. Ethylene glycol (EG) was added to this mixture such that the molar
ratios were adjusted to (Nd**, Fe3*+ Cr3"): (CA): (EG) = 1:1:4 and the temperature was
maintained at around 80 °C for about 4 hours. The gel precursor was produced by heating

the solution at a temperature of 200 °C in order to burn the organic parts. The resulting
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gel was burned at a high temperature and the resultant brown powder was cooled down

to room temperature, ground in an agate mortar and thereafter calcined at 800 °C for 6

hours.
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Fig 3.1 Schematic representation of the synthesis of Nd2FeCrOg double perovskite by sol-

gel method.
3.1.2 Synthesis of Gd2FeCrOs double perovskite

Double perovskite Gd2FeCrOs was also prepared by adopting a citrate-based sol-gel
technique. A schematic of the synthesis route is presented in Fig. 3.2. Stoichiometric
amounts of analytical grade Gd(NO3)s3.6H20 (Sigma-Aldrich, 99.9%), Fe(NOz)3.9H2.0
(Sigma-Aldrich, 99.95%) and Cr(NOz)3.9H.0 (Sigma-Aldrich, 99%) and CA were used
as precursor materials and dissolved separately in 40 mL of DI water while stirring with
a magnetic stirrer. The solutions were put into a beaker and vigorously stirred for 20
minutes at 50 °C on a hot plate, followed by the addition of aqueous ammonia to keep the
pH at around 6.5. After 4 hours, EG was added to this mixture ensuring the molar ratio of
(Gd**, Fe**+ Cr¥*): (CA): (EG) = 1: 1: 4 to develop a polymeric-metal cation network.
Then, the obtained gel precursor was burnt at elevated temperature to yield brown fluffy
powder. Thereafter, the powder was ground by a mortar and calcined at 800 °C for 6

hours in air followed by cooling down to room temperature (RT).
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Fig. 3.2 Schematic representation of the synthesis of Gd2FeCrOs double perovskite by
sol-gel method.
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Fig. 3.3 Heating profile of step-by-step calcination process for this investigation.

The step-by-step calcination process of Nd2FeCrOs and Gd2FeCrOg double perovskites is
shown in Fig. 3.3. For ferroelectric characterization, the calcined powder of Nd2FeCrOe
and Gd2FeCrOs were pelletized into discs of thickness around 1.2 mm and diameter 10
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mm using 5% polyvinyl alcohol (PVA) as a binder. Finally, the pellets were sintered at
850 °C temperature for around 20 min in air and cooled down to room temperature. The
structural, magnetic, and optical properties of these as-synthesized double perovskites are
investigated in Chapters 5 and 6.

3.2 Structural characterization techniques

3.2.1 Powder x-ray diffraction

Powder X-ray Diffraction (XRD) analysis is a laboratory-based method for determining
a compound's structural phase and order of crystallinity. This method may be used to
determine the dimensions of unit cells. The studied material is finely powdered,
homogenized, and the bulk composition is calculated on an average basis. A cathode ray
tube generates X-rays by burning a filament to generate electrons, then applying a voltage
to accelerate the electrons toward a target and bombarding the target material with
electrons. When electrons with adequate energy displace inner shell electrons of the target
material, characteristic X-ray spectra are produced. These spectra are made up of various
elements, the most prevalent of which being K, and Kg. With CuKa (A= 1.5406 A)
radiation, copper is the most popular target material for single-crystal diffraction. The
diffracted X-rays are then filtered to generate monochromatic radiation, collimated to
focus, and directed towards the sample. The interaction of the incident rays with the
sample produces constructive interference (and a diffracted ray) when circumstances
meet Bragg's Law [69] which is given by:

2dsin@ =nd e (3.1)
This law relates the wavelength (1) of electromagnetic radiation to the diffraction angle
(8) and the lattice spacing (d) between two crystal planes in a crystalline sample. The
diffracted X-rays that have been detected, processed, and counted are next examined.
Scanning the sample over a range of 26 angles should reveal all possible lattice diffraction
directions due to the random orientation of the powdered material. Two identical
wavelength and phase beams approach a crystalline material and scatter off two separate
atoms inside it. The lower beam travels an additional 2dsind length. When its length is an
integer multiple of the wavelength of the light, constructive interference occurs.
Powder X-ray diffraction patterns of as-synthesized Nd>FeCrOe¢ and Gd2FeCrOg were
recorded on a PANalytical Empyrean diffractometer. The X-ray source of this
diffractometer emits radiation with wavelength of 1.540598 A (Cu Kou) and 1.544426 A
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(Cu Koap). The diffractometer is calibrated with reference to a standard oriented Si wafer.

For the usual structural phase analysis, a slow scan rate of 0.25 °/minute is used.

3.2.2 Rietveld refinement

The "Rietveld profile refinement” technique of evaluating powder diffraction data (XRD
and Neutron Powder Diffraction) is named after Hugo Rietveld [70-73]. This technique
entails fitting the parameters of a model to the measured "whole—profile", which is the
intensity measured as a function of scattering angle. We fit a model to the data in Rietveld
analysis. If the model is right, it should be able to forecast what the "true™ intensity levels
are. The Rietveld refinement is guided numerically using agreement indices, or R values
[70]. The goodness of fit (x?) is,

Rup \°
)(2=< p) ......... (3.2)

Rexp
where R, is weighted—profile R-value and R.,, is expected R-value. Rietveld
refinement of the obtained XRD data of Nd2FeCrOg and Gd2FeCrOg double perovskites
were performed by the FullProf computer program package [71] in order to determine the

structural parameters.

3.3 Raman spectroscopy

Raman spectroscopy is a flexible technique for analyzing a broad variety of substances.
This spectroscopy is called for its creator, C. V. Raman, who co-authored the original
article on the method with K. S. Krishnan [72]. It overcomes the majority of the
drawbacks of existing spectroscopic methods. It may be used to both qualitative and
quantitative data. The frequency of scattered radiations may be measured for qualitative
study, while the intensity of scattered radiations can be measured for quantitative

analysis.
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Fig. 3.4 Schematic diagram of basic principle of Raman Spectroscopy.

In Raman spectroscopy, a monochromatic laser beam is used to illuminate the sample,
which reacts with the molecules and causes light to be dispersed. A Raman spectrum is
made up of scattered light with a frequency that differs from that of the incoming light
(inelastic scattering). Raman spectra are produced by the inelastic interaction of incoming
monochromatic light with sample molecules. When monochromatic radiation hits a
sample, it scatters in all directions after interacting with the molecules in the sample.

The Raman spectra of Nd2FeCrOs and Gd2FeCrOg double perovskites were measured in
backward scattering configuration with 532 nm laser excitation using a MonoVista CRS+
Raman microscope systems (S&I) in the range from 5 cm™ to 3000 cm™. In Chapters 5

and 6, the findings of the analysis are described.
3.4 Fourier transform infrared spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is a technique for obtaining the infrared
spectrum of absorption or emission of a solid, liquid or gas, which has a longer
wavelength and a lower frequency than visible light and is measurable in a sample when
submitted to infrared radiation (IR). High spectral resolution data is collected by FTIR
over a wide spectral range. The goal of FTIR is to measure how much light a sample
absorbs at each wavelength. “Dispersive spectroscopy” is a direct way to accomplish this.
It allows monochromatic light to hit a sample, then measures how much of the light was
absorbed for each different wavelength. At operation, the core notion is that various

elements' bonds absorb light at different frequencies.

A typical FTIR spectrometer consists of a source, interferometer, sample container,
detector, amplifier, A/D converter, and computer. Radiation from the source passes
through the sample, via the interferometer, and into the detector. The signal is
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subsequently amplified and converted to a digital signal by the amplifier and analog-to-
digital converter, respectively. The signal is finally sent to a computer for Fourier

processing. A block schematic of an FTIR spectrometer is shown in Fig. 3.5.
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Fig. 3.5 Operations schematic of Fourier Transform Infrared Spectroscopy.

In this investigation, FTIR spectra of Nd.FeCrOs and Gd2FeCrOg samples were collected
using Spectrum Two FTIR Spectrometer (PerkinElmer). The transmittance value of the
samples was measured for IR radiation with wavenumbers ranging from 350-4000 cm'*

and the analysis of which are discussed in Chapters 5 and 6.
3.5 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is an analytical method to evaluate a material's
thermal stability and percentage of volatile components in it. This method monitors the
weight change that happens when a sample is heated at a constant rate. Physical events
such as phase transitions, adsorption, absorption, and desorption, as well as chemical
phenomena such as thermal breakdown, chemisorption, and solid-gas interactions, are all

revealed by this measurement.

In this work, the thermal stability of as-synthesized Nd>FeCrOs and Gd2FeCrOg double
perovskites were investigated via TGA analysis using NETZSCH, STA 449 F3 Jupiter in
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nitrogen atmosphere at a heating rate of 10 °C/min from 30 °C to 1000 °C. The TGA
curves of Nd2FeCrOs and Gd2FeCrOs materials are analyzed in Chapters 5 and 6

respectively.

3.6 Morphological analysis techniques

3.6.1 Field emission scanning electron microscopy

Field Emission Scanning Electron Microscopy (FESEM) works on the same principles
as a scanning electron microscope (SEM), but with the addition of a field emission
electron source. Unlike SEM, which employs thermionic electron sources to create
electron beams, FESEM uses a potential gradient to emit electron beams. It's a common
method for determining topographical characteristics, surface morphology, crystal
structure, crystal orientation, defect existence and position, as well as particle size, shape,

and density.

The powder sample is placed on copper tape, which has three layers: the lowest one is a
copper layer, the middle one is a carbon tape, and the top one is the copper tape where
the sample is affixed, before being photographed using FESEM. The sample was then
coated with gold for roughly 40 seconds using an ion sputtering process in an auto fine
coater. The sample is coated with a 10 nm coating of platinum. The copper tape is then
introduced into the FESEM after being positioned on a holder in the specimen chamber.
The morphological examinations of the samples were aided by the micrographs generated
from FESEM analysis. Field emission scanning electron microscope (XL30SFEG;
Philips, Netherlands 50 and S4300; HITACHI, Japan) was used to analyze the surface
morphology of Nd2FeCrOgs and Gd2FeCrOg nanoparticles.

3.6.2 Scanning process and image formation

Primary electrons are focused and deflected by electronic lenses inside the high vacuum
column to form a narrow scan beam that bombards the item. As a consequence, each area
on the item emits secondary electrons. The angle and velocity of these secondary
electrons have an impact on the object's surface structure. The secondary electrons are
caught by a detector, which generates an electrical signal. This signal is amplified before
being converted into a video scan picture that may be seen on a monitor. The samples'
morphological evaluations were based on the pictures produced by FESEM analysis. Fig.

3.6 depicts a symmetric diagram of FESEM.
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Fig. 3.6 A symmetric diagram of FESEM [73].
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3.6.3 Transmission electron microscopy

Microscopes that use a beam of electrons to observe objects and create a greatly magnified
image are known as transmission electron microscopes (TEMs). TEMs have the ability to
magnify objects by more than 2 million times. The spatial resolution of an optical
microscope is limited by the wavelength of its illumination, so the best optical
microscopes can only discern features down to a hundred nanometers. To understand the
fundamental properties of the patterned structures, a high spatial resolution is required.
The idea of an electron microscope was first suggested by German physicists Ernst Ruska
and Max Knoll to solve this resolution barrier. The first electron microscope was
developed in 1931 [74] after De Broglie's popular electron wave-particle duality principle
had been published in 1925 [75]. Louis de Broglie, inspired by Einstein's photon
explanation of electromagnetic radiation, hypothesized that electrons have wave-like
properties, with wavelengths much shorter than visible light:

A_ﬁ ......... (33)
_p .
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where h = 6.625x1072* J.s is Planck’s constant and p is the momentum of the particle.
This eventually led to the notion of creating an electron microscope that could overcome
the resolution limitations of standard optical microscopes by employing the electron
wave. Electrons driven by a potential difference, V, have a wavelength, A, that is

proportional to their energy,

where m,, and e are the rest mass and the charge of the electron, respectively. Nowadays,
TEMSs commonly use accelerated voltages of 60-300 kV, so the relativistic kinetic energy
of electrons must be considered. When the relativistic influence is considered, the above

equation becomes:

h
e —— (3.5)

eV
\/ZmOeV(l + ZmOCZ)

where c is the speed of light in a vacuum.

The Thermo Scientific™ Talos™ F200X scanning/transmission electron microscope was
used to investigate the size and crystallinity of the synthesized Nd.FeCrOe and
Gd2FeCrOs nanoparticles. Selected area electron diffraction (SAED) was captured to
check the crystallinity. High-resolution transmission electron microscope (HRTEM)

images were also obtained under higher magnification.
3.7 X-ray photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) spectra are created by irradiating a material with
an X-ray beam, such as a conventional Al K, or Mg K, source, while simultaneously
measuring the kinetic energy and amount of electrons that escape from atoms on the

material's surface.

When known-energy photons (typically X-rays) strike the surface (Fig. 3.7), one electron
from the K-shell is ejected out, and the kinetic energy (K.E.) of this electron is measured
using spectroscopy. The spectrum is displayed as a plot of the binding energy as a function
of electron counting rate. Binding energy is one unique character of each element. The
depth of penetration in materials needs to be kept within a few microns while hitting with

X-ray. As a result of interactions between incident photons and surface atoms,
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photoelectric emission of electrons occurs. The kinetic energy of the expelled electrons

may be calculated as follows:
Kinetic energy (K.E) = hv — B.E.—@g -+ -+ (3.6)

where hv is the energy of the photon, B.E. is the binding energy of the atomic orbital
from which the electron is ejected, and @, = work function of spectrometer. The innermost
orbital appears to have a larger binding energy in the XPS spectrum than the outermost
orbital. Binding energies of 1s orbitals increase with its atomic number following an

empirical formula.
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Fig. 3.7 Basic principles of X-ray photoelectron spectroscopy.

3.8 Magnetization measurement

3.8.1 Superconducting quantum interference device

Magnetic fields and characteristics may be measured in a variety of methods. Induction
coils, flux gate magnetometers, magnetoresistive and Hall effect magnetometers,
magneto-optical magnetometers, and optically pumped magnetometers have all been used
as sensing techniques. The degrees of sensitivity vary from micro-Tesla to pico Tesla.
Superconducting Quantum Interference Device (SQUID) is the most sensitive magnetic
flux detector. In particular, it is the only method that allows precise measurement of the
total magnetic moment of a sample in absolute units. Fig. 3.8 shows the block diagram of
a typical direct current (DC) SQUID. The DC SQUID is distinguished from the radio
frequency (RF) SQUID in the manner of biasing the Josephson junction and the number

of junctions [76]. Because there are two junctions and shunt resistors, they must be
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matched to within a few percentages. It's feasible to run SQUIDs with mismatched

junctions, but performance would suffer dramatically [76].
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Fig. 3.8 Block diagram of a typical DC SQUID. The detection coil (connected to the input
coil) is omitted for clarity [76].

Temperature dependent magnetization measurement of the as-prepared sample was
performed using a SQUID magnetometer under 100 Oe applied magnetic field via ZFC
and FC methods. Further, field dependent magnetization measurements of Nd2FeCrOg
nanoparticles were conducted at 300, 200, 100 and 5 K using the same SQUID. All
magnetic measurements using SQUID magnetometer were performed at the Institute of
Multidisciplinary Research of Advanced Materials, Tohoku University, Japan.

3.9 Optical measurement
3.9.1 UV-visible diffuse reflectance spectroscopy

Diffuse reflectance is a typical optical phenomenon utilized to gather molecular
spectroscopic information in the UV-visible, near-infrared (NIR), and mid-infrared
ranges. The collection and analysis of surface-reflected electromagnetic radiation as a

function of frequency is often employed to produce powder spectra.

The reflectance and transmittance of a sample were characterized using Kubelka- Munk
equations as a function of absorption and scattering [77]. Ideally one would prefer a
function, like Beer and Lambert's law in transmission spectroscopy, to linearly relate
analytic concentration with the reflectance properties of a diffusely reflecting sample. The
function must be used is that derived by Kubelka-Munk:

_(1-R)* K2303€C
FR) =~ =<~ (3.7)

where, K denotes the absorption coefficient (twice the Beer and Lamberts law absorption
coefficient), S is twice the scattering coefficient of the sample, € is the absorptivity, and
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C is the analytic concentration.

The absorbance spectra of a molecule or chemical in a solution or as a solid are obtained
using ultraviolet-visible (UV-vis) spectroscopy [80, 81]. The electrons in the ground state
are aroused to the excited state levels when the molecules absorb enough light energy or
electromagnetic radiation. The UV-vis energy region for the electromagnetic spectrum
covers 1.1 to 6.2 eV, which relates to a wavelength ranging of 200-1100 nm. The Beer-

Lambert Law is the principle behind absorbance spectroscopy [80].

In this study, a double-beam spectrometer with a light source (typically a deuterium or
tungsten lamp), a sample container, and a detector was used to record the absorption and
reflectance spectra of powder samples. A single source and monochromator are used in
the double beam instrument, and then a splitter and a series of mirrors are used to direct
the beam to a reference sample and the sample to be studied, allowing for more precise
measurements. An ultraviolet-visible (UV-visible) spectrophotometer (UV-2600,
Shimadzu) was used to obtain absorbance spectra of the as-synthesized Nd2FeCrOg and

Gd2FeCrOs for wavelengths ranging from 200 to 800 nm.

3.9.2 Photoluminescence spectroscopy

Fluorescence and phosphorescence are used in Photoluminescence (PL) spectroscopy. In
biochemistry and molecular biology, PL is extensively used to describe complicated
molecules, their environment, and their position. The optoelectronic characteristics of
semiconductors are also described using PL. The PL arrangement is the most

straightforward type of optical system. The major components are shown in Fig. 3.9.

