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Abstract

The present work demonstrates the tuning of /- orbital
crystal field splitting in the NdAIO; rare-earth
aluminate  system by  La-substitution. The
polycrystalline samples of pure and La-substituted
NdAIO; have been synthesized using the sol-gel
synthesis method. The purity of the rhombohedral
phase of Nd;xLaxAlO3 (x =0, 0.1, 0.2, 0.3, 0.4, 0.5)
samples have been confirmed via X-ray diffraction
studies. The effect of the ionic radius of La at the Nd
site¢ has been observed in structural and optical
properties. The structural distortion due to an increase
in ionic radii of La-cation has been realized in terms
of systematic increment in the lattice parameter,
Nd/La—O bond length, and Nd/La—O-La/Nd bond
angle. Further, in order to observe the f~f transitions,
optical absorption spectroscopy experiments have
been performed for Nd;.xLaxAlO3 samples in diffuse
reflectance mode. The observed crystal field
transitions related to Nd-cation seen in optical spectra
show systematic variation with increasing La-
substitution. These variations have been understood

by correlating the difference in change transition



energy (E2-E1) with Nd/La-O bond length. This study
has proven the potential for optical absorption
spectroscopy in detecting and tuning of crystal field
transitions. In order of further investigate the crystal
filed splitting of the considered system, theoretical
work in PyCrystalfiled Software and Simpre Software

has been done.
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Chapter 1

Introduction

1.1 History of perovskite material:

The rapid progress in the field of perovskite materials has led to a significant
amount of research and development, as well as commercial interest from
companies looking to bring perovskite-based products to market.! However,
there are still challenges to be addressed in terms of the stability and
scalability of perovskite materials, and ongoing research efforts are focused
on addressing these issues. Perovskite materials have a unique crystal
structure, which was named after the mineral perovskite (CaTiO3) - a
calcium titanate-based mineral.”> The mineral was discovered in the Ural
Mountains of Russia by Gustav Rose, a German scientist, during a trip to
Russia in 1839.? It was named 'perovskite' after the Russian mineralogist
Lev Aleksevich von Perovski.? In the 1990s, perovskite materials began to
attract significant attention in the field of solid-state electronics due to their
interesting properties, such as high-temperature superconductivity.* Today,
researchers have started exploring the use of perovskite materials for
photovoltaic applications.>® One category of layered perovskite derivatives
that has gained increasing research attention is the Ruddlesden—Popper (RP)
perovskites.” They have a general formula of An+1BnX3ni1 or AX(ABX3) n,
where n =1, 2, 3, and so on. RP perovskites consist of alternating rock-salt
layers (AX) and perovskite-like layers (ABX3) along the crystallographic
c-axis direction.” The positive integer n represents the number of
consecutive perovskite-like layers, consisting of corner-sharing BXs
octahedra, that are sandwiched between two rock-salt layers.” Currently, RP
phases with single (n = 1), double (n = 2), or triple (n = 3) perovskite layers
are the most widely studied. As n approaches infinity (n — ), it
corresponds to the well-known simple perovskite phase (ABX3, where X=

oxygen anion).’



1.2 ABOs-type perovskite material:

The perovskite family is one of the most important representatives among a
large variety of inorganic compounds.® The ABOs-type compounds with the
perovskite structure are constituted by most of the chemical elements from
the periodic table that majorly involve transition metal elements, however,
this range also extends to group IITA elements, viz., gallates, indates, and
so forth.** The diversity of elements that form perovskite structures and
their ability to create cation- or anion-deficient structures shows an
extremely broad range of physical and chemical properties.” ABOs;
perovskites-based oxide system in different fields with wide applications in
energy storage devices'’, electrode and electrolyte material in fuel cells'!,
magnetism'?, ferroelectrics'®, redox reaction'*, etc. Most of the physical
properties of ABO3 perovskite material, including structural distortion of
the lattice, band structure, vibrational properties, etc., are governed by the

tilting of BOg octahedra’.

Figure 1.1: Schematic diagram of ABO;.!*

In the ABOs type systems, since the A-site cation (rare earth element (La,
Pr, Nd, etc.), or alkaline earth element (Ca, Sr)) is larger than the B-site
cation (a transition or p-block element such as Fe, Ti, Al etc.), B-site cation

is hexa-coordinated, forming BO® octahedra within the lattice structure,



whereas A-site cation forms polyhedral configuration whose coordination
depends on the lattice structure,’!¢ {(some examples: (a) In the Sr atoms sit
in the 12 coordinate A site, while the Ti atoms occupy the 6 coordinate B
site.!” (b) In the LaAlO3, the La-atoms sit in the 9 coordinate A site, while

the Al atoms occupy the 6 coordinate B site. !

The A-site of majority of the ABOs type perovskite structures, which are
potential candidates for various applications, are constituted by Rare-earth
(RE) cations.!” The RE-ions are most stable in triply ionized states and the
valance 4f™ electrons in rare earth ions element are assailed by 5s25p°
outer orbital electrons, and the emission peaks arising in them are generally

very sharp and intense since these are less affected by external fields.'*!

For this reason, the introduction of RE-ions as dopants in certain systems
leads to perturb the unique properties of luminescence.’> Nowadays,
researchers are focusing on RE-cation based perovskite systems because of
the systematic effect of changes in radii on individual properties of RE-
cation. The substitution of R-cation by another RE-ion of smaller radii into
an ABOs host lattice can build up lattice distortion in the crystal, which can
further change structurally sensitive physical properties.” Amid RE-based
perovskite systems, RE aluminates (RAlO3) are one of the well-explored
systems and exhibit great potential that has attracted much attention towards
the fundamental studies of such systems in terms of structural and optical
properties.'> Many authors have studied the structural, optical, dielectric,
and magnetic properties of RAIO3 in which R = La, Pr, and Nd show the
rhombohedral crystal structure with space group (R-3¢)*** ; in contrast,
those with R = Gd, Dy, Lu, Eu Tb, Er, and Sm show orthorhombic crystal
structure with space group (Pbnm).”?> Here we are focusing on the
rhombohedral RAIOs;, by which we want to obtain the signature of crystal

field transition.

This signature of crystal field transitions can be observed via optical
absorption spectroscopy®® in which the absorption peaks corresponding to

crystal field transitions may differ attributing to the bonding schemes of R-



cation and O-anion.” In the case of rhombohedral RAIO3, if we are choosing
the Nd** [[Xe] 4f ] and Pr"’[[Xe] 4f, then the crystal field transitions
(CFTs) of Nd-ions and Pr-ions will be contributed by the splitting of f-
orbitals,”!” But La-ions do not have any unpaired electron in f & d-orbitals.’
We know, Crystal field theory describes the breaking of the degeneracy of
electron orbital states (f-orbital and d-orbital) due to a static electric
field.??"*” The changes in static electric field generated by the surrounding
charge distribution, specifically the anion neighbors, can be correlated with
the changes in bond lengths of corresponding cation-cation or cation-anion
pairs.?® This phenomenon is observed in the context of rare-earth ions and
ligands. In the crystal lattice, the d-orbitals and f-orbitals of transition metal
ions or rare-earth ions experience a splitting into different energy levels due
to the electrostatic field.?” Several research groups have discovered crystal
field transitions in materials such as garnet and aluminum oxide,
particularly when doped with Nd-ions, which exhibit the crystal field
splitting effect.”? 32 This phenomenon has been observed in absorption
spectra of Nd-doped Y3Al012 (YAG),>'™ Y3Sc:ALO12 (YSAG),*
Gd3Sc2Gaz012 (GSGG),*? LasLuaGasz012 (LLGG),*? and ALOs,*! indicating
crystal field transitions. The intensity and energy of these transitions depend
on the host lattice and the specific Nd-dopant used.* For this study, we have
chosen NdAIO3 (NAO) as the parent system, as it inherently exhibits crystal
field splitting due to partially filled f-orbitals.” Our aim is to modify the
crystal field transitions by introducing a suitable dopant at the Nd site. To
achieve this, we have selected La** as the dopant because it lacks any
unpaired electrons in the f-orbital or d-orbital.!7** The presence of La** will
alter the overall environment surrounding the NAO lattice, allowing us to
investigate the changes occurring in the crystal field transitions of Nd.
These studies may help in fine-tune the energy levels of lasers having Nd as

an active medium.

