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SYNOPSIS 

1. Introduction 

Rare-earth titanates exhibit unique structural, physical, and 

optical properties, making them highly suitable for applications in the 

nuclear and radiation industries [1–2]. These materials are known for 

their high mechanical strength, as well as their excellent chemical and 

temperature resistance, which makes them effective in environments 

with high radiation flux, such as energy and nuclear settings [3]. This 

group of materials includes lanthanide perovskites (LnTiO3), 

pyrochlore-related structures (Ln2Ti2O7), and Ln4Ti9O24 compositions 

(where Ln is a lanthanide element from La to Lu) [4, 5]. A particularly 

interesting member of this class is Ln2TiO5, in which the Ti atom adopts 

a rare five-fold coordination geometry, a geometry rarely observed in 

most titanium-based transition metal oxides [4]. Most titanium-based 

oxides are found to exist in four-fold or six-fold coordination, possessing 

tetrahedral and octahedral geometries, and a significant amount of work 

in this regard has been done on perovskite (LnTiO3) and pyrochlore 

(Ln2Ti2O7) type structures. 

Our work primarily focuses on Gd2TiO5, a compound within this 

category, which exhibits remarkable chemical and optical properties [2]. 

Being a wide-bandgap material, Gd2TiO5 absorbs most of the light in the 

UV range, which limits its applicability in light-emission processes. 

Hence, reducing its bandgap with doping or other means can be useful 

in light-emitting devices, photocatalytic, and solar cell applications. The 

tuning of the bandgap can be achieved by doping or substituting a 

suitable element, which alters the composition and structure, and 

subsequently modifies the orbital overlap and, consequently, the 

electronic bandgap structure of the material. Keeping this in mind, 

pristine Eu and Fe have been substituted at the Gd and Ti sites, 

respectively. For this purpose, Optical absorption spectroscopy and 

Raman spectroscopy have been employed, as these are widely used 

techniques for characterizing and providing valuable information about 
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the electronic band structure and lattice dynamics of the system [6]. 

These techniques offer significant potential for investigating the 

interplay between electronic and lattice dynamical properties in 

materials, making them powerful tools for advancing research in this 

field. 

 

2. Methodology 

2.1 Synthesis techniques 

The polycrystalline samples of Eu- and Fe-substituted Gd2TiO5, 

including the pristine one, have been synthesized using the solid-state 

reaction route. For the synthesis process, the gadolinium oxide (Gd2O3), 

titanium oxide (TiO2), europium oxide (Eu2O3), and iron oxide (Fe3O4), 

all with a purity of 99.99% have been taken in stoichiometric amounts 

to obtain the respective compositions of Gd2-xEuxTiO5 and Gd2Ti1-

xFexO5, where x = 0.03, 0.05, 0.07, and 0.10. The stoichiometric amounts 

of the powders mentioned above were mixed thoroughly in an isopropyl 

alcohol medium and grounded in an agate mortar pestle. A maximum 

heat treatment of 1350 °C was given for the formation of pure Gd2TiO5, 

while 1300 °C and 1250 °C were given for the formation of Gd2-

xEuxTiO5 and Gd2Ti1-xFexO5 series, respectively. 

2.2 X‑ray Diffraction Characterization 

For characterizing the phase purity of the synthesized samples, a 

Bruker D8 diffractometer equipped with a Cu target and a Kα 

wavelength of 1.5405 Å was used to collect the X-ray diffraction data. 

[7]. The XRD pattern was taken in an angular range of 20–80° with a 

step size of 0.02°. For extracting the structural information, Rietveld 

refinement of all the samples was performed using the FullProf software, 

considering the Pnam space group of the synthesized samples [8], and a 

pseudo-Voigt function was used for fitting the peaks. For extracting 

crystallographic information, the VESTA (Visualization for Electronic 

Structure Analysis) software was used. 
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Furthermore, UV–visible absorption spectroscopy was 

employed to conduct the optical absorption measurements, and the 

optical absorption spectra were collected using the UV–Vis-NIR 

spectrophotometer in the wavelength range of 200–900 nm at a scan rate 

of 60 nm/min. The BaSO4 (barium sulphate) was chosen as a reference 

material for the baseline due to its high reflectance properties, 

reproducible baseline, and low cost. Raman spectroscopy was employed 

to study the phonon and lattice dynamics of the system using a 

LABRAM HR dispersive spectrometer equipped with a CCD detector 

in backscattered mode. An excitation laser source with an excitation 

wavelength of 633 nm and a laser power of less than 5 mW was used to 

collect the data, along with a grating having 600 grooves per millimetre.  

 

3. Results 

3.1 Influence of Fe Substitution on the Structural and Optical   

Properties of Gd2TiO5 Ceramic 

Rare-earth titanates with the composition Ln2TiO5 have been 

found to possess interesting structural and physical properties due to 

their remarkable properties of high thermal and chemical resistance 

against irradiation. Most titanium-based binary oxides and other 

perovskite oxides of varying compositions have been found to exist in 

the most common tetrahedral and octahedral configurations. However, 

in the case of the Ln2TiO5 system, titanium exists in the five-fold 

coordination number, which is very rarely observed in nature [9]. As the 

crystal field splitting varies differently corresponding to different 

geometries of the polyhedra in oxides, their chemical, physical, and 

structural properties will differ, which will in turn affect their optical and 

electronic properties. To see the effect of the square pyramidal geometry 

of Ti-O5 polyhedra in the Ln2TiO5 system, and how the structural and 

optical properties of these materials differ from the conventional oxide 

systems, Fe was substituted at the Ti-site in Gd2TiO5. The X-ray 

diffraction confirmed the phase purity and the orthorhombic phase of the 

synthesised samples. For extracting structural information, such as 
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crystal structure, lattice parameters, and bond lengths, Rietveld 

refinement was carried out using the Full Proof software with pseudo-

Voigt peak fitting. The crystal structure of Gd2TiO5 was found to possess 

TiO5 and GdO7 polyhedra units, where the titanium atom is surrounded 

by five oxygen atoms, forming a distorted square pyramidal geometry. 

The Gd-O7 polyhedra form the capped trigonal prismatic geometry. To 

explain the structural distortion in these complexes, Addison’s model 

was used, in which the distortion in five-fold coordinate metal 

complexes is defined by a geometric parameter ‘τ5’, which is called the 

‘index of degree of trigonality’. According to Addison’s model, the 

expression for the τ5 is given by  

𝝉𝟓 = 
(𝜷−𝜶)

𝟔𝟎
          (1) 

where τ5 is equal to ‘0’ for an ideal square pyramidal geometry 

and is equal to ‘1’ for a perfectly trigonal bipyramidal structure, and the 

geometry of other distorted structural complexes lies on the continuum 

defined by these two extreme geometries. In pure Gd2TiO5, τ5 was found 

to be ~0.30, indicating that the geometry of the TiO5 polyhedron is a 

distorted square pyramid. Additionally, the Gd-O and Ti/Fe-O bond 

lengths were extracted from the Rietveld results, which showed that one 

of the Gd-O and Ti/Fe-O bond lengths (Ti-O(4)) varied systematically 

with the Fe-substitution as shown in Figures 1a and b. To further 

explore the optical and electronic properties of these materials, Diffuse 

reflectance spectroscopy was performed on the sample series, where the 

diffuse reflectance data were converted into absorption spectra using the 

Kubelka-Munk function F(R) [10]. Kubelka-Munk function is 

proportional to the absorption coefficient and is related to reflectance by 

the relation  

𝑭(𝑹∞) 𝒐𝒓 𝜶 ≈
𝑲

𝑺
≈
(𝟏−𝑹∞)

𝟐

𝟐𝑹∞
 ,      (2) 

where K and S are defined as the K–M absorption and scattering 

coefficients, respectively. The band gap of the Fe-substituted samples 

was calculated using the Tauc equation, defined as  
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(𝜶𝒉𝒗)𝒏 = 𝑨(𝒉𝒗 − 𝑬𝒈),       (3) 

where ‘n’ is ½ for the indirect band gap transitions. The band gap 

of the sample series exhibited a drastic yet systematic decrease with 

increasing Fe content in Gd2TiO5, as shown in Figure 2. This decreasing 

trend in the band gap was speculated to be related to the systematic 

variation in the changes in Gd-O or Ti-O bond lengths, hinting that the 

Gd-5d or Ti-3d orbitals may be dominating at the band edges and 

governing the systematic variations in the band gap. To account for this 

behavior and facilitate further analysis, band structure and density of 

states calculations were performed on the prepared samples using the 

Quantum Espresso (QE) software [11]. From the band structure results, 

the computed value of the bandgap was found to be 4.0 eV, which 

decreased to 3.05 eV upon 10% Fe substitution, as expected from the 

experimental results. From the partial density of states (PDOS) plots in 

both the cases of pristine Gd2TiO5 and 10% Fe-substituted GTO 

(Gd2TiO5), the conduction band minima were found to be dominated by 

the O-2p orbitals, and the valence band maxima by the Ti-3d orbitals, as 

shown in Figures 3a and b. This indicates that the band structure and 

band gap properties in the rare-earth titanates of Ln2TiO5 are governed 

by the orbital overlap between the Ti-3d and O-2p orbitals. Hence, the 

Ti/Fe-O(4) bond length contributes significantly to altering the band 

gap. This work concludes that by engineering the Ti-O bond length, the 

band gap and optical properties can be tuned accordingly, which has 

numerous applications in the field of band gap engineering.   
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Figure 1a and b The systematic variation of Gd(2)-O(4) and Ti–O(4) bond 

lengths with the increased amount of Fe in Gd2TiO5 

 

 

 

Figure 2 Variation of optical band gap (Eg) with Fe substitution in Gd2TiO5, 

obtained from the diffuse reflectance measurements 
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Figure 3 Partial density of states of a pristine and b 10% Fe-substituted 

Gd2TiO5 

 

3.2 Experimental and First‑principles Investigation on the Optical 

Properties of Eu and Fe‑substituted Gd2TiO5  

This work primarily explores the predominant contribution of 3d 

and 5d orbitals at the Fermi level and in the band structure of the rare-

earth complex oxides of composition Ln2TiO5, where Ln is the 
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been synthesized using the conventional solid-state reaction method, 
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at the Fermi edges of this rare-earth titanate, Eu and Fe are substituted 

at the Gd- and Ti-sites, respectively, with concentration percentages of 

3%,5%,7% and 10% to get the respective compositions Gd2-xEuxTiO5 

and Gd2Ti1-xFexO5. X-ray diffraction (XRD) measurements and Rietveld 

refinement were performed using the Pnam space group to verify the 

phase purity and extract the crystallographic information of the 

synthesized series samples. 

 To study the optical and band gap properties, UV–visible 

absorption spectroscopy was performed in the diffuse reflectance (DR) 

mode. The optical absorption data of the prepared samples were 

analyzed by converting the obtained diffuse reflectance data into the 

Kubelka-Munk function F(R) using the Kubelka–Munk equation 

(equation 2), where F(R) is proportional to the absorption coefficient. 

The optical absorbance data for both the sample series are shown in 

Figures 4a and b. The optical band gap was extracted using the Tauc 

plot and equation 3, where it showed a gradual decrease with increasing 

Eu concentration, resulting in a change of approximately 0.14 eV. 

Whereas a substantial decrease in the band gap was noted in the case of 

increasing amount of Fe at the Ti-site, exhibiting an approximate change 

of ~ 1 eV, as shown in Figure 5. The decrease was much more drastic in 

the case of Fe substitution as compared to the case of Eu substitution.  
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Figure 4 The optical absorption spectra of a Eu- and b Fe-substituted series samples 

(Gd2-xEuxTiO5, and Gd2Ti1-xFexO5, x = 0, 0.03, 0.05, 0.07, and 0.10) along 

with the pristine Gd2TiO5, carried out in the diffuse reflectance (DR) mode  

 

Figure 5 The bandgap variation observed in Eu- and Fe-substituted samples 

(Gd2-xEuxTiO5 and Gd2Ti1-xFexO5, x = 0, 0.03, 0.05, 0.07, and 0.10) 
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Figure 6 Density of states results obtained from the VASP calculations. Figures a, b, 

and c show the total and partial density of states of pure Gd2TiO5, 

Gd1.75Eu0.25TiO5, and Gd2Ti0.75Fe0.25O5 samples, respectively  
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states of Gd and Ti. The conduction band minimum was formed by a 

mixture of Gd and Ti d-states, as well as O p-states, all of which were 

contributing significantly. In the case of Gd1.50Eu0.5TiO5, the Eu d-states 

were also contributing to both the valence band and conduction band 

edges; however, the introduction of Eu caused a slight decrease in the 

bandgap (~ 0.13 eV), as can be observed in Figures 6a and b. A 

contrasting behaviour was observed in the case of Fe-substituted 

Gd2TiO5 (Gd2Ti0.75Fe0.25O5 composition), where a significant reduction 

was observed in the optical bandgap (~ 1.18 eV) due to the appearance 

of new p-d hybridized states, as can be seen in Figure 6c. By combining 

the results with experimental observations, it is concluded that Fe 

substitution at the Ti-site majorly affects the bandgap properties than the 

Eu substitution at the Gd-site, and significant changes occur in the band 

structure and band gap properties with substitution at the Ti-site. 

Therefore, it is stated that the bandgap structure of these rare-earth 

titanates can be modified and tuned accordingly by making the 

substitution of a suitable element at the Ti-site in comparison with the 

Gd-site. The above results will be helpful in exploring the band structure 

and engineering the bandgap properties in the rare-earth titanates of the 

Ln2TiO5 system. 

 

3.3 Interplay of Electron−Phonon Coupling and Lattice Dilation in 

Band Gap Tuning of Gd2Ti1−xFexO5 

The fundamental absorption edge in many semiconductors 

exhibits a red or blue shift, depending on the material and external 

stimuli such as temperature, pressure, and disorder within the system. 

To date, numerous rigorous studies have been conducted to investigate 

the role of electron-phonon interactions and lattice dilation (Volume 

effect) in semiconductors and oxide materials [13-15]. The contribution 

of the electron-phonon (e-ph) interaction has been calculated by 

considering the Debye-Waller and self-energy terms using rigid-ion 

pseudopotential models [16-18].  
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The Electron–phonon coupling (EPC) and lattice dilation effects 

are crucial in understanding material properties, particularly at higher 

temperatures, as they play a significant role in phenomena such as 

thermal expansion. This work explicitly calculates the contribution of 

the lattice dilation effect and e-ph interactions in complex oxide 

materials, where the disorder has been considered analogous to 

temperature and other thermal effects coming into the system. As several 

material properties (including band gap) can be tuned by chemical 

substitution, also, in this respect, a cumulative study of charge-lattice 

coupling and lattice dilation effect has been carried out as a result of 

chemical substitution, which is not explored as extensively as 

temperature or pressure effects. Keeping this in consideration, in this 

study, we have attempted to find the cause of the variance of the band 

gap with respect to the general disorder coming from doping or other 

substitutional effects, which are analogous to temperature, causing the 

perturbation in the electronic levels of the solid, and giving rise to 

disorder in the system. 

 For the case of temperature-induced variations, this disorder in 

the system leads to thermal expansion or contraction, depending on the 

material’s properties, and an increase in electron-phonon interactions 

within the system, which together are responsible for the disorder-

dependent variation of the band gap in semiconductors. That is, if 

temperature is taken as a specific case of disorder present in the system, 

then this generally will have contributions from the two effects: thermal 

expansion and electron-phonon interactions in the system. The well-

known equation of temperature dependence of the energy band gap with 

temperature is given by equation 4 as 

(
𝜕𝐸g

𝜕𝑇
)
P
= (

𝜕𝐸g

𝜕𝑇
)
V
+ (

𝜕𝐸g

𝜕𝑙𝑛𝑉
)
T
(
𝜕𝑙𝑛𝑉

𝜕𝑇
)
P

          (4) 

where the first term in the above expression gives the contribution of the 

electron-phonon interactions, whose explicit contribution has been 

calculated using electron self-energy terms and Debye-Waller (DW) 

factors by many researchers [19-20]. The second term on the right-hand 
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side represents the contribution of thermal expansion (lattice dilation) 

and can be determined both theoretically and experimentally through 

band structure calculations and the pressure dependence of the band gap, 

respectively. 

In the case of Fe-substituted Gd2TiO5, XRD and refinement 

results indicated an expansion in the system. According to previous 

scientific reports, electron-phonon interactions lead to a decrease in the 

band gap, whereas the dominance of lattice dilation (the second term) is 

responsible for the increase in the band gap with increasing temperature. 

It should be noted that temperature variation introduces modifications to 

the lattice via unit cell expansion, affecting the electron-vibration 

interaction strength. Consequently, the electronic levels themselves and 

the Fermi level can change significantly, resulting in a variation in the 

material's band gap. The underlying chemical potential that is altered in 

such processes may also be influenced by other physical conditions, 

such as chemical substitution, which can affect the thermodynamic 

behavior of the system and induce variations in the band gap. This is due 

to the obvious effects on the lattice volume (dilation) and the Fermi level 

shifts resulting from modified orbital hybridizations (electron−phonon 

coupling). This is scientifically significant in view of tuning the optical 

properties for use at even room temperatures. Thus, an explicit 

understanding of the LD and EPC effects is of importance. 

In this work, thermal and structural disorder have been 

considered analogues to cause the lattice volume changes, eventually 

affecting the optical band gap (but to different extents). Hence, rewriting 

equation 4 of the temperature dependence of the band gap by 

considering only the substitution-induced structural disorder present in 

the system, equation 5 can be rewritten as  

(
𝜕𝐸g

𝜕𝑐
)
P
= (

𝜕𝐸g

𝜕𝑐
)
V
+ (

𝜕𝐸g

𝜕ln𝑉
)
c
(
𝜕ln𝑉

𝜕𝑐
)
P

         (5) 

where c represents the concentration of the Fe content in Gd2TiO5, and 

dc gives the change in the consecutive values of the Fe concentration. 
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One can directly observe the variation of Eg with Fe content at ambient 

pressure, which would give the term on the LHS in equation 5, i.e., the 

rate of variation of band gap with change in the Fe concentration, as can 

be seen in Figure 4b. Similarly, the contribution of the second term 

(lattice dilation term) has been experimentally determined via the 

parallel analysis of the unit cell and electronic band structures using X-

ray diffraction and UV−vis spectroscopy measurements. Although the 

explicit calculation has not been done for the first term (e-ph interaction 

contribution), it has been derived from the contribution of the other two 

terms, which are known. Thus, we are able to resolve the effects of 

lattice dilation and electron-phonon coupling in these systems, and the 

obtained results are presented in Figure 5.  

 

Figure 4a The optical band gap shows a systematic decrement with the increasing Fe 

amount and shows a good agreement with the exponential fit. b shows the 

derivative of the curve of the band gap (Eg) vs Fe concentration at constant 

pressure, i.e., (∂Eg/∂c) P  
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Figure 5 The total contribution to the band gap variation with Fe concentration is 

represented by the sky-blue dotted curve ((𝝏𝐄𝐠 𝝏𝒄⁄ )𝒑) The magenta- and 

purple-colored curves define the contribution of electron-phonon interactions 

((𝝏𝑬𝒈 𝝏𝒄⁄ )𝑽) and lattice dilation terms, respectively, in the band gap 

variation 

 

From the plot (Figure 5), it is inferred that the concentration 

derivative of the band gap is negative for Fe content ≤10%; however, it 

becomes less negative (tends to 0) with increasing Fe content. This is 

because the band gap reduces exponentially with the Fe concentration 

and attains an asymptotic behavior, as observed from the experimental 

data in Figure 4a. The obtained plot for the LD effects can be 

understood to represent the part of the band gap variation as the cell 

volume changes, which is stronger only at lower concentrations, and for 

Fe% >1%, this contribution seems to decrease significantly and 

asymptotically approach zero. Similarly, the plot of the EPC versus Fe 

concentration represents the contribution of charge lattice interaction to 

the variation in band gap as the Fe content varies. The curve initially is 

positive and traces a sharp drop to negative values within 1% Fe 

variation. However, at higher Fe content, the EPC interaction appears to 

contribute to the band gap shrinkage and ultimately achieves saturation, 

as evidenced by the asymptotic value of zero. From temperature-

dependent band gap studies on semiconductors, it is known that the gap 

decreases with increasing temperature due to enhanced electron-phonon 
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interactions. However, here we are dealing with a stimulus of chemical 

origin, rather than temperature.  Although the contribution to the band 

gap variation due to the LD effects rapidly approaches zero, the nonzero 

values of the same for the derived EPC contribution suggest EPC-

dominated variation of the overall band gap as a result of Fe substitution 

in the Fe-substituted Gd2TiO5 system. 

 Hence, it is concluded that in the rare-earth materials of the 

Ln2TiO5 type, the overall contribution from the substitution disorder in 

the band gap variation primarily comes from the e-ph interaction term, 

and the lattice dilation effect (volume effect) contributes significantly 

only at lower concentrations. To further support the results and 

estimation of e-ph strength in the system with Fe substitution, Raman 

spectroscopy was performed to obtain composition-dependent Raman 

data. Some of the singly observed modes were fitted with the Fano 

model, which showed broadening (FWHM) and an increasing 

asymmetric line shape of the phonon states, indicating an increase in 

structural disorder in the system, which favors electron-phonon 

interactions with increasing Fe substitution. Thus, our work aims to 

understand the chemical perturbation-induced band gap variation in the 

Gd2TiO5 system. 
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1 was fitted with the Fano model, b shows the Peak 

position, c shows the FWHM, and d shows the strength of 

the e-ph coupling parameter (~1/q) which exhibits the 

systematic variation with Fe concentration, indicating the 

increased disorder in the system, and leading to the 

increased e-ph interaction (EPC) 

Figure 5.9a The Raman mode having a vibrational frequency of 247 cm-

1 was fitted with the Fano model, b shows the systematic 

variation of Peak Position, c shows the FWHM, and d 

exhibits the strength of the e-ph coupling parameter (~1/q)  

Figure 5.10a The Raman mode having vibrational frequency of 507 cm-

1 was fitted with the Fano model, b shows the systematic 

variation of Peak Position, c shows the FWHM, and d 

exhibits the e-ph coupling parameter (~1/q)  

Figure 5.11a The Raman mode corresponding to the vibrational 

frequency 660 cm-1, fitted with the Fano model, b shows 

the systematic variation of Peak Position, c shows the 

FWHM, and d exhibits the e-ph coupling parameter (~1/q) 

with Fe concentration  

Figure 5.12 The relative change (% change) in linewidths (~ EPC 

effects) vs the peak positions in the respective Raman 

modes between the end compositions (0% and 10% Fe) 

shows competitive behaviour in EPC and LD effects 
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Chapter 1   

 

Introduction  

 

The coexistence of seven- and five-fold coordination in Gd₂TiO₅ 

represents a structurally unique and geometrically uncommon geometry 

that is rarely encountered in materials science. In particular, the 

presence of a square-pyramidal coordination environment introduces a 

distinct local geometry of significant structural relevance. Generally, 

titanium in most transition-metal oxides predominantly occupies an 

octahedral or tetrahedral coordination environment. This unusual 

coordination framework gives rise to modified crystal field effects, 

making Gd₂TiO₅ an attractive system for investigating structure-

property correlations. The material therefore offers valuable insight into 

how geometrical distortions and atypical coordination environments 

influence the structural, optical, and electronic properties of complex 

oxides. This introductory chapter provides a brief overview of the 

material, highlighting the diverse properties of the crystal structure, 

crystal field effect and optical properties.  

 

1.1 Origin of the Problem (Rare-Earth Titanates 

of Ln2TiO5) 

In recent years, rare-earth titanates [1, 2] with the general 

formula Ln₂TiO₅ have attracted increasing scientific attention owing to 

their remarkable structural, optical, and thermal properties, which make 

them highly relevant for advanced nuclear technologies [3]. Historically, 

rare-earth titanates, including lanthanide perovskites (ABO3-type), 

pyrochlores (Ln₂Ti₂O₇), LnTiO3 compounds, and complex oxides such 

as Ln₄Ti₉O₂₄, have been extensively investigated due to their wide-

ranging applications in spintronics, photonic devices, radiation-tolerant 

materials, and energy storage and harvesting systems [4–6]. Within this 
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broader family, the Ln₂TiO₅ phase has recently emerged as a promising 

yet comparatively underexplored class of materials [7, 8]. Early studies 

suggest that these compounds may exhibit unique structural flexibility 

and radiation resistance, positioning them as strong candidates for use 

in next-generation nuclear waste immobilization, inert matrix fuels, and 

other extreme-environment applications [1, 9]. However, systematic 

research on their fundamental properties remains limited, underscoring 

the need for more comprehensive experimental and theoretical 

investigations. 

 

1.1.1 Historical Overview  

In a study of 1965, Collongues and other authors  (Collongues et 

al., 1965) [10] reported a number of compounds containing Ti and Zr 

and rare-earth elements of different and varying compositions, such as 

A2B2O7 (pyrochlore structure in cubic phase), Sc4ZrO12, Rhombohedral 

phase A4B3O12 (UY6O12-type), a very unique family of A2BO5-type in 

which B atoms was possessing a rare coordination number as compared 

to conventional structures explored before. They were found to exhibit 

different phases corresponding to different temperature ranges. The 

diffraction patterns of Y2TiO5, Gd2TiO5, and Dy2TiO5 were indexed in 

terms of the monoclinic phase. Later in 1967, W.G. Mumme and A.D. 

Wadsley [11] reported the same low-temperature phase of Y2TiO5, 

which was formed through the thermal decomposition of NaYTiO4 

synthesized using the solid-state reaction method followed by a 1300 °C 

heat treatment, and was overlooked in a study by Ault and Welch (1966) 

[12]. The identity of the diffraction pattern was similar to that of the 

compositions Gd2TiO5, Eu2TiO5, and Sm2TiO5 (first noted by Waring & 

Schneider, 1965) [13], which were indexed using an orthorhombic unit 

cell with the Pnam space group, with cell parameters a, b, and c as 10.48, 

3.76, and 11.33 Å, respectively. In the same year, G.J. McCarthy, W.B. 

White, and R. Roy [14] studied the phase equilibrium in the Eu-Ti-O 

and Sm-Ti-O system, which revealed the existence of Eu2TiO5 and 
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Sm2TiO5 along with other compositions belonging to this family. 

Although the existence of both the compounds was first reported by 

Waring and Schneider [13], the structure type was not identified. In this 

work, Eu2TiO5 was indexed according to the monoclinic cell on similar 

grounds to Gd2TiO5 and Sm2TiO5, with an orthorhombic structure 

analogous to Y2TiO5, by comparing the data results reported by 

Queyroux [15]. Further, Müller-Buschbaum et al. prepared and analyzed 

the single crystal structures of Nd2TiO5 and Eu2TiO5, finding Nd2TiO5 

to be isotypic with La2TiO5 [16, 17]. After this, until the 1980s, in the 

in-between era, many oxide materials were synthesized with tetragonal 

and octahedral coordination, containing rare-earth elements as well as 

other elements. After this, for the first time, a rigorous study of the 

crystal morphology and polymorphic properties of these materials was 

conducted by Petrova et al. [18]. In a systematic study conducted in 

1982 and 1986, they reported polymorphism in the general Ln2TiO5 

system and investigated the solid-solution phases in the Ln2TiO5-

Lu2TiO5 (Ln = Gd, Tb, Er) system to determine the structural changes 

and stable phases in the corresponding oxide system. Later, starting from 

2002 to 2010, they reported and published various studies on the crystal 

structure phases and polymorphic properties, providing rigorous 

analysis of the physical and chemical synthesis conditions, structural 

composition, and temperature stability of different phases. For the first 

time, a phase relationship was established in compositions of end 

members La2TiO5-Lu2TiO5 and intermediate Gd2TiO5-Tb2TiO5 

compositions within the Ln2TiO5 Family [19, 20]. Their findings 

highlighted the possibility of a correlation between ionic radii and 

atomic numbers in the rare-earth titanates (Ln2TiO5 system), leading to 

similar morphological and structural properties. The solid-solutions of 

La2TiO5 and Lu2TiO5 confirmed the existence of a new composition 

LaLuTiO5, showing stability up to 1480 °C. The Gd2TiO5-Tb2TiO5 

systems, having close ionic radii (0.938 and 0.923 Å, respectively), were 

found to form a continuous series of solid solutions of orthorhombic and 

hexagonal phases, with partial solid solutions of cubic Tb2TiO5 and 58 

mol% Gd2TiO5. Having a large difference in ionic radii, the La2TiO5-
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Lu2TiO5 system was found to have partial solid-solutions of La2TiO5 and 

Lu2TiO5 with an ordered phase of LaLuTiO5. In another study, the 

researchers reported that Gd2TiO5 exists in two polymorphic forms: the 

low-temperature orthorhombic phase and the high-temperature 

hexagonal phase, exhibiting a polymorphic phase transition at 

approximately 1700 °C and a melting point of 1790 °C. The crystal 

structure was found to be isostructural with the orthorhombic structural 

phase of La2TiO5 [17, 21]. In their study, they found that the 

stoichiometric mixing of Gd2O3 and TiO2, achieved via the solid-optical 

zone melting technique, yields only the orthorhombic phase of the 

Gd2TiO5 single crystal structure. However, if a replacement of Gd2O3 is 

made with 10-20 mol% of Gd2O3 by Lu2O3, single crystals of the 

hexagonal phase are found to evolve, having a composition of 

Gd1.8Lu0.2TiO5. Using the same structural model, the hexagonal 

modification of Dy2TiO5 was solved, and the synthesis and stability of 

crystal structure phases with temperature were also reported in a study 

carried out by Sinha and Sharma (2005) [22]. In the study by Sinha and 

Sharma et al., the synthesis of Dy2TiO5 was reported using the 

conventional solid-state route method. During the heat treatment hours, 

the Dy2Ti2O7 phase forms first. Subsequently, Dy2Ti2O7 reacts with the 

remaining Dy2O3 to form the orthorhombic polymorph of Dy2TiO5 at 

1100 °C, followed by the hexagonal phase around 1150 °C. By doping 

molybdenum trioxide (MoO3), the high-temperature fluorite (Cubic) 

was found to be stable, which is the most suitable phase for being a 

control rod material for neutron absorption in the nuclear industry. 

Shepelev and Petrova [20] studied the single crystals of Dy2TiO5 that 

were grown by the optical zone melting technique, which resulted in the 

main composition being in cubic form with a minor modification of the 

monoclinic phase. 

Although these Ln2TiO5-type materials are rarely explored, a 

significant amount of work has been done in this regard by 2-3 

researchers. Over the last two decades, Aughterson et al. [23–25] 

conducted a series of works involving the synthesis, characterization, 
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and testing of the radiation tolerance of the complete Ln2TiO5 series, 

which includes the Lanthanide elements La, Pr, Nd, Eu, Gd, and Tb, 

from 2008 to 2018. 