By defocusing the laser or lowering its output power, achieving an acceptable signal-to-
noise ratio was generally feasible without causing harm. When a fixed-wavelength laser
is substituted with a dye laser or another tunable unit, the setup may also be used for
photoluminescence excitation spectroscopy, in which the exciting energy is changed and
the monochromator is set at a fixed wavelength to monitor the resultant luminescence.
Because it enables resonant excitation at key PL characteristics such as exciton peaks,
this method benefits certain applications. The PL signal goes via a monochromator with
a single grating that chooses a wavelength to transmit to the detector. The focal length of
the monochromator determines the system's resolution or capacity to correctly detect
energy, while the grating spacing determines the wavelength coverage. With an energy

resolution of about | meV at mid-range, even a small 0.22 m monochromator with a 1200
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groove/mm grating covers the visible to near infrared. There are many higher resolutions

available.
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Fig. 3.9 Photoluminescence arrangement, with laser, sample and cryostat,
monochromator, and detector (D). Lens L2 focuses the PL signal; filters FI and F2 block
unwanted laser light; chopper CI modulates the light for lock-in detection [81].

Steady-state PL spectroscopy of as-synthesized Nd2FeCrOs and GdzFeCrOs double
perovskites were carried out at room temperature using a Spectro Fluorophotometer (RF-
6000, Shimadzu).

3.10 Ferroelectric loop tracer

A ferroelectric compound is defined by spontaneous polarization below the Curie
temperature of ferroelectricity. The ferroelectricity may be verified experimentally by
monitoring the P-E hysteresis loop. The basic P-E test system is based on the Sawyer-
Tower circuit. The working principle of P-E test system is based on a simple phenomenon
which is- When two capacitors are linked in series and AC voltage is delivered to each,
the charge will be the same. The internal capacitance must be greater than the sample
capacitance to achieve total saturation. If both capacitors are linked in series and an AC
voltage is delivered, the charge on both capacitances must be the same. A standard
capacitor is connected in series with the sample to be tested (device under test). When
doing experiments in air, the air molecule breaks down at high fields, resulting in a spark
between the electrodes. To prevent this, the capacitor must be immersed in an oil bath
(silicon oil). In this investigation, the ferroelectric polarization of pellet shaped
Nd2FeCrOg and Gd2FeCrOs double perovskites were traced using a ferroelectric loop

tracer in conjunction with an external amplifier (10 kV) (Marine India).
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3.11 Density functional theory
Density Functional Theory (DFT) is a popular approach for doing ab initio calculations
on the structure of atoms, molecules, crystals, and their interactions. The DFT was
established by Hohenberg and Kohn [82] and Kohn and Sham [83] to characterize the
ground states of metals, semiconductors, and insulators. The DFT simulations deal with
an interacting system of electrons in terms of its density rather than its many-body wave
function. For N electrons in a solid, which follow the Pauli principle and repulse each
other through the Coulomb potential, this indicates that the fundamental variable of the
system relies mostly on the three spatial coordinates x, y, and z rather than 3N degrees of

freedom.

Theorems established by Hohenberg and Khon in 1964 and a computational approach
developed by Kohn and Sham in the following years underpin density functional
techniques [82]. The researchers showed that total energy is a function of electron density,
implying that one does not need to understand the complicated many-electron wave

function but rather the electron density. The theorems are:

e Theorem 1 (Uniqueness): The ground state expectation value of any
observable is a unique functional of the exact ground state electron density.
e Theorem 2 (Variational principle): Minimization of the total energy

functional.

A number of terminologies required for DFT simulation are described below.

3.11.1 k-point sampling

The first Brillouin zone of a material is the area of reciprocal space near to the origin
(0,0,0), and k-points are sample points inside that zone (often referred to as the Gamma
point). Electronic states in bulk solids are confined to a set of k-points. In a periodic
material, one k-point can account for an infinite number of electrons. Using a finite
number of k-points, on the other hand, is appropriate if they are chosen to properly sample
the reciprocal space [86, 87]. At k-points that are relatively close together, the electrical
wave functions will be almost identical. This implies that the DFT expressions include a
sum over k-points (or, more precisely, an integral over the Brillouin zone) that may be
efficiently evaluated using a numerical method that sums over a limited number of
specific Brillouin zone points. There are many implications for producing such points and

associated weights for the summing. One may get an accurate estimate of the electronic
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potential and the total energy of an insulator using these techniques, and this is
accomplished by computing electronic states at a limited number of k-points. It is
necessary to use a denser collection of k-points in metallic systems computations to
correctly estimate the Fermi level. When the energies of two systems with different
symmetries are compared, it is critical to obtain reasonable convergence regarding the k-
point sample, for example if one is looking at the relative stabilities of a face center cubic
(FCC) and a body center cubic (BCC) structure. Monkhorst and Pack developed one of
the most often used methods for producing k-points [86].

3.11.2 Cutoff energy

For each infinite number of electrons in a solid, a wave function must be computed.
Bloch's theorem makes advantage of a crystal's periodicity to limit an infinite number of
one-electron wavefunctions to only the number of electrons in the crystal's unit cell [66].
Using this theorem, the wave function of an infinite crystal may be described in terms of
the wave functions at reciprocal space vectors of a Bravais lattice. Bloch's theorem
reduced the issue of an infinite number of electrons to one involving just the number of
electrons in the unit cell (or half of that number, depending on whether the states are spin-
degenerate or not) at a limited number of k-points selected to correctly sample the
Brillouin Zone [68]. In theory, such an expansion requires an infinite number of plane
waves. However, plane waves with lower kinetic energy usually play a larger role than
those with very high kinetic energy. Thus, the plane wave basis set may have been
condensed to contain only plane waves with kinetic energies less than a specified cutoff
energy. When the basis set is shortened at a finite cutoff energy, an inaccuracy in the
calculated total energy and its derivatives occurs. By raising the value of the cutoff
energy, it is feasible to decrease the size of the mistake in a systematic manner. The cutoff
energy should be raised in principle until the computed total energy converges within the

specified tolerance.

To determine the structural, magnetic, optical and electronic properties of Nd2FeCrOs and
Gd2FeCrOs double perovskites, the GGA and GGA+U approaches were used. However,
for the DFT based first-principles calculation, a number of functionals/approaches are
used by different researchers. Along with GGA, the other relevant approaches of DFT are

given below.



35

3.12 Generalized gradient approximation

The Local Density Approximation (LDA) approach fails in circumstances where the
density fluctuates rapidly, such as in molecules, since it approximates the real density's
energy with the energy of a local constant density. The so-called Generalized Gradient
Approximation (GGA) improves this by taking into account the gradient of the electron
density. Symbolically this can be written as

Eyve = Exc[p(r)' Vp(r)] """"" (3.8)

This may result in a significant improvement over LDA findings, with accuracy
approaching and in some instances exceeding that of correlated wavefunction approaches
like MP2 [87]. There are two main methods of GGA: i) utilizing a large number of
parameters to increase accuracy; and ii) fitting as few parameters as feasible while
adhering to precise physical limitations. The GGA retains the characteristics of LDA,
since the preceding terms are retained in the formalism, but in general, GGA enhances
the over-binding of LDA while remaining chemically inaccurate and underestimating the

electronic band gap.

3.13 Coulomb interaction or Hubbard potential

It is commonly known that first principles DFT calculations using LDA or GGA result in
significant errors in estimated redox reaction energy for many transitions metal
compounds. This inaccuracy is caused by the self-interaction error in LDA and GGA,
which is not cancelled out in redox reactions in which an electron is moved between
considerably different environments, such as between a metal and a transition metal or
between a transition metal and oxygen. Consistent research attempts have been made to
develop more accurate functionals through the use of corrective procedures or alternatives
to density functionals. The DFT+U (Hubbard potential) approach is one of the corrective
methods. The GGA+U technique has the benefit of being able to handle both delocalized
and localized conduction band electrons in the same computational procedure. The
GGA+U method has proven to be highly efficient and reliable tool for determining the
electronic structure of systems with localized orbitals and a Coulomb interaction

substantially bigger than the band width.



CHAPTER 4
FIRST-PRINCIPLES PREDICTIONS ON Nd2FeCrOs

In this section, the structural, magnetic, electronic and optical properties of Nd2FeCrOg
(NFCO) double perovskite were investigated via DFT calculations using the generalized
gradient approximation (GGA) approach. The effect of on-site Coulomb interaction on
the ground state of NFCO double perovskite was also explored. Because of having
unfilled d electrons, a strong electron correlation effect can be expected in this system
and hence, this effect must be considered to conduct theoretical calculations [90, 91].
Therefore, in this investigation, 1 to 9 eV on-site Coulomb energies were incorporated

with the localized d-orbital of Fe and Cr and the outcomes were analyzed extensively.
4.1 Computational details

Vienna ab-initio simulation package (VASP) [92, 93] software was used to carry out all
the calculations for NFCO double perovskite by using the full-potential projector-
augmented wave (PAW) approach [94, 95]. Initially, the GGA method [94] was adopted
to evaluate the electronic exchange-correlation energy using the improved Perdew-
Burke—Ernzerhof (PBE) functional. Since the GGA approach underestimates the band
gap of insulators and semiconductors, later, the on-site Coulomb interaction was
introduced using the GGA+U approach in order to properly describe the localized d
electrons of Fe and Cr atoms [95]. For all calculations, Fe’s 3s23p®3d®4s?, Cr’s
3s23p%3d°4st and O’s 2s22p* electrons were considered as valence electrons. Because
partially filled f-states cannot be adequately represented by current DFT approaches and
often fail to converge, the 4f electrons of the rare earth Nd atom were taken into account
as the core electrons in structural relaxation [35, 98, 99]. However, Nd’s 4f electrons were
considered as valance electrons to investigate the effect of 4f spin on electronic structure,
and spin orbit-coupling (SOC) only for NFCO. Integrations over the Brillouin-zone were
performed by the tetrahedron method in a 6x5x4 T'-centered Monkhorst—Pack k-point
mesh. A plane-wave cutoff was set at 520 eV, and the self-consistent convergence
criterion for energy was taken to 10~®eV. The structure was completely relaxed until the
forces were below 0.001 eV/A.

To estimate the formation and decomposition energies, the total energy of the optimized

unit cells of body-centered-cubic bulk Nd, Fe, Cr, molecular Oz, Nd203, Fe203, and Cr.03
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was used. The symmetry of the optimized structures was calculated by the spglib package
[98]. The transition dipole moments were studied by Vaspkit [99]. The phonon dispersion
was calculated by the Phonopy code [100] using a 2x2x1 supercell with a 2x2x2 k-mesh.

4.2 Effect of U on the ground-state
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Fig. 4.1 Possible spin arrangements of Fe and Cr atoms in B-site ordered Nd2FeCrOe

double perovskite: (a) FM (b) A-type AFM and (c) C-type AFM and (d) G-type AFM
(FiM).
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To determine the lowest energy of spin order, the FM, A-AFM, C-AFM, and G-AFM
arrangements of spin (shown in Fig. 4.1) were considered. The structure and atomic
positions were fully relaxed for a set of U ranging from 0-9 eV for 3d electrons of Fe and
Cr atoms. Fig. 4.2(a) shows the variation in total energy difference, AE (meV/f.u.) of the
ground states of NFCO for various spin orders (as shown in Fig. 4.1) compared to the FM
order and the variation corresponding to the change in U values. The total energy of all
spin orders increases with U as the on-site occupation number in d orbital (and spin
magnetic moment) of Fe/Cr found to be increased, which is consistent with Dudarev’s
formalism [101]. It should be noted that the Fe/Cr spin magnetic moments increase while

the average induced magnetic moment in O atoms decrease from 0.09 uz to 0.07 up with
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increasing U indicating the attenuation of the strength of the magnetic exchange coupling
via Fe—O—Cr interactions for larger U [102]. However, 4E between FM and AFM spin
orders decreases as U increases. For U < 6 eV, the G-AFM arrangement of Fe and Cr
spins is energetically favorable while for larger U values (> 6 eV) the FM order becomes
the lowest energy state. The mechanism could be understood from the variation of the

difference in spin magnetic moments as shown in Fig. 4.2 (b). The variation and
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Fig. 4.2 Effect of U parameter on different ground state properties. (a) Variation of
ground-state energy as a function of U for possible spin orders in Nd2FeCrOs compared
to the FM order. (b) Differences in spin magnetic moment (4m) of the Fe site in AFM
spin orders compared to the FM order. (¢) Calculated band gap (for spin down channel)
for different spin orders considered for Nd2FeCrOs. (d) Comparative plot of band gap for
NdCrOs, NdFeOs single perovskite, and Nd2FeCrOg double perovskite considering their
low energy spin (G-AFM) state.

turning of Am curves are identical to the AE curves for AFM orders. It can be clearly seen
that spin magnetic moments of AFM orders are approaching towards the FM baseline
with increasing U and overtaking for U > 6 eV. A similar variation has been observed for
Cr. The calculated band gaps for FM and AFM spin orientations are shown in Fig. 4.2 (¢)
and increase smoothly with an increment in U except for FM orderat U=0eV. AtU =0

eV, the FM spin arrangement yields metallic behavior. This is the well-known artifact of
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GGA in determining the electronic gap of semiconductors. Prior to the investigation of
the physical properties of the Nd2FeCrOe double perovskite, it is essential to choose a
physically reasonable value of U which can adequately describe the electronic. Therefore,
the parent single perovskites were studied since the experimental band gaps of these
magnetic semiconductors had already been reported. For single perovskites, NdCrOs and
NdFeOs, the G-type AFM arrangement of spins demonstrated minimum energy for all
values of U and the symmetry analysis of the optimized structures showed the
orthorhombic phase with the Pnma space group. The calculated G-AFM ground states
with orthorhombic structures for NdCrOs and NdFeOs were in agreement with
experimental observations [103-105]. Since GGA (U=0) underestimated the band gap,
the experimental band gaps (Egexp') were compared with the calculated band gaps for
different U values [106].

Table 4.1: GGA and GGA+U (Ure= Ucr = 3.50 eV) calculated lattice parameters and
band gaps for lowest energy (G-AFM) state of NdFeOsz, NdCrOz and Nd2FeCrQOe.
GGA+U calculated position of VBM, CBM, and charge transfer CT values for Cr/Fe
cations to the oxygen anions obtained by Bader charge analysis [107].

NdFeOs3 NdCrOs Nd:2FeCrOg
U=0eV [ U=35eV | U=0eV | U=35eV | U=0eV | U=3.5eV
a(A) 5.664 5.676 5.561 5.586 5.439 5.465
b (A) 7.797 7.824 7.724 7.770 5.615 5.627
c(A) 5.455 5.472 5.417 5.449 7.754 7.802
£ (°) 90 90 90 90 90.006 | 90.012
Space Pnma Pnma Pnma Pnma P2:/n P2i/n
group
EPFT (eV) | 0.643 2.12 1.40 3.00 0.33 1.82
E; (eV) 2.06 [108] 3.10 [109]
VBM (eV) 6.90 8.30 6.94
CBM (eV) 4.78 5.30 5.12
CT Fe =+1.67 Cr=+1.73 Fe=+1.70, Cr=+1.73
(eV/atom)

Fig. 4.2(d) showed the variation in calculated band gap of NdCrOs, NdFeOs, and
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Nd2FeCrOe. It was found that for U=3.50 eV (for Fe/Cr), the calculated band gap of
NdFeOs and NdCrOs matched well with experimental values [108, 109]. For the same
value of U i.e., for Ure= Ucr = 3.50 eV, a band gap of 1.82 eV was obtained for double
perovskite NFCO. Table 4.1 showed the calculated lattice parameters, symmetry of the
optimized structures as well as the band gap values obtained by spin-polarized GGA and
GGA+U calculations. As demonstrated in Fig. 4.2(d) and Table 4.1, the band gap of
double perovskite NFCO (= 1.82 eV) was lower than its parent single perovskites,
NdFeOs (= 2.12 eV) and NdCrOs (= 3.0 eV). To understand the reason of the low band
gap in NFCO, valence band maxima (VBM), conduction band minima (CBM), and the
charge transfer (CT) from Cr/Fe cations to O anion were calculated and have been shown
in Table 4.1. Compared to NdFeOs, the CT for Fe was found to be increased in case of
NFCO, while for Cr it was similar to that of NdCrOz. The higher ionicity of Fe may push
the Fe-3d states in the CBM to a lower-energy position together with the almost unshifted
O-2p states in VBM, resulting in the bandgap reduction. A previous investigation [110]
on Bi2FeCrOs (band gap 1.5 eV) double perovskite also demonstrated band gap reduction
from their parent single perovskites following similar mechanism. It should be noted that
the experimental band gaps of synthesized materials can be influenced by a variety of
parameters, including synthesis conditions, particle size, the presence of vacancies,
secondary phases, etc., [111-113] therefore, the experimental band gap owing to these
effects could vary from the DFT-calculated results for perfect system [114]. In the
subsequent investigation on NFCO double perovskite, G-AFM spin orientation was used
as it gave the lowest energy ground state and U= 3.50 eV was considered for the 3d
electrons of Fe and Cr atoms since this value satisfactorily described the electronic

structure of the parent perovskite compounds.
4.3 Phase stability

Fig. 4.3 (a) and 4.3 (b) show the constructed phase diagram for Nd-Fe-Cr-O systems and
the compound phase diagram for Nd2O3s—Cr.0Os—Fe203 systems, respectively. The NFCO
phase was found to be on the convex hull's tie-line, suggesting that it is
thermodynamically stable. Further, the formation energy per atom of NFCO was

calculated using the following equation,

1 4, FeCro, 1 1 1 1 ,
E(jlctoorrzl = EEII;Vuz?cFe T —2x EEIIJVU‘.ilk - EElflilk - EEbCLrsz —-3X gEbilk """"" (4‘-1)
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Fig. 4.3 The DFT-calculated phase diagram for the Nd—Fe—Cr-O system at T=0 K. The
red circles are indicating the stable phases, these are connected by the black tie-lines that
forming the convex hull. (b) The pseudo-ternary compound phase diagram of Nd>Oz—
Cr203-Fe203 systems, where the black tie-lines that forming the convex hull.

The calculated value of the formation energy, E/2™ was found as -1.4 eV/atom. The

atom

negative value of E/2™ indicated that this compound was formed by an exothermic
process that needs less energy than the breaking of chemical bonds [115]. To evaluate the
thermal stability of NFCO double perovskite, the breakdown energies of two possible
phase-separation pathways of this double perovskite oxide were calculated, which was
shown below.