To execute our purpose, we have selected the La-cation as substituent in
NdAIO; sample to tune the crystal field splitting of Nd-cation for
understanding of crystal field splitting of Nd-ions by La-substitution
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because La-cation does not show crystal field splitting and these members
lie in rhombohedral phase.” These samples have been prepared by sol-gel
method and the phase purity of these sample has been confirmed by powder-

X-ray diffraction method.**

1.3: Goldschmidt Tolerance factor:

Goldschmidt's tolerance factor is an indicator for the stability and
distortion of crystal structures.”* It is useful to describe the stability in
perovskite ABO; structure. The Goldschmidt tolerance factor (t) is a
dimensionless number that is calculated from the ratio of the ionic radii as
shown in equation (1) where Ra, Rg, and Ro are the ionic radii of the A-

site cation, B-site cation, and oxygen anion, respectively.?¢>*

_ (Ra+Ryp) N <A-0>
V2(Rg+Ry) V2<B-0>

(1)

Where <A-O> and <B-O> are bond length.

When Ra decreases, and so ‘t’, the lattice structure transforms to the
rhombohedral structure (t < 0.96) and then after to orthorhombic
structure (t < 0.92), in which the Al-O-Al bond angle deviates from
180°.

1.4: Structure of NdAlOs:

Neodymium aluminate is an ABO; type perovskite structure.” The
rhombohedral NdAIO; (NAO) does not exhibit any low-temperature
structural or magnetic phase transition till ~2 K but shows rhombohedral to
cubic phase transition at high temperature (~1640 K).*”” Red
photoluminescence in pure NAO has been investigated by Maciel et al., *®
which can be used in phosphor applications as an ultraviolet-to-red
converter and in the production of high-power lasers. NAO particles have
been used as catalysts for biodiesel synthesis, as reported by Navarrete et
al.* NAO as a solid electrolyte material has been studied by Ishihara et al.*°
and observed that NAO doped with Calcium and Gallium could be

5



promising oxide ion conductors. Wide applicability of NAO in different
fields and existing crystal field transitions can make it useful in tunable laser
or microwave absorbers. Many researchers had been showed that NdAIO3
are of special interest because luminescence properties of Nd*? ion are
promising to develop high power lasers.* ** In the next section, we have
discussed the selection of dopants to tune crystal field transitions of Nd-

cation.
1.5: Crystal field splitting:

Crystal field transition (CFT) refers to the change in energy that occurs
in the electronic configuration of metal ions when they are placed in the
crystal field environment.?”* In the crystal field, the transition metal ion of
d-orbitals and rare-earth ion of f~orbitals undergo electrostatic interaction
with its surrounding ligands, which can distort the electron cloud and split
the energy levels of the d-orbitals and f-orbitals.”® The crystal field
transition involves the excitation/de-excitation of electrons between ground
state and higher states corresponding to the degeneracy-lifted orbitals.
These transitions can be influenced by various factors such as coordination
geometry, ligand identity, absorption of light, or external field.** A
significant amount of research has been carried out to probe the features of
CFT in rare earth ions.>?*?® Here, we focus on how the electric field (that
lifts the degeneracy of orbitals) changes with metal-ligand bond length. For
this purpose, the method of chemical substitution is adopted here.

Lanthanum ion (La*") is chosen as a suitable dopant at Nd site, as —

a) It does not possess any f-f transitions, so that slight contribution of
modifications in the lattice parameters can occur in the absorption.

b) The difference in ionic radii between La*" and host Nd*" ions should
allow considerable change in the lattice, without introducing any

additional defect states due to stoichiometry.



Therefore, by controlling the incorporation of La*" into host NAO Iattice,
one can tune the crystal field transition. Hence, a brief discussion on CFT

in various oxides has been demonstrated in the next section.
1.5.1 Crystal field transitions in various oxides:

Figure 1.2 shows the schematic atomic configuration in which the
A-cation and oxygen anions form polyhedral. Considering A-cation as a
rare earth element such as R= Pr, Nd, Sm, etc. which shows crystal field

splitting due to the presence of unpaired f-electrons.’!744

-~
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Figure 1.2: ABO; type perovskite materials.*’

In the case of Nd ion, the crystal field transitions (CFTs) will be contributed
by the f-orbitals, as shown in schematic Figure 1.3. The signature of CFTs
can be probed via the optical absorption spectra of the system, where
depending upon the system, the absorption peaks corresponding to crystal
field transitions may differ, which attributes to the bonding schemes of R-
cation and O-anion.>*?%46 Looking into the literature, we can see that the
absorption spectra correspond to crystal field transitions of the Nd-doped
yttrium aluminum garnet***” and aluminum oxide®! system as shown in

Figure 1.4 (upper and lower images, respectively).

Our interest is to explore the effects of such splitting in f~orbital systems.
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Figure 1.3: Splitting of f-orbital under the crystal field in Tm*" ion system
(upper), and Nd** based system (lower)***4’

Consider the energy-level structure of the Nd* ions that replace Y™ ions in
sites of D, symmetry* in the lattice, which was determined by using a
model Hamiltonian that consists of Coulombic, spin orbit, and inter

configurational electronic interaction terms associated with the free ion



Nd*":YAG* and crystal-field terms that split each multiple 4f, **1L;

into J+12 energy level as shown in Figure 1.3
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Figure 1.4: Optical absorption spectra of Nd-doped Yttrium Aluminate

Garnet.*¢

Now, from figure 1.4, addition of Nd in this system shows the signature of
crystal field transitions in optical absorption spectra. The intensity and
energy of these transitions would depend on the host lattice as well as Nd-
dopant. As far as literature is concerned, we have selected ABO3 type-
perovskite NdAIOs3 as a parent system where the crystal field splitting
occurs intrinsically and attempt to tune the transitions by suitable dopant at

Nd site.
1.6 Selection of Dopant:

To achieve this, we have selected La3+ as the dopant ion. La3+ does not
possess any unpaired electrons in its f-orbital and do not show any crystal

field transition, hence which allows it to modify the overall surrounding



environment of the Nd ions in the NdAIO3 lattice due to difference in the
ionic radii of Nd** (1.163) and La*® (1.216) ions. By incorporating La*"
dopant, we can investigate and observe the resulting changes in the crystal
field transition of Nd ions. This dopant selection enables us to tune the
crystal field splitting of Nd**, making it a potentially useful lasing center.
By studying the effects of La** doping on the crystal field transitions in
NdAIO3, we aim to gain insights into the fundamental principles governing
these transitions and pave the way for potential applications in laser

technology and other optoelectronic devices.
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Chapter 2

Experimental Section:

In this chapter, we provide an overview of the experimental
techniques employed in this study. The Sol-gel synthesis method was
utilized for sample preparation, allowing us to obtain the desired
polycrystalline samples. We discuss the key steps involved in the Sol-gel

synthesis process and highlight its advantages for our research purposes.

Furthermore, we delve into the characterization techniques
employed in this work, including X-ray diffraction (XRD), Raman
spectroscopy, and optical absorption spectroscopy. XRD analysis enables
us to determine the structural properties of the synthesized samples and
confirm the presence of the desired rhombohedral phase. Raman
spectroscopy provides valuable insights into the vibrational modes and
crystal symmetry of the materials under investigation. Lastly, optical
absorption spectroscopy allows us to probe the crystal field transitions and

obtain information about the energy levels and intensity of these transitions.

