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Chapter 1 – Introduction 

1.1 Introductory remarks 

A growing interest in ferro electromagnetic materials has increased over the years due to 

the possibilities and advances it will contribute to the industrial and research fields. These 

materials are applied explicitly to magnetoelectric devices, including those critical to building 

different types of memory elements. This advancement can be possible due to both ferroelectric 

and antiferromagnetic ordering existing simultaneously [1]. Bismuth iron titanate (BiହTiଷFeOଵହ) 

is represented by these characteristics, making it a ferro electromagnetic material known as 

multiferroic. Multiferroic substances are of extreme significance since they carry the potential to 

be used in the electronics industry as well as in electrical engineering.   

 A study by Mazurek et al. expands on the magnetic properties of BiହTiଷFeOଵହ [1]. Their 

preparation consists of mechanical activation, a high-energy ball milling process where 

elemental precursors are repeatedly fragmented, flattened, welded, and fractured. This technique 

was used in hopes of allowing the preparation of BiହTiଷFeOଵହ to reach the industrial scale 

making the material accessible to more developments. It was then concluded that mechanical 

activation is a more straightforward method for obtaining the material, yet the milling product 

still required thermal treatment to complete the reaction. The process to produce BiହTiଷFeOଵହ 

must still be improved and investigated to implement it in future productions.  

 A review article conducted by N. A. Spaldin and R. Ramesh investigates the uses and 

characteristics of multiferroics as they examine the advances in magnetoelectric multiferroics 

[2]. The electric-field control of magnetism is one of the essential applications where 
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multiferroics are applied. Alternating the states' controls by utilizing electric fields instead of 

magnetic fields will lower energy requirements for manipulating magnetic states [2]. The 

limitation of this application consists of high temperatures compared to the study done at 100K. 

A second application is reviewed for the possibility of implementing multiferroics into radio- 

and high-frequency devices. The progress surrounding this application indicates movement 

toward the controllable high-frequency responses of magnetoelectric. A variation of the coupled 

ordering for these multiferroics has provided routes to novel devices in magnetic field sensor 

magnetoelectric random access memory and voltage-tunable magnetoresistance [2]. This 

tunability provides the opportunity to reach voltage-tunable RF or microwave devices, including 

filters, phase shifters, and antennas [2]. Another reviewed idea is the application of multiferroics 

in ultralow power logic-memory devices. The general idea is to convert spin to charge or voltage 

and use the multiferroic to do the opposite conversion, turning charge to spin. This process has 

been reported as successfully realized in a study where the inverse Rashba-Edelstein effect was 

implemented to complete the first part of the experiment [2]. This success gives way to the 

application of multiferroics in memory devices. With these possible uses and advances, the 

challenges and opportunities become noticeable as new studies and reviews are published.  

 The investigation of the magnetoelectric effect of BiହTiଷFeOଵହ allows for further 

knowledge of what this material is used for and how it can be incorporated into more advanced 

studies. Chen et al. published a work that shows the difference between the composite films and 

pure BiହTiଷFeOଵହ regarding its properties [3]. The composite films were prepared for chemistry 

solution deposition for this study, and the results were compared with the pure BiହTiଷFeOଵହ 

films [3]. Bismuth iron titanate is once again favorable for being one of the outstanding single-

phase multiferroic materials because of their potential magnetoelectric coupling behaviors. It is 
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also indicated that BiହTiଷFeOଵହ-based magnetoelectric composite films will produce a powerful 

magnetoelectric effect. Another reason this material is favorable is because of the 

environmentally friendly lead-free components. It was then concluded that the polarization 

values for composite films were enhanced more than two times its value when compared to pure 

BiହTiଷFeOଵହ films [3]. This enhancement shows that the improved ferroelectric properties of 

bismuth iron titanate composite films are due to the outstanding coupling between the film layers 

with similar structures. The work done in this published article suggests an idea to prepare 

magnetoelectric composite films to facilitate their applications in memory devices, spin devices, 

and sensors [3].  

 All the distinctive studies have shown their work and material being completed in 

different methods. More specifically, the creation of BiହTiଷFeOଵହ material is obtained through 

complex methods. A study by Rymarczyk el al. compares the properties of BiହTiଷFeOଵହ 

ceramics when obtained using two methods [4]. The first method, known as solid-state reaction, 

consisted of synthesizing the refined pressed mixture of BiଶOଷ, TiOଶ, and FeଶOଷ simple oxides, 

which was conducted at 800°C for 5 hours. This reaction follows the following equation 

5BiଶOଷ + 6TiOଶ + FeଶOଷ → 2BiହTiଷFeOଵହ 

Where the structure for BiହTiଷFeOଵହ can be seen below in Figure 1. The schematic represents the 

oxygen atoms as yellow spheres in both the perovskite and fluorite layers. The green and blue 

spheres depict the bismuth atoms throughout the structure. The red spheres contained at the 

center of the yellow octahedra correspond to the Fe/Ti atoms, which are distributed in a 

disorderly pattern where the ratio of Ti to Fe atoms is 3:1.  
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Figure 1.1: Aurivillius-type structure of BiହTiଷFeOଵହ [5]. 

 

Figure 1.1 shows the four-layered perovskite structures. Fluorite-like bismuth-oxygen 

layers are shown to alternate with these four perovskite-like layers [5]. Following the reaction, 

the synthesized powders were pressed in the shape of disks and compacted by a combination of 

free sintering and hot pressing [4]. The resulting BiହTiଷFeOଵହ ceramic had a symmetry of an 

orthorhombic system. It was determined that the hot pressing method enabled a single-phase 

multiferroic BiହTiଷFeOଵହ ceramic with higher density than the free sintering process [4]. The 

classification of multiferroic is furthermore proven to apply to Bi5Ti3FeO15 due to the presence 

of both ferroelectric and magnetic properties in the original magnetizations curve. 

  

1.2 Material constituent overview 

1.2.1 Bismuth oxide and its technological applications 
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As the properties of BiହTiଷFeOଵହ and multiferroic material are studied, a deeper 

breakdown of bismuth iron titanate must be included. The production of this material varies from 

published work, yet it is found to be made from three simple metal oxides. These include 

bismuth oxide (BiଶOଷ), titanium dioxide or titania (TiOଶ), and iron oxide (FeଶOଷ). Multiple 

studies have been made dealing with BiଶOଷ and its applications. Due to the high electrical 

resistance and the increase in resistance when placed in a magnetic field, bismuth oxide 

nanoparticles have been studied across multiple fields. One study on BiଶOଷ published by Laurent 

el al. discusses the well-known material's high oxygen ion conductivity due to its crystal 

structure and high ratio of oxygen vacancies [6]. Bismuth oxide has overall four main crystalline 

structures which display different electrical behaviors. These four phases are divided into 

thermodynamically stable, monoclinic (α) and defect-fluorite cubic (δ) phases, or metastable 

phases, tetragonal (β) and body-centered cubic (γ) phases [7]. Studies of each structure have 

been applied due to their unique properties, where BiଶOଷ has been used as the basis for many 

research topics.  

 

Figure 1.2: Unit cell of γ- BiଶOଷ [8]. 
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Figure 1.2 shows the monoclinic structure of α-BiଶOଷ found at ambient pressure, where 

bismuth atoms are shown as blue spheres and oxygen as red. Regarding the phases, temperature 

and ambient conditions are essential for the stability of each one. The α − BiଶOଷ phase is stable 

from room temperature to 730 °C and δ- BiଶOଷ from 730 °C to the melting point, 830°C. The 

transformation temperatures for the other two phases depend on the rate of cooling or heating, as 

well as ambient conditions and oxygen concentration [7]. The use of Raman spectroscopy can 

aid in identifying which structure is present in the bismuth oxide sample.  

The functions of BiଶOଷ are vast, including sensing materials, electronics, biomedical 

uses, and the basis for glasses. In a published work by Thomas Maeder, bismuth oxide-based 

glasses are reviewed for use in electronics and related applications. The primary motivation of 

this article is the use of nonleaded materials, which appear harmful to the environment. Bismuth 

oxide is favored for glass making due to its similar properties to lead when forming the glass, 

matching the lowest processing temperature as lead-based glasses without reducing durability 

and stability [9]. Combining bismuth and lead in creating heavy glasses becomes helpful in 

multiple fields, including optics, superconductors, nuclear technology, and specific BiଶOଷ-

containing crystalline compounds [9]. Bismuth oxide has been used for multiple applications in 

the past years regarding scientific advancement in the industrial and research fields. 