In 2008, an attempt was made to synthesize the Ln2TiO5 series, 

comprising lanthanide elements La, Pr, Nd, Eu, Gd, and Tb, using a 

nitrate-alkoxide route [26]. The samples were shear-mixed and then 

fine-ground to a powder form, followed by calcination and sintering for 

48 hours at 1400 ºC. Except La, all samples were found to be almost 

(95%) in a single orthorhombic phase with Pnam symmetry, with a 5% 

secondary phase having a pyrochlore structural form of Ln2Ti2O7 at 

room temperature. A further temperature-dependent study was 

conducted on Tb2TiO5, which revealed a structural phase transition from 

an orthorhombic to a hexagonal phase in the range of 1200-1520 ºC, in 

agreement with the Petrova et al. results of 1520 ºC. The change in cell 

parameters with temperature was found to be non-linear, with an 

expansion in the cell volume [7, 19, 20].  

Further to see the effect of substitutional disorder and structural-

property relationship, and to study already known different crystal 

structure phases, Aughterson et al. (2014), [27] synthesized the SmxYb2-

xTiO5 (x = 0, 0.6, 1,1.4, and 2) bulk series first time and characterized 

them using the well-known techniques of X-ray diffraction, neutron 

diffraction, and transmission electron microscopy (TEM). From the 

characterization, Yb2TiO5 and Sm0.6Yb1.4TiO5 were found to exist in a 

cubic crystal structure with two types of symmetries, where the majority 

of peaks belonged to long-range defect fluorite structure (Fm-3m 

symmetry) with some minor peaks of short-range pyrochlore structure 

(Fd-3m symmetry). The Sm2TiO5 was found in the orthorhombic phase 

with the Pnam space group. The compositions Sm1.4Yb0.6TiO5 and 

SmYbTiO5 existed in the hexagonal phase with P63/mmc symmetry.  For 

the precise determination and getting detailed insight into the existing 

crystal phases, both polycrystalline and single-crystal X-ray diffraction 

techniques were employed to characterize the synthesized samples in 

this work. Again, in a 2015 study (Aughterson et al.,2015), they reported 
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the synthesis and structural properties of these rare-earth titanates, which 

contain the lanthanide elements La, Pr, Nd, Sm, Gd, and Dy [28]. 

Notably, this study provided the first systematic structural data for 

Pr2TiO5. This study improved upon previously reported lab source XRD 

data and was characterized using the 10-BM-1 synchrotron beamline in 

Australia in 2015. The synthesis method was reported as a solid-state 

reaction route, involving intermixing, grinding by Ball Milling, and a 

final sintering process at 1330 °C to 1550 °C for 48 hours, with a heating 

and cooling rate of 5 °C/min. For the synthesis of the bulk Sm2TiO5 

sample, an optical floating zone furnace was used instead of the 

conventional solid-state synthesis method to achieve the desired 

material composition. From the XRD and structural refinement, 

compositions Gd2TiO5, Tb2TiO5, and Sm2TiO5 were found to be in 

single phase, whereas La2TiO5, Pr2TiO5, Nd2TiO5, and Dy2TiO5 

exhibited a secondary pyrochlore phase (Ln2Ti2O7) with a percentage of 

2%, 3.5%, 4% and 5% respectively. For the descriptive structural 

analysis and bonding characteristics, Rietveld refinement and bond 

valence sum approaches were used to correlate the structural parameters, 

and UV-Vis absorbance spectroscopy was used for the band gap 

analysis. With increasing lanthanide size (from Dy to La), density and 

cell volume showed a systematic increase, corresponding to the larger 

ionic radii and cell sizes. No systematic trend was observed in the band 

gap values with increasing size and lanthanide element. However, the 

refined coordinates and cell parameters were quite consistent with the 

previous experimental results reported by Shepelev and Petrova, as well 

as those of other authors [11, 17, 19, 21, 29–31]. The lanthanide-oxygen 

bond lengths, Ln(1)-O and Ln(2)-O, exhibited linear and exponential 

trends, respectively, with increasing lanthanide ionic radii.  The 

titanium-oxygen bond lengths also exhibited a mixed behaviour, with 

both linear and exponential variations, except for Dy2TiO5 and Tb2TiO5, 

where some deviation was observed from the expected trend, which was 

anticipated to be the destabilizing mechanism in their orthorhombic 

phase. This was the first comparative and extensive study of 

crystallographic structural parameters, where rigorous analysis of 
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refinement and bond valence sum analysis were performed to extract 

and correlate cell parameter and bond length information. The results 

revealed a systematic trend among these rare-earth titanates, which was 

in clear agreement with the stability diagram provided by Shepelev and 

Petrova [20, 32, 33].  

 Over the past several decades, substantial progress has been 

made in the rigorous analysis of the Ln₂TiO₅ system, largely driven by 

the work of researchers Y. F. Shepelev, M. A. Petrova, R. D. Aughterson, 

and F. X. Zhang [25, 27, 34–36]. Their contributions include detailed 

investigations of crystal structure dynamics, polymorphic transitions, 

and responses to ion irradiation. Collectively, these studies highlight the 

promising structural stability and radiation tolerance of Ln₂TiO₅ 

compounds, positioning them as strong candidates for further research. 

Owing to these properties, the Ln₂TiO₅ family holds considerable 

potential for advanced applications in optical technologies and the 

development of nuclear materials. 

 

1.1.2 Rare Earth Titanates of Ln2TiO5-type  

In recent years, Rare-earth titanates of the Ln2TiO5 (Ln = La, Pr, 

Nd, Sm, Eu, Gd, Dy, Er, and Y) composition have garnered considerable 

interest due to their remarkable structural, optical, and thermal 

properties, which are of significant importance in today’s nuclear world 

[8, 9, 27, 37]. Over the years, rare-earth titanates, including lanthanide 

perovskites (ABO3-type), pyrochlore structures (Ln2Ti2O7), LnTiO3, 

and complex oxides of the Ln₄Ti₉O₂₄ type, have been rigorously 

researched and studied [1, 6, 38–40], with broad applications in the 

fields of spintronics, photonics, and energy harvesting. In this category, 

a new composition, Ln2TiO5, has emerged, which hasn’t been 

extensively researched [8, 16, 41]. However, recent studies have shown 

its potential use in the fields of optical and nuclear industries due to its 

unique and interesting structural properties, making it a highly stable 

and radiation-resistant material. It belongs to a class of mixed-metal 
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oxides, where Ln represents the lanthanide element, which can be La, 

Pr, Nd, Sm, Gd, Tb, or Dy. These materials have garnered significant 

interest and attention due to their complex structural features and 

exceptional thermal and chemical stability, which surpass those of other 

existing oxide materials. 

Their tunable structural properties and phase relationships, along 

with their ability to form complex solid solutions, make these titanates 

relevant for both fundamental research and technological applications, 

particularly in the fields of ceramics, nuclear and material industry, and 

the world of solid-state physics. 

 

1.2 Ln2TiO5: The key to Their Uniqueness 

Rare-earth titanates with the general composition Ln2TiO5, 

where Ln is the lanthanide element, represent a unique class of materials 

characterized by unusual structural coordination and distinct structural, 

electronic, and optical properties [28, 42]. The special feature that sets 

them apart is the rare five-fold coordination of Ti4+ and the distorted 

square pyramidal geometry of the TiO5 polyhedral, which is generally 

not seen in conventional oxides of Ti4+ (Like ATiO3 perovskites) and 

other compositions in the materials world [11, 13, 43, 44]. Generally, 

Ti4+ prefers to possess the most common octahedral geometry or, in less 

common cases, a tetrahedral cage, which makes the Ln2TiO5 

composition structurally, optically, and electronically unique among all 

well-researched titanates and oxides.  

 

1.2.1 Structural Uniqueness and Coordination Chemistry 

Rare-earth titanates with the general formula Ln₂TiO₅ represent 

a structurally unique class of oxides distinguished by the presence of 

five-fold coordinated Ti⁴⁺ in a distorted square-pyramidal TiO₅ 

geometry. This coordination is extremely uncommon because Ti⁴⁺ (d⁰) 
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typically stabilizes in six-coordinate octahedral (TiO₆) environments 

due to strong electrostatic preferences [31, 45–48]. The presence of TiO₅ 

units results in pronounced structural asymmetry, lowered site 

symmetry, and the emergence of unusual local electric fields not 

encountered in conventional Ti-based oxides. These features make 

Ln₂TiO₅ compounds exceptional candidates for studying low-

coordination titanium chemistry and structure-property relationships 

that are fundamentally different from the enormous class of standard Ti-

based perovskites [49, 49–51]. 

 

1.2.2 Crystal Field Splitting and Electronic Structure 

The five-fold coordination induces a non-octahedral crystal-field 

splitting of the Ti-3d orbitals, which is fundamentally different from the 

conventional t2g/eg splitting in octahedral TiO₆ units and tetrahedral 

configurations [52]. As a result, Ln₂TiO₅ compounds exhibit distinct 

band-edge configurations, modified O-2p and Ti-3d hybridization, and 

unique optical and dielectric behaviour, which cannot be replicated in 

perovskite titanates having rutile or anatase-type structures. 

 

1.2.3 Importance of Gd₂TiO₅   

Among the Ln2TiO5 family members, Gd₂TiO₅ hold a significant 

place due to the possession of a half-filled 4f7 electronic configuration 

by the Gd3+, which gives rise to strong spin-only magnetic moments 

with negligible spin-orbit coupling [15, 53, 54]. This places Gd2TiO5 in 

a special position for studying 4f-lattice coupling, magneto-dielectric 

interactions, and distortion arising from the magnetic field of rare-earth 

ions. Moreover, Gd2TiO5 composition lies in the middle of the 

lanthanide titanates series of the Ln2TiO5 composition, due to having 

intermediate ionic radii possessed by the Gd atom, which makes 

Gd2TiO5 an ideal candidate for the investigation from a structurally 
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balanced structure viewpoint and a widely accepted standard member of 

the lanthanide titanates series.   

 

1.2.4 Implications for Material Science and Applications 

Rare-earth titanates of Ln₂TiO₅ composition hold a crucial 

position in material science due to their rarely observed coordination 

geometry, tunable structural properties and the presence of optically and 

magnetically active rare-earth ions, which makes the system an 

interesting model for understanding the structure-property relationships 

in complex oxides. Due to their possession of unusual coordination 

numbers, electronic configurations, and high thermal stability, as well as 

tunable bonding characteristics, these materials are emerging as 

promising candidates for photonic devices, dielectric components, 

catalytic applications, and platforms for fundamental research in solid-

state chemistry [55–57]. The tunable and adjustable nature of Ln₂TiO₅ 

titanates motivates researchers to employ new methodologies and novel 

approaches for conducting more rigorous investigations, generating new 

functionalities and characteristics [5, 57–59] that can hold technological 

importance and significance in material science. 

 

1.3 Crystal Field Splitting  

Crystal Field theory [52, 60] explains the nature of the 

interaction and bonding between the metal and the ligand in complex 

coordination compounds, which is crucial for understanding the 

important properties of metal coordination complexes, such as colour 

and magnetism. Valence band theory [61, 62], which was based on the 

formation of a coordinate-covalent bond (dative bond) by the interaction 

between the Lewis base (ligand) and the Lewis acid (metal ion), which 

acts as electron donor and acceptor, respectively, was unable to 

distinguish whether the geometry of 4-coordinated complexes would be 

square planar or tetrahedral. To account for the limitations of the VBT 
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(Valence band Theory), the crystal field theory was given by Hans Bethe 

in 1929, and subsequent modifications were done by J.H. Van Vleck 

(1935), named as Molecular Orbital Theory (MOT) or Ligand Field 

Theory (LFT) [63–65]. The crystal field theory considers that there also 

exist repulsive forces between the d electrons of the metal ion and the 

ligand, in addition to strong forces of attraction between the donor 

electrons of the ligand and the empty orbitals of the metal ion. The 

following assumptions are taken in the crystal field theory:  

1. The crystal field theory (CFT) is purely an electrostatic model, which 

considers the interaction between the ligand atom and the metal ion 

to be ionic in nature without any covalent interaction. However, it is 

practically impossible to neglect covalent interactions thoroughly 

when explaining the results of some coordination complexes.  

2. Here, the ligand atoms are considered as point charge particles, which 

is not always true. In most of cases, the size of the electron-donating 

ligand is found to be comparable to the metal ion is almost the same.  

  

In the hypothetical model of CFT, the field of the ligand atom is 

considered to be spherical while approaching the metal ion, and due to 

repulsion between the ligand and metal electrons, energy is raised a little 

bit, resulting in the barycentre, but the degeneracy of d orbitals is still 

maintained. However, in transition metal complexes, the ligand field 

does not always possess perfect spherical symmetry because the metal 

ions can adopt different geometries, such as tetrahedral, square planar, 

or octahedral. As a result, the d orbitals interact differently with the 

surrounding ligands, causing their degeneracy to be removed and 

resulting in energy-level splitting in the t2g and eg orbitals.    

   

1.3.1 Crystal Field Splitting in Octahedral Complexes  

To understand the crystal field splitting in octahedral complexes, 

it is essential to comprehend the shapes and electron density distribution 

in d-orbitals. It is known that electron density lobes in dx
2

-y
2

 and dz
2
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orbitals lie along the axes, while the electron density distribution in the 

lobes of dxy, dyz, and dzx lies between the axes. In octahedral complexes, 

the ligands approach the metal orbitals along the axes; hence, more 

repulsion is felt by the dx
2

-y
2

 and dz
2

 orbitals by the ligand atoms, while 

they are repelled less comparatively. These results splitting of energy 

levels of these d-orbitals into t2g and eg levels, where the energy of dx
2

-

y
2

 and dz
2

 (eg) orbitals gets raised or repelled by 0.60 o (oct), and the 

energy of dxy, dyz, and dzx (t2g) orbitals gets lowered or stabilized by 0.4 

o (oct) in comparison to the energy of the Barycentre, which represents 

the crystal field energy of a hypothetical spherical field. Here, the o or 

10Dq represents the crystal field splitting energy, which is given by the 

difference between the energies of the eg and t2g orbitals. The schematic 

for the crystal field splitting in octahedral complexes is shown in Figure 

1.1.  

 

 

Figure 1.1 The schematic shows the crystal field splitting of d-orbitals in 

Octahedral and tetrahedral field environments  

 

1.3.2 Crystal Field Stabilization Energy (CFSE) 

The crystal field energy [66] is the stable energy resulting from 

the redistribution of atomic orbitals by placing a transition metal ion in 

a particular crystal field of ligand atoms. This energy results when the 

d-orbitals are split by the influence of the ligand field, where some of 

Comparison of Splitting of d-orbitals in Octahedral and Tetrahedral Field
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the orbitals are raised in energy and some become lower in energy with 

respect to the spherical field of the ligand atom (Barycentre). As seen in 

the above case of octahedral complexes, where the eg orbitals are raised 

and the t2g orbitals are lowered energetically, this provides the system 

with extra stability due to the rearrangement of d electrons. The 

consequent gain in bonding energy is referred to as crystal field 

stabilization. 

In other words, we can say it is the difference between the energy 

of the electronic configuration in the ligand field and the energy of the 

electronic configuration in the isotropic or spherical field. 

CFSE = ΔE = ELigand field – EIsotropic field (1.1) 

CFSE (Octahedral Complexes): 

CFSE = –0.4 × n(t2g) + 0.6 × n(eg) × Δo (1.2) 

Where n(t2g) and n(eg) represent the number of electrons occupying the 

t2g and eg orbitals, respectively. 

CFSE (Tetrahedral Complexes): 

The tetrahedral crystal field stabilization energy is calculated in the same 

way as the octahedral case. The magnitude of the tetrahedral splitting 

energy is only 4⁄9 of the octahedral splitting energy: 

Δt = 4⁄9 Δo (1.3) 

CFSE = 0.4 × n(t2) – 0.6 × n(e) × Δt (1.4) 

where n(t2g) and n(eg) are the number of electrons occupying the 

respective levels. Some of the important factors that affect the crystal 

field energy (SFSE) are listed below: 

1. Metal Ion Oxidation State: A Higher oxidation state of the metal 

ion results in a larger crystal field energy (). 

2. Nature of the Metal Ion: Crystal field energy gets increased by 

progressing from 3d…..> 4d…..> 5d within a given group.  

3. Geometry of the Complex Ion: The splitting of the crystal field 

depends upon the geometry of the complex. For example, 

corresponding to the same metal ion and the same ligand, splitting 
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in octahedral complexes is found to be twice as strong as in the case 

of tetrahedral complexes.  

4. Nature of the Ligand: Different amount of splitting occurs in the 

case of different ligands. 

The crystal field splitting strength varies from strong to weak, 

depending on the oxidation state, charge, and nature of the metal ion or 

ligand. As the oxidation state of the central atom increases, the size of 

the central metal ion decreases, accompanied by a significant increase 

in charge. This results in a shorter metal-ligand distance and a stronger 

interaction energy, leading to an increase in the crystal field energy as 

the oxidation number increases. To account for these effects, different 

ligands and metal ions can be listed in a spectrochemical series, ordered 

by their increasing ability to stabilize a complex. In the decreasing 

strength, important ligands and metal ions can be written as:    

 Spectrochemical series for ligands  

Co≈ CN-> Phen> Bpy > en > NO2-> NH3> NCS-> H2O= 

[ox]2-> OH-> F-, SCN-> Cl-> Br-> I-    

 Spectrochemical Series for metal ions 

Pt4+> Ir3+>pd4+>Ru3+>Rh3+> Mo3+> Co3+> Cr3+> Fe3+> 

V2+> Fe2+> Co2+> Ni2+> Mn2+ 

 

1.3.3 Crystal Field Splitting in Tetrahedral Complexes  

The ligand-metal interaction in tetrahedral complexes, and its 

distinction from that in octahedral complexes, can be explained using a 

cubic model. In an octahedral arrangement, ligands are located at the 

centres of the cube’s faces, while in a tetrahedral arrangement, they 

occupy the corners of the cube. In tetrahedral complexes, four ligands 

are bonded to the central metal ion, but their directions do not align 

directly with the metal’s d-orbitals. Instead, they are positioned closer 

to the t2g orbitals than the eg orbitals, causing greater repulsion of the t2g 
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set. As a result, the d-orbital splitting pattern observed in tetrahedral 

complexes is the reverse of that in octahedral complexes, as shown in 

Figure 1.1. Because of the weaker overlap between metal and ligand 

orbitals in tetrahedral coordination, the energy splitting is smaller, about 

half of that in octahedral complexes. Therefore, tetrahedral complexes 

usually exhibit high-spin configurations. A comparison of the crystal 

field splitting of d-orbitals in Tetrahedral and Octahedral complexes is 

shown in a schematic in Figure 1.2.  

 

Figure 1.2 The schematic shows the comparison of crystal field splitting of d-

orbitals in Octahedral, tetrahedral, and square planar fields, 

respectively  

The crystal field splitting energy in a tetrahedral coordination 

environment is inherently smaller than that observed in an octahedral 

field. Generally, this relationship can be expressed as Δt= (4/9) Δo. 

 

1.3.4 Tetragonal Distortion of Octahedral Complexes 

(Jahn-Teller Distortion) 

The splitting of degenerate d-orbitals within a crystal field leads 

to enhanced stability of the complex through crystal field stabilization 

energy (CFSE). In certain cases, the removal of degeneracy may proceed 

further, resulting in additional stabilization. Specifically, when the 
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electron occupancy of degenerate d-orbitals is asymmetric, the unequal 

electron repulsion with surrounding ligands can induce distortions in 

what would otherwise be highly symmetric geometries [67]. This 

phenomenon particularly occurs in octahedral complexes, where 

distortion arises mainly from the uneven occupancy of the 𝑒g orbitals, 

whose lobes directly point towards the ligands. However, odd filling of 

the 𝑡2g orbitals, which are oriented between the ligands, generally do not 

result in noticeable distortion due to less direct interaction with ligands. 

Therefore, electronic configurations such as high-spin 𝑑4(𝑡2g
3 𝑒g

1), low-

spin 𝑑7(𝑡2g
6 𝑒g

1), and 𝑑9(𝑡2g
6 𝑒g

3) characteristically exhibit Jahn-Teller 

distortions, which are driven by asymmetrically filled 𝑒g orbitals. 

Among the eg set of orbitals, the electron in the 𝑑z2 experiences 

repulsion from the two ligands along the z-axis, whereas the electron in 

the 𝑑x2−y2 orbital encounters repulsion from four ligands in the xy-

plane. As a result, the electron preferentially occupies the 𝑑z2 orbital to 

minimizes the energy. This occupancy leads to the elongation of two 

bonds along the z-axis as compared to the other four bonds, resulting in 

the distortion, which is called tetragonal elongation or ‘Z-out’ distortion. 

Conversely, if the electron occupies the 𝑑x2−y2 orbital, the bonds along 

the z-axis contract, producing a tetragonal compression or ‘Z-in’ 

distortion. These distortions result the lowering of the overall symmetry 

and energy of the complex by removing the orbital degeneracy 

associated with the electronic occupancy, hence stabilizes the system. 

The schematic for the Jahn-Teller distortion is shown in Figure 1.3. The 

Jahn-Teller effect exemplifies how asymmetries in electronic 

configurations can drive significant structural changes that optimise the 

energy landscape in transition metal complexes. 
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Figure 1.3: The schematic shows the Jahn-Teller effect: Tetragonal distortion 

in octahedral complexes  

 

1.3.5 Crystal Field Splitting in Square Planar Complexes  

Square planar coordination can be understood as a structural 

modification which is derived from the octahedral geometry. It can be 

visualized as a result of the removal of two ligands located along the z-

axis of the octahedral complex, thereby leaving the four ligands arranged 

in the x-y plane around the central metal ion. When the axial ligands are 

displaced, the remaining four planar ligands tend to move slightly closer 

to the metal centre and thereby results the alteration of the crystal field 

environment. 

This change in geometry leads to the redistribution of energy 

obtained from the octahedral crystal field, among the metal d-orbitals, 

as shown in the splitting diagram of Figure 1.2. As the ligands along the 

z-axis move away, the energy of the d-orbitals that possess a z-

component decreases. Among these, the 𝑑z2 orbital experiences the 

greatest stabilization because its electron density is concentrated along 

the z-axis. The dxz and dyz orbitals also decrease in energy, but in a lesser 

extent. In contrast, the dxy and 𝑑x2−y2 orbitals, which lie in the plane of 

the ligands and experience greater electrostatic repulsion, increase in 

energy. 

Jahn-Teller Effect: Energy Level Splitting Patterns

a) Z- in distortion b) Z- out distortion x

y

z

z

z
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Overall, the resulting crystal field splitting in square planar 

complexes is more complex than in octahedral or tetrahedral systems. 

The significant stabilization of orbitals with the z-component and the 

high energy of the 𝑑x2−y2 orbital gives rise to the distinct energy-level 

arrangement and characteristics of square planar geometries, as shown 

in Figure 1.2. This pattern plays a crucial role in determining the 

electronic configuration, magnetic properties, and overall stability of 

such complexes. 

 

 

1.4 Introduction to the Ln2TiO5 System and its 

Properties  

 1.4.1 Polymorphism in Ln2TiO5 Materials 

Rare-earth titanates of compositions Ln2T2O7 and Ln2TiO5 are 

the most important and well-researched family among all the rare-earth 

titanates, which have vast applications in the nuclear industry due to 

their fascinating characteristics of high mechanical strength, radiation 

stability, chemical and irradiation resistance [3, 23, 24, 27, 37, 68, 69]. 

These rare-earth titanates exhibit interesting properties of 

polymorphism, showing phase transitions depending on the 

temperature, pressure, and size of the rare-earth cation atom. The rare-

earth titanates of the composition of Ln2Ti2O7 are generally found in 

cubic phase and adopt pyrochlore-type structure having the Fd3m space 

group, except rare-earth titanate of Lanthanum, Praseodymium, and 

Neodymium, which exhibit either orthorhombic phase with the Pna21 

space group or a monoclinic phase with the P21 space group. The 

Ln2TiO5 composition, however, exists in three polymorphic conditions, 

namely orthorhombic, cubic, and hexagonal, depending upon the 

temperature and ionic radii of the lanthanide element. Titanates, starting 

from lanthanum to Samarium (with a large ionic radius), crystallize into 

an orthorhombic structure with the Pnam symmetry (Z = 4). The 
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intermediate rare-earth titanates, ranging from Eu to Ho and Y, exhibit 

multiple phases, including the orthorhombic and cubic, as well as the 

hexagonal phase with the P63/mmc space group (z = 1.2). In the M.A. 

Petrova study, it was found that the polymorphic transformations in the 

Ln2TiO5 system resemble those in the Ln2O3 systems studied by Foex 

and Traverse and depend on the temperature and ionic radii of the rare-

earth element [18–20]. The end members of the series (Ln = Er-Lu and 

Sc) exhibit the cubic phase. In this regard, to understand the 

polymorphism and structural stability of different polymorphs in these 

Ln2TiO5 compounds, Shepelev and Petrova, 2008 gave a phase stability 

diagram [34] that represents almost all possible synthesized 

compositions in all temperature ranges corresponding to the ionic radius 

of the lanthanide element, as shown in Figure 1.4.     

 

Figure 1.4 The schematic diagram represents the Stability diagram of Ln2TiO5 

polymorphs, where O represents the orthorhombic, H hexagonal, and 

C cubic structures, and (1) represents the melting, and (2) the 

polymorphic transformation in the Ln2TiO5 family. The Schematic has 

been taken from Shepelev and Petrova, 2008 study 
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1.4.2 Orthorhombic Phase (Large Size Rare-earth 

Titanates) 

Rare-earth titanates, such as those from La-Sm, exist in an 

orthorhombic structure with the Pnam space group. Other examples of 

orthorhombic structure include the La2TiO5, Nd2TiO5, Eu2TiO5, and 

Y2TiO5. Here, we take the example of Gd2TiO5, which has been found 

to possess the orthorhombic phase, and Rietveld refinement analysis 

confirmed the Pnam space group of the crystal structure geometry. In 

our analysis, no impurity peak was observed in the XRD diffraction 

pattern of Gd2TiO5, which was analyzed using both the laboratory 

source X-ray diffractometer as well as using the synchrotron source. The 

crystal structure geometry extracted from the refinement results is 

illustrated in Figure 1.5 and has been found to contain no mixed 

occupancy sites. In the orthorhombic crystal structure, the rare-earth 

cations were found to possess the seven-fold coordination number, 

which is generally found in coordination complexes. The Gd(1)-O(7)/ 

Gd(2)-O(7) polyhedron consists of a capped trigonal prismatic 

molecular geometry or monocapped trigonal prism, where all seven 

oxygen atoms are arranged around the Gd-atom and define the vertices 

of an augmented triangular prism. An augmented triangular prism is a 

triangular prism where one of the rectangular faces of the prism is 

augmented by a square pyramid. In other words, it can be described by 

a monocapped octahedron geometry (Octahedron with one face capped), 

which can be thought of as an octahedron with one extra atom (‘cap’) 

added on one triangular face or vertex of it. 

 

 



Introduction 

21 

 

Figure 1.5 The orthorhombic crystal structure of Gd2TiO5 representing the 

square pyramid geometry of TiO5 polyhedral and Gd atoms in seven-

fold coordination number 

 

1.4.3 Cubic Phase (Small Size Rare-earth Titanates)  

Rare-earth Titanates (end members of the series) (Ln = Er-Lu 

and Sc) exhibit a cubic crystal structure. The crystal structure symmetry 

of the cubic phase can be understood by considering the example of 

Dy2TiO5, which was first reported by Tiedemann and Mueller-

Buschbaum et al. in 1985 [70] with the space group symmetry of 

F4(3)m. Later, Shepelev and Petrova, 2008 [20, 33] conducted a detailed 

structural analysis of the single crystal of Dy2TiO5 and found that the 

structural phase Fd3m was the same as that of the Dy2Ti2O7 pyrochlore 

structure. In the cubic crystal structure of Dy2TiO5, one of the 

dysprosium atoms is found in a mixed oxidation state with the Ti atom, 

at the M cation site, which possesses an octahedral coordination number. 

The other Dy atom is surrounded by eight oxygen atoms, leaving an 

oxygen atom in the tetrahedral coordination with the cation atoms. 

Besides the Cubic phase, a few single crystals of Dy2TiO5 were found 

to possess a monoclinic phase, the unit cell parameters of which can be 

derived from the cubic structure’s parameters by the relation a=ac, 

b=0.25(bc+cc), and c=0.5(bc-cc). The XRD diffraction patterns of both 

phases were found to differ by a very small amount. 
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1.4.4 Intermediate Rare-earth Titanates, ranging from 

Eu to Ho and Y 

These rare-earth titanates exhibit all three phases. At low 

temperatures, an orthogonal phase exists; subsequently, a more 

symmetric hexagonal phase is observed [19, 34]. At higher 

temperatures, the most stable cubic phase is observed. For example, 

Gd2TiO5 undergoes a reversible phase transformation from an 

orthogonal phase to a more symmetric hexagonal phase around 1700 °C 

and shows a melting point of 1790 °C.  Similarly, Dy2TiO5 was found to 

exhibit two polymorphic transformations.  It shows the first 

polymorphic transformation at 1370 °C, where the phase changes from 

orthorhombic to hexagonal, followed by another polymorphic 

transformation at 1680 °C, which transforms the phase to cubic. The 

hexagonal crystal structure can be understood in terms of the crystal 

structure geometry of Gd1.8Lu0.2TiO5, which belongs to the P63/mmc 

space group and was studied in detail by Shepelev and Petrova. The 

structural phase of hexagonal Gd2TiO5 exhibits an ABABAB-type six-

layer geometry with alternating octahedral and bipyramidal layers. The 

structural analysis showed that the structural geometry of the hexagonal 

polymorph of Ln2TiO5 is similar to YAlO3 (P63/mmc space group), 

which is a member of the LnAlO3 (Ln = lanthanide element) series.   

 

1.5 Ion-Irradiation Response of Ln2TiO5 

Materials 

Rare-earth titanates of the Ln2Ti2O7 composition, with the 

pyrochlore structure, have exhibited remarkable resistance to radiation 

damage from high-energy irradiating ions [24, 38, 70, 71]. This study 

led the researchers to investigate the related Ln₂TiO₅ compounds to 

evaluate their response under similar irradiation conditions. Subsequent 

studies have revealed that these materials also exhibit exceptional 
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radiation tolerance, which highlights their significant potential for 

applications in the nuclear industry [70, 72, 73]. 