Here, we discuss an overview of the experimental techniques used
in the present work. In this chapter, description on the Sol-gel synthesis
method used for sample preparation, important characterization tools such
as XRD, Raman Spectroscopy, and optical absorption spectroscopy have

been presented.
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2.1 Sample synthesis via Sol-gel method

The Sol-gel>® process is a wet chemical method for the synthesis of
various metal oxide nanoparticles. In this method, a molecular precursor is
dissolved in distilled water, and it is converted to gel by heating, undergoing
hydrolysis process. Since then, some processes have been involved in sol-
gel synthesis, such as Condensation, Ageing, Drying, and Calcination.*
Thus, the overall process we have used for the synthesis of Ndi.xLaxAlOs is

discussed below.

The Sol-gel method has been used for the preparation of compositions of
La-substituted NdAIOs; samples. For the preparation of NdiLaxAlO;
compositions (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5), stoichiometric proportions of
metal nitrates, citric acid, and ethylene glycols have been measured

according to the following reaction®* —

Nd (NO3)3-6H20 + La (NO3)3-6H20 + Al (NO3)3-9H20 = Nd;.
xLaxAlO3
The aqueous solutions for the precursors of NdAIO; and La-substituted
NdAIOs3 as final products were prepared by dissolving stoichiometric
amounts of Neodymium (III) nitrate hexahydrate Nd (NO3)3-6H>O (purity
99%, Sisco Research Laboratories), lanthanum (III) nitrate hexahydrate La
(NO3)3-6H20 (purity 99%, Sisco Research Laboratories) and aluminum
(IIT) nitrate Nona-anhydrate Al (NO3)3-9H2O (purity 98.00%, Loba) in
distilled water, with continuous stirring at 373 K temperature. After that,
Citric acid (purity 99.5%, Loba) and ethylene glycol (purity 99%, Loba)
were added to the transparent solution as a catalyst and gelation agent,
respectively. The resulting solution was heated and stirred for about 50
minutes, until the gel formed and for further heat treatment, the gel
containing vessel was put in a muffle furnace for 10 hours at 573K
temperature, till the dry gel formed. After this, grinding of the Gel dry was
done and followed by further heat treatments for calcination in the muffle

furnace for 12 hours at temperatures ~ 623K and~ 973K with intermediate

12



grinding.” The product has been obtained in homogeneous dry powdered

form for which all characterizations have been performed.

Table2.1: Nomenclature of Composition.

Sample series
Stoichiometric Chemical
Sr. No. (Rare earth
formula Composition
aluminate)
1. NdAIO;
2. Ndo.9Lao.1AlO;
3. La-Substituted NdosLay.2AlO;
NdixLaxAlO3
4. NdAIOs Ndo7Lag3A10;
5. Ndo.sLao4AlO3
6. NdosLaosAlO;

2.2 X-ray Diffraction:

X-ray diffraction (XRD) studies are widely used for determining the
structural characterization of unknown solid materials in geology,

environmental science, materials science, engineering, and biology.3! ™3
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XRD is a non-destructive technique for understanding how atoms are
arranged and how such arrangements can affect the behavior of materials
and it can be used to determine the structure of complex molecules,
crystallite size, lattice parameter, lattice strain, phase identification, and
inter planer distance between two planes of sample.?*** The experimental
technique utilizes the phenomena of diffraction of X-rays for determining
the atomic arrangements in the system because the atomic spacing
resembles with wavelength of X- rays, satisfying the necessary condition of

diffraction of wave.

X-rays are electromagnetic radiation of extremely short wavelength
and high frequency, with wavelengths ranging from about 10® to 1072
meter and corresponding frequencies from about 10'®to 10%° hertz (Hz) and
lie between gamma rays and ultraviolet radiation in the electromagnetic
spectrum.>? X-rays have energy in the range of 200eV to 1MeV. X-rays are
produced by accelerating charged particles, the external beam of electrons
interacts with electrons in the shell of an atom. X-rays are generated in a
cathode ray tube by heating a filament to produce electrons, accelerating the
electrons toward a target by applying a voltage, and bombarding the target
material with electrons. When electrons have sufficient energy to dislodge
the inner shell electrons of the target material then a hole is left in the inner
shell. When this hole is fitted by an outer shell electron, characteristic X-
ray spectra are produced.’® This spectrum consists of several components,
with the most common being K, and Kg. K, consists, in part, of Kq1 and Keo.
Kar has a slightly shorter wavelength and twice the intensity as Kq. The
emitted wavelengths are characteristics of the target material (Cu, Fe, Mo,
Cr). Copper is the most common target material for single-crystal

diffraction, with Cu K, radiation = 1.5418A.%3
2.2.1 Principle:
In XRD, an X-ray falls on the sample at an incident angle 6 and gets

diffracted through a different set of atomic planes in the crystal structure of

14



the sample. The basic principle of XRD can be understood with the help of

a schematics ray diagram.

A C
Incidendt xxrays Diffracied xxays
Al NA A . g
2 £ 5
e-B 5 5
E 3 e e
a
* A
d - -
Atomic-scale crystal lattice planes

Figure 2.1: Diffraction of X-ray by a crystal.>

According to the figure, the path difference between ABC and A'B'C'.
Path difference (A) = B'N'+BN

A= BB'Sin6 + BB'Sinf (2.1)
A= 2BB'Sin@ (2.2)
In this figure, where BB' is equal to ‘d’, here ’d’ is interplanar distance.

Now, in the above equation, we can write.

A= 2dSin6 (2.3)

For constructive interference, the path difference is an integer multiple of

the wavelength.
Le.,

A=ni (2.4)
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Where n is an integer.

Thus, from the equations (2.3) and (2.4), we obtained -
2dSin0 = na (2.5)

This is Bragg’s condition for constructive interference of diffracted X-
rays.

(here, A is the wavelength of the incident X-ray, d is the interplanar
distance, 0 is the incident angle of the X-ray, and n is an integer.

The spacing of the atoms in the crystal lattice is in the same order as the

wavelength of the X-rays (0.01 to 100 A).

2.2.2 X-ray diffractometer:
X-ray diffractometer consists of several main components:

1. X-ray Source
2. Sample stage
3. X-ray Detector

The parameters during the diffraction have been as follows: Tube
current-40mA, Tube voltage-40kV, Range of scan-20 to 84° (26),
Wavelength used-1.5406A (Cu Ka), step size-0.02 degree and scanning

speed of 0.5 degree/minute.
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MODIFIED FROM
CULLITY (1956)

DIFFRACTOMETER
CIRCLE

POWDER
SPECIMEN

SCHEMATIC OF X-RAY
DIFFRACTOMETER

Figure 2.2: Schematic diagram of X-ray Diffractometer.>¢

X-ray diffractometer can be arranged into two ways- first 6:60
arrangement in which sample is fixed and X-ray source and detector rotates
with angle 8° per minute and other one is : 26 arrangement in which X-
ray source is fixed; Sample rotates with angular speed 8° per minute while
x-ray detector rotates with angle 20° per minute with respect to the beam

source.>*>°

2.2.3 Working:

The monochromatic X-ray falls on the surface of sample,
“bouncing” off the atoms in the structure and changing the direction of the
beam at some different angle, theta, from the original beam. This is the
angle of diffraction. When the geometry of the incident X-rays affecting the
sample satisfies the Bragg equation, constructive interference occurred and
a peak in intensity occurs. A detector processes this X -ray signal than

output is recorded by computer device.
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Intensity of diffracted X-ray depends on the density of electrons in different
planes and on the orientation of the planes of the crystal. Intensity of
diffracted X-rays can be calculated by using structure factor F. Structure

factor written as:*
F = fi|-2mi(hx; + ky; + 1z;)] (2.6)

Where fj is the atomic scattering factor and h, k and I are the miller indices

of the reflection. The position of the atoms in unit cell are x;, y;j, z;.
The intensity is:
I =|F|?=F«F* (2.7)

Reflection for which |F|? = 0 will have zero intensity and there is no

diffraction pattern (forbidden reflections).*

2.3 Diffuse Reflectance spectroscopy (DRS):

UV visible spectroscopy is an optical spectroscopy technique in
which we study the light absorbed in UV and visible region of
electromagnetic spectra. The range of wavelength in UV and Visible
regions of electromagnetic spectra are 200nm to 800nm. DRS is based on
the diffused reflection, in which when light is fall on the surface of powder
sample, it gives two types of reflection, one is non-specular (diffuse

reflection) and other is specula reflection as shown in Figure-2.3.

