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Preface 

Chapter I summarizes the basic introduction to linear optics, and the physical origin of 
non-linear optical phenomena. It provides and discusses the principles of the 
characterization techniques such as, powder X-ray diffraction (PXRD), UV-Visible 
spectroscopy, scanning electron microscopy (SEM), and energy dispersive X-ray 
spectroscopy (EDS) which have been used for analyzing the structural properties of the 
synthesized crystal systems, optical properties, morphological properties, and the 
elemental composition of the prepared non-linear optical materials respectively. This 
chapter also deals with the methodology of the structural refinement, the analysis of 
electron density distribution using currently available novel techniques with the 
corresponding computational procedure in a detailed manner, and the real space 
analysis of the nearest neighbor distance using atomic correlation functions. A review 
of the earlier work done on the chosen non-linear optical materials, PbMoO4, LiNbO3, 
Ce:Gd3Ga5O12, CaCO3, Yb:CaF2, and Al2O3, Cr:Al2O3,V:Al2O3 has also been presented 
in this chapter. It also provides the scope of the present research work.  

Chapter II provides the methods of sample preparation and the analysis of the 
observed powder X-ray diffraction data sets collected using these samples of non-linear 
optical materials such as, PbMoO4, LiNbO3, Ce:Gd3Ga5O12, CaCO3, Yb:CaF2, and 
Al2O3, Cr:Al2O3,V:Al2O3. The results of fitting PXRD profiles for all the non-linear 
optical materials are reported and analyzed.  

Chapter III deals with the optical properties and micro-structural characterization of 
non-linear optical materials such as PbMoO4, LiNbO3, Ce:Gd3Ga5O12, CaCO3, 
Yb:CaF2, and Al2O3, Cr:Al2O3,V:Al2O3 in a detailed manner. The band gap, the 
crystallite size and the particle size of the chosen non-linear optical materials from UV-
visible analysis, powder X-ray profile and scanning electron microscope respectively 
are also determined and discussed in this chapter. This chapter also discusses the 
elemental compositional analysis for PbMoO4, LiNbO3, Ce:Gd3Ga5O12, CaCO3, 
Yb:CaF2, and Al2O3, Cr:Al2O3,V:Al2O3.  

Chapter IV deals with the electron density distribution analysis of non-linear optical 
materials such as PbMoO4, LiNbO3, Ce:Gd3Ga5O12, CaCO3, Yb:CaF2, and Al2O3, 
Cr:Al2O3,V:Al2O3. The results of electron density distribution studies are presented in 
the form of three, two dimensional electron density maps and one dimensional profile. 
This chapter provides quantitative and qualitative analysis of the bonding behaviour of 
the chosen non-linear optical materials.  

 EBSCOhost - printed on 2/13/2023 9:35 PM via . All use subject to https://www.ebsco.com/terms-of-use



 
 

 
 

Chapter V deals with the study of the inter-atomic ordering i.e., the local structure 
ordering of the selected non-linear optical materials. The pair distribution function 
(atomic correlation function), is computed for selected non-linear optical materials of 
the present work.  

A comprehensive analysis of the results of the reported work has been presented in the 
conclusion section as Chapter VI.  

Some results of the present analysis have been published as follows;  

1. Charge density in MoO4 tetrahedron and PbO8 octahedron in PbMoO4, T. K. 
Thirumalaisamy and R. Saravanan, Journal of Materials Science: Materials in 
Electronics, Vol. 22, pp. 1637-1648, 2011.  

2. Local structure determination of the nonlinear optical material LiNbO3 using XRD, 
R. Saravanan, T. K. Thirumalaisamy and T. Kajitani, Physica Status Solidi A, Vol. 
208(11), pp. 2643–2650, 2011.  

3. The redistribution of charge density in CaF2:Yb3+, T. K. Thirumalaisamy, R. 
Saravanan and S. Saravanakumar, Journal of Materials Science: Materials in 
Electronics, Vol. 26(9), pp. 6683–6691, 2015.  

4. Structure and charge density of Ce doped gadolinium gallium garnet(GGG), T. K. 
Thirumalaisamy, S. Saravanakumar, Skirmante Butkute, Aivaras Kareiva and R. 
Saravanan, Journal of Materials Science: Materials in Electronics, Vol. 27(2), pp. 
1920–1928, 2016.  
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Chapter 1 
 

Introduction 
 

Abstract 

Chapter I summarizes the basic introduction to linear optics, and the physical origin of 
non-linear optical phenomena. It provides and discusses the principles of the 
characterization techniques such as, powder X-ray diffraction (PXRD), UV-Visible 
spectroscopy, scanning electron microscopy (SEM), and energy dispersive X-ray 
spectroscopy (EDS) which have been used to analyze the structural properties of the 
synthesized crystal systems, optical properties, morphological properties, and the 
elemental composition of the prepared non-linear optical materials respectively. This 
chapter also deals with the methodology of the structural refinement, the analysis of 
electron density distribution using currently available novel techniques with the 
corresponding computational procedure in a detailed manner, and the real space analysis 
of the nearest neighbor distance using atomic correlation functions. A review of the 
earlier work done on the chosen non-linear optical materials, PbMoO4, LiNbO3, 
Ce:Gd3Ga5O12, CaCO3, Yb:CaF2, and Al2O3, Cr:Al2O3,V:Al2O3 have also been presented 
in this chapter. It also provides the scope of the present research work.   
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1.1 Objectives  

The main objective of the present research work is to study the structural properties, 
elucidation of the electron density distribution, optical properties, morphological 
properties, and the elemental composition of some non-linear optical materials. To 
analyse the samples, some characterization works, such as, powder X-ray diffraction 
(PXRD), UV-Visible spectroscopy, scanning electron microscopy (SEM) and energy 
dispersive X-ray spectroscopy (EDS) have been carried out. 

1.2 Optics: An Introduction 

Optics is an elegant and primordial topic related to the generation, propagation, detection 
of light, and interaction of light with matter. The conventional optics is the propagation 
and interaction with matter of the light from ordinary light sources, wherein the 
intensities of the light beam are so low that even a simple linear approximation is enough 
to give a good theoretical explanation for the related optical effects. The optical 
parameters of the medium are independent of the intensity of the light propagating in 
these medium. In this sense, the conventional optics may also be called linear optics.  

On the other hand, the interaction of intense light (eg. laser radiation) with matter is 
called non-linear optics. The intensities of laser beam can be so high that a great number 
of new effects can be observed, and some high order non-linear approximations have to 
be employed to explain these new effects. The propagation of a wave through a material 
produces changes in the spatial and temporal distribution of electrical charges as the 
electrons and atoms interact with the electromagnetic fields of the wave. In this sense, 
non-linear optics may also be called as optics of intense light. Schrodinger (1942; 1943) 
introduced the term non-linear optics in 1943. The basic theories of linear and non-linear 
optical phenomena are discussed briefly in the next sections, though no optical studies 
have been made in this research work. 

1.3 Linear optical medium 

Light is considered as a stream of photon which does not have any rest mass, according 
to the quantum theory. On the other hand, light appears to be a continuous 
electromagnetic wave. A plane wave propagating in the direction of the vector 𝐾��⃗ , may be 
written in the form 

𝐸�⃗ = 𝐸0����⃗ 𝑒𝑖 (𝜔𝜔−𝐾
��⃗ .𝑟)  (1.1) 

Non-Linear Optical Materials
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where: 𝐸�⃗  is the amplitude of the electric field; 𝐸0����⃗  is a constant vector; 𝑟 is the position 
vector which defines a point in three-dimensional space; t is the time of propagation of 
the wave; ω is the angular frequency and 𝐾��⃗  (= 𝚤𝑘𝑥 + 𝚥𝑘𝑦 + 𝑘�⃗ 𝑘𝑧) is the wave vector; 
𝑘𝑥 , 𝑘𝑦 and 𝑘𝑧 are the components of the wave vectors along three different directions 
and 𝚤,  𝚥 and 𝑘�⃗  are the unit vectors along three different directions. 

When a light wave interacts with an isotropic medium, the refractive index of the 
medium and the velocity of the beam passing through the medium is the same in all 
directions. The components of the wave vectors are the same in all directions. The light 
beam experiences different refractive indices in different directions and propagates at 
different velocities in different directions in an anisotropic medium. Therefore, the 
components of 𝐾��⃗  will have different values in different directions. The momentum (𝑃�⃗ ) 
and wavelength (𝜆) of a photon are related through the following expression; 

𝑃�⃗ = ℎ 𝜆⁄ = ℏ𝐾��⃗     (1.2) 

where: ℏ (= ℎ 2𝜋);⁄  ℎ is the Plank's constant and 𝐾��⃗ (= 2𝜋 𝜆⁄ ) is the wave vector. Figure 
1.1 shows the schematic diagram of an optical medium without the application of an 
electric field.  

 

Figure 1.1 Optical medium without the application of an electric field. 

Materials Research Foundations Vol. 28
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When the optical medium is placed in an electric field, electric charges do not flow 
through the medium as they do in a conductor, but only slightly shift from their average 
equilibrium positions causing dielectric polarization. If the medium is composed of 
weakly bonded molecules, those molecules not only become polarized, but also reorient, 
so that their symmetry axis aligns to the field as shown in figure 1.2. The induced 
molecular dipole moment per molecule (𝑃�⃗ ) is proportional to the applied electric field (𝐸�⃗ ) 
which is given by the equation 

𝑃�⃗ = 𝛼𝐸�⃗   (1.3) 

where 𝛼 is the polarizability. 

 

Figure 1.2 Optical medium with the application of electric field. 

 

In a homogeneous, linear, isotropic optical medium, the response is always proportional 
to the stimulus. The induced polarization is proportional to the electric field and the 
susceptibility is independent of the electric field (Zernike and Midwinter, 1973), which is 
given by the equation   

Non-Linear Optical Materials
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𝑃�⃗ = 𝜀0χ 𝐸�⃗        (1.4) 

where 𝜀0 is the permittivity of free space and χ is a dimensionless proportionality 
constant known as the optical susceptibility of the medium. In practice, this is always the 
case at low electric fields. Materials in which such kind of linear relationship holds, are 
called linear optical medium. The variation of induced polarization (𝑃�⃗ ) with the applied 
electric field (𝐸�⃗ ) is a straight line as shown in figure 1.3.  
 

 

 

Figure 1.3 Variation of dielectric optical polarization with electric field in a linear 
optical medium. 

 

The refractive index (𝜇) of a medium and the linear susceptibility (χ) is given by the 
relation 

𝜇 =  �1 + 4𝜋χ      (1.5) 

Materials Research Foundations Vol. 28
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As long as the intensity of light propagating in the optical medium is small, the 
parameters χ and 𝜇 are constants and are independent of the intensity of light. The reason 
is that, ordinary light sources generate light of field strengths of 103 V/cm to 105 V/cm. 
The field strengths are very small, compared to the atomic fields, and therefore cannot 
affect the optical parameters of the medium. The principle of superposition holds true in 
this regime. Light waves can pass through medium or be reflected from boundaries with 
the same frequency. The schematic representation of emitted light wave is shown in 
figure 1.4.   

 

 

Figure 1.4 Light wave emission in a linear optical medium. 

 

1.4 Theory of non-linear optics  

It was thought that all optical media were linear throughout the long history of optics and 
indeed until relatively recent. The consequences of this assumption are far-reaching:  

• The optical properties of medium, such as refractive index and absorption 
coefficient are independent of light intensity 

• The principle of superposition is valid in a linear optical medium 

• The frequency of light is never altered by its passage through a medium 

• Two beams of light in the same region of a medium have no effect on each other 
so that light cannot be used to control light 

Experiments carried out in the post-laser era clearly demonstrate that optical media do in 
fact exhibit non-linear behavior, as exemplified by the following observations:  
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• The refractive index and consequently the speed of light in a non-linear optical 
medium depends on the intensity of light 

• The principle of superposition is violated in a non-linear optical medium 

• Photons do interact within the confines of a non-linear optical medium so that 
light can indeed be used to control light 

• The frequency of light is altered by its passage through a medium 

The interaction of light waves can result in the generation of optical fields at new 
frequencies, including optical harmonics of incident radiation or sum- or difference-
frequency signals. Franken and his coworkers (Franken et al., 1961), who first observed 
second harmonic generation by focusing the 694.3 nm output from a ruby laser into a 
quartz crystal and obtained a very low intensity output at a wavelength of 347.15 nm. 
This phenomenon with second harmonic generation and the invention of highly intense, 
directional and coherent laser beam has opened up new perspectives in the field of non-
linear optics.  

The Maxwell equations not only serve to identify and classify non-linear phenomena in 
terms of the relevant non-linear optical susceptibilities, but also govern the non-linear 
optical propagation effects. This introduction to non-linear optics is therefore limited to a 
simple analysis of Maxwell’s equations which govern the propagation of light.  

The differential form of Maxwell's equations in the presence of free charges in a 
dielectric media are given as  

𝛻 .𝐵�⃗ = 0 (1.6) 

𝛻 .𝐷��⃗ = 𝜌 (1.7) 

𝛻 ˟ ×  𝐸�⃗ = −   𝛿𝐵
�⃗

𝛿𝜔
  (1.8) 

𝛻 × ˟ 𝐻��⃗ = 𝐽 + 𝛿𝐷
��⃗

𝛿𝜔
  (1.9) 

where 𝐸�⃗ , 𝐵�⃗ , 𝐻��⃗ , 𝐷��⃗ , 𝐽,  and 𝜌 are the electric field, magnetic field, magnetic field strength, 
electric displacement, current density, and  charge density respectively. Here, 𝐵�⃗ =
 𝜇0𝐻��⃗ = 𝐸�⃗ + 4𝜋𝑀��⃗ , where 𝑀��⃗  is  the magnetic dipole polarization, 𝜇0 is the permeability of 
free space and    
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𝐷��⃗ =   𝜀0𝐸�⃗ + 𝑃�⃗          (1.10) 

where 𝜀0 and 𝑃�⃗  are the permittivity of free space and the induced polarization of the 
medium respectively. In a non-linear medium the induced polarization is a non-linear 
function of the applied electric field. When the high electric field strength is used, it is 
expected that 𝑃�⃗  cannot increase linearly indefinitely with 𝐸�⃗  and will become saturated. 
Therefore, we may anticipate non-linear behavior of 𝑃�⃗  at very high field strengths. Figure 
1.5 shows the non-linear variation of electric polarization with the electric field strength 
in a non-linear medium. 
 

 

Figure 1.5 Variation of dielectric optical polarization with electric field in a non-linear 
optical medium. 

 

Lasers produce light of field strengths of 107 V/cm to 1011 V/cm, which is of the order of 
the atomic field strength. Therefore, the intense light of lasers is in a position to cause 
non-linearity of 𝑃�⃗  and influence the optical parameters 𝜒, 𝜀 and µ as the function of 𝐸�⃗ . 
The superposition principle does not hold true in this regime and light waves can pass 
through the medium and interacting with each other and hence the frequency of the 
emitted wave is changed. Figure 1.6 shows the schematic representation of emitted light 
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wave. The researchers realized that all the new effects could be reasonably explained if 
one replaces the linear term on the right hand side of  equation (1.4) by an expansion in 
powers of the applied field, as (Shen, 1984)  

𝑃�⃗ =  𝜀0χ(1)𝐸�⃗  + 𝜀0χ(2)𝐸�⃗ 2  + 𝜀0χ(3)𝐸�⃗ 3 + ⋯  (1.11) 

where χ(2), χ(3), … are the second, third order, … non-linear susceptibilities of the 
medium respectively. χ(1) is the linear susceptibility responsible for material’s linear 
properties like refractive index, dispersion, birefringence and absorption. χ(2) is the 
quadratic term which describes second harmonic generation (Franken et al., 1961), 
parametric oscillation (Giordmaine and Miller, 1965) in non-centrosymmetric materials. 
χ(3) is the cubic term responsible for third harmonic generation (Terhune et al., 1962), 
phase matching, and stimulated Raman scattering (Eckhardt et al., 1962). Hence the 
induced polarization is capable of multiplying the fundamental frequency to second, 
third, and even higher harmonics. In non-linear terms, product of two or more oscillating 
fields gives oscillation at combination of frequencies. 
 

 

Figure 1.6 Light wave emission in a non-linear optical medium. 

 

The induced polarization 𝑃�⃗ , can also be written as  

𝑃�⃗ =  𝑃�⃗𝑙 + 𝑃�⃗𝑛𝑙   (1.12) 

where 𝑃�⃗𝑙 is the part of the linear electric dipole polarization in the field amplitude is    
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𝑃�⃗𝑙 =  𝜀0χ(1)𝐸�⃗ = 𝜀0χ𝑖𝑖𝐸�⃗   (1.13) 

The non-linear polarization 𝑃�⃗𝑛𝑙 ,  which can be written as    

𝑃�⃗𝑛𝑙 =  𝜀0�χ(2):𝐸�⃗ 𝐸�⃗ + χ(3) ⋮ 𝐸�⃗ 𝐸�⃗ 𝐸�⃗ + ⋯�       (1.14) 

𝑃�⃗ =  𝑃�⃗ (1) + 𝑃�⃗ (2) + 𝑃�⃗ (3) + ⋯                 (1.15) 

There are other non-linear optical effects, studied by numerous researchers, such as 
second harmonic generation, sum and difference frequency generation, phase matching, 
parametric oscillation, self-focusing of light and stimulated Raman scattering are 
available in literature. The present research work aims at the characterization of some 
non-linear optical materials and not to make optical studies of the materials. 

The brief introduction about the various characterization techniques such as  X-ray 
diffraction (XRD), micro-structural characterization such as scanning electron 
microscope (SEM), and energy dispersive analysis of X-ray (EDS) and UV-Visible 
spectroscopy carried out on the non-linear optical materials studied in this research work 
are elaborated in the next section. 

1.5  Characterization techniques  

1.5.1 X-ray diffraction 

The structural properties of crystalline solids are determined by the symmetry of the 
crystalline lattice. Non-crystalline materials have no long-range order, but at least their 
optical properties are similar to that of crystalline materials because the wavelength of the 
incident photons (of the order of 1 μm) is much larger than the lattice constant of crystals. 
Other properties of non-crystalline materials are derived based on concepts proper to 
crystalline solids and, therefore, the crystal structure is extremely important in 
understanding the properties of solid state materials. The structural information of 
crystalline materials that results in this way is confirmed by X-ray diffraction 
experiments. 

X-ray diffraction is a tool used for identifying the atomic and molecular structure of a 
crystal. Knowledge of the crystal structure is of crucial relevance for a proper 
understanding of the physical and chemical properties of the material under investigation.  
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X-ray crystallography relies on electromagnetic wave which interacts with matter and is 
used to discover the information about the structure of crystalline materials. The 
interaction between the incident rays with the material produces constructive interference 
when the Bragg’s law is satisfied. 

2𝑑 𝑠𝑠𝑠 𝜃 = 𝑠𝜆    (1.16) 

where; n is an integer, 𝜆 is the wavelength of X-rays, 𝑑 is the inter-planer spacing 
generating diffraction and θ is diffraction angle. The Bragg’s law relates the wavelength 
of electromagnetic wave with diffraction angle and the lattice spacing in a crystalline 
sample.  

1.5.2 Grain size analysis from XRD 

X-ray diffraction is a convenient method for determining the grain size of the 
polycrystalline material and the properties of the material rely on the grain size, for 
example, the decrease in the grain size increases the hardness of a metal or alloy (Cullity 
and Stock, 2001). Crystallite size can also cause peak broadening. The well known 
Scherrer (1918) equation explains peak broadening in terms of incident beam divergence 
which makes it possible to satisfy the Bragg condition for non-adjacent diffraction 
planes. 

The software GRAIN (Saravanan, Private communication) was used to estimate 
approximate grain sizes from XRD. The grain size is analyzed using full width at half 
maximum (FWHM) of the powder XRD peaks. The particle size has been calculated 
using the Scherrer (1918) formula given by the equation           

𝜏 = 𝑘𝑘
𝛽𝛽𝛽𝛽𝛽

  (1.17) 

where 𝑘 is a constant related to crystallite shape, 𝜆 is the x-ray wavelength in nanometer 
(nm), 𝛽 is the peak width of the diffraction peak profile at half maximum height resulting 
from small crystallite size in radians, and 𝜃 is the Bragg angle (Patterson, 1939), τ is the 
mean size of the ordered (crystalline) domains, which may be smaller or equal to the 
grain size. The dimensionless shape factor has a typical value of about 0.9, but varies 
with the actual shape of the crystallite. The Scherrer (1918) equation predicts crystallite 
thickness if crystals are smaller than 100 nm, which precludes those observed in most 
metallographic and ceramographic microstructures. 
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Phase identification using X-ray diffraction relies mainly on the positions of the peaks in 
a diffraction profile and to some extent on the relative intensities of these peaks. The 
shapes of the peaks, however, contain additional and often valuable information. The 
shape, particularly the width, of the peak is a measure of the amplitude of thermal 
oscillations of the atoms at their regular lattice sites. If all of these other contributions to 
the peak width is zero, then the peak width would be determined solely by the particle 
size and the Scherrer (1918) formula would apply. If the other contributions to the width 
are non-zero, then the particle size can be larger than that predicted by the Scherrer 
(1918) formula, with the extra peak width coming from the other factors. It is worthy to 
note that the Scherrer (1918) formula provides a lower bound on the particle size. In the 
present investigation, the grain size has been analyzed from XRD. The grain morphology 
was examined by scanning electron microscopy (SEM). 

1.5.3 Micro-structural characterization 

Micro-structural characterization has become important for all types of materials as it 
gives substantial information about the structure-property correlation. Micro-structural 
characterization broadly means ascertaining the morphology, identification of 
crystallographic defects and composition of phases, estimating the particle size, etc. 
Electron microscopic techniques are extensively used for this purpose. Electron 
microscopy is based on the interaction between electrons (matter wave) and the sample. 
The electrons interact with atoms in the sample, producing various signals and they 
contain the information about surface morphology and compositions. The principle and 
experimental details of scanning electron microscope (SEM) analysis and energy 
dispersive X-rays spectroscopy (EDS) are given below. 

1.5.4 Scanning electron microscopy  

Scanning electron microscope (SEM) is one of the best tools for the morphological 
studies. Scanning electron microscope produces an image of the sample by scanning it 
with the focused beam of electrons. In a typical scanning electron microscope, a well-
focused electron beam (source of illumination) is made to fall and scan the sample 
surface by two pairs of electro-magnetic deflection coils. The electron beam usually has 
an energy ranging from 0.2 KeV to 40 KeV which is focused by one or two condenser 
lenses to a spot about 0.4 nm to 5 nm in diameter. The ejected electron beams are 
directed towards the sample through the lenses. The lenses are functioning as optical 
microscope lenses which produce clear and detailed image. These lenses are made up of 
magnets capable of bending the path of electrons and they focus and control the electron 
beam. The beam passes through a final lens which deflects the beam along x and y axes. 
The sample chamber keeps the samples and it is very sensitive to vibrations. The 
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deflected electron beam is detected by the detector. For carrying out SEM analysis, the 
sample must be vacuum compatible (~10-6 Torr or more) and electrically conducting. The 
surfaces of non-conductive materials are made conductive by coating with a thin film of 
gold or platinum or carbon. The schematic diagram of the scanning electron microscope 
(Atteberry, 2014) is shown in figure 1.7. 

The SEM is also capable of performing analyses of selected point locations on the 
sample. SEM micrographs have a large depth of field yielding a characteristic three-
dimensional appearance useful for understanding the surface structure of a sample. Areas 
ranging from approximately 1 cm to 5 microns in width can be imaged in a scanning 
mode using conventional SEM techniques (magnification ranging from 20X to 
approximately 100000X, spatial resolution of 50 to 100 nm).  

 

Figure 1.7 Schematic diagram of scanning electron microscope. 
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1.5.5 Energy Dispersive X-ray spectroscopy (EDS) 

The energy dispersive X-ray spectroscopy (EDS) is an analytical technique used for 
qualitative analysis (the identification of the lines in the X-ray spectrum) and quantitative 
analysis (determination of the concentrations of the elements present) involves measuring 
line intensities for each element in the sample. The schematic diagram of the EDS 
arrangement is shown in figure 1.8. 

The electron beam stimulates the atoms in the sample with uniform energy and they 
instantaneously drive out characteristic X-rays of specific energies for each element. An 
EDS X-ray detector is used to separate the characteristic X-rays of different elements into 
an energy spectrum and EDS system software is used to analyze the energy spectrum in 
order to determine the abundance of specific elements. The most common detectors are 
made of Si (Li) crystals that operate at low voltages to improve sensitivity. In recent 
years, advances in detector technology (silicon drift detectors) operate at higher count 
rate without liquid nitrogen cooling.  
 

 

Figure 1.8 Schematic diagram of EDS arrangement. 

 

A typical EDS spectrum is portrayed as a plot of X-ray counts vs. energy (in keV). 
Energy peaks correspond to the various elements in the sample. EDS can be used to find 
the chemical composition of materials down to a spot size of a few microns and to create 
element composition maps over a much broader raster area. Together, these capabilities 
provide fundamental compositional information for a wide variety of materials. This 
radiation gives information about the elemental composition of the sample.  
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1.5.6 UV-Visible spectroscopy 

The Ultraviolet-Visible spectroscopy is a technique involving the use of light in the 
visible (380-780 nm), near ultra-violet (200-380 nm) and near infrared regions (780 - 
1100 nm) to cause electronic transitions in the target material. A light source of a fixed 
wavelength is shone through a sample and its absorption (or transmission) intensity is 
measured against a background using a detector. The wavelength is then varied slightly 
using a diffractometer, and the process is repeated until the absorption ratio for a 
spectrum of wavelengths is obtained. 

UV-Visible spectroscopy is an important tool in analytical research. The indispensable 
elements of a UV-Visible spectrophotometer (Gullapalli and Barron, 2010) consist of a 
light source, a spectrometer, a sample compartment, and a detector. The most commonly 
used light sources are the halogen lamps used for the visible and near-infrared regions 
and the deuterium lamps used for the ultraviolet region. Dispersion devices cause 
different wavelengths of light to be dispersed at different angles. A monochromator 
consists of an entrance slit, a dispersion device, and an exit slit. The output from a 
monochromator is usually a monochromatic light. When combined with an appropriate 
exit slit, these devices can be used to select a particular wavelength of light from a 
continuous source. Two cells are required for the split-beam instrument. The 
monochromatic light divided by beam splitter is then passed through the reference cell 
and sample cell. Both cells are initially filled with pure solvent, and a so-called balance 
measurement is performed. This measurement reflects the difference in absorbance 
between the two optical paths in use. The sample cell is then filled with the sample 
solution for measurement. The resulting spectrum is corrected by subtracting the balance 
spectrum. A detector converts a light signal into an electrical signal. Spectrophotometers 
normally contain either a photomultiplier tube detector or a photodiode detector. 
Increasingly, photodiodes are used as detectors in spectrophotometers. Impurities can be 
detected very easily by testing if the compound is not showing its characteristic 
absorption spectrum. The molecular weight of the compound is calculated on the basis of 
absorption of data. The band gap of the crystalline sample can be determined. The 
schematic diagram of UV-Visible spectrophotometer is as shown in figure 1.9. 
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Figure 1.9 Schematic diagram of UV-Visible spectrophotometer. 

 

1.6 Theoretical framework on charge density 

1.6.1 Structure factors and electron density  

The examination of X-ray diffraction pattern provides the details of the dimension and 
the shape of the unit cell. One can calculate the structure if the molecule consists of a 
single scatterer at the origin of the unit cell. The sum of the wavelets scattered from all 
the infinitesimal elements of electron density in the unit cell is the structure factor. The 
structure factor, 𝐹ℎ𝑘𝑙, is the resultant of 𝑗 waves scattered in the direction of the reflection 
(ℎ 𝑘 𝑙) by the 𝑗 atoms in the unit cell. Each of these waves has amplitude proportional to 
𝑓𝑖, the scattering factor of the atom. 

