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Abstract 

Spinel ferrites have gained attention for a long period of time due to their unique 

electrical, optical, and magnetic properties. They are also very promising for 

applications such as circulators, phase shifters, memory, magnetic recording devices, 

gas sensing, etc. The present thesis is focused on the synthesis of lithium ferrite-based 

ceramics and thin films. Lithium ferrite exhibits high Curie temperature, square 

hysteresis loop, high saturation magnetization, excellent dielectric properties, high 

resistivity, etc. The solid-state reaction method is used to prepare substituted lithium 

ferrites and composites. The effect of alkaline earth elements such as Sr and Mg on the 

structural, microstructural, dielectric (1 MHz – 1 GHz), and magnetic response is 

analyzed. Enhanced dielectric response (εr = 3034, tanδ = 0.001 at RT, 1 MHz) is 

observed for the Mg composition, x = 0.005, whereas in the case of Sr series, the best 

dielectric response is observed for x = 0.003 (εr = 5986 and tanδ = 1.17 at RT, 1 MHz). 

The obtained EA for LMFO and LSFO is 1.39 – 0.35 eV and 0.124 – 0.077 eV, 

respectively. The LMFO with x = 0.007 exhibited the best permeability (µr = 29) and 

magnetic properties (Ms = 55 emu/g) at room temperature. Also, in the LSFO series, x 

= 0.007 showed the highest magnetization among all samples (MS = 61 emu/g). 

Improved dielectric response with low magnetic as well as dielectric loss is observed for 

Mg substituted lithium ferrite as compared to Sr. The combined magnetic, dielectric, 

and permeability response made the Mg substituted lithium ferrite more suitable for 

circulators and phase shifters. Again, the lithium ferrite/carbon black and Dy substituted 

lithium ferrite/carbon black composites are prepared, and EMI shielding effectiveness 

is analyzed in the X (8.2 – 12.4 GHz) and Ku (12.4 – 18 GHz) frequency bands. 
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Permittivity and permeability are also analyzed. Shielding effectiveness is enhanced 

with the carbon black as well as Dy content. The maximum shielding effectiveness of 

24 dB was obtained for LD10FO/CB ~ 17 ‒ 18 GHz. The Dy substitution enhances the 

magnetic as well as dielectric loss. Further, 99.68 % of Aeff is achieved with 20 wt % of 

CB reinforcement in LFO, whereas the maximum absorption efficiency of 99.6 % is 

obtained for LD10FO/CB ~ 17 ‒ 18 GHz.This renders majorly absorption-based 

shielding rather than reflection-based shielding. The enhancement in the shielding 

efficiency is attributed to the synergetic effect of the dielectric loss and magnetic loss. 

Various contributions of magnetic loss, such as natural resonance, domain wall 

resonance, eddy current loss, hysteresis loss, and spin polarization, are discussed. 

Further, lithium ferrite and Dy substituted lithium ferrite in the form of thin films are 

synthesized by PLD having different film thicknesses. The strain-induced structural, 

microstructural, magnetic, dielectric, and electrical response is analyzed. The 

magnetization is reduced with the enhancement in film thickness which is explained on 

the basis of magnetoelastic energy density. The dielectric constant is enhanced, whereas 

the dielectric loss is reduced with the enhancement in the film thickness. The electrical 

conduction mechanism is also analyzed, which is in good agreement with Mott’s VRH 

mechanism. The varying thickness of a film is an effective parameter for tuning the 

physical properties of the film.  The observed results suggest that LDFO films are 

promising for magnetic oxide semiconductor applications. 
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Chapter 1 : Introduction 

Nowadays, the expeditious development in telecommunication and signal processing 

has enhanced the demand for microwave devices in wireless communication and radar 

detection system. Ferrites are the most felicitous material for various microwave 

applications (phase shifters and circulators) owing to their optical, electrical, exciting 

magnetic, and dielectric properties, very high specific resistance, and remarkable flexibility 

in tuning the properties.[1][2] With the increasing level of integrated devices for different 

applications, there is an extensive requirement to develop new microwave materials with 

desired properties. Especially for operation of non-reciprocal microwave devices like 

isolators and circulators, there is no alternative rather than ferrites.[3][4][5][6] Apart from 

that, ferrites' operational frequency range, temperature resistance, and power handling 

capacity make them unique for application in microwave devices. Further, due to the rapid 

growth and demand for electronic media and digitalization, electromagnetic (EM) pollution 

has become a hazardous threat to the operation of devices and the day-to-day healthy human 

life.[7][8][9] In order to increase the data transfer rate, the dominant frequency regime is 

shifting towards the high frequency. To minimize electromagnetic pollution, the urge for 

electromagnetic shields and absorbers increased. So, in the last few years, EM pollution 

has gained the attention as an exclusive research topic among many researchers and 

scientist.[10][11][12] The future use of ferrites in such applications will be governed by the 

specification of the technical problem that requires a solution and the economic 

considerations. The present study aims to develop the materials suitable for above 

applications. 
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1.1 Historical back ground 

Ferrites are the class of metal oxides that contain ferric oxides with combined 

magnetic conductor and electrical insulator properties. The connection between the 

chemical composition and magnetic response of different ferrites having various elements 

such as cobalt, copper, manganese, and magnesium was investigated by Hilpert et al.[13] 

in the year 1909. The primary commercial importance of ferrites came into existence in 

1930 through the efforts of Japan's Kato and Takai.[14] The active participation in ferrites 

for radio frequency applications emerges after the pioneering work by Snoek et al.[15]. 

Then the superexchange theory was postulated by Yafet and Kittel[16], and Verway and 

Heilmann explained the distribution of ions over octahedral and tetrahedral positions.[17] 

After years of research, Globus et al.[18] gave a model that describes the contribution of 

the domain wall with the permeability. Then, Polder et al.[19] derived the first permeability 

tensor that laid the foundation to understand the behavior of ferrites in the microwave 

frequency range. After that, ferrite gained popular interest among microwave engineers and 

Physicists till now. 

1.2 Applications of ferrites as microwave materials 

Initially, ferrites as microwave materials gained the interest of researchers due to the 

requirement for magnetic insulators in high-frequency inductor cores. By taking advantage 

of the dielectric response of ferromagnetic oxides, ferrites were used for various purposes 

such as directional coupler, phase shifter, isolator, circulator, etc., as reported earlier. 

[20][21][22][23] Mainly the focus was laid on the development of magnetic loss of the 

materials and the ferromagnetic resonance (FMR) linewidths. Another crucial property of 

ferrites is magnetic anisotropy, which is usually used to bias the materials in microwave 
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regions. Depending upon the materials' performance and requirements, nowadays ferrites 

are used for various prospective. 

1.2.1 Circulator, Isolator, and Phase shifter 

The circulator is a multi-port, non-reciprocal passive device that exhibits low 

insertion loss in the forward direction and high loss in the reverse direction. The main 

purpose of this device is to control the flow of power. It has the power to regulate the 

direction of wireless as well as microwave signals where one antenna is needed instead of 

two for receiving and transmitting at duplex mode.[3] It comprises of a conductor placed 

over ferrite, which is usually biased by applying an external magnetic field which is 

perpendicular to the device plane. The graphical representation of a Y-junction circulator 

in stripline configuration and the magnitude of electric field is shown in Figure 1-1 (a) and 

(b). One layer stripline circuit with two ferrite discs make the sandwich structure. Port 1 is 

the input, whereas port 2 is the output port with simultaneously isolated port 3. The 

transmit-receive (T/R) modules of phased array radar systems are most often used in the Y 

junction circulator.  

 

Figure 1-1. (a) Different parts of a stripline Y-junction circulator. (b) Low insertion 

loss in the forward direction of propagation (port I–port II). The finite element method is 

used to deduce the magnitude of the electric field in the stripline Y-junction circulator.[3] 

The nonreciprocity behavior of the circulator can be used to separate received and 

transmitted waves in communication and radar systems. Initially, barium and strontium 

hexaferrite were mostly used ferrites for circulators due to their high magnetization, 
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anisotropy, and low loss. As soft ferrites like spinel ferrites render much beneficial low 

loss, the search for new ferrites for circulators is shifting towards spinel ferrites in recent 

times.  

The isolator comes under two-port devices with nonprocity unidirectional 

transmission characteristics, as shown in Figure 1-2. [24] It is mainly used to block the 

high reflected power from the damage of the microwave sources. Let's take an example: 

when plasma is ignited, the impedance of the system changes a lot. The change in 

impedance will lead to impedance mismatch that causes fatal reflection, which can damage 

the source. In such cases, an isolator can match or tune the network to absorb the reflected 

power through the ferrites. The isolators consist of similar essential elements as a circulator, 

which operates on different principles such as resonance absorption, field displacement, 

and Faraday rotation. 

 

Figure 1-2. (a) The forward transmission is high from Port 1 to Port 2 : low 

transmission loss (S21), (b) Reverse transmission is low from Port 2 to Port 1 : high 

isolation[24] 

The phase shifters also belong to a two-port components system which renders 

different phase shifts by applying a different bias to the magnetic field, as shown in Figure 

1-3.[24] The phase shifter is crucially used in phase array antenna to guide the antenna 

beam in space controlled electronically. The current phase shifter technology with 

semiconductor and ferroelectrics is suffering operational constraints like power handling 
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capacity and reliability, which limits their use in the military and commercial firms.[25] In 

contrast, the phase shifters with ferrites show superior microwave handling power and 

superior insertion loss. Apart from this, it is also rendering radiation-tolerant behavior and 

reliability. The spinel ferrites substituted with nonmagnetic ions like zinc, magnesium, and 

lithium are highly suitable for this application.[26][27] 

 

Figure 1-3. (a)left side of the image refers to the empty wave guide and the right 

side shows the field strength with ferrites 

1.2.2 Microwave absorber 

Microwave absorbers have received wide attention in the last few years due to the 

increasing demand for telecommunication, wireless electronic devices, and stealth 

technology.[28][29] Besides, microwave absorbing materials (MAMs) are applied vastly 

to minimize electromagnetic (EM) reflections on huge bodies like military equipment, 

tanks, and planes.[30] Figure 1-4 shows the graphical illustration of the application of 

microwave absorbers. Majorly the absorbers can be classified into different types, such as 

dielectric type, resistor type, and magnetic type. In ferrites, the microwave absorption 

response of absorbent depends upon various factors such as complex permeability 

(interaction between absorbent and magnetic field), complex permittivity (interaction 

between absorbent and electric field), dielectric loss (defects), magnetic loss (eddy current 

effect and domain wall motion).[31][32] Apart from this, there should be effective blending 

between magnetic and dielectric loss (impedance matching) to achieve effective microwave 
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absorption.[33] Several ferrites such as Ni-Zn, [34][35] barium ferrites, strontium 

hexaferrite,[36][37] Mn-based spinel ferrites[38] are being used as microwave absorbers 

as reported earlier.[39] 

 

Figure 1-4. Schematic illustration of the application of microwave absorbing material. 

1.2.3 Electromagnetic interference shielding 

In recent days, electromagnetic radiation in gigahertz (GHz) frequency has become 

an alarming danger for biological systems, commercial applications, high-quality 

information technology, etc.[10][40] When the EM waves interfere with the signals from 

different devices, they create noise known as electromagnetic interference (EMI) pollution, 

which is the consequence of the undesired outcome of modern technology and engineering. 

Commercial appliances (microwave ovens) and communications devices (bluetooth 

devices, wi-fi routers, cell phones) are also part of EMI pollution.[41][42] Figure 1-5 

illustrate the various source of EMI pollution around us. EMI pollution is hazardous for the 

smooth running of the devices and for normal human health, which causes sleeping 

disorders, headache, nausea, and heart attack.[43][44] The problem of this situation can be 

solved only by using appropriate EMI-shielded material. So, it is the urgent need of the 

hour for the whole human community to synthesize high-efficiency EMI shielded material. 
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The absorption mainly relies on magnetic and electric dipoles present in the shielded 

materials, whereas to have effective reflections mobile charge carriers are needed.[45][46] 

The multiple reflections (reflection from various interfaces) are used to be neglected as the 

re-reflected waves are absorbed in the materials. Earlier, for EMI shielding, metal sheets 

were considered  as an efficient material; however, their heavy weight, processing 

difficulty, and oxidation-prone nature limit their use in various practical applications.[47] 

Then the hunt for efficient EMI-shielded material shifted to polymer and polymer-based 

composites.[48][49][50] But polymer-based composites also have certain limitations like 

temperature and chemical composition stability. So, currently, the research shifted to 

ceramics and ceramic-based composites with carbon and polymer.[51] [52][53][54] The 

shielding effectiveness (SE) of the material depends on several parameters like 

morphology, conductivity, permeability, permittivity, dielectric loss, and magnetic loss. 