 

1.2.2 Titanium dioxide and its technological applications 

Another component used in the production of BiହTiଷFeOଵହ is titanium dioxide (TiOଶ), 

also known as titania. With a high melting point of 1,843°C, TiOଶ can be used for UV-resistant 

material, breaking down organic contaminants and germs, cosmetics, and paper manufacturing. 
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Titanium dioxide has been widely studied as a photocatalytic material for decomposing 

contaminants in the air and water due to its properties such as solar energy conversion, 

environmental applications, chemical stability, low cost, and non-toxicity. An article published 

by Gupta and Tripathi reviews TiOଶ nanoparticles for the ongoing climate change problem [10]. 

Titanium dioxide nanoparticles have been studied for photocatalytic applications, decomposition 

of organic compounds, and production of Hଶ as fuel using solar energy [10]. The authors review 

the structure and electronic properties of TiOଶ and compare it with other common 

semiconductors used for photocatalysis. It is also discussed which enhancement will increase the 

photocatalytic characteristics of TiOଶ to treat water waste and pesticide degradation. First, the 

structure of TiOଶ is broken down into its four commonly known polymorphs found in nature, 

anatase, brookite, rutile, and TiOଶ [11,12]. Figure 1.3 shows the unit cell structure of the rutile 

phase of TiOଶ. The investigation found that photocatalysis could be used as a route for selective 

synthetic transformations or as an advanced oxidation process for environmental cleanup [11]. 

This cleanup includes air purification, water disinfection, and hazardous waste remediation. The 

advancement in the use of TiOଶ demonstrates that renewable and clean energy technologies are 

anticipated.  
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Figure 1.3: Unit cell structure of anatase TiOଶ [13]. 

 

Figure 1.3 shows the tetragonal structure of the rutile phase, which is stable at most 

temperatures. Rutile is also stable at pressures up to 60 kbar and particle sizes greater than 14 

nm. Anatase, on the other hand, is more stable than rutile at 0 K. It similarly contains a tetragonal 

structure where the distortion of the TiO଺ octahedron is vaguely larger [12]. The brookite phase 

of TiOଶ has an orthorhombic crystal structure which is formed by edge-sharing TiO଺ octahedra. 

Each structure is favorable for different applications, with anatase having the highest 

photocatalytic activity [12].   

Another study by Adawiya el al. aims to take advantage of the properties of  TiOଶ in a 

way that would be applied to environmental settings. Thin layers of TiOଶ were prepared as part 

of the experiment with high photocatalytic activity and antibacterial properties to create a self-

cleaning and transparent coating that could potentially be applied to outdoors windows [14]. 

Humanity's significant problems include air and water pollution, which has caused irritations, 

toxic effects, and various respiratory and skin diseases. In this study, it has been shown that TiOଶ 
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can act as a sustainable and environmentally friendly alternative to clean up potential 

contamination. The research done on photocatalysts has shown that the decomposition of organic 

contaminants can be obtained by using clean solar energy and not having any harmful by-

products [14]. The most critical aspect of this photocatalytic experiment involves the interaction 

between semiconducting materials and direct light from the sun. This interaction is ideal due to 

the implementation of solar light energy as a resource for cleaning up the environment. The 

experiment results showed that anatase and rutile are effective against the bacteria tested on the 

surfaces of these photocatalysts. It was concluded that both bacteria samples were ultimately 

killed under sunlight irradiation showing good photocatalyst activity and antibacterial properties 

for self-cleaning surfaces [14]. 

 In addition to the environmental applications, TiOଶ has been researched for its medical 

use. An article published by Jafari et al. reviews the applications and effects of using TiOଶ in the 

medical field [15]. The advances in numerous fields, such as medicine, energy, and biosensing, 

have motivated the writer to review many ways TiOଶ has made an appearance in each field. 

Accordingly, this research shows how TiOଶ can be implemented in drug delivery, antibacterial 

devices, implants, and biosensors. Using TiOଶ-based drug delivery systems for cancer treatment 

is one of the focuses of this article. The recent advances in nanotechnology in cancer treatment 

have surfaced due to the popularity and preference over traditional chemotherapy agents, which 

cause severe side effects [16]. The main goal of nanotechnology in recent years has been to 

deliver and release drugs while enhancing the therapeutic effects and decreasing the dangerous 

effects. Since TiOଶ nanostructures have high biocompatibility, controlled drug-releasing ability, 

and low toxicity, it is considered for application in clinical therapeutic processes. An experiment 

conducted by Q. Li, tested the usage of TiOଶ-based nanostructures for targeted drug delivery as 
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cytotoxic chemo agents are loaded onto them to increase efficiency in the treatment [17]. 

Targeted drug delivery is necessary for reducing the damage done to neighboring cells and 

minimizing the anticancer drug's toxicity. Besides targeted drug delivery, controlled drug release 

has been studied for cancer treatment. Light has been examined as an external stimulus for the 

release of the drug from the delivery system, and TiOଶ nanostructures have gained attention as 

photoactive drug delivery carriers. The desired characteristics for this delivery system are 

included in the properties of TiOଶ nanostructures, such as high surface area, stability, 

availability, and possibility for surface modification [18].  

 Furthermore, TiOଶ-based antibacterial devices have been used and studied to prevent and 

treat infections. A study by A. Besinis discusses the advantages of using metal oxides as 

effective microbicide agents, which improve safety and stability compared to other organic 

antimicrobial agents [19]. The photocatalytic properties of TiOଶ are the main reason this material 

is studied as an antibacterial device which has often shown inhibitory activity in different 

experiments. Recent developments in the biomedical applications of TiOଶ antibacterial properties 

have ranged from dentistry implants to medical and hospital devices [19]. Dental titanium 

implants are suitable for controlling infection since they provide antibacterial function and can 

increase implant efficiency to prevent tooth decay [19]. The disinfection of medical devices has 

been a severe challenge once bacteria inhibit the surfaces. Most traditional disinfection methods 

have been less effective than photocatalytic methods. The review mentions how TiOଶ-coated 

surfaces are favored for deactivating the most common bacteria found in medical devices over 

time when exposed to UV light.  

 Following the discussion of the different applications of TiOଶ, a study done by H. Wang 

goes over the necessity for TiOଶ-based implants. Bone is one of the most common transplant 
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tissues, with surface properties and composition being the main focus for finding artificial 

implant material [20]. Drug-releasing implants are additionally mentioned as a result of implant 

surgery for a more suitable and directed drug delivery. This drug delivery system would be ideal 

for minimizing drug concentration while simultaneously decreasing side effects.  

Biosensors based on TiOଶ became a topic of interest due to their unique properties, such 

as small size and ample surface area to volume ratio. This development is essential for the 

detection of biological analytes, which leads to the possibility of further investigating the process 

dealing with how to monitor patients and their response to medical or surgical therapy [21]. A 

suitable biosensor should have inexpensive, user-friendly, sensitive, accurate, fast, and easily 

manufactured properties for better efficiency and applications.  

Titanium dioxide nanostructures have also been tested and used as detecting devices for 

humidity, oxygen, and hydrogen sensors [22]. Although these advances show promising 

application in the biomedical field, many improvements and further research is needed to make 

this metal oxide a more efficient material. 

 

1.2.3 Iron oxide and its technological applications 

The last component used to create BiହTiଷFeOଵହ is iron oxide, FeଶOଷ. With a melting 

point of 1566°C, FeଶOଷ nanoparticles have been included in the production of coatings, plastic, 

nanowires, nanofibers, and targeted delivery vehicles. Shahrousvand et al. published an article 

where it is discussed how iron oxide nanoparticles could be used in magnetic recording, 

magnetic sensing, catalyst, drug delivery systems, MRI, and cancer therapy [23]. The ability to 

use this oxide for the mentioned areas is due to its unique characteristics, including 

superparamagnetic, supersaturation, and magnetic susceptibility, which come from their 
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magnetic properties. This study shows that the presence of iron oxide nanoparticles affects the 

properties of polyurethane nanocomposites making this combination a potential choice for cell 

therapy and tissue engineering, including nerve repair [23].  