The structure factor in exponential form is given by the relation, 

𝐹�𝑆� = 𝐹ℎ𝑘𝑙 =  ∑ ƒ𝑖𝑁
𝑖=1 𝑒𝑒𝑒2𝜋𝑠�ℎ𝑒𝑖 + 𝑘𝑘𝑖 + 𝑙𝑧𝑖�  (1.18) 
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where N is the number of atoms in the unit cell. This means that X-ray scattering is 
dependent on electron density 𝜌, the number of electrons per unit volume. In terms of 
electron density, the structure factor for the volume element is given by the equation    

𝐹ℎ𝑘𝑙 = ∫ 𝜌(𝑋,𝑌,𝑍)𝑒𝑒𝑒2𝜋𝑠�ℎ𝑒𝑖 + 𝑘𝑘𝑖 + 𝑙𝑧𝑖�𝑑𝑑𝑉       (1.19) 

where ρ(𝑋,𝑌,𝑍) is the number of electrons per unit volume. The electron density with 
the help of Fourier transform can be expressed in terms of structure factor as 

𝜌(𝑋,𝑌,𝑍) =  1
𝑉
∑∑∑𝐹ℎ𝑘𝑙𝑒𝑒𝑒[−2𝜋𝑠�ℎ𝑒𝑖 + 𝑘𝑘𝑖 + 𝑙𝑧𝑖�] (1.20) 

The three dimensional electron density equation for the two dimensional calculation 
reduces to 

𝜌(𝑋,𝑌,𝑍) =  1
𝑉
∑∑𝐹ℎ𝑘𝑙𝑒𝑒𝑒[−2𝜋𝑠�ℎ𝑒𝑖 + 𝑘𝑘𝑖�]   (1.21) 

One can generate an electron density map for the unit cell of the crystal if the electron 
densities calculated from equation (1.21) are displayed for the (x, y, z) positions in the 
unit cell. 

All atoms and the related electrons contribute to the structure factor of each observed 
reflection, and all observed reflections must therefore be used to determine the types and 
positions of each atom in space which can easily be revealed from equations (1.18) and 
(1.19). We can truncate the Fourier series at some finite values of (ℎ 𝑘 𝑙) in equation 
(1.21) because it is not possible to measure all possible reflections. It means that a 
completely accurate description of the contents of the unit cell is not possible. But, the 
electron density at any point in space and the structure of the crystal can readily be 
calculated if the structure factors for a large number of scattering vectors �𝑆� are 
included. The scattering vectors �𝑆� cannot be directly measured in a diffraction 
experiment but it can be calculated from a known set of atomic positions. The intensity of 
the diffracted X-ray for each reflection and the structure factors related to the intensity 
can be easily measured but, some of the critical information may be lost in the intensities 
that prevent directly solving the atomic structure of a crystal from the observed X-ray 
diffraction data.  
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1.6.2 Least-squares refinement 

Let us imagine an error-free set of |Fo| and an almost correct set of atomic co-ordinates 
and temperature factors. For simplicity of our discussion, one can assume that the 
structure is centro-symmetric and the temperature factors are isotropic. The calculated 
structure factors is given by the equation, 

(𝐹𝛽)ℎ𝑘𝑙  = ∑ 2ƒ𝑖 𝑐𝑐𝑠 2𝜋(ℎ𝑒𝚥���⃗ +  𝑘𝑘𝚥���⃗ + 𝑙𝑧𝚥��⃗ )𝑁/2
𝑖=1 [−𝐵𝑖(𝛽𝑖𝑛

2 𝛽
𝑘2

 )]  (1.22) 

The correct thermal and positional parameters i.e., 𝐵𝑖, 𝑒𝚥���⃗ ,  𝑘𝚥���⃗  and 𝑧𝚥��⃗  for the jth atom can 
be expressed as 𝐵𝑖 + ∆𝐵𝑖 , 𝑒𝚥���⃗ + ∆𝑒𝑖 ,𝑘𝚥���⃗ + ∆𝑘𝑖 and  𝑧𝚥��⃗ + ∆𝑧𝑖and hence one can write 
equation (1.22) as  

(𝐹𝛽)ℎ𝑘𝑙 = �2ƒ𝑖 𝑐𝑐𝑠 2𝜋�ℎ�𝑒𝚥���⃗ + ∆𝑒𝚥���⃗ � + 𝑘� 𝑘𝚥���⃗ + ∆𝑘𝚥���⃗ � + 𝑙�𝑧𝚥��⃗ + ∆𝑧𝚥��⃗ �� ∗

𝑁
2

𝑖=1

  

�(−𝐵𝑖 + ∆𝐵𝑖)(𝛽𝑖𝑛
2 𝛽

𝑘2
)�          (1.23) 

N equivalent reflections of a given Laue class are separated into two subsets of 
(x 2⁄ ) equivalent reflections in the equation (1.23), then, 

∆𝐹ℎ𝑘𝑙 =  ∑ 𝜕(𝐹𝐶)ℎ𝑘𝑘
𝜕𝐵𝑗

𝑁/2
𝑖=1 𝐵𝑖 + 𝜕(𝐹𝐶)ℎ𝑘𝑘

𝜕𝑥𝑗
∆𝑒𝚥���⃗ + 𝜕(𝐹𝐶)ℎ𝑘𝑘

𝜕𝑦𝑗
 ∆𝑘𝚥���⃗ + 𝜕(𝐹𝐶)ℎ𝑘𝑘

𝜕𝑧𝑗
∆𝑧𝚥��⃗       (1.24) 

where, 

∆𝐹ℎ𝑘𝑙 = (𝐹𝛽)ℎ𝑘𝑙 − (𝐹𝛽)ℎ𝑘𝑙         (1.25) 

Equations of type (1.24) and (1.25) can be produced for each reflection and in general, 
there will be many more equations than parameters. If a subset of these equations was 
taken such that the number of equations equaled the number of parameters, then the 
correct parameters could be found and recalculated.  Values of 𝐹𝛽’s would then equal to 
the |𝐹𝛽|’s.  However in practice, the |Fo|’s are not error free and so one finds a least–
square solutions of the complete set of equations. This solutions is the one such that when 
the parameters are changed to 𝐵𝑖 + ∆𝐵𝑖, 𝑒𝚥���⃗ + ∆𝑒𝚥���⃗ , 𝑘𝚥���⃗ + ∆𝑘𝚥���⃗  and 𝑧𝚥��⃗ + ∆𝑧𝚥��⃗  the quantity, 
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𝑅𝑆 = [(𝐹𝛽)ℎ𝑘𝑙 −  (𝐹𝛽)ℎ𝑘𝑙]                          (1.26) 

is a minimum, where (𝐹𝛽′)ℎ𝑘𝑙 is the revised calculated structure factor. From Taylor’s 
theorem, one can find, ignoring second order small quantities, then, 

 (𝐹𝛽′)ℎ𝑘𝑙  = (𝐹𝛽)ℎ𝑘𝑙 − �∑ 𝜕(𝐹𝐶)ℎ𝑘𝑘
𝜕𝐵𝑗

𝑁 2⁄
𝑖=1 𝐵𝑖 + 𝜕(𝐹𝐶)ℎ𝑘𝑘

𝜕𝑥𝑗
∆𝑒𝚥���⃗ + 𝜕(𝐹𝐶)ℎ𝑘𝑘

𝜕𝑦𝑗
 ∆𝑘𝚥���⃗ + 𝜕(𝐹𝐶)ℎ𝑘𝑘

𝜕𝑧𝑗
∆𝑧𝚥��⃗ �  (1.27) 

(𝐹𝛽)ℎ𝑘𝑙 = (𝐹𝛽′)ℎ𝑘𝑙   − �∑ 𝜕(𝐹𝐶)ℎ𝑘𝑘
𝜕𝐵𝑗

𝑁 2⁄
𝑖=1 𝐵𝑖 + 𝜕(𝐹𝐶)ℎ𝑘𝑘

𝜕𝑥𝑗
∆𝑒𝚥���⃗ + 𝜕(𝐹𝐶)ℎ𝑘𝑘

𝜕𝑦𝑗
 ∆𝑘𝚥���⃗ + 𝜕(𝐹𝐶)ℎ𝑘𝑘

𝜕𝑧𝑗
∆𝑧𝚥��⃗ � (1.28) 

In equation (1.26), 𝑅𝑆 is the sum of the squares of the difference between the left-hand 
sides and right-hand sides of equations (1.27) and (1.28) and it is the minimization of this 
quantity which is usually implied by the least squares solution. 

It is possible to weight the equations according to the expected reliability of the quantity 
∆𝐹ℎ𝑘𝑙. If the measured |𝐹𝛽| expected to have a large random error, then the value of 
∆𝐹ℎ𝑘𝑙 may well be dominated by this and ∆𝐹ℎ𝑘𝑙 may not be very useful in indicating the 
changes to be made in the atomic parameters. Errors of measurement tend to be related to 
the actual value of 𝐹𝛽 and many weighting schemes have been proposed based on the 
value of |𝐹𝛽|. When a reasonable set of weights has been found, the equation for 𝑅𝑆 is 
multiplied throughout by the appropriate weight and a least squares solution of the 
modified set of equations is then sought in the usual way.  The standard least squares 
approximate procedure by the full matrix method is adopted for refining the parameters 
such as scale factors, thermal parameters and extinction parameter. In the least square 
procedures, the quantity to be minimized is 

𝑅𝛽𝑠 =  ∑ 𝑊ℎ𝑘𝑙ℎ𝑘𝑙 (|𝐹𝛽| −  |𝑘𝐹𝛽|2)        (1.29) 

where in the above equation  (1.29), 𝑊ℎ𝑘𝑙 is the weight to be assigned on an observation, 
𝐹𝛽 is the observed structure factor, 𝐹𝛽 is the calculated structure factor and k is the scale 
factor.  From the final value of 𝑅𝛽𝑠,  the standard errors of the final parameters can be 
estimated. Equation (1.29) is a measure of the degree to which the distribution of 
difference between |𝐹𝛽| and |𝐹𝛽| fits the distribution expected from the weights used in 
the refinement (International Tables for X-ray Crystallography 1974).  

The calculation of charge density by this least square refinement method we need infinite 
number of Fourier co-efficient to perform the Fourier Synthesis. But we use only a 
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limited number of Fourier co-efficient. We neglect the missing structure factors by 
setting them to zero simply because the experiment cannot be carried out. This is a highly 
biased assumption.  This results in the unphysical negative electron density and hampers 
the use of it in understanding the finite details like the bonding charge in valence region. 

1.7 X-ray powder refinement technique through Rietveld method 

The Rietveld (1969) method is a technique used for the characterization of crystalline 
materials from X-ray powder diffraction data. The neutron and X-ray diffraction of 
powder samples result in a pattern characterized by reflections (peaks) in intensity at 
certain positions. The success of the Rietveld (1969) method relies on accurate 
description of the shapes of the peaks in a powder pattern. Various aspects of the 
materials structure can be easily determined by the height, width and position of these 
reflections.  

A curve fitting procedure for analyzing the more complex patterns obtained from low 
symmetry materials was proposed by Rietveld (1969). The difference between the 
observed and calculated profiles rather than individual reflections was minimized by the 
least squares refinement. The best fit between the experimental and calculated powder 
diffraction patterns is achieved by adjusting the variables defining the structural model 
(atomic positions and atomic displacement parameters) and the powder diffraction profile 
(unit cell parameters and zero shift error, analytical functions describing the peak shape 
and peak width, background intensity coefficients) in the Rietveld (1969) method of 
crystal structure determination using powder diffraction data by least-squares methods. 
The pseudo-Voigt function (Thompson et al., 1987), which represents a hybrid of 
Gaussian and Lorentzian characters of peak shape is the most widely used peak shape 
function for X-ray powder diffraction data. The lattice parameters, which determine the 
positions of the reflections, a zero point error for the detector and three parameters that 
describe the variation of the Gaussian half width (full width at half maximum intensity) 
with scattering angle are the parameters required in addition to the conventional 
parameters in the least squares procedure. Several authors have applied and reviewed this 
technique to a wide range of solid state problems (Cheetham and Taylor, 1977; Hewat, 
1986; Young, 1993). 

The iterative procedure was first reported for the diffraction of monochromatic neutrons 
where the position of reflection is reported in terms of 2θ values. The poor powder 
averaging (large crystallites within a sample of smaller ones) and preferred orientation, 
both of which arise from the fact that X-rays probe a smaller sample volume are the other 
problems that occur in the X-ray diffraction studies.  
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The field of applications of Rietveld (1969) method involved in the use of neutrons 
received an additional improvement in the late 1970’s with the extension to X-ray data 
(Malmros and Thomas, 1977; Young et al., 1977). High resolution data collected at a 
synchrotron source leads to an accurate and precise determination of crystal structure 
(Cox et.al., 1983). The slight variations in peak shape from one reflection to another may 
be a frustration for the crystallographer, if the aim is to achieve a high quality of the 
crystal structure. In contrast, the additional information pertaining to the microstructure 
of the sample can easily be retrieved by the materials scientist. Several inherent 
parameters are discussed in the following sections in order to understand the Rietveld 
(1969) method. 

1.7.1 The Rietveld strategy 

A step scanning method was used for the collection of powder diffraction patterns. Bragg 
diffraction intensity with two-theta axes was collected for the crystal structure 
determination (Young, 1993). The momentum transfer Q, in all other diffraction and 
optics techniques but rarely used in powder diffraction with the wavelength is given by 
the relation 

𝑄 =  4𝜋𝑠𝑠𝑠(𝜃) 𝜆⁄         (1.30) 

1.7.2  Peak shape function 

The instrumental arrangement, the characteristics of the X-ray beam and the nature (size 
and shape) of the sample influences the peak shape in a X-ray powder diffraction pattern. 
The calculated intensity at each point on the profile is obtained by summing the 
contributions from the Gaussian peaks that overlap at that point by assuming that the 
reflections with constant wavelength X-ray are Gaussian in shape. The contribution of a 
given reflection to the profile 𝑘𝑖 at position 2𝜃𝑖 is given as 

𝑘𝑖  = 𝐼𝐾exp[−4ln{2 (2𝜃𝑖 − 2𝜃𝐾) 𝐻𝐾⁄ )2}]    (1.31) 

where 𝐻𝐾 is the full-width half-maximum (FWHM), 2𝜃𝐾is the centre of the reflection, 
and 𝐼𝐾 is the calculated intensity determined from the structure factor, the Lorentz factor, 
and multiplicity of the reflection. 
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The reflections may acquire an asymmetry due to the vertical divergence of the beam, at 
very low diffraction angles. To account for this asymmetry, Rietveld (1969) used a semi-
empirical correction factor, 𝐴𝑆 

𝐴𝑆 = 1 −  [𝑠𝑒(2𝜃𝑖 − 2𝜃ĸ)2 𝑡𝑡𝑠 𝜃ĸ⁄ ]      (1.32) 

where 𝑒 is the asymmetry factor and 𝑠 is -1, 0, +1 depending on the difference (2𝜃𝑖 −
2𝜃ĸ) being negative, zero, or positive respectively. More than one diffraction peak may 
contribute to the profile at a given position. The sum of all reflections contributing at the 
point 2𝜃𝑖 is simply the diffraction intensity. 

1.7.3  Peak width function 

The second inherent parameter is the width of the diffraction peaks and found to be broad 
at higher Bragg angles. This angular dependence (Caglioti et al., 1958) of the half widths 
of the diffraction peaks is given as  

𝜎2 = 𝐻𝐾2  + 𝑃𝑠𝑒𝑐2𝜃ĸ =  𝑈𝑡𝑡𝑠2𝜃ĸ + 𝑑 𝑡𝑡𝑠𝜃ĸ +  𝑊 +  𝑃𝑠𝑒𝑐2𝜃ĸ          (1.33) 

where 𝑈, 𝑑 and 𝑊 are the Gaussian FWHM adjustable parameters and the Scherrer 
coefficient, 𝑃, for Gaussian broadening in Rietveld’s (1969) least squares calculations. 
These four parameters do not converge in a stable manner when refined simultaneously 
(Prince, 1993). The parameters 𝑑 and 𝑊 in equation (1.33) depend only on instruments 
but not on specimens (Young and Desai, 1989) and may be fixed at values obtained by 
the Rietveld (1969) refinement of a well-crystallized sample where profile broadening is 
negligible, i.e., 𝑃 = 0. 𝐻𝐾𝐾 , the Lorentzian FWHM’s for the Voigt function 
corresponding to the pseudo-Voigt function varies with 𝜃𝐾 as 

𝐻𝐾𝐾 = (𝑋 + 𝑋𝑒𝑐𝑐𝑠𝑗𝐾)𝑠𝑒𝑐𝜃𝐾 + (𝑌 + 𝑌𝑒𝑐𝑐𝑠𝑗𝐾)𝑡𝑡𝑠𝜃𝐾    (1.34) 

The first and second parts proportional to 𝑠𝑒𝑐𝜃𝐾 has the angular dependence associated 
with Scherrer (1918) approximation for crystallite-size broadening and 𝑡𝑡𝑠𝜃𝐾 related to 
Lorentzian micro strain broadening respectively. 𝑋 and 𝑌 are isotropic-broadening 
coefficients (Thompson et al., 1987). On the other hand, 𝑋𝑒 and 𝑌𝑒 are anisotropic-
broadening coefficients (Larson and Von Dreele, 1990) and 𝑗𝐾 is the angle between the 
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scattering vector, 𝑄𝐾(= ℎ𝑡∗ +  𝑘𝑏∗ + 𝑙𝑐∗) and an anisotropic broadening axis,  ℎ𝑎𝑡∗ +
 𝑘𝑎𝑏∗ + 𝑙𝑎𝑐∗. 

The parameter 𝑃 in equation (1.33) provides a component of the Gaussian FWHM which 
is constant in 𝑑∗, as is the X component in equation (1.34) (Young, 1993). The 
modification of the original pseudo-Voigt function of Thompson et al. (1987) consists of 
the Scherrer coefficient, 𝑃 and the anisotropy coefficients, 𝑋𝑒 and 𝑌𝑒 (Larson and Von 
Dreele, 1990). Equations that relate 𝑈, 𝑃, 𝑋 and 𝑌 to the crystallite size and microstrain 
are described in Larson and Von Dreele (1990). 

1.7.4 Profile asymmetry and peak shift 

Howard (1982) devised a profile asymmetry introduced by employing a multi-term 
Simpson’s rule integration, where n symmetric profile-shape functions with different 
Simpson’s coefficients for weights, 𝑔𝑖 and shifts, 𝑓𝑖 are positioned asymmetrically and 
superimposed with each other 

𝜙′(∆2θ) =  1
3(𝑛+1)

∑ 𝑔𝑖𝑛
𝑖=1 𝜙(∆2θ)          (1.35) 

with              

∆2θ ′ =  ∆2θ + 𝑓𝑖𝐴𝛽𝑐𝑐𝑡2θ𝑘 +  𝑍 + 𝐷𝛽𝑐𝑐𝑠θ𝑘 + 𝑇𝛽𝑠𝑠𝑠2θ𝑘          (1.36) 

Here, 𝜙′(∆2θ) is the asymmetric pseudo-Voigt function and ∆2θ ′ is the 2θ difference 
modified for (a) profile asymmetry (Howard, 1982) and (b) peak shifts for each 
component profile such as zero-point shift, Z, specimen displacement, Ds and specimen 
transparency, Ts. The corresponding Simpson's coefficients are,  

 n = 3:         g1 = g3 = 1;  g2 = 4         

 n = 5:         g1 = g5 = 1; g2 = g4 = 4; g3 = 2    

 n = 7:         g1 = g7 = 1; g2 = g4 = g6 = 4; g3 = g5 = 2     

 n = 9:         g1 = g9 = 1;  g2 = g4 = g6 = g8 = 4; g3 = g5 = g7 = 2    (1.37) 

𝑓𝑖 =  [(𝑗 − 1) (𝑠 − 1)]⁄ 2           (1.38) 
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The number of terms, n (= 3, 5, 7, or 9), in equation (1.38) is automatically adjusted for 
each reflection using its FWHM.  

This method of making the profile shape asymmetric gives better fits to asymmetric 
profiles than the simple one proposed at first by Rietveld (1969), showing less correlation 
with lattice parameters. Howard’s (1982) approach further offers physical insight into the 
origin of the asymmetry because it is based explicitly upon axial divergence. It may, 
however, fail to fit strongly asymmetric profiles at very low scattering angles. In fact, the 
Simpson’s rule integration can break up into multiple peaks for very strong asymmetry. 

The asymmetric pseudo-Voigt function (Thompson et al., 1987), 𝜙′(∆2θ), composed of 
equations (1.32) - (1.38) contain the nine profile-shape parameters (𝑈, 𝑑, 𝑊, 𝑃, 𝑋, 𝑌, 𝑋𝑒, 
𝑌𝑒 and 𝐴𝑆) and the three peak-shift parameters (𝑍, 𝐷𝛽  and 𝑇𝛽) that can be refined in 
Rietveld (1969) analysis. This function is sound in that it has a physical foundation as 
well as just fitting the observed diffraction pattern. It can extract microstructural 
information, i.e., crystallite size and microstrain, from isotropic and/or anisotropic 
broadening of profiles. No line broadening arises from the crystallites as long as the 
experimental setup is unchanged. 

1.7.5  Preferred orientation function 

In order to obtain a representative diffraction pattern in reflection geometry, sample 
presentation is a key aspect. In polycrystalline specimens, crystal morphology causes 
preferred orientation of particles. Plate-like clay particles and fibrous materials are the 
typical examples of specimens affected by preferred orientation. In such cases, the 
intensity distribution along the Debye rings is not constant because of the random 
orientation of the grains. If the shape of the particle is spherical, then only an absolute 
random orientation of particles is possible. The information about morphological 
characteristics of sample can readily be used for the various correction procedures. Single 
variable functions describing orientation with respect to a specific oriented reflection 
plane of the phase (Dollase, 1986) is the most effective models used in Rietveld (1969) 
refinement. The use of the Rietveld (1969) method for eliminating (or minimizing) 
preferred orientation can be written as, 

𝐼𝛽𝛽𝑟𝑟 =  𝐼𝛽𝑜𝛽 𝑒𝑒𝑒(−𝐺𝑡2)  (1.39) 

where 𝐼𝛽𝑜𝛽 is the intensity expected for a random sample, 𝐺 is the preferred orientation 
parameter and α is the acute angle between the scattering vector and the normal of the 
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crystallites. A brief outline about the Rietveld (1969) refinement procedure is described 
in the following section.  

1.7.6  Refinement procedure 

The Rietveld (1969) method of determining structural parameters can begin with a 
complete structural model and good starting values for the background contribution, the 
unit-cell parameters and the profile parameters. The numerical intensity yi at each of the 
several thousand equal steps along the scattering angle 2θ, with increments Δ2θ, is the 
basis for the procedure. The step size may range from 0.01° to 0.05°. The basic principle 
of the Rietveld (1969) method is to minimize a function M which analyzes the difference 
between a calculated profile 𝑘(𝑐𝑡𝑙) and the observed data 𝑘(𝑐𝑏𝑠). The convergence 
criterion for this, is given as  

𝑀 =  ∑ 𝑊𝑖[𝑘𝑖(𝑐𝑏𝑠) −  1
𝛽𝑖 𝑘𝑖(𝑐𝑡𝑙)] = 𝑚𝑠𝑠𝑠𝑚𝑚𝑚   (1.40) 

where 𝑊𝑖  is the statistical weight of each observation point and c is an overall scale 
factor such that 𝑘𝑖(𝑐𝑡𝑙) = 𝑐𝑘𝑖(𝑐𝑏𝑠). The main parameters of this refinements are: the 
profile parameters, the half width parameters (𝑈, 𝑑 and 𝑊), possible asymmetries (𝑃) of 
the diffraction peaks and a zero point adjustment (𝑍), the unit cell parameters 
(𝑡, 𝑏, 𝑐,𝛼,𝛽, 𝛾), the crystallographic symmetry, especially space group and preferred 
orientation parameter (𝐺), and structural parameters like the overall scale factor 𝑐, 
fractional positional coordinates of the 𝑗𝜔ℎ atom in the asymmetric unit (𝑒𝑖 ,𝑘𝑖 , 𝑧𝑖), atomic 
(isotropic) Debye-Waller factors (including anisotropic parameters), 𝐵𝑖  and occupation 
number of each crystallographic site (𝑁𝑖) with 𝑗𝜔ℎ atom in the asymmetric unit. 

It is necessary to provide the approximate values of all the parameters for the first cycle. 
These parameters are refined until a certain convergence criterion is reached, or the 
refinement is stopped by the operator in subsequent refinement cycles. The background 
parameters of the profile are fitted to suitable 6 parameter or 12 parameter models etc., 
which are available in a Rietveld (1969) profile fitting methodology. The asymmetric 
peak widths can be refined using Bearer-Baldinozzi (asym1, asym2, asym3 and asym4) 
and the profile fitting model such as voigt, pseudo-voigt etc., can also be used for profile 
fitting. The micro absorption effects, surface roughness, temperature factors, occupancy 
of atoms and composition of atoms are the examples of some other parameters that can 
be refined. 

Nowadays, fast detectors (image plate readers) in combination with powerful 
microcomputers reveal a new aspect of Rietveld-refinement (Rietveld, 1969). The change 
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of crystal structure with pressure, temperature and/or during a chemical reaction is 
monitored and visualized by recording full powder patterns in short time intervals. The 
decomposition formula can be iterated in such a way that at the point where calculated 
structure factors are entered, a set of identical is given instead. In Rietveld (1969) 
refinement, the calculated set of |𝐹𝛽𝑜𝛽| from the decomposition formula can then be used 
as a new |𝐹𝛽𝑎𝑙|.  

Rietveld (1969) method calculates and improves the entire powder pattern using a variety 
of refinable parameters by minimizing the weighted sum of the squared differences 
between the observed and the calculated pattern using least square methods. Finally, the 
structure factors evolved from the Rietveld (1969) refinements were further utilized for 
the estimation of charge density in the unit cell. The reliability and success of this method 
can be gauged by the publication of more than a thousand scientific papers. 

1.7.7 Rietveld strategy with JANA2006 

In the present work, the Rietveld (1969) refinement of (i) PbMoO4, (ii) LiNbO3, (iii) 
Ce:Gd3Ga5O12, (iv) CaCO3, (v) Yb:CaF2, and (vi) Al2O3, Cr:Al2O3,V:Al2O3 have been 
performed using the software JANA 2006 (Petříček et. al., 2006). JANA2006 (Petříček 
et. al., 2006), is a crystallographic program for solving and refinement of regular, 
modulated and composite structures from both single crystal diffraction data and powder 
diffraction data. Structure analysis from data reduction and powder profile analysis to the 
solution of the phase problem, structure refinement and presentation of results are the 
basic tasks covered by JANA2006 (Petříček et. al., 2006). The structure solution can be 
done using the built-in charge flipping algorithm or by calling an external direct methods 
program. Multiphase structures (for both powder and single crystal data), as well as twins 
with partial overlap of diffraction spots, commensurate and composite structures can be 
easily handled by JANA2006 (Petříček et. al., 2006). Powerful transformation tools for 
symmetry, cell parameters and commensurate-supercell relations are comprised in 
JANA2006 (Petříček et. al., 2006). Finally, the structure factors evolved from the 
Rietveld (1969) refinements are given in appropriate sections, and then the refined 
structure factors have been utilized for maximum entropy method (MEM) refinements to 
explicate the electron density distribution, which will be discussed in the next section.  

1.8 Entropy maximized charge density distribution 

A versatile approach to the estimation of spatial electron density distribution in a solid 
crystal is the maximum entropy method (MEM). The maximum entropy method (MEM) 
is a method to derive the most probable map based on a non-linear calculation by the use 
of information for a given set of experimental diffraction data. A precise electron-density 
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map can be obtained and the existence of bonding between the atoms is clearly visible in 
the maximum entropy map.  

Collins (1982) introduced the improved statistical approach, maximum entropy method 
(MEM) to deal various crystallographic problems. Takata et al. (2001) have applied it 
actively to the determination of electron densities, using synchrotron X-ray diffraction 
(XRD) data. The review of Gilmore (1996) also established that the MEM is most suited 
in the reconstruction of charge density. MEM reports have provided a positive impetus 
for using MEM analysis to study charge density, ion conduction, and atomic disorder 
(Itoh et al., 2010).  

