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Abstract: 

Polycrystalline LGO sample has been prepared using modified chemical 

wet route. In order to know the structural phase purity of the prepared 

sample, X-ray diffraction has been carried out. Band gap of prepared 

sample has been determined using Diffuse Reflectance Spectroscopy 

(DRS) which is obtained through the mathematical relation of Kubelka-

Munk function, known as Tauc plot. Behavior of band gap with 

temperature has been studied using temperature dependent DRS 

experiments. These materials show the structural phase transition from 

orthorhombic to rhombohedral at around 417 K temperature. In order to 

know about the kind of structural phase transition present in the sample, 

temperature dependent DRS has been carried out. On the further 

confirmation of structural phase transition, temperature dependent Raman 

spectroscopy has been carried out. Variation of Urbach energy with 

temperature has been also studied using TD DRS.  Additionally, 

Temperature dependent optical band gap has been fitted using various 

fitting models like Varshni model and Bose-Einstein model to determine 

the thermodynamics of prepared sample. Both TD Diffuse Reflectance 

Spectroscopy and TD Raman spectroscopy confirms that LGO shows a 

structural phase transition from orthorhombic to rhombohedral phase at 

around 417 K temperature. 

 

 

 

Key words: 

Temperature dependent diffuse reflectance spectroscopy, Temperature 

dependent Raman spectroscopy, Solid oxide fuel cells, Structural Phase 

transition, Band gap and X-ray diffraction.  
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Chapter 1 

1.1 Introduction and origin of the problem: 

As the world population is increasing rapidly, the demand of 

energy is becoming an ever a serious challenge for world’s energy sector. 

At present, the supplies of energy in the world mainly depend on fossil 

fuels. Now a day’s global warming is also one of the most serious issues 

faced by mankind and hence need eco-friendly products based on solid-

state oxide fuel cells (SOFC) have attracted due to its high efficiency, flues 

flexibility and carbon free emission[1]. SOFC is used as an electrolyte in 

the fuel cells. The materials with perovskite structure show interesting 

ferroelectric, magnetic and optical properties. Amongst the various 

perovskite oxides, the lanthanum gallate (LaGaO3) is known to show 

excellent oxygen-ion conductivity at moderate temperatures, which makes 

it one of the most promising solid electrolytes for intermediate temperature 

solid oxide fuel cell and hence studied by scientific community during the 

last decade[2]. With the inclusion of some transition materials like Ni, Mn 

and Fe lanthanum gallates show the magneto dielectric effects thus, 

gallates can be also used in storage devices, magnetic sensors and tunable 

filters. The perovskite oxide, which supplies large amount of vacancies, 

can be expected to obtain high oxide ion conductivity.  It is known that the 

electronic disorder significantly modifies the ionic conductivity and optical 

properties are known to probe such electronic disorder. It is known that the 

optical absorption spectroscopy is one of the most widely used tools to 

investigate the electronic structure near band edge. Even though the 

correlation between band gap and electronic disorder is well established 

but the validity of such correlation near structural phase transition is not 

clear. In semiconductors/insulators variation of optical band gap and 

electronic disordered term Eu with temperature is of scientific and 

technological interest and has contributions due to total disorder present in 

the system i.e. thermal, chemical, polar and structural disorders (structural 

disorder induced by defects, vacancies, static strain fields, doping) etc[3]. 

Earlier, various efforts have been made by many research groups in order 

to explain the behavior of Eu, its functional form as a function of 
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temperature (T) and structural disorder (X). Generally, it is believed that 

Eu scales up with temperature due to increase in random vibrations of 

temperature, however, for a system which shows a change in the structure, 

an anomaly has been observed earlier by various research groups in 

temperature dependent optical Eg and Eu. It is important here to note that 

the signature of structural phase transition and thermal disorder is clearly 

visible in Raman spectra for given semiconductor material. The generation 

or disappearance of a phonon mode in Raman spectra is attributed to 

change in the symmetry/structure; however, the width of Raman line 

shapes is essentially controlled by thermal/structural disorder. As many 

researchers have been studied this structural phase transition by using 

temperature dependent X-ray diffraction[4], neutron diffraction[5] and 

dielectric studies[6] on the sample. Some researchers also have been 

reported this structural phase transition by inducing twinning[7] in the 

sample but nobody has studied this structural phase transition by using 

temperature dependent diffuse reflectance spectroscopy. So, in present 

report, temperature dependent (TD) optical absorption spectroscopy and 

TD Raman spectroscopy experiments has been performed on one of the 

technologically important material LaGaO3, in order to determine the exact 

structural phase transition temperature. An anomaly observed at 420 K in 

optical band gap and electronic disorder variation has been observed and 

understood in terms of change in structure from orthorhombic (Pnma) to 

rhombohedral (R3c), which is well conformance with Raman structural 

phase transition temperature. Our results clearly suggest that optical 

absorption spectroscopy could be an economical and non-destructive 

temperature dependent optical absorption spectroscopy and TD Raman 

spectroscopy. 

  

1.2 Band gap: 

A band gap is an energy difference between the bottom of conduction band 

and top of the valance band. Band gap can be understood easily that this is 

the minimum energy required to excite an electron from valance band to 

the conduction band so that this electron can take part in conduction. 
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Figure 1. 1: The band structure (parabolic bands) of solids. 