Path 1, Nd,FeCrOg - NdFeOz + NdCrO; ~ «eeeeeeee (4.2)
Pa.th 2, NszeCTO6 - Nd203 + %F9203 +%CT'203 """"" (43)

If the decomposition energy for any pathway (Epp) was negative, it was not possible to
observe a stable region in the phase diagram [116]. The estimated decomposition energies
for NFCO double perovskite in both pathways were found to be 2.52 eV/f.u. (Path 1) and
0.86 eV/fu. (Path 2) suggesting that this compound will not be decomposed
spontaneously. This implied that the requirements for the thermodynamic equilibrium of

NFCO double perovskite were satisfied.



Cij 1 2 3 4 5 6

1 281.7 131.8 117.0 0.0 2.0 0.09
2 131.8 238.8 113.9 0.0 2.0 0.0
3 117.0 113.9 275.0 0.0 -4.0 0.0
4 0.0 0.0 0.0 101.0 0.0 3.0
5 2.0 2 -4.0 0.0 85.0 0.0
6 0.0 0.0 0.0 3.0 0.0 81.0
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Table 4.2: The calculated elastic constants (Cijin GPa) of Nd2FeCrOg double perovskite.

To investigate the mechanical stability, elastic constants were calculated using the finite
strain method [117]. The calculated elastic constants are summarized in Table 4.2. For
monoclinic crystal, the independent elastic stiffness tensor was reduced to thirteen
components, C11, Cz2, Cas, Cas, Css, Ces, C12, C13, C15, C23, C25, C3s5 and Cas in the Voigt
notation [118]. For a mechanically stable structure, Cjj had to satisfy Born—Huang criteria

[118, 119]. The mechanical stability criteria were given by [120]:
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Fig. 4.4 The phonon dispersion curves of Nd2FeCrOg double perovskite.
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Cu1>0,C22>0,C33>0,C4>0,Cs5>0,Ce6>0, ... 4.4)
(C33Css — C35%) > 0, (C44Ce6 - Ca6%) >0, (C22+ C33-2C23) >0,  ...oeeon... 4.5)
[C22(Cs3Css - Ca52) + 2C23C25Ca5 - C23°Css - C25°Ca3)| >0,  .ooooennnnnn, (4.6)

{2[C15C25(C33C12 - C13C23) + C15C35(C22C13- C12C23) + C25C35(C11Co3 - C12C13)] -
[C15%(C22C33- C23?) + C25%(C11Ca3 -C13%) + C352(C11C22 - C129)] + Cs5(C11C22C33 - C11C252
- C2C13? - C33C122 + 2C12C13C23)}>0, 4.7)

The NFCO double perovskite met all essential stability criteria for monoclinic system.
The phonon dispersion curve in Fig. 4.4 was used to analyze the dynamical stability of
NFCO double perovskite. If there were no imaginary phonon frequencies in the entire
Brillouin zone (BZ), the structure might be considered dynamically stable [120, 121]. In
this case, any imaginary phonon frequency was not observed throughout the whole BZ,
indicating that the structure was dynamically stable.

4.4 Magnetic properties

Table 4.3: Ground-state energy comparison AE (meV/f.u.) of FM, A-AFM, C-AFM and
G-AFM states relative to FM state for Ucr, re = 3.50 V.

Order NdFeOs NdCrOs Nd2FeCrOs
FM 0 0 0
A-AFM -86 -13 -14
C-AFM -168 -25 -27
G-AFM -235 -36 -34
M (Fe/Cr) (ug) 3.99 2.66 4.05/-2.58
Miotal (yB/f.LI.) 0 0 2

Table 4.3 showed the ground-state energy comparison of different spin arrangements (as
shown in Fig. 4.1) relative to the FM spin arrangement and magnetic moment per atom.
As discussed above, NFCO double perovskite and its parent single perovskites NdFeO3
and NdCrO3 had G-type AFM order at the ground state. Due to the G-type AFM spin
arrangement with Fe®';-O-Fe®*"; and Cr®*;-O-Cr®*; super-exchange interactions in
NdFeOs and NdCrOs, respectively, they did not possess any net magnetic moment.
However, NFCO was quite interesting than NdFeOs and NdCrOs as it possessed a net
magnetic moment of ~2ug/f.u. due to the ordered distribution of Fe and Cr cations
mediated by Fe**;-O-Cr*| super-exchange interaction. Furthermore, the calculated total
energies were used to estimate the magnetic ordering temperature (Tn) by mapping to the
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classical Heisenberg Hamiltonian [122]:

Fig. 4.5 In and out of plane bonds (d: and d2) in CrFeg octahedron and magnetic exchange
interactions (nearest neighbors, J1 and next nearest neighbors J) in Nd2FeCrOg double
perovskite.

where [S;| = /S;(S; + 1) is the spin at site i and Jj is the spin-exchange interaction
parameter between i and j sites. Here, interactions up to the nearest neighbors J; and
second nearest neighbors J> were considered. It should be noted that two types of bonds
(in-plane and out of plane) with different lengths were present due to the distortion from
the ideal B'B; octahedron (as shown in Fig. 4.5). Therefore, the total energies per

magnetic species may be expressed as,

Eo +/S1(S1 + DVS2(So + D(2)y +4),) = Epyy e oeees (4.9)
Eo +v/S1(Sy + DVS2(S2 + 1)(=2J; + 4J5) = Ec_ppmy =+ (4.10)
Eo +/S1(S1 + DS2(Sa — 1)(=2]y — 4J5) = Eg_ypm =+ (4.11)

where E, is the spin-independent part. The exchange parameters J; = 0.62 meV and J. =
1.19 meV were calculated by the above equations using S = 5/2 and Sz = 3/2 for the Fe3*
and Cr* spins. The positive values of exchange interactions were necessarily indicating
the AFM nature of Fe-O-Cr interactions. For NFCO, magnetic phase transition

temperature was estimated by the mean-field approximation, [123]

2
Ty = %Jsl(sl + DYS,(Sy + D(2fy +4fy) oo (4.12)

Since in B-site ordered double perovskite NFCO, the Fe-O-Cr interaction will be
dominating, the calculated transition temperature 265 K was compared with
experimentally observed magnetic transition at around 250 K due to Fe-O-Cr interaction
in NdFeosCros03 perovskite [20, 21]. It should be noted that the classical mean-field
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approach can give a rough estimation on transition temperature [124, 125]. To reveal the
whole magnetic phase diagram, to understand the microscopic dynamic mechanism and
to give a more qualitative picture of the magnetic properties [126], further investigation
by classical atomistic spin dynamics method based on the DFT calculated exchange

parameters is necessary.
4.5 Electronic structure

Fig. 4.6 showed spin-polarized band structures of NFCO for Ure = Uc= 0 and 3.5 eV,
along the high symmetry directions in the first Brillouin zone for both spin up and spin
down channels. The Fermi level (set to 0 eV) was shown by the horizontal line between
the valence and conduction bands. The insulator nature of NFCO was predicted in both
spin channels. For U= 0 (Fig. 4.6(a) and (b)), the valence band maximum (VBM) and
conduction band minimum (CBM) were located at the same symmetry point (YY) in both
spin up and down channels, indicating direct band gap of 2.19 eV and 0.32 eV,
respectively. On the other hand, for Ucr = Ure = 3.5 €V, in spin down channel, VBM was
found to be shifted to the E points, mainly indicating the indirect nature with 1.82 eV gap.
Notably, in down spin channel, Y point was located just 0.03 eV below the E point.
Therefore, in double perovskite NFCO, the indirect band gap, 1.82 eV (E—Y) and direct
band gap, ~1.85 eV (Y—Y) were comparable. The probability of transition either from
E or Y points were understood by the calculated square of the transition dipole moment
(P?, transition probabilities between two states [99]) and was shown in the bottom panel
of Fig. 4.6(d). At the E point, the transition probability was near to zero, whereas a strong
probability was seen around Y point. Therefore, for double perovskite NFCO, the optical

absorption could be initiated by direct Y—Y transition.

To understand the features of VBM and CBM, the total density of states (TDOS) and
atom projected orbital decomposed density of states (PDOS) were analyzed. Fig. 4.7(a)-
(d) displayed the TDOS of NFCO double perovskite and PDOS of Fe (3d) Cr (3d) and O
(2p) orbitals, respectively. The Fe (3d) and Cr (3d) orbitals were found to be split into tog
and eg levels due to the FeOg and CrOg octahedral environment. It should be noted that
following the local rotation of Fe/CrOs octahedra in the unit cell orientation, the dx2-2,
dy; and dx. orbitals belonged to the t,y states. On the other hand, d,? and dx, orbitals
belonged to eq states [127].
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Fig. 4.6 Calculated band structure (top panel) and transition dipole moment (bottom
panel) for Ucr =Ure = 0 in (a) spin-up and (b) spin-down channels. (c) spin-up and (d)
spin-down band structure and transition dipole moment for Uc,= Ure= 3.5 eV.

In the valence band, the DOS in the range from -1 eV to 0 eV in the up-spin channel was
dominated by O (2p) orbitals. Whereas, in the spin-down channel the VBM was made up
of the hybridization of tog of Cr (3d) and O (2p) states. The CBM was constructed by the
hybridization of Fe tog and O-2p orbitals. From Fig. 4.7(b), it was evident that both t>g and
eg orbitals of Fe-3d were completely occupied by up electrons and range from -7.0 eV to
-5.92 eV as a result of strong localization due to the electron correlation but in the spin-
down channel tyy and ey states were completely unoccupied. This demonstrated
Fe¥*(t%,01%) valance state [6] in NFCO double perovskite as illustrated in the inset of
Fig. 4.7(b). In the case of Cr (3d), both tog and eq orbitals were found to be empty in spin-
up channel and in spin-down channel only the tyg state was occupied, suggesting
Cr¥*(t3,4,6%,) configuration (inset of Fig. 4.7(c)). These results indicated the strong AFM
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superexchange between Cri*(t,,,6%,) and Fe3*(t3,41€%+) cations via O*" anions.
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Fig. 4.7 (a) TDOS calculated by GGA + U for the ferrimagnetic ground state. (b-d) PDOS
of Fe (3d), Cr (3d) and O (2p) orbitals respectively. Positive and negative DOS values
stand for the up and down spin channel. Fermi level is set at zero energy.

For a deeper understanding of the bonding as well as magnetism, charge density analysis
was carried out. Fig. 4.8(a) showed the total charge density distribution plot, indicating
dominant Fe-O and Cr-O covalent bonding due to the presence of bond charges along the

path between Fe—O and Cr-O. The magnetization density (Fig. 4.8(b)) was displaying
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Fig. 4.8 (a) Total charge and (b) magnetization density plots. (c) Cross-sectional and (d)
perspective view of three-dimensional (3D) magnetization density iso-surface plot at the
same iso-value of +0.01 eV/A3. The light yellow and light blue colors represent the spin
up and spin down states, respectively.

the antiparallel alignment of spins but with unequal magnitudes demonstrating FiM nature
of NFCO. Fig. 4.8(c) and 4.8(d) showed cross-sectional and perspective views of 3D iso-
surface of magnetization density. In analogy to the DOS, the spin density was also mainly
contributed by Fe (3d) and Cr (3d) orbitals. The spherical shape around Fe atoms
indicated Fe**(t3,¢1€%+) with 3d® orbital character occupied by spin-up electrons [128].
On the other hand, only t%4 orbital were visible around Cr atoms, showing Cr3*( t3q,)
character [129]. In addition, tiny spin densities were also appeared on the O atoms, due
to the Fe3*;-O%-Cr3*, superexchange coupling.

To investigate the effects of Nd’s 4f spin and SOC, further calculations were carried out
considering Nd’s 4f electrons as valance electrons with Ung= 6.5 eV. Including Nd’s 4f
electrons in valence shell the G-AFM ordering remained as the lowest energy spin state,
which was in agreement with the previous reports on ReFeOz and ReCrOs perovskites
[130, 131]. Fig. 4.9(a) and (b) showed the comparative DOS plots using 4f electrons as
core and valance electrons, respectively. VBM and CBM from Fig. 4.9 (b) showed no
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Fig. 4.9 Effect of Nd’s 4f electrons and SOC on the electronic structure of Nd2FeCrQOe.
The calculated PDOS by considering; (a) 4f electron as core electron and (b) 4f electron
as valance electron. The obtained PDOS including SOC by considering; (c) 4f electron as
core electron and (d) 4f electron as valance electron.

contribution from the Nd (4f) orbital. Moreover, the band gap change (<0.8 eV) was found
to be negligible. Similar results were found from the calculations with including SOC
effect as shown in Fig. 4.9(c) and (b). Therefore, the effects of Nd’s 4f spin and SOC
were not so significant that change the conclusion with the results obtained by considering

Nd’s 4f electron as core electrons without SOC.
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Table 4.4: Magnetic order (M), transition temperature (Tc) and optical band gap (E;) of

some ResB'B”"Og materials.

Compound B-site M Te (K) E, (eV) Reference
LaMnCoOs ordered FM 226 1.93 [132, 133]
La:NiMnOs ordered FM 220 1.42 [33]
Nd2NiMnOs |  ordered FM 195 1.57 [33]
Dy2NiMnOsg ordered FM 105 1.62 [134]
LaFeCrOg ordered FiM 45 1.6 [135]
PraFeCrOs partial FiM 245 2.13 [62]
Nd2FeCrOs ordered FiM 265 1.85 This work

Before concluding, it could be worthwhile to compare the calculated magnetic properties

and band gap of NFCO with other similar B-site ordered double perovskite oxides. Table

4.4 showed the magnetic order, transition temperature and band gaps of some Re

containing B-site ordered double perovskites along with our DFT-calculated results. The

obtained ground state was in agreement with Re-FeCrOs and band gap was within the

visible range like other candidates. Therefore, it was anticipated that this compound might

be a potential candidate in various intriguing applications including spintronic memory

devices, memristive high-performance data storage devices, light-emitting diodes,

cryogenic magnetic cooling devices, solar cell and visible light driven photocatalysis.



CHAPTER 5
EXPERIMENTAL INVESTIGATION OF Nd2FeCrOs

The theoretical calculation presented in Chapter 4 demonstrated the thermodynamic,
mechanical, and dynamic stability of Nd.FeCrOs (NFCO) double perovskite which
intrigued to synthesize this double perovskite. The crystallographic structure along with
the magnetic, electronic and optical properties of this sol-gel synthesized NFCO double
perovskite is presented in this chapter.

5.1 Crystallographic structure analysis

Prior to conducting analysis, the tolerance factor and global instability index (GII) were
calculated for the prediction of crystal structure of NFCO. The tolerance factor (t) of
NFCO was obtained from the following relation [136, 137]:

rndtTo
t=———m e 5.1
\/E(rFe:rCT+T0) ( )

Here, the ionic radii of Nd, Fe, Cr cations, and O anion are denoted by "y 4, Tre, T and

To, respectively. The value of t =1 generally refers to the perfect cubic structure of double
perovskites. If t >1, the crystal structure is hexagonal and if tis less than 0.97, the structure
can be either monoclinic or orthorhombic [136]. Here, the value of tolerance factor was
found to be 0.94 for NFCO double perovskite, which means that there was a possibility

for the structure to be either orthorhombic or monoclinic.

The global instability index (GI1) of NFCO double perovskite was also computed using
Structure Prediction Diagnostic Software (SPuDS) in order to determine its degree of
stability [138]. The GII was calculated as follows [139]

N N2
GII = Zl“% ......... (5.2)

where d; is the bond discrepancy index, which is the deviation of bond-valence sums
(BVS) from formal valences of ions and N denotes the number of ions. Typically, GllI
value smaller than 0.1 v.u. (valence units) represents unstrained structures and structures

having GIlI > 0.2 v.u. are reported to be unstable [139, 140]. Previous investigations
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showed that for crystal structures with a Gl value of greater than 0.02 v.u., high pressure
was required during synthesis to achieve a stable phase [137, 140]. Notably, the GlI value
of NFCO was calculated to be 0.002 v.u. Thus, even under ambient pressure, it was able

to achieve a stable double perovskite NFCO structure.
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Fig. 5.1 Rietveld refined powder XRD spectrum of Nd2FeCrOs nanoparticles at room
temperature.

Rietveld refinement of the XRD pattern was carried out to confirm the predicted crystal
symmetry and space group of NFCO perovskite [141, 142] using FullProf computer
program package [71]. As the calculated value of tolerance factor was smaller than 0.97,
an orthorhombic structure with a Pnma space group was initially considered during
simulation. A monoclinic structure with P21/n space group was also considered for the
refinement model. Notably, all diffraction pattern peaks were well indexed, indicating
that the material was free of impurity phases. Though a better fitting was observed for
Pnma space group (Fig. 5.1), it was still very difficult to get confirmation about the space
group only by looking into the XRD patterns, especially if the B-site ordering was not
perfect and g was close to 90° [56]. So, Raman spectroscopy was employed to
complement X-ray diffraction experiments, providing detailed information concerning

space group and octahedral distortion which will be addressed later on.
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Table 5.1 Structural parameters and reliability (R) factors of Nd2FeCrOg nanoparticles
from Rietveld refinement of the XRD pattern.

Atom | Wyckoff X y z Occup R
site ancy factors
Nd 4c 0.5437 0.25 0.5097 1 Rp=4.31
Fe 4b 0.5 0 0 0.5 Rwp = 5.45
Cr 4b 0.5 0 0 0.5 x2=117
01 4c -0.0154 0.25 0.4055 1
02 8d 0.2929 | 0.0392 0.7152 1

Table 5.2 Bond lengths, bond angles and tilt angles for Fe/Cr-O and Fe-O-Cr,
respectively obtained via Rietveld refined XRD pattern.