The steps for structure modeling and imaging of charge density are based on the 
preliminary reference model from Rietveld (1969) refinement. A rigid body model and 
restraints for intermolecular distances and angles were applied in the refinement. Using 
the result of Rietveld (1969) refinement, the integrated intensities of each reflection are 
evaluated from the observed diffraction data. After several iterative refinements, the final 
charge density was obtained.  

1.8.1 Overview of theoretical explanation of MEM 

An information-theory-based technique, MEM (Collins, 1982) was first developed in the 
field or radio astronomy to enhance the information obtained from noisy data (Gull and 
Daniel, 1978). It is based on the theory of foundation of statistical thermodynamics. Both 
the statistical entropy and the information entropy deal with the most probable 
distribution.  

The probability of a distribution of N identical particles over m boxes, each populated by 
ni particles, is given by 

𝑃 =  𝑁!
𝑛1!𝑛2!𝑛3!…𝑛𝑚!

     (1.41) 

As in statistical thermodynamics, the entropy is defined as ln(P). Since the numerator is 
constant, the entropy is, apart from a constant, equal to 

𝑆 =  −∑ 𝑠𝑖𝑖 𝑙𝑠(𝑠𝑖)                   (1.42) 

where Stirling's formula (𝑙𝑠 𝑁!  ≈ 𝑁 𝑙𝑠𝑁 − 𝑁) has been used. 

In case, there is a prior probability 𝑞𝑖 for box i to contain ni particles, equation (1.41) 
becomes  
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𝑃 =  𝑁!
𝑛1!𝑛2!𝑛3!…𝑛𝑚!

 𝑞1
𝑛1𝑞2

𝑛2𝑞3
𝑛3 … 𝑞𝑚

𝑛𝑚 (1.43) 

which gives, for the entropy equation, 

𝑆 =  −∑ 𝑠𝑖𝑖 𝑙𝑠(𝑠𝑖) + ∑ 𝑠𝑖𝑖 𝑙𝑠(𝑞𝑖) =  −  ∑ 𝑠𝑖𝑚
𝑖=1 𝑙𝑠( 𝑛𝑖

𝑞𝑖
)      (1.44) 

The maximum entropy method was first introduced into crystallography by Collins 
(1982), who expressed the information based on equation (1.44), the entropy of the 
electron density distribution as a sum over 𝑚 grid points in the unit cell, using the 
entropy formula (Jaynes, 1968) 

𝑆 − ∑𝜌′(𝑟) 𝑙𝑠 �𝜌
′(𝑟)
𝜏′(𝑟)

�                   (1.45) 

where the probability 𝜌′(𝑟) and prior probability 𝜏 ′(𝑟) are related to the actual electron 
density in a unit cell as,   

𝜌′(𝑟) = 𝜌(𝑟)
∑ 𝜌(𝑟)𝑖

                           (1.46) 

and 

𝜏′(𝑟) = 𝜏(𝑟)
∑ 𝜏(𝑟)𝑖

                     (1.47) 

where 𝜌(𝑟) and 𝜏(𝑟) are the electron density and prior electron density at a certain fixed 
𝑟 in a unit cell, respectively.  In the present theory, the actual densities are treated 
hereafter instead of normalized densities. And 𝜌′(𝑟) becomes 𝜏′(𝑟) when there is no 
information.  The 𝜌′(𝑟) and  𝜏′(𝑟) are normalized as  

∑𝜌′(𝑟) = 1 𝑡𝑠𝑑  ∑𝜏′(𝑟) = 1                 (1.48) 

A constraint is introduced here as,    

𝐶 =  1
𝑁

 ∑ �|𝐹𝑐𝑐𝑘(𝑘)− 𝐹𝑜𝑜𝑜(𝑘)|2

𝜎2(𝑘)
�𝑘               (1.49) 
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Where 𝑁 is the number of reflections used for MEM analysis, 𝜎(𝐻) is standard deviation 
of 𝐹𝛽𝑜𝛽(𝐻), the observed structure factor and 𝐹𝛽𝑎𝑙(𝐻) is the calculated structure factor 
given by,  

𝐹𝛽𝑎𝑙(𝐻) = 𝑑 ∑ 𝜌(𝑟) 𝑒𝑒𝑒(−2𝜋𝑠𝐻. 𝑟)𝑑𝑑𝑟       (1.50) 

where 𝑑 is the unit cell volume. 

This type of constraint is sometimes called a weak constraint, in which the calculated 
structure factors agree with the observed ones as a whole, when 𝐶 becomes unity. As can 
be seen in equation (1.50) the structure factors are given by the Fourier transform of the 
electron density distribution in a unit cell.  In the MEM analysis, there is no need to 
introduce the atomic form factors, by which the structure factors are normally written.  It 
should be emphasized here that it would be an assumption to use the atomic form factors 
in the formulation of the structure factors. Equation (1.50), guarantees that it is possible 
to allow any kind of deformation of the electron densities in real space as long as 
information concerning such a deformation is included in the observed data.   

We use Lagrange’s method of undetermined multiplier (𝜆) in order to constrain the 
function C to be unity while maximizing the entropy.  

We then have 

𝑄 = 𝑆 − �
𝜆
2
� = 

−∑𝜌′(𝑟) 𝑙𝑠 �𝜌
′(𝑟)
𝜏′(𝑟)

� − 1
2𝑁

 ∑ �|𝐹𝑐𝑐𝑘(𝑘)− 𝐹𝑜𝑜𝑜(𝑘)|2

𝜎2(𝑘)
�𝑘           (1.51) 

and when  𝑑𝑄/𝑑𝜌 = 0 and using the approximation, 𝑙𝑠 𝑒 = 𝑒 − 1 we get,  

𝜌(𝑟𝑖) = 𝜏(𝑟𝑖)𝑒𝑒𝑒 ��
𝑘𝐹000
𝑁
� �∑ (𝐹𝑜𝑜𝑜(𝑘)−𝐹𝑐𝑐𝑘(𝑘)

𝜎(𝑘)2𝑘 � 𝑒𝑒𝑒(−2𝜋𝑠𝑘. 𝑟)�  (1.52) 

where 𝐹000 = 𝑍, the total number of electrons in a unit cell. Equation (1.52) cannot be 
solved as it is, since 𝐹𝛽𝑜𝛽(𝑘) defined on 𝜌(𝑟). In order to solve equation (1.52) in a 
simple manner, we introduce the following approximation which replaces 𝐹𝛽𝑎𝑙(𝑘) as 

𝐹𝛽𝑎𝑙(𝐻) = 𝑑 ∑𝜏(𝑟) 𝑒𝑒𝑒�−2𝜋𝑠𝑘�⃗ . 𝑟� 𝑑𝑑     (1.53) 
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This approximation is called zeroth order single pixel approximation (ZSPA). By using 
this approximation, the right hand side of equation (1.52) becomes independent of τ(r) 
and it can be solved in an iterative way starting from a given initial density for the prior 
distribution. As the initial density for the prior density τ(r), a uniform density distribution 
is employed in this work, 

𝜏(𝑟)  ≤   𝜏(𝑟)  ≥  𝑍
𝑀

 (1.54) 

where 𝑀 is the number of pixels for which the electron density is calculated. The reason 
for this choice of prior distribution is that the uniform density distribution corresponds to 
the maximum entropy state among all possible density distributions. In the calculation 
of 𝜌(𝑟), all of the symmetry recruitments are satisfied and the number of electrons (𝑍) is 
always kept constant through an iteration process. Mathematically, the summation 
concerning 𝜌(𝑟) in the above equations should be written as an integral.  Since we must 
use a very limited number of pixels in the numerical calculation, the integral is replaced 
by the summation in the above equations. 

The major difficulties of traditional Fourier synthesis methods of extracting electron 
densities from powder data are,  

• Termination due to unobserved peaks, which produce spurious features, making it 
difficult to extract physically meaningful residual electron density distribution 
maps 

• The difficulty in obtaining accurate observed structure factors (𝐹𝛽𝑜𝛽), owing to the 
collapse of reciprocal space onto a one dimensional diffraction pattern and the 
resulting partial or complete overlap of Bragg reflections  

MEM method has overcome these two difficulties. Due to its reproducibility of the true 
charge density distribution in a unit cell, this method has enormous respect from the 
crystallographers. It is possible to evaluate the reflections missing from the summation 
after completion of the MEM enhancement. The amplitudes of the unobserved reflections 
are assumed to be equal to zero in a Fourier summation, while the MEM technique 
(Collins, 1982) provides the most probable values. The maximum entropy method 
(MEM) can give accurate structure analysis than any other methods. 

1.8.2 Advantages of maximum entropy method 

The advantages of maximum entropy method (MEM) over the conventional Fourier 
method are,  
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• It is an appropriate method which requires limited amount of information by 
maximizing information entropy under constraints to handle the uncertainties 
properly 

• It acquires electron density distribution which is consistent with observed physical 
quantities 

• This method yields least biased information and hence MEM electron densities are 
always positive even with limited number of data sets  

• The calculated electron density distribution provides the detailed structure 
information without using structural model 

• The bonding nature and the distribution of electrons in the bonding region can be 
clearly visualized using this technique 

• It can give accurate structure analysis when compared to other conventional 
methods 

1.8.3 Computational procedure of MEM 

The computational procedure for the determination of charge density was proposed by 
Takata et al. (2001). Figure 1.10 shows the virtual imaging lens by means of a computer 
program as in MEM.  

The MEM program read an input file with the crystal parameters, reflection list with real 
and imaginary parts of the structure factor, an asymmetric unit density file and a 
documentation file. The MEM (Collins, 1982) refinements were carried out by dividing 
the unit cell into suitable pixels. The uniform prior density was used in all the cases by 
dividing the total number of electrons by the volume of the unit cell. This model provides 
information on reconstructing the structure factor using preliminary information like 
position, type, space group, etc. The calculated structure factor is then compared with the 
observed one and the resultant calculated structure factor and observed one will be used 
for the reconstruction of charge density using MEM analysis (Collins, 1982). These 
charge density pictures are compared at each stage in iterative cycles based on satisfying 
the constrained C. The error is then determined and then a revised model of the charge 
density is again projected. This model will replace the previous model and then 
iteratively, the structure factor can be evaluated. The Lagrange parameter is suitably 
chosen so that the convergence criterion C=1 is reached after minimum number of 
iterations. At this stage, the charge density is analyzed for its bonding and charge 
ordering behavior. 
 

Materials Research Foundations Vol. 28

 EBSCOhost - printed on 2/13/2023 9:35 PM via . All use subject to https://www.ebsco.com/terms-of-use



33 

 

Figure 1.10 MEM virtual imaging lens by means of a computer program. 

 

In the present work, the software package PRIMA (Izumi and Dilanian, 2002) has been 
used for the numerical MEM computations and the program VESTA (Momma and 
Izumi, 2006) has been used for the pictorial visualization of the three dimensional (3D) 
and two dimensional (2D) representation of the electron densities. 
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1.9 Local structure analysis by atomic pair distribution function (PDF)  

1.9.1 Atomic pair distribution function (PDF) 

The approach of traditional crystallographic structure solution is no longer sufficient to 
understand the properties of complex materials on an atomic scale. The limitation of 
traditional structure refinements yields only the long range average structure of the 
material. In recent years, a different approach has been developed that can tackle the 
structural issues in many of these systems to a high degree of accuracy. 

The atomic pair distribution function (PDF) is a technique which has greatly improved 
our ability to find local structural deviations from a well defined average structure 
(Egami, 1990; Billinge et al., 1996). In crystallographic methods, Bragg-peaks are 
analyzed directly in reciprocal space which provides extensive and sufficient information 
about the underlying structure. The PDF technique and closely related total scattering 
methods allow both the Bragg and diffuse scattering to be analyzed together without bias, 
revealing the short and intermediate range order of the material, regardless of the degree 
of disorder.  

Fourier relationship between measurable diffraction intensities and the real-space 
arrangement of pairs of atoms is considered to be advantage of the PDF technique (Egami 
and Billinge, 2003). The PDF can be defined directly in real-space in terms of atomic 
coordinates. The probability of finding an atom at a given radial distance r from another 
atom is provided by the PDF i.e., it can be understood as a bond length distribution. On 
the other hand, the PDF is obtained by the use of the Fourier transform of the total 
scattering pattern and yields the local structure on length scales beyond the unit cell size. 

It is possible to get high-quality data at high-Q values, allowing accurate high real-space 
resolution PDFs to be determined (Petkov et al., 1999), if we use high energy X-rays. It 
was thought that neutrons were superior for high-Q measurements because, as a result of 
the Q dependence of the X-ray atomic form factor, the X-ray coherent intensity gets 
rather weak at high Q; however, the high flux of X-rays from modern synchrotron 
sources more than compensates for this and we have shown that high quality high-
resolution PDFs can be obtained using X-rays. 

A PDF spectrum (Bragg peaks + diffuse scattering) consists of a series of peaks, the 
positions of which give the distances of atom pairs in real space. The relative thermal 
atomic motion and static disorder is responsible for the ideal width of these peaks. The 
investigation of effects of lattice vibration on PDF peak width is important for the 
following two reasons. 
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• To establish the degree to which information on phonons and the inter-atomic 
potentials can be obtained from powder diffraction data  

• To account for correlation effects in order to extract information on static disorder 
in a disordered system such as an alloy 

1.9.2 Practical aspects of pair distribution function 

The PDF method illustrates that it agrees well with the inter-atomic distances computed 
from a crystallographic model (average model) (Toby and Egami, 1992; Peterson et al., 
2003), when there are no short range deviations from the average structure, This real 
space method is one of the experimental techniques that can be used to probe structures 
on the nanometer length scale, when the local structure is not consistent with the long 
range, globally averaged structure (Egami and Billinge, 2003). The scattered X-ray 
intensity by a collection of atom after corrections for absorption, polarization, multiple 
scattering and normalization to the unit of one atom or scattering s can be expressed as, 

𝐼(𝑄) = ∑ 𝑓𝑖(𝑄)𝑓𝑖(𝑄)〈exp [𝑠𝑄. �𝑟𝑖 − 𝑟𝑖�]〉𝑖𝑖     (1.55) 

where  𝑓𝑖(𝑄) is the scattering amplitude of single atom 𝑠, 𝑟𝑖 is the position of the  𝑠𝜔ℎ 
atom, 〈exp [𝑠𝑄. �𝑟𝑖 − 𝑟𝑖�]〉 is the quantum and thermal average 𝑄�⃗  is given by, 

𝑄�⃗ =  𝑘𝑓 −  𝑘𝑖    (1.56) 

𝑄�⃗ = �𝑄�⃗ � = 2�𝑘𝑓,𝑖�𝑠𝑠𝑠𝜃         �𝑠𝑓 �𝑘𝑓� = |𝑘𝑖|�       (1.57) 

where 𝑘𝑓 and 𝑘𝑖 are the momenta of the scattered and incident photons or neutrons, 
respectively and 𝜃 is the diffraction angle. Inelastic phonons scattering is also included in 
the quasi-elastic X-ray scattering. The average structure factor can be given as,  

 𝑆�𝑄�⃗ � =  𝐼(𝑄�⃗ )
<𝑓(𝑄�⃗ )>2

+ [<𝑓(𝑄�⃗ )>2−<𝑓(𝑄�⃗ )2>]
<𝑓(𝑄�⃗ )>2

    (1.58) 

Here < 𝑓(𝑄�⃗ ) >2 is the compositional average. This equation for 𝑆�𝑄�⃗ � can be noted as 
the square of the structure factor 𝐹�𝑄�⃗ �. 
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The total data will be treated in real space, by Fourier transforming the data, instead of 
indexing and analyzing each powder peak separately. The atomic pair distribution 
function (PDF) can be obtained from the Fourier transform of equation (1.58) 

𝜌(𝑟) = 𝜌0 + 1
2𝜋2𝑟

𝑄�⃗ �𝑆�𝑄�⃗ � − 1� sin�𝑄�⃗ 𝑟� 𝑑𝑄�⃗        (1.59) 

where 𝜌0 is  the average (atomic) number density (average no of atoms in the sample 
with respect to distance) and r is the distance. 

If 𝑄�⃗  is in Å−1, then 𝜌(𝑟) will be in Å−3. 𝜌(𝑟) corresponds to the (atomic) number density 
at a distance  𝑟 from the average atom (Warren, 1990). Equation (1.59) is expressed as; 

𝜌(𝑟) − 𝜌0 = 1
2𝜋2𝑟

𝑄�⃗ �𝑆�𝑄�⃗ � − 1� sin�𝑄�⃗ 𝑟� 𝑑𝑄�⃗             (1.60) 

4𝜋𝑟[𝜌(𝑟) − 𝜌0] = 2
𝜋
𝑄�⃗ �𝑆�𝑄�⃗ � − 1� sin�𝑄�⃗ 𝑟� 𝑑𝑄�⃗          (1.61) 

The 𝐺(𝑟) is an experimentally accessible function.  It is referenced with respect to the 
average density 𝜌0. The experimental PDF is a direct Fourier transform of the total 
scattering structure function 𝑆�𝑄�⃗ �, the corrected, normalized intensity from powder 
scattering data 𝐼(𝑄), given by  

𝐺(𝑟) = 4𝜋𝑟[𝜌(𝑟) − 𝜌0] = 2
𝜋 ∫ 𝑄�⃗ �𝑆�𝑄�⃗ � − 1� sin�𝑄�⃗ 𝑟� 𝑑𝑄𝑄=𝑄𝑚𝑐𝑚

𝑄=0       (1.62) 

𝐺(𝑟) will be in units of Å−2 if 𝑄�⃗  is the magnitude of the wave vector in Å−1. The function 
𝐺(𝑟) gives information about the number of atoms in a spherical shell of unit thickness at 
a distance 𝑟 from a reference atom. It peaks at characteristic distances separating pairs of 
atoms and thus reflects the atomic structure. 

The structure function is related to the coherent part of the total diffracted intensity of the  

𝑆�𝑄�⃗ � = 1 +  𝐼𝑐𝑜ℎ�𝑄�⃗ �−∑𝛽𝑖�𝑓𝑖�𝑄�⃗ ��
2

   

�∑ 𝛽𝑖𝑓𝑖�𝑄�⃗ ��
2      (1.63) 

where  𝐼𝛽𝛽ℎ(𝑄) is the coherent scattering intensity per atom in electron units and 𝑐𝑖 and 𝑓𝑖 
are the atomic concentration and X-ray scattering factor, respectively, for the atomic 
species of type i (Warren, 1990; Egami and Billinge, 2003). G(r) is simply another 
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representation of the diffraction data. However, exploring the diffraction data in real 
space has advantages especially in the case of materials with significant structural 
disorder. In order to refine an experimental PDF, one needs to calculate a PDF from a 
structural model. This can be done using the relation 

𝐺𝛽𝑎𝑙𝛽(𝑟) = 1
𝑟
∑ ∑ �𝑜𝑖𝑜𝑗

〈𝑜〉2
𝛿�𝑟 − 𝑟𝑖𝑖��𝑖𝑖 − 4𝜋𝑟𝜌0           (1.64) 

where the sum goes over all pairs of atoms 𝑠 and 𝑗 within the model separated by 𝑟𝑖𝑖. The 
scattering power of atom 𝑠 is 𝑏𝑖 and 〈𝑏〉 is the average scattering power of the sample. 𝑏𝑖 
is the scattering length in neutron scattering, in case of X-rays, it is the atomic form factor 
evaluated at a user defined value of Q. The Bragg and diffuse scattering information 
about the local atomic arrangements in a material can be obtained through the atomic pair 
distribution function. The experimental PDF was obtained as follows; 

• First, the coherently scattered intensities were extracted from X-ray diffraction 
pattern by applying appropriated correction for flux, background, Compton 
scattering and sample absorption  

• The intensities were normalized in absolute electron unit, reduced to structure 
function and Fourier transformed to atomic PDF 

• The powder X-ray intensities collected were normalized to obtain the total 
scattering function, using the software PDFgetX (Jeong, 2001) 

• The experimental PDF peak widths as a function of pair distance are extracted 
using the “real space” Rietveld program PDFGUI (Farrow et al., 2007), which 
allows for powerful usability features such as real time plotting and remote 
execution of the fitting program whilst visualizing the results locally 

The structural parameters like, lattice parameters, phase scale factor, linear atomic 
correlation factor, quadratic atomic correlation factor, spherical nano-particle amplitude 
correction, low r peak sharpening, peak sharpening cut off and cut off for profile setup 
functioning were refined to get the absolute phase in the refinement program PDFfit 
(Proffen and Billinge, 1999). The step size, data scale factor, upper limit for Fourier 
transform to obtain data PDF, resolution damping factor, resolution peak broadening 
factor, data collection temperature and doping concentration levels etc., are the data 
configuration parameters to be refined to get accurate PDF fitting. Finally, the observed 
and calculated PDF’s are visualized and compared.  
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1.10 A review of the NLO materials chosen for the present investigation  

1.10.1 Lead molybdate (PbMoO4) 

PbMoO4 has been the subject of extensive study because of its potential applications, 
such as photoconductivity (Bernhardt and Jena, 2006), luminescence (Hizhnyi and 
Nedilko, 2003), thermo-luminescence (Bollmann, 2006) and photo catalysis (Kudo et al., 
1990). The optical properties of lead molybdate have been reported by Tyagi et al. 
(2008). The influence of lattice defects to improve the optical and other properties of 
PbMoO4 crystals have been reported by Piwowarska et al. (2008). But, a study on 
electron density distribution of PbMoO4 is not available in the literature. Therefore, an 
attempt has been made in this research work to study the electron density distribution 
using the X-ray powder diffraction data. 

1.10.2 Lithium niobate (LiNbO3) 

Lithium niobate (LiNbO3) is one of the most investigated NLO materials for widespread 
and promising applications in non-linear optics (e.g., parametric amplification, second-
harmonic generation, holographic data storage, and optical information processing) 
(Arizmendi, 2004). LiNbO3 can be utilized as a high temperature acoustic transducer, 
such as an accelerometer for jet aircraft because of its high Curie temperature (Tc =1210° 
C) (Radonjic et al., 2005). The existence of threshold effect with regard to magnesium 
doping level in LiNbO3 single crystal has been confirmed by measuring IR absorption 
and photoconductivity by Sweeney et al. (1984). It was reported that the high-speed and 
low-noise holographic storage with considerate diffraction efficiency has been achieved 
in LiNbO3 crystal by using two dopants Mg and Fe (i.e., Mg:Fe:LiNbO3) (Xu et al., 
2005). LiNbO3 crystals doped with magnesium might lead to the formation of defects and 
suppress the optical damage (Feng et al., 1990). The holographic storage properties of the 
LiNbO3 crystal can be greatly improved by doping with ZnO (Volk et al., 1990). In spite 
of the fact that the single crystals of LiNbO3 have several applications, still there are 
restrictions because of their high cost and difficult fabrication. Kar et al. (2004) have 
reported the growth of LiNbO3 using Czochralski technique. In the present work, an 
attempt has been made to study the electron density distribution, the bonding between the 
atoms and local structure of LiNbO3. 

1.10.3 Ce doped gadolinium gallium garnet (Ce:Gd3Ga5O12) 

The early work on non-linear optical materials showed that gadolinium gallium garnet 
(Gd3Ga5O12, GGG), is a subject of intense research for the past three decades, because of 
its interesting properties, such us chemical stability, mechanical hardness, good thermal 
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and optical behavior (Yu et al., 2008). It was reported that the GGG single crystals can be 
used as an appropriate substrate for yttrium iron garnet (YIG) and YIG-like magneto-
optical epitaxial film in the field of integrated optics (Shiraishi, 1985). Neodymium 
doped GGG single crystal (Nd:GGG) can be regarded as a promising and key material for 
solid-state high power heat capacity laser (Albrecht et al., 1998). A method to increase 
the lattice parameters of GGG crystal employing coupled substitution of gallium by 
magnesium and zirconium, and gadolinium by calcium has been reported (Sugimoto et 
al., 1996). A study on electron density distribution of Ce:Gd3Ga5O12 is not available in 
the literature. Hence, this material is chosen for the electron density analysis in this work.  

1.10.4 Calcite (CaCO3) 

Calcite (CaCO3) is one of the most probed NLO materials for widespread and promising 
applications. It was reported that calcite crystal has strong uniaxial anisotropic nature 
(Thompson et al., 1998). Numerous studies are available on the pressure induced phase 
transition behavior of CaCO3. It was reported that CaCO3 undergo phase transitions from 
calcite I to calcite II (slightly denser phase), and from calcite II to calcite III (significantly 
denser phase), at a pressure of 1.44 GPa and 1.77 GPa respectively (Bridgman, 1939). It 
was reported that the above mentioned phase transitions occur at 1.45 GPa and 1.74 GPa 
respectively at room temperature (Singh and Kennedy, 1974). It was also reported that 
the same phase transitions occur at 1.5 GPa and 2.2 GPa respectively (Merrill and 
Bassett, 1975). A comprehensive non-destructive methodology for the simultaneous 
quantitative determination of the calcite crystal phases using the Fourier transform 
Raman spectroscopy (FT-RS) was reported by Christos and Nikos (2000). The present 
work on calcite (CaCO3) can be considered as a clear and precise attempt in visualizing 
the electron density distribution and bonding nature in the unit cell. 

1.10.5 Yb doped calcium fluoride (Yb:CaF2) 

Calcium fluoride (CaF2) crystal has been reported as a good non-linear optical material 
because of its excellent properties, such as, broad transmittance range (from far UV to 
mid-IR), low refractive index, high chemical resistance and high laser damage threshold 
(Li et al., 2000). It was reported that the fluoride crystals were preferred when compared 
to oxides, because of their lower refractive index limiting non-linear effects and low 
phonon energy reducing non-radiative relaxation (Liangbi et al., 2005). CaF2 crystal was 
reported as one of the first host materials for possible lasing action (Baker, 1974). The 
synthesis and upconversion luminescence properties of Er3+:CaF2 nanoparticles co-doped 
with Yb3+ was reported (Pedroni et al., 2011). It was reported that the Yb doped CaF2 
crystal has less thermal dispersion coefficient (dn/dT) than Yb doped YAG crystal, 
suitable for high power fundamental-mode laser operation (Boudeile et al., 2008). Rare 
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Earth doped CaF2 crystals have proved their usefulness in photolithography (Jain et al., 
1982) and medical and biological labeling (Yang et al., 2010). Though Yb doped CaF2 
material was reported as a good non-linear optical material, the electron level properties 
were not available in the literature. Hence, this material is chosen for the electron density 
analysis in this work. 

1.10.6 Aluminium oxide (Al2O3), Cr:Al2O3 and V:Al2O3 

Aluminium oxide (Al2O3) is one of the most analysed non-linear optical materials.  Its 
hardness, excellent dielectric properties, refractoriness and good thermal properties make 
it the material of choice, for a wide range of applications (Zhao et al., 2004). It was 
reported that the refractive index of Al2O3 is suitable for optical waveguide (Kersten et 
al., 1975). It was also reported that Al2O3 crystal undergoes a variety of transitions until 
the most stable α structure (α-Al2O3) was formed at a temperature above 1000°C 
(Bahlawane et al., 2000). The present work on Al2O3, Cr:Al2O3 and V:Al2O3 can be 
considered as an attempt in visualizing the electron density distribution and the local 
structure.  

1.11 Scope of the present work 

From the review of the literature, it is found that the available non-linear optical materials 
have widespread and promising applications, but the efforts to understand the local 
structure, electron density distribution and bonding is still lacking.  