  

 On the basis of the band gap model, materials can be divided in to three 

categories conductor, semiconductor and insulator. According to the band 

gap model, in conductor there is no gap between the top of the valance 

band and bottom of the conduction band means both conduction and 

valance band are overlapping to each other so that electron can easily 

excite from valance band to conduction band. In insulator there is a more 

gap (≥ 3.2 eV) between the top of the valance band and bottom of the 

conduction band so electron cannot excite in any situation from valance 

band to conduction band while in semiconductor there is small enough gap 

(≤ 3.2 eV) so that electron can excite from the top of the valance band to 

bottom of the conduction band.    
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Figure 1. 2: The band diagram for different solids (metals, semiconductors and 

insulators) 

 

1.3 Urbach energy:  

In 1953, Franz Urbach was the first to observe experimentally an 

exponential increase of the absorption coefficient as the photon energy 

increases[8].  

Along the absorption coefficient curve and near the band edge there is an 

exponential part called Urbach tail or Urbach energy. This edge comes in 

to view in the low crystalline, poor crystalline, the disorder and amorphous 

materials because these materials have localized states which extend the 

band gap. 

Absorption coefficient for the urbach tails can be written as: 

                        𝛼(𝐸, 𝑇) = 𝛼0𝑒𝑥𝑝 [
𝜎(𝐸−𝐸0)

𝑘𝑇
]                    (1) 

Or                                                 

                         𝛼(𝐸, 𝑇) = 𝛼0𝑒𝑥𝑝 [
(𝐸−𝐸0)

𝐸𝑈(𝑇)
]                     (2)               

Where 𝛼0 and 𝐸0 are constant determined by extrapolated linearly a curve 

between 𝑙𝑛(𝛼) 𝑎𝑛𝑑  E at a given temperature,  𝜎 is the steepness 

Band gap ≤ 3.2eV

Conductors Semiconductors Insulators

Valance band

Conduction bandOverlapping 

of bands

Energy Band gap
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parameter of the absorption edge, 𝐸𝑈 =
𝑘𝑇

𝜎
  is the urbach energy which is 

equal to the width of the absorption band edge and reverse to the slope of 

the absorption edge[9]. 

                         𝐸𝑈
−1 =

∆(ln 𝛼)

∆(𝐸)
                          (3)                              

According to Urbach, the exponential behavior of the absorption 

coefficient is in the following form: 

             𝑆 =
𝜕(𝑙𝑛(𝐾)) 

𝜕(ℎ𝜐)
 = −

1

𝑘𝑇
                  (4) 

Where S is slope of the exponent, K is the absorption coefficient, hυ is the 

photon energy and k is Boltzmann coefficient. From this equation it was 

clear that slope S depends only on the temperature not on the material 

properties but experimentally it was found that slope depends on 

temperature as well as material properties. 

 Hence Martinssen redefined the exponential behavior of absorption 

coefficient. This is shown in equation 1. 

The form of 𝜎 as a function of temperature is given by Mahr and is as 

follows: 

            𝜎(𝑇) = 𝜎0 (
2𝑘𝑇

𝐸𝑃
) 𝑡𝑎𝑛ℎ (

𝐸𝑃

2𝑘𝑇
)                 (5) 

Where 𝐸𝑃=ħω is the energy of phonon which contributes to the urbach 

tails. 𝜎0 is a constant and can be considered as the inversely proportional 

to the electron-phonon interaction[10]. 

 

 Origin of the urbach energy:  

Urbach tail appears due to the various kind of disordered, present in the 

sample. These disordered may occur due to the change in temperature, 
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chemical composition and various kind of structural disordered present in 

the sample. 

Band theory of the solids proposed that electron is moving in the periodic 

varying potential having time period equal to the lattice constant which is 

responsible for the observed well defined band structure[11]. If any 

fluctuation in the periodicity due to temperature variation, and 

incorporation of the impurity of different ionic radii then the arrangements 

of the atom get distributed and electron feels the potential differ from place 

to place. So due to this, the conduction band and valance band do not have 

sharp cut off. As a result, optical band edge does not have sharp fall but 

have an exponential fall in the absorption edge.      

 

 

Figure 1. 3: The localized states formation between the valance band and 

conduction band. 

 

ΔΕg

Valance band

Conduction band

Urbach 

tails

ΔΕu =ΔΕ g-ΔΕ’g

Energy

ΔΕ'g

Density of state
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When a photon of the band gap energy is incident on the crystal then the 

electron will excite from valance band to conduction band. So there should 

be a sharp transition in the absorption curve at the band edge. But as it is 

known that “nothing is perfect” according to Mosaic effect. Due to some 

kind of disorder, there is an exponential part in the absorption curve at the 

band edge. The exponential behavior of absorption coefficient is shown in 

figure 1.4. 

 

Figure 1. 4: An exponential variation in the absorption curve near the band 

edge.  

 

1.4 Structure of LGO perovskite: 

Perovskite structure is adopted by many oxides that have the chemical 

formula ABO3. LaGaO3 has the ABO3 type perovskite structure, in which, 

A and B are cations and O
-
 is an anion. Cations A are present on the 

corners and B are present on the center and all these anions (O
-
) are 

presented at mid of each faces of the cube and all of them are equidistant 

from the B atom which forms a Centro- symmetric octahedron (BO6) 

around B atom. Due to this, net dipole moment of the system is zero. 