Some of the applications of this material in the biomedical field are reviewed by Arias el 

al. [24]. The characteristics of iron oxide, such as superparamagnetism, size, and the possibility 

of pairing with a biocompatible coating, are all attributed to the benefits and interest in using the 

material for medical applications and biotechnological advances. Many studies focus on reducing 

drug concentration and toxicity while increasing the effectiveness of iron oxide nanoparticle-

based treatments and decreasing other side effects [24]. Iron oxide is coated and bound by drugs 

to improve the delivery and effects of the treatment. 

Iron oxide nanoparticles are coated with different drugs to improve their stability, 

biodistribution, and biocompatibility [24]. Depending on what kind of drug is coated onto the 

nanoparticles, the effects can increase blood circulation time and the accumulation in the targeted 

cells or organs. Drugs bound to the nanoparticles aim to improve their pharmacological 

properties as iron oxide nanoparticles carry anticancer, alternative, immunosuppressive, 

anticonvulsant, anti-inflammatory, antibiotic, and antifungal agents [24]. The magnetic 

characteristics of the nanoparticles play a big part in allowing the treatment of targeted areas to 

perform when anticancer drugs are being delivered. This drug-delivery process is one of many 

ways that the properties of nanoparticles are implemented in treatments and biomedical 

applications. The potential of this material is still being explored as more capabilities of iron 

oxide are studied to overcome physical barriers and produce fine particles with precise stability, 

biocompatibility, and bioavailability. The structure of FeଶOଷ is represented below. 
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Figure 1.4: Schematic representation of the crystal structure for hematite, α- FeଶOଷ [25]. 

 

Figure 1.4 shows the most common polymorph and most stable iron oxide known as 

hematite. The iron and oxygen atoms are depicted as yellow and red points, respectively. This 

phase contains a rhombohedrally centered hexagonal structure, different from the second most 

common polymorph, maghemite, with a cubic crystal structure [25].  

 While independently, these oxides have been intensively studied and implemented in a 

variety of aspects, such as medical, industrial, and engineering fields, their combination also 

opens new avenues for more reliable and accessible materials with enhanced properties. The 

focus of this research work is assessing their structural properties from a spectroscopic 

perspective. Understanding their properties at a molecular level is of relevance if new devices are 

envisioned in the future. The theoretical and experimental set-ups employed in the current 

analysis will be discussed in the next chapter, followed by the results achieved. Concluding 

remarks and future directions will also be included.
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Chapter 2 – Methodology and Experimental Set-ups 

2.1 Introduction to Raman Spectroscopy 

2.1.1 Brief History 

A brief introduction to the origin of the Raman effect and its use is essential to understand 

Raman spectroscopy. Sir Chandrasekhara Raman first discovered the Raman effect in 1928 [26]. 

Initially, the experiment included filtered sunlight beams as the light source to excite the sample. 

Also, his eyes were serving as the detector. He was looking for frequency-shifted light. Today's 

methods include using lasers instead of filtered light beams, as conducted by Sir Raman. The first 

laser was developed later, in 1960, by Maiman, although the theory behind it was developed in 

1923 by A. Smekal [27]. 

The gradual improvement of the Raman instrument was developed throughout the year. 

Researchers concentrated on developing different lamps, starting with the excitation source. These 

lamps contained various elements such as helium, zinc, lead, and many others [26]. This 

development led to the implementation of lasers into the system in 1962 [26]. As for the detection 

system, improvements and new developments were seen after World War II. The earliest 

documentation of a photoelectric Raman instrument was from 1942 by Rank and Wiegand [26]. 

Later, a photoelectric instrument was developed with a photomultiplier as the detector. All the 

contributions and advances in the system have collectively contributed to forming commercial 

Raman instruments that are now used in research.  

 

2.1.2 Theoretical background 

The classical approach relies on the structure of the compound. The bonds between atoms 

are considered to act as springs that follow Hooke’s law. Raman studies the vibration of the 
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molecule, specifically the vibrational frequency. A simple diatomic molecule is considered as a 

mass on a spring where atomic mass, displacement, and bond strength characterize the molecule. 

By using approximation, the displacement can be expressed through Hooke’s law as [28], 

୫భ୫మ

୫భା୫మ
ቀ

ୢమ୶భ

ୢ୲మ
+

ୢమ୶మ

ୢ୲మ
ቁ = −K(xଵ + xଶ)     (2.1) 

By substituting ቀ
୫భ୫మ

୫భା୫మ
ቁ, the reduced mass, with μ and total displacement (xଵ + xଶ) with q, the 

equation changes to 

μ
ୢమ୯

ୢ୲మ
= −Kq      (2.2) 

Solving equation (2.2) for q results in 

q = q଴cos (2πν୫t)     (2.3) 

Here, ν୫ is the molecular vibration and can be represented as, 

ν୫ =
ଵ

ଶ஠
ට

୏

ஜ
      (2.4) 

Equation (2.3) shows that the molecule vibrates in a cosine pattern. Additionally, equation 

(2.4) shows how the frequency is proportional to the bond strength and is inversely proportional 

to the reduced mass [29]. Since the bond strength and reduced mass varies based on the molecule, 

it can be inferred that each molecule will have its unique vibrational signature [29].  

Knowing that the polarizability of a molecule is given by a function of displacement, 

vibrational frequencies can be measured through the Raman effect. The incident light interacts 

with a molecule, inducing a dipole moment, P, which is equal to the product of the molecule's 

polarizability and the incident light's electric field [28]. Taking the light source as an 

electromagnetic wave with an electric field of frequency υ଴, its interaction with the molecules 

causes a periodic movement with a similar frequency. This oscillation causes an induced dipole 

where the charges are separated within the molecule. The oscillating-induced dipole becomes a 
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source of electromagnetic radiation, which constitutes scattering light. Raman effect occurs 

where the scattered light is represented by frequencies that are not equal to that of the incident 

light, also referred to as inelastic scattering [30].  

The theory follows such interaction between the electromagnetic wave and the material's 

induced dipole. The following relationship represents the dipole moment: 

P = αEሬሬ⃗        (2.5) 

where α represents polarizability and Eሬሬ⃗  is the electric field corresponding to the incident 

electromagnetic wave. Polarizability solely depends on the molecular structure and bonds, 

making it a material property, whereas the electric field is denoted as  

Eሬሬ⃗ = E଴cos (2πυ଴t)      (2.6) 

where υ଴ belongs to the frequency of the electromagnetic incident wave, υ଴ =
ୡ

஛
. The time-

dependent induced dipole is given by the substitution of equation (2.6) into (2.5), as seen below: 

P = αE଴ cos(2πυ଴t)      (2.7) 

Applying small amplitude approximation to represent polarizability as a linear function of 

displacement will result in the equation, 

 α = α଴ + q ቀ
ப஑

ப୲
ቁ

୯ୀ଴
+ ⋯     (2.8) 

When combined with equations (2.3) and (2.7), the result is given by, 

P = α଴E଴ cos(2πν଴t) + q଴ cos(2πν୫t) E଴ cos(2πν଴t) ቀ
ப஑

ப୲
ቁ

୯ୀ଴
  (2.9) 

Equation (2.9) shows that the interaction between the molecule and incident light gives 

way to two effects. The first term consists of the effect called Rayleigh scattering, which shows no 

difference in the frequency of the incident light [28]. Raman effect is seen in the second term, 

which can be expanded to, 
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q଴E଴ ቀ
ப஑

ப୲
ቁ

୯ୀ଴
[cos(2π{ν଴ − ν୫}t) + cos(2π{ν଴ + ν୫}t)]   (2.10) 

Equation (2.10) represents a shift in the frequency of the incident light, ν଴, by plus or minus the 

frequency of the molecular vibration, ν୫ [28]. The increase in frequency results in an Anti-

Stokes shift, whereas the decrease in frequency gives a Stokes shift. Finally, the spectroscopist 

can directly measure the vibrational frequency of a molecular bond by measuring the difference 

in frequency from the incident light, typically measuring Stokes shifts.  