Bond length (A) Bond angle (° Tilt angle (°)
Fe/Cr-Ol 2.00

Fe/Cr-O2 1.98 Fe/Cr-O1-Fe/Cr 149.82 15.09
<Fe/Cr-O> 1.99 Fe/Cr-O2-Fe/Cr 155.12 12.44

The lattice constants of NFCO double perovskite for Pnma space group were a = 5.523
(0) A, b=7.724 (1) A, ¢ =5.435 (2) A, with cell volume 231.9 A3, as obtained from
Rietveld refinement. Table 5.1 summarized the structural features acquired via Rietveld
refining. The bond distances and angles included in Table 5.2 were notably similar to
those reported for analogous double perovskites in an octahedral oxygen environment
[40, 59]. The VESTA (Visualization for Electronic and Structural Analysis) [143]
software was incorporated to model a 3D unit cell for NFCO using the structural
parameters obtained from Rietveld refinement. The orthorhombic unit cell of NFCO in
Fig. 5.2(a) demonstrated that the two transition metal cations were not precisely in the
middle of octahedra, suggesting octahedral distortion. The distortion was also observed
from an enlarged view of the two interlinked Fe/CrOe octahedra demonstrated in Fig. 5.2
(b) and (c). The average value of the tilt angle (®) was calculated to be 13.76° using the
formula & = (180 — 8)/2, where @ is the bond angle between Fe/Cr—O-Fe/Cr, which
further indicated the structural distortion in the NFCO unit cell [40]. The crystallite size
of as-prepared NFCO double perovskite was calculated to be ~29 nm using the Debye-
Scherrer equation [144, 145].
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(b)

(c)

Fig. 5.2 (a) Schematic representation of the Nd.FeCrOg orthorhombic unit cell with
magnified view of interconnected Fe/CrOe octahedra (b) in the ac-plane and (c) along b-
axis.

5.2 Vibrational properties

Raman spectroscopy was conducted at room temperature to analyze the crystal structure,
spin-phonon coupling and cation disorder of as-prepared NFCO double perovskite (Fig.
5.3). Fig. 5.3 showed two strong modes at around 504 and 702 cm™! which can be readily
attributed to the By and Ag-like modes, respectively. Notably, asymmetry and broadness
were observed in the two strong modes (Bg and Ag) which might have been influenced
by several factors, including insufficient cationic ordering in B’ B"” sites, average valance
state of +3, different stretching vibrations having almost similar frequencies and so on
[33]. The peak at 702 cm™' can be associated with the stretching (breathing) vibrations
of Fe/CrOg octahedra and the peak at 504 cm™! corresponds to both bending and anti-

stretching motions [146].
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Fig. 5.3 Raman spectrum of Nd2FeCrOg nanoparticles recorded at room temperature.

In addition, in the range of 800 to 1410 cm, a multi-band was apparent (Fig. 5.3), which
was ascribed to the second order multi-phonon process and decomposed into multiple
separate modes. Notably, the modes near 835 and 1350 cm™' were the overtones of
fundamental stretching modes, Bg and Ag, respectively. Such high frequency modes were
also reported in Gd2FeCrOs nanoparticles and LazNiMnOe thin films [147, 148] and the
occurrence of these modes further supports the possibility of NFCO nanoparticles being
doubly ordered. A weak stretching mode near 120 cm™' might be ascribed to the
combinational effect of Nd-O stretching and Fe/CrOe tilting vibrations. Absence of any
prominent mode around 377 cm™! indicates the sample’s phase purity, which was also
confirmed from the XRD. The average bond length of Fe-O and Cr-O was also calculated
by utilizing the most significant mode following the equation below [149]:

v(em™t) = 21349 exp (—1.9176R(A)) oo (5.3)
where, v and R are the stretching Raman frequency for Fe/Cr-O bond and the bond
distance, respectively. The bond distance was found to be 1.954 A by using this formula,
which was consistent with the average bond distances of Fe/Cr-O (1.99 A) determined
by XRD.
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Fig. 5.4 FTIR spectrum of Nd2FeCrOg nanoparticles recorded at room temperature.

For further analysis of the crystal structure, FTIR spectrum was recorded at room
temperature where the spectrum demonstrated two distinct and well-defined bands
corresponding to the presence of metal-oxygen band, which was a significant
characteristic of perovskite materials [150] (Fig. 5.4). The strong transmission IR active
bands located at 552 (V4) and 490 (V3) cm™! were ascribed to the Fe/Cr—O stretching and
bending vibrations, respectively [62, 150]. An additional band near 935 cm™! referred to
the presence of trapped NO*~ ions inside the sample [62]. The transmission bands
observed in the higher frequency range can be attributed to the vibrations of C-O bands
[62, 147].

5.3 Surface morphology analysis

The thermal stability of the as-prepared NFCO nanoparticles was evaluated by a TGA
experiment in order to ascertain their viability in practical applications. The TGA curve
in Fig. 5.5 confirmed the excellent thermal stability of NFCO, with a small weight loss of
only ~8% up to 1000 °C. The weight loss was quite negligible (~3%) in the temperature
range of 600 to 1000 °C which indicated that this temperature range will be reasonable
for conducting calcination of NFCO nanoparticles and validated the choice of calcination
temperature as 800 °C during the synthesis. However, no endothermic or exothermic
peaks can be seen in the DSC curve shown in Fig. 5.5, suggesting that no crystallographic
phase change occurred in the temperature range of room temperature to 1000 °C,

confirming further the material’s thermal stability.
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Fig. 5.5 TGA and DSC curves of Nd2FeCrOs powders from room temperature to 1000 °C
in N2 with a heating rate of 10 °C/min.

Fig. 5.6(a) presents the FESEM image of as-synthesized NFCO double perovskite
demonstrating its homogeneous surface morphology. As shown in the corresponding
particle size distribution histogram of Fig. 5.6(b), the particle size of as-synthesized
NFCO ranges from ~40 to 130 nm, with an average size of ~70 nm. Energy Dispersive
X-ray Spectroscopy (EDX) analysis was also performed with a view to determining the
elemental composition of synthesized NFCO nanoparticles. Table 5.3 shows the

experimentally measured as well as theoretically calculated mass and atom percentages.
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Fig. 5.6 (a) FESEM image of Nd2FeCrOg nanoparticles with (b) particle size distribution
histogram.

Notably, the experimentally obtained percentages of mass and atoms of desired elements
such as Nd, Fe, Cr, and O in the as-synthesized NFCO nanoparticles were highly
consistent with theoretical values, which further validated the successful synthesis of the
intended sample.
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Table 5.3 Mass and atomic percentages of Nd2FeCrOg nanoparticles as obtained by EDX
analysis.

Element Mass (%0) Mass (%0) Atom (%) Atom (%)
(Theoretical) ' (Experimental) (Theoretical) (Experimental)
Nd 59.80 61.10 20 21.46
Fe 11.34 11.31 10 10.26
Cr 10.56 8.71 10 8.48
0] 19.50 18.88 60 59.80
Total 100 100 100 100

Fig. 5.7 (a) and (b) Bright field TEM images; (c) and (d) HRTEM images; insets show
SAED pattern for Nd2FeCrOg sample.

The morphological and nanostructural characterizations of NFCO were also performed
using TEM and SAED techniques. Fig. 5.7(a) and (b) shows the general morphology of
the NFCO nanoparticles. The TEM bright-field image demonstrated that the size of the
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synthesized Nd>FeCrOe nanoparticles was around ~55 nm which is consistent with the
values obtained from FESEM imaging. Moreover, the polycrystalline nature of the as-
synthesized sample was easily envisioned from the SAED pattern in the inset of Fig.
5.7(a). The HRTEM image (Fig. 5.7(c)) of NFCO showed the close-up view of a crystal
with about 40 nm size and the subsequent SAED in the inset of Fig. 5.7(c) confirmed very
good crystallinity. In Fig. 5.7(d) the clear lattice fringes with an inter-planar spacing of
0.53 nm can be observed.

5.4 XPS analysis

XPS is one of the most established characterization techniques for the determination of
elemental composition and electronic state of solid materials. The core level XPS spectra
of Nd-3d, Fe-2p, Cr-2p and O-1s in NFCO were identified and indexed to figure out the
valance states of Nd, Fe and Cr ions (Fig. 5.8). The Nd-3d spectrum in Fig. 5.8(a) shows
the spin-orbit splitting of 3ds» and 3ds. doublet states at 982.24 and 1004.6 eV,
respectively indicating Nd** oxidation states [151]. An additional peak at 978 eV implied
that some neodymium atoms existing at the surface were in metallic condition (Nd°)
[151]. The spin—orbit transitions of Fe-2ps2 and Fe-2p12 binding energy peaks appeared
at 710.57 and 724.55 eV (Fig. 5.8(b)), respectively and the doublet separation of 13.98
eV suggested that Fe has +3 oxidation state which was in good agreement with previous
investigations [40], [147]. Between two major peaks, a satellite peak was observed at
719.25 eV which was also a distinguishing indication of Fe3* state [40]. The occurrence
of a small elevation adjacent to Fe-2ps/, peak confirmed the presence of Fe?* oxidation
state in NFCO. The XPS spectrum for Cr photoelectrons revealed two pairs of spin-orbit
peaks (Fig. 5.8(c)). The lower and higher binding energy (BE) peaks for each Cr-2pa.
and Cr-2p1» lines correspond to Cr?* and Cr®* ionic states, respectively [64]. The
presence of mixed valances of Fe and Cr ions suggested the disordered distribution of Fe
and Cr atoms in NFCO. As shown in Fig. 5.5(d), two peaks were observed in the XPS
spectrum of the O-1s core level. The higher BE and lower BE peaks correspond to
chemisorbed oxygen species (O?") and oxygen deficient regions (O~ and O* ions) in the

NFCO nanoparticles, respectively [152].
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Fig. 5.8 (a—d) The core-level binding energy spectra of Nd (3d), Fe (2p), Cr (2p), and O
(1s) of the Nd2FeCrOs nanoparticle, respectively. The black circles indicate the
experimental spectra, while the blue solid line is the sum of the fitted peaks. Peak 1, peak
2, peak 3, and peak 4 are sorted in ascending order of binding energy.

To determine the valence state of Nd, Fe, and Cr in NFCO double perovskite, bond
valence sum (BVS) was calculated. BVS can be expressed as [153];

Ry — 1y
BVS=Zexp[ Ob =N

where 7;;, R, and b represents the bond length between i and j atoms, the empirically

.........

determined distance for a given cation-anion pair, and the empirical constant,
respectively. The valence states of the Nd, Fe and Cr were found to be around +3 which
confirmed the XPS observations.
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5.5 Magnetic properties
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Fig. 5.9 (a) M-H hysteresis loops of Nd2FeCrOs measured at 300 K, 200 K, 100 K and 5
K temperature. (b) ZFC and FC magnetization of Nd2FeCrOgs as a function of temperature
measured in a magnetic field of 100 Oe.

The XRD analysis showed that Fe and Cr ions were not perfectly ordered at the B site of
as-synthesized NFCO nanoparticles. Further, the mixed cationic states of Fe and Cr ions
as revealed by the XPS measurement confirmed the presence of short-range ordering in
NFCO. The aforementioned outcomes suggested that three distinct interactions should
be considered in the NFCO double perovskite which are Fe?'/Fe3*-O-Fe?*/Fe®*,
Cr?*/Cr¥*-O-Cr?*/Cr®* and Fe®*-O-Cr®* interactions. According to Goodenough-
Kanamori super-exchange rule, the Fe?'/Fe*-O-Fe?*/Fe3*, Cr?*/Cr¥*-O-Cr?*/Cr3*
interactions will favor AFM ordering and Fe3*-O-Cr®* will favor FM interaction in the
system [147, 154, 155].

Fig. 5.9(a) depicts the field-dependent magnetization (M-H) curve of NFCO double
perovskite measured at different temperatures, where saturation was not observed even
under very high external magnetic field of 70 kOe. Such unsaturated magnetic behaviour
regardless of temperature variation suggests the AFM nature of NFCO. The calculated
remanent magnetization (M;) and coercive magnetic field (Hc) values are presented in
Table 5.4. The presence of small M, and H. values indicate the existence of weak
ferromagnetic (WFM) behaviour attributed to the Fe-O-Cr super-exchange interaction
under a potent AFM background (influenced by the Fe-O-Fe/Cr-O-Cr super-exchange
interactions) [114]. The coexistence of both FM and AFM states observed in M-H
investigations inspired us to conduct additional studies to further elucidate this

phenomenon.
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Table 5.4 Remanent magnetization (M) and coercive magnetic field (Hc) values of
Nd2FeCrOz nanoparticles at various temperatures.

Temperature Mr (emu/g) Hc (Oe)
(K)
5 0.034 15
100 0.1836 2563
200 0.08 1234
300 0.0029 68
35
I ——FC
30k —Fit
25+

Mfe1cr|= 48.7 emu/mol
Hy=-220 kOe
©®=-15.4K
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Fig. 5.10 Modified Curie—Weiss fit to the FC magnetization of the Nd2FeCrOg double
perovskite.

Therefore, the temperature-dependent magnetization (M-T) was measured under both
zero field-cooled (ZFC) and field-cooled (FC) conditions over a wide temperature range
of 4 to 400 K with an external field of 100 Oe. Fig. 5.9(b) shows ZFC and FC
magnetization of NFCO, where two magnetic transitions occurred one at 251K (Tnz1) and
another one at 53K (Tn2) in FC curve. The 1st order magnetic transition peak at Tn:
referred to spin-canted AFM ordering of Cr3* ions [63]. Noticeably, above Tnz, the ZFC
and FC curves merged with each other suggesting the absence of proper long-range
ordering, which might have been induced by frustration effects [63]. The frustration
effect might have been induced by the disordered Fe*" and Cr® ions at B sites (B’ and

B") due to the random orientation of magnetic ions in the octahedral sublattice. As the
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temperature was reduced below (Tn1), FC magnetization increased successively due to
the WFM moment caused by spin canting of the dominantly disordered Fe** and Cr3*
ions, [21] and the FC curve showed second magnetic transition at cryogenic temperature
53 K due to the AFM ordering of Nd** ions [63]. When the temperature was further
decreased, the FC curve crossed zero magnetization at the compensation temperature
(Teomp = 6 K) below which magnetization reversal (MR) took place. The sign of
magnetization in FC curve became negative due to the interaction between paramagnetic
(PM) Nd** and canted AFM Fe**/Cr3* magnetic moments. Such MR phenomena were
also reported in several disordered materials where the B-site was occupied by unlike
magnetic ions. The observed MR in NFCO double perovskite can be well explained if

two sublattices, Nd and |Fe+Cr|, are considered.
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Fig. 5.11 Distribution of Nd and |[Fe+Cr| moments (schematically).

The canted moments on Fe/Cr sites in FeOs and CrOs polyhedrons interacted via
Dzyaloshinskii-Moriya (DM) interactions, resulting in a WFM component within the
system. The competition between DM interactions of Fe-O-Fe and Cr-O-Cr with that of
Fe-O-Cr resulted in sign reversal in magnetization [21]. The PM Nd** moments got
polarized by the internal molecular field of |Fe+Cr| sublattice and tend to align
themselves along anti-parallel to the WFM component of the |Fe+Cr|. At the temperature
downturn, Nd** moments got more aligned and when the polarization of Nd sublattice
neutralized the WFM contribution of |[Fe+Cr| sublattice, magnetization became zero at
the compensation point. At T < Tcomp, the polarized Nd** moments suppressed this WFM

contribution of |Fe+Cr| sublattice, and the sign of FC magnetization curve became
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negative giving rise to diamagnetism. Such trend was also reported in YbCrO3 [156],
Lai—xPrxCrO3 [157] and Fe doped NdCrOs [63].
The measured value of net magnetization in the FC mode was fitted by modified Curie-
Weiss law and expressed as the combination of the magnetization of |Fe+Cr| and Nd
sublattice [21].
M = Mpescr) + C‘R(’Il:llf-l_G)HE) ......... (5.5)
Here, Mirescr|, Cr, H;, Hg and © are constant related to the FM moment of |Fe+Cr|
sublattice, Curie constant of Nd** ion, internal field due to |Fe+Cr| sublattice ordering,
applied magnetic field and Weiss constant, respectively.
Fig. 5.10 shows that FC magnetization data of NFCO can be reasonably fitted by the
Modified Curie-Wiess law at low temperatures, with a goodness of fit (R?) value close to
1. Above the temperature of 50 K the measured and fitted FC curves got bifurcated,
indicating the appearance of an additional magnetic transition in the |Fe+Cr| sublattice.
Moreover, the value of © was negative which signified that Nd®** ions possess AFM nature
[21]. In addition, M|r. ¢ and H; had opposite signs, which means that the internal field
of the |Fe+Cr| sublattice was opposite to the WFM moment of M,r,..c|. The arrangement
of magnetic moments is represented schematically in Fig. 5.11. Notably, the existence of
competing multi-domain interactions in NFCO as inferred from M-T investigations can
be associated with the exchange bias (EB) effect which arose at the interface due to the
exchange coupling between these multiple magnetic components. With a view to studying
EB in NFCO, the FC isothermal M-H loops were measured while the sample was cooled
down from 300 K to 10 K i.e., through Néel temperature and varying cooling magnetic
fields (Hcoor) were applied. A shift in the M-H loop along the positive field axis can be
observed in Fig. 5.12(a), which demonstrates the existence of EB in NFCO.
Moreover, very small coercivity was observed due to the dominant AFM interaction of
Fe-O-Fe/Cr-O-Cr in the sample. The cooling field-dependent exchange bias field plotted
at 10 K has been presented in Fig. 5.12(b). The exchange bias field (Hgg) was quantified
following this relation [21]
Hgp = |Hey + Heal/2 e (5.6)
where H-, and H,, are the left and right coercive fields, respectively. Without a cooling
field when the system was cooled down from 300 K to 10 K i.e., below the ordering

temperature of Nd**, no EB was observed. However, the H value rose abruptly with the
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increase in applied cooling magnetic fields. As mentioned earlier, the interaction between
the |Fe+Cr| and Nd sublattices favored AFM behaviour. When the sample was cooled
down from high temperature and external field was applied, the FM component of |Fe+Cr|
sublattice as well as the spins of the PM Nd3* ions will align along the direction of the
external field Heool. However, when the external field was reversed at 10 K, the FM spins
of the Fe/Cr ions started to rotate in a smaller field because of the AFM interaction with
the PM Nd** spins, which might have exerted a torque along the same direction as the
field, due to the positive EB effect [21].
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Fig. 5.12 (a) M-H hysteresis measured at different applied fields and (b) the variation of
the exchange bias fields (Heg) as a function of cooling field for Nd-FeCrOs at 10 K.

The above observation was also interpreted by considering the competition between
Zeeman energy of Nd** ions and exchange energy between |Fe+Cr| and Nd sublattices.
The increase in Hes with Hcool, indicated that the exchange energy was dominating the
Zeeman energy [21]. This statement was also justified by the FC magnetization curve
where magnetization reversal was observed when the exchange energy dominated the
Zeeman energy of the |Fe+Cr| spins due to antiferromagnetic coupling between the two
sublattices [20].