 

Figure 1-5. Various sources of EMI pollution/radiation. 

1.3 Theory and fundamentals associated with microwave ferrites 

The origin of the magnetic moment of a material arises from the orbital and spin 

motion of electrons and how they interact. The total magnetic moment of an atom is the 
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combined effect of an individual electron's orbital and spin magnetic moment. According 

to the magnetic exchange interaction, materials are classified into different categories: 

diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic, and ferrimagnetic. Materials 

under the initial two groups do not show any collective magnetic interactions and are not 

magnetically ordered. The materials under the last three groups show long-range magnetic 

responses below a specific temperature. 

1.3.1 Types of magnetic materials 

1.3.1.1 Diamagnetism 

Generally, diamagnetic materials are composed of atoms having no net magnetic 

moment (no unpaired electrons: all orbitals are filled). Diamagnetic nature is a fundamental 

behavior of all materials. It is because of the non-cooperative behavior of orbiting electrons 

while exposed to an externally applied magnetic field. According to Lenz's law, when an 

external magnetic field is applied to a material, a magnetic moment is induced that opposes 

the direction of the magnetic field.[55] Diamagnetic material shows negative susceptibility, 

suggesting that the induced magnetization direction is opposite to the direction of the 

applied magnetic field. Examples of diamagnetic materials are metals (Ag, Au, Cu), 

polyatomic gas (N2, H2), monoatomic rare gases (Ar, Ne, He), etc. 

1.3.1.2 Paramagnetic 

In paramagnetic materials, the magnetic dipoles are randomly oriented and do not 

possess any magnetic moment in the absence of a magnetic field. Some atoms and ions in 

this type of material possess a net magnetic moment due to the presence of unpaired 

electrons in partially filled orbitals. When the magnetic field is applied, the magnetic 

dipoles try to align in the direction of the magnetic field, giving rise to positive magnetic 

susceptibility. The alignment degree increases with an increase in the applied field and a 

decrease in temperature. As a function of temperature, the susceptibility of paramagnetic 
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materials can be expressed as per the Langevin classical approach, as shown in Equation 

1.1, known as Curie law.[56][55] 

𝜒 =
𝑁𝜇0𝜇

2

3𝑘𝐵𝑇
 

1.1 

µ0, kB, N are the permeability of free space, Boltzmann constant, and no of magnetic dipoles 

per unit volume with magnetic moment µ, respectively. In paramagnetic materials, 

magnetic susceptibility is inversely proportional to temperature. Example of paramagnetic 

materials are oxides, salts, silicate, carbonate, sulfide, etc. 

1.3.1.3 Ferromagnetism 

Materials that show spontaneous magnetization even in the absence of magnetic field 

because of the parallel alignment of magnetic spins. There are two distinct characteristics 

of ferromagnetic materials: magnetic ordering temperature and spontaneous magnetization. 

Spontaneous magnetization is confined to small regions in various materials known as the 

magnetic domain. When an external magnetic field is applied, the multi-domain oriented 

in a different direction aligns with the direction of the applied field and forms a single 

domain. Another related term is saturation magnetization (Ms), which is the maximum 

induced magnetic moment that can be achieved in a magnetic field (Hsat). Beyond this, no 

further increase in magnetization occurs. Although the electronic exchange forces are 

enormous in ferromagnets, the thermal energy can overcome the exchange and produce 

randomization of spin. This phenomenon occurs at a particular temperature called Curie 

temperature (Tc). Below Tc, the ferromagnet is in an ordered state and disordered 

(paramagnetic) above this temperature. For the region T>Tc, these materials follow Curie-

Weiss law (Equation 1.2): 

𝜒 =
𝐶

𝑇 − 𝑇𝑐
 

1.2 

TH-3096_176121020



Chapter 1: Introduction 

 

10 | P a g e  

 

where C and Tc are Curie constant and Curie temperature, respectively. Some examples of 

ferromagnetic materials are Co, Ni, Fe. 

1.3.1.4 Antiferromagnetism 

In this type of material, the magnetic spins nearest to each other are aligned in an 

antiparallel manner, which results in a net zero magnetic moment. Antiferromagnetic 

materials exhibit negative exchange interaction. They behaved as ordered material below a 

certain temperature known as Neel temperature (TN), above which it acts as paramagnetic. 

𝜒 =
𝐶

𝑇 + 𝑇𝑁
 

1.3 

The known antiferromagnetic materials are NiO, Cr2O3, MnO, etc. 

 

Figure 1-6. Spin alignment and behavior of different types of magnetic ordering. 

1.3.1.5 Ferrimagnetism 

Ferrimagnetic materials macroscopically behave like ferromagnetic materials and 

show similar responses such as spontaneous magnetization, curie temperature, and 
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hysteresis. At the same time, the spin arrangement is antiparallel to each other, like 

antiferromagnetic microscopically. Like antiferromagnetic materials, ferrimagnetic 

material exhibits different magnetic sublattices having different magnetic moments. Hence, 

they do not cancel each other. The magnetic structure comprises two different sublattices 

(A and B) separated by oxygens, and oxygen anions mediate the exchange interactions. 

Such interactions are called superexchange interactions. The net magnetization is Mnet = 

MB-MA. Various spinel, garnets, and hexaferrite show ferrimagnetic behavior (Fe3O4, 

NiFe2O4, Y3Fe5O12, BaFe12O19). A graphical illustration of different types of spin 

orientation of all the classes of magnetic materials are shown in Figure 1-6. 

1.3.2 Dielectric polarization 

Dielectric materials are very poor conductors, unlike insulators, as they do not have 

free charge carriers. When an external electric field is applied to a dielectric material, the 

charge carriers (electrons and holes) do not move. Instead, they slightly shift away from 

their equilibrium position, which leads to a dipole moment. The positive charge carriers are 

displaced in the direction of the field, whereas the negative charge carriers are displaced in 

the opposite direction. But the atoms or molecules will remain neutral as a whole. The 

dielectric materials can store the electric charge that acts as a capacitor. Depending upon 

the various contribution of polarization, the storage capability of materials varies from one 

to another. Mainly polarization (𝑃⃗ ) is divided into four different types: space charge (𝑃⃗ sc), 

dipole/orientational (𝑃⃗ dp), electronic (𝑃⃗ e), and ionic (𝑃⃗ i). The schematic illustration of 

different types of polarization is shown in Figure 1-7.  

The space charge polarization occurs due to the accumulation of charge carriers at 

the interface between material and electrodes, grain boundaries, and grains. Generally, it 

occurs in low frequency range ≤ 103 Hz. The orientational/dipole polarization occurs due 

to the alignment of the permanent dipole in the direction of the electric field. It occurs in 
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the frequency range of 106 ‒ 109 Hz. The relative shift of negative and positive charge 

carriers with an applied electric field is called ionic polarization, occurring in the range of 

109 ‒ 1012 Hz. The distortion of the negative electron cloud around positive nuclei with an 

applied electric field in the frequency range of 1012 ‒ 1015 Hz is called electric polarization. 

So, for the high-frequency electric field, ionic and electronic polarization contributes 

toward net dipole polarization in the dielectric material.[57] The total polarization (𝑃⃗ ) is 

the contribution of all types of polarization (Equation 1.4). 

𝑃⃗ = 𝑃⃗ 𝑠𝑐 + 𝑃⃗ 𝑑𝑝 + 𝑃⃗ 𝑒 + 𝑃⃗ 𝑖 1.4 

 

Figure 1-7. Schematic illustration of different types of polarization. 

Further dielectric materials can be classified into two types based on the dependency 

of dipolar polarization with an applied field strength: linear dielectric and nonlinear 

dielectrics. In linear dielectrics, 𝑃⃗  is directly proportional to the applied electric field. 

Whereas spontaneous polarization is observed for nonlinear dielectric materials even in the 

absence of the external applied electric field, which mainly arises due to the non-centro 

symmetry of crystal structure. The relative permittivity is calculated by the parallel plate 

capacitor method by using this Equation 1.5  
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𝜀𝑟 =
𝜀

𝜀0
=
𝐶𝑑

𝜀0𝐴
 

1.5 

 where C, A, d, are the capacitance, area of the sample, and thickness, respectively. 

1.3.3 Dielectric loss 

It is described as the ratio of the imaginary (ε") and real (ε') part of the permittivity. 

The high permittivity with low loss materials is the most demanding requirement of 

ongoing industrial electronics applications. Dielectric loss (tanδ) is the loss of 

electromagnetic energy inside a dielectric material. Based on the origin, dielectric loss is 

defined as intrinsic and extrinsic. The dissipation of the electric field due to the interaction 

with the phonon is known as intrinsic loss. In the presence of an ac electric field, the phonon 

system undergoes relaxation that dissipates the energy of electromagnetic waves. The 

intensity of interaction depends on the disorders in the crystal structure. Extrinsic loss arises 

due to external factors like vacancies, porosity, dislocation, impurities, etc. 

1.3.4 Shielding effectiveness 

EMI shielding is a mechanism in which conductive or magnetic materials restrict the 

propagation of EM waves. The shielding effectiveness (SE) is explained as the ratio of the 

incident and transmitted power of the EM waves, which is described as [58][59] 

𝑆𝐸𝑇𝑜𝑡𝑎𝑙 = 10 𝑙𝑜𝑔 (
𝑃𝑖𝑛𝑝𝑢𝑡

𝑃𝑜𝑢𝑡𝑝𝑢𝑡
) = 20 𝑙𝑜𝑔 (

𝐻𝑖𝑛𝑝𝑢𝑡

𝐻𝑜𝑢𝑡𝑝𝑢𝑡
) = 20𝑙𝑜𝑔⁡(

𝐸𝑖𝑛𝑝𝑢𝑡

𝐸𝑜𝑢𝑡𝑝𝑢𝑡
) 

1.6 

where Poutput and Pinput are the power of transmitted and incident waves. H and E denotes 

the intensity of magnetic and electric field, respectively. Transmission, reflection, and 

absorption occur when EM waves interact with the shielding materials. Total SE is the sum 

of shielding due to reflection, absorption, and multiple reflections. It is expressed as: 

𝑆𝐸𝑇𝑜𝑡𝑎𝑙(𝑑𝐵) = 𝑆𝐸𝐴 + 𝑆𝐸𝑅 + 𝑆𝐸𝑀 1.7 
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 Shielding effectiveness due to reflection, absorption, and multiple reflections are denoted 

as SER, SEA, and SEM, respectively. The contribution of multiple reflections can be 

neglected if SEA is higher than 10 dB. For efficient reflection, free charge carriers such as 

electrons and holes should be present in the shielding materials, which interact with the 

electric and magnetic fields of the imping EM waves. The ratio of E-field to H-field 

(amplitude) of EM waves is described as the impedance, which is small for a conducting 

material compared to the impedance of air. The significant mismatch in impedance causes 

reflection. Reflection loss mainly depends on the shielding material's permeability and 

conductivity. The reflection coefficient reaches nearly 1 and 0 for ultimately mismatch and 

matched medium at the interface, respectively. In the case of complete impedance 

matching, the waves can penetrate the medium. In such a scenario, absorption is crucial in 

achieving effective shielding. The material must contain electric and magnetic dipoles for 

better absorption, which will interact with the EM waves. The SEA is directly related to the 

product of conductivity and permeability. So, proper conductivity, permittivity, and 

permeability balance are required to achieve the desired shielding. The coefficient of 

absorption (A), transmission (T), and reflection (R) are defined in terms of S parameters 

S11 (S22), and S21 (S12) such as:[60][61] 

𝑅 = |𝑆11|
2 = |𝑆22|

2; 𝑇 = |𝑆21|
2 = |𝑆12|

2; ⁡𝐴 = 1 − 𝑅 − 𝑇 1.8 

𝑆𝐸𝑅 = −10 𝑙𝑜𝑔(1 − 𝑅) ;⁡𝑆𝐸𝐴 = −10𝑙𝑜𝑔⁡(
𝑇

1 − 𝑅
) 

1.9 

According to classical electromagnetic theory, when EM waves interact with the shielding 

material having a thickness (d), conductivity (σac), and magnetic permeability (µ),  the EMI 

shielding effectiveness is expressed as: 

𝑆𝐸⁡(𝑑𝐵) ≈ 10𝑙𝑜𝑔 (
𝜎𝑎𝑐

16𝜔𝜀0𝜇𝑟
) + 20

𝑑

𝛿
𝑙𝑜𝑔𝑒 

1.10 
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where skin depth (δ) is proportional to ac conductivity and permeability (𝛿 = √2 𝜔𝜇𝜎𝑎𝑐⁄ ), 

and σac= ωε0ε". The initial term is related to reflection, whereas the latter corresponds to 

absorption. 