After deriving the Raman effect using classical waves to interpret the incident light, it 

would be easier to depict the quantum particle interpretation. Firstly, the incident light beam will 

excite the electrons of the molecules, bringing them into a virtual state where they become 

unstable. Releasing a photon will bring the electron back to a stable energy level. The final state 

could be the ground state or the first excited state. This photon contains the particular energetic 

information of the molecule. Thus, telling if there is an energy shift between the incident and the 

scattered photons. This energy shift is also characteristic and unique to each molecule. The Raman 

scattering process is like a fingerprint for each sample. This characteristic sample information 

allows for the interpretation of the spectra during research.  

In Raman scattering, the electrons either gain or lose energy through this process, resulting 

in Anti-Stokes and Stokes, which are schematically presented in Figure 1.1. This effect happens 

in less than 1% of the scattered light. The phonon modes are then recorded in an intensity vs. 

wavenumber graph. 
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Figure 2.1: Energy level diagram of (a) Rayleigh scattering, (b) Stokes scattering, (c) Anti-

Stokes scattering [27]. 

 

One of the groups includes the photons scattered with the same energy and frequency as 

the incident photon. In classical mechanics, this is an elastic collision between the photon and the 

electrons of the sample, also known as Rayleigh lines. Thus, Rayleigh scattering is also known as 

elastic scattering. However, the groups of interest are the photons that collide with the electrons 

inelastically.  

During the Raman process, the photons scattered with less energy than the incident photon 

are the Stokes modes and produce Stokes Raman lines on a recorded spectrum. These lines indicate 

that the electron has lost energy through the interaction. On the other hand, the Anti-Stokes Raman 

lines emitted photons with higher energy values than the incident photon. Similarly, these lines 

indicate that the electron has absorbed energy through the interaction. The electron then releases 

energy in form of a photon, returning to a stable energy state. These states could differ between 

the vibrational ground state and an excited state.  

The molecular fingerprint is different for diverse molecules. The intensity of the Anti-

Stokes and Stoke lines, attributed to inelastic scattering, is much less than the elastic Rayleigh 
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lines. Furthermore, in Raman spectroscopy, the Stoke lines are used more in analyzing molecular 

sample properties.   

The equation represents the energy shift relative to the excitation line (laser line):  

νത =
ଵ

஛౟౤ౙ౟ౚ౛౤౪
−

ଵ

஛౩ౙ౗౪౪౛౨౛ౚ
     (2.10) 

Where ν is the frequency of the photon. The Raman frequency shift, νത, is commonly given in 

wavenumbers [27]. In the classical theory of scattering, the intensity of the scattered light is 

directly proportional to the power of the frequency of the incident photon:  

I ∼  νସ       (2.11) 

Therefore, the frequency of the light used in the experiment highly influences the intensity 

of the results. Even more, based on this relationship, the following equations can be derived: 

Iୗ୲୭୩ୣୱ ∼ (ν − ν୴)ସ, and I୅୬୲୧ିୗ୲୭୩ୣୱ ∼ (ν + ν୴)ସ   (2.12) 

This relation assumes that I୅୬୲୧ିୗ୲୭୩ୣ >  Iୗ୲୭୩ୣୱ, but the opposite is true experimentally 

[31]. Since Anti-Stokes scattering requires the initial state of the electron to be already excited, it 

is less probable to record a photon that will have more energy than the incident photon. This result 

will lead to more negligible intensity levels in the Raman spectra for Anti-Stokes scattering. Stokes 

scattering is much more efficient in analyzing a sample, as revealed in Figure 2.2. Usually, a 

Raman spectrum is plotted as the intensity of the scattered light versus the energy difference in 

rapport to the used excitation wavelength. Also, adequate filters are employed experimentally to 

reduce the vigorous intensity of Rayleigh elastic scattering, which is dominant, especially for 

fluorescent samples. Due to the difference between the Anti-Stokes and Stokes lines, the latter 

would be more efficient for collecting and analyzing data. 
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Figure 2.2: Shows a comparison between the intensities of all three types of scattering (Anti-

Stoke, Rayleigh, and Stoke) [27].  

 

2.2  Confocal Raman Microscopy 

2.2.1 Principles of Confocal Microscopy 

In confocal Raman microscopy, the light source is tightly focused on the sample's surface. 

Confocal microscopy consists of a two-lens principle set-up with a beam splitter at the center. The 

detector collects fluorescence, consisting of reflected light, which is focused through a small hole 

in the front and collected by the same objective in the system. The small hole in front of the detector 

is the pinhole and is part of the system set-up. The pinhole ensures that the only light detected is 

from the image's focal plane. By doing this, the image contrast is significantly increased. Also, by 

selecting a specific pinhole size, the image's resolution can increase significantly. The laser 

provides energy to the molecules in the sample. Figure 2.3 shows the basic set-up of a confocal 

microscopy system. The light source that comes from the laser is optically guided through an 

optical fiber to pass through an objective at the focus plane. The path of the light can be seen in 
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the image as it follows the green arrows. In the case of confocal Raman microscopy, the reflected 

light is passed through a filter, where only Raman frequencies are allowed before the detector 

records it.  

 

 

Figure 2.3: Schematic representation of the principal set-up of a confocal microscope [27]. 

 

 Figure 2.4 shows the path of the light beam through the CCD. The CCD sends live 

broadcasts of the material to the computer for viewing the sample through the microscope. The 

filter and the rotational prism allow us to take spectroscopic measurements without moving the 

sample. This technique allows a more precise measurement of the material by presenting a 

sample view and showing the single spectra measured at that location.  
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Figure 2.4: Schematic representation of a spectrometer. [27] 

 

2.3  Raman Experimental Set-up 

An alpha 300 RAS WITec system was used for data acquisition. This instrument is based 

on the previously mentioned confocal microscopy principles and also is combined with a high-

efficiency spectrometer. It is ideal for high optical and spatial resolution and for delivering 

chemical information in the sub-micrometer regime. The light source used in the current 

measurements is a green light excitation of a frequency-doubled neodymium-doped yttrium-

aluminum-garnet (Nd:YAG) laser at 532 nm, which can give a resolution down to 350 nm. The 

optical set-up and diagram is presented in Figure 2.5. It consists again of a two-lens system. In this 

system, a single-mode optical fiber is used as the pinhole and for delivering a laser/light source 

point into the sample. This specific optical fiber can only deliver a Gaussian beam, which is also 

known as a single transversal mode. When the light is reflected by the sample, it is collected by 

the objective. This light travels as a parallel beam directed toward the top of the microscope, where 

it is focused on a multi-mode optical fiber that connects the microscope to the CDD camera. A 

more detailed specification of the entire system shown schematically in Figure 2.5 is as follows: 

U1 is an XY positioner that is employed to align a sample in the x and y directions. This is a 
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component of the scan stage, which includes separate sensors at each axis as well as a 

piezoelectrically driven 3-axis flexure stage, U2. The objective turret with objectives is seen right 

above the scan stage, being labeled U3. 

 

Figure 2.5: Schematic illustration of the alpha 300 confocal Raman system [27]. 

 

The binocular tube with an ocular camera, U6, helps with visualization of the sample image 

using a white light source, E3, prior to the collection of Raman data. A fiber coupling unit, U8, is 

used in coupling the optical scattered Raman output with the multimode fiber. To direct the 

collected laser light through the objective (E1) towards the detector, a push rod found on the side 

of the microscope, U9, is used. Also, a filter holder, U10, containing the appropriate filter needs 

to be positioned in place.  

 

2.4  Fourier Transform Infrared (FT-IR) Spectroscopy 
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Fourier Transform Infrared (FT-IR) spectroscopy is often referred to as complementary 

to Raman spectroscopy. Raman active refers to light scattering due to the change in polarizability 

through vibration, whereas IR active refers to light absorption due to the change in dipole during 

vibration [32]. This reason is why both measurements are gathered for the experiment.  

The main difference between the two techniques is that the latter employs an infrared 

light source, not a laser. Before FTIR spectroscopy came about, infrared radiation had to be 

discovered. Astronomer Sir William Herschel discovered infrared radiation in 1800 using 

thermometers to designate a temperature for each color present in the visible spectrum [33]. His 

results showed that there is a temperature increase from blue to the color red, with an additional 

measurement corresponding to the warmer temperature further from the red end of the visible 

spectrum [33]. This measurement pertained to infrared radiation, which is used today on an 

experimental basis.  