Sharp absorption for 
ideal semiconductor

Exponential absorption 
for real semiconductor

Energy

Absorption 
coefficient

Band gap energy
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Figure 1. 5: The structure of the LGO perovskite 
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CHAPTER 2 

Experimental methods and characterization techniques 

 In this chapter, some experimental methods and characterization 

techniques are discussed.  

2.1  Experimental methods: 

      2.1.1 Solid state reaction route 

      2.1.2 Sol-gel route 

2.2  Characterization techniques: 

      2.2.1 X-ray diffraction (XRD) 

      2.2.2 Diffuse reflectance spectroscopy (DRS) 

      2.2.3 Temperature dependent DRS 

      2.2.4 Raman spectroscopy 

 

2.1 Experimental methods: 

2.1.1 Solid state reaction method: 

Solid state reaction route is the most commonly used method for 

preparation of polycrystalline samples from a mixture of solid starting 

materials. In this method, very fine powders which do not react at the 

room temperature, are used as the starting materials. Hence these fine 

powders were heated at very high temperature (800
0
C to 1300

0
C).  

The process of the solid state reaction method is as following: 

In this method, at first starting (raw) materials are taken and weighed in 

stichromatic ratio. After that all the materials are mixed in homogenous 

medium. Isopropyl alcohol is used as the medium to make homogenous 

mixture. This mixture is grinded very properly yields a fine powder 
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obtains. Grinding is done to increase the surface area and reaction rate. 

Calcinations have been done in high temperature programmable furnace at 

constant heating and cooling means a heat treatment is given to that fine 

powder at different-different temperatures[12]. After that pellet 

preparation has been done by mixing one or two drops of PVA binder in 

that calcinated powder and pressed by using hydraulic press machine. 

Sintering of the pellet has been done in the presence of air.  

 

Figure 2. 1: Methodology of the preparation of sample by solid state reaction 

method  

       

2.1.2 Sol- gel method: 

                   Sol gel is one of the well-established methods to prepare novel 

metal oxides nanoparticles. This method has potential control over the 

textural and surface properties of the materials. 

This method depends on the transformation of the relevant precursors into 

sol and then finally to a network called gel. 

 Sol is a colloidal or molecular suspension of solid particles of ions in a 

Solvent 

Gel is a semi-rigid mass that forms when the solvent from the sol 

evaporates and the rigid mass left behind begin to join together in a 

Continuous linkage. 

Raw materials (metal oxides)

Weighing in stichromatic ratio
Mix all the materials in IPA to 

make homogenous mixture

Calcinations of the obtained fine 

power in high temperature furnace 

at different-2 temperatures

Grind the mixture in agate mortar 

and pastel  

Preparation of pellets using 

pelletizer and poly vinyl alcohol 

as a binder   

Sintering of the pellets in air 
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The sol gel method can be classified into two routes. 1) aqueous sol gel, if 

water is used as reaction medium.2) nonaqueous sol gel method, if organic 

solvent is used as reaction medium. The aqueous sol gel method is more 

popular method than the nonaqueous sol gel method.  

The process of the sample preparation by aqueous sol gel method is as 

follows:   

 Polycrystalline powder of LaGaO3 samples were prepared by using 

modified wet chemical route. In this method, La (NO3)3.6H2O and Ga 

metal were used as the starting materials or precursors. Ga metal was 

dissolved in the nitric acid to make gallium nitrate. Instead of Ga metal, 

Ga (NO3)3.xH2O may be used but the value of x is unknown in this nitrate. 

The value of x can be determined by performing very sophisticated 

experiments such as Thermogravimetry analysis (TGA). Hence in 

presented report Gallium metal was used instead of Ga (NO3)3.xH2O. So 

Ga metal was used as the starting material or precursor. The stoichiometric 

amounts of nitrates were dissolved in the distilled water for forming a 

solution. A small amount of citric acid as well as ethylene glycol were 

added in solution[13]. The resulting solution was stirred 2h at 80
0
C until 

gel was formed. Gel was dried 2h at 200
0
C and grinded by using mortar 

pestle and calcined. The calcinations were performed in a high temperature 

programmable furnace at 1000
0
C for 12h and 1300

0
C for 12h with 

constant heating and cooling rate (5
0
 per min)[14].The fine and 

homogenous powder was cold pressed in to pellets (10 mm diameter and 

1-2  thickness) under uniaxial pressure by hydraulic press. The polyvinyl 

alcohol (PVA) was used as a binder during preparation of pellets. The 

pellets were sintered at 1300
0
 K temperature for 12 h in a programmable 

furnace.  
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Figure 2. 2: Methodology of preparation of sample by sol-gel method 

 

2.2 Characterization techniques: 

  Here all the experimental techniques which are used in the sample 

analysis are discussed. 

2.2.1 X ray diffraction:  

     X ray diffraction technique is the most important non-destructive tools 

to analyze all kind of materials ranging from fluids, to powders and 

crystals. X-ray diffraction is used to get information of crystal structure, 

crystal size, lattice parameters, lattice strain, chemical composition, state 

of ordering, spacing between two crystal planes structure of the sample 

etc. 