 

1.5.1 Ion -Irradiation Mechanism  

In ion irradiation, energetic particles or ions (He+, Ar+, Ni+, Kr2+, 

and Au ions) are generated and bombarded directly at the sample/target 

material. These ions penetrate the crystal and interact with the atoms and 

electrons of the target material, transferring energy and causing physical 

and chemical changes, such as atomic displacement, defect formation, 

and phase transformation, if the energy of the ions is high enough. The 

transfer of energy by the heavy-energy ions to the atoms of the target 

material can occur in two ways: 

1. Nuclear (Elastic Collisions): This process leads to cascades of 

nuclear collisions, and atoms are knocked out directly from their lattice 

positions to create point defects and sometimes defect clusters. 

2. Electronic (Inelastic Collisions): These collisions excite electrons 

and result in ionization, leading to migration of defects and annealing.  

As these defects build up, they can change the material’s 

structure, sometimes turning a crystal into an amorphous form or 

causing a phase shift, such as from an orthorhombic structure to a defect 

fluorite phase. Still, some titanates are surprisingly resilient and remain 

unchanged even when exposed to very high radiation doses. 

 

1.5.2 Ion-Irradiation Studies 

 Numerous ion-irradiation studies have been conducted on the 

Ln2TiO5 composition series till now, where small-sized lanthanide 

elements have been found to exhibit better radiation tolerance. In a study 

by Zhang et al., Gd2TiO5, Dy2TiO5, and Y2TiO5 were found to be 

relatively highly radiation-resistant and possessing low critical 



Chapter 1 

24 

 

amorphization temperatures (Tc) due to their ability to form disordered 

structures easily, which is attributed to their smaller size. The simplicity 

of creating disordered structures correlates with their ability to develop 

high-temperature phases.  

Tracy et al. (2012) studied the ion irradiation response of 

Gd2TiO5 and some of the other rare-earth titanates (La2TiO5, Nd2TiO5, 

and Sm2TiO5) by irradiating 1.47 GeV Xe ions [74]. From the study, the 

volume of the amorphous region was found to decrease systematically 

with decreasing lanthanide size in damaged ion tracks, indicating 

improved irradiation resistance within the series. In a study by 

Aughterson et al. (2023) a consistent flux of 1 MeV Kr2+ ions was 

irradiated in situ on the Gd2TiO5 crystal to observe the sample’s 

response to accumulated ion irradiation, using the bright-field images 

and selected area electron diffraction pattern (SAED) [74–76]. It was 

noted from the SAED pattern of different grains that as the radiation 

dose increased, the relative intensity of Bragg peaks diminished and was 

replaced by diffuse rings, indicating an increase in short-range order and 

the emergence of an amorphous character in the crystal structure. From 

the in-situ room-temperature experiment, a linear trend was observed 

between the critical dose of amorphization and the lanthanide size, with 

deviations in the trend only observed in the cases of Eu2TIO5 and 

Dy2TiO5. At room temperature, as the lanthanide size decreases, the 

critical dose for amorphization, Dc, was found to increase. Their results 

were found to be in agreement with those of Tracy et al. In both results, 

the only difference was in the mechanism of energy loss due to ion 

irradiation. According to the study by Tracy et al. (2012), the energy loss 

mechanism between the ion and the lattice was attributed to electronic 

losses (inelastic scattering). In contrast, Aughterson’s study found that 

the energy was lost by the irradiating ions to the target material via 

nuclear collisions (elastic scattering).  The unexpectedly lower value of 

Dc in the case of Eu2TiO5 indicates the instability of the orthorhombic 

phase at room temperature, while the higher value of Dc in the case of 

Dy2TiO5 signifies improved damage recovery from the irradiation 
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mechanism. In this work, the critical amorphization dose (Dc) was 

experimentally measured at multiple temperatures for a selected 

Ln₂TiO₅ composition. These Dc values were subsequently employed, 

using the equation below (equation 1.5), to estimate the critical 

amorphization temperature (Tc) for nearly the entire lanthanide series.  

𝐷𝑐 = 𝐷𝑜 [1 − 𝑒𝑥𝑝 {(
𝐸𝑎

𝑘𝐵
) (

1

𝑇𝑐
−
1

𝑇
)} ]⁄  (1.5) 

A comprehensive dataset was obtained by plotting Dc as a 

function of irradiation temperature and Tc as a function of the lanthanide 

ionic radius (Ln³⁺). Notably, the calculated values showed strong 

agreement with the previously reported results, thereby validating the 

observed correlations.  

 

1.6 Applications 

1.6.1 High Dielectric Applications/ Biosensing 

Applications  

Lanthanide titanates of the Ln2TiO5-type, especially Sm2TiO5, 

Gd2TiO5, and Pr2TiO5, are utilized in biosensing applications due to their 

unique properties, including a high dielectric constant, chemical and 

structural stability with temperature, and robust surface chemistry. Some 

Ln2TiO5 compounds have been utilized in urea biosensing applications 

[59, 77–81], where they act as high-dielectric sensing membranes in 

electrolyte-insulator-semiconductor (EIS) biosensors due to their 

exceptional pH sensitivity, compatible nature with enzyme 

immobilization, low hysteresis, and high selectivity for hydrogen ions 

over other common ions such as Na+, K+, and Ca2+. 

 A typical biosensor consists of a high-k membrane with a 

Ln2TiO5 composition, which is coated with immobilized urease acting 

as a catalyst for breaking down urea. The breakdown of urea produces 

ions such as OH-, NH4+, and HCO3-, which increases the pH in the local 

area. This change is then detected as a voltage shift and an electronic 
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signal by the pH-sensitive Ln2TiO5 membrane of the EIS-based 

biosensor. The high dielectric constant, thermal stability, and chemical 

stability, along with excellent pH sensitivity, of Ln2TiO5 materials are 

attributed to their rapid and reliable ion/pH concentration sensing 

capabilities and their capacity for integration in miniaturized chip 

devices. This makes them compatible for use as sensing membranes and 

is excellent compared to other conventional membranes, such as Si3N4, 

Al2O3, and Ta2O5. Based on the above properties, various studies have 

been conducted on the use of Ln2TiO5 materials in biosensing 

applications related to the industrial and medical fields. 

 

1.6.2 Optical Applications/ Luminescence Applications 

Rare-earth titanates of general composition Ln2TiO5 have been 

found to be of significant use in the field of photoluminescence and 

cathodoluminescence, where they are being used in optical sensors, 

display phosphors, and in solid-state lighting (LEDs) [82–89]. Their 

ability to emit light when excited by UV or laser sources, combined with 

tunable crystal structure properties that facilitate efficient light emission, 

and the unique nature of the rare-earth element, make them highly 

efficient luminescent materials. The increasing demand for visible and 

mid-infrared sources in IR spectroscopy, gas detection, and remote 

sensing has prompted researchers to explore new methods for generating 

mid-infrared radiation. The conventional methods used for generating 

IR sources include oxide glasses, optically pumped semiconductors, and 

quantum cascade lasers. However, rare-earth-doped chloride crystals 

with reduced phonon energies are also a viable alternative to 

conventional oxide and fluoride crystals. If we dope rare-earth ions into 

host crystals that are specifically sensitized for diode pumping with the 

rare-earth ion, they emit efficiently even with low-cost available diodes, 

due to their phonon-assisted cross-relaxation mechanism between the 

pumped state and the ground state.  For instance, the cross-relaxation 

mechanism in singly doped Tm3+: YAG results in lattice phonon 
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conversion into infrared emission by sensitizing the 2 μm sources for 

laser diode pumping. In crystals doped with Tm3+ and Pr3+, cross-

relaxation processes facilitate energy transfer mechanisms by lowering 

the energy levels of Pr3+, resulting in optically pumped phosphor 

emission in the mid-infrared range (4-5.5 μm). Hence, by reducing the 

multi-phonon relaxation rates in rare-earth-ion-doped host crystals, 

diode pumping yields sensitized luminescence in the mid-IR range. 

 The doping of rare-earth ions in host crystal lattices and glasses 

has led to a significant enhancement in luminescence properties due to 

their unique characteristics, which have found numerous potential 

applications in the fields of optical sensors, optical laser devices, and 

optoelectronics. Due to the unusual electronic configuration and 

structure, rare-earth ions (Eu3+, Tb3+, Dy3+, Sm3+, Ce3+, and Er3+) [82, 

89, 90] are very sensitive to UV or blue light absorption, which causes 

4fN-4fN intraband transitions in their electronic structure. Generally, rare-

earth ions exist in the +2 and +3 oxidation states and possess one or two 

electrons in their outermost orbital (4f). This results in their energy levels 

being abundant and characterized by distinct electronic configurations. 

The 4f electrons lie deeper and are therefore partially shielded by the 

outermost electrons of the 5p and 5s orbitals. This makes their spectral 

features very coherent and highly resolved, resulting in sharp absorption 

lines. Because of these qualities, when they are doped or added to a host 

crystal lattice, the mixing of p or d orbitals with the f orbital (even-parity 

and odd-parity) of dopant ions relaxes them from the constraints of the 

selection rules of electronic transitions, allowing the occurrence of 

disallowed transitions. These traits enhance the performance of 

phosphor materials by improving both the absorption efficiency and the 

emission spectra. In rare-earth phosphors, the rare-earth ions act as both 

activators (A) and sensitizers (S), making the energy transfer process 

easier. The sensitizer ions absorb the incoming excitation energy and 

then transfer it to the activator ions, which are the rare-earth elements 

themselves, making the light emission a very efficient process. The 

presence of phonon sidebands facilitates excitation transitions and 
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enables charge transfer processes. The interband 4f-4f electron 

transitions enable efficient energy absorption and transfer processes, 

resulting in sharp absorption peaks in the UV-blue region and intense, 

narrow bands that lead to subsequent red emission. These transitions are 

parity forbidden but become partially allowed due to the lattice site 

symmetry configuration, resulting in an improvement in quantum 

efficiency and a stronger emission intensity by reducing non-radiative 

losses.  

 

1.7 Motivation and Origin of the Scientific 

Problem 

The initial work carried out on the rare-earth titanates of Ln2TiO5 

mainly consists of studies of phase diagrams for different rare-earth 

cations and transitions governed by temperature and pressure. A 

significant number of studies have been conducted in this respect by 

Petrova and Grebenshchikov, (2008) [19]. In recent years, Aughterson 

et al. (2015) [28] have conducted more rigorous work on crystal 

structure and its applications in the nuclear industry, discussing the ion-

irradiation behaviour of nearly all the lanthanide titanate series. 

Although a lot of ion-irradiation studies have been carried out on the 

basis of the applications of these materials for nuclear immobilization 

and nuclear waste management, the optical, electronic and magnetic 

characteristics correlations still need to be studied, which can be of 

significant importance for the photocatalysis, solar energy conservation 

and luminescence behaviour, opening new doorways in the field of 

optoelectronics and photonics. These applications enforce the study of 

rare-earth tannates in other aspects of optical, thermal, and magnetic 

behaviour, and a correlation needs to be established among different 

properties. This will provide detailed insight into lattice dynamics and 

electron-phonon coupling, a crucial phenomenon for band gap 

engineering.  
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Gd2TiO5, belonging to the rare-earth titanate, forms an 

interesting and rare example of mixed seven- and five-fold geometry 

among rare-earth oxide materials, which are known for their high 

thermal stability, chemical resistance, and radiation robustness, leading 

to their extensive applications in the nuclear industry. The titanium 

atom, present in a distorted square pyramidal geometry, makes them 

stand out from other traditional titanium oxides, where a strong 

correlation exists between the structural, optical, and electrical 

properties, rendering them highly efficient multifunctional oxides. To 

investigate such a correlation among the rare-earth of A2BO5-type 

compositions, Gd2TiO5 have been chosen as it lies in the mid-way of the 

lanthanide series, having intermediate radii, making it a standard model 

for studying the rare-earth titanates family. As the titanium polyhedra 

possess a five-fold coordination geometry, which is very rarely seen in 

oxide materials, Gd2TiO5 is of specific interest due to its unique and 

distinct crystal field environment compared to conventional oxide 

systems having titanium atom. The crystal field splitting determines 

various optical transitions that take place in the material, affecting 

absorption edges and band gap, and relates to the bond strength, force 

constant, which leads to the modification in the bond length and other 

structural parameters of the material’s crystal structure.  

The emerging application of solar energy conversion, 

photocatalysis, and water splitting demands the band gap to be 

engineered according to the specific application. The rare-earth titanates 

allow easy tuning of their lanthanide radius by enabling the 

incorporation of other rare-earth ions, making them an ideal candidate 

for substitution. This results in their properties being conveniently 

tunable, which can modify their optical, electronic, and magnetic 

properties, affecting their band gap, luminescence, and dielectric 

behaviour, and leading to applications in optical sensors, LEDs, lasers, 

and phosphor materials. These applications require tuning of the band 

structure and electronic density of states, resulting in modifications to 

the band gap, Urbach energy (EU), and electron-lattice interaction 
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strength, which play a crucial role in tailoring the material's 

functionalities for specific applications. There are numerous ways to 

tune the band structure and electronic density of states, including 

perturbations within the system, such as introducing structural disorder 

through doping or substitution, and external perturbations, such as 

temperature and pressure. 

Keeping this in view, in the first two studies (Chapter 3 and 

Chapter 4), we have carried out the composition-dependent Gd2TiO5 

studies where Eu and Fe were substituted at the Gd- and Ti-site, 

respectively, for establishing a correlation between structural, optical 

and electronic properties via using simple methodology of structural 

refinement and widely used Optical Absorption Spectroscopy. Keeping 

the centre of attention on the temperature dependence studies of the 

optical band gap, the next study (Chapter 5) deals with the scope of 

composition-dependent Optical Absorption Spectroscopy and Raman 

Spectroscopy techniques, which can open new avenues for investigating 

the structural-disorder-driven lattice dynamics and band gap tuning in 

multifunctional oxide systems, such as rare-earth titanates Ln2TiO5[42, 

74]. Here, the structural disorder is considered analogous to thermal 

disorder, which can lead to changes in the electronic band structure and, 

consequently, variations in the band gap. These band gap variations, 

based on the same causing factor, can result from two competing 

phenomena: Lattice Dilation and Electron-phonon coupling (EPC). One 

of these leads to a decrease in the band gap, while the other causes an 

increase in the band gap trend. In this regard, various theoretical as well 

as experimental studies have been carried out by previous research, but 

most of them concern the temperature variation of the band gap. In this 

respect, this work, which attempts to determine the qualitative 

contribution of variation in the band gap due to structural disorders such 

as doping or substitution effects, emerges as of significant importance 

and can provide alternative methods for band gap tuning and a more 

rigorous insight into the band gap dynamics of the material.   
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1.8 Organization of the Thesis 

Chapter 1: Introduction 

This chapter begins with a brief introduction of the study carried 

out and subsequently outlines the motivation behind the work.  

 

Chapter 2: Experimental Techniques 

This chapter provides a detailed description of the experimental 

facilities and techniques used for the synthesis and characterization of 

the samples studied in this work. For synthesizing the samples, the well-

established solid-state reaction route has been employed, which is a 

simple yet high-temperature treatment technique. X-ray diffraction has 

been employed for material characterization and is described in detail in 

this chapter. For further analysis of optical and vibrational properties, 

UV-vis optical absorption spectroscopy in the diffuse reflection mode 

and Raman spectroscopy have been used extensively, as they are the 

most common and effective tools for characterizing material properties 

and are therefore discussed thoroughly.  

 

Chapter 3: Influence of Fe Substitution on the Structural 

and Optical Properties of Gd2TiO5 Ceramic 

Thus, the structural geometry of the compound plays a 

significant role in determining the crystal field splitting in transition 

metal oxides, and hence affects the material's optical, electronic, and 

band structure. In the rare-earth titanates of composition Ln2TiO5 (Ln = 

La, Pr, Nd, Sm, Gd, and Dy), the Ti atom is surrounded by the five 

oxygen anion atoms, which is rarely observed in Ti-bonded compounds. 

Hence, due to the different behavior of the crystal field and thus splitting 

in this case, it is expected that the evolution of optical and band structure 

properties will differ from those of other conventional oxides, such as 
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perovskite materials. Keeping this in mind, the present study 

investigates the effect of Fe substitution at the Ti-site in parent Gd2TiO5 

on the optical properties of these compounds. To further support the 

experimental results, ab initio calculations using Density Functional 

Theory have been discussed.  

 

Chapter 4: Experimental and First‑principles 

Investigation on the Optical Properties of Eu and 

Fe‑substituted Gd2TiO5  

This chapter provides a description of the comparative study of 

the optical and electronic properties of Eu-substituted and Fe-substituted 

Gd2TiO5 samples, which were studied using Optical absorption 

spectroscopy. To find out the contribution of Ti-3d and Gd-5d states near 

the Fermi level and at the band edges, Eu and Fe have been substituted 

in Gd2TiO5 at the Gd- and Ti-sites, respectively, using the solid-state 

route synthesis. For further analysis by first-principles calculations 

using the GGA + U methodology performed by the VASP software. 

  

Chapter 5: Interplay of Electron-Phonon Coupling and 

Lattice Dilation in Band Gap Tuning of 

Gd2Ti1−xFexO5 

The temperature dependence of the band gap Eg in 

semiconductors is governed mainly by two phenomena: electron-

phonon coupling (EPC) and lattice dilation (LD) effects, which have 

been well established in the previous reports, and many researchers have 

tried to find the explicit contribution of the electron-phonon interaction 

using the theoretical calculations of the electron self-energy terms and 

Debye-Waller (DW) factors. Keeping thermal effects analogous to the 

chemical disorder induced by substitution in the host lattice, it can be 

assumed that the chemical disorder also perturbs the system in the same 
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way as temperature, and hence both EPC and LD effects contribute here. 

To explore the individual contributions to Eg variation under 

substitution, this work investigates the role of EPC and LD in shaping 

the band gap of Fe-substituted Gd2TiO5. For this, X-ray diffraction, 

Raman spectroscopy, and optical absorption measurements have been 

performed. This work provides insights into how chemical substitution 

mediates electronic and structural interactions in complex oxides, with 

implications for band gap engineering. 

 

Chapter 6: Conclusion and Future Scopes 

This chapter presents a summary of the results obtained in the 

present research work, followed by the concluding remarks. It also 

discusses the potential future scope of the study carried out in this work. 
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Chapter 2   

 

Experimental Techniques 

 

This chapter discusses the synthesis procedure and the experimental 

techniques employed to carry out the present research work. It provides 

the detailed description of the solid-state reaction method used for the 

material synthesis, followed by the description of the X-ray diffraction 

which is a versatile technique for determining the phase purity of the 

synthesized samples. Furthermore, detailed descriptions of optical 

absorption spectroscopy and Raman spectroscopy have been presented, 

which has been employed to study the band gap characteristics and 

lattice dynamics. 

 

2.1 Solid-State Synthesis Route 

Solid-state synthesis is a simple and straightforward method for 

synthesizing the materials, which produces solid compounds with the 

required structural and functional properties [91–94]. Due to its 

simplicity and versatility, this method has a wide range of applications 

across various sectors, which includes materials used for energy storage, 

electronic devices, catalysis, and advanced ceramics. In the field of 

materials science research, the solid-state synthesis method plays an 

essential role in designing materials with tailored functionalities and is 

used regularly due to its simplest methodology.       

 

2.1.1 Fundamentals of Solid-State Synthesis 

2.1.1.1 Thermodynamic and Kinetic Considerations 

Reactions that take place in the solid state are primarily affected 

by thermodynamic feasibility and kinetic limitations [94–96]. 
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Thermodynamics provides information of the conditions that allow a 

reaction to proceed under given circumstances. In this context, the 

Gibb’s free energy change (ΔG) is used as a key parameter which gives 

the information of spontaneity. The negative value of ΔG indicates that 

the reaction is thermodynamically favourable under those particular 

conditions. The expression for Gibbs' free energy is given by 

ΔG = ΔH-TΔS      (2.1) 

Here, ΔH represents the enthalpy change, T is the absolute 

temperature, and ΔS gives the change in the entropy of the reaction. 

Thermodynamics provides the possibility of a reaction, and kinetics 

determines how fast the reaction will occur. Thermodynamics gives the 

idea whether a reaction will take place or not, while kinetics provides 

information about the rate at which it is going to take place. The rate of 

reaction further depends on many factors, including temperature and 

pressure conditions, the rate of the diffusion process, particle size, and 

the presence of external catalysts. To achieve the effective diffusion of 

reactant materials, the temperature of operation and heating time play a 

crucial role in determining the desired characteristics of the material 

formed.  

2.1.1.2 Role and Interpretation of Phase Diagrams 

The phase diagram provides important information about the 

synthesis conditions and optimizing the solid-state reaction process. It 

provides information of the stability of different phases of the material 

under varying temperature and pressure conditions for different 

compositions. The information of phase boundaries and invariant points 

can provide the identification of suitable conditions which require the 

formation of stable phases and regions of phase transformation while 

heating or cooling cycles. The understanding of these stability regions 

can provide the information of heating profiles and reactant ratios which 

need to be adjusted to obtain the required composition without the 

formation of impurity and secondary phases. Hence, phase diagrams act 

as a guiding tool for acquiring suitable temperature and pressure 



Experimental Techniques 

37 

conditions, controlling reaction kinetics and preventing impurity phases 

during the synthesis process. 

2.1.1.3 Influence of Defects in Solid-State Materials 

The material defects also play a crucial role during the material 

synthesis process. The presence of defects can enhance or degrade the 

material’s properties and, hence, affect the material’s synthesis 

conditions. There are various defects, including anion or cation 

vacancies, interstitial and substitutional defects, that can modify and 

govern the materials’ thermal and electronic conductivity, transport 

phenomena, optical, and magnetic properties. Sometimes, these defects 

enhance the functional characteristics of materials, and in such cases, 

they are intentionally introduced to optimize and tune the materials’ 

properties for use in desired conditions.  

 

2.1.2 Synthesis Process 

The solid-state synthesis route, also known as the ceramic route, 

is the most rigorous and versatile technique used for synthesizing a 

variety of solid materials that utilize precursors in solid form. In this 

method, chemical reactions occur between powdered precursors, 

resulting in a solid material with a specific composition and crystal 

structure. Based on the subsequent heating cycles and processing 

conditions, the method enables the formation of highly pure single 

crystals, polycrystalline materials, glasses, ceramics, and thin films. The 

versatility of this technique of producing a vast range of materials makes 

it an essential method of materials synthesis that can be used for various 

optical and energy applications.    

During the synthesis process, the powdered precursors are 

weighed accurately, mixed thoroughly, and then ground in an agate 

mortar pestle continuously for a specific number of hours. To obtain the 

material in a compact and dense form, the ground powders are then 

converted into pellets by applying minimum pressure using pelletizer 
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machines. Then, these grounded powders or pellets are subjected to heat 

treatment under high-temperature conditions for a specified number of 

hours to achieve the desired composition and pure phase. Certain metal 

oxides, salts, or mixed compounds may require more extreme synthesis 

environments, such as very high temperatures, high pressures, or flux-

assisted conditions, to enable the required reactions. Due to the 

straightforward and robust nature of solid-state synthesis, this technique 

is sometimes described as the “shake and bake” or the “heat and beat” 

chemistry, which reflects the mechanical mixing followed by the 

thermal activation of powder materials. 

In this work, a series of polycrystalline Eu- and Fe-substituted 

Gd2TiO5 samples has been synthesized using the solid-state reaction 

route to obtain the respective series compositions of Gd2-xEuxTiO5 and 

Gd2Ti1-xFexO5, where x represents the concentration and takes values of 

0.03, 0.05, 0.07, and 0.10. The Eu has been substituted at the Gd-site, 

and Fe has been substituted at the Ti-site, respectively. For the formation 

of the Gd2TiO5 composition, highly pure (99.99% purity) gadolinium 

oxide (Gd2O3) and titanium oxide (TiO2) were used as the starting 

precursor materials. To form the respective series Gd2-xEuxTiO5 and 

Gd2Ti1-xFexO5, iron oxide (Fe3O4) and europium oxide (Eu2O3) were 

mixed in stoichiometric amounts along with the starting precursors and 

were finely ground in an agate mortar pestle for approximately six hours. 

During the grinding process, isopropanol was used as a mixing reagent 

(liquid). The grounded samples were then calcined at temperatures of 

1000 °C, 1250 °C, and 1300 °C, with intermediate grindings for a 

minimum of 24 hours. A maximum heat treatment of 1350 °C was given 

for the formation of pure Gd2TiO5, while 1300 °C and 1250 °C were 

given for the formation of Gd2-xEuxTiO5 and Gd2Ti1-xFexO5 series, 

respectively. The reaction for the synthesis can be represented below:    

𝐺𝑑2𝑂3 + 𝑇𝑖𝑂2    
1350 °C
→       𝐺𝑑2𝑇𝑖𝑂5       (2.2) 
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(1 −
𝑥

2
)𝐺𝑑2𝑂3 +

𝑥

2
𝐸𝑢2𝑂3 + 𝑇𝑖𝑂2    

1300 °C 
→       𝐺𝑑2−𝑥𝐸𝑢𝑥𝑇𝑖𝑂5      (2.3) 

 

𝐺𝑑2𝑂3 +
𝑥

3
𝐹𝑒3𝑂4 + (1 − 𝑥)𝑇𝑖𝑂2    

1250 °C 
→        𝐺𝑑2𝑇𝑖1−𝑥𝐹𝑒𝑥𝑂5 +

𝑥

3
𝑂2 ↑ 

 (2.4) 

In addition to the traditional ceramic route, modern techniques 

have expanded the scope of solid-state synthesis. For example, Solid-

state metathesis involves initiating reactions between the metal 

compounds using an external energy source, such as a flame or 

mechanical milling, after which the reaction often proceeds 

automatically due to the heat released during the compound formation. 

Solution-assisted methods are also used significantly for the preparation 

of solid materials. In the sol-gel process, a homogeneous sol gets 

transformed into gels, powders, coatings, or nanostructures through 

drying and heat treatment. Solvothermal and hydrothermal techniques, 

which use sealed, pressurized vessels to promote crystal growth at 

elevated temperatures, offer additional advantages over phase formation 

and particle morphology. 

Other processes that yield solid materials, such as vapour-phase 

deposition, intercalation reactions, single-crystal growth, and 

nanomaterial fabrication, are also considered as a part of the broader 

solid-state synthesis toolbox. 

 

2.2 X-Ray Diffraction Technique  

X-ray diffraction is a non-destructive and highly impactful 

technique which is used for characterizing materials and provides 

information about the phase, crystal structure, lattice spacing, strain, and 

crystal defects [97–99]. X-ray diffraction is obtained from the 

constructive interference which is produced by the scattering of the X-

ray beam by the lattice planes of the sample [100]. X-ray diffraction 
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gives a fingerprint of the atomic distribution and the lattice plane 

arrangement of the material [101, 102].  

In the X-ray diffraction (XRD) experiment [99, 103, 104], X-

rays are produced by the X-ray tube, where electrons are emitted from 

the heating of the filament and then are accelerated toward the metal 

target. Their interaction with the metal target generates characteristic X-

rays, which are then filtered to obtain a predominantly monochromatic 

beam. This is followed by collimation, resulting in a well-defined beam. 

This beam is then incident on the sample surface, where it interacts with 

the lattice planes of the crystalline material, and a constructive 

interference occurs, which follows geometric conditions given by 

Bragg’s law [105],  

𝑛𝑙 = 2𝑑 sin 𝜃       (2.5) 

where λ is the wavelength of the incident X-ray beam, n is the 

integer, and gives the order of reflection, d is the spacing between the 

crystal planes, and θ is the angle of diffraction. This has been illustrated 

in the schematic of Figure 2.1. Bragg's law gives the relationship 

between the wavelength of X-rays, the angle of diffraction, and the 

distance between crystallographic planes in a solid. The detector records 

the diffracted beams once the Bragg diffraction condition is satisfied. 

The signal is then processed and measured. During the powder XRD 

measurement, the sample is scanned across a set range of 2θ values. The 

equipment can capture all conceivable diffraction directions related to 

the lattice, as the crystallites in a powdered sample are randomly aligned. 

After that, the observed peak positions are then converted into the 

corresponding d-spacings, from which the phase information can be 

obtained. Every crystalline compound has its unique set of d-spacings, 

which are used to compare the material's crystal structure and phase 

purity with the standard reference patterns. 

 



Experimental Techniques 

41 

 

Figure 2.1 Schematic represents the X-ray diffraction from the crystal lattice 

planes having a periodic arrangement of basis atoms  

 

A typical X-ray diffractometer mainly consists of three major 

components, which include the X-ray source, the sample stage, and the 

detection unit. The X-ray tube operates by heating a filament to release 

electrons, which are then accelerated toward the metal target under high 

voltage and strike the target material. When the incoming electrons 

possess sufficient energy to remove inner-shell electrons of the target 

atoms, characteristic X-ray lines, most notably the Kα and Kβ emissions, 

are produced. These characteristic lines form the basis of the 

monochromatic radiation used for diffraction analysis. 

 

 

Figure 2.2 Schematic diagram of a typical recorded diffraction pattern  
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Copper is mostly used as the target material in X-ray tubes for 

single-crystal and powder diffraction experiments and produces the 

characteristic wavelength 1.5418 Å of Cu Kα radiation. These generated 

X-rays are then filtered, collimated and then made to incident on the 

specimen. While data is being collected, both the sample and the 

detector are rotated in a controlled manner, and the intensity of the 

diffracted beam is measured continuously. When the incident X-ray 

beam meets the geometric conditions of Bragg's law, constructive 

interference occurs, and a diffraction peak is observed. Then, this signal 

is detected by the detector after being converted into an electronic signal, 

and the information is sent to the acquisition system so it can be 

recognized and studied. 

The diffractometer is set up so that the sample rotates through 

the path of the incoming collimated beam at an angle of θ. At the same 

time, the detector, which is positioned on an arm, moves through 2θ to 

follow the diffracted rays. The goniometer is the key mechanical 

component that maintains the right angle between the two parts, 

allowing for accurate diffraction measurements. It controls the exact 

alignment and movement. The schematic of a typical recorded 

diffraction pattern is shown in Figure 2.2. X-ray diffraction is a common 

technique for identifying the unknown crystalline phases, including 

minerals and many other inorganic compounds. Determining the 

composition of unknown substances is crucial in various fields, 

including geology, environmental science, materials science, 

engineering, and several branches of biology. XRD is useful for more 

than just identifying basic phases. It is especially useful for examining 

fine-grained materials, such as clays and mixed-layer clay minerals, 

which are typically difficult to distinguish with optical methods. The 

method also enables the determination of unit-cell parameters and 

provides insight into the overall purity of the sample. 

Advanced analytical methods further enhance the utility of 

XRD. Rietveld refinement and other methods are used to examine the 

structure of a mixture closely and determine the number of different 
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crystal phases it contains. XRD can also be used to study thin films, 

determine the preferred orientation or texture in polycrystalline 

materials, and identify the prevalence of different mineral phases. These 

new applications make XRD a vital and valuable tool for modern 

research that requires knowledge of structure and composition. 