The system consists of a Michelson interferometer, a product of the Michelson-Morley 

experiment [34]. This experiment was conducted to find the velocity of Earth concerning a 

medium in space said to carry light waves, known as hypothetical luminiferous ether [34]. A.A. 

Michelson first conducted this experiment in 1880-81, then it was reattempted by Michelson and 

Edward W. Morley in 1887 [34]. The set-up consisted of the Michelson interferometer, which 

compares optical path lengths moving in two perpendicular directions [34]. Fourier Transform 

Infrared spectroscopy simultaneously exposes a sample with multiple IR light frequencies while 

using an interferometer and post-processing the transmitted light [32]. For this process, an IR 

light passes through a beam splitter. Half of the light reaches the fixed mirror, and half will reach 

the moving mirror with a constant velocity, as shown in Figure 2.6 [32]. 
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Figure 2.6: Schematic representation of Michelson interferometer [32]. 

 

The split beams are then reflected and combined to take a path different from the beams 

to create an interference pattern. This pattern will represent the constructive and destructive 

interference sent to the sample. Then, the transmitted portion is sent to a detector compared to a 

reference sample beam. Fourier transform is then performed to obtain the spectrum as a function 

of wavenumber [32]. Fourier transform is a generalization of the more complex Fourier series in 

the limit 𝐿 ⟶ ∞ [35]. First, start with a function f(x) which will give the Fourier transform by 

𝐹(𝑘) = 𝐹𝑥[𝑓(𝑥)](𝑘) = ∫ 𝑓(𝑥)𝑒ିଶగ௜௞௫𝑑𝑥     (2.13) 

This function is used in the frequency domain representation [32]. Regarding sine, sin (2𝜋𝑘଴𝑥), 

and cosine, cos (2𝜋𝑘଴𝑥) functions, the Fourier transform can be used to give the following 

ଵ

ଶ
𝑖[𝛿(𝑘 + 𝑘଴) − 𝛿(𝑘 − 𝑘଴)], and 

ଵ

ଶ
𝑖[𝛿(𝑘 − 𝑘଴) + 𝛿(𝑘 + 𝑘଴)]  (2.14) 

respectively [32]. This concept is used in image processing to decompose the image into sine and 

cosine components [32].  

 

2.4.1 FT-IR Experimental Set-up 
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The Bruker IFS 66v, which is the system used in the current experiments, has an internal 

optical path, as shown in Figure 2.7. Since it is based on a Michelson interferometer, it consists of 

four main parts, an infrared source, a beamsplitter, and two plane mirrors. One mirror is fixed, and 

a second mirror is allowed to move.  

 

Figure 2.7: Internal optical path of IFS 66v Brucker system (courtesy of Bruker Inc.) 

 

The parallel infrared radiation from the source travels to the beamsplitter, which is oriented 

at 45° and divides this light into two beams of equal intensity; one beam will be transmitted, and 

the other reflected. These two beams travel to the two different mirrors that are oriented 

perpendicular. They are reflected back by the mirrors to the beamsplitter, where they recombine. 

Specifically, the reflected beam reaches the fixed mirror after traveling a distance L, which is called 

the physical distance. Subsequently, the beam is reflected back to the beamsplitter and returns to 

it after traveling a distance equal to 2*L, which is called the optical path. The transmitted beam 

reaches the movable mirror. If this mirror is the same distance from the beamsplitter as the fixed 
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mirror, the beam would have traveled the same physical distance, L, to reach it. However, as the 

name implies, the movable mirror travels back and forth around the distance L by an amount equal 

to δx. When the transmitted beam returns to the beamsplitter, it has traveled a distance of 2(L + 

δx). The two beams are recombined at the beamsplitter with an optical path difference, also called 

retardation, of 2*δx. 

The two beams can recombine by interfering either constructively or destructively, 

depending on the optical path difference and on the wavelength of the light as follows:  

(1) Constructive interference        2*δx = n*λ                   n = 1, 2, 3… 

(2) Destructive interference          2*δx = (1/2) n*λ           n = 1, 3, 5… 

Consequently, the output beam has an intensity that depends on the amount of constructive 

interference, varying as a function of the optical path difference and the wavelength of the incident 

radiation. The intensity is at a maximum when the optical path difference is zero since all 

wavelengths of light constructively interfere at this point, called the zero path difference (ZPD). 

The plot of detector response as a function of optical path difference is called an interferogram.  

The shape of the interferogram dramatically depends on the characteristics of the light 

source. For example, the interferogram of a monochromatic source with only one wavelength 

would be a cosine function. The Fourier transform of this interferogram would give a single 

prominent peak in the final spectrum. In the case of our broadband source, which was used in the 

current experiments and had a continuous infinity of wavelengths, the interferogram consists of 

the sum of all the cosine waves that belong to each distinct wavelength present. For this type of 

source, only at the ZPD are all of the wavelengths in phase; this is the scenario when the 

interferogram will show a single maximum and some small peaks close to it. The effects of the 

chosen beamsplitter (which is a non-ideal crystal), detector response, and of the chosen 
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apodization function (which acts to remove sidelobes in the interferogram) are reflected in the 

shape of the typical interferogram. 

 

2.5 Comparative Advantages and Disadvantages of Raman and FT-IR Spectroscopies 

2.5.1 Advantages and Disadvantages of Raman Spectroscopy  

As Raman spectroscopy grows in the research field, new advantages and disadvantages 

have surfaced. The advantages allow researchers to study a broad area of samples, including 

molecular diagnostics. This vibrational spectroscopy technique gives way to identify substances 

and molecular changes better. The results are also given with high spatial resolution, which is 

favorable in the case of imaging biological samples [36].  

Raman spectroscopy is non-destructive and non-invasive for molecular diagnostics. Due 

to its dependence on wavelength and power, data can be collected without harming the material. 

In addition, sample preparation is minimal and label-free, eliminating dyes and toxic waste 

products from the process. This holds for cancer diagnostics, where biological samples are 

measured non-destructively and without labels. Optical technology advances have contributed to 

the advantages of Raman spectroscopy by making it possible to apply it macroscopically and 

microscopically. This allows the study of bulk samples in addition to the study of samples on the 

cellular level.  

Raman spectroscopy contributes to physiological measurements due to weak water 

interference. This is compatible with the biological study of the function of living organisms as 

well as their parts [36]. Besides the applications in biology, Raman spectroscopy is also suitable 

for chemical analysis. It measures the quantity of a substance present in a sample as well as the 

classification of the substance.  
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The main disadvantage of Raman spectroscopy is its sensitivity to fluorescence, making it 

challenging to measure samples exhibiting autofluorescence. On the other hand, infrared 

absorption, while sensitive to water absorption, is insensitive to fluorescence. Another 

disadvantage of Raman spectroscopy is the weak Raman signals. This disadvantage leads to a more 

extended acquisition period and slower imaging when taken by point scanning. A more 

sophisticated data analysis is often necessary for video-rate imaging due to the low scattering 

efficiency and more extended measurement periods [36]. 

 

2.6 Sample preparation 

 The Bi5Ti3FeO15 aurivillius compound was synthesized in Dr. Nair’s laboratory using a 

solid-state reaction. Powdered samples of Bi2O3, Fe2O3, and TiO2 were thoroughly mixed using 

stoichiometric proportions. The mixture was then pressed into pellets and placed into alumina 

crucibles. Then the sample was sintered at 1053 K for 2 h. The sintered sample was ground and 

pressed into pellets. The pellets were sintered at 1323 K for 2 h. Then the sintered sample was 

ground into a fine powder, and the preceding process was repeated until the XRD data showed 

no change between successive repeated processes. 

 

2.6.1 Raman Data Acquisition 

Prior to Raman spectra recording of the bismuth iron titanate and its constituents Bi2O3, 

Fe2O3, and TiO2, a couple of steps must be followed to receive the best results. First, we must 

turn the power on, along with the WITec Control program, which will be used for recording 

measurements. Once the system is powered, the laser is switched on, and the process for 
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calibration is started. Standard calibration of the system is performed using a silicone sample 

under the 100x magnification objective.  