Specular reflection: - Specular reflection reflects all light which arrives
from a given direction at the same angle. i.e., Specular reflection, in which

incident angle equal to reflected angle.

Diffuse reflection: - Diffuse reflection is the reflection of light from a
surface of powder where incident ray is reflected at many angles. i.e.,

incident angle not equal to reflected angle.
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For reflecting surface, the reflectance (for normal incidence) can be written

in term of refractive index, i.e.,

(n—1?

BCESE (2.8)

Here, R is reflectance and it’s used to measure the smooth surface of sample.
But this formula is not valid for rough surface of sample, which is usually
the case in physical samples. So, for this problem to be resolved, the DRS
has been used. In DRS, the detector is measured to reflectance according to

Kubelka Munk function.>’

Specular and Diffuse Reflection

Specular Diffuse
Reflection Reflection

Diffuse
Reflection

Incident
Radiation

Specular
Reflection

Figure 2.3: Schematic diagram of Specular and Diffuse Reflection.®
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2.3.1 Principle of DRS:

When the UV-Visible light falls on the surface of powder sample, it
is reflected in all directions due to roughness of the surface of powder
(sample). Some light goes inside the sample under multiple scattering and
fraction of emitted back into the detector. Some light may be a specular
reflection from the surface of powder. Some part of electromagnetics wave
may also undergo transmission and enters the powder, and it is reflected
from small grain of powder sample, but probability of transmitted light is
gone from powder sample become zero. So here incident light either gets

absorbed or reflected, but here transmission light is negligible.

DRS can be used to find the bandgap, crystal field transition, refractive
index, thickness of the thin film, the signature of Urbach energy, and

temperature-dependent band gap.>*>

To estimate the optical band gap, the diffuse reflectance spectra have been
converted to equivalent absorption spectra using Kubelka-Munk

Function.”’

According to the Kubelka-Munk model, the radiation field is approximated
by two fluxes, one, I, traveling from the illuminated sample surface, and the
other, J, traveling toward the illuminated surface. As light travels from the
surface of a sample, its intensity decreases due to scattering and absorption

processes, his model is based on the following differential equations.
The component travelling from the illuminated surface:
dl = —Kldx — Sldx + S]dx (2.9)

The component travelling toward the illuminated surface:

d] = —KJdx — S]dx + Sldx (2.10)

Where, I and J are the intensities of light traveling inside the sample

towards its illuminated and un-illuminated surface (from its illuminated),
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respectively; dx is the differential segment along the light path; S and K

are the Kubelka-Munk scattering and absorption coefficients, respectively.
let’s

_(§+K)

2.11
: (211)
We can write,
—A_ s (2.124)
Sax -t '
—dJ
— = — I 2.12B
Sdx af + ( )
Combining into a single differential equation,
dR
— —R2_
Sdx R*—2aR +1 (2.13)

Where R=J/1.

T

SRR BB RRRRRRBRRORBRN
[ E R E N B E R RN ENEENENE NN N ]
'ﬂhu'ltiiiioitc-t-.

--t--t--t-t--J;[u
I E N I EEEEEEE X ]
R LA AR R R R R R R RN NN

:,-".fx'}r;f’(xf./rf:.-‘f:fjrr :Ir oy

Jene
“iti

Figure 2.4: Schematic diagram for the Kubelka-Munk analysis of

reflectance and transmittance of a scattering medium.>’

If the equation is integrated over the limits x=0 to x= oo, we can obtain a simple

formula

Ry = a— (a? —1)% (2.14)

21



and now, rearranged to give the well-known Kubelka-Munk function F (R,)

2
=— %7 #(2.15)

K (1-Ra
FRa) =5 (ZR :

The Kubelka-Munk function is based on some assumptions.

1. No external or internal surface reflections occur.

2. The medium is considered homogeneous and isotropic.

3. The only interaction of light with medium is absorption and scattering;
polarization and spontaneity are ignored.

4. The sample is modeled as a plane layer of finite thickness.

In the limiting case of an infinitely thick sample, the K-M equation at any

wavelength becomes:
K (1—-Ry,)?
F(Rpy) =—=—"F7"7"7"" 2.1
(Ro) =5 =" (217)
__ R(Sample) . .
Ry = RCstandard)’ R(Sample) is the diffuse reflectance of the sample and

R(Standard) is that of the standard.

The Kubelka-Munk function is directly proportional to the absorption coefficient

();

1
F(R (o — By )" 2.18
o) X @ K ———— .
(Reo) o @ o 2 (218)
Where n = 1 for direct band gap, and n = % for indirect band gap

2.3.2 Instrument:

The UV-Visible Spectrometer is an analytical instrument that employs light
scattering from the sample to observe the electronics modes in molecules.

UV-Visible Spectrometer consists of several main components:

1. Light Source
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2. Integrating Sphere

3. Monochromators
4. Sample

5. Detector

6. Computer

The instrument of UV-Visible Spectrometer is shown as:
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Figure 2.5: Experimental set up utilized for diffuse reflectance
measurement, (a) Carry 60 UV-Visible Spectrometer, (b) Internal set up of

UV-Visible spectrometer.®

2.3.3 Working:

A diffuse reflectance has been measured by an attachment to a UV-Visible
spectrometer. Xenon lamp is used for producing the UV-Visible spectrum,

this spectrum passes through various filters and monochromator and after
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doing some optical arrangement, finally light is incident on the sample and

diffused reflected light is detected by the detector.

2.4 Raman Spectroscopy:

The Raman effect, which forms the basis of Raman spectroscopy, was
discovered by the Indian physicist Sir C.V. Raman in 1928.°! Raman
spectroscopy is a powerful analytical technique used to study the
vibrational modes of molecules and materials.>*%276464 It is based on the
inelastic scattering of light, where a small fraction of incident photons
undergoes a change in energy due to interactions with molecular
vibrations, resulting in the emission of scattered photons with a different
energy and wavelength.®® Raman spectroscopy can provide information
about the molecular structure, chemical composition, and crystalline
properties of a sample. It is a non-destructive technique, and it can be used
for the analysis of solids, liquids, and gases. The change in the
polarizability of the molecule can be related to the change in the dipole
moment of the molecule during the vibrational transition. The dipole
moment is equal to that of the product of the polarizability of molecule

and the electric field of the incident light source and can be expressed as:®!
P = aE, cos(2nf,t) (24.1)

Where, Ey is the intensity, « is the polarizability and f, is the frequency of
the electric field of the incident light. If the molecule is vibrating with a

frequency f,,,, the nuclear displacement q is written as:
q = qo cos(2mfp,t) (2.4.2)
Where, qo is the vibrational amplitude.

If a is the linear function of q then from Tayler series expansion:
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oa
a=ay+ <%> Qg+ -, (2.4.3)

Fromeq. (2.4.1), (2.4.2) and (2.4.3).

P = aE, cos(2nf,t)

1 /0a

+ E (%) qOEO [COS(ZTL'(fo - fm)t)

+ cos(2n(fy + f)t)], (2.4.4)

According to classical theory of Raman scattering, the first term represents
as Rayleigh scattering, while second term represents Raman scattering due
to stokes(f, — f,n) and anti-stokes (fy + f,,) term. Figure 2.6 shows the

schematics of Raman scattering.

A
Rayleigh scattering
=) elastic
_8 o %mk
-]
3 = Raman scattering Raman scattering
T acqg Stokes shift Anti-Stokes shift
Mo E oL
Swm 2 I
f-f, f f+f, Frequency /Hz

Figure 2.6: Schematic representation of Raman Scattering.®’

2.4.1 Raman Spectrometer:

CcCcD

Focusing
Lens

Beam —y

Splitter Notch
Filter
Microscope
\_/ Objective
Sample —)
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Figure 2.7: Raman Spectrometer from ref.®

A Raman spectrometer is an analytical instrument that employs light

scattering from the sample to observe the vibrational modes of molecules.