𝑆𝐸𝑅(𝑑𝐵) = 10𝑙𝑜𝑔 (
𝜎𝑎𝑐

16𝜔𝜀0𝜇𝑟
)⁡ 1.11 

𝑆𝐸𝐴(𝑑𝐵) = 20𝑑√
𝜇𝜔𝜎𝑎𝑐
2

𝑙𝑜𝑔𝑒 
1.12 

 SER enhances with a rise in σac and reduces with a rise in permeability and frequency of 

the shielded layer. To interpret the contribution of absorption, the absorption efficiency 

(Aeff) is calculated as follows: 

𝐴𝑒𝑓𝑓(%) =
(1 − 𝑇 − 𝑅)

(1 − 𝑅)
× 100 

1.13 

  

1.4 Different Types of Ferrites 

Based on the crystal structure, ferrites are classified in to four different types: 

Hexaferrites, garnet, ortho ferrites, spinel. 

1.4.1 Hexaferrite 

Hexaferrites exhibit magneto plumbite structure which is hexagonal in symmetry 

leading to magnetic anisotropy fields energy and magnetocrystalline anisotropy. The most 

popular hexaferrite is Ba M-type hexaferrite (BaFe12O19), having Pb3/mmc space 

group.[62][63] The unit cell of BaFe12O19 is shown in Figure 1-8.  
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Figure 1-8. The unit cell of BaFe12O19. 

They are highly oriented in the direction of easy magnetic axis (c-axis).[64]  The M-type 

hexaferrite comprises 10 oxygen layers with four successive layers (each contains four 

oxygen anions followed by a fifth layer having a Ba cation and three anions). The structure 

is composed of spinel (S) blocks with two oxygen layers separated by an R block containing 

Ba. Every other R and S rotated by 180° is denoted by R* and S*, respectively.[65][66] 

The Fe ions occupy the octahedral and tetrahedral sites as well as one trigonal bipyramidal 

site.  The magnetization in hexaferrite originates from superexchange interaction among 

the cation sublattices. The iron ion located in the R block aligned to the c axis in spin up 

orientation. In the last few decades, research on various hexaferrite (U, W, X, Y) resulted 

in properties of many potential applications for microwave applications.[67][68] 

1.4.2 Garnet 

Garnet is the class of material having a large saturation magnetization, soft 

ferromagnetic materials with high remanence, and low coercivity with general chemical 

composition RE(Fe5O12), where RE denotes the rare earth element. It exhibits three 

different types of crystallographic sites: tetrahedral, dodecahedral, and octahedral. The 

cationic distribution leads to the fact that garnets possess excellent chemical and structural 
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stability. Y3Fe5O12 (yttrium iron garnet: YIG) is the most commonly used garnet, the most 

important garnet for microwave applications due to its small FMR (ferromagnetic 

resonance) linewidth.[69][70] The unit cell of YIG is illustrated in Figure 1-9. 

 

Figure 1-9. The unit cell structure of yttrium iron garnet. 

The origin of magnetization in garnet is due to the exchange interaction between Fe3+ 

ions placed at octahedral (a) and tetrahedral (d) sublattices through an oxygen ion.  The 

anti-parallel coupling of 3Fe3+ in the d site with 2Fe3+ in a site leads to ferrimagnetic 

interaction.[71] 

1.4.3 Ortho-ferrites 

The Ortho-ferrites possesses ortho-rhombic crystal structure having Pbnm space 

group. The general chemical formula of these ferrites is REFeO3. The orthoferrites 

commonly show weak/canted antiferromagnetic behavior with affluent magnetic 

properties. DyFeO3 and LaFeO3 are examples of ortho ferrite. For example, ortho ferrite 

exhibits a phase transition from paramagnetic to antiferromagnetic in the range of 620 -750 

K.[72][73][74] These types of ferrites possess tunable magnetic behavior where interaction 

between RE3+ and Fe3+ ions decide the magnetic response of the ferrites. Also, they possess 

excellent multi-ferroelectricity. The unit cell structure of DyFeO3 is shown in Figure 1-10. 
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Figure 1-10. The schematic illustration of DyFeO3 unit cell. 

1.4.4 Spinel 

The spinel ferrites are indicated in the form of AB2O4: A denotes the divalent cations 

that occupy fourfold tetrahedra lattice sites, and B shows the trivalent ions residing at the 

sixfold octahedral lattice site. B cations occupy 16 out of 32 available octahedral sites, A 

cations occupy 8 of 64 tetrahedral sites.[75][76] Oxygen anions create a close packed 

structure of 32 ions that balance the unit cell electrically.[77][78] The most popular spinel 

is Fe3O4. The magnetization in this type of structure arises from superexchange interaction. 

Superexchange is a negative interaction in the ground state that leads to the antialignment 

of cation spin. As the B site and A site spins are antiparallel to each other, the magnetization 

can be enhanced by creating an imbalance between sublattices by substituting a non-

magnetic ion like Zn. This idea works up to a certain extent above which the spin in A and 

B sublattice cant (twist) due to the reduction in exchange constant (JAB). So, the amount of 

substituent elements should be chosen wisely. Spinels are further classified into three 

different categories: normal, inverse, and mixed. In the case of normal spinel, only divalent 

cation resides on the 8A sites and trivalent cations on the 16 B sites. ZnFe2O4 is an example 

of normal spinel ferrite (Zn resides at the A site and Fe3+ at the B site).[79] In the case of 

the inverse spinel structure, divalent ion resides 8 of 16 B site, and trivalent ions occupy all 

other B and A sites. NiFe2O4 comes under inverse spinel as the cationic distribution is as 
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follows: (Fe3+)[ Ni2+Fe3+]O4. In mixed spinel, different ions of mixed valance state occupy 

both A and B site.[80] The schematic representation of normal and inverse spinel is 

illustrated in Figure 1-11. 

 

Figure 1-11. The schematic illustration of unit cell structure of (a) Normal, (b) Inverse 

spinel. 

1.5 Currently used spinel ferrites for microwave applications 

The ferrites have been the subject of research interest due to their use in the broad 

frequency range domain varies from radio waves (3kHz - 300 GHz) to microwaves (1 GHz-

300 GHz).[81][82][83] Figure 1-12 illustrates the no. of published articles on spinel ferrites 

for microwave applications in the last few years. Mainly, the behavior of ferrites is divided 

into two categories: intrinsic and extrinsic. The Curie temperature (Tc), saturation 

magnetization, and stress sensitivity are intrinsic properties. The microstructure-dependent 

properties such as coercive force, hysteresis loss, initial permeability, and resonance 

linewidth come under the extrinsic properties. Spinel ferrites possess high permittivity, 

moderate magnetic permeability, low loss, low coercivity, high saturation magnetization, 

and comparatively high curie temperature.[84][85]  

TH-3096_176121020



Chapter 1: Introduction 

 

20 | P a g e  

 

 

Figure 1-12. The number of articles published in the last few years on spinel ferrites for 

microwave applications. 

As the spinel structure comes under cubic structure, a relatively small effective 

magnetocrystalline anisotropy energy is observed that corresponds to a low magnetic 

anisotropy field (HA). Since the ferromagnetic resonance frequency (FMR) is strongly 

dependent on HA, spinel ferrites' zero field FMR frequency falls in lower GHz frequency, 

typically in the range of X-band, Ku band, or lower. 

As the FMR frequency range largely determines the operating frequency range, the 

spinel ferrites are mainly used in the frequency range of Ku, X, S, and C - bands.[86] Ji et. 

al.[87] performed FDTD analysis of Y-junction microstrip circulator with Ni-Zn ferrite 

sphere. They observed the transition loss of 2 dB, the ferrite sphere was operational on the 

resonant mode in the unmagnetized case, and their resonant standing wave pattern was 

rotated in the magnetized case. Liu et. al.[88] reported the microwave response of low 

temperature fired gyromagnetic ferrite (Ni-Cu-Zn) with Bi2O3 additive. They reported 

resonance linewidth (16 kA/m), dielectric loss (5.7E-4), and Ms (337 kA/m) and showed 
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the potential applicability for the passive integrated substrate and microwave chip 

circulator. Kurlyandskaya et. al.[89] studied the zero field absorption and microwave 

resonant behavior of pure and dopped Ni-Cu-Zn ferrites. They observed a sizable loss at 

zero field for the dopped sample and the effect increased with an increase in reaction 

temperature. Akhtar et. al.[90] reported the magnetic and morphological response of Cu 

substituted Ni-Zn ferrite. The objective of Cu doping was to check the suitability of the 

material for various microwave applications such as circulators, phase shifter and 

multilayer chip inductors. Saha et. al.[91] developed unique metamaterial (Ni-Zn-Cu in 

polyvinyl fluoride) for enhanced microwave absorption. The soft magnetic behavior 

modulated by PVDF enhanced the magnetic and microwave properties, which will be 

useful in designing next-generation devices. The high permittivity of Polyvinylidene 

fluoride (PVDF) and permeability of Ni-Zn-Cu made it a perfect EMI absorber in the GHz 

frequency range. Reddy et al. studied the electromagnetic properties of MnFe2O4 prepared 

by spark plasma sintering (SPS) and investigated the effect of sintering temperature on the 

synthesized materials' microwave absorption, Ms, Hc, and particle size.[92] The core-shell 

structured polythiophene nanofibers layered MnFe2O4/Fe3O4 were synthesized by Hosseni 

et. al.[93] and microwave absorption, conductive, and magnetic response were investigated. 

The core-shell structure promoted the interphase interactions at the surface of two ferrite 

phases. They achieved a minimum reflection loss (RL) of -21 dB at 12 GHz for 1.5 mm 

thickness. Gong et.al.[94] synthesized the phase transition enabled MnFe2O4 nanoparticles 

for enhancing electrical transport properties to be regulated using high pressure. They 

observed the hybridized enhancement between O‒2p and Fe‒3d orbitals. Further, they 

found the increment in interface density that led to an improvement in electrical properties. 

The enhancement in conductivity of MnFe2O4 due to the annealing of the pressure cycle 

provides a new feasible pathway to expand their application in microwave and electronic 
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devices. Mishra et. al.[95] studied the Ms, Ferromagnetic resonance (FMR) linewidth, and 

Gilbert damping parameters of MnFe2O4/rGO to check the material's applicability for 

microwave applications. The composite layer was loaded on the top of a coplanar 

waveguide transmission line and the experimental values of FMR linewidth was analyzed 

by different micromagnetic models. They obtained FMR absorption of -28 dB at 22 GHz 

and suggested the new composite for microwave signal processing devices. Actinomorphic 

tubular ZnO/CoFe2O4 composites were synthesized in large scale by Cao and his group.[96] 

The microwave absorption efficiency was analyzed by the radar absorbing materials 

reflectivity far field radar cross section method. And, a maximum microwave absorption of 

-28 dB was obtained at 8.5 GHz which shows that the composite can be used as efficient 

microwave absorber. Gandhi et al.[97] studied the microwave absorption, dielectric and 

thermal properties of CoFe2O4-polyaniline composites synthesized by one step chemical 

oxidative polymerization. The incorporation of CoFe2O4 nanoparticles led to high dipolar 

and interfacial polarization that contributed to high shielding effectiveness. More than 

99.99% attenuation of microwaves (Shielding effectiveness due to absorption = 21.5 dB) 

was achieved in the frequency range of 12.4 ‒ 18 GHz. A high-performance microwave 

absorber composite (CoFe2O4/porous carbon nanosheet) was synthesized using 

instantaneous freezing assisted template by Xu.[98] It possess nanosheet-like pore walls 

with hierarchical porous structure. The 3D interconnected carbon helps to improve the 

dielectric loss of absorbers. A broadband absorption bandwidth of 5.36 GHz with RL 

minimum of -52.29 dB (2 mm thickness) was achieved. Lin et. al.[99] described the EM 

wave absorption capacity of composites of porous LiFe5O8 microspheres with reduced 

graphene oxide. It exhibited outstanding microwave absorbing performance having broad 

effective bandwidth of 3.5 GHz with minimum reflection loss of -53.4 dB at 12.2 GHz 

(coating thickness - 2.2 mm). The outstanding absorbing performance was assigned to the 
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magnetic micro flower with multi-interfaces that improved the impedance matching that 

led to high magnetic, electrical and relaxation loss. They confirmed that this particular 

composite could be a better choice for lightweight microwave absorbing materials. Li et. 

al.[100] reported the microwave absorbing performance of tangled ZnFe2O4@carbon nano 

tube/PVDF composites. An appropriate combination of magnetic, dielectric and 

conduction loss led to the excellent absorption. The optimal RL of -54.5 dB was achieved 

at 10 GHz under a processing temperature of 60 C. Again, Gupta et. al.[101] analyzed the 

dominant EMI shielding of three-dimensional interconnected graphene aerogels decorated 

with ZnO nanorods and cobalt ferrite nanoparticles. The addition of magnetic cobalt ferrite 

enhanced the power absorption from ∼ 37.738% to ∼ 87.788% and further incorporation 

of ZnO nanorod enhanced the absorption power to ∼ 93.655%. A maximum shielding 

effectiveness (SE) of 48.56 dB was achieved with a sample thickness of 5 mm. 