 

2.6.2 FTIR Data Acquisition 

First, BiହTiଷFeOଵହ and the oxides samples were prepared into pellets and placed on the 

sample holder. Cesium iodide is used as the matrix for these pellets, where a small portion is 

added to a clean agate mortar. After adding the matrix, a minor part of the sample is added 

before grinding with the agate pestle. Once the sample is well incorporated into the matrix, and 

the material looks like a powder, it is ready to be used as a pellet. Too much matrix could result 

in a thick sample, resulting in a small signal in the spectra. Therefore, it is ideal for working with 

small amounts of the matrix and sample. This procedure is repeated for each oxide and 

BiହTiଷFeOଵହ. Consequently, each tool must be thoroughly cleaned before reusing it for the 

following sample. 

After obtaining the appropriate amount of powder substance, a PIKE Technologies pellet 

press is used. The pellet press is ideal for making 13mm pallets which will go on the sample 

holder for transmission measurements. First, each part is cleaned with acetone before each use, 

excluding the rubber circles that will secure the parts. Once clean, the powder containing the 

sample is placed in the center of the pellet press. The pellet press is then assembled for the 

hydraulic press, which will experience a pressure of 3 metric tons.  

After a couple of minutes, the pellet press is then retrieved from the hydraulic press. It is 

taken apart, revealing the newly formed pellet. The pellet is then removed using precision and a 

steady hand to keep it intact. This procedure can be repeated for the same sample as much as 

needed. Once a good pellet is achieved, it is placed near the system for testing and labeled with 
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the sample's name. This procedure is repeated with each sample, cleaning each of the parts and 

materials used before working with a new substance.  

Now that the pellets are ready for measurements, the system is initially prepared for 

measuring in mid-IR. Some parts must be manually changed, such as the beam splitter. A KBr 

beam splitter was used along with a Globar light source for this part of the experiment. These are 

important for measuring in mid-IR since they are ideal for gathering wavenumbers between 400 

cmିଵ and 4,000 cmିଵ. To change the light source, it is required to follow the steps in order. 

First, the computer is turned on, and the OPUS control program is installed and ready to 

use. Compressed air is then provided to the system, and the pressure is observed until it reaches a 

steady 40 psi. This is important for the moving of the sliding mirror as well as rotating the 

stationary mirrors for completing the measurements in mid-IR. Once the air is at 40 psi, the IFS 

Electronic Unit is turned on, and MIR is selected. A whirling sound is then heard as the mirrors 

rotate to fit this setting. The new position of the mirrors will direct the transmitted light toward 

the mid-IR detectors.  

The motor pump is then turned on by rotating the knob until the noise changes from the 

original sound and an extra turn for good measure. In addition to the manual changes, the 

aperture should be set at 10 mm for the rest of the measurements. For aligning the system, an 

empty sample holder is placed in the sample chamber. Once in place, the whole system must be 

placed under vacuum using the Bruker controls. Starting with the Main Menu, Vacuum Control 

is selected, followed by Sample Change Menu and pressing Vent Optics. This setting places the 

system in a vacuum by pumping out the air inside. Once ready, a signal will appear on the 

Bruker controls stating that the system is ready for use.  
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On the OPUS program, select a previous background from which the settings are copied. 

This can be done by selecting the "load" option and selecting OPUS data. Then, the file labeled 

Background is selected, opening a control page where it is renamed to fit this experiment's data. 

Once the name is changed under the Advanced and Basic tabs, the Check Signal tab is opened, 

and auto-align is selected once the signal is visible. Next, the Save Peak Position button is 

pressed. Going back to the Basic tab and selecting Background Single Channel will allow the 

system to begin the reading. The system will do a total of 256 scans through the process of 

collecting the Background. Once collected, the Background is loaded and saved.  

Without closing the background file, the measurements of the pallets can begin. The 

sample chamber is then brought into atmospheric pressure once the Evacuate Optics setting is 

selected on the Bruker controls. This will allow for easy removal of the sample holder. On the 

same holder, a chosen pallet is secured. A small piece of double-sided tape is used to secure the 

pellet onto the sample holder, making sure that the tape is not obstructing the hole in the holder. 

It is also crucial that the pellet has no cracks. Once the pellet is secured, the sample holder is 

placed back in the sample chamber. 

Once the pellet is in the sample chamber, the lid is placed back on top, and the system is 

placed in vacuum by selecting Vent Optics. Again, the Bruker control must read Ready before 

performing any measurements. With the Background selected, the Advanced Data Collection 

icon is pressed. Under the Basic Tab, the file is renamed to an appropriate title that includes the 

substance in the pellet. This is repeated under the Advanced Tab. To make sure that the 

Background is still selected, the Check Signal Tab is pressed. There, a signal will appear without 

having to press anything else. The position of the mirror and the amplitude is recorded for future 

reference. Next, the Sample Single Channel button is pressed under the Basic Tab. The exact 



 

33 

number of scans will take place, 256, before the spectra are shown. This is repeated for each 

pallet, making sure that the system is in vacuum for each measurement and that the Background 

is selected before beginning the scans. 
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Chapter 3 – Results and Discussion 

Since the Bi5Ti3FeO15 was synthesized by mixing Bi2O3, Fe2O3, and TiO2 powder samples 

in appropriate stoichiometric proportions followed by sintering, an easier understanding of the 

compound’s spectroscopic results is by comparison with the phonon modes of its constituents. 

Thus, below, these results are first being presented and analyzed.   

 

3.1  B2O3 

 Bismuth oxide, a p-type, wide bandgap semiconductor (2.85 eV at room temperature in 

the monoclinic phase), has been used in a variety of technological applications, ranging from 

sensors [37-40], transparent ceramic glass [41], and optical coatings [42]. Besides the material’s 

properties, such as high refractive index, high dielectric permittivity, and photoconductivity, Bi2O3 

exhibits different structural polymorphs, such as α, β, γ, δ, and ω, each with different structural 

assets and applicability. The α and δ phases are the ones that are stable at low- and high 

temperatures, respectively.   

The phonon modes of the stable α-phase of the material is spectroscopically analyzed in 

Figures 3.1 and 3.2. Bismuth oxide has a centrosymmetric structure, which not allows an exact 

coincidence of the IR and Raman modes. The monoclinic structure of the material belongs to P21/c 

(C5
2h) group. It contains 4 Bi2O3 per unit cell, with the twenty atoms distributed uniformity and 

having sixty degrees of freedom. The group symmetry predicts twenty-seven IR active modes and 

thirty Raman active modes. Fewer modes have been observed experimentally [43]; those from the 

material’s irreducible representations becoming both IR and Raman active. Also, since a lower 

symmetry is expected in powder materials, such as those analyzed here, a likely less homogeneity 

in atomic bonds in all directions will contribute to a reduction in vibrational frequencies arising 
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from different polarizations. Consequently, similar modes will be depicted as single band 

measurements. 

The Raman spectrum recorded at room temperature, which is presented in Figure 3.1, 

shows vibrational lines at 151 cm-1 (Bg), 184 cm-1 (Ag), 210 cm-1 (Ag), 282 cm-1 (Ag), 314 cm-1 

(Ag), 410 cm-1 (Ag), 446 cm-1 (Ag), and 527 cm-1 (Bg). Unfortunately, due to the cutoff of the 

experimental band-pass filter, no phonon modes below 130 cm-1 could be observed. Another 

remark, which has also been reported in the literature [43], is the sharpness of the vibrational lines 

below 200 cm-1, such as those at 153, 184, and 210 cm-1, compared with the ones above 200 cm-1, 

such as the bands at 282, 314, 410, 446, and 527 cm-1. The low-frequency vibrational modes 

(below 200 cm-1) are tentatively attributed to the Bi atoms movements and Bi–Bi stretching modes 

in the material structural subunits [44]. The vibrations observed in the frequency range from 190 

cm-1 to 340 cm-1 generally correspond to bending modes of both BiO5 and BiO6 subunits [44,45].  