A Raman Spectrometer consists of several main components:

A A T o o

Laser

Sample
Focusing Mirror
Monochromator
Detector

A recording device/ computer.
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Chapter-3

Results and Discussion:

3.1 Structural characterization using X-ray diffraction:

The X-ray diffraction (XRD) method was used to verify the phase
purity of pure and La-substituted NdAlO3 samples, as shown in Figure 3.1.
The XRD peaks of both the pure and La-substituted samples matched well
with each other, indicating no impurity peaks were observed. The Rietveld
refinement technique®® was employed, considering the R-3c space group
(167), to analyze the Pure and La-substituted NdAlO; samples.”**>° Figure
3.1 (b) presents a schematic representation of the Rietveld refined data for
the 20% La-substituted sample (Ndoglao2AlO3). The absence of impurity

peaks was confirmed in the XRD data.**

Furthermore, a systematic decrease in the 20 positions of the peaks was
observed in Figure 3.2 (a), indicating an increase in the lattice parameters
a and c after La-substitution due to the larger size of La. The increase in
lattice parameters was also confirmed through Rietveld refinement,®® as
depicted in Figure 3.2 (b). The crystallographic information, including
lattice parameters, bond lengths, and bond angles, was extracted using
VESTA software. ¢ The values of these parameters are tabulated in Table
3.1. Overall, the lattice parameters, bond lengths (Nd/La-O), and cell

volume systematically increased with La content.

Additionally, the Al-O distances in AlO¢ octahedra were observed using
VESTA software®” for different La concentrations. It was observed that out
of the nine Nd/La-O bond lengths, three Nd/La-O; bond lengths formed a
triangle in the out-of-plane direction, while the other six in-plane Nd/La-O>
bond lengths had equal values. These bond length values are presented in

Table 3.1 for all the samples.
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Table 3.1: Crystallographic information extracted from Rietveld

refinement method with space group R-3c:

NL- NL-
Name NAO NL-20% | NL-30% | NL-40%
10% 50%
5.320( 5335 5339
a=b (&) | 5.315(1) 5.325(1) | 5.330(1)
D ) )
Lattice
13.005 13.025
P 12.944
arameter | o (3) 12.926(6) 12.964 (6) | 12.984(7)
©) ®) ®)
900, 90° 900, 9007
a=p,7 o 90°,120° | 90°, 120°
120° 120 120° 120°
\ 317.31
Cell Volume | V (A%) |316.364 ) 318.428 | 319.451 | 320611 321.633
X [o 0 0 0 0 0
NdLa |Y |0 0 0 0 0 0
Z |025 025 [025 0.25 0.25 0.25
X |0 0 0 0 0 0
Wyckoff
Al Y |0 0 0 0 0 0
Positions
Z |0 0 0 0 0 0
X | 0.5449 | 0.5447 | 0.5408 0.5375 0.5379 0.5377
6} Y |0 0 0 0 0 0
Z 1025 [025 [025 0.25 0.25 0.25
Bond Angle 165.5 165.5 | 166.8 167.9 167.7 167.8
Al-O-Al
©) (5) (5) (6) (7 (7 (6)
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Nd/La- | 149 7 169.7 | 170.6 171.4 1713 171.4
O-
NaLa | @ @ @ 5) 5) (4)
Octahedral
8.840 8.802 | 8.044 7.41 7.47 7.44
tilt ¢
Bond length 1.8901 1.8918 | 1.8915 1.8916 1.8941 1.8960
Al-O
A) (11) (10) (11) (11) (12) (10)
2.419 2422 | 2.446 2.465 2.465 2.469
Nd-O,
) ) (10) (1T) (1T) )
2.6559 2.6589 | 2.6607 2.6628 2.6667 2.6701
Nd-O;
(8) 7 (8) () ) (7)
o —— NL30
= —— NL40
~ —— NL30
—_— NL20
— NL10
—_— NAO
Q & o
= = —
= TR
£ A
~
o’
g A
&
& A
=
[ A
AN
AN
! | ! | ' | | ] ' |
20 30 40 50 60 70 80
20 (Degree)
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¢ Experimental Data
—— Simulated Data
—— Difference
| Bragg Positions

Intensity (arb.unit)

20 (Degree)

Figure 3.1: (a): X-ray diffraction data of pure and La-substituted
NAO system. (b): Rietveld refinement pattern for La; NAO using
space group R-3c.
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Figure 3.2: (a): Magnified view of X Ray-Diffraction of La-substituted
NdAIOs. (b): Variation of Lattice parameter.

The equation of tolerance factor:

L (R%+R0> _ <Nd-0>

(3.1)

Where average bond length of < Nd — 0 > = ([(Nd_01)+(Nd_02)]), the

2

value of these bond lengths has been given in the table (3.1).

The tolerance factor has been used to describe stability in the NdixLaxAlO3
sample using the equation (3.1), where Rna (1.163A, Rra (1.216A), and R,
(1.38A) represent the ionic radii of Nd-cation, La-cation, Al-cation, and O-
anion, respectively. The obtained value of t is increasing, when ionic radii
of La-cation on the Nd side are increased. The increasing value of t, which
suggests a decrease in the lattice distortion. The rhombohedral (R-3c)
structures show a‘aa“tilt rotation in AlO¢ octahedra according to the Glazer
notation. The thombohedral distortion is result of the rotation of O-anion
octahedra in the R-3c perovskite material. The value of t in Nd;xLaxAlO3
sample is 0.9492(x=0), 0.9495(x=0.1), 0.9545(x=0.2), 0.9584(x=0.3),
0.9578(x=0.4), and 0.9583(x=0.5).

The angle of rotation of octahedra is given by as:*

tan(e) = 23 (x(o) - %) (3.2)

@ =tan™! ( 2v/3 (x(o) - %)) (3.3)
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The relation of octahedral rotation angle has been taken from a literature
survey. For calculating octahedral rotation angle in rhombohedral structures
in which the Wyckoff-position X(O) and lattice parameter have been
observed from Vesta-Software. The value of octahedral rotation angle (¢)

has been given in table 3.1.

In the NdixLaxAlO3 samples, as the concentration of La increases on the
Nd site, the octahedral tilt angle is observed to decrease. This decrease in
the tilt angle indicates less distortion in the lattice structure. The structural
distortion associated with the AlOs octahedra is analyzed by examining the
bond angles involving the Nd/La-O-Nd/La and Al-O-Al interactions. It has
been observed that changing the Wyckoftf position of the oxygen atom X(O)
also affects the distortion of the AlO¢ octahedra.

3.2 Optical absorption spectroscopy:

Figure 3.3 depicts the optical absorption spectroscopy in diffuse
reflectance mode®’ of as-prepared Nd.xLaxAlO3 powder within the range of
200-900 nm. In diffuse reflectance mode, *’ the function F(R) is related to
reflectance R, and the Kubelka-Munk function is used to analyze the data.
In diffused reflectance mode for powder samples, it has been presumed that
the reflected light scatters in a perfectly diffuse manner and the scattering
function (S) is nearly constant with wavelength. The Kubelka-Munk

function is:

F(R) = (3.4)

NES

where K and S represent the Kubelka-Munk absorption and

scattering functions, respectively.®’*
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In diffuse reflectance mode, the Kubelka-Munk function is

proportional to the absorption coefficient (o).?*

F(R)x«a (3.5)

According to Tauc’s equation
(ahv)™ = A(hv — Eg) (3.6)

From equation (3.5) and (3.6)

(hv — Eg)n
v—FE
F(R) o ~———92 (3.7)
hv

Where n has the value of 2, 0.5 for direct and indirect bandgap transition,

respectively.

The allowed optical bandgap transition in Nd;xLaxAlOs is from 2p level of
Oxygen to (4f, 5d) level of Nd/La within the energy range 0—6.80 eV.