 

2.3 UV-VIS-NIR Spectroscopy  

Ultraviolet-Visible-Near-Infrared (UV-Vis-NIR) spectroscopy is 

a common and versatile analytical technique used to probe the optical 

and electronic properties of a broad range of technologically important 

materials. These materials commonly find applications in window 

coatings, protective layers, optical filters, and the pharmaceutical, food 

and beverage, and chemical industries.  In general, this method involves 

measuring one or more parameters such as absorption, transmission, or 

reflection, over a selected portion of the electromagnetic spectrum to 

qualitatively assess the material’s behaviour. 

 

2.3.1 Absorbance Spectroscopy  

Absorbance spectroscopy [102–106] [106-110], also known as 

spectrophotometry, is based on the principle that a sample absorbs 

ultraviolet or visible radiation at certain wavelengths. The resulting 

absorbance gives the idea of the composition and concentration of the 

chemical species present in the material. In the early stages of 

absorbance-based techniques, measurements relied on simple light 

sources, which used to be natural white light or artificial illumination, 

and the colour intensity of the sample was assessed directly by the 

human eye. As the method improved, visual observation was replaced 

by photometers and colourimeters, with the use of optical filters to 

restrict the measurements in specific spectral regions.  Modern 

instruments have come a long way. Today, spectrophotometers are used 

to detect absorption. These instruments utilise monochromators or 
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wavelength selectors to separate and direct specific wavelengths of light 

to the sample. 

2.3.1.1 Instrument Components for Absorption Measurements 

Typically, an absorption measurement setup consists of five main 

components, which includes: (i) a radiant source that generates required 

intensity in the desired wavelength range; (ii) monochromator or 

wavelength selector, which selects a specific wavelength; (iii) sample 

holder; (iv) detector that measures the transmitted radiation; and (v) the 

display unit or the signal processor that converts the detected signal into 

the readable spectrum. 

(i) Radiation Sources 

For the UV region (180-350 nm), hydrogen or deuterium 

discharge lamps are generally used, which operate at low pressure. 

Between the anode and cathode, a mechanical aperture is used, which 

confines the discharge to a narrow path, ensuring the stable emission of 

the light. In the visible and NIR (Vis/NIR) regions, incandescent 

tungsten filament lamps are typically used. These consist of a tungsten 

coil sealed within a glass bulb under vacuum or filled with an inert gas, 

where radiation is produced as the filament is heated to incandescence. 

In the Mid-Infra-Red regions (MIR), globar and ceramic sources are 

used. The type of transition, whether molecular or electronic, will be 

determined by the source used for the spectroscopy measurements.  

(ii) Wavelength Selector (Filters and Monochromators)  

To select a specific wavelength region from the radiation source, 

wavelength selectors are used to create a narrow band of light. This 

specific wavelength region is isolated from the continuous spectral 

range using filters and monochromators, which are accompanied by 

dispersive devices, such as prisms or gratings.  

 

(iii) Filters 
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A filter is made up of glass that has a particular colour and 

transmits the same colour of light that is incident on it, while absorbing 

the complementary colour of light. These types of filters are called 

absorption filters. Hence, the filter chosen is of the complementary 

colour of the colour that is transmitted by the sample itself.  Hence, a 

filter that is of complementary colour is said to be best for the 

measurement. For example, for a blue-coloured solution, an orange-

coloured filter, which is complementary to it in the VIBGYOR 

spectrum, must be used. In a transmittance versus wavelength plot, the 

response of the filter will be characterized by its Full Width at Half 

Maximum (FWHM) value, that is, the bandwidth of that spectrum. The 

narrower bandwidth (𝐷𝑙) will make the filter better. For an extended 

range of the spectrum in the UV, visible, and infrared regions, 

interference filters are used, which have a wide range and an effective, 

narrower bandwidth, and offer better performance, possessing superior 

characteristics to absorption filters.   

(iv) Monochromators 

To obtain single-wavelength light (Monochromatic light) from 

white light, monochromators are used, which contain a dispersive 

element. A dispersive device breaks down light into its constituent 

wavelength components. Generally, prisms and diffraction gratings are 

used as the dispersive devices.  The white light shining on the prism and 

the diffraction grating consists of light that gets reflected in VIBGYOR 

colours, as seen in rainbows.  The desired colour or wavelength of light 

can be obtained by inserting a slit and rotating the prism or diffraction 

grating to a particular orientation.   Diffraction Grating monochromators 

are used mostly in advanced spectrophotometers instead of prism 

monochromators. A monochromator mainly includes the entrance slit, a 

collimating mirror to form a parallel beam, a dispersive element (prism 

or grating) to disperse the light into the wavelength components, and a 

mirror camera to focus the dispersed light on the exit slit to extract the 

desired wavelength.  
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The smaller the wavelength band, the better the resolution. The 

resolution and bandwidth are defined as the peak width at half maximum 

(PWHM). The resolution of a monochromator is determined by the slit 

width. A larger slit width decreases the resolution, as more wavelengths 

than the desired ones enter the exit slit. Along with this, the diffraction 

grating has its own inherent resolution determined by the number of 

grooves per millimetre in that grating. Generally, in a 

spectrophotometer, the monochromator slit width is given by the 

resolution it has.  

(v) Sample Compartment  

In a single-beam spectrophotometer, after leaving the 

monochromator, the beam enters the sample compartment. In a dual-

beam spectrophotometer, the beam is split into the two compartments. 

Figure 2.3 shows the example of a dual-beam diffractometer. 

 

 

Figure 2.3 Schematic diagram of a double-beam optical system, with dual 

detectors 

(vi) Detectors 

In most photometers, the output signal generated is linear with 

respect to transmission. This transmission signal is subsequently 

transformed into an equivalent absorbance value through either 

electrical or mechanical processing. In this setup, the detector functions 

as a transducer, converting one form of energy into another. At earlier 

stages, the photographic plate was used to detect the signal. Modern 

photoelectric detectors operate on the principle that incident photons are 

converted into electrical energy, generating a measurable flow of 

Detector 1

Detector 2

Light Source Monochromator

Reference 

Optional

Sample

Figure. Schematic diagram of a double-beam optical system, with dual detectors.
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electrons. This electron flow produces a current or voltage, which is then 

recorded as the analytical signal. 

(a) Photoelectric Detectors  

These detectors convert photon energy into an electric signal, 

encompassing both photovoltaic detectors and photoemissive devices. 

(b) Photovoltaic Cell  

These detectors are primarily used to detect the intensity of light 

in the visible region. The arrangement typically consists of a flat 

electrode, which is generally made of copper or iron, and acts as an 

anode. On top of this anode, a semiconducting layer made of selenium 

or cuprous oxide is deposited, which is then coated with a transparent 

film of gold, silver, or other materials, and protected by a transparent 

glass plate. A metal ring serves as the cathode material, positioned on 

the metallic film and connected to the galvanometer, with the other end 

connected to the anode. The current flows through the galvanometer 

when the photon intensity impinges on the cell and is directly 

proportional to the energy absorbed per unit time. 

(c) Photoemissive Detectors  

To detect very low-intensity signals and small variations in them, 

photomultiplier detectors are used in place of photovoltaic devices. In 

spectrophotometers, where the resolution of the detector is of prime 

concern, such detectors are used.  The photoemissive detectors are of 

two main types: 

(1) Vacuum Phototubes  

A vacuum phototube is designed to contain two main electrodes, 

an anode and a photocathode. These are sealed inside an evacuated, 

clear, and transparent glass box. A photoemissive material is coated on 

the photocathode, which is based on alkali metals such as potassium or 

cesium and facilitates the efficient emission of electrons upon 

illumination. A phototube operates on the principle of the external 

photoelectric (photoemissive) effect, where photons strike a 
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photosensitive surface and eject electrons from it. Most of the time, these 

devices are completely evacuated; however, other versions may contain 

a low-pressure inert gas inside to enhance their performance 

characteristics. 

The photocathode typically has a cylindrical shape and acts as 

the photosensitive element, while the anode collects the emitted 

electrons. The external voltage is applied during the operation such that 

the anode remains at a positive potential with respect to the cathode. The 

generated electric field between the electrodes accelerates the 

photoelectrons toward the electrode and results in a measurable amount 

of photocurrent. For vacuum tubes, the magnitude of this generated 

photocurrent shows a direct relation to the incident optical power and 

follows the relationship expressed below 

                            𝐼 = 𝑆. 𝑃 =  
𝜂𝑒

ℎ𝑣
. 𝑃       (2.6) 

where hν is the photon energy, η represents the quantum efficiency,  e 

is the electronic charge, and the quantity S is named as responsivity.  

(2) Photomultiplier Tubes  

Photomultiplier tubes, also known as photon multipliers, possess 

high sensitivity and a wider detection bandwidth in comparison to 

phototubes, due to the occurrence of the avalanche multiplication 

phenomenon. A photomultiplier tube (PMT) is made up of a series of 

functional elements that are enclosed in an evacuated glass envelope. 

When the incident photons strike the photocathode, where they are 

absorbed and release photoelectrons through the process of the 

photoelectric effect. These electrons are then accelerated by an applied 

high voltage, typically of the order of several hundred volts, towards the 

first dynode. These electrons, after striking, generate multiple secondary 

electrons that further strike other dynodes.  This multiplication process 

continues sequentially across a cascade of dynodes, with the electron 

population increasing substantially at each stage. By the time the 

electrons reach the final dynode, the signal has undergone significant 

amplification, resulting in an enhanced photocurrent, which is ultimately 

https://www.rp-photonics.com/photons.html
https://www.rp-photonics.com/quantum_efficiency.html
https://www.rp-photonics.com/responsivity.html
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collected at the anode, positioned near the end of the dynode chain. 

Figure 2.4a and b show the cross-section and schematic of a 

photomultiplier tube, which can be understood as a combination of 

multiple phototubes arranged in a particular way.  

 

 

Figure 2.4a and b show the cross-section and schematic of a photomultiplier 

tube 

 

In most molecules, electronic transitions from the ground state 

to vibrational levels of the first excited state occur within the UV-visible 

region. Lower-energy transitions between vibrational levels of the same 

electronic state results the infrared absorption. The internal energy of a 

molecule, in either its ground or excited electronic state, can be 

approximated as: 

𝐸int = 𝐸el + 𝐸vib + 𝐸rot        (2.7) 

where the terms represent the electronic, vibrational, and rotational 

contributions, respectively. Absorption of a photon changes the 

electronic energy and simultaneously alters the vibrational and 

rotational states. Each vibronic transition therefore produces an 

absorption band; however, rotational structure remains usually 

unresolved in condensed phases due to extensive broadening. 

Molecules absorbing in the 190-1000 nm range exhibit UV-Vis 

spectra. Quantitative absorption measurements follow the Beer-
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Lambert-Bouguer law (Beer-Lambert Law), which measures the amount 

of light a sample absorbs at a specific wavelength and is given by  

𝐴 = −log 10(𝐼𝑡/𝐼𝑖) = 𝜀 𝑐 𝑑        (2.8) 

Here, A gives the absorbance of the material.  𝐼𝑡 and 𝐼𝑖 are the transmitted 

and incident radiant powers, 𝜀  is the molar absorption coefficient, 𝑐 is 

the concentration, and 𝑑 is the optical path length.  
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Figure 2.5a shows the schematic of a typical UV-VIS-NIR spectrophotometer, 

and b representative depiction of the internal assembly of the 

commercial UV-vis spectrophotometer used in the present research 

work 

 

The schematic exhibiting the operation of a typical UV-VIS-NIR 

spectrophotometer is shown in Figure 2.5a. In the current research 

work, diffuse reflectance spectroscopic measurements have been 

performed using a commercial spectrophotometer, as shown in Figure 

2.5b. The diffuse reflected spectra are collected using the diffuse 

reflectance assembly (DRA) with the help of the optical fibre cable. 

 

2.3.2 Transmission Spectroscopy 

Transmission spectroscopy is closely related to absorption 

spectroscopy and can be applied to a variety of samples in the solid, 

liquid, or gaseous form. In this technique, the intensity of light that 

passes through a sample is compared with the intensity of the incident 
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beam. The transmitted spectrum is influenced by several factors, 

including the optical path length, the material’s absorption coefficient 

and reflectivity, the angle and polarization of the incoming radiation, 

and, when particulates are present, their size and orientation. In the Beer-

Lambert law, the ratio 𝐼𝑡/𝐼𝑖 represents transmittance. The experimental 

configuration used for transmission measurements is therefore very 

similar to that used in the conventional absorption spectroscopy 

technique. 

 

2.3.3 Reflectance Spectroscopy  

Reflectance spectroscopy measures how light, across different 

wavelengths, is returned from the surface of a solid, liquid, or gas. When 

photons interact with a mineral or material surface, a portion of the 

incident light is immediately reflected, some penetrate the grains, and 

others are absorbed. Photons that are redirected either by surface 

reflection or by refraction within individual particles are collectively 

referred to as scattered light. These scattered photons may undergo 

further interactions with neighbouring grains or escape the surface, 

where they can be detected and analyzed accordingly.  

2.3.3.1 External Reflectance Spectroscopy  

This technique is a non-destructive method, where light reflected 

from a smooth surface (a Mirror-like surface) is noted and measured; 

accordingly, hence, this technique is also known as specular reflectance. 

This technique is primarily used for measuring film thickness and 

refractive indices, as well as investigating the spectra of thin films. The 

reflection spectra obtained in this technique differs from the 

transmission spectra in the sense that their spectral contrast doesn’t 

depend on the sample thickness linearly, and bands get shifted a little to 

higher energies.  

 

 



Experimental Techniques 

53 

2.3.3.2 Internal Reflectance Spectroscopy  

In the Internal Reflection Spectroscopy (IRS), light enters a 

prism at an angle greater than the critical angle, generating an 

evanescent field at the interface. When a sample is placed in contact with 

this surface, the evanescent wave interacts with it, allowing a spectrum 

to be obtained with minimal sample preparation. IRS is also a non-

destructive method suitable for solids, liquids, and powders. Thin films 

typically produce spectra like those obtained from transmission 

measurements, while thicker films exhibit stronger absorption features 

at longer wavelengths. As the incident angle approaches the critical 

angle, absorption bands broaden toward lower wavenumbers and shift 

to longer wavelengths, with dispersion-like features that appear near or 

below the critical angle.  

2.3.3.3 Diffuse Reflectance Spectroscopy  

Diffuse reflectance spectroscopy is used to measure the 

absorbance of powder samples and rough surfaces by recording the 

scattered light from the sample's surface using suitable optical 

instrumentation. The spectra collected in the DR Spectroscopy provide 

information of transmission, internal, and external reflection. In diffuse 

reflection, a collimated light beam strikes a rough or matte surface, 

causing the light to be redistributed uniformly in all directions. This 

differs from specular reflection, which occurs on a polished surface. 

Figure 2.6 depicts the phenomenon of specular and diffuse reflectance 

occurring on a sample surface. Techniques based on regular reflection, 

such as ATR and IRRAS, also rely on the reflected light, but they operate 

under different optical conditions.  
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Figure 2.6 Schematic figure shows the specular and diffuse reflectance 

occurring on the sample surface after the shining of an incident light 

beam 

 

In DR measurements across the mid-infrared and UV/Vis/NIR 

regions, the reflected light is assumed to be isotropically scattered. This 

condition is satisfied when the sample consists of large, randomly 

oriented particles and when multiple reflections, refractions, and 

diffractions occur within the densely packed surface of the powder. For 

smaller particles also, where single-particle scattering would be 

anisotropic, compact fine powders produce near-isotropic diffuse 

scattering due to the repeated scattering events. For the sufficiently thick 

layers, no light is transmitted through it. 

The absorption features of the material modify the spectrum of 

the diffusely reflected radiation. The diffuse reflectance, 𝑅, is defined as 

the ratio of the reflected flux 𝐽 to the incident flux 𝐼. Recording 𝑅 as a 

function of wavelength or wavenumber yields the reflectance spectrum. 

Like the transmission spectroscopy, it is common to plot log (1/𝑅), 

referred to as the ‘apparent absorbance,’ to represent the absorption 

behaviour of the sample. 

 

 

Incident
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Specular 

Reflection
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Figure. Schematic figure showing specular and diffuse reflectance occurring on the sample 

surface when a light beam shines over it.
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2.3.3.4 Kubelka-Munk Theory and Measurement of Absorption 

Spectra 

According to Kubelka-Munk theory [108, 111–114], the 

measured diffuse reflectance, 𝑅, depends on the ratio of a material’s 

absorption and scattering coefficients, and not on their absolute 

magnitudes. Hence, 𝑅 itself is not directly proportional to the 

concentration of the absorbing species. Under specific measurement 

conditions, however, the Kubelka-Munk or ‘remission’ function, 

𝐹(𝑅∞), enables these contributions to be separated: 

𝐾𝜆

𝑆𝜆
=
(1−𝑅∞)

2

2𝑅∞
≡ 𝐹(𝑅∞)          (2.9) 

 

Here, 𝑅∞ denotes the diffuse reflectance of an optically thick layer, 𝐾𝜆 is 

the absorption coefficient, and 𝑆𝜆 represents the scattering coefficient. 

Achieving the 𝑅∞condition depends on the material’s optical properties, 

particle packing, and the wavelength of illumination. In diffuse 

reflectance spectroscopy, the reflectance of the sample, 𝑅∞,sample, is 

typically measured relative to a reference white standard using a double-

beam spectrometer. The recorded value, 

𝑅∞
′ =

𝑅∞,sample

𝑅∞,standard
,          (2.10) 

 

equals the absolute reflectance only when the standard behaves ideally 

(𝑅∞,standard = 1). In practice, real standards deviate from this ideal 

because their scattering and absorption properties vary with wavelength.  

 A standard material reflects almost all the wavelengths of the 

region in which the absorption occurs. Some suitable standard materials 

include BaSO4, Halon, and Teflon. For powdered and pellet samples, 

which possess a smaller grain size, it is assumed that the incident light 

diffuses uniformly in the sample; hence, the scattering is almost constant 

in this case.  Thus, the K-M function becomes proportional to the 

absorption coefficient in such sample materials, and is written as  
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(𝑅∞) ∝ ά        (2.11) 

Here, ά is the energy of the absorption coefficient of the material. Hence, 

in the research work presented here, the evaluation of the absorption 

coefficient is noted with respect to the incident wavelength/energy, 

which has been studied in terms of the K-M function. 

 

2.4 Raman Spectroscopy 

2.4.1 Introduction 

Raman spectroscopy is a versatile and non-destructive technique 

used to obtain descriptive information about the vibrational and bonding 

behaviour of a material, thereby providing detailed chemical 

information about the material's structure and composition. In Raman 

spectroscopy, the sample is illuminated with monochromatic light 

(usually laser light) in the visible and near-infrared regions [115–118]. 

During laser illumination, the maximum amount of light is scattered 

without any loss of energy, which does not provide detailed information 

about the material. This phenomenon is known as Rayleigh scattering. 

A small portion of the light scattered gains or loses some energy to 

molecular vibrations, which are reflected in the change of wavelength 

(colour) of these vibrations. The scattering effect that occurs is called 

Raman scattering and is also known as the Raman effect. Raman 

spectroscopy provides the chemical fingerprint of the molecule by 

generating information about the molecular vibrations, the material’s 

composition and its structure. It is a highly sensitive spectroscopic 

technique that provides detailed, unique information about the sharp 

peaks observed in the Raman spectra, which correspond to a particular 

molecular vibration and can reveal information about the concentration, 

identity, phase, polymorphic properties, and morphological 

characteristics of the material.  

 



Experimental Techniques 

57 

2.4.2 Raman Scattering 

In the Raman scattering process, the energy and the direction of 

the incident photon change after the scattering process. Whenever the 

light interacts with the matter, three main phenomena occur: absorption, 

transmission, and reflection.  However, a portion of the light is scattered 

back, which includes the components of Rayleigh, Stokes, and Anti-

Stokes Raman scattering lines. The scattering processes could be elastic 

or inelastic. In elastic processes, the energy (or the wavelength) of the 

scattered light remains the same, whereas in inelastic processes, the 

energy changes after scattering from the original one. Rayleigh 

scattering is elastic scattering, whereas Stokes and anti-Stokes Raman 

scattering come under the inelastic scattering processes. Figure 2.7 

illustrates the three Raman scattering processes. In Raman-Stokes 

scattering, the interaction of the photon with the material results in the 

excitation of the photon to a higher energy state, known as a virtual state. 

After this excitation, the material relaxes back to one of the higher 

vibrational energy states. Throughout the process, the material gains 

energy from the incident photon; hence, the scattered photon possesses 

lower energy. This scattering process is known as Stokes Raman 

scattering, resulting in longer-wavelength photons. On the other hand, 

Raman anti-Stokes scattering occurs when a molecule already exists in 

a higher vibrational energy state; it then interacts with the photon and 

transitions to a virtual state. After this, the molecule relaxes back to a 

level having low vibrational energy, and hence, the photon in this 

scattering process gains energy with decreased frequency or wavelength. 

Figure 2.8 illustrates the transitions corresponding to Rayleigh, Stokes 

and anti-Stokes Raman scattering lines. In the Raman application, we 

generally observe the Stokes lines, as anti-Stokes lines are weaker, 

which depends on the population of the molecule being in the higher 

energy vibrational state.  For a material to exhibit the Raman effect, it 

must be Raman active, meaning that its vibrational modes must follow 

certain selection rules. Even when this condition is satisfied, the number 

of Raman-scattered photons generated is extremely low, making their 
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detection challenging against the overwhelmingly larger population of 

incident photons and the strong elastic scattering background (Rayleigh 

scattering). Rayleigh-scattered photons retain the same wavelength as 

the excitation laser, where optical filters are used to selectively remove 

those photons. This prevents the suppression of the weaker Raman 

signals. 

 

 

Figure 2.7 Raman scattering exhibiting three types of processes resulting from 

the interaction of the light with the molecule 

 

 

Figure 2.8 Schematic representation of the Raman scattering phenomenon  
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In contrast to infrared spectroscopy, where vibrational modes 

become active only if they involve a change in dipole moment. Whereas 

Raman spectroscopy requires a change in the molecule’s polarizability, 

essentially a change in the distribution or distortion of its electron cloud 

during vibration. Vibrational modes that induce such variations in 

polarizability can undergo inelastic scattering, producing measurable 

Raman shifts. Each feature in a Raman spectrum corresponds to a 

distinct molecular vibrational mode, although the relative intensities of 

these peaks can vary widely. In general, vibrational modes that are 

associated with homonuclear bonds, such as C─C and C═C, tend to 

generate stronger Raman responses because they more readily modify 

polarizability. Conversely, vibrations involving more polar bonds like 

C─O or O─H often appear weaker in the Raman spectrum. However, 

molecular symmetry can significantly influence these trends, and in 

some cases, highly symmetric polar groups, such as phosphate units, can 

also produce intense Raman bands. In the present research work, a 

commercial high-resolution dispersive spectrometer has been used, 

which consists of excitation sources of two solid-state lasers having 

excitation wavelengths of 532 nm and 785nm, and a Helium-Neon gas 

laser of 633 nm excitation wavelength. A representative diagram of a 

typical Raman spectrophotometer [117, 118] is shown in Figure 2.9.  

 

Figure 2.9 Schematic representation of a typical Raman Spectrometer 
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2.4.3 Classical Theory of Raman Scattering  

In the classical picture, molecules are considered to be an 

ensemble of atoms exhibiting simple harmonic vibrations, without 

having quantization of energy levels. In the classical picture, the 

electromagnetic field changes the electric dipole moment of the 

molecule or the solid. Such an induced dipole moment possesses the 

frequency of the oscillation as that of the incident wave. The incoming 

incident light possesses a time-dependent oscillating electric field, 

which is given as  

𝐸⃗ = 𝐸0⃗⃗⃗⃗ cos𝜔𝑖𝑡        (2.12) 

Where E0 represents the amplitude, and ωi gives the angular frequency 

of the incident oscillating electric field. This oscillating electric field 

induces a dipole moment, which is given by  

𝜇 = 𝜌𝐸       2.13 

Here, ρ is the proportional quantity, represents the induced polarizability 

of the molecule, and represents a tensor quantity of second order rank 

given by the equation below 

 𝜇𝑥 =    𝜌𝑥𝑥𝐸 𝜌𝑥𝑦𝐸 𝜌𝑥𝑧𝐸

 𝜇𝑦 =     𝜌𝑦𝑥𝐸 𝜌𝑦𝑦𝐸 𝜌𝑦𝑧𝐸

𝜇𝑧 =     𝜌𝑧𝑥𝐸 𝜌𝑧𝑦𝐸 𝜌𝑧𝑧𝐸
           (2.14) 

From these relations, it becomes evident that the three cartesian 

components of the electromagnetic field interact with the nine 

independent components of the polarizability tensor, which gives rise to 

the three corresponding components of the induced dipole moment. 

However, in most cases, ρ is a symmetric tensor, hence there lefts only 

six independent elements of the polarizability tensor. Let's consider first 

that the incident light is polarized in the x-direction and induces a dipole 

moment only in the x-direction, then the above equation reduces to  

𝜇𝑥 =    𝜌𝑥𝑥𝐸        (2.15) 

In the simplest form, the above equation can be rewritten as  
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𝜇 = 𝜌𝐸⃗          (2.16) 

Now, substituting the expression of the electric field from equation 1 in 

the above equation, we get    

𝜇 = 𝜌𝐸0 cos𝜔𝑖𝑡         (2.17) 

Here, the electric field is assumed to oscillate along the x-axis, which 

induces a dipole moment in the same direction. Classical 

electrodynamics states that an oscillating dipole radiates at the same 

frequency as its own frequency of oscillation. Therefore, if the 

molecular polarizability ρ remains constant with time, the induced 

dipole will simply reradiate light at the incident angular frequency 𝜔𝑖, 

which gives rise to the Rayleigh scattering. 

If the polarizability ρ includes the components that vary with the 

vibrational motion of the molecule, these fluctuations introduce a 

change in the incident electromagnetic field. As a result of this time-

dependent polarizability associated with molecular vibrations, 

additional frequency components, which are shifted relative to the 

excitation frequency, appear in the scattered light. For the mathematical 

representation of a specific vibrational mode or lattice oscillation, it is 

typically modelled as a harmonic oscillator of angular frequency 𝜔𝑟, 

whose time-dependent amplitude is expressed by the relation,  

𝒬 = 𝒬0 cos𝜔𝑟𝑡       (2.18) 

For the small amplitude of vibration, expanding the polarizability in the 

Taylor series expansion around the equilibrium (𝒬 = 0), then the 

polarizability can be written as 

𝜌 = 𝜌{𝒬} = 𝜌0 + {
𝛿𝜌

𝛿𝒬
}
0
𝒬 +⋯…          (2.19) 

If we consider the terms only up to first order, and combine equations 

6,7, and 8, then we get the equation 9 as  
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𝜇 = [𝜌0 + {
𝛿𝜌

𝛿𝒬
}
0
𝒬0 cos𝜔𝑟𝑡] 𝐸0 cos𝜔𝑖𝑡 ……           (2.20) 

 

𝜇 = 𝜌0𝐸0 cos𝜔𝑖𝑡 + {
𝛿𝜌

𝛿𝒬
}
0
𝒬0 cos𝜔𝑟𝑡 ∗ 𝐸0 cos𝜔𝑖𝑡         (2.21) 

𝜇 = 𝜌0𝐸0 cos𝜔𝑖𝑡 + 
1

2
{
𝛿𝜌

𝛿𝒬
}
0
𝒬0𝐸0 cos{𝜔𝑟 − 𝜔𝑖}𝑡 +  

1

2
{
𝛿𝜌

𝛿𝒬
}
0

𝒬0𝐸0 cos{𝜔𝑟+𝜔𝑖}𝑡      (2.22) 

 

 The above equation (equation 11) signifies that incident light will be 

scattered into its parts. The first term will contain the coherent Rayleigh 

Raman scattering, where there will not be any change in the phase, and 

the frequency of the scattered light, and the phenomenon will occur in 

all types of substances. There will be a change in the frequency and 

energy of the second and third term, which represents the Raman 

scattering term. The lower-frequency terms represent Stokes Raman 

scattering, giving rise to Raman Stokes lines, and the higher-frequency 

terms give rise to anti-Stokes Raman scattering, which will give the anti-

Stokes Raman lines in the spectrum, as shown in Figure 2.8.    

 

2.4.4 Quantum Theory of Raman Scattering  

2.4.4.1 Vibrational Raman Spectra 

In the quantum theory, Raman Scattering can be understood in 

terms of the collision between the incident light beam and the molecules 

of the sample material. After the collision, the energy of the molecules 

will get changed and new energy state will follow the law of 

conservation of energy, hence it can be written as   

𝐸𝛼 +
1

2
𝑚𝑣2 + ℎ𝜈 =  𝐸𝛼⋆ +

1

2
𝑚𝑣⋆

2
+ ℎ𝜈⋆         (2.23) 

where, 𝐸𝛼 , 𝑣, 𝑎𝑛𝑑 𝜈 are the energy, velocity, and frequency of the 

molecule before the collision, and the  𝐸𝛼⋆ , 𝑣
⋆, 𝑎𝑛𝑑 𝜈⋆ represents these 
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quantities after the collision, respectively. By neglecting the change in 

the velocity of the molecule, above equation can be written as  

𝐸𝛼 + ℎ𝜈 =  𝐸𝛼⋆ + ℎ𝜈
⋆        (2.24) 

𝜐⋆ =
𝜐+(𝐸𝛼−𝐸𝛼⋆)

ℎ
         (2.25) 

𝜐⋆ = 𝜐 + Δ𝜐      (2.26) 

𝜐⋆ − 𝜐 = ± 𝜐𝑐 ≈ Δ𝜐        (2.27) 

Now, from above equations, it can be concluded that  

1) For 𝐸𝛼 = 𝐸𝛼⋆ , frequency difference is zero here (No Raman 

Shift), which means that the collision is elastic as there is no 

change in the kinetic energy. This case corresponds to the 

Rayleigh Raman scattering.  

2) 𝐸𝛼 > 𝐸𝛼⋆ (𝜐
⋆ > 𝜐), which means the molecule already existed 

in the excited state and after collision the energy was lessen to 

the incident photon. Hence the photon energy increases after 

collision which corresponds to the Anti-Stokes Raman 

scattering.  

3) 𝐸𝛼 < 𝐸𝛼⋆ (𝜐
⋆ < 𝜐), which means molecules gains some energy 

from the incident photon and hence the scattered photon will 

have less energy after the collision, hence corresponds to the 

Stokes Raman lines.  