The working principal of X-ray diffraction is as follows: 

The filament inside the cathode tube is heated by applying the 

voltage between the electrodes. As filament gets heated then free electrons 

which have a very high velocity, collides with the water cooled anode. 

This results the formation of X-rays in the X-ray tube. These X-rays 

originated from the tube falls on the surface of the sample. As wavelength 

of these originated X-rays has wavelength is order of the lattice parameter 

Precursors La (NO3)3.6H2O and 

Ga (NO3)3.xH2O

Dissolve in the DI water for 

forming a sol

Stirrer the solution at 80-100 C to 

form the gel

Add a small amount of citric acid 

and ethylene glycol in a sol 

Dry the gel and grind it in mortar 

and pestle 

Calcinate the sample in high 

temperature furnace at different-2 

temperatures with constant 

heating and cooling rates.

Sintering of the pellets in high 

temperature furnace Preparation of pellets using 

hydraulic press and PVA binder
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which results the diffraction of X-rays in the different directions by 

continuous change in the intensity with the incident angle. The intensity of 

these diffracted peaks depends on the electron density across the miller 

plane. So the intensity distribution varies with the angle between incidence 

and diffracted beam[15]. By knowing those planes the structure of 

materials, composition of sample, spacing between two planes and lattice 

constants can be calculated X-ray diffraction is totally based on the 

principal of Bragg’s law.  

According to Bragg’s law of X-ray diffraction, 

A certain wavelength of X-ray will constructively interfere if they are 

reflected between crystal planes with the path difference is equal to an 

integral number of wavelength. 

Path difference=2dSinθ = nλ, where n is an integer. 

 

 

            Figure 2. 3: X–ray diffraction from a crystal 

   

 

This is the condition of Bragg’s law. Where d is the interplaner 

distance, θ is the angle between incident X-rays and planes of 

reflection, λ is the X-rays wavelength and n is the integer. 

θ θ

θ

dsinθ dsinθ

d

Incident x-rays
Diffracted x-rays

Lattice plane
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Whenever this Braggs condition is satisfied, a peak, across the θ 

value corresponding to 2θ curve appears. 

 

In this work, the primary structural phase purity of the samples has 

been done by using X-ray experiment on the Rigaku smart lab 

work.  

 

              2.2.2 Diffuse reflectance spectroscopy: 

                   Diffuse reflectance spectroscopy is the effective tool to 

investigate the optical properties like optical band gap and disorder 

of any materials near the band edge[16]. Diffuse reflectance 

spectroscopy is commonly used in the visible, UV regions and near 

and mid infrared regions. The main advantage of DRS is that there 

is no need of difficult sample preparation, only power samples 

could be used for this purpose. The principal of this spectroscopy is 

based on the diffuse reflection. Two types of reflection can occur: 

Specular or regular reflection usually associated with the reflection 

from smooth and polished surfaces like mirrors. Diffuse reflection 

usually associated with the reflection from dull or mat surfaces 

textured like powder. When light falls on the surface of powered 

sample, it is reflected in specular and diffuse directions through 

multiple scattering.  Some part of the light undergoes multiple 

scattering inside the sample and fraction of this part emitted back 

to dictator. As known that light cannot penetrate solid materials, it 

is reflected back to samples. When UV-Visible falls on the surface 

of the samples, this incident light get absorbed or reflected. This 

diffuse reflected light is detected by the dictator and analyzed and 

give the DRS spectrum.  
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                  Figure 2. 4: The specular reflection and diffuse reflection 

   In order to calculate the optical band gap of any sample, the 

obtained DRS spectra have been converted into equivalent 

absorption spectra using Kubelka–Munk equation shown in Eq. 1    

                                   𝐹( 𝑅∞) =
𝐾

𝑆 
=  

(1−𝑅∞ )2

2𝑅∞
                                 (6) 

Where, 𝐹(𝑅∞)  is Kubelka- Munk function, K and S are the 

Kubelka–Munk absorption and scattering functions respectively 

and R∞ = R (Sample)/R (Standard).  R (Sample) and R (Standard) are the diffuse 

reflectance of the sample and standard white reference 

respectively[3].Eg can be calculated by fitting straight line of 

[𝐹(𝑅∞)ℎ𝑣]𝑛 after converting the Kubelka- Munk function into tauc 

equation. Here ‘n’ can take two values i.e. n = 2 for direct band gap 

transition and n = ½ for indirect band gap transition.  

The Tauc plot shows the quantity h𝛖 on the abscissa and the 

quantity (αh𝛖)
1/n

 on the ordinate. Here 𝛂 is the absorption 

coefficient of the material and n represent the nature of 

transition[17]. The Kubelka- munk function can be related to the 

absorption coefficient as:    

                                         

                                    F(R∞) ∝ α ∝(ℎ𝜐 − 𝐸𝑔)
1

𝑛⁄
                                (7) 

  Thus, A plot between (αh𝛖)
1/n

  and h𝛖 (energy) produce straight 

line and intercept on   the energy axis gives the value of the band 

gap of the sample. 
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Set up of Carry 60 UV-VIS Spectroscopy: 

Set up of the carry 60 UV-VIS Spectroscopy is as follows: 

 

 

Figure 2. 5:Experimental set up for diffuse reflectance measurements (a) carry 

60 UV-Vis spectrometer (b) an integrating sphere attachment to the diffuse 

reflectance spectrometer (c) internal system of the carry 60 UV-Vis spectrometer. 