1.6 A brief overview and literature on lithium ferrite in bulk and 

thin films 

Among the spinel ferrites, lithium ferrite is the most versatile magnetic material used 

in devices operating at microwave frequency range.[102] Lithium ferrite (LiFe5O8 or 

Li0.5Fe2.5O4) (LFO) comes under the soft magnetic materials that exhibit different spinel 

structures: ordered (α-phase) and disordered (β-phase). In the ordered phase (space group 

P4132), Li+ resides at the octahedral 4b positions, whereas Fe3+ occupies the octahedral 12d 

and tetrahedral 8c sites. The rapid quenching of the samples can obtain the disordered phase 

(space group Fd-3m) from high temperatures (above 800 °C) to room temperature. In the 

disordered phase, Li+ and Fe3+ occupy 16d octahedral positions, and Fe3+ in 8a tetrahedral 

positions randomly.[103] The unit cell of the ordered and disordered phase of LFO is 

depicted in Figure 1-13. LFO exhibits high resistivity, high saturation magnetization, and 

low microwave and dielectric losses.[104][105] Further, it possesses a high Curie 
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temperature (~873 K) among all the spinel ferrites.  It has gained exceptional attention due 

to its potential for various technological applications such as gas sensors,[106] 

magnetically guided drug delivery,[107] ferrofluids,[108] microwave latching,[109] and 

microwave devices (load, circulators, phase shifters, oscillator,  gyrators, and 

isolators).[110][111][86] It is a revolutionary low-cost magnetic material that replaced the 

expansive garnets for the application in microwave electronic devices and other ferrites, 

which are used for write/read heads of high-speed digital tapes, rod antennas, power 

transformers, etc., due to its chemical stability, mechanical hardness, and high 

resistivity.[112][113] Again, it is a promising nominee for rechargeable lithium ion 

batteries electrode material.[114][115] 

 

Figure 1-13. The unit cell structure of ordered and disordered phases of lithium ferrite. 

The ferrimagnetic alignment of magnetic domains arises due to the exchange interaction 

(Fe3+) between A and B sublattices. Here A and B represent the tetrahedral and octahedral 

sites, respectively. The exchange interactions in spinel ferrites are A‒A, A‒B, and B‒B, 

out of which A-B is more prominent than the other two.[116]  
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The synthesis of LFO with proper stoichiometry is a difficuilt task due to the 

volatilization nature of Li during the high-temperature sintering process. To minimize the 

loss of Li and reduce the sintering temperature, Rajesh et al.[117] reported the effect of Bi 

and Pb, which are used as sintering aids on LFO ceramics. The various physical properties 

like magnetic and dielectric response can be tuned by substituting suitable metal cations or 

controlling the synthesis process. Mainly, two important factors affect the properties of 

substituted LFO: cationic distribution and the magnetic moment of the cation. Mane et 

al.[118] reported the magnetic and structural behavior of Cr-substituted LFO. The 

squareness ratio enhanced (as coercivity increased), whereas the saturation magnetization 

reduced with increased Cr content. A better magnetic and dielectric response is also 

achieved for Mn-substituted LFO. [119] Again, the substitution of Zn in LFO (both A and 

B sites) helped achieve relatively high saturation magnetization, comparatively low 

porosity, and a reduced value of electrical resistivity, as reported by Malyshev et. al.[120]. 

They also reported that Li-Zn ferrites can be used as a coating layer for EM waves in the 

microwave range. For such coating layers, high saturation magnetization, large dielectric, 

and magnetic losses are specific required criteria. Apart from this, the substitution of Ti in 

LFO can enhance the capability and capacity of electrochemical performance (obtained 

from cyclic voltammetry (CV) measurements and electrochemical impedance spectroscopy 

(EIS)) as compared to pure LFO.[121] Thakur et. al.[115] explained the effect of Co on 

other physical parameters of LFO, such as electrical and structural. By using Mossbauer 

spectra, they confirmed the presence of two different environments for Fe3+. Due to the 

Verwey hopping mechanism, the DC resistivity increased with Co substitution. Junaid et. 

al.[122] reported the impact of Zr4+ and Ni2+ on the physical properties of LFO synthesized 

by the microemulsion method. Incorporating heavier ions increased the X-ray density and 

decreased the dielectric constant and dielectric loss. The ac conductivity and Ms increased, 
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whereas the coercivity decreased. They proposed the nano ferrites for the potential use of 

high-frequency applications (as they possessed high Ms and low dielectric loss). Ahmed et. 

al.[123] described the role of Dy and the sintering temperature on the magnetic behavior of 

Li‒Co ferrites prepared by standard ceramics techniques. The insertion of Dy decreased the 

Tc and increased the effective magnetic moment. The hysteresis loop is only observed 

concerning magnetic susceptibility in the ferromagnetic region, indicating the first-order 

phase transition. The microwave absorption, complex permittivity and permeability of Ce 

substituted LFO ‒ paraffin wax composite was investigated by Sun et al. in the frequency 

range of 2‒18 GHz. They concluded that microwave absorbers over 15 GHz with 

satisfactory reflection loss (>-20dB for specific frequency) could be obtained by controlling 

the concentration of Ce. Mohanty et. al.[124] studied the modulus and impedance spectra 

of Ce-dopped LFO. With the insertion of Ce, the activation energy increased, whereas dc 

conductivity decreased. Iqbal et. al.[125] explained the effect of Gd on the physical 

properties of Li-Mg ferrites. Because of the partial solubility of Gd, they observed a lattice 

stain that enhanced the lattice constant. Magnetization decreased due to the weakening of 

exchange interaction, whereas coercivity enhanced (the presence of an ultra-thin layer of 

Gd at the grain boundaries). Further, Manzoor et. al.[126] reported various physical 

properties like spectral, magnetic, dielectric, and structural properties of Ho-substituted 

lithium ferrite. They also traced the ortho phase of HoFeO3 for the higher concentration of 

Ho. Porosity decreased from 44 to 23%. Also, they analyzed dielectric parameters as a 

function of temperature and composition (ac conductivity enhanced). The coercivity 

increased, whereas magnetization decreased with the incorporation of Ho. A similar trend 

of magnetic response is also reported for Tb-substituted Li-Mg ferrites by Asiflqbal et. 

al.[127] They suggested that the Li-Mg ferrites are suitable for microwave absorption. The 

dc resistivity linearly decreased with temperature showing the semiconducting behavior of 
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the samples. Recently, Lan et. al.[128] synthesized flexible lithium ferrite nanopillar arrays 

for bending stable microwave magnetism. The nanopillar arrays exhibited higher Ms and 

very non-zero coercivity. Their results concluded that tuning the nanostructure of LFO is 

an efficient way to fabricate future flexible, stable microwave magnetic devices. Morais et 

al.[129] studied antenna parameters: gain and return loss of LFO for use in the ferrite 

resonator antennas. The temperature coefficient of resonant frequency was obtained as -

482.16 ppm/°C. They explained that the magnetodielectric resonator showed tuning effect 

in the resonant frequency as a function of an external magnetic field. 

For efficient device applications, spinel ferrites in thin films are also highly required. 

The structural and magnetic properties of LFO thin films that grew epitaxially on the MgO 

substrate (deposited by PLD) are studied by Oliver et. al.[130] The films deposited at lower 

oxygen pressures showed cubic anisotropy (close to bulk values) along with high saturation 

magnetization and narrow ferromagnetic resonance linewidth. Then, Cadieu et. al.[131] 

studied the microwave and static magnetic properties of highly textured LFO films 

synthesized by PLD on c-plane sapphire substrates. They reported that LFO films showed 

the linewidth of 335 Oe with clean symmetric FMR absorption lines for in-plane 

configuration. In contrast, a highly distorted FMR profile is observed for out-of-plane 

configuration. The in-plane line widths were significantly larger than for bulk LFO. 

Boyaraz et. al.[132] investigated LFO thin films as a function of growth temperature and 

substrate-induced strain. The LFO films grown on the MgO substrate remain coherently 

strained, whereas films deposited on MgAl2O4 showed behavior closer to bulk single 

crystal response. The surface morphology and film texture are enhanced with better lattice 

match, which indicates different growth modes on various substrates. Further, Zhang et. 

al.[133] explained the magnetic response of strain-tunable epitaxial LFO thin films 

deposited on MgAl2O4 by a sputtering system. They concluded that the in-plane 
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compressive strain could significantly promote in-plane magnetization. In contrast, the out-

of-plane tensile strain promotes the reduction of out-of-plane magnetization. Controlling 

the thickness of the films is an effective method for tuning the magnetic properties and the 

interface strain of thin films. Chilwar et. al.[134] studied the effect of Al on the optical, 

magnetic, and dielectric properties of LFO thin films prepared by chemical spray technique 

on the glass substrate. They reported an optical band gap of 3.36 ‒ 2.04 eV. The saturation 

magnetization is decreased, and the coercivity increases with incorporating Al. The 

dielectric constant, as well as dielectric loss, decreased. Further, Zhang et. al.[135] reported 

another interesting atomic scale investigation of LFO films deposited on SrTiO3 substrate. 

They described the formation of antiphase boundaries and twin boundaries. The 

antiferromagnetic coupling occurs across the antiphase boundary. Considering magnetic 

coupling across twin and antiphase boundaries, the nano-scale twin boundaries have 

promising applications in nano-spintronic devices such as spin torque magnetic random-

access memory. Various research groups have made enormous efforts to optimize the 

deposition conditions on various substrates and analyze the structural and microstructural 

response of LFO and substituted LFO thin films. 

1.7 Literature gap and motivation of the present thesis 

• Based on the literature survey, it is found that most bulk studies are focused either 

on the low frequency dielectric or magnetic response of the LFO. In order to use 

the material for practical applications, the combined effect should be appropriately 

investigated. 

• No literature on the temperature variation complex permittivity and permeability in 

the broadband frequency range (1MHz - 1GHz) is available. These broadband 

frequency dielectric studies are necessary for microwave device applications. 

TH-3096_176121020



Chapter 1: Introduction 

 

29 | P a g e  

 

• However, the ideal material for EMI shielding cannot be obtained using single 

materials like metal, polymer, and carbon-based compounds. Looking forward to a 

better perspective of stability, low cost, easy processing, and temperature stability, 

ceramic composite with carbon-based material is the best option. In this contest to 

the literature, it is realized that the EMI shielding response of a material mainly 

originates from the synergistic effect of conduction loss, magnetic loss, and 

dielectric loss. The spinel ferrite, like lithium ferrite (LFO) based composite, can be 

a better alternative to be used as a ceramic than polymer composite as LFO 

possesses high saturation magnetization, high magnetic loss, moderate 

permeability, and high curie temperature, high temperature resistant. 

• It is a known fact that rare (RE) ions possess unpaired 4f electrons, which promotes 

spin-orbit solid couplings. Incorporating RE ion in spinel ferrite leads to 4f ‒ 3d 

coupling, which may also modify magnetic and electrical properties. For significant 

EMI shielding, the shielded material should have magnetic and electric dipoles 

interacting with the electromagnetic field. 

• Very few studies are available on the properties of lithium ferrite thin films, and 

most of the studies are focused on the films deposited on single crystal substrates. 

For commercial applications, it is very important to grow the films on low cost 

substrates such as quartz and silicon, etc. However, reports are only available on 

the magnetic response of LFO thin films. The dielectric and ac conductivity 

response of LFO thin films are not yet explored. 