The present research work has been carried out to explore the structural details, the 
electron density distribution and the local bond length distribution of some non-linear 
optical materials only (not as the characterization of non-linear properties of the optical 
materials). The present study has also been concerned with the estimation of the optical 
band gap, the particle size, crystallite size, and the elemental composition from UV-
Visible analysis, SEM, XRD and EDS of some non-linear optical materials respectively. 
The materials chosen for the present analysis are: 

• Lead molybdate (PbMoO4) 

• Lithium niobate (LiNbO3)  

• Ce doped Gadolinium gallium garnet (Ce:Gd3Ga5O12) 

• Calcite (CaCO3) 

• Yb doped Calcium fluoride (Yb:CaF2) 

• Al2O3, Cr:Al2O3 and V:Al2O3 
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In the present work, the experimental X-ray powder diffraction data sets of the chosen 
non-linear optical materials have been subjected to the Rietveld (1969) refinement 
technique with the help of the software JANA2006 (Petříček et al., 2006). The refined 
structure factors have been used to explicate the fine details of the electron density 
distribution inside the unit cell using the maximum entropy method (MEM) with the help 
of the software PRIMA (Izumi and Dilanian, 2002). The three-dimensional, two-
dimensional electron density maps and one-dimensional electron density profiles have 
been constructed and analyzed using the software program VESTA (Visualization for 
Electronic and STructural Analysis) (Momma and Izumi, 2006). The bond length 
distributions of the selected non-linear optical materials have been estimated using PDF 
(Petkov et al., 1999). The atomic pair distribution function (PDF) is obtained from the 
Fourier transform of the measured X-ray powder diffraction data using the software 
PDFgetX (Jeong et al., 2001). The observed and calculated PDF have been compared 
using the graphical software PDFgui (Farrow et al., 2007). The particle sizes and 
crystallite size of the chosen non-linear optical materials have been evaluated using SEM 
and XRD respectively. The elemental composition analyses of the chosen non-linear 
optical materials have been performed by using EDS. The optical band gaps of the 
chosen non-linear optical materials have also been estimated by using UV-Visible 
spectroscopy.  
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Chapter 2 
 

Powder X-ray Analysis of  
Non-Linear Optical Materials 

 
Abstract 

Chapter II provides the methods of sample preparation and the analysis of the observed 
powder X-ray diffraction data sets collected using these samples of non-linear optical 
materials such as, PbMoO4, LiNbO3, Ce:Gd3Ga5O12, CaCO3, Yb:CaF2, and Al2O3, 
Cr:Al2O3,V:Al2O3. The results of fitting PXRD profiles for all the non-linear optical 
materials are reported and analyzed. 

Keywords 

PXRD, Rietveld Refinement, PbMoO4, LiNbO3, Ce:Gd3Ga5O12, CaCO3, Yb:CaF2, Al2O3, 
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2.1 Introduction 

In the field of materials science, materials are generally classified into two types as 
crystalline and amorphous materials. In crystalline materials, the atoms are arranged in a 
periodic pattern with equal interplaner/interatomic distance and which leads to have a 
specified structure. The wavelength of X-rays used to probe the crystal structure is almost 
comparable with the interatomic distance in crystalline materials. Hence, X-rays can only 
be used in the electromagnetic spectrum to study the structure of the crystalline materials. 
Hence, X-ray characterization technique is most suitable for analyzing the structural 
information in the crystalline materials. The intensities obtained from the diffracted 
monochromatic X-ray beams at a particular angle give the structural and phase 
information for the chosen system. X-ray diffraction technique can also be used to 
identify the unknown structures from powder materials. In the present work, powder X-
ray diffraction technique has been used for determining the structure of the chosen non- 
linear optical materials.  

Rietveld (1967) refinement technique based on the least square refinement method has 
been adopted for analysing the structural and phase information for the observed X-ray 
data set. Rietveld (1967) refinement technique is an effective technique for determining 
the detailed structural information of the crystalline materials and the results obtained 
from this technique can be used for constructing the charge density distribution in the unit 
cell. In order to analyze the structural information for the chosen system, JANA 2006 
software (Petříček et al., 2006) which uses Rietveld (1967) method was utilized in the 
present research work. 

The present work has been carried out on non-linear optical materials to elucidate the 
properties using electron density distribution studies through maximum entropy method 
(Collins, 1982). A detailed structural analysis of the materials is required to analyze the 
electron density distribution. This analyzes the derived structural information of the non-
linear optical materials. The non-linear optical materials chosen for the present analysis 
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are Lead molybdate (PbMoO4), Lithium niobate (LiNbO3), Ce doped Gd3Ga5O12 
(Ce:Gd3Ga5O12), Calcite (CaCO3), Yb doped Calcium fluoride (Yb:CaF2) and Al2O3, Cr 
doped Al2O3 (Cr:Al2O3) and V doped Al2O3 (V:Al2O3).  

2.2 Lead molybdate (PbMoO4) 

2.2.1 Powder X-ray data analysis of PbMoO4 

High purity analytical grade (Alfa Aesar, 99.9%) PbMoO4, powder purchased from the 
scientific suppliers has been used for the present analysis. The powder X-ray intensity 
data set of PbMoO4 were collected in the 2θ range from 10° to 120° with step size 0.017° 
at the National Institute for Interdisciplinary Science and Technology (NIIST), CSIR, 
Trivandrum, India, using an X’-PERT PRO (Philips, Netherlands),  X-ray diffractometer 
with a monochromatic incident beam of wavelength 1.54056 Å, offering pure CuKα 
radiation. The raw X-ray intensity data of PbMoO4 was refined using Rietveld (1967) 
refinement, a well known powder profile fitting method for the structural refinement. The 
cell parameters and other structural parameters refined using this method, by JANA2006 
software (Petříček et al., 2006) are given in table 2.2.1 and table 2.2.2. The coordinate of 
Pb, Mo and O atoms are (0, 0, 0.5), (0, 0, 0) and (0.3749, 0.0133, 0.0726) respectively. 
Refined structural parameters of PbMoO4 are given in this table 2.2.1 and the deviations 
from the reported values (Gull and Daniel, 1978) are reasonable. The Rietveld (1967) 
refined powder profile of PbMoO4 using JANA 2006 (Petříček et al., 2006) is shown in 
figure 2.2.1. 

Table 2.2.1 Refined structural parameters of PbMoO4. 

Parameter  Value 
a (Å) 5.4503(28) 
b (Å) 5.4503(28) 
c (Å) 12.1431(63) 
Rp (%) 13.30 
wRp (%) 19.17 
Robs (%) 7.14 
wRobs (%) 6.62 
GOF 0.41 

  RP - Reliability index for profile 
  wRP - Weighted reliability index for profile 
  Robs - Reliability index for observed structure factors 
  wRobs - Weighted reliability index for observed structure factors 
  GOF - Goodness of Fit 
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Table 2.2.2 The observed and calculated structure factors of PbMoO4. 

h k l  Fobs  Fcal σ(Fobs) 
1 0 1 98.4573 98.7006 2.8429 
1 1 2 349.7430 349.9710 1.3312 
1 0 3 87.7628 87.2345 1.3324 
0 0 4 309.7490 310.2990 1.5862 
2 0 0 462.5380 461.1600 0.7041 
2 0 2 41.1272 41.6542 1.1429 
2 -1 1 89.6529 88.4611 1.7989 
2 1 1 109.9920 108.7153 1.6607 
1 1 4 75.1904 75.2219 1.1016 
1 0 5 131.5640 133.0430 3.7179 
2 -1 3 111.3520 111.2460 2.3168 
2 0 4 337.8600 339.3370 3.0845 
2 2 0 344.9590 340.9680 3.4480 
3 0 1 86.6224 85.7185 1.6367 
3 -1 2 367.6080 369.1780 2.9506 
2 0 6 92.6194 95.0129 1.4878 
0 0 8 493.949 494.6710 1.8810 
4 0 0 582.8250 581.8400 1.1826 
4 -1 1 15.7574 15.6825 0.3942 
4 -1 3 126.4850 131.0940 2.9979 
4 2 0 303.0800 304.8420 1.4298 
3 3 4 33.5254 32.3107 1.7131 
1 1 10 297.6380 294.2270 3.2072 
3 1 8 90.9099 90.0081 1.1528 
4 -3 1 70.8994 67.2338 2.7338 
5 1 2 307.6050 308.8360 1.3492 
0 0 12 377.5650 374.3680 2.6534 
3 1 10 238.5420 235.3290 1.9762 
4 -2 8 260.3300 265.9020 1.3651 
5 -3 2 316.2010 322.7780 1.4985 
4 0 10 20.2954 20.8786 2.3240 

  Fobs - observed structure factor 

   Fcal - calculated structure factor 

  σ(Fobs) - standard error in the measurements 
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Figure 2.2.1 Refined powder XRD profile of PbMoO4. 

 

2.3 Lithium niobate (LiNbO3) 

2.3.1 Sample preparation of LiNbO3 

Lithium niobate (LiNbO3) crystal has been grown with the technical expertise and advice 
from the Department of Applied Physics, Graduate School of Engineering, Tohoku 
University, Sendai, Japan, by Czochralski method. LiNbO3 crystal has been grown from 
the melt with a composition 51.4/48.6 for the molar ratio of Nb2O5/ Li2CO3, which is the 
congruent melt composition. Starting materials of Nb2O5 and Li2CO3 with high purities 
were weighed according to the composition at the congruent melting point, mixed and 
kept in a furnace for solid state reaction at 1000oC for 24 hours. This process has been 
repeated to ensure the completion of the solid-state reaction. Then the product has been 
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ground, and made into pellets. The growth has been accomplished using a procedure 
similar to Kar et al (2004).  

2.3.2 Powder X-ray analysis of LiNbO3 

A small portion of grown LiNbO3 crystal was crushed properly for powder XRD study. 
The powder X-ray intensity data set was collected in order to analyze the bonding and 
structural behaviour of LiNbO3 in the 2θ range from 10° to 120° with step size 0.1° at 
Regional Research Laboratory (RRL), CSIR, Trivandrum, India, using an X’-PERT PRO 
(Philips, Netherlands), X-ray diffractometer with a monochromatic incident beam of 
wavelength 1.54056 Å, offering pure CuKα radiation. The raw intensity data set of 
LiNbO3 was refined using Rietveld (1967) refinement. It is a well known powder profile 
fitting method for the structural refinement. The cell parameters and other structural 
parameters were refined by using the software program JANA 2006 (Petříček et al., 
2006). The refined structural parameters of LiNbO3 using JANA 2006 (Petříček et al., 
2006) are given in table 2.3.1. The refined structure factors of LiNbO3 are tabulated in 
table 2.3.2. The powder XRD data fitted using JANA 2006 (Petříček et al., 2006) is 
shown in figure 2.3.1.  

Table 2.3.1 Refined structural parameters of LiNbO3. 

Parameter  Value 

a (Å) 5.1588(13) 

b (Å) 5.1588(13) 

c (Å) 13.8910(39) 

Rp (%)  10.89 

wRp (%) 15.01 

Robs (%)  3.39 

wRobs (%) 3.28 

GOF  1.11 

  RP - Reliability index for profile 

  wRP - Weighted reliability index for profile 

  Robs - Reliability index for observed structure factors 

  wRobs - Weighted reliability index for observed structure factors 

  GOF- Goodness of Fit 
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Table 2.3.2 The observed and calculated structure factors of LiNbO3. 

h k l  Fobs  Fcal  σ(Fobs) 
1 -1 2 229.3390 230.4240 2.0056 
1 0 4 143.3240 145.5700 2.7524 
2 -1 0 129.2520 126.8270 3.0863 
0 0 6 77.0896 74.2805 4.8109 
2 -1 3 68.0691 68.4391 2.5749 
2 0 2 104.7560 110.5580 3.7796 
2 -2 4 212.8960 212.1630 4.0785 
2 -1 6 152.4990 150.6660 3.2196 
3 -1 1 23.2662 24.9324 2.2841 
1 -1 8 104.6130 105.6280 5.1283 
3 -1 4 120.4260 116.3870 4.0772 
3 0 0 167.7020 157.5170 6.0684 
3 -2 5 22.2635 31.0188 3.8703 
2 0 8 125.4280 124.4890 6.8797 
1 0 10 91.5134 98.2450 6.2894 
2 -1 9 29.5202 31.6896 2.0283 
4 -2 0 94.7524 90.7140 7.5236 
3 -1 7 34.2471 32.7874 2.7193 
3 0 6 90.1434 94.6964 4.2523 
3 -3 6 123.8870 130.1440 5.844 
4 -2 3 25.2081 26.1405 1.3835 
4 -1 2 115.0820 117.5980 4.8316 
3 -2 8 119.6450 121.8810 4.3518 
4 -3 4 105.0160 104.7710 6.2497 
0 0 12 35.20340 41.32660 3.9812 
4 -1 5 31.89120 34.5160 1.6298 
4 -2 6 125.9860 131.7630 5.4406 

  Fobs - observed structure factor 

  Fcal  - calculated structure factor 

  σ(Fobs) - standard error in the measurements 
 

  

Non-Linear Optical Materials

 EBSCOhost - printed on 2/13/2023 9:35 PM via . All use subject to https://www.ebsco.com/terms-of-use



54 

 
Figure 2.3.1 Refined powder XRD profile of LiNbO3. 

2.4 Gadolinium gallium garnet (Gd3Ga5O12) 

2.4.1 Sample preparation of Gd3-xCexGa5O12 

Cerium doped gadolinium gallium garnet (Gd3-xCexGa5O12) powder has been grown with 
the technical proficiency and guidance from the Department of General and Inorganic 
Chemistry, Vilnius University, Naugarduko, Vilnius, Lithuania by an aqueous sol-gel 
method. The molar percentages of Ce used in Ce:GGG was 0.5, 1 and 3. In the aqueous 
sol-gel process, the following materials were used: Gd2O3 (99.99%, Aldrich), Ga2O3 
(99.9 %, Merck) and (NH4)2Ce(NO3)6 (99.9 %, Merck). Gd and Ga nitrate solutions were 
prepared by dissolving the corresponding oxides in 65% nitric acid at 60-65°C. The 
obtained nitrates were washed several times with distilled water. The appropriate 
quantities of [NH4]2[Ce(NO3)6] were dissolved separately in 100 ml of distilled water. 
Clear solutions were obtained after stirring at 60°C-65°C for 1 hour in beakers covered 
with a watch-glass. The resulting mixtures were stirred at 65°C for 1 hour, followed by 
dropwise addition of tris-(hydroxymethyl) aminomethane (C4H11NO3) as complexing 
agent. The resulting solutions were mixed at the same temperature for 1 hour and then 
concentrated by slow solvent evaporation at 65°C until they turned into transparent gels. 
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The gels were dried in an oven at 110°C for 24 hours. The resulting gel powders were 
ground in an agate mortar and heated in air at 800°C for 5 hours by slow temperature 
elevation (~3-4°C/minute). After grinding in an agate mortar, the powders were further 
sintered in air at 1000 °C for 10 hours. 

2.4.2 Powder X-ray analysis of Gd3-xCexGa5O12 

Powder X-ray intensity data sets were collected for Gd3-xCexGa5O12 (x = 0.5, 1 and 3) 
materials in 2θ range from 10° to 120° with step size 0.02° at Sophisticated Analytical 
Instruments Facility (SAIF), Department of Science and Technology (DST), Cochin, 
India, using a Bruker AXS D8 Advance (Karlsruhe, Germany). Pure CuKα radiation with a 
wavelength of 1.54056 Å was used as the incident beam. The observed X-ray data sets 
for Gd3-xCexGa5O12 (x = 0.5, 1 and 3) are shown in figure 2.4.1. The enlarged view of 
(204) peak shows a shifting of diffraction angle (2θ) towards lower angle with respect to 
Ce concentration. This angular shifting leads to increase in the cell parameters. The 
increasing trend in cell parameters is shown in table 2.4.1. The raw intensity data as seen 
from figure 2.4.1 is in decreasing trend with Ce concentration due to lower atomic 
number of dopant atoms (Ce) than that of the host atom (Gd). This reveals that the dopant 
atom has been successfully incorporated into the lattice as substitutional defects. The raw 
intensity data of Gd3-xCexGa5O12 (x = 0.5, 1 and 3) were refined using Rietveld (1967) 
refinement technique which was proposed by Rietveld (1967). The Rietveld (1967) 
method is an exact tool to find out many structural details. The structural parameters such 
as lattice parameters, peak shift, back ground parameters, profile shape parameters, 
preferred orientation parameters and etc are refined and are extracted from this method. 
In this work, the X-ray diffraction data of cubic Gd3-xCexGa5O12 (x = 0.5, 1 and 3) 
material is refined using JANA2006 software (Petříček et al., 2006) by considering the 
space group of 𝐼𝐼3�𝑑. The refined structural parameters from the powder data sets using 
JANA2006 (Petříček et al., 2006) of Gd3-xCexGa5O12 (x = 0.5, 1 and 3) are summarized in 
table 2.4.1. The refined structure factors of Gd3-xCexGa5O12 (x = 0.5, 1 and 3) are 
tabulated in tables 2.4.2(a) to 2.4.2(c) respectively. A standard software package 
formulated by Holland and Redfern (1997) was also used to refine the cell parameters of 
Gd3-xCexGa5O12 (x = 0.5, 1 and 3) using the observed 2θ values. The refined cell 
parameter increases with Ce (ri=1.034 Å) (Shannon, 1976) concentration due to large 
ionic radius than that of the host atom Gd (ri=0.938 Å) (Shannon, 1976). It infers that 
inclusion of cerium content certainly increases the lattice parameters of gadolinium 
gallium garnet which plays a significant role in the optical properties of non-linear optical 
material. The fitted XRD profiles along with their difference are shown in figures 2.4.2(a) 
to 2.4.2(c). The Rietveld (1967) refinement fitting again confirms the phase pure system 
of gadolinium gallium garnet. 
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Figure 2.4.1 Observed X-ray profiles of Gd3-xCexGa5O12 (x = 0.5, 1 and 3). 

Table 2.4.1 Refined structural parameters of Ce:Gd3Ga5O12. 
Refined 
parameter 

Composition of Ce 
0.5 1 3 

a=b=c (Å) 12.413(25) 12.434(14) 12.460(21) 

α=β=γ  90° 90° 90° 

V (Å3) 1912.96 1922.74 1934.58 

Rp (%) 3.52 3.76 3.60 

wRp (%) 4.48 4.79 4.56 

Robs (%) 4.97 6.21 3.99 

wRobs (%) 4.79 4.52 3.64 

GOF 1.09 1.11 1.03 

  V - Volume of the unit cell 
  RP - Reliability index for profile 
   wRP - Weighted reliability index for profile 
  Robs - Reliability index for observed structure factors 
   wRobs - Weighted reliability index for observed structure factors 
  GOF - Goodness of Fit 
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Table 2.4.2(a) The observed and calculated structure factors of Gd3-xCexGa5O12 for x = 
0.5. 

h  k  l  Fobs  Fcal  σ(Fobs) 
1 1 2 166.9230 181.8140 4.0380 
2 1 3 168.1930 178.1190 4.6446 
0 0 4 938.5180 928.3350 6.4772 
2 0 4 1074.8200 1066.0800 9.4127 
2 2 4 789.6060 779.7100 7.3527 
2 1 5 258.2190 252.7400 6.9608 
1 1 6 289.8890 291.3320 6.8819 
4 4 4 1062.1400 1065.4800 7.5133 
4 0 6 957.8820 954.7260 5.2181 
4 2 6 759.2500 754.1780 6.3150 
0 0 8 1366.8400 1348.3200 6.5758 
4 0 8 637.8050 632.0900 4.6434 
4 2 8 724.6180 721.1670 4.0949 
6 1 7 101.1310 108.0270 3.9893 
5 5 6 152.5300 164.1870 6.5201 
2 1 9 124.8710 130.8830 3.8937 
6 4 6 591.2990 591.0670 3.0799 
6 5 7 194.7260 191.2630 8.5131 
4 0 10 596.4610 593.6230 6.3726 
6 1 9 126.6600 133.3550 2.7752 
3 3 10 136.2510 143.2630 2.8697 
4 2 10 507.7850 506.0090 2.2928 
8 0 8 1019.2900 1017.6000 4.8695 
8 1 9 22.0247 22.2541 1.8207 
4 3 11 0.4391 0.4328 0.0294 
7 4 9 10.4014 10.5097 0.8598 
6 4 10 421.6200 422.5300 2.7044 
3 1 12 13.7984 14.4266 0.6206 
8 3 9 4.3039 4.5064 0.2106 
5 3 12 17.3419 18.1425 0.4738 
8 4 10 491.9770 491.8570 4.8651 
4 3 13 3.7903 4.0032 0.3452 
7 1 12 3.0213 3.1910 0.2752 
8 7 9 4.3475 4.7310 0.4348 
8 3 11 2.9678 3.1792 0.2831 

  Fobs - observed structure factor 

  Fcal - calculated structure factor 

  σ(Fobs) - standard error in the measurements 
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Table 2.4.2(b) The observed and calculated structure factors of Gd3-xCexGa5O12 for x = 
1. 

h  k  l  Fobs  Fcal  σ(Fobs) 
1 1 2 165.8430 185.0490 6.0954 
2 1 3 183.0790 189.4090 7.1300 
0 0 4 894.2060 901.0040 8.6276 
2 0 4 1106.5000 1099.0500 9.2360 
2 2 4 760.8980 770.2290 6.0637 
2 1 5 264.5200 254.2060 7.5509 
1 1 6 309.8030 310.0080 6.4267 
4 4 4 1074.1800 1055.9500 5.8038 
4 0 6 950.7990 948.6750 3.9419 
4 2 6 733.2730 745.1080 8.5513 
0 0 8 1426.8600 1498.2400 7.4033 
4 0 8 666.0360 676.1700 6.4163 
4 2 8 729.5970 736.5630 4.0875 
6 1 7 104.2950 101.1250 5.8753 
5 5 6 138.7220 136.9640 6.4874 
2 1 9 113.4420 111.0290 1.5343 
6 4 6 578.6540 574.0300 6.8859 
6 5 7 161.5000 163.0650 6.3663 
4 0 10 682.4960 687.4300 4.2743 
6 1 9 138.1670 138.2290 3.0316 
3 3 10 108.3780 109.3980 4.2625 
4 2 10 543.6990 545.4970 5.0266 
8 0 8 1172.6400 1078.0200 5.6193 
8 1 9 29.5222 30.3334 5.5823 
4 3 11 16.7629 19.3854 6.0501 
7 4 9 22.7253 23.3497 4.2971 
6 4 10 477.467 471.2990 4.7355 
3 1 12 3.0936 3.0283 0.3902 
8 3 9 4.4032 4.2951 0.2646 
5 3 12 15.9578 18.5295 1.4156 
8 4 10 571.653 517.9040 3.2738 
4 3 13 12.0662 12.2253 1.7131 
7 1 12 10.5027 12.0076 1.3590 
8 7 9 5.7143 6.2343 0.5064 
8 3 11 9.5174 10.8589 1.0437 

     Fobs - observed structure factor 

    Fcal - calculated structure factor 

    σ(Fobs) - standard error in the measurements 
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Table 2.4.2(c) The observed and calculated structure factors of Gd3-xCexGa5O12 for x = 3. 
h k l  Fobs  Fcal  σ(Fobs) 
1 1 2 209.0510 203.4530 2.8315 
2 1 3 160.4000 174.3830 9.0511 
0 0 4 941.9790 943.7390 6.9395 
2 0 4 1055.2300 1060.1000 9.0407 
2 2 4 759.5400 764.4990 8.4352 
2 1 5 278.5230 260.4030 7.2203 
1 1 6 219.9650 215.7000 7.2519 
4 4 4 1089.9500 1076.2500 6.7434 
4 0 6 972.9710 973.5220 4.3054 
4 2 6 761.5220 756.8390 8.9926 
0 0 8 1464.7200 1487.7900 8.4281 
4 0 8 656.9360 660.9030 6.8426 
4 2 8 684.1200 687.7150 5.9325 
6 1 7 99.3252 100.3910 5.5565 
5 5 6 112.4430 118.4700 3.3840 
2 1 9 159.1060 168.4960 4.4338 
6 4 6 607.3480 606.8070 2.6104 
6 5 7 112.2610 115.8170 6.7226 
4 0 10 609.0730 609.4850 1.0517 
6 1 9 137.0090 136.6050 4.7103 
3 3 10 123.3500 125.4050 2.2146 
4 2 10 537.1320 536.8630 4.5006 
8 0 8 1041.9500 1041.8000 2.2146 
8 1 9 5.8533 5.4923 0.2555 
4 3 11 46.6551 44.1114 2.0219 
7 4 9 7.6449 7.2281 0.3313 
6 4 10 416.1390 415.632 1.2324 
3 1 12 31.4055 33.9459 0.8526 
8 3 9 1.9909 2.1524 0.0540 
5 3 12 29.5728 30.3551 0.7309 
8 4 10 500.9510 500.576 1.9843 
4 3 13 18.9440 19.9013 1.8974 
7 1 12 10.1053 11.0091 1.3992 
8 7 9 7.0048 7.4115 0.7136 
8 3 11 3.6163 3.8380 0.8570 

   Fobs - observed structure factor 

   Fcal - calculated structure factor 

   σ(Fobs) - standard error in the measurements 
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Figure 2.4.2(a) Refined powder XRD profile of Gd3-xCexGa5O12 for x = 0.5. 

 

Figure 2.4.2(b) Refined powder XRD profile of Gd3-xCexGa5O12 for x = 1. 
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Figure 2.4.2(c) Refined powder XRD profile of Gd3-xCexGa5O12 for x = 3. 

2.5 Calcite (CaCO3) 

2.5.1 Sample preparation of CaCO3 

Mechanical milling was applied for 5 hrs in the single crystal calcite material using an 
agate mortar. The prepared sample was characterized by X-ray diffractometer (XRD). 
The X-ray intensity data set was collected at Sophisticated Analytical Instruments 
Facility (SAIF), Department of Science and Technology (DST), Cochin, India, using a 
parallel-beam Bruker AXS D8 Advance (Karlsruhe, Germany), X-ray diffractometer 
fitted with Si (Li) detector. Soller silt set to a 6° (2θ) aperture was used to improve the 
peak shape and θ-2θ geometry. The accelerating voltage and the applied current density 
were 40 KV and 35 mA/cm2 respectively. The wavelength used for the X-ray intensity 
data collection was 1.54056 Å, offering pure CuKα radiation with a 2θ range of data 
collection from 5° to 120° with a step size of 0.01° and the counting time of 49.2s at each 
step.  
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2.5.2 Powder X-ray analysis of CaCO3 

The raw intensity data set was refined based on the Rietveld (1967) method using the 
software program JANA2006 (Petříček et al., 2006). The Rietveld (1967) method refines 
structural parameters like fractional co-ordinates, atomic displacement parameters, 
occupation factors and lattice parameters from the whole powder diffraction patterns. In 
this method, the observed profile is matched with the profile constructed using the 
pseudo-Voigt profile shape function of Thompson et al. (1987) which was modified to 
some extent to accommodate various Gaussian FWHM parameters and the Scherrer co-
efficient P for Gaussian broadening. The asymmetric parameters are refined using Berar-
Baldinozzi function employing the multi-beam Simpson rule integration devised by 
Howard (1982). A correction for preferred orientation of the crystallites in the sample is 
dealt with the model as proposed by March-Dollase (March, 1932; Dollase, 1986). The 
Legendre polynomial of first kind was used to fit the background. The fitted XRD profile 
along with their difference is shown in figure 2.5.1. The atomic positional parameters, 
cell parameters and structural parameters from Rietveld (1967) method with the 
corresponding standard deviations in parenthesis are given in tables 2.5.1 and 2.5.2. The 
observed and calculated structure factors of calcite are given in table 2.5.3. 

 

Figure 2.5.1 Refined powder XRD profile of CaCO3. 
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Table 2.5.1 Atomic positions and thermal vibration parameters of CaCO3. 