 

Working of the carry 60 DRS spectroscopy: 

In this set up, diffuse reflectance has been measured by the carry 60 DRS 

spectroscopy. Xenon flash lamp source produces UV-VIS spectrum. This 

UV-VIS spectrum passes to the different filters and monochromator and 

after doing some optical arrangement, light incident on the sample then 

diffuse reflectance of the light happens. This diffuse reflectance can be 

measured by the detector. 

2.2.3Temperature dependent carry 60 DRS set up: 

 

Temperature dependent DRS set up shown below in the figure-2.6. 

Light switchRead switch

Target

Video Barellino

Optical fiber
(b)

Detector 

Sample

Xe flash lamp 
light source

Monochromator 
selects wavelength

(c)



17 
 

This set up consist some components 1) heater 2) temperature controller 3) 

detector 4) DRS set up 5) data analyzer. In this set up a sensor is connected 

to the heater (which heats the sample) and this heater further is connected 

to the temperature controller to measure the sample temperature. When 

UV –VIS light incident on the sample through the optical fiber then diffuse 

reflectance is detected by the detector at the different- 2 temperatures[18].   

 

Figure 2. 6: Temperature dependent diffuse reflectance set up 

    

2.2.4 Raman spectroscopy: 

Raman spectroscopy is a non destructive chemical analysis technique 

which gives detailed information about phase, crystallinity, chemical 

structure and molecular interactions. This spectroscopy is basically based 

upon the interaction of light with chemical bonds within the materials. So 

it is used to observe the vibrational, rotational and other low frequency 

modes presented in the system. The discovery of the Raman Effect is done 

by C.V. Raman and K.S. Krishna in 1928. 

When light is incident on the sample then most photons are elastically 

scattered. The elastically scattered photons have the same energy and 

frequency. This is called the Rayleigh scattering. However a small amount 

DRS system

Heater
Temperature controller
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of light is scattered from the sample at different optical frequency from the 

frequency of the incident photons. This is called the inelastic scattering. 

The process of this scattering is named as the Raman Effect. If frequency 

of the scattered photons are less than to the frequency of the incident light 

then this is the stokes Raman scattering and if frequency of the scattered 

photons are more than to the frequency of the incident light then this is the 

anti-stokes Raman scattering[19] .  

 

Figure 2. 7: Energy level diagram of Raman spectroscopy 

 

 

Instrumentation of the Raman spectrometer: 

A Raman system mostly consists four major components.  

1) Source (Laser light) 

2) Sample illumination system (optical arrangement) 

3) Filters and spectrophotometer (wavelength selector) 

4) Detector (CCD, photodiode)   

Mercury was used as the light source in Raman spectrometer in early days 

but now a day’s argon ion laser, krypton ion laser and helium neon ion 

Vibrational states

Excited states

Rayleigh Stokes 
Raman

Anti-Stokes 
Raman

hυ0 hυ0 hυ0
hυ0-
hυm

hυ0+hυmhυ0
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laser are used as the light source in Raman spectrophotometer. These laser 

sources provide very intense and balanced beam of light. 

Band pass filters are used to isolate the single laser beam. Filters and 

gratings are used to separate the weak intense Raman lines from the highly 

intense Rayleigh radiation. 

Detectors are used to detect the Raman spectra obtained from the Raman 

spectrophotometer. In early days thermoelectrically cooled photomultiplier 

tubes and photodiodes were used in Raman spectrometer but now a day’s 

more sensitive charge devices (CCD) are used as a detector due to new 

technology.   

Working of the Raman spectroscopy: 

Figure-2.8 shows Schematic diagram of Raman spectrometer. In Raman 

instrument a sample is illuminated with a laser beam. Light from the 

illuminated spot is collected with a lens and sent through interference filter 

or spectrometer to obtain Raman spectrum of a sample. Wavelengths close 

to the laser line, due to elastic Rayleigh scattering, are filtered out while 

the rest of the collected light is dispersed onto a detector. By changing the 

laser light you can confirm if a peak is a true Raman peak and not a peak 

just associated with the wavelength of the laser light that was used. 

Spontaneous Raman scattering signal is very weak because most of the 

incident photons undergo elastic Rayleigh scattering. Therefore special 

measures should be taken to distinguish it from the predominant Rayleigh 

scattering. Instruments such as notch filters, tunable filters, laser stop 

apertures, double and  mono spectrometric system are used to reduce 

Rayleigh scattering and obtain high quality Raman spectra. 
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Figure 2. 8: Schematic diagram of Raman spectrometer 
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Chapter 3 

Results and discussions 

In this chapter the results obtained by various experiments are discussed 

here: 

3.1 Structural phase analysis  

3.2 Optical properties 

3.3 Structural phase transition by using diffuse reflectance 

spectroscopy and Raman spectroscopy. 