Therefore, based on the above literature gaps, the following objectives are formulated. 

1.8 Objectives 

The objectives that we aim to accomplish in this thesis are as follows, 
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✓ To prepare Mg and Sr substituted LFO and analyze the microstructural, structural 

response, the variation of complex permittivity and permeability as a function of 

temperature and frequency, dielectric loss, magnetic loss, magnetic response, and, 

most importantly, obtain a correlation between the results obtained by different 

techniques, check the applicability of materials for circulator applications. 

✓ Synthesize lithium ferrite/carbon black (LFO/CB) with different CB concentrations 

and Dy substituted LFO/CB composites, Study the effect of CB and Dy on the 

morphology, structural, magnetic response, permittivity, permeability, and 

shielding efficiency, analyze the ceramics composite for EMI shielding 

applications. 

✓ Develop the thin films of LFO and Dy substituted LFO, optimize the deposition 

condition with different thicknesses, study the structural, microstructural, magnetic, 

and dielectric response, and correlate the results. 

1.9 Outline of the thesis 

In this thesis, the pure LFO and Mg, Sr substituted LFO with different concentrations 

of Mg and Sr are synthesized. Several physical properties, such as dielectric, magnetic, and 

conductivity, apart from the structural and microstructural, are explored for the suitability 

of the material to be used for circulators and phase shifters (low loss with high 

magnetization and temperature stability). The temperature and frequency-dependent 

broadband dielectric and permeability response (1MHz‒1GHz) is studied. The effect of the 

incorporation of Mg and Sr on the structural, microstructural, dielectric loss, and magnetic 

response is investigated systematically. Further, the study is focused on preparing LFO-

based ceramic composites with CB to be used as an efficient EMI shielding material. The 

EMI SE efficiency of LFO/CB composites with different wt% of CB and Dy substituted 

LFO/CB (10 wt%) are analyzed systematically. Also, the complex permittivity and 
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permeability in the X-band and Ku band, magnetization, and microstructure of all the 

composites are studied. The synergetic effect of different types of contribution, such as 

conduction loss, magnetic loss, and dielectric loss, towards the efficient shielding 

efficiency is obtained. It is found that strikingly excellent efficiency can compete with the 

recently used materials. Finally, I fabricated our in-house PLD target and developed a series 

of thin films of LFO by optimizing different deposition conditions. The effect of thickness 

on the microstructural, magnetic, dielectric, and electrical properties of LFO and Dy 

substituted LFO is analyzed and correlated. A chronological and brief description of each 

chapter is included below: 

Chapter 1: introduces the different types of applications of microwave materials 

(circulator, phase shifter, microwave absorber, EMI shielding), the theory and underlying 

principle associated with it, and different types of ferrites used for microwave applications. 

The importance of lithium ferrites and their suitability for microwave applications, the 

literature related to LFO, and the literature gap are also discussed. The research problem 

and the thesis organization are also included. 

Chapter 2: describes the methods of preparation of LFO, LFO-based composites, and the 

deposition of LFO thin films by pulsed laser deposition system.  It also includes 

experimental details of several characterization techniques such as XRD, Raman, FESEM, 

dielectric measurement (Impedance analyzer, LCR meter), VSM, VNA, and AFM and the 

basic details of the working principle associated with it. 

Chapter 3: narrates the details regarding the formation of Mg and Sr substituted lithium 

ferrite and the effect of Mg and Sr on the structural, dielectric, and magnetic response of 

LFO. The incorporation of Mg and Sr led to lattice distortion that resulted in variations of 

lattice constant, bond length, and bond angles.  The morphology of LMFO and LSFO 

ferrites exhibited a dense microstructure, and the average grain size is reduced with Mg and 
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Sr concentrations. The frequency and temperature-dependent permeability and permittivity 

are analyzed in the broadband frequency range of 1MHz–1GHz. The dielectric constant of 

lithium ferrite is improved with Mg substitution, x = 0.005 (εr = 3034, tan δ = 0.001at 

1MHz) showed a maximum value at room temperature. The sample with x = 0.003 showed 

the best dielectric response (εr = 5986, tanδ = 1.17 @1MHZ, at RT) out of all the samples 

in the LSFO series. The relaxor behavior of the dipoles (the shift in the loss tangent with 

frequency) is observed in temperature-dependent dielectric response in the broadband. The 

activation energy of LMFO and LSMO is in the range of 1.39 – 0.35 eV and 0.142 eV – 

0.07 eV, respectively. In case of LMFO, maximum permeability ~ 29 is obtained for x = 

0.007 at 1 MHz, RT. The magneto-crystalline anisotropy, the thickness and the movement 

of the domain walls are the main contributers to the variation in permeability. The obtained 

Curie temperature for LFO is 873K, which is reduced with the substitution of Mg. The 

highest saturation magnetization (Ms = 54 emu/g) is obtained for x = 0.007 among all the 

LMFO samples. In the case of the LSFO series, randomness is observed in the values of Tc 

with respect to the Sr concentration, and a maximum Ms of 61 emu/g is observed for x = 

0.007. The magnetic properties are explained by considering Neel's two sub-lattice models. 

The correlation between variation in structural parameters and the cationic distribution on 

the dielectric and magnetic response of substituted LFO is also discussed. Further, the 

applicability of Mg and Sr substituted LFO for microwave applications, such as circulators 

and phase shifters, is also analyzed (that require low dielectric loss, moderate permittivity 

and permeability, high magnetization, and high Curie temperature). 

Chapter 4: This chapter aims to develop a highly efficient material for EMI shielding. It 

describes the preparation of LFO/CB (composites with different wt %) and Dy substitute 

LFO/CB (10 wt %) with varying concentrations of Dy and analyzes the magnetic, structural 

and microstructural behavior. Further, the addition of Dy caused the inhibition of grain 
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growth and the formation of irregular grains. Though saturation magnetization decreased 

with incorporating CB, it did not create any considerable decrement. The saturation 

magnetization is also enhanced with an increase in Dy concentration up to x = 0.1 

(LD10FO/CB) and then decreased after that. The complex permittivity, permeability, and 

EMI shielding efficiency are studied in the X- and Ku band regimes. The 20 wt% of CB 

with LFO (3 mm thickness) showed highest total SE (28 dB), out of which absorption-

based (SEA) is 23.17 dB and reflection-based shielding effectiveness (SER) is 4.58 dB. Both 

both LFO/CB (15) and LFO/CB (20) exhibited highest absorption efficiency  ~ 99.68 % 

among the composites in the broad frequency range (8.2 ‒ 18 GHz). The maximum 

shielding effectiveness of 24 dB is obtained for LD10FO/CB ~ 17 ‒ 18 GHz. The Dy 

substitution enhances the magnetic as well as dielectric loss. Also, it is observed that 

absorption is the dominant mechanism in EMI shielding. The maximum absorption 

efficiency of 99.6 % is obtained for LD10FO/CB ~ 17 ‒ 18 GHz. with the incorporation of 

CB concentration, both real and imaginary parts of permittivity drastically increased (LFO: 

ε' = 4, ε"= 0.11; LFO/CB (20): ε' = 46, ε"= 19.05 @8.2 GHz). Complex permeability is also 

enhanced with CB content. The values of complex permittivity and permeability for 

LD10FO/CB are in the range of (20 ‒ 40) and (2 ‒ 6), respectively. Incorporating Dy (rare 

earth ion) in spinel ferrite led to promoting 4f ‒ 3d coupling along with 3d ‒ 3d, which 

helped enhance the magnetic and electrical properties. The electron hopping mechanism 

explains the variation of permeability and permittivity. The synergic effect of dielectric and 

magnetic loss are the main contributors to the high SE. The above results suggest that 

LD10FO/CB can be used for EMI shielding applications. The results demonstrate that 

LFO-based ceramics can be used as a commercial microwave absorber. 

Chapter 5: This chapter portrays the successful deposition of single-phase LFO and LDFO 

thin films using a pulsed laser deposition system. It also reports the various deposition 
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conditions such as background pressure, substrate temperature, the substrate to target 

distance, etc. The dielectric response is analyzed in the frequency range of (10kHz – 1MHz) 

and temperature range of (300 K – 523K). The dielectric constant improved, whereas 

dielectric loss decreased with an increase in thickness. Impedance spectra are studied using 

the equivalent circuit model, and the associated conduction mechanism is investigated 

using different conduction models. Conductivity is found to be improved, and the activation 

energy decreased with the increase in film thickness. A room temperature hysteresis loop 

with in-plane and out-of-plane configurations is studied. The saturation magnetization is 

reduced monotonically with an increase in thickness attributed to the decrease in the 

compressive strain. Coercivity enhanced with the film thickness, possibly due to the grain 

size enhancement.  The influence of film thickness on the physical properties is correlated. 

Further, it concludes that controlling the film thickness is the easiest and most effective 

method to tune the dielectric and magnetic response. The observed results suggest that LFO 

and LDFO films are promising materials for magnetic oxide semiconductor applications. 

Chapter 6: summarizes the work done, future work, and the direction we can adopt for 

further research. The EMI shielding efficiency can be improved further by incorporating 

other carbon derivatives and nanomaterials of different structures. In the case of thin films, 

bilayer and multilayer films with dielectric seed layers can be deposited on single crystal 

and conductive substrates, and the resistive behavior can be studied broadly. 
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Chapter 2 : Synthesis methods and 

characterization techniques 

This chapter describes the preparation methodology and measurement techniques 

used in this thesis work. Synthesis methods and a sintering mechanism are implemented to 

prepare LFO and substituted LFO in bulk form. Then various characterizations are used to 

study the microstructural, structural, dielectric, magnetic, and EMI shielding efficiency. 

Later, for depositing thin films, pulsed laser deposition is used. And various 

characterizations such as optical, microstructural, structural, magnetic, and dielectric are 

used to study the thin films. 

2.1 Synthesis of bulk LFO ceramics 

Several methods, such as the sol-gel, wet chemical, co-precipitation, and 

conventional solid-state reaction, have been developed to prepare the polycrystalline 

samples with fine particle size, homogeneity, and high purity. In this thesis work, we have 

used the conventional solid-state reaction method to prepare LFO-based ceramics, which 

is easy to adopt and cost-effective. 

2.1.1 The conventional solid-state reaction method 

Synthesis of desired quality material for the required application is the essential 

requirement for research in the field of experimental condensed matter physics. The 

conventional solid-state reaction method is the most well-known, widely used, and versatile 

method for synthesizing polycrystalline samples. The solid-state reaction method is 

thermodynamically stable, cost-effective, and environment-friendly. Also, it gives a wide 

selection of starting materials (carbonates, oxides, etc.). This method involves two main 

steps: uniform mixing of the starting reagents for better homogeneity and heat treatment 
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for phase formation. At room temperature, starting reagents do not react with each other. 

Proper heating, cooling, and sufficient temperature with optimized time are required for 

phase formation and densification. Various steps involved in this method are illustrated in 

Figure 2-1. 

 

Figure 2-1: Schematic illustration of solid-state reaction method. 

2.1.1.1 Preparation of ceramic powders 

The starting reagents such as Fe2O3 (purity 99%, M/s JiangXiHaiTe Advance 

Material), and Li2CO3 (purity 99%, M/s Sigma Aldrich) are used as in stoichiometric ratio 

and mixed using a planetary ball mill (M/s. Fritsch, Pulverisette 6) for 5h. The reaction is 

as follows: (Equation 2.1)  

𝐿𝑖2𝐶𝑂3 + 5𝐹𝑒2𝑂3⁡⁡⁡⁡ ⁡
800°𝐶
→   

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝐶𝑎𝑙𝑐𝑖𝑛𝑎𝑡𝑖𝑜𝑛

⁡2𝐿𝑖𝐹𝑒5𝑂8 + 𝐶𝑂2 ↑⁡ 
2.1 

In the present work, the stoichiometrically weighed reactants are homogeneously 

mixed by zirconia balls of 5 mm diameter in a 1:5 powder-to-ball weight ratio in a 

zirconium jar. The obtained slurry was dried for 24 h in a hot air oven (M/s. Optics 

Technology), and the resulting powders were calcined at 800 °C for 3 h. Generally, the 
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calcination process leads to (1) thermal decomposition, (2) phase transitions, and (3) 

removes volatile fractions such as carbides, nitrides, etc. In the calcination process, the 

crystallite growth and formation of larger particles occur by bonding and fusing smaller 

particles. In addition, the carbonates, nitrides, sulfates, and acetate decompose to form solid 

or volatile gas. To enhance the density and reduce the initial particle size, the calcined 

powders are re-milled for 10 h. Compared to the larger particles, the smaller particles 

possess high chemical reactivity due to a high surface-to-volume ratio. With the decrease 

in particle size, the sintering temperature reduces, which helps to improve the density of 

the sample. So, after calcination, it is very much crucial to reduce the particle size of the 

samples. Structural characterizations such as X-ray diffraction and Raman spectroscopy 

confirmed calcined ceramic powders' crystallinity and phase purity. 