Parameter Ca C O 

x 0 0  0.2534(2) 

y 0 0  0 

z 0 0.25(1)  0.25(2) 

    x, y, z - positional parameters 
 

 

Table 2.5.2 Refined structural parameters of CaCO3. 
Parameter Value 

a (Å) 4.9912 (9)  

b (Å) 4.9912 (9)  

c (Å) 17.0717(11)  

Rp (%) 7.47 

wRp (%) 11.19 

Robs (%) 3.56 

wRobs (%) 4.24 

GOF 1.34 

  RP - Reliability index for profile 

  wRP - Weighted reliability index for profile 

  Robs - Reliability index for observed structure factors 

  wRobs - Weighted reliability index for observed structure factors 

  GOF- Goodness of Fit 
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Table 2.5.3 The observed and calculated structure factors of CaCO3. 
h k l Fobs Fcal σ(Fobs) 
1 -1 2 32.3370 32.7401 0.3696 
1 0 4 144.1790 143.641 1.4554 
0 0 6 36.2231 36.8761 0.5941 
2 -1 0 64.9383 66.2716 0.7082 
2 -1 3 55.8510 56.5845 0.5980 
2 0 2 82.6861 81.6986 0.8974 
1 -1 8 93.9592 98.6237 0.9952 
2 -1 6 72.2177 73.9635 0.7661 
3 -2 2 55.7422 59.2401 0.6539 
3 -1 4 44.8548 46.1706 0.5662 
2 0 8 41.8429 43.2733 0.5468 
3 0 0 69.6160 73.0747 0.9219 
0 0 12 94.7257 96.5906 1.3848 
2 -2 10 46.4739 48.0525 0.8855 
3 -2 8 36.1768 39.5446 0.6405 
3 0 6 20.7354 21.4004 0.7715 
2 -1 12 33.2823 33.2312 0.6794 
4 -2 3 1.7325 1.6571 0.9007 
4 -3 1 2.2753 2.4945 0.4410 
4 -1 2 16.9585 16.9889 0.4141 
3 -1 10 36.8837 38.0108 0.6908 
1 -1 14 20.4805 21.2378 0.5901 
4 -3 4 49.1524 53.7520 0.7364 
4 -2 9 2.3205 2.3303 0.0346 
1 0 16 34.6567 38.4724 0.8286 
2 -1 15 13.1669 14.5875 0.3185 
3 -1 13 12.4987 13.3727 1.0341 
3 -3 12 41.2111 42.0875 0.8119 
3 0 12 38.0279 38.8366 0.7492 
5 -2 1 15.2263 15.7628 0.5941 
5 -3 2 25.0272 25.8850 0.8062 
4 -3 10 11.5444 11.5139 0.3232 
4 -1 11 1.8021 1.9350 0.0521 
0 0 18 4.1543 4.4914 0.1173 
5 1 0 33.6958 35.3056 0.7435 

   Fobs - observed structure factor 

  Fcal - calculated structure factor 

  σ(Fobs) - standard error in the measurements 
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2.6 Calcium fluoride (CaF2) 

2.6.1 Sample preparation of Yb doped CaF2 

Ca1-xYbxF2 (x = 0, 0.03, 0.06, 0.09 and 0.12) materials have been synthesized by co-
precipitation method according to Lyberis et al. (2001). Commercially available high 
pure calcium nitrate (99.98%, Alfa Aesar) and ytterbium nitrate (99.999%, Aldrich) have 
been used for the preparation of the desired materials. Calcium nitrate and ytterbium 
nitrate were dissolved in de-ionized water and added drop wise to a stirring solution of 
hydrofluoric acid. The precipitate was repeatedly washed in distilled water. The obtained 
powder was annealed at 400°C under argon atmosphere for 4 h. These samples were 
pelletized and sintered again under argon atmosphere at 900°C for 1 h. 

2.6.2 Powder X-ray analysis of Yb doped CaF2 

The X-ray powder diffraction (XRPD) measurements of undoped and Yb doped CaF2 
materials were carried out at Sophisticated Analytical Instruments Facility (SAIF), 
Department of Science and Technology (DST), Cochin, India, using an Bruker AXS D8 
Advance (Karlsruhe, Germany), X-ray diffractometer using pure CuKα radiation. The 
wavelength used for the X-ray intensity data collection was 1.54056 Å, offering pure 
CuKα radiation. The accelerating voltage and the applied current density were 40 KV and 
35 mA/cm2 respectively. Measurements were recorded with a 2θ range from 10° to 120° 
with step size of 0.02°. The observed X-ray peaks for the prepared CaF2 materials match 
well with those of joint committee on powder diffraction standards (JCPDS) XRD data 
sets reported in the file (JCPDS Card No # 35-0816) and it has a cubic fluorite structure. 
All the peaks are indexed and given in figure 2.6.1(a). An important evidence for the 
perfect doping effect is that there is a shift in the diffracting angle 2θ towards lower angle 
with the increase of Yb concentration and it is evident through the enlarged XRD profile 
of the (1 1 3) plane as shown in the figure 2.6.1(b). The raw X-ray profiles of undoped 
and Yb doped CaF2 materials have been refined for observing the structural changes due 
to the inclusion of Yb using Rietveld (1967) refinement technique which is employed in 
the software JANA 2006 (Petříček et al., 2006). The refinement was done considering 
cubic structure for CaF2 which is having space group of 𝐹𝐹3�𝐹 with four calcium atoms 
surrounded by each fluoride atom (Gerward et al., 1992). The structure of CaF2 is 
identified with cell parameters a=b=c=5.4629 Å and the initial atomic positional 
coordinates for Ca and F are assumed as (0, 0, 0) and (0.25, 0.25, 0.25) respectively. The 
refined profiles of Ca1-xYbxF2 (x = 0, 0.03, 0.06, 0.09, 0.12) are shown in figures 2.6.2(a)-
2.6.2(e) respectively. They show the perfect profile fitting between calculated and 
observed X-ray profiles. The refined structural parameters are tabulated in table 2.6.1 and 
the refined structure factors of Ca1-xYbxF2 (x = 0, 0.03, 0.06, 0.09, 0.12) are tabulated in 
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tables 2.6.2(a)-2.6.2(e) respectively. The incorporation of Yb atoms in the preferential 
site of Ca atoms can also be revealed through the increase in the values of the structure 
factors reported in tables 2.6.2(a)-2.6.2(e). The increasing dopant concentration of 
ytterbium leads to the increase in cell dimension in the unit cell of CaF2 as shown in table 
2.6.1. The variation in cell dimension of Ca1-xYbxF2 (x = 0, 0.03, 0.06, 0.09 and 0.12) 
may not be correlated with the ionic radius, because the ionic radius of the dopant ions 
and the host ion are almost equal [ri (Yb3+) = 0.99 Å (Shannon, 1976), ri (Ca2+) = 1.0 Å 
(Shannon, 1976)]. When Ca2+ is substituted by a trivalent RE ion, charge compensating 
F¯ ions enter the fluorite structure in interstitial fluorite cubic sites and the electronic 
repulsion between F¯ ions leads to a net increase of the lattice parameter. Due to this 
reason, there is a shift in diffraction angles towards lower angle and is shown in figure 
2.6.1(b). The intensities of the observed X-ray peaks for undoped and doped CaF2 
materials increase monotonically with the inclusion of Yb3+. Due to the higher atomic 
number of Yb (ZYb=70, ZCa=20), the host lattice site gets higher number of electrons 
when doping is induced and it leads to increase in the X-ray intensity. The structure 
factors extracted from Rietveld (1967) refinement were used in the software PRIMA 
(Izumi and Dilanian, 2002) for construction of electron density distribution in the unit 
cell using MEM (Collins, 1982). 

 

Figure 2.6.1(a) Observed XRD profiles of Ca1-xYbxF2 (x = 0.00, 0.03, 0.06, 0.09 and 
0.12). 
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Figure 2.6.1(b) XRD profiles of (1 1 3) plane (enlarged) for Ca1-xYbxF2 (x = 0.00, 0.03, 
0.06, 0.09 and 0.12). 

 

 

Table 2.6.1 Refined structural parameters of Ca1-xYbxF2. 
Parameters x=0.00 x = 0.03 x = 0.06 x = 0.09 x = 0.12 
a=b=c (Å) 5.4607(22) 5.465(4) 5.4681(6) 5.4710(7) 5.4743(12) 
α=β= γ (°) 90 90 90 90 90 
F000 152 158 164 170 176 
Rp (%) 3.92 3.68 3.73 3.29 3.20 
wRp (%) 5.54 5.07 5.33 4.56 4.48 
Robs (%) 0.98 1.35 1.13 1.21 1.47 
wRobs (%) 1.46 1.77 2.85 1.70 3.20 
GOF 1.03 1.07 1.05 1.05 1.06 

F000 - Number of electrons in the unit cell 

RP - Reliability index for profile 

wRP - Weighted reliability index for profile 

Robs - Reliability index for observed structure factors 

wRobs - Weighted reliability index for observed structure factors 

GOF - Goodness of Fit 
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Table 2.6.2(a) The observed and calculated structure factors of Ca1-xYbxF2 for x = 0.00. 
h k l  Fobs  Fcal σ(Fobs) 
1 1 1 61.9312 62.0552 0.6267 
0 0 2 5.1399 6.1397 0.3102 
2 0 2 91.7137 92.2070 0.9277 
1 1 3 43.9111 44.1713 0.4568 
0 0 4 66.3835 66.7216 0.7548 
3 1 3 34.6845 34.7400 0.4016 
2 2 4 51.4341 52.2789 0.5637 
3 3 3 28.9634 29.0314 0.3639 
4 0 4 42.7972 43.1778 0.5901 
3 1 5 25.0015 25.1811 0.3186 

      Fobs - observed structure factor 

      Fcal - calculated structure factor 

      σ(Fobs) - standard error in the measurements 
 

Table 2.6.2(b) The observed and calculated structure factors of Ca1-xYbxF2 for x = 0.03. 
h k l  Fobs  Fcal σ(Fobs) 
1 1 1 63.8081 66.9323 0.6478 
0 0 2 8.7654 9.0040 0.3236 
2 0 2 95.1839 96.0927 0.9677 
1 1 3 47.9922 48.5645 0.5077 
0 0 4 70.3746 71.3005 0.8703 
3 1 3 38.2703 38.7483 0.4740 
2 2 4 55.5760 56.5760 0.6354 
3 3 3 32.6428 32.7433 0.4499 
4 0 4 47.6879 47.2421 0.7712 
3 1 5 28.4417 28.6629 0.4101 

     Fobs - observed structure factor 

     Fcal - calculated structure factor 

     σ(Fobs) - standard error in the measurements 
 
  

Materials Research Foundations Vol. 28

 EBSCOhost - printed on 2/13/2023 9:35 PM via . All use subject to https://www.ebsco.com/terms-of-use



69 

Table 2.6.2(c) The observed and calculated structure factors of Ca1-xYbxF2 for x = 0.06. 
h k l  Fobs  Fcal σ(Fobs) 
1 1 1 70.6993 71.0204 0.7160 
0 0 2 12.8850 13.8258 0.2792 
2 0 2 100.1790 99.4771 1.0147 
1 1 3 50.5921 50.8565 0.5256 
0 0 4 70.8703 72.1547 0.8134 
3 1 3 37.9468 39.8738 0.4328 
2 2 4 53.0123 56.4015 0.5725 
3 3 3 31.5784 33.0160 0.3865 
4 0 4 44.3224 46.3040 0.5898 
3 1 5 26.9385 28.2724 0.3255 

     Fobs - observed structure factor 

     Fcal - calculated structure factor 

     σ(Fobs) - standard error in the measurements 
 
 

Table 2.6.2(d) The observed and calculated structure factors of Ca1-xYbxF2 for x = 0.09. 
h  k l  Fobs  Fcal σ(Fobs) 

1 1 1 76.0336 75.7892 0.7700 
0 0 2 18.9543 18.0037 0.3128 
2 0 2 104.1820 104.3460 1.0554 
1 1 3 55.2593 54.9629 0.5729 
0 0 4 74.5199 76.6668 0.8519 
3 1 3 43.2949 43.4845 0.4942 
2 2 4 59.5191 60.5720 0.6504 
3 3 3 36.6075 36.2458 0.4515 
4 0 4 49.0087 50.1798 0.7073 
3 1 5 31.3085 31.2002 0.3936 

     Fobs - observed structure factor 

     Fcal - calculated structure factor 

     σ(Fobs) - standard error in the measurements 
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Table 2.6.2(e) The observed and calculated structure factors of Ca1-xYbxF2 for x = 0.12. 
h  k l Fobs Fcal σ(Fobs) 

1 1 1 80.2378 80.4675 0.8122 
0 0 2 25.0889 23.0540 0.3390 
2 0 2 106.7630 107.5370 1.0833 
1 1 3 58.5778 58.8520 0.6089 
0 0 4 75.6674 78.8955 0.8873 
3 1 3 46.2350 46.8136 0.5319 
2 2 4 61.5102 62.2076 0.6765 
3 3 3 39.1166 39.1531 0.4747 
4 0 4 51.5646 51.4039 0.7347 
3 1 5 33.5296 33.7755 0.4128 

     Fobs - observed structure factor 

     Fcal - calculated structure factor 

     σ(Fobs) - standard error in the measurements 
  

 

 

Figure 2.6.2(a) Refined powder XRD profile of Ca1-xYbxF2 for x = 0.00. 
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Figure 2.6.2(b) Refined powder XRD profile of Ca1-xYbxF2 for x = 0.03. 
 

 

Figure 2.6.2(c) Refined powder XRD profile of Ca1-xYbxF2 for x= 0.06. 
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Figure 2.6.2(d) Refined powder XRD profile of Ca1-xYbxF2 for x = 0.09. 
 

 
Figure 2.6.2(e) Refined powder XRD profile of Ca1-xYbxF2 for x = 0.12. 
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2.7 Aluminium oxide (Al2O3) 

2.7.1 Powder X-ray data analysis of Al2O3, Cr:Al2O3 and V:Al2O3 

High purity analytical grade Al2O3, 5% Cr:Al2O3 and 5% V:Al2O3 materials purchased 
from the scientific suppliers have been used for the present analysis. In order to analyze 
the bonding and structural behaviour of Al2O3, Cr:Al2O3 and V:Al2O3, powder X-ray 
intensity data sets were collected in the 2θ range from 10˚ to 120˚ with step size 0.02˚ at 
Regional Research Laboratory (RRL), Council of Scientific and Industrial Research 
(CSIR), Trivandrum, India, using an X’-PERT PRO (Philips, Netherlands), X-ray 
diffractometer with a monochromatic incident beam of wavelength 1.54056 Å, offering 
pure CuKα radiation. A standard software package (Holland and Redfern, 1997) was used 
to refine the cell parameters of Al2O3, Cr:Al2O3 and V:Al2O3 using the observed 2θ 
values. The raw intensity data of Al2O3, Cr:Al2O3 and V:Al2O3 were refined using 
Rietveld (1967) refinement. It is a well known powder profile fitting method for the 
structural refinement. The cell parameters and other structural parameters were refined 
using this method, by JANA2006 software (Petříček et al., 2006). The structural 
parameters refined using JANA 2006 (Petříček et al., 2006) is given in tables 2.7.1. The 
fitted and the observed profiles using JANA 2006 (Petříček et al., 2006) were shown in 
figures 2.7.1, 2.7.2 and 2.7.3 corresponding to Al2O3, Cr:Al2O3 and V:Al2O3 respectively. 
The refined structure factor values of Al2O3, Cr:Al2O3 and V:Al2O3 are given in the tables 
2.7.2, 2.7.3 and 2.7.4 respectively.  

Table 2.7.1 Refined structural parameters of Al2O3, Cr:Al2O3 and V:Al2O3. 
Parameter  Al2O3   Cr:Al2O3   V:Al2O3 
a = b (Ǻ)  4.7585(2)  4.7524(1)  4.7585(2) 
c(Ǻ)  12.9886(9)  12.9886(9)  12.9886(9) 
Rp (%)  8.97  17.35  8.97 
wRp (%) 14.89 25.55 14.89 
Robs (%)  2.04  6.30  2.04 
wRobs (%) 1.77 5.48 1.98 
GOF 0.36  0.59 0.44 

  RP - Reliability index for profile 

  wRP - Weighted reliability index for profile 

  Robs - Reliability index for observed structure factors 

  wRobs - Weighted reliability index for observed structure factors 

  GOF- Goodness of Fit 
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Table 2.7.2 The observed and calculated structure factors of Al2O3. 
h  k  l  Fobs  Fcal σ(Fobs) 
1 -1  2  48.3383  48.2008 0.8826 
1  0  4  84.1760  84.1497 1.2925 
2 -1  0  60.6156  62.0532 1.3306 
0  0  6  14.2676  12.4067 2.5163 
2 -1  3  78.2563  77.3611 1.2108 
2  0  2  12.5967  13.6967 2.0585 
2 -2  4  95.6387  95.8360 1.9009 
2 -1  6 107.2880 107.9540 1.6545 
3 -1  1  19.3506  18.1358 1.7443 
3 -2  2  20.9373  21.2899 0.7947 
1 -1  8  48.7179  49.3864 1.8203 

 -1  4  79.9110  80.5196 1.7702 
3  0  0 147.9870 145.8890 2.8694 
3 -2  5  16.2503  16.8913 2.0981 
2  0  8  18.4913  21.3429 3.2945 
1  0 10  95.1861  93.6907 2.3402 
2 -1  9  47.3512  47.1981 1.1600 
3 -1  7  16.4929  16.2219 0.9691 
4 -2  0  52.8787  52.4503 3.0424 
3 -3  6  10.6940  11.3213 2.6659 
3  0  6  13.8605  14.5848 3.4695 
4 -2  3  37.3159  40.0770 2.2610 
4 -3  1  7.9359  8.1730 0.7932 
4 -1  2  32.6067  33.8660 1.7048 
3 -2  8  27.7277  28.8782 1.4472 
2 -2 10  69.9424  69.5358 3.1005 
0  0 12  58.8178  58.9483 2.6731 
4 -3  4  51.9194  51.9550 2.1576 
4 -1  5  10.6818  10.8671 0.3507 
4 -2  6  78.5066  79.7195 2.3307 
4 -4  2  32.8624  36.5203 4.1094 
3 -1 10  64.6278  65.2878 2.3126 
2 -1 12  11.1679  11.4198 1.2323 
4  0  4  35.3766  35.7910 3.7224 
5 -2  1  9.9304  10.8628 1.9311 
3 -2 11  14.6914  16.0182 2.5008 
5 -3  2  5.7502  6.0675 0.4137 
1 -1 14  57.3517  56.9389 1.8475 
5 -1  0  45.0324  45.1706 2.1931 
5 -3 5 1.3245  1.2215 0.4563 

    Fobs - observed structure factor 
   Fcal - calculated structure factor 
   σ(Fobs) - standard error in the measurements 
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Table 2.7.3 The observed and calculated structure factors of Cr:Al2O3. 
h  k  L  Fobs  Fcal  σ(Fobs) 
1 -1 2 38.1271  39.0012 0.7112 
1 0 4 46.9813  48.1889 1.3925 
2 -1 0 22.1570  23.0077 0.6532 
0 0 6 26.1386  21.9079 6.0119 
2 -1 3 75.0435  74.9115 1.0011 
2 0 2 7.8394  8.9825 0.9655 
2 -2 4 76.6072  74.1394 1.5028 
2 -1 6 76.9439  82.3032 1.5769 
3 -1 1 9.9189  7.5395 1.1115 
3 -2 2 6.4117  7.1455 0.6238 
1 -1 8 36.6175  41.5002 3.6128 
3 -1 4 46.1478  47.3026 1.1664 
3 0 0 63.4746  63.0466 1.3367 
3 -2 5 10.2562  12.4431 1.6570 
2 0 8 23.9371  31.0875 3.5907 
1 0 10 139.7160 136.8770 4.9119 
2 -1 9 52.3583  52.3129 1.8520 
3 -1 7 20.5422  23.0860 0.9012 
4 -2 0 28.2237  31.7605 1.2411 
3 -3 6 7.2633  9.5540 1.6259 
3 0 6 8.3649  11.0031 1.8724 
4 -2 3 12.6268  13.1945 1.1847 
4 -3 1 7.0070  7.1470 0.6380 
4 -1 2 6.3310  7.1964 0.5104 
3 -2 8 24.7515  26.9183 2.0606 
2 -2 10 54.9681  61.5868 5.0839 
0 0 12 132.9690 141.3970 5.7655 
4 -3 4 28.2734  29.4936 1.2063 
4 -1 5 6.9024  7.0983 0.1949 
4 -2 6 58.1742  59.8378 1.6247 
4 -4 2 7.0981  7.6432 0.8511 
3 -1 10 85.2839  85.9777 2.9402 
2 -1 12 43.1483  45.5692 1.8961 
4 0 4 18.3065  20.1345 0.7610 
5 -2 1 0.6329  0.6089 0.0500 
3 -2 11 33.1413  34.4737 1.6225 
5 -3 2 2.2577  2.4129 0.1218 
1 -1 14 11.8463  9.9487 0.7968 
5 -1 0 16.1706  11.6982 2.5781 
5 -3 5 5.2646  5.5512 0.7650 

    Fobs - observed structure factor 
   Fcal - calculated structure factor 
   σ(Fobs) - standard error in the measurements 
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Table 2.7.4 The observed and calculated structure factors of V:Al2O3. 
h  k  l  Fobs  Fcal  σ(Fobs) 
1 -1  2  50.4663  50.4664 0.8199 
1  0  4  57.5796  57.1930 0.6506 
2 -1  0  74.3983  75.7031 1.6537 
0  0  6  11.0351  16.7270 1.8978 
2 -1  3  57.2229  54.9885 1.2752 
2  0  2  4.8111  10.7407 3.2520 
2 -2  4 103.0530 105.4350 2.0667 
2 -1  6  76.6579  81.0726 1.5441 
3 -1  1  16.7901  19.2240 2.0411 
3 -2  2  23.7910  25.0217 1.1425 
1 -1  8  27.5665  28.9514 0.9163 
3 -1  4 110.1920  99.6414 2.3688 
3  0  0 145.0820 143.2720 1.8873 
3 -2  5  6.7616  6.2949 3.6558 
2  0  8  5.6810  1.0605 0.9244 
1  0 10  94.8970  92.8043 2.4980 
2 -1  9  29.4475  28.5726 1.0022 
3 -1  7  16.0118  16.2044 1.5536 
4 -2  0  72.6221  69.6345 2.6180 
3 -3  6  14.0099  21.8842 3.2515 
3  0  6  11.8058  18.4412 2.7399 
4 -2  3  59.0789  59.8875 2.9507 
4 -3  1  10.0538  11.5755 1.1468 
4 -1  2  33.3080  33.8022 2.9261 
3 -2  8  12.4249  11.8735 1.0101 
2 -2 10  58.9399  55.8785 3.4037 
0  0 12  61.9513  56.2399 5.1724 
4 -3  4  51.3741  53.1106 2.8530 
4 -1  5  12.8961  20.1761 3.2394 
4 -2  6  38.7593  39.1171 2.5027 
4 -4  2  19.7544  11.9928 2.3015 
3 -1 10  42.9167  45.8575 2.6501 
2 -1 12  10.1680  11.5640 2.1595 
4  0  4  20.5028  30.2358 3.8840 
5 -2  1  19.5611  28.5511 3.8977 
3 -2 11  3.2966  4.2173 0.5615 
5 -3  2  22.8295  23.1090 2.5576 
1 -1 14  32.9133  33.7014 1.9853 
5 -1  0  80.3483  66.5714 3.6157 
5 -3 5 2.3246  2.2432 0.3850 

    Fobs - observed structure factor 
    Fcal - calculated structure factor 
    σ(Fobs) - standard error in the measurements 
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Figure 2.7.1 Refined powder XRD profile of Al2O3. 

 

 

 
Figure 2.7.2 Refined powder XRD profile of Cr:Al2O3. 
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Figure 2.7.3 Refined powder XRD profile of V:Al2O3. 

2.8 Conclusion 

The non-linear optical materials of Ce:Gd3Ga5O12 and LiNbO3 materials were prepared 
by sol-gel and Czochralski method respectively whereas Yb:CaF2 materials were 
prepared by co-precipitation method. All the prepared materials were characterized by 
powder X-ray diffraction technique for analyzing the detailed structural information 
through JANA2006 software (Petricek et al., 2006). Phase pure systems are observed for 
all the materials. No additional phases are detected in any of the prepared samples. The 
structure factors and other structural information have been extracted from Rietveld 
(1967) refinement technique and further they have been utilized for constructing charge 
density distribution in the unit cell which is discussed in chapter IV. 
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Chapter 3 
 

Optical and Size Analysis of  
Non-Linear Optical Materials 

 
Abstract 

Chapter III deals with the optical properties and micro-structural characterization of non-
linear optical materials such as PbMoO4, LiNbO3, Ce:Gd3Ga5O12, CaCO3, Yb:CaF2, and 
Al2O3, Cr:Al2O3,V:Al2O3 in a detailed manner. The band gap, the crystallite size and the 
particle size of the chosen non-linear optical materials from UV-visible analysis, powder 
X-ray profile and scanning electron microscope respectively are also determined and 
discussed in this chapter. This chapter also discusses about elemental compositional 
analysis for PbMoO4, LiNbO3, Ce:Gd3Ga5O12, CaCO3, Yb:CaF2, and Al2O3, 
Cr:Al2O3,V:Al2O3. 
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3.1 Introduction 

3.1.1 Optical band gap analysis 

The interaction of electromagnetic radiation having a suitable wavelength with the 
material is much more useful for understanding the mechanisms responsible for their 
optical behaviour. Depending on the nature of the material and also on the characteristics 
of incident light, many optical phenomena (Pancove, 1971) occur such as absorption, 
transmission, reflectance, etc. Optical absorption, electrical conductivity and refractive 
index are some of the properties of the materials that depend on the optical band gap. The 
spectral absorption coefficient has been evaluated as 𝛼 = 4𝜋𝜋 𝜆⁄ , where 𝜋 is the spectral 
extinction coefficient. Near the band gap, absorption coefficient (α) steeply increases 
with increasing photon energy. As a result, the absorption edge is indicative of the 
location of the band gap. Accurate estimation of the band gap requires use of the 
following formula (Wood and Tauc, 1972)  

(𝛼𝛼)𝑛 = 𝐵�ℎ𝜈 − 𝛼𝑔�   (3.1) 

where 𝛼 is the optical absorption coefficient, 𝛼 is photon energy, 𝐵 is a constant 
depending on the transition probability, 𝛼𝑔 is the band gap energy and 𝑛 is an index that 
characterizes the optical absorption process and it is considered as 1/2, 2, 1/3, and 2/3 for 
indirect allowed, direct allowed, indirect forbidden and direct forbidden respectively. In 
the present work, optical property such as the band gap of some non-linear optical 
materials has been analyzed through UV-Visible spectroscopy.  
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3.1.2 Size and energy dispersive X-ray spectroscopic analysis 

In order to understand the properties of the material it is required to examine the 
particle/grain size and elemental compositions. Therefore, the characterization techniques 
such as X-ray crystallography need to be combined with local examination using 
conventional electron microscopy techniques such as imaging and energy dispersive X-
ray spectroscopy.  

Various research groups have reported different methods to measure the particle size such 
as dynamic light scattering (Berne and Pecora, 2000), sedimentation (Hideto et al., 2001), 
image analysis (Janaka et al., 2012), laser diffraction (Boer et al., 1987) and acoustic 
spectroscopy (Alba et al., 1999) etc.  

Scanning electron microscopy (SEM) (McMullan, 2006) is a powerful characterization 
technique used for the analysis of morphological properties and size distribution of the 
powder samples using imaging methods. Scanning electron microscope (SEM) can be 
utilized for high magnification of almost all materials. In the present work, the size 
analysis of the particles of the powder samples has been done for the chosen non-linear 
optical materials through scanning electron microscopy technique. 

The grain size of the chosen non-linear optical material was evaluated using Scherrer’s 
formula (Scherrer, 1918) which employs GRAIN software formulated by Saravanan 
(Saravanan, Private communication). The size of the chosen non-linear optical material 
was analyzed using full width at half maximum of the powder XRD peaks.  

θβ
λ

cos
kDV =  (3.2) 

where, 𝐷𝑣 is the crystallite size (size of the coherently diffracting domain), 𝜋 is a constant 
- usually 0.9 when the particle is in the spherical nature, 𝜆 is the wavelength used, 𝛽 is 
FWHM (Full Width at Half Maximum) in radians, and 𝜃 is the Bragg angle of the 
reflection. 

Energy Dispersive X-ray spectroscopy (EDS or EDAX) (Goldstein, 2003), is an 
analytical technique used to identify the elemental composition of a samples. Another 
way to use EDS with SEM is to make a quantitative chemical analysis of the material. 
Also, it provides information on the purity of the powder samples. In the present work, 
energy dispersive X-ray spectroscopic (EDS) analysis has been done for some non-linear 
optical materials. 
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3.2 Lead molybdate (PbMoO4) 

3.2.1 Optical band gap analysis of PbMoO4 

In the present study, lead molybdate (PbMoO4) sample was characterized by UV-Visible 
spectrophotometer. Figure 3.2.1.1 shows the dependence of (𝛼𝛼)2on photon energy (𝛼) 
for PbMoO4. The band gap (𝛼𝑔) is the intercept of the straight line obtained by plotting 
(𝛼𝛼)2 vs 𝛼. The optical band gap energy (𝛼𝑔) of PbMoO4 was evaluated (Wood and 
Tauc, 1972) as given by the equation (3.1). The energy gap values are given in table 
3.2.1.1. The value of band gap energy determined for PbMoO4 is 3.13 eV. The band gap 
energy determined in the present work was found to agree well with the other research 
workers (Sczancoski et al., 2009; Zhang et al., 1998).  