3.4 Various band gap fitting models. 

3.5 Urbach energy variation with temperature. 

 

3.1 Structural phase analysis: 

In order to estimate the structural phase purity, XRD has been carried out 

to confirm the structural phase. All the experiments have been done using 

lab source XRD on Rigaku smart lab, diffractometer, with Cu K𝛂 

radiation was employed and operated at applied voltage of 45 KV and 

current of 40 mA[20].  Figure-3.1 shows the representative x-ray 

diffraction patterns of the polycrystalline sample LaGaO3. In this figure 

xx, XRD has been refined considering orthorhombic structure having 

space group Pnma[21]. 
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Figure 3. 1: Experimental XRD Patterns of prepared LGO sample through Sol-

Gel method calcinated at (a) 1000° C (b) 1300° C 

       

 

In this figure, all the peaks totally match with the corresponding JCPDS 

file no.241102.  

A comparison of experimental calculated diffraction data and the absence 

of any extra peak in the diffraction data confirm the structural phase purity 

of the prepared samples. So it can be say that the prepared sample is in 

single phase.  

Here the calculation of lattice parameters has been done using following 

procedure. 

As it is known that the relation between interplanar and miller indices are 

given by[22]: 

                                   
1

𝑑2
=

ℎ2

𝑎2
+

𝑘2

𝑏2
+

𝑙2

𝑐2
                                    (8) 
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And from Bragg’s law 

                                        2𝑑 sin 𝜃 = 𝑛𝜆                                         (9) 

Taking square of equation 9, 

                                         4d2𝑠𝑖𝑛 2 𝜃 = 𝜆2                                    (10) 

Comparing equation x and y, 

                                4𝑠𝑖𝑛 2 𝜃 = 𝜆2 (
ℎ2

𝑎2 +
𝑘2

𝑏2 +
𝑙2

𝑐2)                         (11) 

To compute the value of c, taking plane (004) from the XRD patterns, 

value of 𝜆 is 1.54 Ǻ and value of 𝜃  correspond to this plane is 23.33 

degree, 

                    4 sin2 23.33 = (1.54)2 [
02

𝑎2 +
02

𝑏2 +
42

𝑐2]                        (12) 

So after solving this, the value of c will be 

                                   𝑐2 =
4(1.54)^2

sin2 23.33
                                 (13) 

 Doing same calculation with (044) and (420) planes, the value of lattice 

parameters a, b and c are 5.480 Ǻ, 5.530 Ǻ and 7.764 Ǻ respectably. 

Lattice parameter a 5.480 Ǻ 

Lattice parameter b 

 

5.530 Ǻ 

Lattice parameter c 7.764  Ǻ 

Table1. 1: Values of lattice parameters of a prepared sample 
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3.2 optical properties: 

Band gap calculation using DRS: 

In order to calculate the band gap of LaGaO3, DRS experiments have been 

carried out. These experiments have been performed in wavelength range 

(200 nm to 800 nm) using carry 60 UV NIR VIS spectroscopy. The beam 

spot size on the sample was around 1.5 mm in diameter and an integral 

sphere detector is used for diffuse signal detection. 

Here figure-3.2(a) shows a spectra obtained by DRS experiments at room 

temperature. Figure-3.2(b) shows the Tauc plot which is obtained by 

converting wavelength in to energy and Kubeka-munk Function is 

converted in to Tauc plot[23]. After doing the linear fitting of this linear 

portion, where the extrapolated cuts on the energy axis that gives the value 

of band gap. Using Tauc fitting, the obtained experimental band gap of the 

LGO sample is 4.6 eV at room temperature. 
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Figure 3. 2: (a) A DRS spectra obtained from DRS (a) A graph between Kubelka- 

munk function and wavelength). (b) The Tauc plot to calculate the band gap. 

  

  

 

(a)

(b)
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3.3 Temperature dependent band gap measurements: 

        In order to estimate the variation in band gap with temperature, the 

temperature dependent DRS experiments have been carried out. The 

variation in optical band gap as a function of temperature of LGO sample 

is shown in figure-3.3. This figure shows that with increase in temperature 

the value of optical band gap decreases. The possible reason of this could 

be if one considers that when the value of temperature increases then 

interatomic spacing increases because amplitude of the atomic vibration 

increases due to the increased thermal energy. An increased interatomic 

spacing decreases the potential seen by the electrons in the materials which 

in turn reduce the size of the energy band gap.  

 

 

 

Figure 3. 3: The variation of band gap as a function of temperature. In inset an 

anomaly observed at 420 K temperature and the derivative of band gap with 

respect to temperature and change in rate of band gap with temperature. 
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From the figure-3.3, it is clear that the electronic disorder near band edge 

systematically increases with temperature, however an anomaly has been 

observed closed to 420K, which could be due to change in structure from 

orthorhombic (Pnma) to rhombohedral (R3c).that is reported in the many 

literatures. 

3.4 Various band gap fitting models: 

              Amongst the various band gap models some popular models have 

been evaluated in this study (1) Varshni model (2) Bose- Einstein model. 

These models suggest that the variation in band gap as a function of 

temperature is mainly due to the electron phonon interactions and thermal 

expansion. Using these models, many thermal quantities can be measured.   

 

Varshni model: 

The effects on the band gap energy loss of the temperature has been 

quantified through many empirical and semi empirical models. Amongst 

the various empirical models, Varshni model is the very much used for 

numerical fitting of temperature dependent band gap[24]. 