The band edge absorption of the as-prepared Nd;xLaxAlO3 sample has been
observed at 300nm, where x =0, 0.1, 0.2, 0.3, 0.4, 0.5.

Herein, systematic decrement in the optical bandgap with increasing ionic
radii La-cation in Nd-site can be understood in terms of increment in Al1-O
bond length. An increment in Al-O bond lengths increase the interatomic
distance with increasing radii of La-cation in Nd-site. In the case of smaller
bond lengths, the electrons are firmly bound to each other and stay in a
valence band. Thus, with increasing Al-O bond length, the energy 5.37+0.1
is required to excite an electron from the valence to conduction band, and
hence, the energy bandgap decreases with increasing ionic radii of La-

cation in Nd-site.

The optical bandgap of NAO materials has been calculated as shown in inset

Fig. 3.5, and the obtained band gap values are 5.37 + 0.1, respectively.
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Figure 3.5: The Tauc plot for bandgap calculations.

In Figure 3.3, the optical absorption data of La-substituted
NdAIO3 samples are shown, and it can be observed that the crystal field
transitions from the *Ioy state to different states (7-crystal field transitions)
are present.”* Up to 50% La substitution, all the crystal field transitions are
evident. It is interesting to investigate how La substitution affects the

crystal field transitions of the Nd cation.
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Figure 3.3: Optical absorption spectra of La-substituted NdAIO3 showing

crystal field transitions.

The color of lanthanide ions or rare earth synthesized materials is
identified by crystal field transitions. In Ndi.xLaxAlO3, where La is in the
+3-oxidation state with an electronic configuration of La+3(Xe, 4f° 5d°),
there are no f electrons or the possibility of d-d transitions. As a result, La+3

does not exhibit crystal field transitions and appears white.

On the other hand, Al is in the +3-oxidation state with an electronic
configuration of AlI"}(Ne, 3s° 3p°), and Nd is in the +3-oxidation state with
an electronic configuration of Nd3(Xe, 4f 5d°). This configuration allows
for f-f transitions. The absorption transitions in the wavelength range of

200-900 nm correspond to these f-f transitions.

These crystal field transitions exhibit a shift towards lower
wavelengths, as shown in Figure 3.4. This shift can be correlated with the

Nd/La-O bond length, which is related to the electrostatic energy. As the
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Nd/La-O bond length and the overall volume of the Nd/La site change, the

electrostatic energy and the entire crystal field splitting are modified.
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Figure 3.4: Magnified view of crystal field transitions that are tuned by

the La-incorporation in the NdAIO3 host-lattice.

Here, we’ll discuss the correlation between bond length and the potential
energy difference between two nearby absorption peaks (i.e., the energy
difference is calculated by considering the difference between two peaks

corresponding to the same member of the series as shown below in Figure
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3.5). The values of energy corresponding to these peaks are tabulated in the

table.
Table 3.2: Variation of transition energy and bond length.
Energy
Nl 0 :z?nlgl?h(z&) fgjr(geyV) fgjr(geyV) Difference
(meV)
La-0% 2.6559(8) | 1.4276 1.4358 8.2
La-10% 2.6589(7) | 1.4281 1.4361 8.0
La-20% 2.6607(8) | 1.4284 1.4361 7.7
La-30% 2.6628(8) | 1.4291 1.4363 7.2
La-40% 2.6667(9) | 1.4301 1.4368 6.7
La-50% 2.6701(7) | 1.4309 1.4369 6.0

In Figure 3.6, the potential energy difference is decreasing as the bond
length (Nd-O3) is increasing. The correlation of bond length and crystal
field transition may be realized as the orbital overlapping between the Nd
and O ions is observed to vary with La substitution as evident from the bond
length value. Due to this altered overlapping, the energy difference between
crystal field splitting levels may also get affected which is seen as the

decrease in the difference energy value (Figure 3.6).

Thus, it can be inferred that the increase in the bond length weakens the
crystal field splitting which is experimentally observed as a weakening of

the intensity of crystal field splitting peaks in the absorption spectra of La-
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substituted NdAIO;. Hence, we report the tuning of f-orbital mediated

crystal field splitting via substitution mechanism in La; NdAIOs.
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Figure 3.6: Energy difference (AE = E>—E1) vs bond length (Nd/La-O,).

In Figure 3.6, the relationship between the energy difference (Transition
Energy) (AE = E; - Ei) and the bond length (Nd/La-0O,) is analysed. It is
observed that as the La concentration increases on the Nd site in Ndi-
LaxAlOs; (x =0, 10, 20, 30, 40, 50%), the energy difference corresponding
to the nearest two peaks (*f32) decreases. This trend is correlated with the
bond length of Nd/La-O». Specifically, the bond length Nd/La-O; increases

as the La concentration increases.

The decreasing energy difference (*f32) with increasing bond length
suggests that the energy of the Nd ions in NdAIOs; can be tuned by
selectively doping La. The experimental observations align with the
theoretical calculations performed using the PyCrystalfield software, as

discussed in Chapter 4 of the study. This analysis provides valuable insights
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into the impact of La substitution on the electronic structure and energy

levels of the Nd ions in the Nd;.xLaxAlO3 system.
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Chapter-4:

Theoretical Work:

In this chapter, we explore various aspects related to the crystal field
theory and its application in tuning the crystal field energy by selectively
choosing materials. Firstly, we discuss the crystal field Hamiltonian, which
describes the interaction between the transition metal or rare-earth ion and
its surrounding ligands in a crystal field environment. The Hamiltonian
provides a mathematical framework to analyze the splitting of energy levels

and the corresponding electronic transitions.

Next, we delve into the matrix element formula, which allows us to
calculate the transition probabilities between different energy levels in the
crystal field. This formula considers the wavefunctions and symmetries of
the initial and final states, providing insights into the intensity and selection

rules of optical transitions.

Furthermore, we introduce the PyCrystalfield software, which is a
computational tool used to simulate and analyze crystal field transitions in
complex materials. This software enables us to calculate energy level
diagrams, transition probabilities, and other properties related to crystal
field interactions. By utilizing PyCrystalfield, we can gain a deeper
understanding of the effects of different ligand environments and dopants

on the crystal field energy levels.

Finally, we discuss the correlation between the energy level splitting and
bond length in the crystal lattice. By selectively choosing materials with
specific bond lengths, we can effectively tune the crystal field energy.
Through experimental and theoretical investigations, we aim to demonstrate

how the crystal field energy can be decreased by increasing the bond length,
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providing insights into the design and synthesis of materials with tailored

optical and electronic properties.

4.1: Theoretical model:

Crystal field potential of Nd**: The complex energy level schemes
of the Nd*" ion in the crystal result from several interactions both within
the 4f° electron configuration and between the Nd** ion and its
environment. The Parametric Model Hamiltonian used in this study can be

written as:*?

H = HA + HCF (4‘1)

Where H, stands for the atomic Hamiltonian and is the H;p crystal-field
interaction Hamiltonian. The H, operator can be written as:??

Hy = Eqpg + Z F¥ fi, + EAgo + aL(L + 1) + BG(G,) + ¥G(R,)
k=2,4,6

+ Z Tit; + Z M/m; + Z Prp,  (4.2)

i=2,3,4,6,7,8 Jj=0,2,4 k=2,4,6

In this expression, the parameter Eg,4 is the spherically symmetric
one-electron part of the Hamiltonian. The electrostatic interaction is
described with the Slater integrals F*f, (k = 2,4,and 6) , where F¥ and f,
are the radial part and the angular part, respectively. £ and A, are the radial
part and the angular part of spin—orbit interaction, respectively. «,
p and y are two-body electrostatic parameters, G(G,)and G(R,) are
Casimir operators for the G, and R, groups, and L is the total orbital
angular-momentum. Titl-(i = 2,3,4,6,7 and 8) describes the three-body
configuration interaction, where T'!is parameter and t; is an operator.
Higher-order magnetic spin—spin and spin-other-orbit interactions as well

as the electrostatically correlated spin—orbit interactions can be represented
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by Marvin integrals M’ (j = 0,2,and 4) and P*(k = 2,4,and 6), and the
operators associated with these parameters are designated by m; and py,

respectively.58622

We know, Crystal field interaction refers to the perturbation or distortion of
the electron cloud surrounding a central rare earth ion caused by its
surrounding ligands. The ligands, which can be atoms, ions, or molecules,
interact with the central ion through electrostatic forces. These forces arise
from the electric fields generated by the charges on the ligands. The
presence of ligands around the central rare earth ion disrupts the spherical
symmetry of its electron cloud, leading to a distortion in the energy levels
of the ion's electronic configuration. This distortion is a consequence of the
different electrostatic interactions between the electrons and the ligands.
The ligands can attract or repel the electrons, causing the energy levels to

split and giving rise to crystal field splitting.