5.6 Ferroelectric properties

To study the ferroelectric behaviour of synthesized NFCO double perovskite, a
ferroelectric loop tracer was used to capture ferroelectric hysteresis loops (P-E loops) at
various fields. However, there were no detectable loops for the as-synthesized NFCO
sample. The measurement began with a field of 0.5 kV; however, the system indicated an

overloaded signal, and no hysteresis loop was observed. An electric field of up to 10 kV
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field were employed, but the signal remained the same, indicating that NFCO double

perovskite had no ferroelectric characteristics or features.
5.7 Optical properties and applications

The UV-visible absorbance spectrum demonstrated the optical properties of the
synthesized NFCO nanoparticles. As can be observed in Fig. 5.13(a), absorption was
maximum in the UV region and decreased as wavelength increased. Moreover, the
absorbance spectrum had multi-band electronic configuration [62] where the absorption
peaks near 306 and 391 nm resulted from charge transfer from O-2p to Fe/Cr-3d orbital
[158] and the peak near 501 nm might have arisen due to the electronic transitions
between p orbitals. The absorption peak near 750 nm can be associated with d to d

electronic transition in Fe®* ions [62].

The optical band gap of the synthesized NFCO double perovskite was calculated using
the UV-visible absorption spectrum. Considering both direct and indirect transition, the
band gap energy of NFCO double perovskite was calculated using the Tauc relation [159]

1.e.,

ahv = A(hv —E )™ e (5.7)
where, a, hv, A, E; and n represent the absorption coefficient, incident photon energy,
characteristic parameter independent of the photon energy, optical band gap, and the
electronic transition type, respectively. For direct and indirect transitions, n were 0.5 and
2, respectively [160]. Figs. 5.13(b) and (c) showed the Tauc plots for determining the
direct and indirect optical band gaps of NFCO nanoparticles. The band gaps were
extracted by extrapolating the linear part of these curves with straight lines to the
horizontal axis. As can be seen in Fig. 5.13(b) and (c), the band gap values were calculated
to be 1.95 eV and 1.65 eV for direct and indirect transitions, respectively. Notably, as
mentioned in the chapter 4, the direct band gap of NFCO double perovskite was
determined as 1.85 eV by the theoretical calculations, which is quite comparable to the
experimentally obtained value of 1.95 eV. Direct band gap of 1.95 eV along with high
optical absorption at 501 nm implied that NFCO nanoparticles can efficiently absorb the
major portion of the visible spectrum which can have promising potential in

photoelectrochemical and photovoltaic device applications.
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Fig. 5.13 Experimentally obtained (a) optical absorbance spectrum, Tauc plots for direct
(b) and (c) indirect optical band gaps estimation and (d) steady-state photoluminescence
spectrum of Nd2FeCrOg nanoparticles at room temperature.

Further, the steady-state PL spectrum of as-synthesized NFCO nanoparticles was
examined for an excitation wavelength of 230 nm to get insight into their charge-carrier
recombination mechanism. A PL peak was detected at approximately 644 nm, indicating
that the photogenerated electrons and holes recombined radiatively in NFCO double
perovskite after excitation, as shown in Fig. 5.13(d). Notably, from the position of the PL
peak, the band gap value of NFCO was found to be 1.93 eV which closely matched the
direct band gap value as obtained from the Tauc plot (Fig. 5.13(b)). It is also noteworthy
that compared to direct band gap materials, the radiative recombination is considerably
less likely to occur over time in indirect band gap materials. This is because, in addition
to photons, the absorption and emission of phonons are required for radiative
recombination in indirect band gap materials. As a result, it is reasonable to assume that

NFCO is a direct band-gap double perovskite with a band gap of 1.95 eV. This result
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confirmed NFCO's semiconducting nature and, more significantly, its capacity to

effectively absorb visible light from the solar spectrum.
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Fig. 5.14 Schematic diagram of the calculated valence and conduction band edge
positions of Nd2FeCrOg double perovskite oxide.

Furthermore, the band edge positions of as-synthesized NFCO double perovskite were
calculated to assess their ability for various optical applications. The conduction band and
valence band edge potentials of NFCO were calculated using the Mulliken
electronegativity method [161, 162]. The conduction band edge (E.5) and valence band

edge (Eyg) potentials were calculated using the following equations.
1
Ecgp=x—E;— EEQ ......... (5.8)

Eyg=Ecg +E;, e (5.9)

where y represents the absolute Mulliken electronegativity of NFCO perovskite, E is the
free electron energy of hydrogen (~4.5 eV), and E, represents the optical band gap. The
Mulliken electronegativity of NFCO double perovskite was calculated to be 5.41 eV. By
substituting the appropriate values of x, E¢, and Eg4, conduction band edge potential (vs

NHE, normal hydrogen electrode potential) was found to be -0.068 eV, and the calculated
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valence band edge potential (vs NHE) was 1.88 eV, assuming a direct band gap value of
1.95 eV as measured from the Tauc plot (Fig. 5.13(b)).

The approximate band edge positions of NFCO nanoparticles corresponding to the H*/H>
potential level (0 eV vs NHE, pH 0) and the O2/H-0 potential level (1.23 eV vs NHE, pH
0) are shown in Fig. 5.14. Notably, if a semiconductor’s conduction band edge potential
is more negative than the H*/H> potential, a photocatalytic H» evolution process is likely
to occur. Similarly, if the valence band edge potential is greater than the potential of
02/H:0, O gas will evolve. As shown in Fig. 5.14, the value of valence band potential
was sufficiently positive compared to the oxidation potential of water, suggesting that
NFCO nanoparticles are suitable for photocatalytic O2 production [163]. In contrast, the
Ece of NFCO is more negative than the H'/H> potential, indicating that NFCO
nanoparticles could potentially be used for photocatalytic H2 evolution [163]. However,
to date, metal oxide semiconductors, which can show photocatalytic water splitting ability
under visible light irradiation are quite rare. As a result, NFCO double perovskite is a
good candidate for visible light-responsive photocatalysis because of its favourable

surface morphology, suitable band gap of 1.95 eV, and the locations of its band edges.



CHAPTER 6
EXPERIMENTAL AND THEORETICAL INVESTIGATION OF Gd2FeCrOs

6.1 Experimental investigation of Gd2FeCrOs perovskite

The structural, magnetic, and optical properties of Nd2FeCrOs double perovskite were
discussed in the previous two chapters. Theoretical predictions on Nd2FeCrOg perovskite
demonstrated that this structure can be synthesized at ambient pressure. Following the
success of the Nd2FeCrOs synthesis, a similar type of double perovskite Gd2FeCrOg
(GFCO) was synthesized using the same sol-gel technique. In this section, the
crystallographic structure along with magnetic and optical properties of GFCO double

perovskite were discussed.

6.1.1 Crystallographic structure analysis

Initially, the tolerance factor and global instability index (GIl) of GFCO were calculated
using the Structure Prediction Diagnostic Software (SPuDS) to get an idea about its
crystal structure [138]. The tolerance factor (t) of double perovskite GFCO can be
expressed as, [136, 140],

redt*To
t=—————— e 6.1
\/E(rFe:TCT_i_rO) ( )

Here, ¢4, Tre, Tor and 1y denoted the ionic radii of Gd, Fe, Cr cations and O anion,

respectively. Generally, for double perovskites, the value of t = 1 corresponded to ideal
cubic structure. If t was greater than 1, the crystal structure would be hexagonal and if
t < 0.97, the structure was either orthorhombic or monoclinic [136]. Notably, the t of
GFCO double perovskite was calculated to be 0.91 at room temperature (RT) from which
its crystal structure can be predicted as either orthorhombic or monoclinic.

It should be noted that the degree of stability of a certain phase of perovskite could be
estimated by calculating its global instability index (GIl), which was the difference
between the calculated bond valence sum (BVS) and the formal valence of cations and

anions. GlI is defined as the root mean square of bond discrepancy factor in the unit cell

[164, 165]:
N .

where di denoted the bond discrepancy factor calculated from bond valence sum and N



71
denoted the number of ions. Typically, for unstrained structures, the Gll values were
smaller than 0.1 valence unit (v. u.) [165]. Especially, as reported by a survey of literature,
stable double perovskite crystal structures were formed under ambient pressure with a
GII value less than 0.02 v. u [39, 146]. Notably, the GlI value of GFCO was found to be
0.013 v. u. which was conspicuously smaller than 0.02 v. u. As a consequence, even
without employing high-pressure during the synthesis, unstrained single-phase crystal
structure of GFCO was achieved.
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Fig. 6.1 Rietveld refined powder XRD spectrum of Gd2FeCrOs nanoparticles at room
temperature.

Fig. 6.1 demonstrated the Rietveld refined powder XRD spectrum of as-prepared GFCO
nanoparticles at RT [141, 142]. Notably, no undesired secondary phase was detected in
the XRD spectrum, which confirmed the high phase purity of the sample. Since the value
of t was < 0.97, hence for Rietveld refinement, the monoclinic P21/n space group was

considered as the starting model. The lattice parameters, a, b and ¢ of this monoclinic

symmetry, were related to the cell parameter, a, =~ 3.8 A, of ideal cubic perovskite, as

a~b=+2a, and ¢ =~ 2a,. The background was modeled by linear interpolation
between a set of background points with refinable heights. Bragg's reflections were
modeled using Thompson-Cox-Hastings pseudo-Voigt Axial divergence asymmetry.
Initially, cell parameters and scale factor were refined followed by the refinement of
profile and full width at half maximum (FWHM) parameters. After achieving proper
profile matching, the thermal and positional coordinates were refined. The crystal

structure with orthorhombic Pbnm space group was also considered as the model for
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refinement. However, between these two models, better fitting was obtained for
monoclinic structure with P2:/n space group. Notably, as Fe and Cr possess almost the
same scattering factor, it was difficult to confirm by XRD technique whether GFCO was
ordered or not. Yet one can obtain information about cation ordering by checking the
superstructure reflection around 20° [148, 166]. As shown in Fig. 6.1, the superstructure
reflection peak of GFCO at 20.2° was very weak (almost negligible), which suggested
that the B-site cation ordering was not perfect in the synthesized sample. An indication
of the absence of proper long-range ordering was also evident from the mixed valence

states of Fe and Cr obtained by XPS analysis as will be discussed later on.

148.73°

Fig. 6.2 (a) Schematic representation of the Gd2FeCrOs monoclinic unit cell with
magnified view of interconnected Fe/CrOg octahedra (b), (c) in the ab-plane and (d) along
c-axis.

From the Rietveld refinement, the cell parameters of GFCO double perovskite were found
to be a =5.259(1) A, b =5.590(2) A, ¢c=7.6753) A, a=y=90° and B =
89.958(1)° with cell volume 229.920 A% which were in well agreement with those of
analogous double perovskite materials [40, 56, 59]. Using these parameters, the unit cell
of GFCO was modeled by the Visualization for Electronic and Structural Analysis



73
(VESTA) software [143]. The monoclinic unit cell of GFCO with corner shared Fe/CrOe
octahedra was shown in Fig. 6.2(a). Fe and Cr cations were not exactly at the center of
octahedra indicating octahedral distortion. For further insight, the enlarged view of the
three interconnected Fe/CrOs octahedra was presented in the ab plane and along c-axis in
Fig. 6.2(b, c and d). To estimate the distortion, the tilt angle (®) was also estimated, which
was defined as @ = (180 — 6)/2, where 6 is the Fe/Cr-O-Fe/Cr bond angle [40]. The
average value of ® was found to be 15.96° which further confirmed the structural
distortion of GFCO unit cell.

Table 6.1 Structural parameters and reliability (R) factors of Gd.FeCrOg nanoparticles
from Rietveld refinement of the XRD pattern.

Atom Wyc. X y z Occ. R
positions factors
Gd 4e 0.5128 | 0.5599 | 0.2518 1 Rp=4.18
Fe 2a 0 0.5 0 1 pr =3.93
Cr 2C 0.5 0 0 1 x?=1.13
01 4e 0.2070 | 0.2071 | -0.0547 1
02 4e 0.2988 | 0.6933 | -0.0514 1
03 4e 0.4019 | -0.0196 | 0.2495 1

Table 6.2 Bond lengths, bond angles and tilt angles for Fe/Cr-O and Fe-O-Cr,
respectively with BVS obtained via Rietveld refined XRD pattern.

Bond length (A) Bond angle Tilt angle BVS
©) ©

Fe-Ol 2.00

Fe-O2 1.97

Fe-O3 1.99 | Fe-O1-Cr | 148.21 15.89 Gd =2.85
Cr-O1 2.00 Fe-02-Cr | 147.28 16.36 Fe=3.21
Cr-O02 2.02 Fe-O3-Cr | 148.73 15.63 Cr=2.77
Cr-O3 1.98

Tables 6.1 and 6.2 summarized Rietveld refined other structural parameters i.e., Wyckoff
positions, atomic coordinates, bond lengths, bond angles and BVS of synthesized GFCO
nanoparticles obtained by Rietveld refinement as well as the reliability (R) factors.
Notably, the bond distances and bond angles were shown in Table 6.2 agreed quite well
with the reported values in the octahedral oxygen environment of related double
perovskites [40, 59]. The valence states of the Gd, Fe and Cr were estimated by
calculating their BVS [153] values which were found to be around +3 supporting the Fe*?

(t35e5) and Cr(t3,e) oxidation states in GFCO. Finally, the crystallite size of as-
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prepared GFCO double perovskite was calculated to be 56 nm using Scherrer's equation
[144, 145].

6.1.2 Raman spectrum analysis

Raman spectroscopy was performed at RT to further investigate the crystal structure,
cation disorder and spin-phonon coupling of as-synthesized GFCO double perovskite
(Fig. 6.3). Notably, the vibrational modes observed in the Raman spectrum arose from
the Fe/CrOe octahedra and Gd-O bonds. Since the as-synthesized sample possessed
monoclinic crystal structure with P21/n space group, two main vibrational modes, Aq and
By Were expected in the range of 500 to 700 cm™ in the Raman spectrum. The Raman
spectrum of GFCO (Fig. 6.3) displayed two broad modes near 511 cm™ and 690 cm™
which corresponded to Bq and Ag modes, respectively and thus, confirmed the monoclinic
P21/n symmetry [33, 146, 165]. Here, Ay mode developed due to stretching (breathing)
vibrations of Fe/CrOs octahedra [146] whereas By mode occurred due to both anti-
stretching and bending motions. Noticeably, both the first-order strong modes i.e., Ag and
By were fairly asymmetric. In these modes, the broadness and asymmetry might depend
on several factors such as incomplete ordering of Fe and Cr sites, nearly same frequency

of various Fe/Cr-O vibrations [33] etc.
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Fig. 6.3 Raman spectrum of Gd2FeCrOg nanoparticles recorded at room temperature.
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Furthermore, multiband was observed in Fig. 6.3 in the range of 800 to 1410 cm™ which
was associated with multi-phonon scattering. It was noteworthy that modes around 820
cm™ and around 1355 cm™ were the overtones of By and Ay, respectively. The mode at
1206 cm™ was considered a combination of both By and Aq modes [148]. Such high
frequency modes were also reported in double perovskite LazNiMnOe thin film [148].
The presence of these high frequency modes in GFCO revealed its doubly ordered state.
Due to the ordering of Fe/Cr cations, phonons were not limited to originate only from a
point close to the Brillouin zone center. Rather they can emerge from any point within
the Brillouin zone [148]. A stretching mode was also noticed in the low frequency regime
(at around 150 cm™1), which provided further evidence for the monoclinic P21/n space
group [33]. Such low-frequency vibrations were developed due to coupled Fe/CrOs tilting
vibrations and Gd-O stretching. It was noteworthy that any intense mode around 377 cm™*
was the indication of oxide impurity. For as-synthesized GFCO, the most intense Raman
mode was observed around 511 cm™* which confirmed the phase purity of the synthesized
double perovskite and supported the result of XRD analysis [167]. This intense mode was
further used to calculate the Fe/Cr-O bond length by using the following equation [149]:
v(em™') = 21349 exp (—1.9176R(A)) «oeeee (6.3)

where v denoted the stretching Raman frequency and R is the Fe/Cr-O bond length. The

calculated bond length of Fe/Cr-O is ~1.95 A which was consistent with the average bond

length of Fe-O and Cr-O (~1.99 A) as obtained via Rietveld refinement.
6.1.3 FTIR spectrum analysis

FTIR analysis was performed at room temperature to investigate the chemical structure
of synthesized GFCO nanoparticles as demonstrated in Fig. 6.4. Notably, the Fe/CrOe
octahedra complex in the unit cell of GFCO was expected to have six normal modes of
vibrations (V1 — Ve). Among these six vibrations, V1, V2 and Vs would be Raman active,
V3 and V4 would be IR active and Ve would be inactive in both [62, 150]. In the FTIR
spectrum of GFCO (Fig. 6.4), the transmission mode at around 508 cm™* was associated
with V3 which indicated the existence of bending vibrations of Fe/Cr-O bonds in the
Fe/CrOg octahedra. The broad transmission band V4 centered at 555 cm™ corresponded
to Fe/Cr-O stretching vibrations. The weak transmission band near 930 cm™ was
attributed to the NOsz™ ions which were trapped in the particles [150]. The weak bands
observed at 1400-1600 cm™ were caused by vibrations of C-O bonds generated by the
chemisorption of ambient CO> by the GFCO surface [62]. Finally, the IR bands in the
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range of 2840-3200 cm ™! might be imputed to the stretching vibrations of O-H bonds due

to the adsorption of water at the surface.
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Fig. 6.4 FTIR spectrum of Gd2FeCrOg nanoparticles recorded at room temperature.