The Varshni relation for the temperature dependence of semiconductor 

band gaps is[25] 

     

                                   𝐸𝑔(𝑇) = 𝐸𝑔(0) −
𝛼𝑇2

𝛽+𝑇
                            (14)  

Where 𝛂 and 𝛃 are fitting parameters characteristic of a LaGaO3. Eg(0) is 

the band gap of the semiconductor at 0 K. 𝛂 tells us about the change in 

band gap per Kelvin and 𝛃 indicates the nearly value of Debye 

temperature[26]. The theoretical basis of this much-used relation is 

unfortunately rather weak, since 𝛃 which is supposed to be related to the 

Debye temperature, may in certain important cases be negative. Moreover, 

at low temperature, this equation predicts quadratic temperature 

dependence, whereas experiment finds (an approximate) temperature 

independence at very low temperatures and in the high temperature limit, 
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this equation predicts a linear fit both due to the cumulative effects of the 

lattice expansion and the electrons-phonon contribution. Using above 

equation, the linear fitting has been done of the temperature dependent 

optical band gap of the both phases.  

 

Figure 3. 4: The Varshni fitting of temperature dependent optical band gap (a) 

orthorhombic phase and inset shows the values of fitting parameters. (b) 

Rhombohedral phase and inset shows the values of fitting parameters. 

  

(a)

(b)

(a)
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It can be seen that the Varshni relation fits very well for low temperatures 

(up to 417 K); however, it shows deviation from experimental values, 

above 417 K. 

It is observed from the figures that in both phases the values of the fitting 

parameters (band gap energy at 0K temperature and value of 𝛃) are little 

bit different. 

It is proposed that value of the 𝛃 is related to the Debye temperature. The 

relation between Debye temperature and 𝛃 is as follows 

                                              𝜃𝐷 = (
8

3
) 𝛃                                       (15) 

so the value the Debye temperature is approximate 380 K which is similar 

to the reported Debye temperature[27]. 

Bose- Einstein model: 

Temperature dependent band gap also has been fitted by Bose-Einstein 

model which accounts for the coupling of bands with the temperature 

dependent phonon population. Bose-Einstein model, considers electron 

interaction within crystals, also relates energy shift and temperature with 

the Debye energy. According to this model, the band gap energy can be 

determined from[25,28] 

  

                       𝐸𝑔(𝑇) = 𝐸𝑔(0) − 𝑎𝐵 (1 +
2

𝑒𝑥𝑝(
𝐸𝑝ℎ

𝑘𝑏𝑇
)−1

)                         (16) 

Where, 𝐸𝑔(𝑇) band gap as a function of temperature which may be direct 

or indirect, 𝐸𝑔(0)  is the energy gap at 0K (unperturbed value), 𝑎𝐵 

represents strength of electron phonon interaction and Eph represents 

average energy of phonon most strongly coupled with electron[29,30].  

The optical band gap data of temperature dependence has been fitted 

linearly using the equation-(16). 
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Figure 3. 5: The Bose-Einstein fitting of temperature dependent optical band gap 

(a) orthorhombic phase and inset shows the values of fitting parameters. (b) 

Rhombohedral phase and inset shows the values of fitting parameters. 

 

It is observed from the figure that the band gap data of temperature 

dependence has been fitted very well using Bose- Einstein equation. 

(a)

(b)
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3.5 Temperature dependent urbach energy: 

Urbach energy: 

The Urbach energy EU has been estimated by plotting optical 

absorption α as a function of energy E. This optical absorption 

coefficient α is related to energy as[31]: 

  

                  𝛼(𝐸, 𝑇, 𝑋) =   𝛼0 exp [𝝈 (
𝐸−𝐸00

𝑘𝑇
)]                          (17) 

Here, 0 and E00 are the constants can be determined by inverse of slope of 

linear region from ln() vs E curves at given temperature T. The term 

𝐸𝑈 =
𝑘𝑇

𝝈
  is known as Urbach energy.  

So the equation-(17) can be written as: 

                                𝛼(𝐸, 𝑇, 𝑋) = 𝛼0𝑒𝑥𝑝 [
𝐸−𝐸00

𝐸𝑈
]                                   (18) 

After taking the logarithm of the both sides of the equation-(18) one can 

get a straight line equation[32]. 

                                ln(α) = ln(α0) + [
E−E00

EU
]                            (19) 

Or  

                                 ln(𝛼) = 𝑙𝑛(𝛼0) +
ℎ𝜐

𝐸𝑈
                                   (20) 

From equation-(20), it is observed that plotting a curve between  ln(α) and 

h𝛖 and doing the linear fit of the linear portion of the obtained curve and 

inversing the slope will give the value of urbach energy. 

 

Variation in Urbach energy with temperature: 

The variation of urbach energy as a function of temperature is shown in 

the figure-3.6. As figure 3.6 shows that  urbach energy increases 

systemically with the increases in the temperature but at around 417 K 

temperature urbach energy shows a anomaly which could be due to the 

well known structural phase transition from orthorhombic to rhombohedral 

phase. Here it is observed that band gap and urbach energy both are 
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opposite to each other.  Figure-3.3 and 3.6 show that with increases in 

temperature band gap decreases but urbach energy increases. Means it can 

be say that due to increase in temperature disorder increases in sample 

LGO.  

 

 

Figure 3. 6: The variation in urbach energy as a function of temperature. Inset 

shows an anomaly at 417 K temperature which is due to structural phase 

transition and change in rate of Urbach energy. 