 

Figure 3.1: Raman spectrum of α-Bi2O3. 
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Usually, the higher frequency bands are attributed to divalent and trivalent cations, making 

analysis more complex. Thus, the vibrational lines at 153 cm-1 (Bg) and 184 cm-1 (Ag) are 

associated with Bi atoms and symmetric O atoms displacements in the lattice of the material, 

respectively, while the peaks at 210, 282, 314, 410, 446, and 527 cm-1 also have added contribution 

from Bi–O symmetric stretching vibrations [44,45]. The vibrational line at 446 and 527 cm-1 

correspond to longitudinal optical (LO) and defects from oxygen vacancies and interstitial 

bismuth, respectively. The weak peak at 410 cm-1 is assigned to the second-order symmetric 

Raman scattering mode at the zero boundary phonon process [45]. 

The infrared transmission spectrum of the compound is presented in Figure 3.2. The polar 

character of the IR vibrations results in their further splitting into longitudinal and transversal 

optical components, affecting the broadening of the IR bands.  

 

Figure 3.2: Infrared transmission spectrum of α-Bi2O3. 
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The longitudinal components are IR and Raman active, especially at low frequency. 

Examples are the peaks at 124 cm-1 (Au), 151 cm-1 (Au), and 184 cm-1 (Au) in the IR spectrum 

shown in Figure 3.2, against the 151 cm-1 and 184 cm-1 vibrational lines in the Raman spectrum 

presented in Figure 3.1. Other Au –type of vibrations (dominant transverse optical modes from 

light interaction with the dipolar moment vector) are observed in the infrared transmission 

spectrum at 215 cm-1, 276 cm-1, 320 cm-1, 386 cm-1, 440 cm-1, 505 cm-1, and 542 cm-1. Similar to 

Raman modes, a dominance of those from Bi displacements are expected at low frequency, with 

that arising from O displacements at high frequency. 

 

3.2  TiO2 

Titanium dioxide has two tetragonal stable phases, anatase and rutile. While both can be 

encountered at room temperature, the rutile phase prevails at high temperatures, as the anatase 

phase is known to convert to it at temperatures higher than 750 0C [46]. The anatase phase, with 

the Raman spectrum presented in Figure 3.3, belongs to the space group D19
4h (I41/amd) and 

exhibits an elongated cell that contains two primitive TiO2 units. It also consists of octahedral 

chains/units of TiO6. All of the six predicted Raman active modes [46] are observed in Figure 3.3, 

namely the antisymmetric vibrations at 144 cm-1 (Eg), 198 cm-1 (Eg), and 637 cm-1 (Eg), the sharp 

peaks at 398 cm-1 (Bg) and 515 cm-1 (doublet from A1g and B1g), and the weak band at 796 cm-1 

(overtone of B1g). Other weak features indicating disorder induced due to second-order scattering 

are around 320 cm-1 and 448 cm-1. The latter vibration at 448 cm-1 (Eg) becomes strong in the rutile 

phase, as well as the ones at 144 cm-1 (B1g) and 612 cm-1 (A1g). Another Raman signature of the 

rutile phase is a peak around 827 cm-1 (B2g). In addition, it has been reported the appearance of a 

broad band around 235 cm-1, which again was associated with disorder induced in the material 
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[46]. Similar to the Bi2O3 case, the low- and mid-frequency regions are dominated by either the 

Ti–Ti or Ti–O vibrations, respectively.   

  

Figure 3.3: Raman spectrum of anatase phase of TiO2. 

 

The IR spectrum of anatase is presented in Figure 3.4. The transverse optical (TO) and 

longitudinal optical (LO) modes of titanium dioxide depends on the polarization of light [47,48]. 

For parallel-polarized light, the A2u modes are active, and for perpendicularly polarized light, the 

Eu modes are active. Since current measurements do not involve polarization, we were able to 

observe both types of modes. Thus, the vibrational lines at 268 cm-1 (Eu) and at 346 cm-1 (A2u), as 

well as those at 515 cm-1 (Eu) and at 637 cm-1 (A2u) are all associated with TO modes but belonging 

to different polarizations of light. Considering the fact that the current measurements were 

performed using powder samples, the observed shifts of ± 8 cm-1 for the mid-IR region are 

expected when compared with the same values for measurements on crystals [47]. Furthermore, 
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their increased absorbance is associated with the bulk reststrahlen region between the TO and LO 

modes. 

 

Figure 3.4: Transmission spectrum of anatase phase of TiO2. 

 

3.3  Fe2O3 

Between the known iron oxide polymorphs: hematite (α-Fe2O3), maghemite (γ- Fe2O3), 

and magnetite (Fe3O4), the hematite is the most thermodynamically stable. Long-time exposure to 

air or heating process results in the conversion of the metastable magnetite and maghemite forms 

to hematite. The Raman spectrum of iron oxide presented in Figure 3.5 shows dominant peaks at 

217 (A1g) and 275 cm-1 (Eg) and broad bands at 387 (Eg), 592 (Eg), and 1281 cm-1 (overtone or 

two-phonon) [49,50]. A very weak vibrational line can also be observed at 487 cm-1 (A1g). All of 

these observed vibrations are consistent with those reported for hematite. Furthermore, the absence 

of the Raman feature around 660 cm-1 (LO Eu, Raman forbidden) attributed to the potential residual 
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presence of other iron oxide forms validate our assumption of hematite existence. The peak at 1281 

cm-1 has been also associated with magnon scattering besides the two-phonon scattering of the 

silent mode at 660 cm-1 [50]. 

 

Figure 3.5: Raman spectrum of hematite phase of Fe2O3. 

 

 The infrared absorption spectrum presented in Figure 3.6 (in a transmission mode) shows 

vibrational lines at 347, 474, and 550 cm-1, which are in good agreement with the literature reported 

results [51,52]. The anharmonicity, size, and shape effects characteristics to powder samples 

contribute to the broadening observed for these vibrations. They also contribute to the weak 

vibration at 230 cm-1 that is becoming experimentally observable for oblate microcrystalline shape. 

In addition, iron oxide is sensitive to polarization effects as well. To this end, the observed 

vibrational lines in the IR spectrum are attributed to a perpendicular polarization of light. This is 

anticipated somehow, as the transverse modes associate with the dipolar moment and dominate 
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usually in the IR. Other observations are the shoulder around 410 cm-1 and the tail at higher 

frequency of the 550 cm-1 peak, both indicating smeared out contributions from parallel polarized 

light.   

 

Figure 3.6: Transmission spectrum of hematite phase of Fe2O3. 

 

3.4 Bi5Ti3FeO15 

A schematic representation of an aurivillius compound such as Bi5Ti3FeO15 is presented in 

Figure 3.7. This perovskite layer material contains A- and B- sites. The B-site corresponds to the 

octahedral site present in the compound, which is the space at the center of the octahedron, as 

shown in Figure 3.7. This site is made up of six oxygen molecules where an Fe or Ti atom resides 

at the center and are disorderly distributed with a 1 to 3 ratio throughout the compound. The A-

site is related to the center of the cubic array of the FeO଺/TiO଺ octahedra, where a Bi atom can be 

found. This array makes up the perovskite structure-like layers found in the aurivillius compound. 
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The Bi5Ti3FeO15 structure consists of four perovskite-like layers separated by the fluorite-like 

Bi2O2
-2 layers. Figure 3.7 shows the layered structure where the blue spheres represent Bi atoms, 

and the red spheres represent oxygen atoms. The light blue areas represent the FeO଺/TiO଺ 

octahedra.  

 

Figure 3.7: Representation of the perovskite A-site in an Aurivillius structure [53]. 
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The Raman spectrum of Bi5Ti3FeO15 compound is presented in Figure 3.8. The most 

substantial peak in the spectrum, centered at about 253 cm-1, is composed of a convolution of three 

vibrational lines associated with the compound's constituents. The three vibrational lines are 206, 

257, and 332 cm-1. The 206 cm-1 line in Figure 3.8 is shown as a shift from the 210 cm-1 peak in 

α-Bi2O3. The 257 cm-1 (A1g) vibrational line comes from the 235 cm-1 peak in the rutile phase of 

TiO2, with the peak seen at 332 cm-1 representing the peaks found around 320-360 cm-1 present in 

rutile [46]. The convolution of these lines is representative of the TiO6 octahedron found in the 

aurivillius compound. The 856 cm-1 (A1g) peak is correlated with the 827 cm-1 line found in rutile. 

The 548 cm-1 (A1g) is in close range to the band found in the rutile spectra present at 541 cm-1 [54]. 