The crystal field Hamiltonian Hcr is defined as:

Hep = —e X1, V(1) (4.3)

Where V(i) represents the potential felt by an electron at a specific position
described by the position vector of electron r;. The sum is taken over all
electrons in the system, from i = 1 to n. The term -e represents the
elementary charge, which is a fundamental constant representing the charge

of an electron.

If crystal field perturbation affects the 4f" electrons, the potential can be

expressed using the following equation:

V(r) = [ERY (4.4)

[R—7]

In the equation, dV represents the volume element within the crystal

lattice. R denotes the position vector within the lattice, which describes the
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location of a specific point within the crystal. p(R) represents the charge
distribution, which refers to the spatial distribution of electric charges
within the crystal lattice.

The potential in eq". (4.2) can be expanded using the expression.

[ee]

1 rk
R—r;| Z (@Pk(cos w)> (4.5)

k=0

Where Pi(cos(w)) are the Legendre polynomial, o is the angle between R

& 1j, 1< 1s the smaller distance and r> is the larger distance of (i, R).

If the charge distribution of the crystal does not penetrate that of the 4f

electron, then we can assume ri <R.

Thus, we can rewrite the equation as:,

o)

1 rk
R—r] Z < R+ Py (cos w)> (4.6)

k=0

According to spherical harmonic addition theory (Griffith 1961)7° Pk (cos
) has been expended, which expressed the angle » between R and r; in

term of polar angles (0, ¢) and (0, ;).

41
2k+1

+k
Py(cos w) = z v (6, )Y{ (6:,90) (4.7)
q=—k

Where (8, @) is angular distribution of charge and (6, ¢;) is angular position of
electron i.qu is spherical harmonica. The value of qu for k=0,1,2,3,4,5,6,7 is

available in literature.
Y, (6, ) = (-1)7Y, (6, ¢) (4.74)
Where Y,7°(6, ¢) is the complex conjugate of Y, ?(8, ¢).

Now from equations (4.6) and (4.7A), we can rewrite.
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41
2k +1

+k
—-q

Pelcosw) === > (D, O, Og)  (47B)

q=—k

So here we will see to Yk_q (8, ) as expansion coefficient and the Yy (6;, ¢;) as

operators.

Now, we will again rewrite equation (4.7B) without summation.

4n

P, (cos w) =

k
NG (ARICENACRD

q=1

+7/ 0, <P)Y1(_q(9i;<Pi)) (4.70)

Where the expansion coefficient Y2 (8, ¢) is real, but qu (6,¢) and Y, (6, ) are

complex quantities.

The equation (4.7c) can be expressed in terms of tesseral harmonic
functions, and the relationship between tesseral and spherical harmonic
functions is well-documented in the literature. The tesseral harmonic
functions represent the angular part of the wave function in the crystal field

Hamiltonian.

The relationship between tesseral and spherical harmonic functions is given

by the following equation:

Tesseral harmonic function:
Zﬁo ::Yﬁ,
_ 1 -q q
Zig = % (" + (DY),

Zig = 5 (VT + (DY),
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Where the superscripts ¢ and s stand for the presence of the factors cos(q¢)

and sin(q¢) in the tesseral harmonic.”
Equation (4.8) can be rewritten as:
ZIiOYkO [01'! (pl]

4m
Pk(COS w) = 2k—+1

k

1 _
+ Z (Zliq E(Yk 10, 9) + (—1)7Y,1 (61, 91))

q=1

i _
+ Ziq NG (Y, 161, 00)
— (-1 (8, wi))) (4.8)

Now above equation, we will write in short form.

Here, the spherical harmonic qu (6;, @;) will do replaced by the tensor

operators C,;‘ (6;, @;), which have same transformation properties as the

spherical harmonics:

4
CE(6;, 91) = /TL Y, (6, ).

So, we find.
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4 ¢k
Py (cosw) = m Zi0Co (0;, 91)

k

Z(qu 7 (CE4(61, 90 + (=1)C{ (6, 9))

q=1

+ qu (C (01' (pl

— (=DC (61, 9)))] (4.9)

After combination of eq. (4.9) and eq. (4.4), put this value in eq. (4.2) and
final crystal field potential is.

V(ry)

é ’(Zk + 1 ZkOC (911 (pl

+ E(Zﬁq NG (Ck, (81, 0) + (—1)IC (6, 9))

q=1

+ Z;q%(ch(ei,coo — (=171 (6;, 91)))]

k
T;
X fp(R)ﬁdV (4.10)

To simplify this expression, we introduce new coefficient BX, Bff and B,;k:

41 rk
Bf = /zkﬂzﬁo Jp(R) iz dV
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4 Zf, k
Bf = /,{—Tf p(R) = dV,

, am_Zi k
By = /,{—Tf p(R) e dV,

Here, BC’Ic and BC’I" have 1/+/2 factor in the above expressions because B(’I‘

contains a cosine and BC’I" a sine part.

The eq. () can be rewritten in term of new coefficient BE, BZI‘ and B[,k as:

® k
Vi) = E [B(’,‘Cé‘ Gupd+ Y BECE G0 +
k=0 =1
(—DC{ (6, 90) + Bif 75 (€461, 900) —

(-1 (ei,goa)] (4.11)

So here, we will discuss for f systems k=0, 1, .. ., 7. Now the crystal field
potential V can be divided into an even (k = even) part and an odd part (k = odd).
The even part of the crystal field potential is primarily responsible for the crystal
field splitting, i.e., the energy level separation of the f orbitals. On the other hand,
the odd part of the crystal field potential influences the intensity of induced
electric dipole transitions. The value of q, which characterizes the odd part of the
crystal field potential, is constrained by the point group symmetry of the rare
earth site. The point group symmetry determines the allowed transitions and
selection rules for the induced electric dipole transitions. Different point groups
have different restrictions on the values of g, leading to variations in the intensity

and nature of the electric dipole transitions.

From eq. (4.1) and (4.11), The Crystal field Hamiltonian is.

® k
Hep = —e E IB’gc’g(ei, )+ Z (BE(Ck (0, 9) +
q=1
k=0
(~D7CL©Gu 0)) + By 5 (CEq 000 =

(—1)ICi(, «m)] (4.12)
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Example. For the D; symmetry of Nd* ion doped in perovskite structure crystal,

the crystal-field Hamiltonian is expressed as follows:

In the Stevens Operator formalism, the D3 symmetry gives six symmetries

allowed CEF parameters: BZ , B; ,B3, B3 , BS , BS, BE.

The potential for the D3 symmetric system is given by:

Veren(Dy) = BZC3 (6, 0)) + BECS (81, 0)) + B3(C4(8,0) — €30, )
+ B3C5 (6, 9;) + BS (C—63 65, 0) — C3(6;, <Pi))

+ B8 (€680 + €861, 0)) (4.13)

In this equation, BZ , By ,B3, B3 , BS , BS, and B¢ are the CEF parameters
corresponding to the respective terms in the potential. C, é‘ (6;, ;) represents
the Stevens operator coefficients, which depend on the polar angles (6;, ;)
that define the position of the electron 1. The potential consists of terms with
different powers of k and q, and the ellipsis (...) represents additional terms

that can be present in the potential.