2.4.4.2 Pure Rotational Raman Spectra  

A rigid rotator is considered to have the energy given by  

𝐸𝑟 =
ℎ2

8𝜋2𝐼𝑐
𝐼(𝐼 + 1)       (2.28) 

where Ic is the moment of inertia of the molecule. The following 

selection rule are followed in the rotational Raman spectrum,   

Δ𝐼 = 0,∓2       
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where, Δ𝐼 = 0 will give rise to the scattered Raman radiation of the same 

energy (frequency) and hence will correspond to Rayleigh-Raman 

scattering.  

Δ𝐼 = +2, will correspond to the Stokes’ Raman lines (lower frequency) 

Δ𝐼 = −2, corresponds to the anti-Stokes Raman lines (higher 

frequency) 

 

 

Figure 2.10 Schematic shows the representation of rotational Raman Spectra 

 

The rotational Raman shift corresponding to the Δ𝐼 = +2 will give 

Raman Anti-Stokes lines and is represented by  

Δ𝜈̅ =
ℎ2

8𝜋2𝐼𝑐
[(𝐼 + 2) (𝐼 + 3) − (𝐼 + 1)]       (2.29) 

Δ𝜈̅ = 2𝐵(2𝐼 + 3)      (2.30) 
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Here,  

B =
ℎ2

8𝜋2𝐼𝑐
        (2.31) 

The rotational Raman shift corresponding to the Δ𝐼 = −2 gives Stokes 

Raman lines and is represented as  

Δ𝜈̅ = 2𝐵(2𝐼 + 3)        (2.32) 

By combining both the above equations, Ramn Shift is reprinted by   

Δ𝜈̅ = ∓2𝐵(2𝐼 + 3), 𝐼 = 0,1,2,3, …          (2.33) 

Raman Shift in terms of wavenumber is given by  

Δ𝜈̅ = 𝜈𝑠̅ − 𝜈𝑎𝑠̅̅ ̅̅          (2.34) 

Here, 𝜈𝑠̅ represents the wavenumber of the exciting radiation, and 𝜈𝑎𝑠̅̅ ̅̅  

corresponds to the wavenumber of the scattered radiation. The 

corresponding obtained rotational Raman spectra is shown in the Figure 

2.10. Hence, from the information of the Raman shifts, the lattice 

dynamics of the system can be understood, which provides fundamental 

insights into the structural dynamics of the system.  
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Chapter 3   

 

Influence of Fe substitution on the 

structural and optical properties of 

Gd2TiO5 ceramic 

 

Subtle variations in metal-oxygen bond lengths play a pivotal role in 

shaping the electronic band structure of oxide materials by regulating 

orbital interactions within the lattice. In the present study, this structure-

property interplay is experimentally demonstrated for Gd₂TiO₅, an 

example of a mixed seven- and five-fold coordination lanthanide titanate 

system. Precise structural insights obtained from the Rietveld 

refinement, along with optical absorption measurements, reveal that 

changes in the local bonding geometry systematically influence the band 

gap through modifications in titanium (d)-oxygen(p) hybridization. 

These findings highlight the effectiveness of combining the structural 

refinement and optical absorption spectroscopy as accessible 

experimental tools for uncovering bond length-dependent electronic 

behavior and emphasize the potential of bond length control as a viable 

route for band gap engineering in complex oxide materials. 

 

3.1 Introduction  

Rare-earth titanates, specifically lanthanide titanates, which are 

part of the R2O3-TiO2 (R is a rare-earth element) binary system with 

complex compositions, exhibit interesting physical, structural, and 

chemical properties [37, 119, 120]. Due to their ability to withstand high 

thermal and chemical resistance against radiation damage, caused by 
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high-energy particles, these complex oxide materials find wide 

applications in the nuclear, radiation industry [37, 68, 121–123] and are 

used for the geological disposal of high-level radioactive waste [124, 

125], which includes high radioactive elements like Plutonium, 

Neptunium, and other minor actinides. Complex oxides in this category 

include perovskites (RTiO3), pyrochlore structures (R2Ti2O7) [6, 123, 

126], δ-phase (R4Ti3O12) compounds, lanthanide-rich titanates 

(Ln₄Ti₉O₂₄, Ln₂Ti₃O₉). In this category, perovskite and pyrochlore 

structures have been rigorously studied by researchers due to their 

enormous technological applications in the fields of optics and the 

nuclear industry [6, 127–129].  

In this category, perovskites and pyrochlores (Ln2Ti2O7) have 

been previously studied by researchers due to their numerous 

technological applications in the fields of optics and the nuclear industry. 

Additionally, in all of the above compositions, Ti exists in a sixfold 

coordination geometry and forms the corner-sharing octahedral 

network. In this ternary Ln-Ti-O phase system category, a unique crystal 

structure of A2BO5/R2TiO5 (where R is the lanthanide or Y, Sc; B = 

tetravalent or pentavalent transition metal or group 14 element) was 

found to emerge, as reported by Mumme et al. [41, 130], where Ti+4 was 

found to possess five-fold coordination with an off-centred square 

pyramid geometry, forming a TiO5 polyhedron. The rare-earth cation R3+ 

or Ln3+ is coordinated with seven oxygen atoms and crystallizes into the 

RO7 polyhedron, which is also a quite unusual coordination number as 

seen in conventional perovskite and other oxide structures containing a 

Titanium atom. Almost all the lanthanide elements, starting from 

lanthanum to Lutetium and including yttrium, crystallize into the same 

composition of R2TiO5 [28, 130]. Hence, the composition 

R2TiO5/Ln2TiO5 exhibits a unique structural chemistry, characterized by 

a rare combination of coordination numbers of five and seven, which are 

rarely observed in nature [131].  A notable point is that all these rare-

earth titanates of Ln2TiO5 composition exhibit interesting polymorphic 

properties [19, 34, 75, 132], whereby they transform into different 
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phases corresponding to changes in temperature, pressure [42], and the 

size of the rare-earth cation atom [132]. For example, the orthorhombic 

structures of Ln2TiO5, where Ln is Sm, Tb, and Dy, transform to 

hexagonal polymorphs at temperatures above 1300 °C. Lanthanides 

titanates having an ionic radius less than of Ho transform to the cubic 

pyrochlore structure, which possesses antisite defects. In general, 

titanates having rare-earth A-site cations of larger size, i.e., lighter 

elements (Ln = La-Sm), exist in the orthorhombic phase at all 

temperature ranges. The rare-earth cations with a smaller A-site cation 

radius (Er-Lu, Sc) exhibit the cubic phase [19, 34, 133]. The Ln2TiO5 

compounds, having intermediate lanthanide elements (Ln = Eu-Ho and 

Y), are found to exist in the orthorhombic phase [28, 34] at low 

temperatures, exhibit a symmetric hexagonal polymorph (P63/mmc 

space group) at intermediate temperature ranges, and at higher 

temperatures, the cubic phase exists with partial cation disordering 

[121]. These thermally driven transformations occur around a particular 

temperature, described as an order-disorder transformation temperature 

[74]. For Gd2TiO5, the polymorphic transformation occurs from the 

orthorhombic phase to the hexagonal phase [74, 133, 134] around the 

temperature of 1700 °C, and then it melts around the temperature of 

1790 °C. Similarly, Dy2TiO5 exhibits two reversible polymorphic 

transformations: from the Orthorhombic to the Hexagonal phase at 1370 

°C, and then transforms to the Cubic Phase at 1680 °C. At room 

temperature, Gd2TiO5 was found to exist in the orthorhombic phase with 

the Pnam space group [26, 28], where the Gd-atom cation forms a 

monocapped octahedron, surrounded by seven oxygen atoms, and the 

resulting geometry is referred to as the capped trigonal prismatic 

molecular geometry. The Ti atom is coordinated with five oxygen atoms 

and forms a TiO5 polyhedron, and hence forms a distorted square 

pyramidal geometry [74]. Now, most of the titanium-based binary rare-

earth oxides and other conventional oxides having the titanium atom are 

found to exist mostly in the tetrahedral geometry or the octahedral 

geometry surrounded by six oxygen anions. As it is well known that in 

the case of transition metal oxides, the crystal field splitting results in 
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the lifting of the degeneracy of the 3d orbitals of the transition metal ion, 

which results in a threefold degenerate t2g level at the lower energy state 

and a twofold degenerate eg, energy level at a slightly higher state [135]. 

Now, this is true only in the case of an octahedral geometrical cage. In 

the case of the tetrahedral systems, the doubly degenerate eg states, states 

occupy the lower energy as compared to the triply degenerate t2g states. 

Thus, the structural geometry of the compound plays a very significant 

role in deciding the crystal field splitting in transition metal oxides. In 

materials such as Ln2TiO5 (Ln = La, Pr, Nd, Sm, Gd, and Dy), the Ti 

atom is surrounded by five oxygen anions in a square pyramidal 

geometry, a very rare case seen in Ti-bonded compounds [131, 136]. 

Hence, one may expect a different behavior of the crystal field and thus 

splitting in these rare-earth titanates, which are further expected to 

modify the electronic, optical, and other properties of the material. 

Keeping this in mind, the present study aims to investigate the effect of 

Fe substitution at the Ti-site in parent Gd2TiO5 on the optical properties 

of these compounds. To further explore and understand the observed 

results, ab initio calculations were carried out using Density Functional 

Theory. 

 

3.2 Experimental Section  

The polycrystalline powder samples of Gd2TiO5 have been 

synthesized using the conventional solid-state reaction method [91, 95]. 

The stoichiometric amounts of gadolinium oxide (Gd2O3) and titanium 

oxide (TiO2), with a phase purity of 99.99%, were used as precursors. 

They were then mixed thoroughly and ground in an agate mortar pestle 

in isopropyl alcohol for at least four hours. For the synthesis of Fe-

substituted Gd2TiO5 series, Iron oxide (Fe3O4), with 99.99% phase 

purity, was taken in the stoichiometric amount and ground along with 

the above precursor materials to form the composition of Gd2FexTi1-xO5. 

The powder samples with Fe percentages of x = 0.05, 0.07, and 0.10 

were nomenclated as Fe5% GTO, Fe7% GTO, and Fe10% GTO, 
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respectively. The grounded powder samples were then calcined at 1300 

°C for 24 h with intermediate grinding and heat treatments of 1000 °C 

and 1250 °C in the muffle furnace. The final sintering process was 

carried out at 1350 °C. 

 

3.2.1 X-ray Diffraction Analysis   

The X-ray diffraction (XRD) measurements [26] were 

performed on the sample series using the Bruker D8 diffractometer 

equipped with a Cu-target of Kα wavelength of 1.5405 Å. The operating 

voltage and the current of the diffractometer were set to be 40 kV and 

40 mA, respectively. The XRD data were collected in the angular range 

of 2θ varied from 10° to 90° with a step size of 0.02°. For the 

crystallographic and structural parameter information, Rietveld 

refinement was performed on all the series samples using the FullProf 

Software [137–139]. Refinement was carried out considering the 

orthorhombic [25, 28, 140–142]and the Pnam space group of the 

samples. For fitting the peaks, the pseudo-Voigt function was used with 

the 6-polynomial background method. For further extraction of 

structural information, including lattice parameters, bond lengths, and 

bond angles, the VESTA (Visualization for Electronic and Structural 

Analysis) software has been utilized [143–145].  

 

3.2.2 Optical Absorption Spectroscopy 

The optical absorption spectra [146] of parent and Fe-substituted 

samples were taken at room temperature using the high-precision UV–

Vis diffuse reflectance spectrophotometer [147–149]. Data was 

collected in the diffuse reflectance mode [106, 109, 150–152] in the 

wavelength range of 200-900 nm. The detailed analysis of diffuse 

reflectance spectroscopy (DRS) has been discussed in Chapter 2.  
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3.2.3 First-Principles (ab-initio) Calculations 

The first-principles calculations were conducted using the 

Quantum Espresso (QE) software [153], specifically employing the 

plane-wave self-consistent field (PWscf) method [154]. Heyd–

Scuseria–Ernzerhof (HSE06), a popular and trustworthy hybrid 

functional [155–157] was employed for all calculations with the mixing 

parameter () set at 25%, and its screening parameter was set at 0.2 Å-

1. The exchange-correlation energy is calculated as; 

            𝐸𝑋𝐶
𝐻𝑆𝐸 = 𝑎¢𝐸𝑋

𝐻𝐹,𝑆𝑅 + (1 − 𝑎¢)𝐸𝑋
𝑃𝐵𝐸,𝑆𝑅 + 𝐸𝑋

𝑃𝐵𝐸,𝐿𝑅 + 𝐸𝐶
𝑃𝐵𝐸    (3.1)        

where, a¢𝐸𝑋
𝐻𝐹,𝑆𝑅

, 𝐸𝑋
𝑃𝐵𝐸,𝑆𝑅

 and 𝐸𝑋
𝑃𝐵𝐸,𝐿𝑅

 are short- and long-range HF and 

PBE exchange functionals, and 𝐸𝐶
𝑃𝐵𝐸 shows the PBE correlation energy. 

 represents the HF mixing constant using the perturbation theory. A k-

mesh with dimensions of 7 × 7 × 7 was used in the first Brillouin zone 

for both pristine and doped structures. Self-consistent calculations were 

used with an energy convergence value of 2 × 10-6 eV, and forces per 

atom were reduced to 0.05 eV [158999]. 

 

3.3 Results and Discussion  

3.3.1 X-ray Diffraction and Rietveld Refinement Analysis  

The X-ray diffraction measurements were carried out on the 

synthesized samples of Fe-substituted Gd2TiO5 (Gd2Ti1-xFexO5, x = 

0.05, 0.07, and 0.10) to check the phase purity and structural 

characterization. The XRD pattern of all the prepared samples is shown 

in Figure 3.1. As can be seen from the diffraction pattern, no extra 

impurity peak has been observed in the analyzed 2θ range of 10-90 

degrees. Hence, all the samples were found to be in a single phase. The 

results agreed with the previous literature results of Gd2TiO5 and 

Ln2TiO5 series and suggested that Gd2TiO5 exists in the orthorhombic 

phase with the Pnam [25] space group (number 62) at room temperature. 

From the inset of Figure 3.1, it can be seen that the 2θ values are shifting 
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to lower values, indicating an expansion of the system with Fe 

substitution. This is expected, as the substitution of larger ionic radii of 

Fe (0.585 Å) at the Ti site (the ionic radius of Ti+4 is 0.51 Å) will tend to 

increase the lattice parameters, resulting in the elongation of the unit 

cell.  

 

 

Figure 3.1 X-ray diffraction data of pure and Fe-substituted Gd2TiO5. The inset 

shows the peak shift in the direction of the decrease in the diffraction 

angle with Fe-substitution in the sample 

 

For further extraction of crystallographic and structural 

information from the crystal structure, refinement was performed on all 

samples using the FullProf software package [137, 139, 159, 160]. A six-

degree polynomial was used for fitting the background pattern, and a 

pseudo-Voigt function was used for fitting the peak profile, respectively. 

The scale factor, Zero-shift, lattice parameters, profile shape parameters, 

and Wyckoff positions were refined sequentially to achieve stability and 

convergence in the refinement pattern. The quality of the refinement fit 

was ensured by evaluating the values of standard reliability factors Rp 

and χ², which indicated a good agreement between the observed and 

calculated diffraction profiles. These refinement results confirmed the 

phase purity and structural reliability of the synthesized Fe-substituted 

Gd2TiO5 series. The refined patterns of pure Gd2TiO5 and 10% Fe-
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substituted samples are shown in Figure 3.2a and b, respectively. The 

crystal structure was extracted from the CIF file, obtained from the 

refinement results using the VESTA (Visualization for Electronic and 

Structural Analysis) software.  

 

 

 

Figure 3.2 Rietveld refinement pattern of a parent and b 10% Fe-substituted 

Gd2TiO5 powder samples using the Pnam space group. The inset of the 

figure shows the magnified view of the refinement data, which 

confirms the quality of the refinement 
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Figure 3.3 a Crystal structure of orthorhombic Gd2TiO5, b shows the GdO7 

polyhedra connected by a common edge. Lanthanide elements are 

seven-coordinated with oxygen and form a capped trigonal prismatic 

molecular geometry, c shows the TiO5 polyhedron, where the Ti is 

five-coordinated with oxygen anions, d shows the schematic of an 

augmented triangular prism 

 

The obtained crystal structure is shown in Figure 3.3a, along 

with the extracted titanium polyhedra (TiO5) and one of the gadolinium 

polyhedra (GdO7). As seen in the crystal structure of Gd2TiO5, the 

primitive unit cell contains four formula units of it. The titanium atom 

is surrounded by five oxygen atoms and forms the TiO5 polyhedron. The 

geometry of the TiO5 polyhedron is found to be square pyramidal, where 

four oxygen atoms form the square planar base and are bonded to the 

(a)

(b)

(c)

(d)
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Gd1 and Gd2 ions, as shown in Figure 3.3b. Out of these oxygens, two 

lie on the common edge, which connects the GdO7 and TiO5 polyhedra 

[28]. The 5th oxygen atom is bonded to another GdO7 polyhedron and 

lies on the apex position of the square pyramid, forming the shortest Ti-

O bond distance in the TiO5. The titanium atom is displaced slightly 

from this square base towards the apex position in the polyhedron. Both 

the Gd atoms are coordinated to seven oxygen atoms and form a capped 

trigonal prismatic geometry as shown in Figure 3.3c. The capped 

trigonal prismatic geometry can be understood as a structure where 

seven atoms or groups of atoms or ligands are arranged around a central 

atom, forming the vertices of an augmented triangular prism, as shown 

in Figure 3.3d.  

This interesting and unique combination of mixed seven- and 

five-fold coordination is structurally and geometrically rarely observed 

in materials science [41, 131]. This makes the square-pyramid geometry 

important from both structural and geometrical points of view. Most 

titanium-based transition metal oxides are found to have titanium atoms 

in the octahedral and tetrahedral cages. This makes the Gd2TiO5 

materials interesting from the structural, optical, and electronic property 

aspects, and it will be interesting to study how these properties are 

affected in the case of different crystal fields and geometrically distinct 

behavior.   

Table 3.1 Site occupancies and atomic position coordinates of the 

orthorhombic phase of Gd2TiO5 having the Pnam space group. The error in 

respective site occupancies is of the order of ~0.0003 Å 

Atom Wyckoff x y z Occupancy 

Gd1 4c 0.1369(8) 0.0574(9) 1/4 1 

Gd2 4c 0.3899(1) 0.2209(0) 3/4 1 

Ti 4c 0.1786(5) 0.3758(5) 1/4 1 

O1 4c 0.2046(4) 0.5238(4) 1/4 1 

O2 4c 0.4920(3) 0.6214(0) 1/4 1 

O3 4c 0.2957(2) 0.8886(0) 1/4 1 

O4 4c 0.0224(7) 0.3556(5) 1/4 1 

O5 4c 0.2525(2) 0.2397(5) 1/4 1 
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Table 3.2 Lattice parameter (a, b, c) results of Gd2TiO5 and Fe-substituted 

samples obtained from the refinement  

Sample a (Å) b (Å) c (Å) 

Gd2TiO5 10.487 11.309 3.7617 

Gd2Fe0.05Ti0.95O5 10.4938 11.297 3.7604 

Gd2Fe0.07Ti0.93O5 10.499 11.2932 3.7613 

Gd2Fe0.10Ti0.90O5 10.5051 11.2728 3.7628 

 

Table 3.3 The Ti-O(4) bond length and angles obtained from the refinement 

results of Gd2TiO5 and Fe-substituted samples  

Sample Ti-O(4)  

Bond-

length 

(Å) 

Angle 

(O(1)-Ti-

O(5)) 

Angle 

 (O(3)-

Gd(1)-

O(5)) 

Angle 

 (Gd(1)-

O(5)-Ti) 

Angle 

 (Ti-O(1)-

Gd(2)) 

Gd2TiO5 1.66(4) 143.7(19) 108.3(13) 123(3) 146.5(18) 

Gd2Fe0.05Ti0.95O5 1.68(3) 139.1(13) 110.6(10) 118.2(16) 142.2(12) 

Gd2Fe0.07Ti0.93O5 1.71(3) 139.6(15) 111.6(11) 118.9(16) 143.5(18) 

Gd2Fe0.10Ti0.90O5 1.74(3) 137.5(13) 115.1(9) 118.5(16) 141.1(12) 

 

 

To further extend the analysis of how the substitution of an 

impurity atom at the Ti site affects the crystallographic structure and 

optical properties of the material, we aimed to study the Fe-substituted 

Gd2TiO5 system, where Fe was substituted for Ti. The structural 

information, including Wyckoff position and site occupancy, was 

obtained from the refinement results for the parent Gd2TiO5 and Fe-

substituted samples and is presented in Table 3.1. The other information 

regarding the lattice parameters and bond lengths is noted in Tables 3.2 

and 3.3. The lattice parameter ‘a’ was found to increase systematically 

with increasing Fe-concentration. This is expected as the ionic radius of 

Fe [160, 161] (0.585 Å) is larger than the ionic radius of Ti (0.51 Å). 

Also, the Ti-O(4) bond length, which aligns almost in the ‘a’ lattice 

parameter direction, is found to be increasing with Fe concentration in 

this direction. This is also confirmed by the shift in the peak position 

towards lower 2θ values in the XRD pattern, indicating the expansion of 

the unit cell. From this, it can be inferred that Fe substitution at the Ti 



Chapter 3 

78 

 

site results in the distortion of the Ti-O5 polyhedron in the Gd2TiO5 

crystal structure.  

The distortion in the lattices of five-coordinate metal complexes 

was explained by Addison and co-workers [162], who defined a 

geometric parameter ‘τ5’ called the “Index of the degree of trigonality” 

and focused on the five-coordinate copper (ІІ) complexes.  According to 

Addison’s model, the geometry of mostly five-coordinate complexes 

lies on a continuum defined by two extreme geometries, square 

pyramidal and trigonal bipyramidal structure [131], where he identified 

the two largest angles in the corresponding geometries and gave an 

expression:  

𝝉𝟓 = 
(𝒃𝟏−𝒂𝟏)

𝟔𝟎
 (3.2) 

Here, ‘α1’ and ‘β1’ [131] represents the two largest angles in the 

respective geometries as shown in Figure 3.4a. For ideal square 

pyramidal geometry, α1=β1=180º, whereas for the perfectly trigonal 

bipyramidal structure, α1 is 120º and β1 is 180º. Hence, ‘τ5’ comes to ‘0’, 

[163] for a perfect square pyramidal structure and becomes ‘1’ for the 

ideal trigonal bipyramidal structure as depicted in Figure 3.4b.  

By estimating the value of this parameter, we can measure the 

distortion within the five-fold coordinated metal complexes. A variety 

of literature exists that is based on the application of the τ5 parameter 

[164]. 
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Figure 3.4 a and b The schematics of ideal square pyramidal (C4v) and trigonal 

bipyramidal (D3h) geometries [17, 23] exhibiting the transformation 

from square pyramid to distorted trigonal bipyramid geometry 

 

Table 3.4 The observed geometrical parameters of the Ti-O5 polyhedron in the 

case of pristine Gd2TiO5 and Fe-substituted samples 

Sample O(5)-Ti-O(1)=1 

(°) 

O(3)-Ti-

O(3)=β1 (°) 
τ5 = (β1-1)/60 

Gd2TiO5 143.7(19) 162(3) 0.305 

Gd2Ti0.95Fe0.05O5 139.1(13) 147.5(13) 0.14 

Gd2Ti0.93Fe0.07O5 139.6(15) 148.4(19) 0.14667 

Gd2Ti0.90Fe0.10O5 137.5(13) 142(13) 0.075 

 

 

Therefore, in this study, we attempted to measure the lattice 

distortion in terms of the degree of the trigonality parameter ‘τ5’ for 

Gd2Ti1-xFexO5 (x = 0.05, 0.07, and 0.10) samples with an increase in the 

Fe substitution. The results are represented in Table 3.4. Surprisingly, in 

the present case, even though the value of parameter ‘τ5’ is approaching 

zero, the angles α1 and β1 are both deviating from 180°, suggesting the 

complexity of the Gd2Ti1-xFexO5 system. However, the ~0.30 value of 

‘τ5’ lying close to zero suggests the distorted square pyramidal geometry 

of Gd2TiO5. And as the Fe content increases in the system, the geometry 

seems to be approaching more closely to ideal square pyramid geometry.   
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Figure 3.5a and b show the systematic variation of Gd(2)–O(4) and Ti–O(4) 

bond lengths with the increased amount of Fe in Gd2TiO5. The bond 

lengths were showing the opposite trend with Fe-substitution 

 

For other structural information, variations in the Ti/Fe–O and 

Gd–O bond lengths were observed in proportion to the amount of Fe 

content. One of the Gd–O and Ti/Fe–O bond lengths was found to vary 

systematically with increased Fe concentration. The variation in the Gd(2)–

O(4) and Ti/Fe–O(4) bond lengths is shown in Figure 3.5a, b, respectively, 

where both the bond lengths show the opposite trend with increasing Fe 

concentration. 
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3.3.2 Optical Absorption Spectroscopy and Band Gap 

For further investigation of the optical properties and their 

correlation with the structural results, as well as their evolution with Fe-

substitution, optical absorption measurements were performed on the 

prepared samples. The optical absorption spectra were recorded in the 

wavelength range of 200-900 nm, using diffuse reflectance mode [165]. 

The diffuse reflectance was then converted into absorption spectra using 

the Kubelka-Munk function F(R) [108, 114, 151, 165]. In the optical 

absorption spectra [166–168], the absorption coefficient α [69-71], is 

proportional to Reflectance R by the Kubelka-Munk equation [169–171] 

as shown in the following relation: 

𝑭(𝐑∞) ≈ 𝜶 ≈
𝑲

𝑺
≈
(𝟏−𝑹∞)

𝟐

𝟐𝑹∞
   (3.3) 

here, 𝐹(R∞) is the Kubelka-Munk function (K–M), α is the linear 

absorption coefficient of the material, and K and S are the K-M 

absorption and scattering coefficients, respectively. The above equation 

is only valid for infinitely thick samples. 

𝑹∞ = 𝑹𝐬𝐚𝐦𝐩𝐥𝐞/𝑹𝐬𝐭𝐚𝐧𝐝𝐚𝐫𝐝 (3.3) 

Rsample is the diffuse reflectance [172, 173] of the given sample, and 

Rstandard is that of a standard specimen. The absorption coefficient α is 

related to the band gap Eg of the material by the Tauc equation, which is 

given as 

(𝛼ℎ𝑣)𝑛 = 𝐴(ℎ𝑣 − 𝐸𝑔) (3.4) 

where h is the photon energy, and A is the proportionality constant. For 

direct band gap transitions, ‘n’ has the value 2, and for indirect 

transitions, ‘n’ has the value 1/2. In our case, we have used ‘n’ as equal 

to 2 for considering indirect band transitions [54]. 

The optical absorption spectra of parent Gd2TiO5 and doped 

samples are shown in Figure 3.6. To determine the optical band gap, a 

graph was plotted between  (𝐹(R) × ℎ𝑣)0.5 and photon energy (hν) for 
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the diffuse reflectance spectra of Fe-substituted samples (Figure 3.7). 

The linear region in the diffuse reflectance spectra was fitted with a 

straight line to determine the band gap value of the prepared samples. 

The band gap of the parent Gd2TiO5 sample is found to be 4.12 eV, which 

agrees well with the previous literature [54], and it decreased to 3.11 eV 

for the maximum Fe-substituted (Gd2Ti1-xFexO5, x ~ 0.10) sample. The 

numerical values of the band gap of all Fe-substituted samples have been 

provided in Figure 3.8, where the variation in the band gap has been 

plotted as a function of Fe-substituted concentrations. It is observed that 

the band gap exhibits a systematic decrease as the Fe amount increases 

at the Ti site in Gd2TiO5. 

 

Figure 3.6 Optical absorption spectra of parent Gd2TiO5 and Fe-substituted 

samples, which have been taken in DR (diffuse reflectance) mode   
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Figure 3.7 Tauc’s plot showing the linear fit of the optical absorption spectra 

in the case of a parent Gd2TiO5 and b-d Fe-substituted Gd2Ti1-xFexO5 

(x=0.05, 0.07, and 0.10) samples, respectively 
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Figure 3.8 Variation of optical band gap (Eg) with Fe substitution in Gd2TiO5, 

obtained from the diffuse reflectance measurements 

 

To account for this behavior of the change of band gap in Fe-

substituted samples, it is necessary to further analyze the band structure 

and density of states of the prepared samples. It is important here to note 

that with Fe-substitution, a broad hump-like feature appears in the 

optical absorption spectra around ~ 3.0 eV. This may be due to the new 

states appearing below the conduction band due to the Fe substitution in 

Gd2TiO5 (See Figure 3.13b) as referred to in the subsequent section of 

the manuscript [174]. More extensive theoretical investigations will be 

necessary in this regard, which could be a separate topic for discussion.  

Some analysis part has been included in the last section of this study.  

  

3.3.3 Density Functional Theory Calculation 

To understand the experimentally observed trend of the optical 

band gap with increasing Fe concentration in Gd2TiO5 and how it is 

related to the electronic band structure of Gd2TiO5, the first-principles 

calculations were carried out using the density functional theory [175–

177]. Figure 3.9a, b shows the calculated band structure, along with the 

total and partial density of states plots for the pristine Gd2TiO5. From 
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eV, which is comparable to the experimentally observed value of ~4.12 

eV. It is observed that the conduction band minimum was dominated by 

O-2p and Ti-3d orbitals, and the valence band maximum is also mainly 

composed of Ti-3d and O-2p states, near the Fermi level (EF), which 

agrees well with the earlier studies carried out on the La2TiO5 and 

Dy2TiO5 by Niu et al. [178, 179]. Figure 3.10a, b shows the calculated 

band structure and the total and partial density of states for 10% Fe-

substituted Gd2TiO5, respectively, which was also found to possess an 

indirect band gap, and the value of the band gap decreases to ~3.05 eV, 

which is close to the experimentally obtained value of ~3.11 eV. Here 

also, the conduction band minimum is mainly composed of O-2p 

orbitals, along with some contributions from the Fe-3d and Gd-5d, and 

the valence band maximum is dominated by Ti-3d and Fe-3d orbitals 

near the Fermi level. Therefore, from the results, it is natural to expect 

that orbital overlap between Ti-3d and O-2p orbitals (p-d hybridization) 

can affect the structural and optical properties of pure Gd2TiO5 and Fe-

substituted samples. Hence, from the theoretical band structure 

calculations [180], it is clear that the band structure in these materials is 

governed by the Ti-3d and O-2p orbitals, and changes in orbital overlap 

(hybridization) between these orbitals can be a major contributing factor 

in altering the band gap properties.  
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Figure 3.9 Simulated a band structure and b partial density of states (PDOS) 

of pristine Gd2TiO5 

 

Figure 3.10 Simulated a band structure and b partial density of states of 10% 

Fe-substituted Gd2TiO5 substituted samples  
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3.3.4 Correlation between Band Gap and Bond Length 

From the first principle investigation, it is clear that the 

conduction band minima and the valence band maxima are dominated 

by the O-2p and Ti-3d orbitals. Hence, any variation in the Ti–O bond 

length and hybridization between Ti-3d and O-2p orbitals is expected to 

affect the electronic band structure and, hence, the variation of the band 

gap. To understand this, the variation in Ti/Fe-O bond length and the 

value of the band gap in pure and Fe-substituted Gd2TiO5 have been 

carefully investigated. As we revisit the refinement results, where one of 

the Gd-O and Ti/Fe-O bond lengths was varying systematically (Figure 

3.5a and b) with increasing Fe concentration, it was speculated that the 

variation in these bond lengths could be related to the systematic 

variation in the band gap. As both bond lengths showed an opposite trend 

with increasing Fe concentration, it is inferred that one of the bond 

lengths plays a key role and a deciding factor in the systematic variation 

of the band gap.  