2.1.1.2 High density green cylindrical disc preparation 

After the confirmation of phase formation and crystallinity, the powders are pressed 

into cylindrical discs for dielectric measurement. The physical properties are mainly related 

to microstructural and structural properties. To get highly densified ceramic discs with 

minimum defects and uniform smaller particle size is required. The ceramic powders are 

non-elastic, making it difficult to press into a compact disc. The binding agents, such as 

clay and polymer, provide appropriate elasticity and mechanical strength to sustain 

throughout the procedure.  Among several binders, polyvinyl alcohol (PVA) is best for dry-

pressed ceramics. The use of a low concentration of PVA does not affect the dielectric 

properties as it evaporates above 400 °C. In this current work, a 5 wt% PVA solution is 

used as a binder. The PVA is added to the prepared powders, and cylindrical-shaped discs 

10 mm in diameter and 1 mm in thickness are prepared using KBr hydraulic press (M/s 

Technosearch Instruments). The applied pressure is expressed as:   

TH-3096_176121020



Chapter 2: Synthesis methods and characterization techniques 

 

38 | P a g e  

 

𝑃𝑥 = 𝑃𝑎𝑒𝑥𝑝
−4𝜇𝐾𝐿
𝐷  

2.2 

where, μ, D, L, and K represent the friction coefficient, diameters of the die, length of the 

die, and a constant, respectively. Px and Pa are the pressure gradient and the applied 

pressure.  

2.1.1.3 Sintering 

Sintering is the heat treatment process where powder of compact discs is treated at 

high temperatures to achieve grain growth and densification. Mainly there are two types of 

sintering processes: liquid-phase sintering and solid-state sintering. In the liquid phase 

sintering process, a liquid phase is present, which is advantageous to hold control over 

microstructure and improve densification. At the same time, the mechanical properties of 

ceramics might get affected in the liquid phase sintering. In the present work, solid-state 

sintering is opted by using a conventional furnace (M/s Nabertherm, GmbH). The timeline 

of the sintering process can be divided into three different stages. (a) initial stage: Surface 

polishing and connections between different particles or grains take place to form neck 

structure. By the end of this stage, 60-65% relative density can be achieved. (ii) 

intermediate stage: the neck formed between the different particles and grains grows 

rapidly through surface diffusion, lattice diffusion, and grain boundary diffusion, and 

relative density improved from 65% ‒ 90% at the end of the intermediate stage. (iii) final 

stage: densification is much slower in this stage than in the initial and intermediate stages. 

The maximum porosity can be removed when the void space is connected to short diffusion 

paths. The schematic representation of three different phases is depicted in Figure 2-2.  
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Figure 2-2. Different stages of the sintering process. 

2.2 Deposition of thin films 

2.2.1 Preparation of LFO target 

The LFO target is synthesized by the conventional solid-state route. High purity 

(99.99%) powders of ferric oxide (Fe2O3; (M/s JiangXiHaiTe Advance Material) and 

lithium carbonate (Li2CO3)(M/s Sigma Aldrich; 99%) are mixed by using a planetary ball 

mill (Pulverisette 6, M/s. Fritsch). The obtained powders are calcined at 800 °C for 3 h. 

Then, the calcined powders are reground for 5 h to reduce particle size and to enhance the 

densification process. After that, PVA is added to the fine powder and pressed into a 

cylindrical shape having 20 mm diameter and 4mm thickness by using a KBr press (M-20, 

M/s Technosearch Instruments). Then the target was sintered at 1000°C for 10 h with a 

heating rate of 5°/min. 

2.2.2 Pulsed laser deposition (PLD) 

Several techniques and methods exist to deposit thin films, such as physical and 

chemical vapor deposition methods. Pulsed laser deposition, sputtering, thermal 

evaporator, etc., come under physical deposition methods. Among them, PLD is a widely 

used versatile tool for the deposition of complex oxide thin films due to stoichiometry 

control of the film composition, chemical homogeneity, film thickness, control over film 

crystallinity, and excellent adhesion. In PLD, a high-energy pulsed laser beam is focused 
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on a target of the deposited material placed in a high vacuum chamber. The ejected material 

from the target occurs after laser irradiation, i.e., ablation plume that consists of the 

particulate component, gas, and plasma. The flux of material impinges on a substrate. The 

block diagram of the PLD reaction chamber is depicted in Figure 2-3. The view of the PLD 

system available in our laboratory is shown in Figure 2-4. 

 

Figure 2-3. Block diagram of PLD reaction chamber. 

 

The PLD chamber is made up of stainless steel (SS) spherical vessel of 16ʺ chamber 

equipped with multiple viewports, target holder carousel stage having the microprocessor-

controlled facility, substrate holder along with provision for the programmable heater to 

elevate the substrate temperature, pressure gauges, gas inlet port and a molecular turbo 

pump (M/s Pfeiffer, Hi Pace 300 C) backed by a rotary pump (M/s Pfeiffer, DUO 10MC). 

The sufficient laser energy density on the surface of the target causes the ejection of ionized 

and neutral material via thermal, chemical, and mechanical mechanisms. 
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Figure 2-4. Pictorial view of PLD system in our Lab. 

The gas line from the oxygen cylinder is connected to the chamber via a gas flow 

controller. The pressure inside the chamber is monitored by a compact penning gauge and 

Pirani gauge working in the low-pressure regime (10-2‒10-7 mbar) and high-pressure regime 

(103‒10-3 mbar), respectively. The substrate holder uses resistive heating to maintain the 

desired temperature during deposition. Before deposition, the chamber is evacuated in the 

range of 10-5 to 10-6 mbar base pressure using a molecular turbo pump backed by a rotary 

pump and then pressurized with background oxygen gas at the required pressure for the 

deposition of LFO and Dy substituted LFO films. 

2.2.3 Film growth 

The quality and growth of the film depend on several parameters, such as substrate 

temperature, vacuum quality, and kinetic energy of the deposition flux. The substrate 

temperature is the crucial parameter that influences morphology, crystallinity, and phase 

formation. In the prior stage of the film growth, the flux deposited on the substrate may re-
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evaporate by forming the clusters or be trapped on a surface defect side. These surface 

rearrangements are probable at high temperatures but inhibited at low temperatures. The 

growth models are mainly divided into the island (Volmer-Weber), layer-by-layer, and 

mixed growth. When the cohesive energy of the atoms within the film is greater than the 

cohesive energy between the film and atoms on the surface, it forms an isolated island 

structure. When the cohesive energy between film and substrate is greater than the cohesive 

energy of the film atoms, it gives rise to a layer-by-layer structure (Frank-van der Merwe). 

In this type of growth, the deposition of the monolayer at the time of growth gives rise to a 

very smooth epitaxial film. With the addition of each layer, the cohesive energy will be 

decreased monotonically. In such a situation, the island's growth is formed successfully 

after the first monolayer. When other factors like strain due to lattice mismatch override 

energetically, binding energy decreases monotonically. This situation favors the formation 

of a mixed growth structure. The schematic illustration of different growth is shown in 

Figure 2-5. 

 

Figure 2-5. Different growth modes in the thin film deposition. 

2.2.4 Deposition parameters 

Especially for the oxide thin films, the introduction of background gas is most 

important. The presence of oxygen controls the kinetic energy of deposited flux. If high 

kinetic energy is not there in the deposition flux, the flux will be scattered by collisions 

with the gas. In such conditions, the film thickness drops dramatically. In this present thesis, 
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all the films are deposited at a fixed laser fluence of 4.5 J/cm2 from high power, 3rd 

harmonic (λ =355 nm), of Nd: YAG laser (SpitLight compact 400, M/s InnoLas Laser 

GmbH) of pulse width ~ 10 ns and repetition rate of 10 Hz. The rate at which the material 

impinges upon the surface is known as the deposition rate, mainly dependent on the 

deposited material. A very high deposition rate deteriorates the quality of the film as it 

provides much less opportunity for the relaxation of the film. Also, a meager rate of 

deposition leads to unavoidable long-run deposition. The deposition rate is also related to 

the quantity and quality of the chamber pressure. 

2.3 Characterization techniques 

2.3.1 X-Ray diffraction 

X-ray diffraction is a non-destructive technique to determine materials' crystal 

structure, crystallinity, and phase purity. As the wavelength of an X-ray is comparable to 

the size of atoms (~0.1Å), so X-ray is more suitable for investigating the structural 

arrangement of atoms in different materials. The X-ray diffraction phenomena can be 

explained through Bragg's law. When an X-ray is an incident on the powder sample having 

several lattice planes with interplanar spacing d, it gets diffracted with an angle θ.[136] The 

diffracted ray from the surface of the lattice plane undergoes constructive and destructive 

interference depending upon the interplanar distance. Constructive interference obeys 

Bragg's law: 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆 2.3 

where, n and λ represent the order of spectrum and the wavelength of the incident X-ray 

beam, respectively. The ray diagram related to Bragg’s law is depicted in Figure 2-6. In 

this work, an X-ray diffractometer (TTRAX-III 18kW, M/s Rigaku) having CuKα radiation 

(λ=1.5406Å) is used to characterize the LFO-based ceramics and thin films. The XRD 
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patterns are scanned in the 2θ range of 20° ‒ 70° with a step size of 0.03° and scanning rate 

of 3°/min. The 2θ calibration is performed using a standard Si sample to suppress the 

instrumental line broadening approximately equal to 0.15°. 

 

Figure 2-6. Ray diagram of Bragg's law for X-ray diffraction. 

The depth of analysis was enhanced in 1969 due to the development of the Rietveld 

refinement technique by Fullprof software. It verifies the phase purity of the crystal 

structure along with structural parameters such as atomic position and experimental factors. 

Polynomial function and Pseudo‒Vogit functions are used to refine the background and 

peak shape in the least-squares approach. The half-width parameters (u, v, w,), background 

polynomial, scaling factor, and lattice parameters are varied in the refinement. In this, 

occupancy is the chemical occupancy normalized to the diversity of the general position of 

the group. The oxygen occupancy was taken as 1 for all refinements. The quality of 

refinements is based on the values of reliability factors such as Rexp (expected weight 

factor), Rp (Profile factor), Rwp (weighed profile factor), and χ2. 

2.3.2 Density measurement 

Archimedes' principle is employed to determine the relative density of sintered LFO 

discs. According to this principle, when an object is partially or fully immersed in a fluid, 
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there is an upward force (buoyance force) exerted by the fluid on the object. The weight of 

the fluid displaced by it equals the upward force. The object's apparent weight is equal to 

the difference between the magnitude of the buoyance force and the actual weight of the 

object. The following expression calculates the apparent density of the sintered pellets. 

𝜌𝑎 = (
𝑤1

𝑤2 − 𝑤3
) × 𝜌𝑤 ⁡⁡⁡⁡𝑔/𝑐𝑚

3 
2.4 

where, w1, w2, w3, ρw are the weight of the pellet in air immersed in the liquid after being 

removed from the liquid medium and the density of the liquid used, respectively. The 

relative density of the sample in percentage is estimated using the below expression: 

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒⁡𝑑𝑒𝑛𝑠𝑖𝑡𝑦(%) =
𝜌𝑎

𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙⁡𝑑𝑒𝑛𝑠𝑖𝑡𝑦
× 100 2.5 

2.3.3 Raman spectroscopy 

Apart from XRD, Raman spectroscopy is a versatile technique to study the crystal 

structure and is the measurement of the wavelength and intensity of inelastically scattered 

light from molecules that detect the molecular vibration of the sample. Sir Chandrasekhara 

Venkata Raman first discovered this phenomenon in 1928. It does not require any specific 

sample preparation. When the monochromatic radiation interacts with the specimen, 

inelastic scattering of the laser light leads to a change in the frequency of the scattered light. 