The 708 cm-1 is found in the γ-Fe2O3 spectra at 710 cm-1 [55]. Therefore, this vibrational mode 

seen in Figure 3.8 corresponds to the FeO6 octahedra.  

Raman (cm-1) FTIR (cm-1) Raman (cm-1) FTIR (cm-1) Raman (cm-1) FTIR (cm-1)

-- 124(Au) 144(Eg) -- 217(A1g) --

153(Bg) 151(Au) 198(Eg) -- -- 230

184(Ag) 184(Au) -- 268(Eu) 275(Eg) --

210(Ag) 215(Au) 320 -- -- 347

282(Ag) 276(Au) -- 346(A2u) 387(Eg) --

314(Ag) 320(Au) 398(Bg) -- -- 474

-- 386(Au) 448(Eg) -- -- 550

410(Ag) -- 515(A1g) 515(Eu) 592(Eg) --

446(Ag) 440(Au) 637(Eg) 637(A2u) 1281 --

-- 505(Au) 796(B1g) -- -- --

527(Bg) -- -- -- -- --

-- 542(Au) -- -- -- --

Table 3.1: Raman and FTIR vibrational modes of constituents.
Bismuth Oxide (Bi2O3) Titanate Oxide (TiO2) Iron Oxide (Fe2O3)
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Figure 3.8: Raman spectrum of Bi5Ti3FeO15 compound. 

 

The spectra found in Figure 3.9 shows the infrared absorption of Bi5Ti3FeO15. Using Table 

3.1, a correlation between each mode can be seen for the constituents and the compound. The 

vibrational lines seen at 125 and 185 cm-1 are in relation to the 124 and 184 cm-1 modes present in 

the FTIR data for Bi2O3, where the resolution is given by ±3 for both Raman and FTIR. The peak 

seen at 303 cm-1 is close to the mode seen in Table 3.1 at 314 cm-1 belonging to the Raman mode 

of Bi2O3. The sharp peak seen at 382 cm-1 comes from FTIR mode at 386 cm-1 in Bi2O3 and the 

Raman mode at 387 cm-1 in Fe2O3. The lines at 435 and 506 cm-1 are closer to the modes present 

in the FTIR spectrum of Bi2O3 at 440 and 505 cm-1, respectively. The vibrational line around 558 

cm-1 is closely related to the line seen in the FTIR spectra for Fe2O3 at 550 cm-1. The lines at 612 

and 839 cm-1 in Figure 3.9 are seen in the Raman spectra for rutile at 612 and 827 cm-1, while the 

mode at 630 cm-1 is correlated to the 637 cm-1 mode seen in Table 3.1 under both Raman and FTIR 

modes of anatase.  
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Figure 3.9: Infrared transmission spectrum of Bi5Ti3FeO15. 

 

In Figure 3.10, we present the powder X-ray diffraction data, which were provided by Dr. 

Nair in effort of complementing the current spectroscopic analysis. The data demonstrates the 

orthorhombic structural composition of the Bi5Ti3FeO15 compound. However, a controversial 

structural change from orthorhombic to tetragonal has been predicted at the currently employed 

temperature of synthesis. Unfortunately, if observable, it can be seen only at small scattering 

angles, such as those below 15 degrees. This region is less emphasized in Figure 3.10. 
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Figure 3.10: Powder X-ray scattering data of the Bi5Ti3FeO15 compound (courtesy of Dr. Nair). 
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Conclusion and Future Work 

 The focus of this study started with Bi5Ti3FeO15 due to its multiferroic properties and 

extensive applications. The spectroscopic results of this aurivillius Bi5Ti3FeO15 phase were 

analyzed along with those of its constituents, Bi2O3, TiO2, and Fe2O3, to show if there were any 

changes in the structure. Based on these characterizations, the quality of the material is 

determined to be ideal.  

 The motivation to study Bi5Ti3FeO15 comes from the semiconductive, ferroelectric, and 

antiferromagnetic properties at room temperature. The manipulative magnetic states present in 

the compound and the mentioned qualities are preferred for specific technological applications. 

The utilization of this material involves information storage, quantum controlling, and signal 

processing, to name a few. Furthermore, applying the compound involves its functionality as a 

gas sensor for detecting harmful gasses. This lead-free compound is also favorable due to its 

lower toxicity and environmental friendliness.  

 The study was initiated using the solid-state method to synthesize the aurivillius 

Bi5Ti3FeO15 phase material. The compound and its constituents were then analyzed 

spectroscopically using confocal Raman and vacuum-based Fourier transform infrared 

spectroscopy. The systems are coupled in this study since both longitudinal and transverse 

optical modes were required, each being dominant in Raman and FTIR, respectively. The 

inclusion of the spectra of each constituent was necessary for analyzing the shifts found in the 

vibrational lines.  

 From the Raman and FTIR spectra seen for Bi2O3, it can be concluded that the lower 

vibrational lines, at 124, 151, and 184 cm-1, dominate LO modes, given that they are present in 

both spectra. Higher modes were identified as LO or TO modes, as they were found in the 

Raman and FTIR spectra, respectively. Vibrational modes found in the Raman spectra below 200 
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cm-1 were identified as belonging to the displacement of Bi and O atoms in the material, while 

anything higher pertained to Bi-O symmetric bond stretching. In FTIR readings, the lower modes 

were dominated by Bi displacements, while the higher modes belonged to O displacements. 

 The stable anatase phase for titanium dioxide was used for this study as it is stable at 

room temperature. The Raman spectra showed all six expected modes with lower readings 

correlated to Ti-Ti vibrations and mid-frequency regions assigned to Ti-O vibrations. Since rutile 

is stable at high temperatures, as experienced during the synthetization of Bi5Ti3FeO15, the 

modes at 612 and 827 cm-1 must be considered when analyzing the compound. The broad band 

found in the FTIR spectra around 515-637 cm-1 is correlated to the Reststrahlen band, referring 

to the wavelength region between LO and TO modes with high reflectivity and strong 

absorption.  

 Since hematite is known as the most thermodynamically stable phase of iron oxide, it is 

expected that the modes found in the Raman spectra for Fe2O3 correlate with those reported for 

hematite. Besides all modes associated with hematite, the mode seen at 1281 cm-1 correlates to 

the two-phonon scattering of the silent mode at 660 cm-1. This silent mode further enforces the 

identification of hematite in the sample. Since Fe2O3 is sensitive to polarization effects, FTIR 

readings will show dominant TO modes.  

 The modes of importance found in both the Raman and FTIR spectra are summarized in 

Table 3.1, which is used to analyze Bi5Ti3FeO15 modes. The modes found in rutile are seen in the 

Raman spectra, which is evidence of a change in the structure during the synthesis of the 

compound. A vibrational line in maghemite is also identified in the Raman spectra, further 

showing the structural change from hematite to maghemite. The modes seen in the low-

frequency region of the FTIR spectra are correlated to the modes found in both Raman and FTIR 
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spectra for Bi2O3. The mode is seen at 612 and 630 cm-1 is also present in the Raman spectra of 

rutile, pertaining to the TiO6 octahedra. The mode at 550 cm-1 is correlated to Fe2O3 since the 

same mode is seen in the IR modes. No additional modes were identified. 

These assumptions are made by analyzing each constituent's spectra found in this study. 

Vacuum-based FTIR spectroscopy measurements of pure Bi5Ti3FeO15 have yet to be reported 

enough to compare these results. Future work would include density functional theory 

evaluation. DFT will be used to analyze the information stored in the spectra of the compound.  

In addition to Raman and IR, inelastic neutron scattering spectroscopy can measure the 

collective motions in crystals. This information will identify the magnetism, phase transition, as 

well as thermodynamic properties of the material. This technique complements the information 

found in this study as it does not restrict the type of modes allowed, including the high-frequency 

region (terahertz). This future work would only improve our knowledge of this compound.  

In conclusion, a structural change was seen and identified in the spectra of Bi5Ti3FeO15 

compound through confocal Raman and vacuum-based Fourier transform infrared spectroscopy. 

These results were analyzed by comparing the vibrational spectra of the compound's 

constituents. The analysis of the material showed no abnormalities suggesting the desired quality 

of the material. 
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