Now, from the theoretical band structure calculations, it is clear 

that the band structure in these materials is mainly governed by the 

hybridization between Ti-3d and O-2p orbitals, and hence the change in 

the orbital overlap between these orbitals, originating from the change 

in the bond length, can be a major contributing factor in altering the band 

edge properties. From Figure 3.5, it can be inferred that as the Ti-O bond 

length increases with Fe substitution, a decrease is expected in the 

corresponding orbital overlap between O-2p and Ti-3d orbitals, resulting 

in the decrease in the band gap. In such cases, it is believed that more 

orbital overlap results in tighter bonding of electrons, leading to the 

higher value of the band gap. 

However, in general, it is also observed that more orbital overlap 

leads to an increase in the width of the conduction band and valence 

band [181], which may cause a decrease in the band gap. Here, it is 

important to note that the relative position of the valence band maxima 
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and conduction band minima on the energy scale is also equally 

important for the observed trend in the band gap. 

 The DFT calculations presented in Figure 3.10 clearly indicate a 

significant shift in the position of the conduction band minima to lower 

energy values and the valence band maxima to higher energy values with 

Fe-substitution, which, in the present case, may be responsible for the 

observed decrease in the band gap value. A similar kind of work has 

been reported in several studies [168, 182]. 

 

3.3.5 The Optical Absorption ‘Hump’ Analysis 

To investigate the optical properties of the Fe-substituted 

samples, Diffuse Reflectance Spectroscopy (DRS) has been performed 

on all the prepared samples, as discussed in the previous section. 

Gd2TiO5. The band gap of the pristine sample was found to be ~4.12 eV, 

which decreases to ~3.11eV for the 10% Fe-substituted sample. The Fe-

substituted samples were found to exhibit an interesting feature of a 

broad hump around ~3 eV, which is absent in the pure sample, as shown 

in Figure 3.11. This indicates there seems to be an emergence of some 

defect states with the Fe-substitution at the Ti-site. The intensity of the 

broad hump increases as the Fe amount in the sample increases, 

indicating an increase in defects in the system with Fe substitution. 
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Figure 3.11 Optical absorption spectra of Fe-substituted Gd2TiO5 series 

samples. The yellow-highlighted region shows the broad hump feature 

observed with Fe substitution in Gd2TiO5 

 

For further analysis of these results, theoretical calculations were 

performed with density functional theory using the Quantum Espresso 

software to simulate the optical absorption spectra of pure and maximum 

Fe-substituted Gd2TiO5, as shown in Figure 3.12a. The results agreed 

well with the experimental results and showed the emergence of hump 

features in the 10% Fe-substituted GTO sample. However, in the 

simulated spectra, we got two hump features instead of one broad hump. 

It appears that these two humps in the simulated optical spectra have 

been merged in the experimental data obtained from the DRS 

measurements. For the better understanding of these hump features, we 

have deconvoluted the simulated optical absorption spectra using the 

origin software. The peak positions of the two humps were found to be 

at 2.743 eV and 3.19 eV, which is shown in Figure 3.12b. Here, we also 

applied the Kubelka-Munk theory to calculate the band edges of these 

humps using the Tauc equation, and the band edges were found to be 

2.42 eV and 2.2 eV for humps 1 and 2, respectively. The linear fit of the 

band edges of the humps is shown in Figure 3.12c. 
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Figure 3.12a Simulated optical absorption spectra of pristine and 10% Fe-

substituted Gd2TiO5 

 

 

Figure 3.12b shows the deconvoluted peaks obtained from the simulated 

optical absorption spectra 
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Figure 3.12c shows the band-edge values obtained from the Tauc plot fitting 

for band gap calculations 

 

For further analysis of the results obtained from the experimental 

and theoretically simulated optical absorption spectra, the band structure 

calculation results were thoroughly analyzed. The band structure of the 

10% Fe-substituted sample is shown in Figure 3.13a. If we compare the 

band structure of the Fe10%_GTO sample with that of the pristine one 

(Figure 3.9a), an extra state appears to be present in the band structure, 

as marked 'a' in the enlarged view of the band structure near the 

conduction band, shown in Figure 3.13b. If we calculate the transition 

energy from the maximum of the state ‘a’ to the minimum of the state 

‘j’, the energy difference comes out to be 2.168 eV, which suggests this 

transition corresponds to the hump ‘2’ coming in the Fe10%_GTO 

(Gd2Ti0.9Fe0.1O5) sample. Similarly, the transition from the maxima of 

state ‘a’ to the minima of state ‘k’ or state ‘l’, which coincides with the 

same minimum energy, may be responsible for the appearance of hump 

‘1’ in the Fe-substituted samples [174]. These transitions are shown by 

marked arrows in Figure 3.13b.  
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Figure 3.13a Simulated band structure of 10% Fe-substituted Gd2TiO5 

substituted sample, b enlarged view of the band structure, showing the 

appearance of extra new state ‘a’ below the conduction band  
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defect states increases, the signature of which is reflected in the form of 

two broad peaks in the simulated optical absorbance spectra, merging 

into a broad hump in the experimental spectra. Therefore, it is speculated 

that the appearance of these defects state, below the conduction band, 

leads to a reduction in the band gap as the Fe substitution increases at 

the Ti site in Gd2TiO5.  

 

3.4 The Conclusion and Summary of the Results 

The Polycrystalline samples of pure and Fe-substituted Gd2TiO5 

were prepared using the solid-state synthesis method to investigate the 

structural and optical properties of the rarely observed square pyramidal 

geometry of the Titanium atom in Gd2TiO5. The X-ray diffraction 

techniques and Rietveld refinement were used to check the phase purity 

of the single-phase prepared samples, which revealed an orthorhombic 

structure and the Pnam space group of the synthesized samples. The 

variation in the lattice parameters and bond lengths was obtained from 

the refinement results, where the Ti–O and Gd–O bond lengths were 

found to exhibit the systematic variation with increasing Fe substitution. 

Further to investigate the optical properties, Diffuse Reflectance 

spectroscopy (DRS) measurements were used, and the optical band gap 

(Eg) was found to decrease systematically with Fe concentration 

indicating that the band gap of these materials is majorly controlled by 

the orbital overlap of Ti-3d and O-2p orbitals (p-d hybridization) and 

hence by altering the orbital overlap we can modify the band gap in these 

materials. Furthermore, these results were confirmed by density 

functional theory (DFT) calculations, which indicated that the states 

near the Fermi level are dominated by Ti-3d and O-2p orbitals, and thus 

play a crucial role in governing the band gap properties. 
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Chapter 4   

 

Experimental and First-principles 

Investigation on the Optical Properties 

of Eu- and Fe‑substituted Gd2TiO5  

 

Optical absorption spectroscopy serves as an essential experimental tool for 

analysing the effects of substitution/doping on materials’ optical and electronic 

properties by measuring their response in terms of wavelength-dependent 

absorption, reflectance, and transmission. This further provides information of 

bandgap coefficient, the shifting of band edges, dopant-induced states, and 

allowed sub-bandgap transitions, which directly gives the fingerprint of optical 

density of states and electronic transitions impacting light-matter interactions 

caused by substitution and doping effects. In this context, Eu and Fe have been 

systematically substituted for Gd- and Ti-site, respectively, in Gd2TiO5. For 

experimental support, Density Functional Theory (DFT) calculations have 

been performed, demonstrating the effectiveness of this approach in providing 

the computed band structure of altered electronic structure, electronic and 

phononic density of states (DOS), and charge distribution, thereby offering a 

comparison between the pristine and substituted crystal structures. By 

combining the mutually reinforcing applications of optical absorption 

spectroscopy and density of states theory, the controlled substitution effects can 

be observed in the materials’ optical and electronic properties, which can 

establish significant paradigms for designing novel rare-earth titanate 

complexes with tailored optical properties applicable in fields of 

optoelectronics and photonics.    
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4.1 Introduction  

Rare-earth titanates exhibit unique structural, physical, and 

optical properties, making them highly suitable for applications in the 

nuclear and radiation industries [22, 28, 53, 127, 185–188]. These 

materials are known for their high mechanical strength, as well as their 

excellent chemical and temperature resistance, which makes them 

effective in environments with high radiation flux, such as energy and 

nuclear settings [6, 25, 35, 37, 122]. This group of materials includes 

lanthanide perovskites (LnTiO3), pyrochlore-related structures 

(Ln2Ti2O7), and Ln4Ti9O24 compositions (where Ln is a lanthanide 

element from La to Lu) [121, 189, 190]. A particularly interesting 

member of this class is Ln2TiO5, in which the Ti atom adopts a rare five-

fold coordination geometry, a feature much less commonly observed and 

explored compared to other titanate systems. In this article, we focus on 

the Gd2TiO5, a compound from this category, which exhibits remarkable 

chemical and optical properties. 

These multicomponent transition metal oxides based on rare-

earth elements typically exhibit higher relative permittivity, enhanced 

thermal stability, and a high conduction band offset, making them an 

important class of materials for gate dielectrics [59]. Additionally, these 

oxides are highly valuable in the development of pH-ion-sensitive field-

effect transistor (ISFET)-based biosensors, owing to their remarkably 

high dielectric strength [77, 191]. For instance, a thin layer of Nd2TiO5 

is used in ISFET-based sensing devices [59] for deposition on the silicon 

substrates. ISFETs are solid-state electronic devices employed in 

microsensors to detect chemical ion concentrations in solutions.  

Gd2TiO5, with its unique electrochemical properties, emerges as a 

promising novel material for use as an anode in lithium and sodium-ion 

batteries, owing to its efficiency in ion transport and battery performance 

[192]. 

These rare-earth titanates exhibit an interesting phenomenon of 

polymorphism, where they can exist in multiple structural phases 
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depending on the temperature, pressure, and size of the lanthanide atom 

[69]. Specifically, Gd2TiO5 exists in two polymorphs: Orthorhombic and 

hexagonal [130, 193].  At ambient conditions, Ln2TiO5 compounds 

adopt the orthorhombic phase when the lanthanide element (Ln) is larger 

than Holmium (Ho). For lanthanide elements smaller than or equal to 

Yttrium (Y) (Dy-Lu, Sc, and Y), these compounds exhibit a cubic 

structure. In some cases, the cubic phase takes the form of a pyrochlore-

type structure having the Fd3-m space group, isostructural with 

Ln2Ti2O7. In other instances, a defect fluorite phase with Fm3-m 

symmetry is observed, where both A and B cations are disordered over 

a single site, with randomly arranged vacancies in the anion sublattice 

to maintain charge balance. A hexagonal polymorph (P63/mmc) occurs 

at higher temperatures (> 1350 °C) and under ambient atmospheric 

conditions for lanthanide elements from Europium (Eu) to Holmium 

(Ho). In the orthorhombic phase, the lanthanide element is coordinated 

in a seven-fold geometry, forming a monocapped octahedron [133]. The 

titanium atom adopts a five-fold coordination and exists in an off-centre 

square pyramidal geometry. No mixed-occupancy sites are found within 

this structural framework. 

The composition Ln2TiO5 is one of the least explored members 

of the rare-earth titanates, and features titanium polyhedra in a square 

pyramidal configuration, a geometry rarely observed in most titanium-

based transition metal oxides [41, 44]. Most titanium-based oxides are 

found to exist in four-fold or six-fold coordination, possessing 

tetrahedral and octahedral geometries. A significant amount of work has 

been done in this regard on perovskite (LnTiO3) and pyrochlore 

(Ln2Ti2O7) type structures. As discussed above, the existence of a Ti 

atom in a square pyramidal configuration is rarely observed; hence, it 

will be interesting to investigate the optical properties of such 

compounds. Additionally, the optical, electronic, and magnetic 

properties of Gd2TiO5 have not been explored yet experimentally as well 

as theoretically, except for a few works by Jafar and Balhara et al. [54] 

on the optical properties of Eu-doped Gd2TiO5 and the theoretical 
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studies of La2TiO5 and Dy2TiO5 by Hui Niu et al. [180]. The crystal 

geometry around a transition metal ion determines the crystal field 

splitting in an oxide material [64]. For instance, large splitting occurs in 

octahedral complexes as compared to the tetrahedral complexes [194]. 

The distortion and change in geometry lead to alterations in the spatial 

arrangement and interaction of atomic orbitals, which in turn modify the 

orbital overlap and hybridization, resulting in changes in the material's 

optical absorption and electronic band structure. Hence, crystal 

geometry can be used to tailor the electronic and optical characteristics 

for specific application [127, 130, 187]. The unique square pyramidal 

geometry of the TiO4 polyhedra in Gd2TiO5 makes the material 

interesting, particularly from a structural standpoint, and it raises the 

question of how this geometry influences the optical and electronic 

properties of the material. 

Being a wide-bandgap material, Gd2TiO5 absorbs most of the 

light in the UV range, which limits its applicability in light-emission 

processes. Hence, reducing its bandgap with doping or other means can 

be useful in light-emitting devices, photocatalytic, and solar cell 

applications. The tuning of the bandgap can be achieved by doping or 

substituting a suitable element, which alters the composition and 

structure, thereby modifying the orbital overlap and, consequently, the 

electronic bandgap structure of the material. A significant amount of 

research has been carried out in this area by tuning the bandgap of 

materials for optoelectronics applications through the substitution of 

suitable transition metal elements, such as Mn, Fe, Co, and Ni, or rare-

earth elements, including La, Sm, Eu, and Tb. In this regard, Y. Zhang 

and X. Xu have applied statistical analysis to the bandgap data of doped 

ZnO and doped TiO2, varying the synthesis methods and incorporating 

various dopant elements into the crystal structure of ZnO. A strong 

correlation was established among the lattice parameters, grain size, and 

bandgap of ZnO using the Gaussian process regression (GPR) model, 

which can serve as a guideline for selecting a material with a suitable 

bandgap [195, 196]. This will enable flexibility in selecting a material 
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with a specific bandgap, suitable for advanced applications in the fields 

of photonics and optoelectronics. 

The structural, optical, and electronic properties of oxide 

materials can be tailored through various methods, including 

compositional tuning, defect and stoichiometry engineering, strain 

control, and phase transformations driven by controlling temperature 

and atmospheric conditions. The most common way to tune the optical 

and electronic properties of a complex material is through compositional 

tuning, defect chemistry, and stoichiometry engineering, where 

aliovalent or isovalent doping can modify the lattice parameters, bond 

lengths, carrier concentration, and band structure by inducing defect 

states and altering crystal chemistry [197–202]. This gives precise 

control over the local symmetry of the material’s structure and bandgap 

properties. Keeping this in context, the strategic substitution of Eu+3 at 

the gadolinium Gd-site and Fe+3 at the Ti-site has been carried out in the 

Gd₂TiO₅, which belongs to the Ln2Ti2O5 family, which emerges as the 

least explored members of the rare-earth titanate complexes, and possess 

titanium polyhedra in a square pyramidal configuration, a geometry 

which has been rarely observed in most titanium-based transition metal 

oxides. A significant amount of work has been carried out on perovskite 

(LnTiO3) and pyrochlore (Ln2Ti2O7) and other structures featuring Ti in 

four-fold or six-fold coordination geometry, where the effect of 

geometry on the structural and optical properties has been rigorously 

studied.  As discussed above, the existence of a Ti atom in a square 

pyramidal configuration is rarely observed; hence, it will be interesting 

to investigate the structural and optical properties of such compounds. 

Additionally, the optical, electronic, and magnetic properties of complex 

oxide Gd2TiO5 have not been explored experimentally as well as 

theoretically, except for a few works carried out by M. Jafar and A. 

Balhara [203] on the optical properties of Eu-doped Gd2TiO5 and the 

theoretical studies of La2TiO5 and Dy2TiO5 by Hui Niu et al. [178]. In 

this respect, it will be of considerable interest to study Gd2TiO5, which 

lies at the midpoint of the rare-earth titanate series and serves as a 
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standard material for analyzing the structural and optical properties of 

the Ln2TiO5 series of rare-earth oxide materials. By controlling the 

substitution of Eu at the Gd site, perturbation can be induced in the 

cation radius, electronic configuration, crystal field environment [194, 

204], and in the defect states, which can affect f-electron interactions, 

influencing magnetic ordering, and can be further applied in the 

systematic tuning of luminescence behavior and charge compensation 

mechanisms. Similarly, the substitution of Fe³⁺ at the Ti4+ site changes 

the local bonding environments and modifies the octahedral distortion 

and introduces the mid-gap defect states. This further modifies the 

optical absorption edges and carrier dynamics, thereby impacting the 

conductivity, photocatalytic activity, and electronic transport behavior in 

advanced multifunctional oxides, such as Ln₂TiO₅ materials [205–208].  

Based on this, in this work, Eu and Fe have been substituted at 

the Gd-site and the Ti-site in the Gd2TiO5 to investigate the impact of 

substitution on the material’s structural and optical properties [204]. A 

detailed discussion of the work related to Fe-substituted Gd2TiO5 has 

been carried out in the previous work [209]. The previous work includes 

structural refinement results, where a systematic variation was observed 

in one of the Gd-polyhedral and Ti-polyhedral bond lengths, suggesting 

that a significant and dominant contribution can come from either Gd-

5d or Ti-3d orbitals at the band edges in these materials. To further 

explore these results, UV-visible spectroscopy was performed, 

revealing a consistent trend in the bandgap corresponding to the Fe 

substitution, which correlates with the observed trend in Ti–O bond 

length. These findings were confirmed by first-principles calculations 

using Density Functional Theory (DFT) with the Quantum-Espresso 

software. The total and partial density of states (TDOS and PDOS) plots 

revealed that the dominant contribution at the valence band edge and 

conduction band edge comes from the Ti-3d and O-2p orbitals, 

respectively. These results agree well with the previous work on these 

materials [180]. This suggests that the Ti–O bond length plays a critical 

role in determining the bandgap properties of these compositions. From 
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this, we inferred that substitution at the B-site (Ti-site) has a more 

significant impact on the optical properties than substitution at the A-

site in A2BO5-type compositions. To further investigate this idea, the 

present work extends our study to examine the optical properties of A-

site-substituted Gd2TiO5, where Eu is substituted at the Gd site, and 

compares the optical spectroscopy results for both Eu substitution at the 

A site and Fe substitution at the B site. To validate the results, theoretical 

calculations were performed with DFT using VASP software. 

4.2 Experimental Section 

4.2.1 Sample Synthesis 

The polycrystalline samples of Eu- and Fe-substituted Gd2TiO5, 

including the pristine one, have been synthesized by the solid-state 

reaction route [92, 209, 210]. For the synthesis process, the gadolinium 

oxide (Gd2O3), titanium oxide (TiO2), europium oxide (Eu2O3), and iron 

oxide (Fe3O4), all with a purity of 99.99% were taken in stoichiometric 

amounts to obtain the respective compositions of Gd2-xEuxTiO5 and 

Gd2Ti1-xFexO5, where x = 0.03, 0.05, 0.07, and 0.10. The stoichiometric 

amounts of the powders mentioned above were mixed thoroughly in an 

isopropyl alcohol medium and ground in an agate mortar pestle. The 

grounded samples were then subjected to heat treatments at 1000 °C, 

1250 °C, and 1300 °C, with intermediate grindings. The final sintering 

was done at 1350 °C for 24 h. 

 

4.2.2 X‑ray Diffraction Analysis 

The phase purity of the synthesized samples was characterized 

using a Bruker D8 diffractometer equipped with a Cu target and Kα 

wavelength of 1.5405 Å [103, 104, 211, 212]. The XRD pattern was 

taken in an angular range of 20-80° with a step size of 0.02°. To extract 

the structural information, Rietveld refinement was performed on all 

samples using the FullProf software, considering the Pnam space group 
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of the synthesized samples [92, 130, 138, 139, 213]. A pseudo-Voigt 

function with a six-polynomial fit was used to refine the data. For 

extracting crystallographic information about the crystal structure 

geometry and lattice parameters, VESTA (Visualization for Electronic 

Structural Analysis) software was used [143]. 

 

4.2.3 Optical Absorption Spectroscopy (OAS) 

Measurements 

UV–visible absorption spectroscopy was used to carry out 

optical absorption measurements on both series of Eu- and Fe-

substituted Gd2TiO5 samples [147, 166, 214, 215]. The optical 

absorption spectra were recorded using a UV-Vis-NIR 

spectrophotometer in the wavelength range of 200-900 nm at a scan rate 

of 60 nm/min [108]. BaSO4 (barium sulphate) was chosen as a reference 

material for the baseline due to its high reflectance properties, 

reproducible baseline, and low cost. The detailed procedure for optical 

absorption spectroscopy is presented in Chapter 2.  

 

4.2.4 Density Functional Theory Calculations 

Density functional theory (DFT) calculations for the density of 

states (DOS) of pure and Eu- and Fe-substituted Gd2TiO5 have been 

performed using the Vienna Ab initio Simulation Package (VASP) [216, 

217]. Charge densities were estimated through self-consistent field 

(SCF) calculations on 2 × 2 × 2 supercells. For Brillouin zone sampling, 

10 × 10 × 10 and 20 × 20 × 20 k-point grids were used in the Monkhorst-

Pack scheme for SCF and DOS calculations, respectively. The Perdew-

Burke-Ernzerhof (PBE) functional [156], which is based on the 

generalized gradient approximation (GGA), was employed for the 

exchange-correlation potential of electrons. Since the GGA alone is 

insufficient for accurately describing the strongly correlated d-electrons 

in these systems, we applied the GGA + U method, following the 
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Dudarev approach as implemented in the VASP software. To model ion-

electron interactions, we used projector-augmented wave (PAW) 

method-based potentials. A plane-wave energy cutoff of 500 eV and an 

energy convergence criterion of 10-4 eV were used in these calculations. 

 

4.3 Results and Discussion 

4.3.1 Material Characterization 

The rare-earth titanate Gd2TiO5, belonging to the Ln2TiO5 

composition, where Ln is the rare-earth element, was synthesized using 

the conventional solid-state synthesis method. Eu and Fe were 

substituted at the Gd- and Ti-sites, respectively, to form the respective 

compositions of Gd2-xEuxTiO5 and Gd2Ti1-xFexO5, where x = 0.03, 0.05, 

0.07, and 0.10. Figure 4.1 represents the X-ray diffraction data for pure, 

Eu-substituted, and Fe-substituted samples. No additional peak was 

found to be present in the X-ray diffraction patterns of both the Eu- and 

Fe-substituted samples, confirming the structural phase purity of the 

synthesized materials, which exhibit an orthorhombic phase and Pnam 

(62) space group [11, 133, 143, 218]. For the analysis of structural 

parameters, Rietveld refinement was performed on all the samples using 

the FullProf software [138, 213, 219, 220]. The pseudo-Voigt function 

was used to fit the peak shapes of the X-ray diffraction pattern. The 

refined patterns of the 10% Eu- and Fe-substituted samples, along with 

the pristine one, are shown in Figure 4.1a-c, respectively. For the 

visualization of the structure of the prepared samples, VESTA 

(Visualization for Electronic and Structural Analysis) software was used 

to extract the crystal structure geometry of the prepared samples [221]. 
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Figure 4.1a, b, and c show the representative Rietveld refined diffraction 

pattern for the pristine, Eu- and Fe- substituted samples (Gd2-

xEuxTiO5) and Gd2Ti1-x FexO5, x = 0.10), carried out using the FullProf 

software. The inset figures show the goodness of the fitted data and the 

phase purity of the respective samples 

 

Figure 4.2 shows the crystal structure of the primitive unit cell 

of Gd2TiO5, consisting of its four formula units, in which two Gd 

polyhedra (Gd1O7 and Gd2O7) are connected through a common edge. 

Each Gd atom is coordinated with seven oxygen atoms and forms the 

capped trigonal prismatic geometry. The Ti atom is coordinated with five 

oxygen atoms, O1, O3, O3’, O4, and O5, and forms a distorted square 

pyramidal configuration. The Ti-O5 polyhedron shares two common 

edges formed by O1, O3, and O3, O5 atoms, and a corner (formed by 

the O4 atom) with neighbouring Gd-O7 polyhedra, as shown in Figure 

4.2. The five-fold coordination number and the square pyramidal 

geometry formed by the Ti-O5 polyhedron are rarely observed in nature, 

which makes the Gd2TiO5 material interesting to study from the 

structural point of view [41, 131]. 
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Figure 4.2a Both Gd atoms exist in seven-fold coordination with oxygen and 

form a capped trigonal prismatic geometry. b The Ti-O5 polyhedron 

exists in the rarely observed distorted square pyramidal geometry. c 

The crystal structure of pristine Gd2TiO5 extracted from the VESTA 

software  

 

 

4.3.2 Optical Absorption Spectroscopy (OAS) 

The tailoring of the optical and electronic properties of a 

particular material by tuning its bandgap has enormous applications in 

the electrochemistry and optoelectronics industries. In contrast, diffuse 

reflectance spectroscopy (DRS) is an important tool for characterizing 

the optical properties of solid powder samples [214, 222, 223]. To 

investigate the optical properties of the Eu- and Fe-substituted samples, 

diffuse reflectance spectroscopy measurements were carried out on all 

the synthesized samples in the diffuse reflectance mode (DR). The 

optical spectroscopy data of the prepared samples have been analyzed 

by converting the obtained diffuse reflectance data into the Kubelka-

Munk function F(R) [114, 224, 225] using the following relation,  

𝐹(R∞)  ≈ 𝑎 ≈
𝐾

𝑆
≈
(1−𝑅∞)

2

2𝑅∞
 (4.1) 

  where, 𝑅∞ =
𝑅Sample

𝑅Standard
 

Here, 𝐹(R∞) is the Kubelka-Munk function, which is related to 

reflectance R by the Kubelka-Munk equation [112, 203, 226]. Here, S 

and K represent the scattering and absorption coefficients, respectively. 

 

(a) 

(b) (c) 
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Rsample and Rstandard represent the diffuse reflectance of the measured 

sample and standard sample, respectively. For the bandgap calculations, 

we followed the Tauc equation [167, 227], which relates the bandgap 

(Eg) of the material to the absorption coefficient (α) of the material 

through the Kubelka-Munk function and is given as 

𝐹(R) ∝ 𝑎 ∝
(ℎ𝜈−𝐸g)

1
𝑛

ℎ𝜈
  (4.2) 

Here, ‘n’ gives the nature of the transition that takes place from the 

valence band to the conduction band. Here, ‘n’ is equal to 2, represents 

the direct bandgap transitions, and ‘n’ is equal to ½, corresponds to the 

indirect bandgap transitions [228, 229]. We have considered Gd2TiO5 as 

an indirect bandgap material in our calculation based on the theoretical 

calculation reported earlier [203]. The optical absorption spectra for 

both the Eu- and Fe-substituted Gd2TiO5 samples are shown in Figure 

4.3a, b, respectively, where Eu substitution shows very small changes in 

the optical absorption spectra with increasing Eu content. In contrast, 

relatively greater changes are observed in the absorption spectra with 

the Fe amount. For the bandgap calculation, the absorption spectra of all 

the samples are fitted with Tauc’s equation, which is given by equation 

2. In the Tauc model, the optical absorption coefficient (here the 

F(R) ~ α) times the photon energy to the power ‘n’ is plotted against the 

photon energy (hν). The region of the Tauc plot, where a sharp linear 

drop in (𝐹(R) × ℎ𝑣)0.5 is observed, as shown in Figure 4.4, has been 

fitted with the linear equation to estimate the bandgap. The linear fits of 

the 10% Eu- and Fe-substituted samples, along with the pure sample, are 

shown in Figure 4a and b, respectively. In the case of pure Gd2TiO5, the 

bandgap was found to be 4.12 eV, which agrees well with the previous 

literature on this material [203]. For both cases of substitution, the 

bandgap was found to decrease systematically as the Eu/Fe substitution 

increases at the Gd and Ti sites, respectively. The bandgap decreases 

from 4.12 eV to 3.98 eV for the maximum amount of Eu substitution 

(Gd2-xEuxTiO5, x = 0.10) at the Gd-site, whereas for the Fe substitution 

(Gd2Ti1-xFexO5, x = 0.10), it was found to decrease from 4.12 eV to 3.12 
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eV. A detailed description of the bandgap calculation for the Fe-

substituted Gd2TiO5 is provided in our previously published work [209]. 

The comparative bandgap data for both series samples are plotted in 

Figure 4.5. 

 

 
Figure 4.3 The optical absorption spectra of a Eu- and b Fe-substituted series 

samples (Gd2-xEuxTiO5, and Gd2Ti1-x FexO5, x = 0, 0.03, 0.05, 0.07, and 

0.10) along with the pristine Gd2TiO5, carried out in the diffuse 

reflectance (DR) mode. The major changes in the absorption spectra 

compared to the parent one occurs in the case of Fe substitution 
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Figure 4.4a, b, and c show the respective linear fits of optical absorption 

spectra of the pristine Gd2TiO5, Eu- and Fe-substituted samples (Gd2-

xEuxTiO5, and Gd2Ti1-x FexO5, x = 0.10), which are fitted using Tauc’s 

equation for the estimation of the optical band gap 
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Figure 4.5 The band-gap variation observed in Eu- and Fe-substituted samples 

(Gd2-xEuxTiO5 and Gd2Ti1-x FexO5, x = 0, 0.03, 0.05, 0.07, and 0.10). 