 

3.6 Structural phase transition using Raman spectroscopy: 

                Raman spectroscopy is a versatile and non-destructive technique 

to probe the local structure especially for detection of structural distortion 

in perovskite materials. In order to confirm the structural phase transition 

in LGO sample, Raman spectroscopy of the LGO has been carried out. 

Raman measurements were done using LABRAM HR dispersive 

spectrometer equipped with a 633 nm excitation laser source and a CCD 

detector in backscattered mode. For TD Raman measurements THMS600 

stage from linkam having accuracy 0.1 K was used.  In case of LGO which 

possess orthorhombic structure with space group Pbnm at room 

temperature (RT). It is well known that a system having Pbnm space group 

have 24 Raman active vibrational modes. Temperature dependent (TD) 
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Raman spectra obtained at various temperatures through the phase 

transition temperature for LaGaO3 ceramic is illustrated in Fig. xx. The 

observed Raman spectra for LGO shows a profile having 17 bands at RT, 

namely, 55(Ag ), 92(B1g ), 101(B3g ), 117(B2g ), 137(B1g ), 147(Ag ), 

173(B3g), 255(Ag ), 277(Ag ), 335(B3g), 357(B1g), 404(B3g), 417(B2g), 

433(Ag), 451(B3g), 584(overtone), 708(overtone) cm
−1

. It is clear from the 

figure that with increase in temperature Raman spectrum changes 

drastically above 420 K, which is closed to reported structural phase 

transition from Pnma to R3c at 418 K.[33] The irreducible representations 

for Pnma and R3c space group for optical as well as acoustic vibrational 

modes are given below. 

For Pnma space group: 

Ƭop = 7Ag + 7B1g+5 B2g+5B3g+8Ag+7B1u+9B2u+9B3u 

Ƭac = B1u+ B2u+ B3u 

For R3c space group: 

Ƭop = Ag+3A2g+4Eg+2A1u+3A2u+5Eu 

Ƭac = A2u+Eu 
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Figure 3. 7: The Raman spectra of LGO at (a) 30°C (b) 90°C (c) 145°C (d) 

150°C (e) 300°C temperature. 

  

Additionally, the shifting of Raman modes to lower wave numbers is 

observed with increasing the temperature, which could be due to 

expansion in the structure[34]. The systematic shifting of bands with 

temperature is illustrated in Figure-3.8. Raman is a powerful technique to 

probe the thermal/structural disorders and possible signature of such 

disorders is essentially lies in spectral width of Raman line shapes.  
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Figure 3. 8: The systematic shifting of band positions with increase in 

temperature through the phase transition of LGO. 
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Chapter 4 

Summary and conclusion: 

In this chapter summary and conclusion of the thesis are discussed. First of 

all, summary is going to discuss here below. 

Summary:  

            Polycrystalline sample of LaGaO3 has been prepared by modified 

wet chemical route method. The structural phase purity of the prepared 

samples is confirmed by powder X-ray diffraction (PXRD) measurements 

followed by the JCPDS file. The optical properties such as band gap and 

urbach energy etc, of the prepared sample have been studied using diffuse 

reflectance spectroscopy (DRS). Temperature dependent (TD) optical 

absorption spectroscopy and TD Raman spectroscopy experiments has 

been performed in order to determine the exact structural phase transition 

temperature. An anomaly observed at 420 K in optical band gap and 

electronic disorder variation has been observed and understood in terms of 

change in structure from orthorhombic (Pnma) to rhombohedral (R3c), 

which is well conformance with Raman structural phase transition 

temperature. Temperature dependent band gap measurements shows that 

band gap decreases as the temperature increases. Our results clearly 

suggest that optical absorption spectroscopy could be an economical and 

non-destructive temperature dependent optical absorption spectroscopy 

and TD Raman spectroscopy.  

 

 

 

 

Conclusion: 

             In conclusion, a single phase sample LGO has been prepared by 

wet chemical route. Structural phase transition in LaGaO3 from 

orthorhombic (Pnma) to rhombohedral (R3c) is probed by economical and 

non-destructive temperature dependent optical absorption spectroscopy 
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and TD Raman spectroscopy. An anomaly observed at 420 K in optical 

band gap and electronic disorder (urbach energy) variation has been 

understood in terms of change in structure from orthorhombic (Pnma) to 

rhombohedral (R3c), which is well conformance with Raman structural 

phase transition temperature.  

 

Outcomes of this thesis work: 

 Some experimental synthesis methods such as solid state 

method and sol-gel route are learned. 

 Some sample characterization techniques such as X-ray 

diffraction (XRD), diffuse reflectance spectroscopy (DRS), 

temperature dependent (TD) DRS, Raman spectroscopy and 

TD Raman spectroscopy are studied. 

 Variation of band gap as a function of temperature is 

studied. 

 Variation of Urbach energy as a function of temperature is 

studied. 

 

 

 

Future research plans: 

 Temperature dependent (TD) X-ray diffraction (XRD) 

measurements to confirm the structural phase transition. 

 Temperature dependent (TD) dielectric measurements also 

to confirm the structural phase transition. 

 Doping of Nickel in pure prepared LGO sample to further 

study the other properties like magneto-dielectric effect and 

other effects. 
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