6.1.4 Thermal stability and morphological analyses
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Fig. 6.5 TGA curve of Gd2FeCrOg powders from 30 °C to 1000 °C in N2 with heating rate

of 10 °C/min.
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The thermal stability, an important property for perovskite materials for their future
applications, was evaluated via TGA experiment of the as-prepared GFCO powder
sample. The TGA curve shown in Fig. 6.5 demonstrated the great thermal stability of
GFCO powders with a subsequent weight loss of only ~6% up to temperature 1000 °C
which was comparable to that of some other double perovskites [168, 169]. The initial
weight loss at a temperature below 150 °C might be due to the desorption of adsorbed
water and gases. The weight loss at higher temperatures up to 1000 °C was gradual which
was probably due to the reduction of both Fe and Cr ions associated with the loss of lattice
oxygen. Notably, from 600 °C to 1000 °C, the weight loss is less than ~2%, indicating
that the sample can be calcined within this temperature range. Therefore, considering the
stability of the material over a wide range of temperature, it is worth noting that the

annealing of the sample at 800°C was reasonable.
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Fig. 6.6 (a) FESEM image of Gd>FeCrOg nanoparticles with (b) particle size distribution
histogram.
Table 6.3 Mass and atomic percentages of Gd2FeCrOg nanoparticles as obtained by EDX

analysis.
Element Mass (%0) Mass (%0) Atom (%) Atom (%)
(Theoretical) = (Experimental) | (Theoretical) @ (Experimental)
Gd 60.67 59.18 20 20.85
Fe 10.77 13.74 10 13.63
Cr 10.03 11.79 10 12.56
0] 18.52 15.29 60 52.96
Total 100 100 100 100

The FESEM image of GFCO double perovskite is presented in Fig. 6.6(a), which showed

that as-synthesized nanoparticles are uniformly distributed and their surface is
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satisfactorily homogeneous. Notably, in a previous investigation [62], a similar class of
double perovskite ProFeCrOs was synthesized using wet chemical technique co-
precipitation. The authors observed an agglomeration in the synthesized nanoparticles
due to the higher rate of precipitation [62]. However, in this present investigation by using
sol-gel technique uniformly distributed non-agglomerated GFCO nanoparticles were
successfully synthesized. Fig. 6.6(b) displayed the particle size distribution histogram as
obtained from the FESEM image. From this figure, it can be estimated that the particle
size of GFCO was mostly within the range of ~ 40 to 100 nm with ~ 70 nm average. The
experimentally obtained percentages of mass and atom are provided in Table 6.3. In order
to compare, the theoretically calculated percentages of mass and atom have also been
tabulated. Clearly, the mass and atomic percentages of desired elements i.e., Gd, Fe, Cr
and O in the as-prepared nanoparticles match quite well with the theoretical values which
further justified the successful synthesis of GFCO double perovskite.

Fig. 6.7(a) showed a bright field TEM image of GFCO double perovskite. The particle
size was in the range of 60—100 nm which was pretty consistent with the values obtained
from FESEM imaging. Moreover, some of the particles had a diameter of 30-40 nm, as
seen in the inset of Fig. 6.7(a). The high-resolution TEM (HRTEM) image shown in Fig.
6.8(b) represented the crystal lattice fringes of nanostructured GFCO with an inter-planar
spacing of 0.28 nm corresponding to its (1 2 1) plane. The inset of Fig. 6.7(b) provided

the selected area electron diffraction pattern of GFCO nanocrystal.

Fig. 6.7 (a) Bright field TEM image of synthesized Gd.FeCrOs double perovskite. Inset
of (a) shows individual nanoparticles. (b) HRTEM image of nanostructured Gd>FeCrOe
showing crystal planes. Inset shows SAED pattern of Gd2FeCrOs nanocrystal.
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6.1.5 XPS analysis
The chemical binding energies and oxidation states of different elements of as
synthesized GFCO perovskite were scrutinized using XPS. The high resolution XPS
spectra of Gd 4d, Fe 2p, Cr 2p and O 1s core levels for the as-synthesized sample were
displayed in Fig. 6.8(a—d), respectively. The core level XPS spectrum of Gd (Fig. 6.8(a))
can be identified by two characteristic doublet peaks at 4ds, and 4ds, corresponding to
the binding energy of 141.4 eV and 146.3 eV, respectively [170]. In the XPS spectrum
of Fe contents (Fig. 6.8(b)), the observed two main peaks at 710 eV and 724.08 eV might
have arisen due to the spin-orbit splitting of Fe 2p orbital. These two peaks were assigned
to the corresponding states of Fe 2p3» and Fe 2p.», respectively and they indicated the
Fe3* oxidation state of Fe 2p [40]. Apart from these two peaks, a distinguishable satellite
peak was observed at 718.60 eV. In the case of Fe 2p spectra, two adjacent peaks were
observed at 710 eV and 711.20 eV which confirmed the presence of Fe?* and Fe*

oxidation states, respectively [64]. The Cr 2p spectrum shown in Fig. 6.8(c) revealed spin
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Fig. 6.8 (a-d) High-resolution XPS core spectra of Gd 4d, Fe 2p, Cr 2p and O 1s of
Gd2FeCrOg nanoparticles, respectively. The black circles are indicating the experimental
(Exp.) spectra, while the blue solid line is the sum of the fitted peaks. Peak 1, peak 2,
peak 3 and peak 4 are sorted by ascending order of binding energy.
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orbit split 2p3» and 2p1» lines which appeared at 575.85 eV and 586.33 eV, respectively.
The separation between these two doublets was 10.48 eV which corresponded to the +3
oxidation states of Cr [40]. The initial peak in the binding energy curve of the XPS
spectrum of Cr shown in Fig. 6.8(c) was deconvoluted into two maxima around 575.85
and 578.92 eV which corresponded to the valence states of Cr?* and Cr3*, respectively
[64]. The deconvoluted core-level spectrum (Fig. 6.8(d)) of oxygen (O*) 1s
demonstrated two sets of peaks at 528.90 eV due to the singly ionized oxygen atoms and

530.69 eV for the interaction of oxygen atoms within the lattice, respectively.
6.1.6 Magnetic characterization

Fig. 6.9(a) displayed temperature dependent magnetization (M-T) curves of synthesized
GFCO nanoparticles measured via ZFC and FC methods at 5-400 K under 100 Oe
external magnetic field [171]. As can be seen, the FC magnetization curve increased with
decreasing temperature without a sharp transition, indicating that there was no proper
long-range order among Fe®* and Cr®" ions, as evidenced by XRD examination.
Noticeably, the ZFC and FC curves demonstrated a divergence below 50 K which
gradually enlarged at lower temperature below 20 K. Moreover, the ZFC curve exhibited
a cusp-like feature at T ~15 K (marked by the blue arrow in Fig. 6.9(a)) suggesting a Néel
transition [172]. Notably, as like as GFCO, a number of analogous double perovskites
[172-175] demonstrated Néel transition at around 15 K.
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Fig. 6.9 (a) ZFC and FC magnetization vs. temperature measured under 100 Oe applied
magnetic field. (b) M-H hysteresis loops recorded at 300 K, 200 K, 100 K and 5 K under
an applied magnetic field of up to £ 8 T. The inset of (b) demonstrates an enlarged view
of the hysteresis loop at 5 K.
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Further, field dependent magnetization measurements of synthesized GFCO double
perovskite were performed at 300 K, 200 K, 100 K and 5 K under an external magnetic
field of up to £ 8 T. Fig. 6.9(b) presented the measured magnetization vs magnetic field
(M-H) curves. As can be observed from Fig. 6.9(b), the M-H curves acquired at 300 K,
200 K and 100 K were linear and not saturated. At these temperatures, no hysteresis loop
could be detected indicating the paramagnetic nature of as-prepared GFCO nanoparticles.
Inset of Fig. 6.9(b) provided a magnified view of the magnetic hysteresis loop obtained
at 5 K. This hysteresis loop was nearly saturated with a maximum magnetization of ~ 84
emu/g at an applied magnetic field of 8 T (Fig. 6.9(b)) which indicated the presence of
FM state in GFCO nanoparticles at this lowest temperature. From this hysteresis loop, the
values of remanent magnetization (M) and coercive field (Hc) of GFCO were estimated
to be ~ 3.6 emu/g and ~ 821 Oe, respectively. Notably, at 5 K this narrow hysteresis loop
was not completely saturated even upon the application of a magnetic field of 8 T (80
kOe) which indicated the presence of AFM states in GFCO nanoparticles along with FM
domains [114]. These multiple magnetic domain states were a signature of complex
magnetic behavior of GFCO double perovskite at low temperature which was visualized
as follows. According to structural analyses, the Fe** and Cr* ions in GFCO double
perovskite were not perfectly ordered at B sites (B and B’). Moreover, the XPS analysis
evinced the presence of mixed valence states of Fe and Cr in GFCO double perovskite.
Therefore, in the absence of long-range ordering among Fe3* and Cr®* sites, three next
nearest neighbor configurations of B-B ions i.e., Fe?*- Fe3*, Cr?*- Cr¥* and Fe3*- Cr** may
exist in GFCO. Among them, the Fe?*- Fe*" and Cr?*- Cr3* pairs will interact via the
intervening O ions which will give rise to anti-parallel alignment of magnetic spins and
eventually generate non-zero spin moment resulting in AFM behavior [40]. Further, the
magnetic interaction between Fe3*-Cr3* ions can be explained by the Goodenough-
Kanamori rule [154]. According to this rule, the 180° superexchange interaction between
the half-filled Fe3*-d (t2g°e42) orbital and empty Cri*-d (tzg°es®) orbital through O? anion
resulted in FM state. However, the nature of this magnetic interaction transforms into
AFM when the d(eg?) — O — d(eg°) angle got smaller than 180° due to lattice distortion
[176]. Especially, for d®—d® systems like GFCO, the superexchange interaction varied
from FM to AFM for a range of 125° to 150° bond angle [176]. As demonstrated before,
the Fe3*-O%-Cr®* bond in GFCO double perovskite bends to ~148° due to octahedral
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distortion which can also be imputed to the emergence of the competing AFM interaction
along with the FM state.

Furthermore, the M-H hysteresis loop at 5 K (inset of Fig. 6.9(b)) demonstrated an
asymmetric shift although nominal along the field axis indicating the presence of intrinsic
exchange bias effect in this double perovskite [177]. This was another indication of the
concurrence of FM and AFM ordering in as-synthesized GFCO double perovskite [114],
[177]. From the loop asymmetry, the exchange bias field was determined as ~ 15 Oe.
However, further investigation needs to be performed in ZFC condition to confirm the

presence of exchange bias effect in this double perovskite.
6.1.7 Ferroelectric properties

A ferroelectric loop tracer was used to capture ferroelectric hysteresis loops (P-E loops)
at various fields to explore the ferroelectric behavior of synthesized GFCO double
perovskite. Like NFCO double perovskite, the as-synthesized GFCO sample had no
identifiable loops. The measurement started with a 1.0 kV field; however, the system
reported an overloaded signal and no hysteresis loop. The signal stayed the same even
when an electric field of up to 10 kV was applied, demonstrating that GFCO double

perovskite had no ferroelectric characteristics or features.

6.1.8 Optical characterizations and applications

The optical characteristics of as-synthesized GFCO nanoparticles were extensively
investigated by obtaining their UV-visible absorbance spectrum. As can be seen in Fig.
6.10(a), the experimentally obtained absorbance spectrum demonstrated four absorption
bands (marked as A1, A2, Az and A4) both in the UV and visible range indicating the
multiband electronic structure of synthesized GFCO nanoparticles [62]. The high-energy
absorption bands around 333 nm (A1) and 412 nm (Az) can be attributed to the p-d charge
transfer transition [O(2p) — Fe/Cr(3d)] in Fe/CrOs octahedral centers of GFCO [158].
The absorption band, Az around 620 nm was associated with the p-p electronic transitions
and the weak absorption band, A4 around 772 nm might be imputed to the d-d transition
in Fe%* [62]. Thereafter, the absorbance data was employed to calculate the optical band
gap of synthesized GFCO double perovskite. Notably, the optical band gap of GFCO was
determined considering both direct and indirect transition using Tauc relation [159] as the

following

ahv = AChv —E))" e (6.4)
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where « is the absorption coefficient, hv, A, E; and n signify the energy of photons,
proportionality constant, optical band gap and the electronic transition type, respectively.
The value of n would be 0.5 for direct transition and 2 for indirect one [160]. Figs. 6.10(b)
and (c) demonstrated the generated Tauc plots for estimating the direct and indirect
optical band gaps of GFCO nanoparticles, respectively. The values of optical band gaps
were calculated using the abscissa intercepts of the tangents to the linear region of the
plots in these images. For direct and indirect transitions, the band gap values were
determined to be 2.0 and 1.5 eV, respectively.
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Fig. 6.10 Experimentally obtained (a) optical absorbance spectrum, Tauc plots for direct
(b) and (c) indirect optical band gaps estimation and (d) steady-state photoluminescence
spectrum of Gd2FeCrOg nanoparticles at room temperature.

Further, the steady-state PL spectrum of as-synthesized GFCO nanoparticles at room
temperature was obtained for an excitation wavelength of 230 nm to get insight into their
charge-carrier recombination process. As shown in Fig. 6.10(d), a PL peak was observed
at around 626 nm suggesting that upon excitation, the photogenerated electrons and holes
recombine radiatively in GFCO double perovskite. Notably, from the position of the PL
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peak, the band gap value of GFCO was found to be 1.98 eV which closely matched with
the direct band gap value as obtained from the Tauc plot (Fig. 6.10(b)). Moreover, it was
worth noting that in a given span of time, radiative recombination was much less likely
to occur in indirect band gap materials as compared with the direct ones. This was due to
the fact that along with photon, the radiative recombination in indirect band gap materials
also required the involvement of the absorption and emission of phonon. Therefore, it was
plausible to infer that our as-synthesized nanostructured GFCO was a direct band-gap
double perovskite with a band gap value of ~ 2.0 eV. Notably, this outcome indicated the
semiconducting nature of GFCO and, more crucially, reveals its ability to absorb the
visible light of the solar spectrum efficiently.

-0.51
00T = =~ ol ~ ~ ~ M0
) |
) 0.5
>
5 107 [E 208V
; ) R U 05/H20 (+1.23 eV)
)
== 155
.©
g :
= 207 VB [2.02 eV
o d
2.5
3.0-

Fig. 6.11 Schematic diagram of the estimated band positions of Gd2FeCrOg nanoparticles.

Moreover, the band edge positions of as-synthesized GFCO nanoparticles were
determined to evaluate their potential for different optical applications. Mulliken
electronegativity approach [161, 162] was adopted to calculate the conduction band
minimum (CBM) and valence band maximum (VBM) potentials of GFCO. According to

this approach-

Ecsmu=x—Ec—=sE;, e (6.5)
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where y is the Mulliken electronegativity of GFCO which was calculated to be 5.52 eV
based on the electron affinities and atomic ionization energies. E is the energy of free
electrons on the hydrogen scale (~ 4.5 eV) and Ej; is the direct optical band gap (2.0 eV)
as obtained from the Tauc plot (Fig. 6.10(b)). Notably, the CBM and VBM potentials (vs.
normal hydrogen electrode potential, NHE) of GFCO were calculated to be 0.02 and 2.02
eV, respectively. In order to clearly elucidate the band diagram of GFCO in Fig. 6.11, the
estimated band edge positions of GFCO were illustrated with respect to the H*/H:
potential level (0 eV vs NHE, pH 0) and the O2/H-0 potential level (1.23 eV vs NHE, pH
0). Theoretically, if the CBM of a semiconductor was more negative than that of H*/H.
potential, photocatalytic H2 evolution reaction was likely to occur. Similarly, if the VBM
was more positive than O2/H20 potential, Oz gas will evolve. As shown in Fig. 6.11, the
VBM potential of GFCO was sufficiently positive with respect to the oxidation potential
of water which unveiled the promising potential of GFCO nanoparticles to be employed
in photocatalytic O evolution [163]. Notably, it was challenging to find metal oxide
semiconductors that can enable photocatalytic decomposition of water under visible light
illumination. Hence, the favorable surface morphology, optimal direct band gap of 2.0 eV
and the band edge positions of GFCO double perovskite make it a promising candidate

for visible light responsive photocatalysis, especially for oxygen evolution from water.
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6.2 Theoretical investigation of Gd2FeCrOs double perovskite

In this section, the structural, optical and electronic band structure of GFCO double
perovskite were investigated via density functional theory with GGA approach.
Experimentally obtained structural parameters of GFCO from the previous section were
utilized in this calculation. The effect of on-site Coulomb interaction on the structural,
optical and electronic properties of GFCO double perovskite has also been investigated.

6.2.1 Computational details

In order to systematically analyze the structural, optical and electronic properties of our
synthesized GFCO nanoparticles, DFT based first-principles calculations were performed
using both GGA and GGA+U methods within the plane-wave pseudopotential (PWPP)
framework as implemented in the Cambridge Serial Total Energy Package (CASTEP)
[178]. The crystallographic structural parameters obtained from the Rietveld refined
powder XRD spectrum of GFCO were employed for DFT calculation. Prior to
calculation, the geometry was optimized via Brodyden-Fletcher-Goldfarb-Shanno
(BFGS) scheme applying energy of 10-°eV/atom, maximum force of 0.05 eV/A and
maximum stress of 0.1GPa [179]. The Gd 4f85s?5p®6s?, Fe 3d%4s2, Cr 3s23p®3d°4stand O
2s22p* electrons were treated as valence electrons. The plane-wave cutoff energy
convergence result for structural optimization was demonstrated in Fig. 6.12 where the
dashed line represents the default energy cutoff. Cutoff of energy of 450 eV was found
sufficient to obtain the converged ground-state energy of GFCO. Hence, the plane-wave
basis set was employed with the optimized energy cutoff of 450 eV. Moreover, Brillouin-
zone integrations were carried out with a 5x5x3 Monkhorst-Pack k-point mesh [86]. Spin
polarized mode during self-consistent field (SCF) calculations was endorsed and a SCF
tolerance of 2x10°eV per atoms was used.

Notably, to describe the exchange-correlation energy, at first, the GGA method based
on the Perdew-Burke-Ernzerhof functional (PBE) within ultrasoft pseudopotentials
(USP) was used. A spin-polarized calculation was carried out to confirm the exact ground
state of GFCO double perovskite [180]. Further, the GGA+U calculation was performed
with different values of Ues for investigating the effect of Hubbard parameter Uess on the

structural, optical and electronic properties of the GFCO ground state. To be specific, Uest
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was varied from 1 to 6 eV for the Fe 3d and Cr 3d orbitals whereas for the Gd 4f orbital,

Uerr Was kept fixed at 6 eV in accordance with previous investigations [181].
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Fig. 6.12 Plane-wave cutoff energy convergence for structural optimization.