The Fe-substituted Gd2TiO5 samples show a drastic change in the band 

gap with Fe concentration, whereas very little change is observed in 

the case of Eu substitution. The error is the order of error ~ 0.003 eV 

in the band gap in the case of Fe-substituted Gd2TiO5 samples  

 

 

As clearly visible from Figure 4.5, both the series samples show 

a decrease in the value of the bandgap with Eu/Fe substitution, but the 

changes in the bandgap values are more for the Fe-substituted samples 

as compared to the Eu-substituted samples. The reduction in the 

bandgap, for the Fe-substituted samples, is of almost ~ 1 eV, whereas, in 

the case of Eu substitution, it is just of the order of ~ 0.14 eV, which is a 

very minor change in comparison with the parent sample. These results 

indicate that the substitution of any dopant at the Ti-site makes a 

significant contribution to the band structure formation and hence plays 

a crucial role in determining the bandgap properties, as compared to the 

Eu-substituted samples, which may have a lesser impact on the bandgap 

of Gd2TiO5. This hints that Ti-3d orbitals may be contributing more at 

the band edges and Fermi level as compared to the Gd-5d orbitals, and 

hence, the substitution of any dopant element at the Ti-site will affect 

the bandgap properties more significantly than making a substitution at 

the Gd-site. These results propose that the Ti-site, rather than the Gd-site 

in the case of Gd2TiO5, plays the dominant role in determining the band 
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edge and band structure properties in these rare-earth oxide systems. 

These results are important for understanding the band structure of these 

rare-earth titanates and will be applicable in enhancing their electronic 

and optical properties. To verify the above results, first-principles 

calculations were performed for both Eu and Fe substitution cases using 

Density Functional Theory, as explained in detail in the section below. 

 

4.3.3 First‑principles Calculations (ab initio calculations) 

First-principles calculations were performed on the pure 

Gd2TiO5 sample using a 2×2×2 supercell containing 8, 4, and 20 atoms 

of Gd, Ti, and O, respectively. To investigate the effects of doping, we 

have maintained a constant doping percentage of 25%, i.e., two Gd 

atoms were substituted with Eu atoms to model Gd1.50Eu0.50TiO5, and 

one Ti atom was replaced by a Fe atom to simulate Gd2Ti0.75Fe0.25O5. 

The density of states (DOS) results from our GGA + U calculations are 

shown in Figure 4.6. With U values of 5 eV for both Gd and Ti, we 

obtained a bandgap of 2.97 eV for pure Gd2TiO5, as depicted in Figure 

4.6a. This theoretical bandgap is smaller than the experimentally 

observed value; however, we found that it is dependent on the U value 

used in the calculations. When the U value was increased to 8 eV, the 

theoretical bandgap increased to 3.2 eV in our GGA + U calculations. 
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Figure 4.6 Density of states results obtained from the VASP calculations. 

Figures a, b, and c show the Total and partial density of states of pure 

Gd2TiO5, Gd1.50Eu0.50TiO5, and Gd2Ti0.75Fe0.25O5 samples, 

respectively. As seen from the figures, Fe substitution causes drastic 

changes in the conduction band minimum as compared to the Eu 

substitution case, and new p-d hybridized states have evolved, which 

causes the band gap to decrease abruptly 

 

 

The valence band maximum is primarily composed of O p-states, 

with minor contributions from the d-states of Gd and Ti. The conduction 

band minimum is formed by a mixture of Gd and Ti d-states and O p-

states, all of which contribute significantly. In the case of 

Gd1.50Eu0.5TiO5, the Eu d-states also contribute to both the valence band 

maximum and conduction band minimum. However, the introduction of 

Eu causes only a slight decrease in the bandgap (~ 2.78 eV), as shown 

in Figure 4.6b. In contrast, for Gd2Ti0.75Fe0.25O5, we observe a 

significant reduction in the bandgap (~ 1.18 eV) due to the appearance 
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of new p-d hybridized states, as shown in Figure 4.6c. Combined with 

the experimental results, these results conclude that Fe substitution at 

the Ti-site affects the bandgap properties more significantly than the Eu 

substitution at the Gd-site. Therefore, the bandgap structure of these 

rare-earth titanates can be modified accordingly by making the 

substitution of a suitable element at the Ti-site in comparison with the 

Gd-site. The above results will be helpful in exploring the band structure 

and altering the bandgap properties in the rare-earth titanates of the 

Ln2TiO5 system, which can further be useful for optical applications of 

these materials in the nuclear and radiation industries. 

 

4.4 Summary and Conclusion 

To explore the predominant contribution of 3d and 5d orbitals at 

the Fermi level and in the band structure of the rare-earth complex 

oxides of composition Ln2TiO5 (Ln = lanthanide element), Gd2TiO5 was 

synthesized using the conventional solid-state route, resulting in the 

orthorhombic phase under ambient temperature conditions. This 

composition features a unique fivefold coordination geometry of the 

titanium polyhedron, which is rarely observed in nature. To investigate 

the contributions of Ti-3d and Gd-5d orbitals at the Fermi edges of this 

rare-earth titanate, Eu and Fe were substituted at the Gd- and Ti-sites, 

respectively, at compositions of x values of 0.03, 0.05, 0.07, and 0.10. 

The phase purity of the synthesized samples was confirmed through the 

X-ray diffraction (XRD) measurements, and Rietveld refinement using 

the FullProf software was performed to extract the crystallographic 

information. UV-visible absorption spectroscopy, conducted in diffuse 

reflectance mode, was employed to study the optical absorption spectra 

and bandgap properties. A gradual decrease in the optical bandgap was 

observed with increasing amounts of both Eu and Fe substitution. 

However, the decrease was more significant in the case of Fe, Ti-3d/Fe-

3d orbitals play a more significant role at the band edges and Fermi level 

compared to the Gd-5d orbitals. The findings were further supported by 
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Density Functional Theory (DFT) calculations using the VASP software, 

which revealed a significant alteration in the conduction bandgap upon 

substitution, with a change of ~1 eV. These results suggest that the case 

of Fe substitution, as compared to Eu substitution, and hence 

substitution at the Ti-site, has a more substantial impact on the band 

structure of these rare-earth oxides. This suggests that in the case of 

A2BO5-type complexes, the B-site, rather than the A-site, plays a crucial 

role in determining the band structure and bandgap properties of these 

materials, and consequently, their optical properties can be altered. 

The above study will be useful in selecting materials with 

suitable optical and electronic properties for future applications in the 

field of photo-sensitive devices and optoelectronics. A detailed 

discussion on the features visible below the band edge in Fe-substituted 

samples, as well as their dielectric and magnetic properties, is still 

lacking in the present study. Additionally, there is a lack of experimental 

work on the vibrational study of these materials and the correlation 

between vibrational properties and optical and electronic characteristics 

[230]. The elaborative work on the vibrational and their correlation with 

other properties will hopefully be discussed in our future work.



 

 
 

Chapter 5  

 

Interplay of Electron–Phonon Coupling 

and Lattice Dilation in Band Gap 

Tuning of Gd2Ti1-xFexO5 

 

The temperature dependence of the optical band gap in oxide materials is 

generally governed by two phenomena: the Lattice Dilation effect and 

Electron-phonon coupling. The lattice dilation causes changes in bond lengths 

and orbital hybridisation, resulting in the shifting and renormalisation of band 

edges with temperature. The electron-phonon coupling allows charge carriers 

to interact with lattice vibrations, which produces phonon-assisted band gap 

reduction with temperature rise. Considering the structural disorder 

analogous to thermal disorder, the interplay between these structural 

vibrations and electronic states in has been studied in the complex oxide 

system of Fe-substituted Gd₂TiO₅, which exhibits competing behaviour 

between these two phenomena, resulting in nonlinear band gap variation with 

temperature. Such structural disorder-driven band gap variations will assist 

in determining the thermal reliability and tailoring the optical and electronic 

properties of Ln₂TiO₅-complex oxide materials. The additional support for the 

evolution of electron-phonon interactions in the system with structural 

disorder has been provided by the composition-dependent Raman 

Spectroscopy, using the well-established Fano model.  
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5.1 Introduction  

Tuning the band gap for various applications is crucial in 

determining the optical characteristics of materials and their impact on 

device performance [231–233]. Applications in optoelectronics, such as 

photocatalysis, photovoltaics, light-emitting diodes (LEDs), laser 

diodes, and UV detectors, require optimal band gap materials that can 

be engineered via methods such as doping, annealing, and controlling 

their morphology for improved efficiency and performance. Numerous 

rare-earth oxides, characterized by their large band gap properties and 

their roles in metal-oxide-semiconductor (MOS) devices that necessitate 

a high dielectric constant (k value), require adjustments through methods 

such as doping, nitriding, and multilayer compositing to ensure their 

long-term stability in MOS applications [53, 203, 234]. As a result, band 

gap engineering has become a widely investigated area within the 

scientific community, which also requires further in-depth study of 

novel materials and techniques that can be easily adjusted through 

controllable external parameters, viz., doping, temperature variations, 

pressure, and structural modifications. 

As we delve into the history of the problem, the fundamental 

absorption edge in many semiconductors was found to exhibit a red or 

blue shift, depending on the material and external stimuli such as 

temperature, pressure, and disorder in the system [235, 236]. To account 

for the shift of the long-wave absorption edge in semiconductors and 

explain their temperature dependence [237], Möglich and Rompe [238, 

239] were the first to take the initiative in explaining the behaviour of 

the band gap with temperature based on the lattice expansion and lattice 

vibration (e-ph interaction) effect with their two works of qualitative 

assumption. In their first work [238], they calculated the probability of 

an electron transitioning from the lowest band (Valence band) to the 

conduction band using the Debye model, where the electron gains 

energy through multiple interactions with lattice waves (the effect of 

lattice vibrations). By applying this technique, Möglich, Rompe, and 
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Riehl (1940) observed a minimal shift in the long-wave absorption edge, 

consistent with their experimental results. The effect was too small to be 

observable. In the second study by Möglich and Rompe [239], they 

investigated the contribution of lattice expansion to the red shift of the 

absorption edge using the one-dimensional Kronig and Penny model 

(1931). However, the effect appeared to be insufficient to explain the 

overall shift, as later experimental studies confirmed [240]. Also, 

Möglich, Riehl, and Rompe [238, 239, 241] considered the contribution 

of lattice vibrations (electron-phonon interaction) to cause the 

broadening of energy levels and cause a shift of the whole absorption 

region and therefore account for the alteration of the energy band gap. 

However, the results fell short of the actual observed facts [242]. Then, 

Radkowsky [243] followed the same approach on the crystals with a 

broad absorption region because the absorption occurs in these crystals 

from the full band to the conduction band. The shift in the absorption 

limit with increasing temperature was found to be nearly the same in all 

cases. Overall, in Radkowsky’s study, the presented theoretical 

description agreed well with the experimental data for polar crystals. 

Afterwards, to see the effect of lattice expansion on the band gap 

variation for nonpolar crystals, Bardeen and Shockley re-examined the 

results for Ge [244]. Then, Fan’s description [241] came, which was the 

first significant theory of the temperature dependence of the energy band 

gap based on electron–phonon interactions. In their study, the authors 

reinvestigated the effect of lattice vibrations on the band gap of Ge and 

Si using the self-energy theory, concluding that the thermal expansion 

effect alone is insufficient for shifting the absorption edge in the cases 

of Ge and Si. Hence, other factors would also be necessary to provide a 

complete explanation of the results. Hence, it was considered that the 

lattice vibrations caused the shift in energy levels rather than the 

broadening of energy levels. Further, it was assumed that a crystal in the 

stationary state would have a different contribution to the electron–

lattice interaction energy than a vibrating crystal that is perturbed by 

external stimuli. Their study concluded that the temperature dependence 

of the energy band gap is affected by lattice vibrations more in the case 
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of nonpolar crystals, whereas for polar crystals, the analysis was the 

same as that obtained by Radkowsky [243], where lattice expansion was 

sufficient to explain the experimental results for Si, but the results were 

not in much agreement for Ge. Based on Fan’s formalism, Cohen [245, 

246] later used more sophisticated phonon dispersion relations to obtain 

satisfactory results for Ge. Fan’s theory was quite successful in 

explaining most of the results, explaining the decrement in the 

fundamental band gap with temperature; however, it was not able to 

explain the blue shift in the absorption edge with increasing temperature 

in some of the materials, like PbS, PbSe, and PbTe [247–251]. 

The most successful and widely accepted theory following Fan’s 

calculations was based on the Brooks–Yu treatment, which was an 

unpublished work [252]. Based on Brooks and Yu’s treatment, many 

researchers have presented their work, considering the temperature 

dependence of pseudopotentials with modified Debye–Waller factors 

[253–255]. Using the same approach, Keffer, Hayes, and Bienenstock 

(Keffer et al., 1970) employed several pseudopotentials for calculations 

in the case of PbTe, yielding a good agreement between the theoretical 

and experimental results, which further supported the Brooks–Yu theory 

[250]. After that, Tsang and Cohen (Tsang and Cohen et al., 1971) used 

their own value of pseudopotentials to match the theoretical calculations 

with experimental ones [246]. However, in Mostoller’s study [24], it was 

examined that Fan and Brook’s results have the same order of magnitude 

and are additive. Following this, one of Guenzer’s reports [24] on the 

temperature dependence of the HgTe band gap was published, which 

concluded that the temperature dependence of the band gap still requires 

a more rigorous discussion and extensive calculations to reconcile the 

theoretical calculations with experimental results [256]. From the 

above-mentioned works, it was concluded that using suitable zero-

temperature pseudopotential form factors and Debye–Waller factors 

[242, 243, 257] yields a good agreement between theoretical values and 

experimental results. 
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To date, numerous rigorous studies have been conducted to 

investigate the role of electron-phonon interactions and lattice dilation 

(Volume effect) in semiconductors and oxide materials, such as 

perovskites. In the late 1980s, a study by Gopalan et al. (1987) [258] 

calculated the contribution of e-ph interaction in the case of GaAs by 

considering the Debye-Waller and self-energy terms using a previously 

developed rigid-ion pseudopotential model for Ge and Si. In another 

theoretical study of the temperature dependence of band gaps in 

semiconductors, Bhosale et al. investigated the electron–phonon 

interaction for a series of chalcopyrite structures containing d-electron 

atoms [256]. 

Electron–phonon coupling (EPC) and lattice dilation are crucial 

in understanding material properties, particularly at higher temperatures, 

as they significantly influence phenomena such as negative thermal 

expansion [256, 259, 260]. Although there is enough literature available 

[245, 246, 256, 257, 261, 262] on calculating the strength of electron–

phonon interaction theoretically as well as experimentally for finding 

the contribution to the temperature dependence of the band gap and the 

material’s phononic properties, there is still very little work carried out 

on finding the explicit contribution of the lattice dilation effect in 

complex oxide materials [254, 255, 263, 264]. Additionally, this 

phenomenon has been studied by taking into account the disorder 

introduced into the system due to temperature and other thermal effects. 

Nevertheless, it is important to note that several material properties 

(including band gap) can be tuned by chemical substitution as well; in 

that view, a deeper insight into the cumulative effect of charge–lattice 

coupling and lattice dilation as a result of chemical substitution can be 

significant; however, it is not explored as vastly as temperature or 

pressure effects. Keeping this in consideration, in our study, we have 

attempted to find the cause of the variance of the band gap with respect 

to the general disorder coming from doping or other substitutional 

effects, which is analogous to temperature, causing the perturbation in 
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the electronic levels of the solid, and giving rise to disorder in the 

system. 

 

In the mid-20th century, the awareness of managing nuclear waste took 

a great turn after acknowledging the fact that some waste, such as 

plutonium, remains radioactive for thousands of years [188, 265]. 

Therefore, this waste needed to be immobilised in either glass or ceramic 

materials that have resistance against high levels of radiation, chemical 

durability, impermeability to liquids, and long-term stability against 

degradation. In this regard, relevant materials, such as rare-earth 

titanates, particularly those with zirconolite or pyrochlore structures, 

have been found to be promising for handling and immobilising high-

level nuclear waste (HLW). Focusing on these materials, the Ln2TiO5 

(Ln = La, Sm, Gd, Tb, Dy, Ho, Er, and Yb) series is primarily suitable 

for incorporating the actinides (e.g., U, Pu, Am, Np) in their 

orthorhombic host lattice, exhibiting controlled amorphization under 

irradiation, and after annealing, it returns to the original structure [37, 

69, 121]. Additionally, these materials have numerous applications in the 

optoelectronic industry due to their remarkable optical properties. As in 

our previous report, Gd2TiO5 was found to be an efficient diffusion-

dominated electroactive dopant, which enhances the diffusion-

controlled mechanism in electrochromic devices due to its high thermal 

and dielectric properties. The most researched electrochromic material, 

poly(3-hexylthiophene) (P3HT), has limited redox activity; however, 

when doped with Gd2TiO5, it was found to facilitate the diffusion 

mechanism and increase the device’s overall efficiency and performance 

[187]. 

Concentrating on all these facts, Gd2TiO5 with Fe as a substituent 

at the Ti site (Gd2Ti1−xFexO5; x = 0.03, 0.05, 0.07, 0.10) was chosen due 

to its enhancing magnetic characteristics, catalytic action, and structural 

compatibility, having a similar radius to the Ti ion [130, 209]. The Ti site 

plays an important role in governing the electronic and optical properties 

of these materials due to the dominance of Ti-3d orbitals at the 
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conduction band edges in the density of states of Ln2TiO5-type titanates, 

as reported in our previous work [180, 203, 266], which makes Ti a 

suitable substitutional site, and Fe is the best dopant material.  

 

Gadolinium (Gd3+) exhibits a superior neutron absorption cross-

section, rendering Gd2TiO5 suitable for controlling nuclear reactions 

[122, 267]. It serves as the best candidate for the long-term disposal of 

hazardous waste in geological repositories [3, 27, 68] due to its higher 

stability and low dissolution rate under groundwater-like conditions. As 

evidenced by recent work, Gd2TiO5 (gadolinium titanate) can be used as 

a single-component white-emitting phosphor when doped with specific 

rare-earth ions, such as Dy3+ (dysprosium) and Eu3+ (europium). 

Gd2TiO5 can be utilized for enhancing the photocatalytic degradation of 

dyes for wastewater treatment by using suitable metal dopants (such as 

iron (Fe) or europium (Eu)), which can enhance light absorption and 

charge separation. Fe doping can significantly reduce the band gap of 

Gd2TiO5, favouring the formation of oxygen vacancies that act as 

electron traps and hinder recombination with photogenerated holes, 

thereby improving the photocatalytic efficiency [187, 268, 269]. Now, 

what makes the Gd2TiO5 structure unique is the 5-fold coordination 

number of the Ti atom [131], which is exceptionally rare in most of the 

titanium-containing oxides. Gd2TiO5 exists in the orthorhombic phase 

[8, 27] with the Pnam space group at room temperature and exists in a 

3-dimensional crystal structure, where the GdO7 polyhedron shares 

corners and edges with other GdO7 and TiO5 polyhedra. The TiO5 

polyhedron forms a distorted square pyramidal geometry, which is 

usually not seen in most oxides [20, 69]. This makes the Gd2TiO5 an 

interesting material from the structural point of view, as most of the 

electrical and optical properties have been studied in the correlated 

oxides, where the titanium atom is found to exist in a tetrahedral or an 

octahedral cage [222, 270]. Hence, it will be interesting to correlate the 

structural, optical, and vibrational properties in these rare-earth titanates 

and to observe to what extent the geometry and structural modifications 
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affect these properties. Also, these rare-earth titanates (Ln2TiO5, Ln = 

lanthanide), when doped with transition metal ions like Mn2+, Fe3+, Co2+, 

Ni2+, or Cr3+ (which have d1–d9 configuration), can be expected to 

exhibit d–d transitions [271–273]. Speculating that the defect/structural 

disorder and line broadening originate from d–d transitions can provide 

information about the electron–phonon coupling (EPC) prevailing in the 

system, which can be further characterized using Vibrational Raman 

spectroscopy [274]. 

To investigate the correlation between optical, structural, and 

vibrational properties, optical absorption spectroscopy (OAS) and 

composition-dependent Raman spectroscopic measurements have been 

performed on Fe-doped Gd2TiO5 samples. Band gap analysis reveals 

systematic variations with Fe substitution, consistent with Raman 

analysis, which indicates an increase in structural disorder and electron–

phonon coupling within the system. 

 

5.2 Experimental Details 

5.2.1 Synthesis Techniques 

To investigate how the lattice vibrations and lattice expansion 

play a role in the band gap variation, the bulk sample of Gd2TiO5 [8, 15] 

belonging to the rare-earth titanate system [14, 18, 185, 275] has been 

chosen. To further explore the trend, Fe has been substituted at the Ti 

site, respectively, with the amount x having values of 0.00, 0.03, 0.05, 

0.07, and 0.10, forming the respective compositions Gd2Ti1-xFexO5 

(GTFO). The sample series, including the parent one, was synthesized 

using the conventional solid-state method [91, 94, 96, 266, 276]. The 

detailed procedure for the method has been described in Chapter 2. 

 

5.2.2 X-ray Diffraction and Rietveld Refinement  

The phase purity of the synthesised samples of Fe-substituted 

GTO series (Gd2Ti1-xFexO5; x = 0.03, 0.05, 0.07, 0.10) were checked by 
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the X-ray diffraction technique [68, 116], where no impurity peak was 

found in the XRD pattern, indicating the pure phase of the prepared 

samples. The samples were found to be exhibiting an orthorhombic 

phase [68] with the Pnam space group [37, 121]. For the structural phase 

and crystal parameter information, Rietveld refinement [139, 218, 277–

279] was performed on all samples using the FullProf software, which 

confirmed the phase purity of the synthesised samples. A detailed 

description of the X-ray diffraction technique is summarised in Chapter 

2.  

 

5.2.3 Optical Absorption Spectroscopy 

For determining the optical characteristics of the synthesized 

samples, the UV–vis spectroscopy [147, 280] measurements were 

performed on all the samples using the Diffuse reflectance method, 

where the diffuse reflectance [106, 151, 281] was converted into the 

absorption spectrum using the Kubelka–Munk function, which is further 

related to the absorption coefficient through the Kubelka–Munk 

equation, as explained in detail in Chapter 2. The absorption spectrum 

was collected with a scan rate of 60 nm/min, within the range of 200 to 

600 nm. The baseline was carried out with a reference sample [282] of 

BaSO4, which provides an accurate and stable baseline in the visible and 

near-infrared regions. 

 

5.2.4 Raman Spectroscopy 

The LABRAM HR dispersive spectrometer [115, 117, 118], 

equipped with a CCD detector in backscattered mode, was used to 

perform Raman spectroscopic [118, 283, 284] measurements on Fe-

substituted Gd2TiO5 powder series samples. An excitation laser source 

with a 633 nm wavelength was used to collect the data, along with a 

grating having 600 grooves per millimetre. A compensating microscope 

objective with a magnification of 50× was used to achieve better spatial 
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resolution and signal strength. The laser beam power was adjusted to be 

approximately 2 mW. 

 

5.3 Results and Discussion 

The fundamental edge in the optical absorption spectra of most 

semiconductors was found to exhibit a red shift with increasing 

temperature (thermal disorder) [235]. Nevertheless, blue shifts are also 

observed due to lattice disorder resulting from thermal, chemical, and 

structural perturbations in the electronic states of the system [285]. For 

the case of temperature-induced variations, this disorder in the system 

leads to thermal expansion or contraction, depending on the material’s 

properties [286–288], and an increase in electron–phonon interactions 

within the system, which together are responsible for the disorder-

dependent variation of the band gap in semiconductors. That is, if we 

take temperature as a specific case of disorder present in the system, then 

this will generally have contributions from the two effects: thermal 

expansion and electron–phonon interactions within the system. The 

well-known equation of temperature dependence [237, 289, 290] of the 

energy band gap with temperature is given by equation (5.1) as 

 

(
𝜕𝐸g

𝜕𝑇
)
P
= (

𝜕𝐸g

𝜕𝑇
)
V
+ (

𝜕𝐸g

𝜕𝑙𝑛𝑉
)
T
(
𝜕𝑙𝑛𝑉

𝜕𝑇
)
P
 (5.1) 

where the (
𝜕𝐸g

𝜕𝑇
) gives the temperature coefficient of the energy band gap 

at constant pressure.  The term (
𝜕𝐸g

𝜕𝑙𝑛𝑉
) represents the band-gap expansion 

coefficient and the term  (
𝜕𝑙𝑛𝑉

𝜕𝑇
) gives the temperature coefficient of 

lattice dilation (Volume-thermal expansion coefficient).  

The first term in the above expression gives the contribution of 

the electron–phonon interactions, and based on the well-known theories 

given by Fan and Brooks [241, 252, 291], many researchers have tried 

to find the explicit contribution of the electron–phonon interaction using 

the calculation of electron self-energy terms and Debye-Waller (DW) 
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factors. The second term on the right-hand side, as a whole, represents 

the contribution of thermal expansion (lattice dilation) and can be 

determined both theoretically and experimentally through band structure 

calculations and the pressure dependence of the band gap, respectively 

[251, 285, 289]. While it is common to expect the lattice to expand with 

temperature, however, there exist physical systems where the lattice 

contracts with an increase in temperature [286–288]. In the case of Fe-

substituted Gd2TiO5, XRD and refinement results indicated an 

expansion in the system. In one of the works done by Olguıń and 

Cardona et al. (2002) [261], they have described equation (5.1) with a 

thermal expansion term given by the following equation, equation (5.2) 

 

(
𝜕𝐸g

𝜕𝑇
)
TE
= (

𝜕𝐸g

𝜕𝑝
)
T
(
𝜕𝑝

𝜕 𝑙𝑛𝑉
)
T
(
𝜕 𝑙𝑛𝑉

𝜕𝑇
)
P
= −3𝑎𝑏 (

𝜕𝐸g

𝜕𝑝
)
T
 (5.2) 

 

Here, 𝑎 = 𝐿−1 (
𝜕𝐿

𝜕𝑇
) is the linear expansion coefficient, and  𝐵 =

−𝑉 (
𝜕𝑝

𝜕𝑉
)
T
 gives the isothermal bulk modulus. In their study, they 

calculated the contribution of self-energy terms and Debye–Waller 

factors using the tight-binding (linear combination of atomic orbitals) 

approach. It is known from previous scientific efforts that electron–

phonon interactions give rise to a decrease in the band gap, and the 

dominance of lattice dilation (second term) makes the band gap 

responsible for the increase in the band gap with temperature. In a recent 

study by Saxena et al., the contribution of electron–phonon interaction 

was quantified using the Frohlich theory in the case of Hybrid halide 

perovskites (CH3NH3PBX3, X = I, Br, and Cl) [235]. They proved that 

enhancement in the band gap (Eg) in the case of MAPbX3 (X = Br, I) is 

caused by the lattice dilation effect. However, the band gap was found 

to decrease in the case of MAPbCl3, where the interaction of the LO 

phonon mode (Longitudinal Optical phonon mode) with the charge 

carriers via Frohlich interaction dominated, which is one of the most 

prominent mechanisms of electron-phonon interactions occurring in 
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materials. It should be noted that temperature variation introduces 

modifications in the lattice via unit cell expansion (also contraction in 

some cases) [288] and affects the electron–vibration interaction 

strength. Consequently, the electronic levels themselves and the Fermi 

level can change significantly, resulting in a variation in the material's 

band gap. Interestingly, the underlying chemical potential that is altered 

in such a process may also be affected by other physical conditions, viz., 

chemical substitution in the host lattice [292–294]. While temperature 

appears as a standard thermodynamic variable that defines the state of 

the system, chemical substitution can also affect the thermodynamic 

behaviour under given conditions, such as the variation of the band gap. 

This is because of the obvious effects on the lattice volume (dilation) 

and the Fermi level shifts due to modified orbital hybridizations 

(electron–phonon coupling). Therefore, the chemical substitution 

content in a solid host lattice can be viewed as an unconventional 

parameter that alters the optical band gap through the emerging lattice 

dilation and EPC effects, yet it remains underexplored. This is 

scientifically significant in view of tuning the optical properties for 

room-temperature applications. Thus, an explicit understanding of the 

LD and EPC effects is of importance. 

In our work, we have considered that thermal and structural 

disorder are analogues to soften the phonon modes and/or to cause the 

lattice volume changes, eventually affecting the optical band gap (but to 

different extents). Hence, if we rewrite equation (5.1) of the temperature 

dependence of the band gap by considering only the substitution-

induced structural disorder present in the system, we can write equation 

(5.3) as   

 

(
𝜕𝐸g

𝜕𝑐
)
P
= (

𝜕𝐸g

𝜕𝑐
)
V
+ (

𝜕𝐸g

𝜕ln𝑉
)
c
(
𝜕ln𝑉

𝜕𝑐
)
P
         (5.3) 

 

Here, c represents the concentration of the Fe content in Gd2TiO5, and 

dc gives the change in the consecutive values of the Fe concentration. 
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One can directly observe the variation of Eg with Fe content at ambient 

pressure, which would give the term on the LHS in equation (5.3), i.e., 

the rate of variation of band gap with change in the Fe concentration. 

Furthermore, the contribution of the second term (lattice dilation term) 

can be experimentally accessed via the parallel analysis of the unit cell 

and electronic band structures, using X-ray diffraction and UV–vis 

spectroscopy measurements, respectively, as pursued in the current 

study. Although the explicit calculation has not been done for the first 

term (e–ph interaction contribution), it can be derived if the other two 

terms are known. Thus, we are able to resolve the effects of lattice 

dilation and electron–phonon coupling in these systems. The Raman 

Spectroscopy experiment was also performed to observe the impact on 

vibrational modes. The results of optical absorption spectroscopy and 

Raman spectroscopy are discussed in the following sections. 