 

 
Figure 3.2.1.1 Dependence of (𝜶𝜶)𝟐 on photon energy for PbMoO4. 

Table 3.2.1.1 Energy gap values of PbMoO4. 

Reference Energy gap  
(eV) 

(Sczancoski et al., 2009) 3.14 – 3.19 

(Zhang et al., 1998) 2.59 – 3.62 

Present work 3.13 
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3.2.2 Size and EDS analysis of PbMoO4 

The SEM micrograph of PbMoO4 is shown in figure 3.2.2.1. The crystallite size of 
PbMoO4 was evaluated using the software GRAIN formulated by Saravanan (Saravanan, 
private communication). The crystallite size of PbMoO4 is analyzed using full width at 
half maximum (FWHM) of the powder XRD peaks. From this analysis, the crystallite 
size (𝑟𝑋𝑋𝑋𝑋) comes out to be ~31 nm. The particle size (𝑟𝑆𝑆𝑆) from SEM measurement is 
~2841 nm. The number of coherently diffracting domains can be obtained using the 
equation  

𝑁 =  𝑋𝑆𝑆𝑆
𝑋𝑋𝑋𝑋𝑋

   (3.3) 

Hence, there are approximately 91 coherently diffracting domains in each particle 
(Guinier, 1994). The crystallite size of PbMoO4 is evaluated by the powder XRD gives 
only the size of the coherently diffracting domains, it cannot be directly compared to the 
size obtained using an SEM except in rare cases (Scherrer, 1918). 

The presence of appropriate quantities of Pb, Mo and O species in PbMoO4 has been 
revealed through the EDS spectrum as shown in figure 3.2.2.2. No additional impurity 
was detected in the EDS spectrum of PbMoO4. 
 

 

Figure 3.2.2.1 SEM micrograph of PbMoO4. 
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Figure 3.2.2.2 EDS picture of PbMoO4. 

3.3 Lithium niobate (LiNbO3) 

3.3.1 Optical band gap analysis of LiNbO3 

UV–Visible spectroscopy is one of the important methods to understand the optical 
properties of the materials. The optical band gap energy (𝛼𝑔) was determined by using 
the relation given by the equation (3.1) (Wood and Tauc, 1972). Figure 3.3.1.1 shows 
linear fitting to the (𝛼𝛼)2 against energy (𝛼) plot for LiNbO3. The band gap energy for 
LiNbO3 was determined and tabulated along with the previously reported values in table 
3.3.1.1 (Rajeev Bhatt et al., 2003; Jaejun et al., 1997; Kityk et al., 2001; Dhar and 
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Mansingh, 1990). In the present work, the band gap energy agrees well with the already 
reported values. 

 

Figure 3.3.1.1 Dependence of (𝜶𝜶)𝟐 on photon energy of LiNbO3. 
 

Table 3.3.1.1 Energy gap values of LiNbO3. 

 

Reference Energy gap 
(eV) 

(Rajeev Bhatt et al., 2003) 3.79 

(Jaejun et al., 1997) 3.70 

(Kityk et al., 2001) 3.69 

(Dhar and Mansingh, 1990) 3.78 

Present work 3.81 
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3.3.2 Size and EDS analysis of LiNbO3 

Figure 3.3.2.1 shows the SEM micrograph of LiNbO3 with a magnification of 3000. The 
crystallite size of LiNbO3 was evaluated using the software GRAIN formulated by 
Saravanan (Saravanan, Private communication). The crystallite size of LiNbO3 was 
analyzed using full width at half maximum (FWHM) of the powder XRD peaks. From 
this analysis, the crystallite size (𝑟𝑋𝑋𝑋𝑋) is found to be ~1.9 nm. The particle size (𝑟𝑆𝑆𝑆) 
from SEM measurement comes out to ~1108 nm. The crystallite size can be obtained 
using the equation (3.2). The crystallite size is the size of the coherently diffracting 
domains. Hence, there are approximately 583 coherently diffracting domains in each 
particle (Guinier, 1994). The crystallite size of LiNbO3 is evaluated by powder XRD 
which can’t be directly compared with the particle size derived from SEM micrograph 
except in rare cases (Scherrer, 1918). 

The EDS spectrum in figure 3.3.2.2 shows the presence of appropriate quantities of the 
constituent elements of LiNbO3. No additional impurity was detected in the EDS 
spectrum of LiNbO3.  

 

 

Figure 3.3.2.1 SEM micrograph of LiNbO3. 
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Figure 3.3.2.2 EDS picture of LiNbO3. 

3.4 Gadolinium gallium garnet (Gd3Ga5O12) 

3.4.1 Optical band gap analysis of Gd3-xCexGa5O12 

UV-Visible spectroscopy is ideal for characterizing optical and electronic properties of 
different materials. The prepared non-linear optical material Gd3-xCexGa5O12 (x = 0.5, 1 
and 3) was characterized using a UV-Visible spectrophotometer (Cary 5000 - Varian) at 
SAIF, CUSAT, Cochin, India, to estimate band gap energy (𝛼𝑔). Wood and Tauc (1972) 
have related the energy of the incident photon to the band gap as given in equation (3.1). 
According to these authors, the band gap energy (𝛼𝑔) of Gd3-xCexGa5O12 (x = 0.5, 1 and 
3) was estimated by fitting (𝛼𝛼)2 against energy(𝛼)and presented in the table 3.4.1.1. 
The dependence of (𝛼𝛼)2 on photon energy (𝛼) of Gd3-xCexGa5O12 (x = 0.5, 1 and 3) is 
shown in figures 3.4.1.1 - 3.4.1.3 respectively.  

Table 3.4.1.1 Energy gap values of Gd3-xCexGa5O12. 

Composition 
of Ce (%) 

Energy gap  
(eV)  

0.5 5.40 

1 5.42 

3 5.39 
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Figure 3.4.1.1 Dependence of (𝜶𝜶)𝟐 on photon energy of Gd3-xCexGa5O12 for  x = 0.5. 
 

 

Figure 3.4.1.2 Dependence of (𝜶𝜶)𝟐 on photon energy of Gd3-xCexGa5O12 for  x = 1. 
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Figure 3.4.1.3 Dependence of (𝜶𝜶)𝟐 on photon energy of Gd3-xCexGa5O12 for  x = 3. 
 

3.4.2 Size analysis of Gd3-xCexGa5O12 

The synthesized non-linear optical material Gd3-xCexGa5O12 (x = 0.5, 1 and 3) were 
characterized by scanning electron microscope (SEM). Figures 3.4.2.1 - 3.4.2.3 show 
typical scanning electron microscopy (SEM) micrographs of Gd3-xCexGa5O12 (x = 0.5, 1 
and 3) respectively. The crystallite size of the Gd3-xCexGa5O12 (x = 0.5, 1 and 3) was 
analyzed using full width at half maximum (FWHM) of the powder XRD peaks using the 
software GRAIN software formulated by Saravanan (Saravanan, private communication). 
The estimated values of crystallite sizes and particle sizes of Gd3-xCexGa5O12 (x = 0.5, 1 
and 3) are summarized in the table 3.4.2.1.  
 

Table 3.4.2.1 The crystallite and particle size of Gd3-xCexGa5O12 (x = 0.5, 1 and 3). 
Compositions 
of Yb (%) 

Crystallite size 
from XRD 

(nm) 

Average particle size 
from SEM  

(nm) 
0.5 252 451 

1 154 263 

3 97 50 
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Figure 3.4.2.1 SEM micrograph of Gd3-xCexGa5O12 for x = 0.5. 

 

Figure 3.4.2.2 SEM micrograph of Gd3-xCexGa5O12 for x = 1. 
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Figure 3.4.2.3 SEM micrograph of Gd3-xCexGa5O12 for x = 3. 

3.5 Calcite (CaCO3) 

3.5.1 Optical band gap analysis of CaCO3 

The optical band gap energy(𝛼𝑔) can be calculated via UV-Visible absorption spectrum 
using Wood and Tauc plots (Wood and Tauc, 1972). The band gap of the calcite was 
estimated by plotting(𝛼𝛼)2 vs energy(𝛼) and extrapolating the linear portion near the 
onset of absorption edge to the energy (𝛼) axis and is shown in figure 3.5.1.1. In the 
present work, the value of band gap energy of calcite was found to be 3.99 eV and it 
agrees well with the value reported earlier 3.93 eV (Aydinol et al., 2007).  

3.5.2 Size and EDS analysis of CaCO3 

Scanning electron microscope (SEM) micrograph of calcite was obtained under different 
magnifications on a field emission SEM apparatus (JSM-6390LV, JEOL) operating at 
acceleration voltage of 30 kV, one of which is shown in figure 3.5.2.1 The particle size of 
calcite from SEM measurement is found to be ~40 nm. The crystallite size from XRD of 
calcite was estimated to be about ~13 nm. Hence there are approximately ~3 coherently 
diffracting domains in each particle of calcite (Guinier, 1994). 

Materials Research Foundations Vol. 28

 EBSCOhost - printed on 2/13/2023 9:35 PM via . All use subject to https://www.ebsco.com/terms-of-use



93 

The EDS spectrum of calcite in figure 3.5.2.2 shows the presence of appropriate 
quantities of the constituent elements of calcite. No additional impurity was detected in 
the EDS spectrum of calcite.  

 
Figure 3.5.1.1 Dependence of (𝜶𝜶)𝟐 on photon energy of CaCO3. 

 
Figure 3.5.2.1 SEM micrograph of CaCO3. 
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Figure 3.5.2.2 EDS picture of CaCO3. 
 

3.6 Calcium fluoride (CaF2) 

3.6.1 Size and EDS analysis of Ca1-xYbxF2 

The prepared Ca1-xYbxF2 (x = 0.00, 0.03, 0.06, 0.09 and 0.12) non-linear optical material 
was characterized by scanning electron microscope (SEM) with the magnification of 
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30,000 on SEM instrument (JSM-6390LV, JEOL) operating at acceleration voltage of 20 
kV. The SEM micrographs of Ca1-xYbxF2 (x = 0.00, 0.03, 0.06, 0.09 and 0.12) materials 
are shown in figures 3.6.1.1 - 3.6.1.5 respectively. The SEM image corresponding to Ca1-

xYbxF2 (x= 0.06) shows the formation of clusters inside the matrix and the particle size 
seems to be large compared to other compositions. The powder XRD gives only the size 
of the coherently diffracting domain and it is known as crystallite size. The crystallite 
sizes of the prepared samples were also found using XRD powder data using GRAIN 
software (Saravanan, private communication) which employs Scherrer formula (Scherrer, 
1918). The average particle size (𝑟𝑆𝑆𝑆) and the crystallite size (𝑟𝑋𝑋𝑋𝑋) of the prepared Ca1-

xYbxF2 (x = 0.00, 0.03, 0.06, 0.09 and 0.12) was given in table 3.6.1.1.  
 

Table 3.6.1.1 The crystallite and average particle sizes of Ca1-xYbxF2. 

 

Compositions 
of Yb (%) 

Crystallite size 
from XRD 

(nm) 

Average particle size 
from SEM  

(nm) 
0 73 200 

3 98 110 

6 150 270 

9 56 80 

12 60 140 
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Figure 3.6.1.1 SEM micrograph of Ca1-xYbxF2 for x = 0.00. 
 

 

Figure 3.6.1.2 SEM micrograph of Ca1-xYbxF2 for x = 0.03. 
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1 

Figure 3.6.1.3 SEM micrograph of Ca1-xYbxF2 for x = 0.06. 

 

 

Figure 3.6.1.4 SEM micrograph of Ca1-xYbxF2 for x = 0.09. 
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Figure 3.6.1.5 SEM micrograph of Ca1-xYbxF2 for x = 0.12. 
 

Energy dispersive X-ray spectroscopy (EDS) measurement of the synthesized Ca1-xYbxF2 
(x = 0.00, 0.03, 0.06, 0.09 and 0.12) materials are shown in figures 3.6.1.6 - 3.6.1.10 
respectively. The peaks in the EDS spectrum of Ca1-xYbxF2 (x = 0.00, 0.03, 0.06, 0.09 
and 0.12) reveal the presence of appropriate quantities of Ca, F and Yb species 
respectively. Also, the values of each element present in the prepared samples are 
tabulated in the EDS spectrum. From the observed spectrum, it is seen that the Yb 
concentration increases monotonically with decreasing of Ca atom. No additional 
impurities are identified in the EDS spectrum of Ca1-xYbxF2 (x = 0, 0.03, 0.06, 0.09 and 
0.12), which implies that the incorporated Yb atoms occupy their preferential sites in the 
Ca lattice sites. 
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Figure 3.6.1.6 EDS picture of Ca1-xYbxF2 for x = 0.00. 

 

Figure 3.6.1.7 EDS picture of Ca1-xYbxF2 for x = 0.03. 

 

Figure 3.6.1.8 EDS picture of Ca1-xYbxF2 for x = 0.06. 
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Figure 3.6.1.9 EDS picture of Ca1-xYbxF2 for x = 0.09. 

 

Figure 3.6.1.10 EDS picture of Ca1-xYbxF2 for x = 0.12. 
 

3.7 Aluminium oxide (Al2O3) 

3.7.1 Size and EDS analysis of Al2O3, Cr:Al2O3 and V:Al2O3 

The scanning electron microscopic (SEM) studies were done for the prepared Al2O3, 
Cr:Al2O3 and V:Al2O3 samples with the SEM instrument (JSM-6390LV, JEOL) 
operating at acceleration voltage of 25 kV. SEM analysis was carried out under different 
magnifications one of which for Al2O3, Cr:Al2O3 and V:Al2O3 are shown in figures 
3.7.1.1 - 3.7.1.3 respectively.  
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Figure 3.7.1.1 SEM micrograph of Al2O3. 

 

 

Figure 3.7.1.2 SEM micrograph of Cr:Al2O3. 
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Figure 3.7.1.3 SEM micrograph of V:Al2O3. 

The crystallite sizes of the prepared Al2O3, Cr:Al2O3 and V:Al2O3 samples were 
determined using powder X-ray diffraction data sets using Scherrer’s formula (Scherrer, 
1918) which employs GRAIN written by Saravanan (Saravanan, private communication). 
The average particle size and crystallite size of Al2O3, Cr:Al2O3 and V:Al2O3 estimated 
was given in the table 3.7.1.1. Hence, there are approximately 8, 12 and 26 domains in 
Al2O3, Cr:Al2O3 and V:Al2O3 respectively (Guinier, 1994).  

The EDS spectrum of Al2O3, Cr:Al2O3 and V:Al2O3 in figure 3.7.1.4 shows the presence 
of appropriate quantities of the constituent elements. The atomic and mass percentages of 
the constituent elements of Al2O3, Cr:Al2O3 and V:Al2O3 are also given in the inset of 
figure 3.7.1.4. No additional impurities are detected in the respective EDS spectrum of 
Al2O3, Cr:Al2O3 and V:Al2O3.  

 

Table 3.7.1.1 The crystallite sizes and average particle sizes of Al2O3, Cr:Al2O3 and 
V:Al2O3. 

System Crystallite size 
from XRD 

(nm) 

Average particle size 
from SEM  

(nm) 
Al2O3   130  1037 

Cr:Al2O3   144  1734 

V:Al2O3  133  3441 
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Figure 3.7.1.4 EDS spectrum of Al2O3, Cr:Al2O3 and V:Al2O3. 

 

3.8 Conclusion 

The chosen non-linear optical materials PbMoO4, LiNbO3, Ce doped Gd3Ga5O12, and 
calcite have been characterized by UV-Visible spectrophotometer. Based on this 
technique, the optical band gap energy (𝛼𝑔) of the non-linear optical materials have been 
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estimated. The optical band gap energies determined in the present work are found to 
agree well with the earlier reported values. 

The synthesized non-linear optical materials Ce doped Gd3Ga5O12, LiNbO3, calcite, Yb 
doped CaF2, Al2O3, Al2O3 doped with Cr and V separately and PbMoO4 have been 
characterized by scanning electron microscopy (SEM) technique. The observed SEM 
micrographs give the particle sizes of the synthesized non-linear optical materials. The 
SEM micrographs of all the prepared non-linear optical materials reveal that the particle 
sizes are in the nano range. The crystallite sizes of the prepared non-linear optical 
materials have also been estimated using powder X-ray diffraction (XRD) data sets. Both 
the particle size and crystallite size are compared and the number of coherently 
diffracting domains is calculated for the prepared non-linear optical materials. 

The elemental compositional analysis of the prepared non-linear optical materials, 
PbMoO4, LiNbO3, CaCO3, Yb doped CaF2, and Al2O3, Al2O3 doped with Cr and V 
separately have been done by energy dispersive X-ray spectroscopy (EDS). No additional 
impurities were detected in the respective EDS spectrum of the chosen non-linear optical 
materials.   
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Chapter 4 
 

Analysis of Electron Density Distribution of  
Non-Linear Optical Materials 

 
Abstract 

Chapter IV deals with the electron density distribution analysis of non-linear optical 
materials such as PbMoO4, LiNbO3, Ce:Gd3Ga5O12, CaCO3, Yb:CaF2, and Al2O3, 
Cr:Al2O3,V:Al2O3. The results of the electron density distribution studies are presented in 
the form of three, two dimensional electron density maps and one dimensional profile. 
This chapter provides quantitative and qualitative analysis of the bonding behaviour of 
the chosen non-linear optical materials.  
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4.1 Introduction 

The study of distribution of electrons around the atoms and their bonds in the bonding 
direction is an important component in materials characterization. The electronic 
structure of the system plays an important role in the optical and magnetic properties of 
the material. Ultimately, no study can manifest the legitimate picture, because no two 
experimental data are identical. This problem turns out to be intensified when the model 
used for the appraisement of electron densities is not completely applicable. The electron 
density ρ(r) is defined as the number of electrons per unit volume. 

An accurate electron density distribution is of utmost importance to understand the nature 
of bonds precisely. The very important statistical approach to deal with various 
crystallographic problems based on constrained entropy maximization, which constructs 
the electron density distribution is maximum entropy method (MEM) introduced by 
Collins (1982). Fourier synthesis of electron densities can also be of useful in picturizing 
the bonding between two atoms, but, it suffers from the major disadvantage of series 
termination error and negative electron densities that prevent the clear understanding of 
the fine nature of bonding between atoms, the factor which has been intended to be 
analyzed. The exact electron density distribution would be obtained if all the structure 
factors were known without ambiguities. An important issue in charge density analysis 
has always been the accuracy of the measured data. A high quality data set with a limited 
number of reflections can give reasonable MEM (Collins, 1982) electron density results. 
MEM (Collins, 1982) is a model free approach in contrast to structure refinements in 
which the positions of spherical atoms are determined. The principle of MEM (Collins, 
1982) is to obtain an electron density distribution, which is consistent with the observed 
structure factors and to leave the uncertainties maximum. Also, no phase information is 
indispensable for MEM (Collins, 1982) calculations. Currently, MEM (Collins, 1982) 
formalism is being used as an effective tool for the visualization of bonding nature and 
the distribution of electrons in the bonding region with more accuracy in crystalline 
materials. Numerous research groups (Saravanan et al., 2003; Sakata et al., 1990; 
Yamamoto et al., 1996; Gilmore, 1996; Saka and Kato, 1986; Yamamura et al., 1998) 
have achieved precise results with experimental data sets using the maximum entropy 
method (Collins, 1982). 

The study of the charge density and its distribution inside the unit cell plays a vital role 
for the better understanding of the chemical/physical properties. This visualization ability 
of high resolution charge density is useful to construct structure models of the materials. 
In this work, high resolution charge density distribution analysis was done using the 
maximum entropy method (MEM) (Collins, 1982). The observed structure factors 
extracted from the Rietveld (1969) refinement method were used for the MEM (Collins, 
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1982) procedure to obtain the charge density distribution in the unit cell. The Lagrange 
parameter is suitably chosen so that the convergence criterion C=1 is reached after 
minimum number of iterations. In our present study, the MEM (Collins, 1982) 
refinements were carried out by dividing the unit cell into suitable pixels along a, b and c- 
axes. The uniform prior density was used in all the cases by dividing the total number of 
electrons by the volume of the unit cell. The software PRIMA (PRactice of Interactive 
MEM Analysis) (Izumi and Dilanian, 2002) was used for the MEM computations. The 
results of the MEM refinement are visualized through the visualization software program 
VESTA (Visualization for Electronic and STructural Analysis) (Momma and Izumi, 
2006). This program has provisions to study the electron density in different planes both 
qualitatively and quantitatively as the three-dimensional (3D), two-dimensional (2D) 
electron density distributions and one-dimensional (1D) profiles inside the unit cell of the 
crystalline material (Bricogne and Gilmore, 1990).  

Hence, chapter IV is devoted for the analysis (results and discussion) of charge density 
distribution using the maximum entropy method (Collins, 1982) for the chosen non-linear 
optical materials. In the present work, the electron density distribution studies have been 
done for the following non-linear optical materials PbMoO4, LiNbO3, Ce:Gd3Ga5O12, 
CaCO3, Yb:CaF2 and Al2O3, Cr:Al2O3 & V:Al2O3.. 

4.2 Electron density analysis of PbMoO4 

A high resolution pictorial analysis will give better insight of the study of the electron 
density distribution and bonding nature of the non-linear optical materials. The electron 
density analysis and the chemical bonding between the atoms has been elucidated for the 
non-linear optical material PbMoO4, using the versatile technique MEM (Collins, 1982). 
The software program VESTA (Momma and Izumi, 2006) has been used for the 
visualization of three dimensional, two dimensional electron density distributions and 1D 
profile. The MEM refinement parameters of PbMoO4 are given in table 4.2.1.  

The unit cell of PbMoO4 containing the constituent atoms Pb, Mo and O are shown in 
figure 4.2.1. The iso-surface levels are suppressed for the better view. The three-
dimensional electron density distribution imposed on the structure in the form of iso-
surface (iso-surface level: 1.0 e/Å3) in the unit cell of PbMoO4 was shown in figure 4.2.2. 
The unit cell of PbMoO4 contains MoO4 tetrahedra consisting of Mo atom at the centre 
and four oxygen atoms at the tetrahedral positions and PbO8 octahedra consisting of Pb 
atoms in an octahedral arrangement with eight oxygen atoms surrounding Pb. The 
combination of these tetrahedral and octahedral arrangements decides the various 
properties of PbMoO4. All the PbO8 octahedra and MoO4 tetrahedra in the unit cell are 
shown in figure 4.2.3. It is expected that the Pb-O bonding is of mixed covalent and ionic 
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character and the Mo-O bonds are with covalent character (Sczancoski et al., 2009). The 
three-dimensional MEM electron density distribution containing all the PbO8 octahedra in 
the unit cell of PbMoO4 is shown in figure 4.2.4. Three-dimensional MEM electron 
density distribution containing the position of single PbO8 octahedron in the unit cell of 
PbMoO4 is shown in figures 4.2.5. All the eight oxygen atoms attached with the Pb atoms 
are visible in the octahedron. Different views of PbO8 octahedra with iso-surface (iso-
surface level: 1.3 e/Å3) are shown in figures 4.2.6. The interaction of oxygen atoms can 
easily be noticed. PbO8 octahedra surrounded by the electron clouds are presented in 
figure 4.2.6. The running wave like features in figure 4.2.6 is the interaction between Pb 
and Mo. These are heavy atoms and hence they extend themselves and interact with each 
other and also with oxygen atoms. 

Table 4.2.1 Parameters from MEM refinement of PbMoO4. 
Parameter           Value 

Number of cycles            673  

Number of electrons/unit cell (F000)            624    

Lagrange parameter (λ)            0.0836 

RMEM (%)            1.3922 

wRMEM (%)            1.8389 

  RMEM - Reliability index from MEM refinement  

   wRMEM - Weighted reliability index from MEM refinement 

 

The three-dimensional MEM electron density distribution containing all the tetrahedra 
structures in the unit cell is shown in figure 4.2.7. Three-dimensional MEM electron 
density distribution containing the position of single MoO4 tetrahedron in the unit cell of 
PbMoO4 is shown in figure 4.2.8. Figure 4.2.9 shows the MoO4 tetrahedra with a plane 
separating four oxygen atoms passing through the Mo atom situated at the centre of 
tetrahedron. The Pb atom lies at the edges of that plane. This plane is lying at a distance 
of 6.065 Å (half the unit cell along z-axis) from the origin. The two-dimensional electron 
density corresponding to this plane (Contour interval: 0 to 1 step size of 0.08 e/Å3) is 
shown in figure 4.2.10. The heavy Mo and Pb atoms seem to mask the electron density of 
O atoms which lie in planes above and below the Mo atom at the centre of the 
tetrahedron. Different views of the same in the unit cell are shown within the boundary 
line of unit cell in figure 4.2.11. This (003) plane is lying at a distance of 2 Å from the 
origin. The two-dimensional electron density distribution on this plane (Contour interval: 
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0 to 5 step size of 0.48 e/Å3) is shown in figures 4.2.12 and 4.2.13. The presence and 
interaction of oxygen with Mo atom is visible through the contour lines, for e.g., at places 
near the elliptical voids in the figure 4.2.13. 

Another view of the plane passing through the oxygen atoms, but in a direction 
perpendicular to it is shown in figure 4.2.14 and the corresponding 2D electron density 
distribution on that plane (Contour interval: 0 to 5 step size of 0.5 e/Å3) is shown in 
figure 4.2.15. The tetrahedron oxygen atoms are indicated using the sticks. The Mo atom 
is at the crossing of the line segments. The oxygen atoms are at the tips of the dark 
concentrated contour lines. The concentrated dark contour lines are due to Pb atoms. 
Figure 4.2.16 shows the (200) plane passing through the Mo and Pb atoms at a distance 
of 2.723 Å from the origin and the corresponding two-dimensional electron density 
distribution on the (200) plane is shown in figure 4.2.17 (Contour interval: 0 to 1 step size 
of  0.08 e/Å3). The tetrahedral positions of oxygen atoms can be inferred as shown in the 
figure 4.2.17. Figure 4.2.18 shows the (110) plane in the unit cell of PbMoO4 and the 
corresponding two-dimensional electron density distribution on this (110) plane (Contour 
interval: 0 to 2 step size of 0.25 e/Å3) is shown in figure 4.2.19.  
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Figure 4.2.1 The unit cell of PbMoO4. Figure 4.2.2. 3D electron density distribution imposed on 
the structure in the form of iso-surface in the unit cell of 
PbMoO4 (iso-surface level: 1.0 e/Å3). 
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Figure 4.2.3 3D MEM electron density distribution containing all the PbO8 octahedra 
and MoO4 tetrahedra in the unit cell of PbMoO4. 
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Figure 4.2.4 3D view containing all the PbO8 octahedra in 
the unit cell of PbMoO4. 

 

Figure 4.2.5 3D MEM electron density distribution  
containing single PbO8 octahedron in the unit cell of 
PbMoO4. 
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Figure 4.2.6 3D MEM electron density distribution containing single PbO8 octahedron with iso-surface surrounded by the 
electron clouds (iso-surface level: 1.3 e/Å3). 
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Figure 4.2.7 3D MEM electron density distribution 
containing all the MoO4 tetrahedra in the unit cell of 
PbMoO4. 

Figure 4.2.8 3D MEM electron density distribution 
containing single MoO4 tetrahedron in the unit cell of 
PbMoO4. 
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Figure 4.2.9 3D view of MoO4 tetrahedron with a plane 
separating four oxygen atoms in the unit cell of 
PbMoO4. 

Figure 4.2.10 2D electron density on the plane separating four 
oxygen atoms (Contour interval: 0 to 1 step size of 0.08 e/Å3). 
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Figure 4.2.11 3D view of the unit cell 
shown within the boundary line. 