The optical absorption coefficient was obtained by the equation

@ = Zgo @) T S@) F @) o 67

where €, (w) and €, (w) are frequency dependent real and imaginary parts of dielectric
function, w is photon frequency, u, is the permeability of free space [78]. The real part
of the dielectric function €, (w) was evaluated from the imaginary part €,(w) by the

Kramers-Kronig relationship [182].
6.2.2 Crystal structure

In the experimental results section, the crystallographic structure of as-synthesized GFCO
nanoparticles was extensively investigated at room temperature by performing Rietveld
refinement analysis of their powder XRD pattern. Notably, it was observed that GFCO
crystallizes in monoclinic structure with P2:/n space group. The lattice parameters of
GFCO unit cell were found to be a = 5.359(1) A, b = 5.590(2) A, ¢ = 7.675(3) A,
monoclinic angle g = 89.958(1)° with cell volume 229.920 A3 In the present
investigation, first-principles calculation was performed to determine the structural
parameters of GFCO by GGA (Uefs = 0 eV) and GGA + U (Uefr = 1- 6 eV) approaches.
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The calculated lattice constants a, b and ¢, monoclinic angle () along with unit cell
volume were tabulated in Table 6.4. For comparison, the experimentally obtained
structural parameters were also included in the same table. Noticeably, the lattice
constants and monoclinic angles obtained via first-principles calculation were found to
be slightly larger than the experimental values. Nevertheless, this mismatch remained
nominal i.e., within 3% of the experimental results which was consistent with a number
of previous investigations [183, 184]. For instance, the lattice parameters of CO2-metal
organic framework calculated with Hubbard U corrections were reported to remain within
3% of experimental values [184]. Moreover, it was observed that the calculated lattice
parameters and unit cell volume enhanced with the increment of Uess from 0 to 6 eV [183].
In contrast, the monoclinic angle obtained by the GGA+U method decreased with
increasing Uesr in the range of 1-6 eV. Such observations were in well agreement with
previous investigations of related materials [183, 185].
Table 6.4 The calculated lattice parameters, monoclinic angle, unit cell volume, average

of Fe-O and Cr-O bond lengths for different values of Uess along with the corresponding
experimental values.

Uett= Uett= Ueri= Ueti= Ueti= Ueti= Uert = Experimental
0eV leV 2eV 3eV 4 eV 5eV 6 eV Value
a (A) 5.397 5.442 5.448 5.457 5.466 5.470 5.502 5.359

b (A) 5.601 | 5.676 | 5.682 | 5.689 | 5.698 | 5.701 | 5.750 5.590
c(A) 7688 | 7.781 | 7.798 | 7.808 | 7.820 | 7.821 | 7.886 7.675
£©) 89.691 | 90.004 | 90.003 | 89.998 | 89.991 | 89.990 | 89.989 89.958
Volume(A®) | 232.43 | 240.35 | 241.42 | 242.46 | 243.73 | 243.85 | 249.54 229.92

6.2.3 Electronic properties

Electronic properties had a crucial role in determining the optical properties of
perovskites. The electronic properties of GFCO double perovskite were studied from the
calculated band structures and the density of states based on the optimized crystal
structures. The band structure provides basic knowledge of condensed matter and solid-
state physics, which described a compound’s electronic behavior, such as electron energy
level and energy band gap [181, 186].
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6.2.3.1 Electronic band structure

The theoretical investigation was initiated by calculating the spin-polarized electronic
band structure of GFCO within the GGA method (Uefs = 0 €V) as shown in Fig. 6.13(a).
The dotted horizontal line between the valence and conduction bands represents the Fermi
level [21]. As can be observed, for up-spin orientation, a direct electronic band gap of
0.84 eV was obtained whereas for down-spin, the band gap was found to be indirect
having a value of 0.27 eV. Notably, both of these values were much smaller than the
direct optical band gap ~2.0 eV of as-synthesized GFCO as confirmed by UV-visible and
PL spectroscopic analyses. It was well known that electronic band gap of any material
would be close to its optical band gap [187], hence it might be inferred that the band
structure formed for Uess = 0 eV was incorrect. Therefore, the electronic band structure of
GFCO was determined via GGA+U method with Uess = 1-6 eV.
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Fig. 6.13 Electronic band structure of Gd2FeCrOe for (a) Uets = 0 eV, (b) Uets = 1 eV, (C)
Uers = 3 eV, (d) Uess = 5 eV and (e) Uest = 6 eV. Black and blue curves represent up-spin
and down spin orientations, respectively. The energy ranges from -3 to 3 eV and the zero
is set to the Fermi energy Er.

The electronic band structures obtained for Uess = 1, 3, 5, 6 eV were presented in Fig.

6.13(b-e), respectively. As can be seen from Fig. 6.13, the gap in the up-spin band
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enlarged with increasing Ues which might be attributed to the enhanced localization of
the Fe-3d and Cr-3d orbitals due to increased Uesr [183]. It was worth noting that for Ues
=1, 3, 5 eV, both the valence band maximum (VBM) and conduction band minimum

(CBM) were within the A symmetry point indicating direct band structure.

However, at Uess = 6 €V, an indirect up-spin band structure was obtained which was
inconsistent with all the previous cases. It should be noted that so far both experimental
and theoretical calculations provided strong evidence in support of direct band structure
of GFCO. Therefore, the indirect band structure obtained for Uess = 6 eV calls into
question the applicability of employing large Hubbard parameter (i.e. Uet > 5 €V) in first-
principles calculations of GFCO double perovskite [183]. Moreover, it was interesting to
note that the theoretically calculated up-spin band gap values were within the range of
2.46 - 2.84 eV which ensured the semiconducting nature of GFCO double perovskite as

was also evident from the UV-visible and PL spectroscopic analyses (Fig. 6.10).

In the case of down-spin orientation, for all values of Uefs (1, 3, 5, 6 eV), both the CBM
and VBM were obtained within the G symmetry point indicating again direct band
structure. Interestingly, the band gap value increased monotonically from Uefs = 1-5 eV
but an anomalous decrease can be observed at Uest = 6 eV (Fig. 6.13(e)). Therefore, it
might be conjectured that the optimized value of Uess for first-principles calculation of
GFCO would be less than 6 eV [183].

For understanding the carrier transport in the material, the curvature at band extrema were
quantified by calculating the technologically important charge carrier effective masses
using following expression [163].

L (PPE\T
m*=h W) (6.8)

Here, E is the band-edge energy as a function of wave-vector k. The electron effective
mass (me*) was calculated by parabolic fitting of the E-k curve within the small region of
wave-vector near the CBM [163, 188]. The hole effective mass (mn*) was estimated by

analyzing the region near the VBM using similar approach [163]. The variations of me*
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Fig. 6.14 Variation in absolute charge carrier effective mass as a function of Uefr. me* and
mp* are the electron and hole effective masses, respectively in units of the electron rest
mass, Mo.

and mp* of GFCO double perovskite as a function of Uesr are illustrated in Fig. 6.14 both
for up-spin and down-spin orientations. For up-spin band structure, me* was reduced from
15.5 mo to 10.6 mo for Uest = 0 eV to Uess = 1 eV suggesting an increase in curvature at
the CBM. Between Uess 0f 1-5 eV, the values of me* changed nominally (~1.3mo). Further,
for Uess = 6 €V, an enhancement of 3.5 mo was noticed which corresponded to the
reduction in curvature at CBM. Clearly, in Fig. 6.14, a similar dependence of mn* on Uet
both for up and down-spin orientations was observed. Moreover, for down-spin band
structure, a notable increase was noticed in me* from 26.1 mo to 81 mo for Uess = 5 eV to
Uerf = 6 eV. However, the variation was comparatively smaller (~ 11.2 mo) in the range
of Uessr = 0-5 eV. It was worth mentioning that while varying the values of Uess for
electronic band structure calculation, the structural parameters were kept fixed at
experimentally obtained values. Hence, it was confirmed that the variations in me* and
mn* with Uess were solely due to the electronic effects. Such variation trend again justified
that it would be worthwhile to consider Uesr within the range 1-5 eV for GFCO double

perovskite.
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6.2.3.2 Density of states

Further, in order to resolve the contribution of each individual orbital to the electronic
bands of GFCO double perovskite, the total density of states (TDOS) and partial density
of states (PDOS) of Gd-4f, Fe-3d, Cr-3d and O-2p orbitals of Gd.FeCrOs¢ perovskite were
calculated using GGA+U method with Uess = 0, 1, 3, 5 and 6 eV, as shown in Fig. 6.15. It
was noteworthy that density of states provides numerical statistics on the availability of
state at each energy level. A high density of states at a given energy level represented a
high number of available energetic states for occupation [189] whereas a DOS of zero
implied that no state was occupied at that energy level. Total and partial DOSs

demonstrated the contribution of hybridized electrons in any atoms of the sample.

Beginning with the character of the conduction band (E-Er > 0 eV) obtained for up-spin
orientation, the following observations were made. At Uesr = 0 eV, Fig. 6.15(a), the
conduction band lying at around 1 eV was made up of a hybridization of Fe-3d and O-2p
orbitals. This band disappeared after considering the effect of Hubbard Ue# which
corresponded to the decrement in me* at Uess = 1 eV (Fig. 6.15(b)). Notably, the
conduction band (at around 2.5 eV) obtained for Uer = 1 eV had primarily the
characteristics of Cr-3d with a minor contribution from O-2p. Further, as shown in Fig.
6.15(c) and (d), with the increase of Uess up to 5 eV, this conduction band shifted to higher
energy resulting in the enlargement of band gap. Also, the contribution of Cr-3d to the
up-spin conduction band enhanced with increasing Uest. Interestingly, at Uess = 6 €V (Fig.
6.15(e)), it was seen that the computed PDOS for Gd-4f orbital radically altered and the
conduction band arose mainly due to the hybridization of Gd-4f with a minor contribution
from Cr-3d orbital. Such anomaly was another indication for the limitation of Uess > 5 eV

to explain the electronic band structure of GFCO double perovskite accurately.

Now, if the valence bands (E-Er < 0 eV) of up-spin electronic band structure were
analyzed, as shown in Fig. 6.15(a), it might be observed that the valence band at Uefr = 0
eV was composed of Cr-3d, O- 2p as well as Fe-3d orbitals. However, when Ueft was
used, the contribution of Fe-3d was diminished. To be specific, the up-spin valence band
for Uess = 1 eV was made up of the hybridization of Cr-3d and O-2p states (Fig. 6.15(b)).
From Fig. 6.15(c), (d) and (e), it was noticed that with increasing Uesr, the contribution of
Cr-3d state gradually decreased leaving only O-2p to dominate the valence band at Uess =
6 eV which can be associated with the enhancement of my*.
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Fig. 6.15 Calculated total density of states (TDOSs) and partial density of states (PDOSSs)
of Gd-4f, Fe-3d, Cr-3d and O-2p orbitals for both up-spin and down-spin channels. The
panels (a)-(e) show the DOSs for Uess = 0, 1, 3, 5, 6 eV, respectively. The zero is set to
the Fermi energy.

Further Fig. 6.15(a) demonstrated that at Uest = 0 eV, the conduction band (E-Er > 0 eV)
of down-spin structure was dominated mostly by Fe-3d orbital with a negligible
contribution from O-2p. As can be noticed in Fig. 6.15(b), (c) and (e), the characteristics
of the conduction band did not change much due to the effect of Hubbard Uest up to 5 eV.
Only a gradual shifting of conduction band to a higher energy was noticed with increasing
Uesr as expected [183]. However, when a Uesr of 6 eV (Fig. 6.15(e)) was employed, a new
flat conduction band appeared at around 1.25 eV owing to the sole contribution of Gd-4f
state. Furthermore, in the case of the down-spin valence band (E-Er < 0 eV), a significant
influence of Uess was observed. Without considering the Coulomb repulsion effect (i.e.,
for Uers = 0 €V in Fig. 6.15(a)), the valence band was obtained near the Fermi level which

was attributed to the hybridization of Fe-3d and O-2p orbitals. After applying Uess = 1 eV
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(Fig. 6.15(b)), this band disappeared followed by the emergence of a new band at around
- 1.5 eV which shifted gradually to higher energy with increasing Uess of up to 6 eV (Fig.
6.15(b)-(e)). Notably, the formation of this band had the contribution from only O-2p
orbital.

6.2.4 Mulliken population analysis

The effective atomic charge, bond population and bond length in a crystalline solid were
obtained from Mulliken population analysis which provided insight into the distribution
of electrons among different parts of the atomic bonds, covalency of bonding as well as
bond strength [190, 191]. Mulliken effective charge, Q(a) of a particular atom was

calculated using the following expression [191].

0@ =) Y Z D Bu0Sw) e (6:9)
K TR

where F,,, denotes an element of the density matrix and S,,,, refers to the overlap matrix.

And the bond population, P(af) between two atoms a and S can be expressed as [191]-

onaonp
P(ap) = Z a)kz Z Z 2P, (K)Sp(K)  woreee e (6.10)
k u v

Table 6.5 provided the calculated Mulliken effective charges of individual atoms, bond
populations and bond lengths between different atoms in GFCO crystal structure.
Noticeably, for all values of Uesr, the Mulliken effective charges of the individual Gd, Fe,
Crand O atoms were found to be reasonably smaller than their formal ionic charges which
were +3, +3, +3, and -2, respectively. Such difference between Mulliken effective and
formal ionic charges was an indication of the existence of mixed ionic and covalent
bonding in GFCO [190]. It should be noted that small Mulliken effective charge of an
atom was associated with its high level of covalency and vice versa [189, 191]. Therefore,
it was inferred that GFCO double perovskite included chemical bonding with prominent
covalency. Further, in Table 6.5, an enhancement was observed in the effective charges
of Fe, Cr and O atoms after employing Uess in the first-principles calculation (Uess = 1-6
eV). This outcome indicated that the degree of bond covalency in GFCO reduced to an

extent due to the effect of on-site Coulomb interaction.
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Table 6.5 Mulliken effective charges of individual atoms, bond populations and bond
lengths of Gd.FeCrOs for different values of Uer obtained via Mulliken population
analysis.

Atom GGA+U
Ueri= 0 Ueti=1 Uefi= Uet=3 Uefi= Uefi= Uefi= 6
eV eV 2eV eV 4eV oeV eV
Mulliken effective charge (e)
Gd 1.52 1.49 1.49 1.49 1.49 1.50 1.50
Fe 0.59 0.78 0.79 0.80 0.82 0.82 0.84
Cr 0.53 0.58 0.59 0.61 0.62 0.63 0.65
@) -0.69 -0.72 -0.73 -0.73 -0.74 -0.74 -0.75
Bond Bond population
Gd-O | 0.1450 | 0.1587 | 0.1600 | 0.1625 | 0.1637 | 0.1662 | 0.1700
Fe-O | 0.3200 | 0.3100 | 0.3166 | 0.3166 | 0.3166 | 0.3166 | 0.3066
Cr-O | 0.3533 | 0.3200 | 0.3200 | 0.3200 | 0.3200 | 0.3133 | 0.3100
O-O | -0.0350 | -0.0333 | -0.0333 | -0.0333 | -0.0333 | -0.0333 | -0.0333
Bond Bond length (A)
Gd-O 2.475 2.501 2.504 2.505 2.507 2.507 2.524
Fe-O 2.023 2.051 2.061 2.065 2.065 2.069 2.083
Cr-0 2.026 2.036 2.042 2.049 2.050 2.057 2.079

Table 6.5 also presented the bond populations and bond lengths of Gd-O, Fe-O, Cr-O and
0O-0 bonds in GFCO double perovskite as obtained for Uefs = 0-6 eV. It was noteworthy
that a large positive value of bond population was associated with high degree of
covalency whereas a small bond population indicates high degree of ionicity in the
chemical bond [192]. In the present investigation, the bond populations of the Gd-O, Fe-
O and Cr-O were determined to be positive whereas the bond population of O-O was
negative for all values of Uest. This result suggested that no bonds had formed between
the O atoms in GFCO double perovskite [181, 186]. Moreover, the calculated bond
populations of Fe-O and Cr-O were found to be considerably larger than that of Gd-O.
Such observation implied that the Fe-O and Cr-O bonds possess higher degree of
covalency as compared to Gd-O bonds. It was also worth noticing that the bond
populations of Fe-O and Cr-O calculated by GGA+U method (Uets = 1-6 eV) were lower
than the values obtained by GGA method (Uett = 0 eV). This result provided further
evidence for the influence of Coulomb repulsion to reduce the covalency of Fe-O and Cr-
O bonding in GFCO as was observed before by analyzing the calculated Mulliken
effective charges. Furthermore, Table 6.5 demonstrated that the bond lengths of Fe-O and
Cr-O were reasonably smaller than that of Gd-O which can be attributed to their larger

bond population and consequently, higher degree of covalency as compared to Gd-O
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bonding.

6.2.5 Electron charge density

For further understanding of the chemical bonding nature, the electron charge density
distribution of GFCO double perovskite was determined along the z-axis by GGA (Uetf =
0eV)and GGA + U (Uet = 1, 3 and 6 eV) methods as illustrated in Fig. 6.16. It was worth
noting that a typical covalent bond between two atoms involves overlapping of electron
clouds from both of them and the electrons remained concentrated in the overlapping
region [193]. In Fig. 6.16, for all values of Ues, a larger overlap of electron cloud was
observed between Fe/Cr and O atoms as compared to Gd and O atoms. Such observation
implied that the covalent bonds between Fe/Cr and O in GFCO were considerably
stronger than the bond between Gd and O as was also revealed by Mulliken population

analysis.
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Fig. 6.16 Electronic charge density along z-axis of Gd2FeCrOs for (a) Uetr = 0 eV, (b)
Uerf =1 eV, (C) Uess =3 eV, and (d) Uess = 6 eV.

Moreover, no electron clouds could be seen in the region between one of the two Gd

atoms and O, implying the establishment of an ionic bond between these two atoms [189],
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[194]. Notably, the charge sharing between Fe/Cr and O was attributed to the
hybridization among Fe/Cr-3d and O-2p orbitals and the Gd-O bond formation was
associated with the hybridization between Gd-4f and O-2p orbitals, as shown by the DOS
curves (Fig. 6.15).