Usually, the scattered radiation possesses three different frequencies: less than the incident 

radiation (Stokes radiation), higher than the incident beam (Anti-Stokes radiation), and 

unchanged frequency. The unchanged frequency is due to the elastic scattering (Rayleigh 

scattering) Figure 2-7. The intensity of the Stokes line is more than the anti-stokes 

lines.[137] So, the Stokes lines are used to measure the conventional Raman spectroscopy, 

whereas the Anti-Stokes radiation is used for fluorescing samples. In this thesis, the Raman 

measurements are carried out using an Ar-ion laser of wavelength 488 nm (Jobin Yvon 
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LabRAM, M/s Horiba). This instrument has a dedicated cooling/heating sample stage 

(THMS6000, Linkam). 

 

Figure 2-7. Energy level diagram of Rayleigh and Raman Scattering. 

2.3.4 Field emission scanning electron microscopy 

Field emission scanning electron microscopy (FESEM) provides information about 

the surface morphology of various samples (biological, material and chemical, etc.). 

FESEM works with a field emission source known as a cold cathode field emitter. The 

source consists of a zirconium oxide-coated tungsten (ZrO2/W) emitter that operates in a 

thermally assisted Schottky emission anode. The gun probes narrow beams with high 

electron energy, which helps to minimize sample damage and improve spatial resolution. 

The electrons liberated from the field emission source are accelerated in a high vacuum 

condition and electrical field gradient. The high vacuum allows the electrons to move in a 

linear motion without scattering assist to block the discharge in the instrument. The 

pictorial diagram of FESEM is shown in Figure 2-8.  
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Figure 2-8. Pictorial diagram of FESEM. 

The primary electrons are focused and deflected by the second condenser lens. The 

bombardment leads to different types of emitted electrons. Along with secondary electrons, 

transmitted electrons, and characteristic X-rays, the backscattered electrons are also emitted 

from the specimen surface. A highly efficient detector receives the secondary electrons and 

produces an electronic signal. The signal is amplified and transferred to the digital image. 

In this work, SIGMA 300 (M/s ZEISS) studies the surface morphology of samples. The 

sample preparation part is exciting as our samples are semiconducting. To get the FESEM 

images, a thin layer of gold (~10 nm) is coated by sputtering over the surface that will be 

exposed to the source. 

2.3.5 Dielectric measurements 

The dielectric constant in the frequency range of 1MHz ‒ 1GHz is measured by an 

impedance analyzer (4991A, M/s Agilent Technologies,). The impedance analyzer 

provided the advantage of measuring 133 K ‒ 523 K in the temperature range. The 
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temperature variation is carried out by a temperature control system (BDS 2300, M/s 

Novocontrol), where liquid nitrogen is used to regulate the temperature. The frequency 

variation spectra are measured once the temperature stabilizes after an interval of 10 K. For 

the measurement, a compact cylindrical disc is prepared, as mentioned above. The compact 

disc is converted to a metal-insulator-metal (MIM) configuration by coating a silver layer 

on both sides of the disc. Then the capacitor is loaded into the sample holder for the 

measurement. The schematic representation of the impedance analyzer is shown in Figure 

2-9. The low-frequency dielectric measurement of thin films is carried out by an LCR meter 

(1J43100, M/s Wayne Kerr Electronics Pvt. Ltd.) in the temperature range of 300 K ‒ 523 

K. 

Impedance spectroscopy is a widely used technique to understand the electrical 

properties of the material. The ac current and voltage of an electrical network can be 

expressed as: 

𝑉(𝑡) = 𝑉0𝑒𝑥𝑝(𝑗𝑤𝑡) 2.6 

𝐼(𝑡) = 𝐼0𝑒𝑥𝑝(𝑗𝑤𝑡 + 𝜑) 2.7 

where, j=√-1, φ and w represent phase angle and angular frequency, respectively. The 

representation of complex impedance (Z*) in terms of phase angle and magnitude is as 

follows: 

𝑍(𝑤) = |𝑍|𝑒𝑥𝑝(−𝑗𝜑) 2.8 

𝑍(𝑤) = |𝑍|𝑐𝑜𝑠𝜑 − 𝑗|𝑍|𝑠𝑖𝑛𝜑 2.9 

𝑍∗(𝑤) = 𝑍′(𝑤) − 𝑗𝑍"(𝑤) 2.10 

where Z"(w) and Z'(w) are the imaginary and real part of impedance. 
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Figure 2-9. Block diagram of Impedance analyzer measurement set-up. 

2.3.6 Vibrating sample magnetometer 

The vibrating sample magnetometer (VSM) is the most successful and widely used 

instrument to measure the magnetic response of various materials in different temperatures 

range (low and high) and magnetic fields. Foner developed it. It can measure the magnetic 

moment with a precise accuracy of 5×10-6 emu. The working principle is based on Faraday's 

law, which states that the magnetic flux changes through coil-induced electromotive force. 

When a sample/pickup coil is placed under the magnetic field generated by an 

electromagnet, it will experience a change in magnetic flux that will induce a voltage in 

pickup coils. This induced voltage is proportional to the magnetic moment of the sample. 

The block diagram of the VSM measurement setup is shown in Figure 2-10. In this work, 

field and temperature variation measurements (300 K – 1173K) are done by VSM (7401, 

M/s Lakeshore) attached to a high-temperature oven (74034). The temperature is measured 

by the K-type thermocouple attached to the oven. The samples vibrated at a frequency of 

50 Hz by a mechanical vibrator attached to the head drive. Before starting the measurement, 

the instrument is calibrated by a standard Ni spherical sample (moment 6.92 emu/g at 

5kOe). 
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Figure 2-10. Block diagram of VSM measurement set-up. 

2.3.7 Vector network analyzer 

A Vector network analyzer (VNA) is an efficient and widely used device to analyze 

electromagnetic waves. A network Analyzer is a swept frequency measurement equipment 

to completely characterizes the complex network parameters in comparatively less time 

without any degradation in accuracy and precision. Two types of network analyzers are 

available: scalar and vector network analyzers. Scalar network analyzer measures only the 

magnitude of reflection and transmission coefficients, while the vector network analyzer 

measures both the magnitude and phase. Note that the magnitude and phase of a component 

can be critical to the performance of a communication system. A vector network analyzer 

can provide information on a wide range of these devices, i.e., from active devices such as 

amplifiers and transistors to passive devices such as capacitors and filters. VNA consists of 

a signal source, receiver, and display. The source generates the signals at the required 

frequency range that pass through the device or material under test. At the same time, the 

receiver is tuned to a similar frequency range to detect the transmitted and reflected signal. 
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The obtained response shows the phase and magnitude of the transmitted and reflected 

signal. The fundamental principle of VNA is to measure the phase and magnitude of the 

reflected, incident, and transmitted waves at various ports.  

Two port VNA is used to measure four elements named scattering parameters: S11, 

S12, S22, and S21 (S12: coefficient at port 2 due to the source at port 1). The present study 

uses the PNA-L network analyzer (N5232A, M/s Keysight) and material parameters kit to 

measure S-parameters. The waveguide and the sample holder are connected to VNA by 

coaxial cables. Shot-Open-Load-Thru (SOLT) method is employed to calibrate up to the 

port of the waveguide setup before measurement associated with the calibration kit 

(X11644A, P11644A). The required rectangular waveguides are used according to the 

required frequency range (X- band: 8.2 – 12.4 GHz, Ku band: 12.4 – 18 GHz). The 

rectangular waveguide dimensions used for X are the Ku band (22.86 × 10.16 mm) and 

(15.79 × 7.89 mm), respectively. The schematic representation of the experimental set-up 

is depicted in Figure 2-11.  

Further, the N1500A- Materials measurement suite is also used to take care of the 

signal loss at the interface of the sample and waveguide. This software is based on the 

transmission line and free space method, which includes an algorithm that corrects the 

effects of the air gap between the sample holder and the sample. Then, the Nicolson-Ross-

Weir method calculates the complex permittivity and permeability, which provides an 

algorithm to derive the real and imaginary permittivity and permeability from the S-

parameters in the measured frequency range. The equations are as follows:[138][139] 

𝜇𝑟 =
1 + 𝑅

(1 − 𝑅)𝛬√(1 𝜆0
2⁄ ) − (1 𝜆𝑐2⁄ )

 
2.11 
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𝜀𝑟𝜇𝑟 = 𝜆0
2(
1

𝛬2
+
1

𝜆𝑐2
) 

2.12 

𝑤ℎ𝑒𝑟𝑒,
1

𝛬2
= −[

1

2𝜋𝐷
𝑙𝑛⁡(

1

𝑇
)]
2

 
2.13 

where, λ0 is the free space wavelength and Re (1/Λ) = 1/λg, λg is the transmission line guide 

wavelength, λc is the cutoff wavelength of the transmission line. 

 

Figure 2-11. Schematic representation of VNA measurement set-up. 

2.3.8 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface science technique used to 

reveal information regarding empirical formula, elemental composition, chemical valance 

state, and electronic state of the elements present on the surface of the material. It is one of 

the most prominent and versatile techniques for detecting elements. In this process, x-rays 

are bombarded on the material's surface, and the emitted electron's kinetic energy is 

measured. Except for hydrogen and helium, all other elements can be detected by XPS. It 

can study materials ranging from plastic to textiles to soil to semiconductors. The working 

principle is based on the photo-electric effect. Soft X-rays (energy less than 6keV) is 

incident on the material, and the kinetic energy of the emitted electron is measured. The 
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emitted photoelectron is the consequence of the transfer of X-ray energy to a core-level 

electron. Mathematically, it can be expressed as: 

𝐵𝐸 = ℎ𝜈 − 𝐾𝐸 − 𝜑𝑠𝑝𝑒𝑐 2.14 

where hν, BE, KE, and φspec are X-ray energy, binding energy, kinetic energy, and 

spectrometer work function (a constant), respectively. The ray diagram is shown in Figure 

2-12. The energy of the ejected electrons is analyzed by the detector. Electrons of different 

energies follow different paths through a detector that helps to computer to distinguish the 

electrons. Since electrons are in orbitals farther from the nucleus, less energy is required to 

eject them. Hence, higher orbitals possess lower binding energy. 

 

Figure 2-12. Emission of photoelectrons that come out due to the X-ray bombardment of 

a surface. 

There are different types of peaks are observed in any XPS spectra: 

a) Sharp peaks: photo electrons created within the first few atomic layers 

(corresponding to a particular element) 

b) Satellites: a sudden change in Coulombic potential as the photo-ejected electron 

passes through the valence bond 

c) Multiplet splitting: when an unfilled shell contains unpaired electrons in an atom 

d) Auger peaks: produced by X-rays (transitions from L to K shell) 
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In this thesis work, the XPS (PHI5000 VersaProbe III, M/s ULVAC-PHI, Inc.) is used to 

study the valance state of constituent elements of the deposited thin films. 

2.3.9 Atomic force microscope 

Atomic force microscopy (AFM) is a powerful imaging technique to analyze the 

topographical view that quantifies surface roughness, size, and surface morphology. The 

3D profile of the sample surface can also be obtained from AFM. It consists of a flexible 

cantilever with a sharp tip, controller, scanner, and signal processing unit. The tip scans the 

sample surface and provides the surface topography based on the interaction between the 

surface atom of the films and the tip atom. According to Hooke's law, the Van der Waals 

forces between atoms at the tip and the sample surface lead to a deflection of the cantilever, 

measured using a laser and photodetector. The signal processing unit processes the 

collected signal to produce a topographical image along with phase and amplitude. In this 

study, the atomic force microscope (Cypher, M/s Oxford) is used to obtain AFM images of 

the LFO-based thin films, and further, the surface roughness, 3D and 2D image processing 

were done using WSxM 4.0 Beta software.[140]. The block diagram of AFM is depicted 

in Figure 2-13. 

 

Figure 2-13. Block diagram of AFM. 
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Chapter 3 : Broadband dielectric and 

magnetic studies of Mg and Sr substituted 

LFO for microwave applications 

This chapter deals with the structural, microstructural, temperature, and frequency 

dependent dielectric response of Mg and Sr substituted LFO for low loss microwave 

applications. Apart from that, magnetic and permeability response is also analyzed. 