Figure 4.2.12 2D electron density 
distribution on (003) plane (Contour 
interval: 0 to 5 step size of 0.48 e/Å3). 

Figure 4.2.13 2D electron density 
distribution on (003) plane in the  unit 
cell (Contour interval: 0 to 5 step size 
of 0.48 e/Å3). 
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Figure 4.2.14 3D view of the plane passing through oxygen 
atoms in the perpendicular direction. 

Figure 4.2.15 2D electron density distribution on the plane 
passing through oxygen atoms in the perpendicular direction 
(Contour interval: 0 to 5 step size of 0.5 e/Å3). 
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Figure 4.2.16 Plane passing through the Mo and Pb atoms 
in 3D. 

Figure 4.2.17 2D electron density distribution on the plane 
passing through the Mo and Pb atoms (Contour interval: 0 
to 1 step size of 0.08 e/Å3). 
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Figure 4.2.18 3D view of the unit cell of PbMoO4 with 
(110) plane. 

Figure 4.2.19 2D electron density distribution on (110) 
plane in the unit cell of PbMoO4 (Contour interval: 0 to 2 
step size of 0.25 e/Å3). 
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The numerical values of the MEM electron densities from one-dimensional electron 
density profiles along different bonding directions in the unit cell of PbMoO4 are given in 
table 4.2.2. The one-dimensional MEM electron density profiles of PbMoO4 along 
different directions have been presented in figures 4.2.20 - 4.2.25. In all the 1D electron 
density profiles of PbMoO4, the first atom has been considered to be in the origin.  

 

Table 4.2.2 MEM electron densities of PbMoO4 from 1D electron density analysis. 
Direction Position 

(Å) 
Electron 
density 
(e/Å3) 

                         Comment 

Mo-Mo1 1.2323 0.1986  
 2.0855 1.5425     ED due to interaction of  Mo-Mo 
 3.0335 0.1251  
 3.9814 1.5425     ED due to interaction of  Mo-Mo 
 4.8346 0.1986  
Mo-Mo2 1.4165 0.0645  
 2.0382 3.1643     ED due to interaction of  Mo-Mo 
Mo-Mo3 1.1914 0.0042  
 2.1700 0.2139     ED due to interaction of  Mo-Mo 
 2.7223 0.1251  
 3.2763 0.2139     ED due to interaction of  Mo-Mo 
Mo-O1 1.1647 0.0103  
Mo-O2 1.2420 0.1951  
 2.1113 2.5727     ED due to interaction of  Mo-O 
 3.0739 0.2091  
 3.9743 3.8161     ED due to interaction of  Mo-O 
Mo-O3 1.3694 0.0091  
 1.7197 0.0116     ED due to nearby Pb atom 
 2.3885 0.0047  
 3.7898 5.2069     High due to interaction of  Pb atom 
Mo-Pb1 1.1734 0.0055  
 1.9256 0.0901     Interaction of  O atom involved 
 2.6777 0.0055  
Mo-Pb2 1.2324 0.1986   
 2.0855 1.5425     ED  due to interaction of  Mo-Pb 
 3.0335 0.1251  
 3.9815 1.5425     ED  due to interaction of  Mo-Pb 
 4.8346 0.1986  
Pb-Pb1 1.1465 0.0645  
 2.0382 3.1643     ED due to interaction of  O atoms from all sides  
 2.9299 0.0645  
Pb-Pb2 1.2351 0.0649  
 2.0772 0.3290     Interaction of  O atom involved 
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 3.5930 0.0901     Interaction of  Mo atom involved 
 5.1089 0.3290     Interaction of  O atom involved 
Pb-O1 1.1456 0.0141  
 2.4035 2.7907     ED due to interaction of  Mo-O 
 2.8753 3.8161  
Pb-O2 1.1999 0.1801  
 2.1175 4.3209     ED due to interaction of  O atoms from all sides  
O-O1 1.3704 3.8161     Interaction of  O atom involved 

ED - Electron density 
 

 

 

Figure 4.2.20 1D electron density profiles of Mo-Mo atoms in the unit cell of PbMoO4. 
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Figure 4.2.21 1D electron density profiles of Mo-O atoms in the unit cell of PbMoO4. 
 

 

Figure 4.2.22 1D electron density profiles of Mo-Pb atoms in the unit cell of PbMoO4. 
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Figure 4.2.23 1D electron density profiles Pb-Pb atoms in the unit cell of  PbMoO4. 
 

 

 

Figure 4.2.24 1D electron density profiles of Pb-O atoms in the unit cell of PbMoO4. 
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Figure 4.2.25 1D electron density profile of O-O atoms in the unit cell of PbMoO4. 

 

4.3 Electron density analysis of LiNbO3  

The maximum entropy method (MEM) (Collins, 1982) is one of the appropriate methods 
in which the concept of entropy is introduced to handle the uncertainty properly. It has 
been suggested that MEM (Collins, 1982) would be a suitable method for examining 
electron densities in the outer atomic region, for example, bonding region.  

The MEM refinements for LiNbO3were carried out by dividing the unit cell into 
128x128x128 pixels. The MEM (Collins, 1982) parameters of LiNbO3 are given in table 
4.3.1. The three-dimensional electron density imposed on the structure of LiNbO3 in the 
unit cell is shown in figure 4.3.1. The three-dimensional electron density distribution 
imposed on the structure in the form of iso-surface (iso-surface level: 0.6 e/Å3) in the unit 
cell of LiNbO3 has been represented in figure 4.3.2. The (110) plane passing through the 
unit cell of LiNbO3 is shown in figure 4.3.3.  The two-dimensional electron density 
distribution corresponding to this (110) (Contour interval: 0 to 1.2 step size of 0.07 e/Å3) 
plane has been given in figure 4.3.4. Figure 4.3.5 represents the (110) plane passing 
through the unit cell of LiNbO3. The two-dimensional electron density distribution 
corresponding to this (110) plane (Contour interval: 0 to 1 step size of 0.08 e/Å3) plane 
has been given in figures 4.3.6. Figure 4.3.7 represents (001) plane passing through the 
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unit cell of LiNbO3 lying at a distance of 13.8741 Å from the origin and the 
corresponding two-dimensional electron density distribution map has also been given in 
figure 4.3.8 (Contour interval: 0 to 3 step size of 0.25 e/Å3). Figure 4.3.9 represents (001) 
plane lying at a distance of 13.2141 Å from the origin and the two-dimensional electron 
density distribution map corresponding to this plane has been given in figure 4.3.10 
(Contour interval: 0 to 3 step size of 0.25 e/Å3). The oxygen atoms attached to the Nb 
atom are not on the same plane. The bonding tendency between Nb and O atoms can 
easily be visualized in the two-dimensional picture which has been drawn on (001) plane. 
The weak interaction of Li atom with Nb and O atoms can be easily visualized through 
the contour lines in all the above planes.  
  

Table 4.3.1 Parameters from MEM refinement of LiNbO3. 

Parameter Value 

Number of cycles 394 

Lagrange parameter (λ) 0.2465 

Number of electrons/unit cell (F000) 408 

RMEM (%) 0.034 

  RMEM - Reliability index from MEM refinement  

  wRMEM - Weighted reliability index from MEM refinement 
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Figure 4.3.1 The unit cell of LiNbO3. Figure 4.3.2 3D electron density distribution imposed on the 
structure in the form of  iso-surface in the unit cell of 
LiNbO3 (iso-surface level: 0.6 e/Å3). 
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Figure 4.3.3 3D view of the (110) plane passing through 
the unit cell of LiNbO3. 

 

Figure 4.3.4 2D electron density distribution on             
(110) plane in the unit cell of LiNbO3 (Contour interval: 
0 to 1.2 step size of 0.07 e/Å3). 
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Figure 4.3.5 3D view of the (110) plane in the unit cell of LiNbO3. 
 

 

 

 

Figure 4.3.6 2D electron density distribution on (110) plane in the unit cell of LiNbO3 
(Contour interval: 0 to 1 step size of 0.08 e/Å3). 
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Figure 4.3.7 3D view of the (001) plane at a distance of 13.8741 Å in the unit cell of 
LiNbO3. 

 

 

Figure 4.3.8 2D electron density distribution on (001) plane at a distance of 13.8741 Å in 
the unit cell of LiNbO3 (Contour interval: 0 to 3 step size of 0.25 e/Å3). 
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Figure 4.3.9 3D view of the (001) plane at a distance of 13.2141 Åin the unit cell of 
LiNbO3. 

 

Figure 4.3.10 2D electron density distribution on (001) plane at a distance of 13.2141 Å 
in the unit cell of LiNbO3 (Contour interval: 0 to 3 step size of 0.25 e/Å3). 
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Table 4.3.2 MEM bond densities of LiNbO3 from 1D electron density profiles. 
Direction Position 

    (Å) 
Electron 
density 
(e/Å3) 

Comment 

Li–Li 0.4295 0.1993          Max. ED along Li-Li bond 

 1.7608 0.0107          Min. ED along Li-Li bond 

 1.9111 0.0113          Peak due to Li-Li interaction 

 2.7485 0.0817          Peak due to Li-Li interaction 

Li–O 0.8927 0.0053          Min. ED between Li and O atoms 

 1.9936 6.0650          Peak due to O atom 

Nb–Li 0.0000 127.4353          Peak due to Nb atom 

 0.9369 1.2987          Peak due to Li atom 

Nb–Nb 0.0000 127.4353          Peak due to Nb atom 

 1.1674 0.0979          Peak due to Nb-Nb interaction 

 2.6568 0.3852          Peak due to Nb-Nb interaction 

 3.8644 0.1178          Peak due to Nb-Nb interaction 

 5.1525 127.4353          Peak due to Nb atom 

Nb–O 0.0000 127.4353          Peak due to Nb atom 

 1.9471 1.0127          Peak due to Nb-O interaction 

 2.7488 0.2327          Peak due to Nb-O interaction 

 3.3788 0.5703          Peak due to Nb-O interaction 

 3.8369 0.3397          Peak due to Nb-O interaction 

 4.5814 5.4400          Peak due to O atom 

O–O 0.0000 6.0544          Peak due to O atom 

 0.8447 0.4001          Peak due to O-O interaction 

 0.9050 0.4085          Peak due to O-O interaction 

 0.9653 0.4135          Peak due to O-O interaction 

 1.8703 0.0729          Peak due to O-O interaction 

 2.8356 2.2757          Peak due to O  atom 

       ED - Electron density 

The numerical values of the MEM electron densities from one-dimensional electron 
density profiles along different bonding directions in the unit cell of LiNbO3 are given in 
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table 4.3.2. The one-dimensional MEM electron density profiles of LiNbO3 between 
various atoms have been presented in figures 4.3.11 – 4.3.16. 

 

Figure 4.3.11 1D electron density profile of Nb-O atoms in the unit cell of LiNbO3. 

 

Figure 4.3.12 1D electron density profile of Nb-Li atoms in the unit cell of LiNbO3. 
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Figure 4.3.13 1D electron density profile of Li-O atoms in the unit cell of LiNbO3. 

 

 

Figure 4.3.14 1D electron density profile of Li-Li atoms in the unit cell of LiNbO3. 
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Figure 4.3.15 1D electron density profile of Nb-Nb atoms in the unit cell of LiNbO3. 

 

 

Figure 4.3.16 1D electron density profile of O-O atoms in the unit cell of LiNbO3. 
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4.4 Electron density analysis of Gd3-xCexGa5O12 

The maximum entropy method (MEM) (Collins, 1982) is an ingenious technique to study 
the electron density distribution in the unit cell. The advantage of this method is the clear 
visualization of bonding nature and the distribution of electrons in the bonding region 
with more accuracy. The obtained MEM parameters of Gd3-xCexGa5O12 (x = 0.5, 1 and 3) 
have been given in table 4.4.1. 

Figure 4.4.1 represents the individual atoms imposed on the unit cell of Gd3Ga5O12 and 
the iso-surface levels are suppressed for the better view. In figures 4.4.2 - 4.4.4, the 
regions surrounding each atom represent the charge density distributions of Gd3-

xCexGa5O12 (x = 0.5, 1 and 3) considering the same iso-surface level of 1.5 e/Å3 
respectively. The chosen planes in this discussion were selected in order to reveal the 
nature of bonding between the pair of different atoms of Gd3-xCexGa5O12 (x = 0.5, 1 and 
3). Figure 4.4.5 shows the (001) plane passing through the unit cell (half-the unit cell of 
Gd3Ga5O12). Figures 4.4.6 - 4.4.8 show the two- dimensional electron density 
distributions of Gd3-xCexGa5O12 (x = 0.5, 1 and 3) on the (001) plane respectively. The 
contour level ranges from 0.0 to 6.0 e/Å3 with the interval of 0.15 e/Å3. The peak density 
of O atom increases with the increase of the trivalent Ce3+ atom and the bonding between 
Gd and O within the dodecahedron (GdO8) must be covalent. The 3D view of the unit 
cell (half-the unit cell of Gd3Ga5O12) with the (202) plane at a distance of 4.205 Å away 
from the origin and passing through the Ga(1) and O atoms of the cell is shown in figure 
4.4.9. Figures 4.4.10 - 4.4.12 show the two-dimensional electron density distributions of 
Gd3-xCexGa5O12 (x = 0.5, 1 and 3) on the (202) plane respectively. The contour level 
ranges from 0.0 e/Å3 to 3.0 e/Å3 with the interval of 0.11 e/Å3. Saddles with a little 
flattening at the mid bond positions in figures 4.4.10 - 4.4.12 show that bonding between 
Ga(1) and O is essentially covalent within Ga(1)O6 octahedral arrangement. Figure 4.4.13 
shows the (201) plane passing through all the constituent atoms within the unit cell (half-
the unit cell of Gd3Ga5O12) at a distance of 5.621 Å from the origin. Figures 4.4.14 - 
4.4.16 show the two- dimensional electron density distributions of Gd3-xCexGa5O12 (x = 
0.5, 1 and 3) on the (201) plane respectively. The contour level ranges from 0.0 e/Å3 to 
7.0 e/Å3 with the interval of 0.27 e/Å3. This variation of electron density distribution 
between different pairs of atoms can be clearly visualized through the contour lines of the 
two-dimensional electron density distributions.         
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Table 4.4.1 Parameters from MEM refinements of Gd3-xCexGa5O12. 

Parameter Composition of Ce 

0.5% 1% 3% 

Number of cycles 5929 3756 3691 

Lagrange parameter (λ) 0.0086 0.0475 0.0469 

RMEM (%) 1.85 2.25 2.49 

wRMEM (%) 1.88 2.13 2.23 

  RMEM - Reliability index from MEM refinement  

  wRMEM - Weighted reliability index from MEM refinement 
 
 
 

 

 

 

 

Figure 4.4.1 Unit cell of Gd3Ga5O12. Figure 4.4.2 Unit cell of Gd3-

xCexGa5O12 (x = 0.5) (iso-surface level: 
1.5 e/Å3). 
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Figure 4.4.3 Unit cell of Gd3-

xCexGa5O12 (x = 1) (iso-surface level: 
1.5 e/Å3). 

 

Figure 4.4.4 Unit cell of Gd3-

xCexGa5O12 (x = 3) (iso-surface level: 
1.5 e/Å3). 

 

  

 

  
 

Figure 4.4.5 3D view of the (001) plane in 
the unit cell of Gd3Ga5O12. 

Figure 4.4.6 2D electron density 
distribution on the (001) plane in the unit 
cell of Gd3-xCexGa5O12 (x = 0.5). 
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Figure 4.4.7 2D electron density 
distribution on the (001) plane in the 
unit cell of Gd3-xCexGa5O12 (x = 1). 

Figure 4.4.8 2D electron density 
distribution on the (001) plane in the 
unit cell of Gd3-xCexGa5O12 (x = 3). 

(Contour interval: 0 to 6 step size of 0.15 e/Å3) 
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Figure 4.4.9 3D view of the (202) plane in the unit cell 
of Gd3Ga5O12. 

Figure 4.4.10 2D electron density distribution on the (202) plane 
in the unit cell of Gd3-xCexGa5O12 (x = 0.5). 

 

 

Figure 4.4.11 2D electron density distribution on the 
(202) plane in the unit cell of Gd3-xCexGa5O12 (x = 
1). 

Figure 4.4.12 2D electron density distribution on the (202) plane 
in the unit cell of Gd3-xCexGa5O12 (x = 3). 

(Contour interval: 0 to 3 step size of 0.11 e/Å3) 
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Figure 4.4.13 3D view of the (201) plane in 
the unit cell of Gd3Ga5O12. 

Figure 4.4.14 2D electron density 
distribution on the (201) plane in the unit 
cell of Gd3-xCexGa5O12 (x = 0.5). 

  

Figure 4.4.15 2D electron density 
distribution on the  (201) plane in the unit 
cell of  Gd3-xCexGa5O12 (x = 1). 

Figure 4.4.16 2D electron density 
distribution on the (201) plane in the unit 
cell of Gd3-xCexGa5O12 (x = 3). 

(Contour interval: 0 to 7 step size of 0.27 e/Å3) 
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One dimensional electron density profiles drawn between different pair of atoms are 
shown in figures 4.4.17 - 4.4.24. The mid-bond positions and the calculated numerical 
values of the MEM mid-bond densities between the pair of different atoms of Gd3-

xCexGa5O12 (x = 0.5, 1 and 3) obtained from 1D electron density profiles are presented in 
table 4.4.2. These values in general, show that the mid-bond electron densities between 
Gd–d, Gd–Ga(2) and O–O decrease with the increase of the nominal concentration of Ce 
up to 1% and then increase for 3%. The mid-bond electron density between Gd–O and 
Ga(1)–O  increases with the increase of nominal concentration of Ce up to 1% and then 
decreases for 3%.  These values show typically the bonding to be covalent with the 
increasing electron density at the mid bond position with the increasing concentration of 
the Ce. The mid-bond electron density between Ga(2)–O decreases with the increase of 
the nominal concentration of Ce up to 3%.  The mid-bond electron density between Gd–
Ga(1) and Ga(1)–Ga(2) decreases with the increase of the nominal concentration of Ce 
up to 3%. The bond lengths between the atoms are also modified with Ce doping effect 
and it leads to increase in the volume of the unit cell.  
 

Table 4.4.2 MEM mid-bond electron densities between different atoms of Gd3-xCexGa5O12 
obtained from 1D electron density profiles. 

 

 

Bonding 
atom pair 

Composition of Ce 

                  0.5                  1                  3 

Position 
(Å) 

Mid-
bond  
electron 
density 
(e/Å3) 

Position 
(Å) 

Mid-bond  
electron  
density   
(e/Å3) 

Position 
(Å) 

Mid-
bond  
electron  
density  
(e/Å3) 

Gd–Gd  3.4724 0.6402 3.4724 0.5217 3.4724 0.5931 

Gd–Ga(1)   1.5192 0.2742 1.7362 0.2825 1.6277 0.3865 

Gd–Ga(2)   1.7470 0.5925 1.5529 0.5217 1.7470 0.5654 

Gd–O  1.4727 0.2962 1.5758 0.6355 1.5307 0.5043 

Ga(1)–O  1.0710 0.7808 0.9857 0.8868 1.0220 0.6504 

Ga(2)–O  0.9732 0.8327 1.0606 0.7289 1.0156 0.5480 

Ga(1)–Ga(2)  1.5130 0.3124 1.7291 0.3353 1.7291 0.4997 

O–O  2.0702 1.2202 2.0702 0.4989 2.0702 1.0105 
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Figure 4.4.17 1D electron density profiles of Gd-Gd atoms in the unit cell of Gd3-

xCexGa5O12. 

 

Figure 4.4.18 1D electron density profiles of Gd-Ga(1) atoms in the unit cell of Gd3-

xCexGa5O12. 
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Figure 4.4.19 1D electron density profiles of Gd-Ga(2) atoms in the unit cell of Gd3-

xCexGa5O12. 

 

Figure 4.4.20 1D electron density profiles of Gd-O atoms in the unit cell of Gd3-

xCexGa5O12. 
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Figure 4.4.21 1D electron density profiles of Ga(1)-O atoms in the unit cell of Gd3-

xCexGa5O12. 

 

Figure 4.4.22 1D electron density profiles of Ga(2)-O atoms in the unit cell of Gd3-

xCexGa5O12. 
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Figure 4.4.23 1D electron density profiles of Ga(1)-Ga(2) atoms in the unit cell of Gd3-

xCexGa5O12. 

 

Figure 4.4.24 1D electron density profiles of O-O atoms in the unit cell of Gd3-

xCexGa5O12. 
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4.5 Electron density analysis of CaCO3 

The electronic level charge density analysis and the chemical bonding between the atoms 
were elucidated for the thermoelectric material calcite using the versatile technique MEM 
(Collins, 1982). The uniform prior density was used by dividing the total number of 
electrons by the volume of the unit cell. The obtained MEM (Collins, 1982) parameters 
of calcite have been given in table 4.5.1. 

Figure 4.5.1 represents the individual atoms imposed on the unit cell of calcite and the 
iso-surface level is suppressed for better view. Three dimensional electron density 
distributions on the unit cell of calcite have been represented in figure 4.5.2 considering 
the iso-surface level of 0.15 e/Å3. The view (one-half of the unit cell along z-axis) of 
calcite with the same iso-surface level is shown in figure 4.5.3 in order to visualize the 
bonding nature between the atoms. Figure 4.5.4 shows all the trigonal planar CO3 groups 
consisting of carbon atom surrounded by three oxygen atoms. Another view (one-half of 
the unit cell along z-axis) with the trigonal planar CO3 groups of atom in calcite structure 
is shown in figure 4.5.5 The trigonal planar CO3 groups are constrained to be parallel and 
constitute a plane perpendicular to c-axis in the unit cell of calcite and the trigonal planar 
CO3 groups thus formed within the unit cell of calcite are more symmetrical. This is a 
typical feature of carbonate crystal structure, determining strong anisotropy of their 
physical properties. Each Ca atom is coordinated by six O atoms at the vertices of an 
octahedron. The bond length between C–O in the planar CO3 and Ca–O in octahedral 
structure of calcite is found to be 1.2647 Å and 2.3695 Å respectively. The 3D view (one-
fourth of the unit cell along z-axis) with the trigonal planar CO3 group of atoms in the 
structure of calcite considering the iso-surface level of 1.3 e/Å3 is shown in figure 4.5.6. 
The bonding nature between C–O atoms can be obviously visualized in the trigonal 
planar CO3 group. Ca atom is in octahedral coordination with -3 symmetry is shown in 
figure 4.5.7. Each O atom is shared between two octahedra and also forms one corner of 
an equilateral triangle, perpendicular to the c-axis, with the carbon atom at its centre in 
the unit cell of calcite as shown (one-half of the unit cell of calcite along z-axis) in figure 
4.5.8. These facts cause the groups to align themselves between the layers of cations in 
such a way that each O in the group is attached to a cation from above and below with 
equal bonding distance that balance each other.  

3D outlook of the unit cell of calcite with the (001) plane is shown in figure 4.5.9 and 
figure 4.5.10 shows the view of the same (001) plane which is passing through the Ca 
atoms in the perpendicular direction. Figure 4.5.11 shows the 2D electron density 
distribution corresponding to the (001) plane. The contour range is from 0.0 e/Å3 to 3.0 
e/Å3 and the interval is 0.12 e/Å3. The 3D view of the unit cell of calcite with the (001) 
plane at a distance of 1.505 Å away from the origin of the cell is shown in figure 4.5.12. 
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The two-dimensional electron density distribution on this plane is shown in figure 4.5.13. 
The contour range is from 0.0 e/Å3 to 3.0 e/Å3 and the interval is 0.17 e/Å3. The covalent 
bonding nature between oxygen and carbon within the trigonal planar CO3 group can be 
visualized through the contour lines in both the figures 4.5.12 and 4.5.13.  

Figure 4.5.14 shows the 3D view of the unit cell of calcite with the (010) plane and the 
2D electron density distribution on that plane with the contour range from 0.0 e/Å3 1.8 
e/Å3 with the interval 0.18 e/Å3 is shown in figure 4.5.15. The 3D view of the unit cell of 
calcite with the (101) is shown in figure 4.5.16. The 2D electron density distribution on 
that plane with the contour range from 0.0 e/Å3 to 2.0 e/Å3 and contour interval 0.3 e/Å3 
is shown the figure 4.5.17. Figure 4.5.18 shows the unit cell of calcite with the (110) 
plane. The 2D electron density distribution on that plane with the contour range from 0.0 
to 1.8 e/Å3 and contour interval 0.24 e/Å3 is shown in figure 4.5.19.  
  

Table 4.5.1 Parameters from MEM refinement of CaCO3 
 

Parameter     Value 

Number of cycles 3051 

Lagrange parameter (λ) 0.0040 

Number of electrons/unit cell (F000) 300 

RMEM (%) 1.1443 

wRMEM (%) 1.8522 

  RMEM - Reliability index from MEM refinement  

  wRMEM - Weighted reliability index from MEM refinement 
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Figure 4.5.1  Unit cell of CaCO3. Figure 4.5.2 3D view of electron 
density in the unit cell of CaCO3 (iso-
surface level: 0.15 e/Å3). 

Figure 4.5.3 3D view (half the unit cell 
along z-axis) of electron density in the 
unit cell of CaCO3 (iso-surface level: 
0.15 e/Å3). 
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Figure 4.5.4 Unit cell of CaCO3 
containing trigonal planar CO3. 

Figure 4.5.5 3D representation (one-
half of the unit cell along z-axis) of 
trigonal planar CO3 groups in the unit 
cell of CaCO3. 

Figure 4.5.6 3D representation (one-
eighth of the unit cell along z-axis) of 
trigonal planar CO3 group in the unit 
cell of CaCO3 (iso-surface level: 1.2 
e/Å3).  

 

Materials Research Foundations Vol. 28

 EBSCOhost - printed on 2/13/2023 9:35 PM via . All use subject to https://www.ebsco.com/terms-of-use



151 

                                                                                                                                                                                                                                                                    

 

 

Figure 4.5.7 3D view of octahedral structure of Ca with O 
atoms  in the unit cell of CaCO3. 

Figure 4.5.8 Unit cell of calcite (one-eighth of the unit  cell 
along z-axis) containing CaO6 octahedra and CaO4 
tetrahedra in the unit cell of CaCO3. 
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Figure 4.5.9  The (001) plane passing 
through Ca atoms in CaCO3. 

Figure 4.5.10 3D electron density of 
calcite with (001) plane passing 
through Ca atoms in the perpendicular 
direction in the unit cell of CaCO3. 

Figure 4.5.11 2D MEM electron 
density distribution on (001) plane 
passing through Ca atoms in the unit 
cell of CaCO3 (Contour interval: 0 to 3 
step size of 0.12 e/Å3). 
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Figure 4.5.12 3D view with the (001) plane at a distance of 
1.505 Å away from the origin in the unit cell of CaCO3. 

Figure 4.5.13 2D MEM electron density distribution on 
(001) plane  at a distance of 1.505 Å away from the origin 
(Contour interval: 0 to 3 step size of 0.17 e/Å3). 
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Figure 4.5.14 The (010) plane passing through Ca, C and O atoms in the unit cell of 
CaCO3. 

 

 

 

 

Figure 4.5.15 2D MEM electron density distribution on (010) plane of CaCO3   
(Contour interval: 0 to 2 step size of 0.3 e/Å3). 
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Figure 4.5.16 The (101) plane passing through Ca and O atoms in the unit cell of CaCO3. 

 
 
 

 

Figure 4.5.17 2D MEM electron density distribution on (101) plane of CaCO3 (Contour 
interval: 0 to 3 step size of 0.12 e/Å3). 
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Figure 4.5.18 3D view of (110) plane passing through Ca, C and O atoms in the unit cell 
of CaCO3. 
 

 

Figure 4.5.19 2D MEM electron density distribution on (110) plane of CaCO3  (Contour 
interval: 0 to 1.8 step size of 0.24 e/Å3). 
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The qualitative understanding and the analysis can be done by visualizing the one 
dimensional profiles of the charge density along the bonding directions. Hence, the one-
dimensional profiles of electron density are drawn along Ca–O and C–O directions and 
are shown in figures 4.5.20 and 4.5.21 respectively. The numerical values of the mid 
bond electron densities between different atoms of calcite from one-dimensional MEM 
analysis are given in table 4.5.2. The ionic and covalent nature of bonding is revealed in 
Ca–O and C–O respectively. The first atom has been considered to be in the origin in the 
above mentioned one-dimensional electron density profiles. 