 

5.3.1 Material Characterization  

For the phase-purity characterization of the Fe-substituted 

Gd2TiO5 samples, X-ray diffraction was taken, which confirmed the 

orthorhombic phase of all the synthesized samples with the Pnam space 

group [28, 133, 295]. All of the substituted samples were found to be in 

the pure phase, as observed from the X-ray diffraction pattern of the pure 

and Fe-substituted samples. The structural parameter information on the 

lattice parameters was calculated from the Rietveld refinement [46, 138, 

139, 220, 278] using the VESTA software, which shows a systematic 

variation with Fe content. The refinement pattern for the 10% Fe-

substituted sample is shown in Figure 5.1, the goodness of the fit 

indicates satisfactory results between the observed and calculated 

patterns. Figure 5.2 shows the variation in the lattice volume with Fe 

concentration extracted from the refinement results. The volume of the 

overall unit cell was found to increase with the Fe content, exhibiting an 

expansion in the Gd2TiO5 (GTO) system as the Fe concentration 

increased. 
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Figure 5.1 The figure shows the refinement pattern for the 10% Fe-substituted 

Gd2TiO5 sample. The inset figure shows the goodness of the fit of the 

refinement pattern, indicating the orthorhombic phase of Gd2TiO5 with 

the Pnam space group  

 

 

Figure 5.2 The overall volume of the unit cell extracted from refinement 

results shows the systematic increment with increasing Fe content, 

exhibiting expansion in the Fe-substituted Gd2TiO5 (GTO) system 
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5.3.2 Optical Absorption Spectroscopy and Band Gap 

Analysis 

To study the effect of structural disorder on the electronic, 

structural, and optical properties of these rare-earth titanates, optical 

absorption spectroscopy was performed on the Fe-substituted samples 

[189, 215]. Optical absorption spectroscopy [166, 296, 297] is a useful 

and simplified technique that can be used to obtain band gap properties 

and band structure information of any material [48]. In this method, 

electrons of known energy are excited to higher energy levels, and in 

return, information about the optically allowed transitions at these levels 

can be obtained. In this work, diffuse reflectance spectroscopy (DRS) 

[298, 299] was used to calculate the optical absorption spectra of Fe-

substituted Gd2TiO5 samples, a non-destructive technique applicable to 

a variety of samples. In this technique, diffuse reflection data are 

collected from the sample, providing information about the material's 

optical absorption. The diffuse reflectance data obtained is then 

converted into the absorption data by the well-known Kubelka−Munk 

theory [150, 300], where the reflectance R is related to the scattering (S) 

and absorption (K) coefficients and given by the following equation, 

equation (5.4) 

  

𝑅∞ = lim
𝑛 ∞

𝑅∞ = 𝑎 − 𝑏 = 1 +
𝐾

𝑆
√
𝐾2

𝑆2
+ 2

𝐾

𝑆
 (5.4) 

Here,  𝑅∞ =
𝑅Sample

𝑅Standard
 ,  and 𝑎 =

𝑆+𝐾

𝑆
,     𝑏 = √𝑎2 − 1 

      

The above equation holds for the infinitely thick samples, where RSample 

and RStandard represent the diffuse reflectance of the measuring sample 

and the standard sample, respectively. In the present case, BaSO4 was 

chosen as the standard sample. F(R) represents the Kubelka–Munk 

function, which relates to reflectance R and the absorption coefficient α 

of the material by the Kubelka–Munk equation (K–M equation). In the 
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limiting case of infinitely thick samples, the K–M equation can be 

written as equation (5.5)      

 

𝐹(𝑅) or 𝑎 ≈
𝐾

𝑆
≈
(1−𝑅∞)

2

2𝑅∞
 (5.5) 

 

For the band gap calculation, we followed the Tauc equation 

[301, 302], which relates the band gap to the absorption coefficient (α) 

[107] of the material through the Kubelka–Munk function and is given 

by equation 5.6 as 

𝐹(𝑅) ∝ 𝑎 ∝
(ℎ𝜈−𝐸g)

1
𝑛⁄

ℎ𝜈
 (5.6) 

 

Here, “n” gives the nature of the transition that takes place from the 

valence band to the conduction band, where “n” is equal to 2, 

representing the direct band gap transition, and “n” is equal to 1/2, 

representing the indirect band gap transition. 

 

The optical absorption spectra of the pure and 10% Fe-

substituted Gd2TiO5 sample are shown in Figure 5.3. The band gap 

values were calculated and found to show a systematic decrement with 

Fe substitution, as shown in Table 5.1; the detailed characterization is 

described elsewhere [209]. It is noted that in the optical absorption 

spectra of Fe-substituted samples, a broad hump emerges near ∼3.0 eV, 

which becomes more pronounced with the increasing Fe concentration, 

as seen in the optical absorption spectra of the 10% Fe-substituted 

sample (Figure 5.3). This feature may arise from two possible origins: 

(i) the formation of oxygen vacancies induced by Fe substitution [166] 

or (ii) the presence of additional states that appear near the conduction 

band minimum (likely Fe-related states), as suggested by the band 

structure of the 10% Fe-substituted Gd2TiO5 sample, as hinted in our 

earlier study [209]. This feature needs further investigation via advanced 

techniques [303]. Hence, the decrease in the band gap could be attributed 
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to these additional states observed in the band structure of the Fe-

substituted Gd2TiO5 samples. Additionally, structural disorder arises in 

the system as the Fe substitution increases, which includes contributions 

from the lattice dilation effect and increased electron–phonon 

interactions within the system. To find the individual contribution of 

lattice dilation and the role of electron–phonon interactions in the 

observed behaviour of the band gap with Fe amount, we calculated the 

contribution of the second term on the right side of equation (5.3) by 

using the simple mathematics of derivatives. Since the consideration of 

derivatives mathematically requires continuous functions, however, we 

are limited to a finite, discrete data set while dealing with chemical 

substitution. This problem can be overcome by considering a suitable 

Fe-content-dependent model function that describes the observed trend 

and is continuous within the considered range of Fe concentrations. 

Thus, the derivative of the same can be dealt with, and the necessary 

information can be obtained. We have followed the same approach for 

each of the required cases, specifically for the Fe content-dependent 

band gap, volume, and interdependence of band gap and volume. This, 

in a way, also provides a perspective for interpreting the underlying 

correlation between the physical quantities related to the band structure 

and the lattice dimensions. 
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Figure 5.3 The optical absorption spectra of the pure and 10% Fe-substituted 

sample exhibiting significant shift in the band edge toward higher wavelength 

with Fe substitution 

 

Table 5.1 The band gap values were calculated from the optical absorption 

spectra using the Tauc equation. The error in the second column represents the 

statistical error. The instrumental error for optical absorption measurements is 

of the order of 5 meV, and the statistical error is of the order of 3 meV 

 

Fe concentration in Gd2TiO5 Band Gap (eV) 

0   4.125 

0.03 3.309 

0.05 3.296 

0.07 3.138 

0.10 3.116 

 

 

The experimental results of the overall band gap values were 

plotted as a function of Fe concentration, which shows the exponential 

decrement as shown in Figure 5.4a and is fitted with an exponential 

equation to interpolate the large number of data points in order to realize 

the derivative (coefficient of energy band gap, (𝜕𝐸g 𝜕c⁄ )P more 

consistently in reference to equation (5.3). The respective derivative 

curves are shown in Figure 5.4b. In the second step, we plotted the 
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variation of logarithmic volume with Fe concentration and fitted the 

equation again with the exponential function, followed by the derivative 

of the curve (coefficient of lattice dilation ((𝜕 ln𝑉 𝜕𝑐⁄ )P), which gave 

the contribution of the temperature coefficient of the lattice dilation 

term. The respective plots are shown in Figures 5.4c and 5.4d. Similarly, 

for further calculation of the lattice dilation contribution (LD term), the 

band gap is plotted as a function of the natural logarithm of the volume 

and fitted with an exponential decay function, as shown in Figure 5.4e. 

The derivative of the curve (𝜕𝐸g 𝜕 ln𝑉⁄ )c is illustrated in Figure 5.4f. 

Now, the calculated derivative product 

(𝜕𝐸g 𝜕 ln𝑉⁄ )⋅(𝜕 ln𝑉 𝜕𝑐⁄ ) represents the LD effect and accounts for the 

variation in the band gap resulting from volume change. The e–ph 

contribution (𝜕𝐸g 𝜕𝑐⁄ )c was obtained after subtracting the lattice 

dilation term from the total contribution of the variation of the band gap 

with Fe substitution (𝜕𝐸g 𝜕c⁄ )P. After that, individual contributions of 

the first (∼EPC) and second term (∼lattice dilation) are plotted in 

Figure 5.5a along with the total contribution of band gap variation with 

Fe concentration, and Figure 5.5b shows the plot of all the terms on a 

single axis. The derived variations, which are expected to distinctly 

represent the band gap variation due to volume– and electron–phonon 

coupling effects, likely represent the contribution of the respective 

interaction to cause the observed band gap variation. 

From the plots (Figure 5.5a and 5.5b), it is inferred that the 

concentration derivative of the band gap is negative for Fe content 

≤10%; however, it becomes less negative (tends to 0) with increasing Fe 

content. This is because the band gap reduces exponentially with the Fe 

concentration and attains an asymptotic behaviour, as observed from the 

experimental data (Figure 5.4a). The band gap variation due to the 

volume effect is greater at low Fe concentrations, as the Gd2TiO5 host 

lattice undergoes significant local modifications in the unit cell 

dimensions. However, as the Fe content increases, more Fe substitutions 

occur at the Ti site, leading to a global equilibrium in the unit cell volume 

that shifts away from the host lattice value. It should be noted that the 
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volume is found to systematically expand with increasing Fe 

concentration, as indicated by the values from the Rietveld refinement 

output (Figure 5.2). The obtained plot for the LD effects can be 

understood to represent the part of the band gap variation as the cell 

volume changes, which is stronger only at lower concentrations, and for 

Fe% >1%, this contribution seems to decrease significantly and 

asymptotically approaches zero (Figure 5.5a and Figure 5.5b lattice 

dilation curve). Similarly, the plot of the EPC versus Fe concentration 

(Figures 5.5a and 5.5b, e–ph curve) represents the contribution of 

charge lattice interaction to the variation in band gap as the Fe content 

changes. The curve initially is positive and traces a sharp drop to 

negative values within 1% Fe variation. Nevertheless, it then increases 

and asymptotically tends to zero. This means that the band gap slightly 

opens at low Fe doping; however, this is not realized due to the parallel 

compensation by the volume expansion effect, as we sample the 

simultaneous effects in a regular absorption experiment. However, at 

higher Fe content, the EPC interaction appears to contribute to the band 

gap shrinkage and ultimately achieves saturation, as evidenced by the 

asymptotic value of zero. From temperature-dependent band gap studies 

on semiconductors, it is known that the gap decreases with increasing 

temperature due to enhanced electron–phonon interactions. However, it 

should be noted that the stimulus here is of chemical origin rather than 

the temperature. 
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Figure 5.4a The optical band gap shows a systematic decrement with the 

increasing Fe amount and shows a good agreement for the exponential 

equation fit. Figure b shows the derivative of the curve of band gap 

(Eg) vs Fe concentration at constant pressure ((𝜕𝐸g 𝜕c⁄ )P). Figure c 

shows the natural logarithm of the volume as a function of Fe 

concentration, fitted with the exponential function. Figure d shows the 

derivative curve of the ln (Volume) vs Fe concentration curve at 

constant pressure ((𝜕 ln𝑉 𝜕𝑐⁄ )P). Figure e shows the variation of the 

band gap data as a function of the logarithmic volume plot, fitted using 

the exponential decay function. Figure f represents the derivative of 

the band gap vs ln (Volume) curve representing the contribution as 

((𝜕𝐸g 𝜕 ln𝑉⁄ )c) 
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The temperature-induced band shifting of electronic levels in 

semiconductors is quite trivial, which cannot be the case for chemical 

substitution, as it is often strongly dependent on how hybridization is 

affected. Furthermore, Fe3+ is more stable in octahedral coordination, so 

the aliovalent substitution at the Ti4+ site can introduce additional states 

within the forbidden gap region (evident from the optical absorption 

spectra of GTFO samples as discussed in Chapter 3) [209], which can 

also couple with the lattice phonons in a nontrivial manner. This may 

also include nonsymmetric shifting of valence and conduction bands 

arising from the EPC due to the Fe substitution. Once the Fe 

concentration is enough that the (conduction) bands are potentially 

dominated by their d-character and the resulting defect states can form 

into a band rather than a state in the forbidden region, the trivial 

contribution for EPC can be realized as the negative derivative term at 

later Fe content values. This contribution also saturates as the calculated 

term can be seen to reach zero; however, it does so quite slowly compare 

to LD effects. Though the contribution to band gap variation due to the 

LD effects rapidly approaches zero, the nonzero values of the same for 

the derived EPC contribution suggest EPC-dominated variation of the 

overall band gap as a result of Fe substitution in the GTFO system. Thus, 

our work aims to understand the variation in band gaps induced by 

chemical perturbations in the Gd2TiO5 system.  
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Figure 5.5a and b The total contribution to the band gap variation with Fe 

concentration is represented by the sky-blue dotted curve 

((𝜕𝐸g 𝜕c⁄ )P). The magenta and purple-coloured curves define the 

contribution of electron-phonon interactions ((𝜕𝐸g 𝜕c⁄ )V) and lattice 

dilation terms, respectively, in the band gap variation 

 

Hence, it is concluded that in the rare-earth materials of the 

Ln2TiO5-type (Ln is a lanthanide element), the overall contribution from 

the substitution disorder in band gap variation comes mainly from the 

e–ph coupling term, and lattice dilation effect (volume effect) 
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contributes significantly at lower concentrations, after that its effect 

fades away. 

 

5.3.3. Raman Spectroscopy Results 

Raman spectroscopy is a non-destructive and powerful 

technique for analyzing the lattice dynamics of the crystal structure by 

detecting lattice phonons and their vibrations. This is a sensitive 

technique that can be used to explore phonon dynamics and structural 

disorder (due to temperature, pressure, and composition), as well as 

electron–phonon interactions (EPC) prevailing in the system, which 

influence the thermal and electronic transport behaviour and other 

optical properties in the system [304]. It provides structural and 

vibrational information about the molecule, along with information 

about defect states, phases, and chemical composition. The Gd2TiO5 

belongs to the category of Ln2TiO5 (Ln is a lanthanide element, Ln = La, 

Sm, Gd, Tb, Dy, Ho, Er, and Yb) compounds, all of which show similar 

Raman spectra. These compounds are predicted to exhibit 48 Raman 

active modes, out of which only a few are visible in the Raman spectra 

[230]. The Raman spectra of all the Fe-substituted Gd2TiO5 samples 

were taken with an excitation laser source of 633 nm wavelength and at 

a power of ∼2 mW. The Raman spectrum of the Gd2TiO5 powder and 

the doped sample is shown in Figure 5.6. In the previous theoretical 

study carried out by Paques-Ledent [230], which was based on the 

isotopic vibrational data and the geometrical description of the normal 

modes, we infer that the low-frequency vibrational modes below 350 

cm-1 correspond to the translational motion of the Ln cation, being 

sensitive to the mass of the Ln atom. The region above 500 cm-1 

represents the stretching vibrations of the square pyramid TiO5 frame. A 

very intense Raman mode is observed around 593 cm-1 (555 cm-1 

reported in the literature [230]), which represents the symmetric 

stretching vibrations of the Ti−O bond with Ag symmetry. Another mode 

visualized at 660 cm-1 (648 cm-1) corresponds to the antisymmetric 
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stretching vibrations of the Ti–O bond. The symmetric mode represents 

the stretching vibrations of the TiO5 polyhedron. 

 

 

Figure 5.6 The composition-dependent Raman Spectra of Fe-substituted 

samples (Gd2Ti1-xFexO5; x = 0.03, 0.05, 0.07, 0.10) 

 

In this report, we have selected the vibrational modes 

corresponding to the frequencies at 227 cm-1, 247 cm-1, 507 cm-1, and 

660 cm-1, which were found to exhibit visible asymmetricity in their 

peak shapes. Asymmetricity here refers to the deviation of the peak 

shape from its perfect Lorentzian shape, which is found in the case of 

crystalline materials. For the measurement of asymmetricity, a 

parameter was defined by Fano [305] called the asymmetricity 

parameter (q), which measures the amount of asymmetricity in the 

Raman peak shape. Asymmetry can occur on the left side or the right 

side of the maximum of the peak, as shown in Figure 5.7a, where the 

left side asymmetry will give a negative q value and the right-side 

asymmetry has a positive sign of q. It is defined by the Fano function, 

where the Intensity (I (ω)) of the observed Raman mode is given by the 

expression represented in equation 5.7 

𝐼(𝜔) = 𝐼0 (𝜔)
(𝐼+𝜖)2

(1+𝜖2)
      (5.7) 
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Here, I0 is the scaling factor, and ϵ represents the reduced energy 

variable, which is given as, 𝜖 =
(𝜔−𝜔0)

Γ
; ω is the independent variable 

representing the incident phonon wavenumber (frequency), and ω0 gives 

the experimentally observed phonon wavenumber (frequency). Γ gives 

the experimentally observed line width (FWHM) of the respective 

Raman mode. The term 1/q represents the strength of the 

electron−phonon coupling. The stronger interaction between the 

continuum electronic states and discrete phonon states will give a 

smaller value of q, as exhibited in Figure 5.7b. 

Hence, for evaluating the strength of electron–phonon 

interactions occurring in the Fe-substituted samples, the composition-

dependent Raman data were fitted with the Fano model, which showed 

that the asymmetry was increasing (decreasing mod (q)) with the 

increasing Fe concentration in the Gd2TiO5 sample, which can be 

visualized in respective Figures 5.8a–5.11a. All of the respective modes 

exhibited a red shift and broadening (FWHM) of their peaks, indicating 

an increase in structural disorder in the system with Fe substitution, as 

can be seen in the b and c parts of Figures 5.8–5.11. The increase in the 

FWHM indicates the increment in the disorder in phononic energy due 

to the Fe substitution that leads to broadening of the phonon states and 

favours the electron–phonon interactions in the substituted systems, the 

signature of which appears as the asymmetric line shape of the Raman 

mode [306, 307]. In this regard, the quantitative expression of the 

correlation between the disorder and the electron−phonon interactions 

was established by Rambadey et al., given in the form 1/𝑞2 ∝ 𝐸𝑈 ∓    

which phenomenologically discusses the correlation between the 

disorder (∼EU) and the electron–phonon interactions (∼1/q) [260]. From 

the Raman results, it was inferred that Fe substitution leads to an 

increase in the disorder in all four Raman modes, indicated by the 

systematic increment in the FWHM as a function of Fe concentration, 

as shown in Figures 5.8c–5.11c for different Raman modes. The 

strength of the electron–phonon coupling (∼1/q) was found to increase 
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with Fe substitution, as shown in Figures 5.8d-5.11d and visualised 

from the asymmetric line shape of the Raman modes. 

 

 

Figure 5.7a The schematic depicts the simulation performed to show 

asymmetricity on the right side and left side for the positive and 

negative q values, respectively, with respect to the Lorentzian Raman 

peak profile. Figure b depicts the increase in the asymmetricity with 

decreasing value of q 

 

From the results obtained so far, it is inferred that the disorder 

increases in the system with Fe substitution, which favours the electron–

phonon interactions in the substituted samples, as reflected in the 

asymmetric line shape of the Raman modes, which was quantified using 

the Fano model [305]. Now, it must be noted that while the asymmetric 

Raman lines can represent the signature of electron–phonon interactions 

in terms of the resonant Fano interference, the presence of electron–

phonon coupling in symmetric phonon lines can also be inevitable. This 

may appear as enhanced scattering mechanisms and reduced phonon 

lifetime [253, 308, 309], where the electrons can participate in the 

exchange process; hence, the phonon line width can be understood to 

contain the information on EPC even for symmetric modes. 

Additionally, the Raman line shifts would reflect variations in bond 

length and hence be representative of lattice dilation effects. Thus, 

examining vibrational behaviour can provide insight into the interplay 

between the LD and EPC effects on different vibration modes under the 

influence of a given substitution concentration in the present case. In 

that view, the relative change (in %) in the peak position (∼LD effects) 
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and that in line widths (∼EPC effects) were checked between the end 

compositions (pure GTO and 10% Fe-substituted GTO) in the respective 

Raman modes, and the results obtained are plotted in Figure 5.12. The 

respective modes are mentioned near the marker points and are colour-

mapped according to their line widths at the 0% Fe state, and the side 

colour bar provides the mapped width values. By examining the guiding 

line, it appears that the values extracted for different modes under the 

substitution-induced chemical perturbation exhibit a discernible trend, 

with only two data points being outliers. This plot basically reveals the 

phonon-specific sensitivity toward the interplay of EPC and LD effects. 

It can be concluded that for the vibrational modes of this sample, the 

sensitivity to EPC and LD follows a monotonic correlation, such that a 

stronger dependence on LD (here, lattice expansion) enhances the EPC 

sensitivity, thereby revealing a phonon-specific correlation between the 

sensitivity of vibration modes to the two effects. The 462 cm-1 mode 

(yellow colour) exhibits the highest line width and also deviates from 

the trend, suggesting that it crosses a threshold that allows it to break the 

dependence/correlation between EPC and LD, whereas the data point 

for 797 cm-1 remains closer to the global trend. 

 

 

 



Interplay of Electron–Phonon Coupling and Lattice Dilation in Band Gap Tuning of 

Gd2Ti1-xFexO5 

143 

 

Figure 5.8a The Raman mode having the vibrational frequency 227 cm-1 was 

fitted with the Fano model, b shows the Peak position, c shows the 

FWHM, and d shows the strength of the e-ph coupling parameter 

(~1/q) which exhibits the systematic variation with Fe concentration, 

indicating the increased disorder in the system, and leading to the 

increased e-ph interaction (EPC) 

 

 

 

 

Figure 5.9a The Raman mode having a vibrational frequency of 247 cm-1 was 

fitted with the Fano model, b shows the systematic variation of peak 

position, c shows the FWHM, and d exhibits the strength of the e-ph 

coupling parameter (~1/q)  
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Figure 5.10a The Raman mode having vibrational frequency of 507 cm-1 was 

fitted with the Fano model, b shows the systematic variation of 

Peak Position, c shows the FWHM, and d exhibits the e-ph 

coupling parameter (~1/q)  

 

 

 

Figure 5.11a The Raman mode corresponding to the vibrational frequency 660 

cm-1, fitted with the Fano model, b shows the systematic 

variation of Peak Position, c shows the FWHM, and d exhibits 

the e-ph coupling parameter (~1/q) with Fe concentration  
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From the above discussion, it can be concluded that electron–

phonon interactions play a significant role in these systems. As the Fe 

substitution increases, the magnitude of e–ph interactions increases (% 

change in widths of modes), along with the lattice dilation effect (% 

change in peak shifts). The interplay of both phenomena causes the 

abrupt decreasing behavior of the band gap at lower Fe concentration. 

Hence, the variation in the band gap comprises a strong competition 

between the EPC and LD effects at lower Fe content (∼3% Fe), whereas 

the e–ph interaction (EPC) remains the contributing factor at a higher 

concentration of Fe, dominating the band gap variation, as evident from 

the decrement of the band gap in these systems. The systematic, 

perceivable trend observed for this interplay across different phonon 

modes (Figure 5.12) supports this interpretation. 

 

 

Figure 5.12 The relative change (% change) in linewidths (~ EPC effects) vs 

the peak positions in the respective Raman modes between the end 

compositions (0% and 10% Fe) shows competitive behaviour in EPC 

and LD effects 
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5.4 Conclusion 

The shift in the optical absorption edge of various 

semiconductors with temperature has been known to emerge from the 

collective phenomena of e–ph interaction (EPC) and the lattice 

expansion (LD) effect. Following the same analogy as chemical 

substitution, this work investigates the role of resulting structural 

disorder in band gap variation at constant temperature using a modified 

approach that analyzes the lattice dilation contribution and the e–ph 

interaction from diffuse reflectance spectroscopy (DRS) and X-ray 

diffraction experiments. For this purpose, Gd2Ti(Fe)O5 samples were 

prepared by the solid-state synthesis method with a maximum Fe 

percentage of 10. At lower concentrations of Fe, both EPC and lattice 

dilation effects (LD) were found to dominate the decrement of the band 

gap, which was followed by the dominating electron–lattice interaction 

(EPC phenomenon), causing the slow decrement in the band gap with 

Fe substitution. The Raman spectroscopy measurements revealed a one-

to-one correlation between e–ph and lattice dilation effects, as extracted 

from the vibration modes. This opens up further dimensions to be 

explored for structural and vibrational correlations in view of band gap 

engineering, which is useful for understanding and altering the 

functionalities of finite band gap materials. This work also emphasizes 

that the utility of DRS and Raman spectroscopy can be an important tool 

for visualizing the dominance effects of e–ph interaction and lattice 

expansion phenomena in semiconductors and can be applied to complex 

systems, such as rare-earth titanates (Ln2TiO5) and others. 



 

 
 

Chapter 6  

 

Thesis Conclusion and Future Scope 

 

This chapter presents the summary and concluding remarks of the 

results obtained in this study, providing insight into future work that can 

be conducted within the context of the present work. 

 

6.1 Overall Thesis Conclusion 

This study outlines the scope of Optical Absorption 

Spectroscopy and Raman Spectroscopy in examining the structural, 

optical, and electronic properties of the less-explored rare-earth titanate 

Gd2TiO5, which forms a complex oxide within the Ln2TiO5 family. 

Gd2TiO5, lying in between the rare earth titanates series, serves as a 

centred titanate and forms an example of rarely observed mixed seven-

fivefold coordination geometry. The first chapter of this study 

establishes an analytical correlation between the bond length and band 

gap in the Fe-substituted Gd2TiO5 series through structural refinement 

and UV-vis Optical Absorption Spectroscopy results.  The first chapter 

establishes an analytical correlation between the bond length and the 

band gap of Fe-substituted Gd2TiO5 series by using the simple 

methodologies of structural refinement and well-known UV-vis Optical 

Absorption Spectroscopy, which indicates that one of the Ti-O bond 

lengths is primarily driving the optical band gap trend in these materials, 

asserting that the orbital overlap between the Ti-3d and O-2p orbitals 

mainly governs the band gap structure and band gap properties in these 

materials.  The experimental results have been supported by density 

functional theory calculations conducted using the Quantum Espresso 

(QE), which demonstrate a substantial contribution from Ti-3d and O-
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2p orbitals at the band edges, highlighting the predominant role of these 

orbitals in shaping the band structure. In an additional study of the 

‘hump analysis’, the emergence of a broad hump with increasing Fe 

substitution in the optical absorption data obtained by diffuse reflectance 

spectroscopy has been elucidated. The results obtained from the 

theoretical band structure and optical absorbance data indicate the 

occurrence of intra-band transitions from the additional defect state 

(located below the conduction band) into the conduction band, which 

corresponds to the two broad peaks in the simulated optical absorbance 

spectra. The energy of these transitions was found to be comparable to 

the energy of the broad peaks. This suggests that the Ti-site 

predominantly influences the band gap properties, rather than the Gd-

site. The results were corroborated by Density Functional Theory 

calculations conducted with VASP, revealing significant alterations in 

the Density of States (DOS) plots for 25% Fe-substituted Gd2TiO5 

compared to the Eu-substituted variant and the pristine Gd2TiO5. These 

results indicate that the optical properties and band structure of the se 

complex rare-earth titanates of A2BO5 can be modified and altered by 

making suitable substitutions or doping at the B-site, in contrast to the 

A-site, which contributes less to the band formation. These studies will 

assist in designing novel rare-earth titanate complexes with tailored 

optical and electronic band structure functionalities appropriate for 

optoelectronic and energy-related applications. 

The third chapter discussed the variation in the composition-

dependent band gap, treating structural disorder analogously to thermal 

disorder in the Fe-substituted Gd2TiO5 series. The temperature 

dependence of the optical band gap has been attributed to arise from two 

factors: the Lattice Dilation effect, which leads to an increase in the band 

gap with rising temperature, and the Electron-phonon coupling (EPC), 

causing band gap renormalization by decreasing the band gap with 

increasing temperature. In this respect, numerous studies and theoretical 

models have been applied to investigate the contribution of both effects 

in various samples; however, fewer studies provide insight into the 
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quantitative contribution of these two phenomena in governing the band 

gap trend as a function of structural disorder. In this context, in our work, 

we have used the simple methodologies of structural refinement and 

composition-dependent optical absorption spectroscopy quantitatively 

to elucidate the quantitative contribution of lattice dilation effect and 

electro-phonon interactions (EPC) in the composition-dependent 

variation of band gap in Fe-substituted Gd2TiO5 series, which states the 

interplay of these effects in governing the band gap properties with 

structural disorder introduced in the system via substitution or doping 

effects. This study demonstrates the capacity of simple techniques, such 

as structural refinement and optical absorption spectroscopy, in 

investigating the correlation between lattice dynamics and structural 

variations, including bond lengths and bond angles, which leads to 

alterations in the optical and electronic properties of complex oxide 

systems, like Gd2TiO5.  

 

6.2 Future Scope of Study  

The present work provides insight into the various aspects of the 

rare-earth titanates of the Ln2TiO5 series to be studied for future 

pathways:  

 The experimental Optical absorption spectra of Fe-substituted 

Gd2TiO5 samples include a feature around 3 eV as the Fe 

concentration increases in the pristine sample. Although we have 

attempted to address the cause of the broad hump observed in the 

experimental spectra by providing support from density 

functional theory through band structure calculations, further 

detailed study is needed in this regard. By providing the 

contribution of each individual orbital in the band structure and 

knowing which orbital contribution the additional defect state 

corresponds to, a clear insight into the transitions which 

correspond to these humps (in the simulated optical absorption 

spectra) can be obtained by applying appropriate selection rules. 
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Further theoretical band structure calculations providing insight 

into individual orbital contributions will be impactful in this 

regard.   

 

 In the third chapter, the structural disorder has been treated 

analogously to the thermal disorder by applying the same 

approach, which has been applied for treating the temperature 

dependence of the band gap [290, 310, 311]. For treating 

structural disorders, more appropriate and alternative approaches 

can be considered, the results of which can be verified using 

well-studied and well-known oxide materials, such as TiO2, 

ZnO, and BaTiO3, to assess the suitability and accuracy of the 

methodology. Additionally, the individual contributions of e-ph 

(EPC) and Lattice Dilation needed to be evaluated for the 

temperature dependence of the band gap in Gd2TiO5 and Eu-

substituted Gd2TiO5 series by applying the approach carried out 

in this study (Chapter 3), as well as other previously applied 

methodologies for providing a detailed and solid pathway for 

future studies.  

 

 To gain insight into the vibrational properties and lattice 

dynamics of these materials, this study provides a few glimpses 

of the composition-dependent Raman spectroscopy studies. 

However, rigorous and elaborate studies are needed to 

investigate the emergence and softening of certain modes with 

increasing Fe content in Gd2TiO5, as well as in the Eu-substituted 

series, to compare the lattice dynamics and information on the 

vibrations of phonon modes [304, 312]. As these properties are 

rarely studied, theoretical calculations of simulated Raman 

spectra can provide great evidence and support in this regard. On 

the same note, to analyse the lattice dynamics and vibration of 

phonon modes with thermal fluctuations, the temperature-

dependent Raman spectroscopy can be of significant relevance, 
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and a comparative analysis can be made for Fe and Eu-

substituted Gd2TiO5 series.  

 For analysing other aspects and properties of visualising thermal, 

dielectric, magnetic, and temperature-dependent dielectric 

measurement using the impedance spectroscopy and temperature 

evaluation of magnetic susceptibility using sophisticated 

instrumentation (SQUID) [313, 314], further evaluation is 

needed in the Fe- and Eu-substituted Gd2TiO5 sample series 

[315–317]. This will help in developing a structural correlation 

between optical, electronic, and magnetic properties of these 

rare-earth titanates.  

 

 The above-mentioned methods and techniques can be applied to 

the other members of the rare-earth series of Ln2TiO5 for a 

systematic and comparative correlation of thermal, optical and 

electronic properties.  
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