Furthermore, after including the influence of on-site Coulomb interaction (Ues) in first-
principles calculations, the overlapping of electron clouds between Fe/Cr and O atoms
became relatively narrower, as shown in Fig. 6.16(a) and (b). Afterward, the electron
charge density in the overlapped region between Fe/Cr and O atoms enhanced with
increasing Uess (Fig. 6.16(c) and (d)) which was consistent with the outcome of Mulliken

population analysis.

6.2.6 Light absorption property

The absorption coefficient provides valuable information about a material's light-
harvesting ability. The optical absorption coefficient of GFCO was evaluated by first-
principles calculation via GGA (Uess = 0 eV) and GGA+U (Uess = 1-6 eV) approaches
using a polarization technique which included the electric field vector as an isotropic
average in all directions [195]. To gain additional distinguishable absorption peaks, a
small smearing value of 0.5 eV was used. Fig. 6.17(a) illustrated the calculated absorption
coefficients of GFCO double perovskite as a function of wavelength to demonstrate the
effect of Hubbard Uefr parameter on its light absorption property. In Fig. 6.17(a), for all
values of Ues, two absorption peaks were clearly observed in the UV region which
indicated the strong UV light absorption capacity of GFCO. Noticeably, the stronger
absorption coefficient peak was located at around 120 nm and it was slightly redshifted
as Uesr increased. On contrary, the weaker absorption peak at around 320 nm was slightly
blue-shifted for higher values of Ues. It was worth noticing that the experimentally
obtained spectrum (Fig. 6.10) had two additional bands in the visible region along with
the two bands as obtained theoretically in the UV regime. This might be related to the fact
that the DFT calculations were performed for 0 K whereas the experiment was conducted
at room temperature. Such difference in conditions was attributed to the discrepancy

between the optical and theoretical absorbance spectra of GFCO [196, 197].

Fig. 6.17(b) showed the absorption coefficient vs Ues curves of GFCO for some fixed
values of wavelength ranging from 150 to 600 nm. It should be noted that for the

wavelength of 150 nm, the absorption coefficient attained its minimum and maximum
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values for Uess = 4 €V and Uesr = 5 €V, respectively suggesting that the coefficient was
underestimated and overestimated for these Uest values. Similarly, it was found that except
at Uerr = 3 eV, the absorption coefficient was either overestimated or underestimated at
all other values of Ues for any of the specific wavelengths such as 200, 250, 300 nm etc.
This intriguing observation was highlighted by the rectangle in Fig. 6.17(b).
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Fig. 6.17 (a) Variation of theoretically obtained absorption coefficient of Gd2FeCrOs
perovskite as a function of wavelength for different Uesr. (b) The absorption coefficient
vs. Uesr for some fixed values of the wavelength.

6.2.7 Comparison of experimental and theoretical optical band gaps

Further, the calculated absorption coefficients were employed to theoretically calculate
the optical band gap values of GFCO double perovskite using Tauc relation [159]. Fig.
6.18 showed the variation in theoretically calculated direct band gap values as a function
of Uesr. Noticeably, a direct band gap value of 0.5 eV was obtained by GGA method (U
= 0 eV) which was significantly smaller than the experimental value ~2.0 eV. Further,
with the increase of Uest up to 5 €V, an almost linear increase was observed in the direct
optical band gap values of GFCO double perovskite. However, an anomalous decrease
was noticed for a further increase of Ues to 6 V. It was intriguing to note that the direct
optical band gap (~1.99 eV) obtained for Uess = 3 eV matched well with the experimentally
obtained one (~2.0 eV) which was marked by a circle in Fig. 6.18. Also, the calculated
band gap value (2.08 eV) for Uest = 6 eV was very similar to that of the observed
measurement. But as demonstrated before, the character and curvature of the conduction
and valence bands inaccurately changed for Uest > 5 eV. Hence, fitting Uefs to the band
gap alone provided erroneous results for such double perovskite materials especially in

the cases where the role of the band edge character was crucial.
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Fig. 6.18 Variation in theoretically calculated direct optical band gap as a function of Uesr.
The red circle represents the experimentally obtained optical band gap value.

Finally, it was fascinating to note that the predictions for all the properties of GFCO (i.e.,
structural, electronic, and optical) considering Uest = 3 eV closely matched with the
experimental results without any over or underestimation of band gap values. This could
be implied that the Uesr value of 3 eV most accurately localized the Fe-3d and Cr-3d
orbitals of GFCO. Moreover, the almost accurate estimation of band gap values suggested
that the effect of self-interaction error from the other orbitals of GFCO was almost
negligible [198, 199]. Therefore, Uess = 3 eV is recommended for the GGA+U calculation

of electronic and optical properties of GFCO double perovskite.



CHAPTER 7
SUMMARY AND CONCLUSIONS

7.1 Summary

The outcomes of this investigation are summarized as:

The parent single perovskites NdCrOs and NdFeOz were initially studied using
first-principles DFT calculations to investigate the physical properties of
Nd2FeCrOg double perovskite. The G-type AFM arrangement of spins exhibits
the lowest energy for all values of U for single perovskites NdCrOs and
NdFeOs, and the symmetry analysis of the optimized structures revealed the
orthorhombic phase with the Pnma space group. Likewise, the parent single
perovskites NdFeO3z and NdCrOg, for U = 3.5 eV double perovskite Nd2FeCrOg
also showed that G-type AFM arrangement of Fe and Cr spins are energetically

favorable.

DFT studies showed that due to the G-type AFM spin arrangement with Fe**;-
O-Fe**; and Cr¥;-O-Cr® super-exchange interactions, the single parent
perovskite oxides NdFeOz and NdCrOs, respectively had no net magnetic
moment. However, Nd2FeCrOg possesses a net magnetic moment of ~2ug/f.u.
due to Fe3*;-O-Cr®| super-exchange interaction with an ordering temperature
of ~265 K.

Using DFT calculations, the band structure and DOS calculations of
Nd2FeCrOes double perovskite were analyzed critically. It was found that
Nd2FeCrOe double perovskite is a semiconductor material and with a direct
band gap of ~ 1.85 eV. The density of states also showed that hybridized O-
2p+Cr-3d(tzg) orbitals dominate at the top of the valence band whereas Fe-

3d(t2g)+0O-2p states dominate at the bottom of the conduction band.

The thermodynamic, mechanical, and dynamic stability results demonstrated
that it was possible to synthesis Nd2FeCrOs double perovskite at ambient

pressure.

The double perovskite Nd2FeCrOg were successfully synthesized by sol-gel
technique as anticipated by theoretical predictions. Another double perovskite,
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Gd2FeCrOs were also synthesized using the same synthesis route. Rietveld
refinement of powder XRD patterns of Nd2FeCrOg and Gd:FeCrOes were
carried out to detect the samples’ crystallographic phases that confirmed single-
phase Nd2FeCrOg and Gd2FeCrOe perovskites without any impurity phases.
The Rietveld refinement also ensured the orthorhombic and monoclinic crystal
structures with space group Pnma and P2i/n, respectively. Atomic positions,
bond length and bond angles were also extracted from Rietveld refined XRD
patterns. Unequal bond lengths of Fe/Cr-O and Fe-O-Cr's bond angles ensured
the presence of Jahn-Teller distortion and octahedral tilting, respectively. The
average tilt angles 13.76° and 15.96°, respectively, confirmed the structural
distortion of the Nd2FeCrOs and Gd2FeCrOs unit cells.

The FTIR spectra of Nd2FeCrOg and Gd2FeCrOs indicated the existence of
bending and stretching vibrations of Fe/Cr-O bonds in the Fe/CrOg octahedra.
At room temperature, Raman spectroscopy was used to analyze the crystal
structure, cation disorder, and spin-phonon coupling of as-synthesized
Nd2FeCrOs and Gd2FeCrOe double perovskites. The Raman spectrum of
Nd2FeCrOs and Gd,FeCrOg displayed two broad modes around 500 cm™ and
700 cm™ corresponding to By and Ag modes, respectively. From the Raman
spectra of Nd2FeCrOg and Gd2FeCrOs, the Fe/Cr-O bond length was found to
be 1.954 A and 1.95 A, respectively, which agree well with the value obtained
from the XRD investigation.

The FESEM image demonstrated that the particle size of Nd2FeCrOe¢ and
Gd2FeCrOs double perovskites were mostly within the range of ~ 40 to 130 nm

with an average ~70 nm.

For both compounds, the existence of mixed-valence states of Fe (Fe?* and
Fe3*) and Cr (Cr?* and Cr®") were confirmed by XPS analysis.

Temperature-dependent magnetization measurements of Nd2FeCrOs revealed
two magnetic transitions at 251 K (Tn1) and 53 K (Tnz). Under field cooling
conditions, the M-T curves of this double perovskite showed magnetic reversal
behavior at a low temperature of 6 K. The exchange bias effect was observed
in this double perovskite material while the sample was cooled down from 300

K to 10 K and cooling magnetic fields (Hcool) were applied.
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Temperature-dependent  magnetization measurements of  Gd2FeCrOs
nanoparticles demonstrated a divergence below 50 K which gradually enlarged
at lower temperature below 20 K. Moreover, the ZFC curve exhibited a cusp-
like feature at T~15 K, suggesting a Néel transition. At 5 K, a nearly saturated
small magnetic hysteresis loop with saturation magnetization, Ms of ~84 emu/g

was observed.

Both UV-visible absorbance and photoluminescence spectra were taken to
calculate the optical band gaps of Nd2FeCrO¢ and Gd2FeCrOg nanoparticles.
The direct optical band gap of Nd2FeCrOs and Gd2FeCrOs double perovskites
were found to be 1.95 eV and 2.00 eV, respectively.

The estimated valence band edge position of Nd2FeCrOg nanoparticles was
found to be greater than the potential of O2/H20, implying that O2 gas could
evolve using this material as a photocatalyst, while the conduction band edge
potential was found to be less negative than the H*/H potential, implying the
possibility of photocatalytic H> evolution. The estimated valence band edge
position of Gd2FeCrOs double perovskite was found to be larger than the
potential of O2/H0.

The physical properties of Gd2FeCrOg double perovskite were also investigated
theoretically using experimentally obtained structural parameters by employing
GGA and GGA+U approaches. First-principles DFT calculations suggested
that the effect of Hubbard parameter, Uet (1 to 6 eV) on the lattice parameters
of Gd2FeCrOg perovskite was nominal. On the contrary, a significant effect was
observed on the electronic structure and band gap of double perovskite
Gd2FeCrOe.

Using DFT calculations, the band structures of Gd.FeCrOes were analyzed

critically. It was found that Gd>FeCrQOeg is a direct band gap semiconductor.

The DOS estimated using the GGA+U approach (Uer= 1, 3, 5, and 6 eV)
revealed that the valence band maximum of Gd:FeCrOs arose from the
hybridization of Fe-3d, Cr-3d, and O-2p states for up spin orientation, but the
conduction minimum was made up of Cr-3d and O-2p hybridization states. The
valence band maximum in the down spin channel was related to the

hybridization of Cr-3d and O-2p states, whereas the conduction band minimum
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was assigned to Fe-3d and O-2p hybridization states.

® The experimentally obtained optical band gap~ 2.0 eV was in excellent

agreement with the theoretically calculated band gap of 1.99 eV for Uess = 3eV.

Table 7.1 Comparison among experimental different parameters of as-synthesized
Nd2FeCrOe and Gd2FeCrOs double perovskites.

Nd2FeCrOs Gd2FeCrOs
Synthesis technique Citrate based sol-gel Citrate based sol-gel
Tolerance factor 0.94 0.91
Crystal structure Orthorhombic Monoclinic
Space group Pnma P21/n

Lattice parameter

a=5.523(0) A, b=7.724
(1) A, c=5.435(2) A,

a=5.359 (1) A b=
5.590 (2) A, c=7.674
3) A

B =89.958 (1)°

Unit cell volume

231.9 A3

229.9 A3

Average bond length of
Fe/Cr-O

1.99 A (from Rietveld)
~1.954 A (from Raman

1.99 A (from Rietveld)
~1.95 A (from Raman

spectrum) spectrum)
Average bond angle 152.47° 148.07 °
between Fe/Cr-O-Fe/Cr
Tilt angle 13.76 ° 15.96 °
Average crystallite size 29 nm 56 nm
Particle size Around ~70 nm (FESEM) | Around ~70 nm

Around ~55 nm (TEM)

(FESEM) 60-100 nm
(TEM)

Thermal stability

Stable up to 1000 °C

Stable up to 1000 °C

Magnetic nature

Coexistence of weak
ferromagnetic and
antiferromagnetic nature

Coexistence of
ferromagnetic and
antiferromagnetic nature

Transition temperature

Tne =251 Kand Tne=53
K

Tn=15K

Magnetization reversal

Present

Not present

Exchange bias effect

Present

Present

Material type

Semiconductor

Semiconductor

Band gap

1.95 eV (direct)

2.0 eV (direct)

Maximum absorption region

UV region

UV region

7.2 Conclusions

First-principles DFT calculations suggested that compared to the AFM nature of the

parent single perovskites NdFeOs and NdCrOs, the nature of B site ordered double

perovskite Nd2FeCrOs is a ferrimagnetic ground-state with a total magnetization of 2 s
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per formula unit due to the Fe**-O-Cr3* super-exchange interaction. The band structure
and density of states calculations confirmed the semiconducting nature of this material
with a direct band gap of ~1.85 eV which is significantly smaller than the band gaps of
its parent single perovskites. Notably, the crystallographic structure and physical
properties of most of the single perovskite materials are experimentally well established,
however, double perovskites are comparatively less investigated. Therefore, the
experimental data for various double perovskites are always not available. This first-
principles DFT investigation might pave the way for the theoretical prediction of the
physical properties of any new double perovskite materials by employing the
experimental parameters of their parent single perovskites and optimizing the effects of
on-site d-d Coulomb interaction energy within GGA+U calculations.

Based on the outcome of DFT calculations, Nd2FeCrOs double perovskite was
synthesized via sol-gel method and its structural, magnetic and optical properties were
investigated extensively. The XPS study confirmed the existence of mixed oxidation
states of Fe and Cr in the Nd2FeCrOg nanoparticles. A temperature and field-dependent
magnetization investigation revealed the presence of both weak ferromagnetic and
antiferromagnetic domains in Nd2FeCrOs double perovskite which resulted in
magnetization reversal in the field-cooled mode at compensation temperature (Tcomp) Of
6K. The exchange bias effect is observed which is attributed to the interaction between
the Nd and Fe/Cr sublattices. The exchange bias field values showed an increasing trend
with an applied magnetic field while the sample was cooled from room temperature to 10
K. It is anticipated that the newly synthesized Nd2FeCrOs double perovskite with
simultaneous presence of magnetization reversal and exchange bias may be a promising
option to be used in innovative multifunctional devices. Moreover, the estimated band
gap of Nd2FeCrOs perovskite was within the visible range; which suggest that this
synthesized direct band gap semiconductor might have the ability to function as a
photocatalytic material.

The Rietveld refined powder XRD pattern and electron microscopy imaging
demonstrated the successful synthesis of Gd2FeCrOs nanoparticles with ~ 70 nm average
particle size. During field cooling, the increase of magnetization with decreasing
temperature without any sharp transition indicated the absence of proper long-range order
among Fe** and Cr®" ions as was also suggested by XRD and XPS analyses. As a
consequence, the coexistence of FM and AFM states in Gd2FeCrOs double perovskite
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was observed at 5 K. This was further evident from the emergence of intrinsic exchange
bias effect at 5 K. Both UV-visible and photoluminescence spectroscopic analyses
demonstrated that band gap of Gd:FeCrOes perovskite is within visible range and
therefore, it can be concluded that this synthesized direct band gap semiconductor might
have the ability to function as a photocatalyst material. Moreover, the band edge positions
of as-synthesized Gd2FeCrOg nanoparticles revealed that the valence band maximum
potential is sufficiently positive with respect to the oxidation potential of water which
unveils the promising potential of these nanoparticles to be employed in photocatalytic

oxygen evolution from water.

The first-principles based GGA and GGA+U methods have employed to calculate the
spin polarized electronic band structure, Mulliken bond population, electron charge
density distribution and optical characteristics of the newly synthesized direct band gap
semiconductor Gd2FeCrOg double perovskite for a range of Uess between 0 and 6 eV,
applied to the Fe-3d and Cr-3d orbitals. The structural parameters of the monoclinic
Gd2FeCrOs crystal varied nominally with Uesr. To the contrary, the variation of Ues
demonstrated significant effect on the electronic band structure which indicated the
importance of employing a reasonable value of Uess to correct the over-delocalization of
the Fe/Cr-3d states. For Uess> 5 eV, the computed partial density of states for Gd-4f orbital
radically altered which had significantly changed the band structure. In particular, it is
seen that the character and curvature of the conduction and valence bands largely varied
for Uess > 5 eV leading to enormous changes in calculated charge carrier effective masses.
Notably, in the case of Uest = 3 eV, the theoretically calculated direct optical band gap
~1.99 eV matched well with the experimental value ~2.0 eV. These findings justify that
it might be worthwhile to employ Uer = 3 eV to accurately calculate the structural,
electronic and optical properties of Gd2FeCrOe double perovskite. The outcome of this
investigation might be useful for a keen understating of the electronic and optical
properties of this newly synthesized double perovskite and related material systems for
photocatalytic applications via band gap engineering. This study also revealed the
importance of conducting systematic analysis of the influence of on-site Coulomb
interaction on band gaps as well as on the electronic structure as a whole for related other
double perovskite materials for which experimental data are still not available.
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7.3 Scope for future work

The theoretical investigations were carried out on ordered double perovskites. The
physical properties of disordered Nd2FeCrOs and Gd2FeCrOg double perovskites
may also be studied theoretically.

To observe antisite disorder (if any) in Nd2FeCrOs and Gd:FeCrOs double
perovskites, Lorentz transmission electron microscopy imaging may also be
carried out. Magnetoresistance measurements (if any) may also be carried out.
Due to suitable band gap and band edge positions of Nd>FeCrOg and Gd2FeCrOe,
experiments on their photocatalytic dye degradation and hydrogen production via
water splitting may be conducted.
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