This equation describes the potential energy experienced by the Nd* ion in
a D3 symmetric crystal field environment. The specific values of the CEF
parameters (BZ , By B3, B3 , BS , BS, BS) determine the shape and energy

levels of the crystal field splitting for the Nd** ion in this system.
Crystal field parameters and Crystal field matrix elements:

The crystal field energy levels can be determined by diagonalizing the
crystal field matrix, which is obtained from the expectation values of the
crystal field Hamiltonian. The expectation value of the crystal field

Hamiltonian can be expressed as:

<¢nlm|HL‘F|¢nlm> -
lpnlm —e é
k=0

B3C3(6,,00) + BYCH (8,0 + BY (€36, 0) — C4(6,,00) ) +
BSCS(6;,¢) + BS (€536, 0) — C§(0:,00) ) + BS (C56(0:,0) + C3(0,, )

wnlm (4'- 14’)
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In this equation, |Y,,;,, > represents the wavefunction corresponding to the

electronic state with quantum numbers n, 1, and m. The crystal field

Hamiltonian consists of terms involving crystal field parameters B, Bc’f and

Bj¥, as well as the spherical harmonics C¥,(6;, ¢;) and C;(6;,¢;) that
depend on the angles 6; and o;.

The crystal field parameters B, B and Bj* describe the strength of the
crystal field interactions and depend on the specific symmetry of the crystal
field potential. The terms involving these parameters contribute to the

splitting of the energy levels.

The spherical harmonics qu (6;, ;) and C ,f (6;,p;) represent the angular
dependence of the wavefunction and depend on the polar angle 6; and
azimuthal angle ¢;. These terms account for the orientation of the electronic
orbitals in the crystal field potential and influence the energy levels of the

system.
PyCrystalfield Software:

In this study, we introduced PyCrystalfield, a Python software package
specifically designed for calculating single-ion crystal electric field (CEF)
Hamiltonians. The software allows for the computation of crystal field

parameters such as eigenvalues and eigenvectors.

PyCrystalfield operates based on the crystal electric field Hamiltonian,
which considers the interaction between the transition metal or rare-earth
ion and its surrounding ligands. By treating the ligands as point charges and
considering the Coulombic repulsion between them, the CEF Hamiltonian

can be determined.

Using PyCrystalfield, researchers can obtain valuable insights into the
electronic structure and energy level splitting of complex materials. The
software facilitates the calculation of CEF Hamiltonians, which in turn

enable the determination of crystal field parameters for a given system.
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These parameters play a crucial role in understanding and predicting various
properties, including magnetic behaviour, optical transitions, and

spectroscopic features.

By utilizing PyCrystalfield, scientists can effectively model and analyze the
crystal field interactions in materials, allowing for a better understanding of
their electronic and optical properties. The software provides a valuable tool
for researchers working in the field of solid-state physics and materials
science, aiding in the design and characterization of novel materials with

tailored functionalities.

The general CEF Hamiltonian is:

Where O)* are the stevens operators (Stevens, 1952; Hutchings, 1964) and
B are the multiplicative factors called CEF parameters. ‘n’ is the operator
degree and is constrained by time-reversal symmetry to be even (Newman,
1971). ‘m’ is the operators order, and —n > m > n. These parameters can
either be fit to experimental data or calculate from a point charge model

approximation as a starting point of the fit.

The calculation of BJ* has been using the method outlined by Hutchings
(1964),

Where Point charge model.

B = —¥umQCrm{r™ 0 oo (5.2)

Here, y,,, 1s a term calculated from the ligand environment expressed in
term of tesseral harmonics, q is the charge of the central ion (in unit of e),
Cpm are normalization factors of the spherical harmonics, (r™) is the
expectation value of the radial wavefunction (taken from Edvarsson (1998)

for all rare earth ions), and 8,, is a multiplicative factor which is dependent

on the ion (92 =a;04 = B);06 = vy ) When calculating crystal field
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levels from the B}, the 6,, constants are listed in stevens (1952) for ground

states of all the rare earth ions in the J basis.
Implementation:

Relation between ligands and CF Levels objects:

Point charge

.cif file model fit point
charge
CEF gl fit CEF
) Hamiltonian .
parameters parameters

l

[ Calculate Observables }

Figure 5.1: PyCrystalfield workflow. One can begin either with a .cif file
or a list of CEF parameters, and then calculate a point charge model or a

CEF Hamiltonian respectively.

Example: For NdAIOs perovskite material, the eigen value has been

calculated by PyCrystalfield Software:
Energy level of ground state of Nd*? in NdixLaxAlO3 sample:

The energy level of ground state of f-orbitals (Nd* with La-substitution) for
all sample has been calculated by PyCrystalfield software. The energy level
of Nd" for ground state f-orbitals in Nd; xLaxAlOs (x=0,0.1,0.2,0.3,0.4,0.5)
is listed in table (5.1).

Table 4.1: Ground state energy of Nd-ions.
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Energy X=0 @ X=0.1 X=0.2 X=03 X=04 X=0.5

Level of

Nd* in

NLAO
0 0 0 0 0 0
0 0 0 0 0 0
7.837 6.237 4.500 3.427 4.068 4.226
7.837 6.237 4.500 3.427 4.068 4.226
10.631 | 9.559 8.505 7.927 8.289 8.393
10.631 | 9.559 8.505 7.927 8.289 8.393
37.787 | 36.037 | 34.325 | 33.296 | 33.512 | 33.407
37.787  36.037 | 34.325 | 33.296 | 33.512 | 33.407
39.341  37.293 | 35217 | 33.947 34376 | 34.354
39.341  37.293 | 35217 | 33.947 34376 | 34.354

Table 4.2: The relation between change transition energy and

bond length.
Nd;xLaxAlO3 Change Transition | Bond Length
Energy (meV) (Nd/La-O)
X=0 27.156 2.6559(8)

54




X=10 26.477 2.6589(7)
X=20 25.819 2.6607(8)
X=30 25.369 2.6628(8)
X=40 25.220 2.6667(9)
X=50 25.010 2.6701(7)
275 —
—%— Transition Energy
(La-0%)
*
27.0 -
3
é (La-10%)
> 2651 e
2
w
.S 26.07 (La-20%)
= *
S
— 2554 (La-30%)
NL*&M%)
25.0 go0%

2.65I59(8) ' 2.65;39(7) ' 2.6667(8) ' 2.66I28(8) ' 2.66237(9) ' 2.67(I)1(7)
Bond Length (Nd/La-0O) (A)

Figure 5.2: Variation of transition energy with bond length (Nd/La-0O).

The bond length Nd/La-O for NdixLaxAlO; (x=0,10,20,30,40,50%) has

been observed in increasing mode and it has been correlated with

transition energy in the present of magnetic field and electrostatics field
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that which is decreasing with bond length. So, we can say that the energy

of Nd in NdAIOs by selective dopant can be tuned.
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Chapter 5

Summary and Future plans:

5.1 Summary of the work:

«+*Sample preparation: Sample synthesis has been carried out via Sol-gel

method

«+X-Ray Diffraction: Phase purity has been characterized through X-ray
diffraction technique and crystallographic information has been obtained
via Rietveld refinement. VESTA software was used to extract the values of
Nd-O2 bond lengths.

«Optical Absorption Spectroscopy: The signature of crystal field
transitions in NAO samples due to unpaired f-electrons has been observed
via the optical absorption spectroscopy in diffused reflectance mode and
PyCrystalfield software. The corresponding energy difference between two
adjacent transition peaks is found to systematically decrease with increase

in La-concentration in the Nd..La.AlO..

«Correlation of crystal field transitions with Nd-O bond length: The
Decrease in difference of the transition energy can be correlated with
Nd/La-O Bond length, attributing to the reduced effective overlapping

between of Nd and O ions
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Future Scope
#To understand a more accurate description, advanced

computational methods like density function theory (DFT) can
be employed, which considers the electron density distribution

and its interaction with the ligands and the Nd*? ion.
s*Raman spectroscopy measurement to understand lattice
vibrations and their correlation with structural and optical

properties.
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