 

Table 4.5.2 MEM mid-bond electron densities between different atoms of calcite obtained 
from 1D electron density profiles. 

Bonding  
direction 

Position 
(Å) 

Mid-bond 
electron 
density 
(e/Å3) 

Ca–O 2.3695 0.4994 

C–O 1.2647 1.7856 

 

 

 

Figure 4.5.20 1D variation of electron density along Ca–O bond. 
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Figure 4.5.21 1D variation of electron density along C–O bond. 

4.6 Electron density analysis of Ca1-xYbxF2 

It is clear from the earlier studies of several researchers that the probability based 
maximum entropy method (MEM) (Collins, 1982) theory is a powerful and elegant tool 
for studying the electron density distributions including low-density regions. The refined 
MEM parameters of Ca1-xYbxF2 (x = 0, 0.03, 0.06, 0.09 and 0.12) have been given in 
table 4.6.1. 

Figure 4.6.1(a) represents the individual atoms imposed on the unit cell of calcium 
fluoride. The three-dimensional charge density distribution constructed using the MEM 
(Collins, 1982) model is presented with the same iso-surface level of 0.3 e/Å3 in the unit 
cell for the prepared samples of Ca1-xYbxF2 (x = 0.00, 0.03, 0.06, 0.09 and 0.12) along 
with a ball and stick model as shown in figures Figure 4.6.1(b-f) respectively.  

The bonding between Ca and F atoms are clearly visualized through the electron density 
distribution in the unit cell of CaF2. Figure 4.6.1(b) shows the visualization of electron 
clouds in the unit cell of CaF2 without doping of Yb. The increased concentration of Yb 
at 3% gets more charges at the mid-point between Ca and F atom as shown in figure 
4.6.1(c). At this Yb doping concentration major charge ordering takes place and the 
system becomes more ionic. The formation of defect enables the crystal with the fluorite 
structure to accommodate a large number of anion interstitials. At low rare earth 
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concentration, Yb3+ is substituted in the host lattice of divalent cation and charge 
compensation is effected by the anion interstitials and it leads to the cluster formation as 
the concentration increases (Corish et al., 1982). Petit et al., (2008) have reported that 
there are three doping regions for Yb:CaF2 single crystals. Lyberis et al., (2001) have 
reported that the optimal composition to achieve the best transparent ceramic is close to 5 
at% in ytterbium doped CaF2. The charge density clouds are isolated when doping of Yb 
at 6% as shown in figure 4.6.1(d). Figure 4.6.1(d) reveals a unique situation where the 
charges spread themselves from their respective atomic positions to be in the valence 
region. The mid bond electron density between the atoms increases further with the 
increased doping concentration of Yb at 9% and 12% as shown in figures 4.6.1(e) and 
4.6.1(f) respectively.    

Figure 4.6.2(a) shows the (110) plane passing through the unit cell of CaF2. Figures 
4.6.2(b-f) show the 2D charge density distribution corresponding to the (110) plane of 
Ca1-xYbxF2 (x = 0.00, 0.03, 0.06, 0.09 and 0.12) respectively. The contour range is from 
0.0 to 4.0 e/Å3 and the contour interval is 0.22 e/Å3. Figure 4.6.2(b) shows the two 
dimensional electron density distribution map for undoped CaF2. In figure 4.6.2(c), the 
contribution of Yb3+ at 0.03 to the Ca matrix seems to increase the charge density when 
compared with undoped CaF2. The 2D charge density distribution shown in figure 
4.6.2(d) for Yb concentration of 6% indicates the depletion of charge density in the 
valence region which results in the decrease of bond critical point (BCP) value. The 
increase in Yb at 0.09 and 0.12 increases the strength of bonding as shown in figures 
4.6.2(e) and 4.6.2(f) respectively. The magnitude of the valence charges can also be 
quantified by understanding the 1D charge density profiles drawn along the bonding 
directions. It clearly shows the Ca-F bond with ionic character which is confirmed by the 
bond critical point (BCP) values from one dimensional profile between Ca and F atom as 
shown in figure 4.6.3.  

Table 4.6.1 Parameters from MEM refinements of Ca1-xYbxF2 materials. 

Parameters Composition of Yb 
0% 3% 6% 9% 12% 

Number of cycles 836 1684 1030 1029 1070 

Lagrange parameter (λ) 0.002 0.002 0.002 0.002 0.002 

RMEM (%) 1.44 1.11 1.25 1.21 1.14 

wRMEM (%) 1.37 1.14 1.28 1.23 1.18 

RMEM - Reliability index from MEM refinement  

wRMEM - Weighted reliability index from MEM refinement 
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Figure 4.6.1(a) 3D view of the unit cell of CaF2; Ca1-xYbxF2 [(b) x = 0.00 (c) x = 0.03 (d) x = 0.06 (e) x = 0.09 and (f) x = 
0.12)] (iso-surface: 0.3 e/Å3). 
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Figure 4.6.2(a) View of (001) plane passing through the unit cell of CaF2; 2D electron density map drawn on (001) plane of 
Ca1-xYbxF2 [(b) x = 0.00 (c) x = 0.03 (d) x = 0.06 (e) x = 0.09 and (f) x = 0.12)]  (Contour interval: 0 to 4 step size of 0.22 
e/Å3). 
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The one-dimensional electron density profiles of Ca1-xYbxF2 (x = 0.00, 0.03, 0.06, 0.09 
and 0.12) are shown in figure 4.6.3. The electron densities along the bond critical points 
(BCP) between Ca and F for Ca1-xYbxF2 (x = 0.00, 0.03, 0.06, 0.09 and 0.12) from one-
dimensional MEM analysis are given in table 4.6.2.  

Table 4.6.2 MEM mid-bond electron densities between Ca–F bonds of Ca1-xYbxF2 
materials obtained from 1D electron density profiles. 
 

 

 

 

 

 

 

 

 

 

Figure 4.6.3 1D electron density profiles of Ca–F atoms in the unit cell of Ca1-xYbxF2 (x 
= 0.00, 0.03, 0.06, 0.09 and 0.12). 

Composition 
x 

Position 
(Å) 

Electron 
density 
(e/Å3) 

0.00 1.4393 0.3046 

0.03 1.4393 0.3220 

0.06 1.4055 0.2922 

0.09 1.4055 0.3157 

0.12 1.3930 0.4013 
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4.7 Electron density analysis of Al2O3, Cr:Al2O3 and V:Al2O3 

The qualitative and quantitative electron distribution of the atoms in crystalline materials 
of Al2O3, Cr:Al2O3 and V:Al2O3 were studied using maximum entropy method (MEM) 
(Collins, 1982). The MEM parameters of Al2O3, Cr:Al2O3 and V:Al2O3 have been given 
in table 4.7.1. 

Figure 4.7.1 represents the three-dimensional electron density distribution in the unit cell 
of Al2O3. Figure 4.7.2 represents the (100) plane passing through the unit cell of Al2O3. 

The two-dimensional electron density distribution on the (100) plane for Al2O3, Cr:Al2O3 
and V:Al2O3 are represented in figures 4.7.3, 4.7.4 and 4.7.5 respectively. The contour 
range is from 0.0 to 1.0 e/Å3 and the contour interval is 0.09 e/Å3. The values of mid-
bond electron densities from the one-dimensional electron density profiles of Al2O3, 
Cr:Al2O3 and V:Al2O3 are given in table 4.7.2. The one-dimensional electron density 
profiles of Al2O3, Cr:Al2O3 and V:Al2O3 are shown in figures 4.7.6, 4.7.7 and 4.7.8 
respectively. 

 

Table 4.7.1 Parameters from MEM refinements of Al2O3, Cr:Al2O3 and V:Al2O3. 

 Parameter    Al2O3 Cr:Al2O3 V:Al2O3 

Number of cycles      75      1068       290 

Lagrange parameter (λ)      0.087      0.0694       0.1944 

Number of electrons/unit cell(F000)      300      313       312 

RMEM (%)      0.0225      0.0452       0.0355 

wRMEM (%)      0.0298      0.0339       0.0281 

 RMEM - Reliability index from MEM refinement  

 wRMEM - Weighted reliability index from MEM refinement 
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Figure 4.7.1 3D view in the unit cell of Al2O3. Figure 4.7.2 3D view in the unit cell of Al2O3 with  
  the (100) plane. 
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Figure 4.7.3 2D electron density map drawn on (100) plane of Al2O3 (Contour interval: 0 
to 1 step size of 0.1 e/Å3). 

 

 

Figure 4.7.4 2D electron density map drawn on (100) plane of Cr:Al2O3 (Contour 
interval: 0 to 1 step size of 0.1 e/Å3). 

 

 

Figure 4.7.5 2D electron density map drawn on (100) plane of V:Al2O3 (Contour interval: 
0 to 1 step size of 0.1 e/Å3). 
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Figure 4.7.6 1D electron density profile of Al2O3. 

 

 

Figure 4.7.7 1D electron density profile of Cr:Al2O3. 
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Figure 4.7.8 1D electron density profile of V:Al2O3. 

 

Table 4.7.2 Mid-bond electron densities of Al2O3, Cr:Al2O3 and V:Al2O3 from 1D electron 
density profile. 

Material Position 
(Å) 

Electron 
density 
(e/Å3) 

Al2O3 1.0067 0.1326 

Cr:Al2O3 0.6182 0.4119 

 0.7037 0.6165 

 0.7629 0.5005 

V: Al2O3 1.0677 0.0485 

 

4.8 Conclusion 

The electron density distribution analysis have been done for all the chosen non-linear 
optical materials, PbMoO4, LiNbO3, Ce:Gd3Ga5O12, CaCO3, Yb:CaF2 and 
Al2O3,Cr:Al2O3 & V:Al2O3, using statistical approach, maximum entropy method.  
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The electron density distribution of PbMoO4 has been mapped using the MEM electron 
density values obtained through refinements. The nature of bonding and the interaction 
due to different atoms has been analysed through 3D iso-surfaces, two dimensional 
electron density distribution contour maps and the quantitative electron densities from the 
one dimensional profiles. The hybridization of 4d state of Mo atom and 6s state of Pb 
atom with the 2p state of the oxygen atom leads to the essential properties of PbMoO4 
material. 

The electron density distribution of LiNbO3 has been elucidated as 3D iso-surfaces, 2D 
electron density maps on various planes including those with prominent bonding features 
and 1D electron density profiles along various atoms of interest in the unit cell. The 
lowest electron density arises between Li–O interactions than Li–Li and O–O 
interactions. The mid bond electron densities from the one-dimensional electron density 
profiles confirm that the bonding between Li–O bonding is of more ionic character and 
the Nb–O bond is mixed covalent with ionic character. The Li–O interaction plays a key 
role in the physical properties of LiNbO3. Li–Li and O–O interactions are being used to 
stabilize the system. 

The variation of bonding feature has been discussed through maximized entropy method 
in Ce doped gadolinium gallium garnet (Ce:Gd3Ga5O12). The electron density distribution 
has been analysed through three, two dimensional electron density maps and one 
dimensional profiles in the unit cell. For Gd–O bond in dodecahedron, the mid bond 
electron density ranges from 0.2962 e/Å3 to 0.5043 e/Å3, which reveals the ionic with 
partly covalent nature and for Ga(1)–O bond in octahedra, the mid bond electron density 
ranges from 0.6504 e/Å3 to 0.8868 e/Å3, revealing the covalent nature. Large influence of 
the charge density distributions plays an important role in optical property which may be 
the prominent key factor for the luminescence properties.   

The electron density distribution analysis in the unit cell of CaCO3 has been done using 
maximum entropy method. The electron density maps give qualitative as well as 
quantitative picture of the electronic structure in the unit cell of CaCO3. The two 
dimensional electron density distributions show the covalent along with ionic nature 
existing between Ca–O atoms and perfect covalent nature existing between   C–O atoms. 
The mid bond electron densities from one-dimensional electron density profiles confirm 
the existence of covalent along with ionic and perfect covalent character between Ca–O 
and C–O atoms respectively.  

The electron density distributions of Ca1-xYbxF2 (x = 0.00, 0.03, 0.06, 0.09 and 0.12) 
material has been elucidated as 3D iso-surfaces, 2D electron density maps and 1D 
electron density profiles in the unit cell of CaF2 using maximum entropy method (MEM). 
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The electronic charge around Ca lattice site gets modified due to the incorporation of 
trivalent Yb atom. At Yb 6%, the mid bond electron density decreases and it behaves 
unusual one. 

The electron density distribution of pure and doped Al2O3 has been analyzed using 
maximum entropy method. The results indicate that it is possible to distinguish the 
doping effects in Al2O3 through the charge density analysis. The redistribution of charge 
density due to the inclusion of Cr and V on host matrix of Al2O3 is clearly visualized 
through 3D electron density iso-surfaces, the 2D electron density contour maps on 
particular crystallographic plane and the 1D electron density profiles. The mid bond 
electron density for Al-O bond in pure Al2O3 is 0.1326 e/Å3 which reveals the mixed 
ionic and covalent character. The mid bond electron density for Al–O bond in Cr:Al2O3 is 
0.6165 e/Å3 which reveals more covalent with partly ionic character. The mid bond 
electron density for Al–O bond in V:Al2O3 is 0.0485 e/Å3 which reveals predominant 
ionic nature.  
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Chapter 5 
 

 

Analysis of Pair Distribution Function of  
Non-Linear Optical Materials 

 

Abstract 

Chapter V deals with the study of the inter-atomic ordering i.e., the local structure 
ordering of the selected non-linear optical materials. The pair distribution function 
(atomic correlation function), is computed for selected non-linear optical materials of the 
present work.  

Keywords 

Local Structure, Pair Correlation Function, Inter Atomic Order, Crystalline, Amorphous 
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5.1 Introduction 

The study of the local atomic arrangement of materials is one of the important features 
for the understanding and possible prediction of interesting macroscopic properties of 
modern materials. Nowadays, crystallographic analysis methods are able to provide 
refinement of crystal structures. In general, conventional determination of crystal 
structure is based on the analysis of the intensities and positions of Bragg reflections 
which allows only the determination of the long-range average structure of the crystal. It 
is possible to obtain the information about bond length distribution both static, thermal 
and correlated atomic thermal motion (Petkov et al., 1999) from the pair distribution 
function (PDF) peak width. Rietveld (1969) structural refinement method is usually 
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performed for the determination of crystal structure of powder diffraction data. In reality, 
all the compounds are not single crystals or well crystallized powders. Amorphous 
compounds have shown the limits of the crystallographic approach since it only yields 
the average structure of the material as it is based on the analysis of Bragg intensities. On 
the other hand, deviations from the average structure result in diffuse scattering which in 
general contains two-body atomic correlations (Welberry and Butler, 1995; Frey, 1995) 
and thus holds the key to local structure of the material.  X-ray absorption fine structure 
(XAFS) is the first experimental options to study inter atomic arrangement of materials 
(Sayers et al., 1971; Filipponi et al., 1995; Stumm, 1989; Rehr and Albers, 2000; 
deGroot, 2001; Lytle, 1999). Pair distribution function (PDF) is one of the alternate 
methods to reveal local structure from the powder X-ray diffraction or the neutron 
diffraction data. The pair distribution function (PDF) is obtained by Fourier transform of 
total scattering of powder diffraction pattern. For a long time, pair distribution function 
(PDF) method is well known in the field of studies of short-range order in liquids, glasses 
and amorphous solids. In recent years, pair distribution function (PDF) method is also 
applied equally well to crystalline materials too if they are in the form of fine powders or 
polycrystalline aggregates (Toby and Egami, 1992; Billinge and Egami, 1993; Billinge 
and Kanatzidis, 2004). Quantitative structural information on nanometre length scales can 
be obtained by fitting a model directly to the PDFfit (Proffen and Billinge, 1999) based 
on the equation, 

𝐺(𝑟) = 4𝜋𝑟[𝜌(𝑟) − 𝜌0] = 2
𝜋 ∫𝑄

�⃗ �𝑆�𝑄�⃗  � − 1�𝑠𝑠𝑠�𝑄�⃗ 𝑟� 𝑑𝑄�⃗               (5.1) 

where 𝐺(𝑟) is the atomic pair distribution function and 𝜌(𝑟) corresponds to the (atomic) 
number density at a distance r from the average atom. PDFgetX (Jeong et al., 2001) is a 
program used to obtain the observed atomic pair distribution function (PDF) from X-ray 
powder diffraction data. The graphical software PDFgui (Farrow et al., 2007) is used, 
which is a graphical environment for PDF fitting to plot the observed and calculated 
PDF. 

In the present work, the pair distribution function (PDF) approach has been utilized for 
the study of the selected non-linear optical materials, lead molybdate (PbMoO4) and 
lithium niobate (LiNbO3). The PDF for PbMoO4 and LiNbO3 have been refined using 
PDFfit (Proffen and Billinge, 1999). The bond lengths deduced from the PDF analysis for 
the samples PbMoO4 and LiNbO3 have been compared with those calculated using 
software program GRETEP [Grenoble Thermal Ellipsoids Plot Program is a Windows 
interactive program] (Jean Laugier and Bernard Bochu, 2002).  
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5.2 Pair distribution function analysis of PbMoO4 

In order to understand the local structure, the powder X-ray data of lead molybdate 
(PbMoO4) has been utilized for the analysis of pair distribution function (PDF). The PDF 
for PbMoO4 has been refined using PDFgui (Farrow et al., 2007) and the comparison of 
observed and calculated PDF’s has been made and analyzed. 

The refined parameters of lead molybdate (PbMoO4) using pair distribution function 
(PDF) are given in table 5.2.1. The nearest neighbour atom distances obtained from the 
PDF analysis are given in table 5.2.2. In our work, the upper limit for the Fourier 
transform of the data was set until Qmax = 6.5 Å-1. The fitted observed and calculated pair 
distribution functions of PbMoO4 are shown in figure 5.2.1. In this figure, r(Å) represents 
the atomic distance from the origin and G(r) represents the reduced pair distribution 
function. Figure 5.2.1 shows the PDF peaks representing to the interaction between Pb–
Pb, Pb–O, Mo–Mo, Mo–O and O–O atomic pairs. PDF peaks up to a distance of 20 Å are 
suitably indexed as shown in figure 5.2.1. It is worthy to note that the agreement between 
the observed and calculated PDF's is very good with small error function. Furthermore, 
the high Q synchrotron data is essential for this type of analysis on short range atomic 
correlation study and local structure of materials (Jeong et.al., 2001; Neder and Proffen, 
2009; Egami, 1990). In spite of this factor, an attempt has been successfully made to use 
the X-ray powder data for this analysis. 

 

Table 5.2.1 The refined parameters from pair distribution function of PbMoO4. 

Parameter PbMoO4 

Data range (Å) 0.0 – 25.0  

Refinement range (Å)   2.0 – 20.0  

Change in R 0.0019 

  R - Reliability index 
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Table 5.2.2 Nearest neighbour distances from PDF analysis of PbMoO4. 

 
Atom pair 

Inter-atomic distances from 
PDF analysis (Å) 

*Calculated 
inter-atomic 

distances (Å)  Observed Calculated 
Pb–Pb   3.98   3.98 3.593 

Pb–O   6.80   6.86 6.983 

Mo–Mo   8.48   8.52 8.499 

O–O 10.50 10.54 10.576 

Pb–O 13.46 13.50 13.417 

Mo–O 15.02 15.06 15.035 

Mo–O 16.50 16.40 16.485 

Pb–Pb 17.10 17.14 17.120 

Mo–Mo 18.34 18.38 18.373 

Mo–Pb 20.18 20.16 19.764 

  *GRETEP for Windows (Jean Laugier and Bernard Bochu, 2002) 
 

From table 5.2.2, it can be observed that the difference in the observed and calculated 
nearest neighbour distances turns out to be very small. These differences are not too high 
considering the fact that we have utilized only data with limited Q values. There may be 
local undulations in the structure of this system that will lead to slightly higher neighbour 
differences which correspond to lattice repeat distances. Also, the local disorder is 
expected to affect the repeat distances, because of the diffuse scattering which does not 
have sharp, single pointed X-ray diffraction phenomenon. Hence, it is reflected in the 
local structural analysis.  
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Figure 5.2.1 The fitted observed and calculated pair distribution function of PbMoO4. 
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5.3 Pair distribution function analysis of LiNbO3 

The powder X-ray data of LiNbO3 has been employed for the analysis of pair distribution 
function. The observed PDF’s have been obtained from the experimental powder XRD 
data, using the software package PDFgetX (Jeong et al., 2001). PDFgetX can help reduce 
the raw data into a more convenient format from which the analysis can be done within 
the desired range (r). In our work, the upper limit for the Fourier transform of the data 
was set until Qmax = 6.5 Å-1. After the preliminary data reduction, we have used PDFgui 
(Farrow et al., 2007) for fitting the theoretical structure models with experimental pair 
distribution functions in a refinement procedure. The observed and calculated PDF’s are 
compared with the help of the reliability indices. The refined parameters of LiNbO3 using 
pair distribution function are given in table 5.3.1. Table 5.3.2 gives the nearest neighbour 
atom distances obtained from the PDF analysis for LiNbO3. Figure 5.3.1 shows the fitted 
observed and calculated pair distribution function of LiNbO3. In this figure, r(Å) 
represents the atomic distance from the origin and G(r) represents the reduced pair 
distribution function. Figure 5.3.1 shows the PDF peaks representing the interaction 
between Li–Li, Li–Nb, Li–O, Nb–Nb and O–O pairs. PDF peaks up to a distance of 20 Å 
are suitably indexed as shown in figure 5.3.1. 
 

Table 5.3.1 The refined parameters from pair distribution function of LiNbO3. 

 

Parameter LiNbO3 

Data range (Å) 0.0 – 25.0  

Refinement range (Å)   3.0 – 20.0 

Change in R 0.0018 

  R- Reliability index 
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Table 5.3.2 Nearest neighbour distances from PDF analysis of LiNbO3. 

 
 
Atom  pair 

Inter-atomic distances from 
PDF analysis (Å) 

*Calculated 
Inter-atomic 

distances (Å) Observed            Calculated 
Li–Li   3.80   3.84         3.810 

Li–Li   5.06   5.24         5.112 

Li–Nb   6.02   -----         5.994 

Li–Li   8.82   8.62         8.855 

Li–Li 11.54 11.28       11.555 

Nb–O 12.24 12.20       12.216 

O–O 13.74 13.72       13.816 

Li–O 15.44 15.40       15.423 

Nb–O 16.88 16.90       16.721 

Nb–O 19.54 19.58       19.691 
 

  *GRETEP for Windows (Jean Laugier and Bernard Bochu, 2002) 
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Figure 5.3.1 The fitted observed and calculated pair distribution function of LiNbO3. 
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5.4 Conclusion 

The observed PDF of PbMoO4 and LiNbO3 have been obtained from the raw intensities 
using a software program PDFgetX. A comparison between the observed and calculated 
PDF has been carried out using the software package PDFFIT. The refined pair 
distribution function for the samples PbMoO4 and LiNbO3 shows good matching of 
observed and calculated PDF’s. The PDF refinement can be considered as equivalent to 
matching the observed X-ray powder data with too little structure parameters. Though the 
Q value of the powder X-ray data sets used in this doctoral work is small compared to the 
neutron or synchrotron data, an attempt has been successfully made for the study of 
atomic pair distribution of the non-linear optical materials PbMoO4 and LiNbO3. 
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Chapter 6 
 

Conclusion 

This research work concentrates towards the bonding behavior of the chosen non-linear 
optical materials through the electron density distribution studies. The electron density, 
bonding and charge transfer studies analysed in this work gives fruitful information to 
researchers in various fields. These properties can be utilized for the proper engineering 
of these technologically important non-linear optical materials. 

1. Lead molybdate (PbMoO4) 

The structural parameters of PbMoO4 have been refined from the powder X-ray 
diffraction data sets with the well-known Rietveld powder profile fitting methodology 
using the software package JANA 2006. The versatile tool MEM has been adapted to 
construct the electron density distribution in the unit cell. MEM charge density 
distribution has been visualized through the software VESTA. PbMoO4 sample has been 
analyzed using SEM and UV-Visible spectroscopy for morphological and optical 
properties respectively. A comparison between the observed and calculated pair 
distribution function (PDF) has been carried out using the software package PDFfit. Pair 
distribution function (PDF) results give a clear picture of the local structure in PbMoO4.  

2. Lithium niobate (LiNbO3)  

Lithium niobate (LiNbO3) crystal has been grown by Czochralski method. The refined 
structural information from powder X-ray diffraction (PXRD) data set of LiNbO3 using 
Rietveld refinement technique has been used to construct the electron density distribution 
in the unit cell. The bonding feature of LiNbO3 has been elucidated through 3D, 2D maps 
and 1D electron density profiles. The particle size, the elemental compositions and 
optical band gap analysis of LiNbO3 has been carried out using SEM, EDS and UV-
Visible spectroscopy respectively. The local structure of LiNbO3 has been analysed for 
the nearest neighbor distances using pair distribution function (PDF). 

3. Ce doped gadolinium gallium garnet (Ce:Gd3Ga5O12) 

Ce doped gadolinium gallium garnet (Ce:Gd3Ga5O12) samples have been synthesized by 
sol-gel method. The structural parameters of Gd3-xCexGa5O12 (x = 0.5, 1 and 3) have been 
refined using Rietveld refinement technique. The bonding behavior has been elucidated 
and analysed using MEM. The quantitative measurement of charge density and the 
variation of cell parameter with lanthanide doping reveals the inclusion of trivalent Ce3+ 
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dopant on the host lattice. Thus, the doping of Ce affects the charge ordering and hence 
the material’s optical behavior in Gd3Ga5O12. The particle size of the prepared 
Ce:Gd3Ga5O12 samples have been estimated using SEM. The UV-Visible spectroscopy 
technique has been carried out to evaluate the band gap energy. 

4. Calcite (CaCO3) 

The electron density distribution in the unit cell of CaCO3 has been constructed through 
MEM using the refined X-ray structure factors extracted from the Rietveld refinement 
technique. The charge density distribution in CaCO3 shows the covalent along with ionic 
nature existing between Ca–O atoms and perfect covalent nature existing between C–O 
atoms. The morphological and optical band gap analysis has been carried using scanning 
electron microscopy and UV-Visible spectroscopy respectively. 

5. Yb doped calcium fluoride (Yb:CaF2) 

Yb doped calcium fluoride (Ca1-xYbxF2 (x=0.00, 0.03, 0.06, 0.09, 0.12)) materials have 
been synthesized through co-precipitation route. The powder X-ray diffraction (PXRD) 
data of undoped and Yb doped CaF2 materials have been refined for observing the 
structural changes due to the inclusion of Yb using Rietveld refinement technique. No 
secondary phase has been observed. The refined X-ray structure factors have been used 
for the MEM procedure to obtain the charge density distribution in the unit cell. The 
electronic rearrangement and the bonding behavior in the unit cell of Ca1-xYbxF2 (x=0.00, 
0.03, 0.06, 0.09, 0.12) has been analysed. At Yb 6%, the BCP (Bond Critical Point) 
decreases. An increase in particle size has also been observed from SEM micrographs of 
Yb doped calcium fluoride at Yb 6%.   

6. Al2O3, Cr:Al2O3 and V:Al2O3 

The undoped and doped Al2O3 materials have been characterized by PXRD for analyzing 
structural information using Rietveld refinement technique. The electron density 
distribution and the observed charge ordering behavior with the inclusion of Cr at 5% and 
V at 5% in the unit cell of Al2O3 have been analysed through MEM method. Further 
analyses have been done through SEM, optical and other compositional studies. The 
preliminary results indicate that it is possible to distinguish the doping effects in Al2O3 

through the electron density analysis. The refined powder profiles, the observed and 
calculated structure factors, the 3D electron density iso-surfaces, the 2D electron density 
contour maps, the 1D electron density profiles and the SEM pictures- all  support the 
addition of Cr and V atoms in the host matrix of Al2O3.  
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