3.1 Introduction 

Recently, the spinel-structured lithium ferrite (LiFe5O8) has been extensively 

investigated for microwave devices (load, gyrators, oscillators, circulators, phase shifters, 

and isolators) due to its low loss at microwave frequencies coupled with superior magnetic 

properties.[20] It also exhibits excellent properties such as a hysteresis loop, high dielectric 

constant, high saturation magnetization (MS), low dielectric loss, and relatively high Curie 

temperature (TC).[141] This material is a better substitution for expensive yttrium iron 

garnet (YIG) for microwave applications. Further, LFO-based ferrites can also be used as 

a cathode in lithium-ion batteries [103],[114], and many magneto-mechanical 

applications.[142] Various researchers have focused on the different preparation methods 

of LFO, such as the sol-gel process,[143] solid-state reaction method,[144] auto-

combustion method,[145] solvothermal,[146] microemulsion, etc. The solid-state reaction 

method provides the unique advantage of having a low cost of starting reagents, high yield, 

and a straightforward preparation methodology compared to other techniques. Moreover, 

considerable studies have been done on substituting dopants in either Li or Fe-site of LFO 

to enhance the dielectric and magnetic properties. Baba et al.[147] reported that the 
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substitution of Zn in LFO benefits coercive force, magnetic loss, and densification. Co and 

Sr substitution enhance DC resistivity[115]  and AC conductivity[148]. Hilli et al.[149]  

studied the electromagnetic properties of Sm-doped LFO nanoparticles. The resistivity of 

Sm-doped LFO increased with Sm concentration. Bamme et al.[150] reported the dielectric 

properties of Cd substituted LFO using the microwave-induced combustion method. The 

dielectric constant degraded with Cd substitution, and the quality factor shows cusps in the 

frequency range of 80 ‒ 400 kHz. The citrate precursor method was used to prepare 

nanosized Zr, and Mn substituted LFO.[151] With an increase of Zr and Mn content, DC 

electrical resistivity is enhanced, which follows the polaron hopping mechanism. Similarly, 

with the increase in Zr–Co concentration, coercivity increases, but saturation magnetization 

decreases.[152] Nutan et al.[110] studied the complex permittivity and permeability of Co-

substituted LFO for microwave applications. Argentina et al.[102] reported that LFO is 

better than the magnesium and nickel ferrites used at the microwave frequency region due 

to its relative effectiveness. El-Shaarawy et al.[153] studied structural, dielectric behavior, 

and ac conductivity in the lower frequency range (20Hz–10MHz) of Mg-doped LFO 

powders and found that AC conductivity increased with Mg concentration. 

 It is known that substituting a small amount of divalent ions in spinel ferrites may 

modify their electromagnetic properties and microwave absorption. In this respect, it is 

interesting to investigate the doping of a divalent atom on the electrical and magnetic 

properties of LFO. Different factors can affect the properties of doped spinel ferrites, such 

as the magnetic moment of cations and the moment distribution between sites with 

tetrahedral and octahedral coordination, etc. The doping with Mg2+ and Sr2+ at both Li+ and 

Fe3+ sites would be attractive due to its dissimilar ionic radii compared to Li+ and Fe3+, 

which can introduce structural distortions, eventually modifying the Fe‒O, Li‒O bond 

lengths and Fe‒O‒Fe bond angles. Thus, it can alter the magnetic and dielectric properties, 
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though Mg and Sr carry no magnetic moment. Moreover, the charge compensation due to 

the different valance states of Li and Fe compared to Mg, and Sr can create oxygen 

vacancies. The fluctuation of the iron valency can effectively alter the electrical properties. 

Hence, it is worth investigating the dielectric and magnetic properties of Mg and Sr-doped 

LFO ceramics. Most of the available studies are on low-frequency dielectric or magnetic 

responses of  LFO. The combining effect of magnetic and dielectric response in the required 

frequency range should be studied to use the material for a particular application. 

3.2 Materials and method of preparation 

The polycrystalline samples of Li1-xMg2xFe5-xO8; x = 0, 0.003, 0.005, 0.007, and 0.01 

(LMFO) ceramics are synthesized by the solid-state reaction process. Fe2O3 (M/s 

JiangXiHaiTe Advance Material, 99.99%), MgO (M/s Sigma Aldrich, 99.99%), and 

Li2CO3 (M/s Sigma Aldrich, 99%) are used as starting reagents. For the synthesis of Li1-

xSr2xFe5-xO8; x = 0, 0.003, 0.005, 0.007, and 0.01 (LSFO), similar precursors are used as of 

LMFO, and SrCO3 (M/s Sigma Aldrich, 99.99%) is used instead of MgO. All the solid-

state reaction methods steps are used to synthesize the specimen, as described in Chapter 

2. The resulting powders are calcined at 800 °C for 3 h. To enhance the density and to 

reduce the particle size, the calcined powders were re-milled for 10 h. The powders were 

pressed into two different shaped discs (1 mm thickness and 10 mm diameter) and toroids 

(outer diameter = 16 mm, inner diameter = 8 mm and height = 1.5 mm) for electrical and 

permeability measurements, respectively. Then the specimen are sintered at 1050 °C. 

3.3 Results and discussion 

3.3.1 Structural analysis 

The X-ray diffraction patterns of LMFO ceramics are shown in Figure 3-1.(a). The 

observed XRD revealed the formation of cubic ferrite phase (JCPDS Card No. 82-1436), 
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without the presence of any other secondary phases. The enlarged view of the predominant 

diffraction peak (311) around 2θ ~ 35° is depicted in Figure 3-1.(b). As the concentration 

of Mg increased, Bragg’s reflections shifted towards lower angles, which resulted in an 

increase in the lattice parameters and cell volume (see Table 3-1) associated with the 

structural distortion due to dissimilar ionic radii of the Mg2+ (0.71 Å) with Li+ (0.76 Å) and 

Fe3+ (0.64 Å). Further analysis is carried out using the Rietveld refinement method to 

estimate the crystal phase, space group, and atomic positions by using FullProf Suite. 

Figure 3-1.(c) shows the representative refined XRD pattern for x = 0.005. It is noted that 

Mg substituted lithium ferrite is in a single-phase cubic structure with (space group - 

P4132).[153] The goodness of the fit is estimated by the R-values, as listed in Table 3-1.  

 

Figure 3-1. (a) X-ray diffraction pattern of Li1-xMg2xFe5-xO8 samples. (b) Zoomed portion 

of the XRD around 35◦. (c) Refinement pattern of LMFO (x = 0.005) 

 

 

Figure 3-2. Schematic representation of unit cells of LMFO. The green color and the blue 

color show the Li/Mg trigonal bipyramids and Fe/Mg trigonal bipyramids, respectively. 
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To observe the cell distortion due to Mg substitution in LFO, the illustrative unit cells are 

generated by the Vesta software, as shown in Figure 3-2. It is observed that the trigonal 

bipyramids of iron and lithium showed a tilt as the Mg content increases. These tilts 

eventually affect the magnetic as well as electric properties. 

Table 3-1. Unit cell parameters calculated from the XRD pattern of the LMFO ceramics. 

Composition x = 0 x =0.003 x =0.005 x =0.007 x =0.01 

a = b = c (Å) 8.3259(6) 8.3344(4) 8.3293(2) 8.3358(4) 8.3506(7) 

V (Å3) 577.15 578.92 577.87 579.22 582.31 

D (nm) 70.11 82.16 70.31 90.14 95.11 

Strain 0.009 0.0011 0.0014 0.0014 0.0015 

χ2 1.76 2.89 2.53 2.92 2.62 

 

 

Figure 3-3. W-H plot of LMFO ceramics (a) x = 0, (b) x = 0.003, (c) x = 0.005, (d) x = 

0.01. 
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The lattice strain and crystallite size in the LMFO ceramics are estimated by using the 

Williamson-Hall plot method (Equation 3.1): 

𝛽𝑐𝑜𝑠𝜃 =
𝑘𝜆

𝐷
+ 4𝜀𝑠𝑖𝑛𝜃 

3.1 

where k is the shape factor, β the full-width half maxima (FWHM) of the diffraction peak, 

λ the incident X-ray wavelength, θ is the Bragg angle, D is the crystallite size, and ε is the 

strain.[154] Figure 3-3. shows the plots between βcosθ and 4sinθ. Strain and crystallite 

size is calculated from the fitted line and listed in Table 3-1. The crystallite size and strain 

range between 70–95 nm and 0.09 %–0.15 % for x = 0–0.01, respectively. The crystallite 

size and strain are enhanced with increased Mg content. 

Figure 3-4.(a) shows the XRD pattern of LSFO ceramics. As the concentration of 

Sr increases, it is observed that the diffraction peaks shifted towards the lower Bragg angles 

(see Figure 3-4.(b)), indicating the structural distortion caused by the dissimilar ionic radii 

of the dopant and parent elements.  

 

Figure 3-4. (a). XRD Pattern of Li1-xSr2xFe5-xO8 samples. (b). The zoomed portion of the 

XRD ~ 35°. (c). Rietveld refinement pattern of LSFO for x = 0.005. 

Further, the Rietveld refined XRD patterns of sintered LSFO samples are carried out to 

estimate the lattice parameters, the volume of the unit cell, atomic positions, and crystal 

structure by using Full-prof software by considering the pseudo-Voigt function. Figure 
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3-4.(c) shows the Rietveld refined pattern of the LSFO sample for x = 0.005. The lattice 

parameters are enlisted in Table 3-2. It is found that the lattice constants and unit cell 

volume are enhanced with Sr concentration due to the larger ionic radii of (Sr2+ ~1.18Å) as 

compared to Li+ (0.76Å) and Fe3+ (0.64 Å). The shift of the predominant (311) peak of 

LSFO towards the lower Bragg angle (2θ) with Sr substitution confirmed the lattice 

expansion.  

 

Figure 3-5. Schematic representation of unit cells of LSFO. 

Table 3-2. XRD parameters calculated from the XRD pattern of LSFO ceramics. 

composition x = 0 x =0.003 x =0.005 x =0.007 x =0.01 

a = b = c (Å) 8.3259(6) 8.3491(3) 8.3492(4) 8.3514(6) 8.3502(5) 

V (Å3) 577.15 582 582.02 582.48 582.2 

D (nm) 70.11 64.37 58.34 59.88 63.6 

Fe-O (Å) 1.9236 1.9233 1.8695 1.9455 1.92357 

Fe-O-Fe (°) 121.20 122.46 122.33 126.35 127.21 

Strain 9.6E-4 0.00105 0.00118 9.9E-4 0.00125 

χ2 1.76 3.29 2.9 2.57 2.91 

Costa et al.[155] also observed similar values (a = b = c = 8.3257 Å, α = β = γ = 90°) in 

LSFO prepared by solid-state reaction method. The Vesta software draws the schematic 

unit cell structures to show the cell distortion upon Sr doping. Figure 3-5 shows the unit 
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cells for x = 0, 0.005, and 0.01, and it is clear that the trigonal bipyramids of lithium and 

iron showed a tilt with an increase in the Sr concentration. The crystallite size and lattice 

strain of the LSFO sample are calculated by the Williamson-Hall plot method by using 

Equation 3.1, as shown in Figure 3-6. The obtained crystallite size and the strain are in 

the range of 58.34 nm ‒ 70.11 nm and 0.096 % ‒ 0.125 % for x = 0 – 0.01, respectively.  

 

Figure 3-6. W-H plot of LSFO ceramics (a) x = 0 (b) x = 0.003 (c) x = 0.005 (d) x = 

0.007 (e) x = 0.01. 

The larger crystallite size (70.11 nm) is obtained for pure LSFO, which is approximately 

equal to the reported values [156], and further, it decreases to 58.34 nm for the x = 0.005 

sample. The crystallite size and strain variations are attributed to the substitution of larger 

Sr2+ ions at Li+ and Fe3+ sites of the LFO matrix. 

3.3.2 Surface morphology 

The surface morphologies of the LMFO and LSFO ceramics are shown in Figure 

3-7 and Figure 3-8,respectively. It is observed that the Mg and Sr-doped LFO samples 
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exhibit uniform grain distribution with dense microstructure as compared to pure LFO. The 

microstructure and grain size are strongly affected by Mg and Sr substitution. The density 

of LMFO and LSFO ceramics is calculated by Archimedes's principle and is around 95% 

of the theoretical density. The smaller initial particle sizes, which enhance the sintering 

velocity at lower temperatures, are attributed to higher relative densities. The grain size is 

a crucial parameter influencing the ferrite's dielectric and magnetic properties. The density 

of the LMFO and LSFO is found to increase with Mg and Sr concentrations. The average 

grain size is measured by Image J software (linear intercept method), and the obtained grain 

sizes for LMFO and LSFO are between 1.26–0.97 µm and 1.26 – 1.1 µm, respectively.  

 

Figure 3-7. FESEM micrograph of the LMFO samples (a) x = 0, (b) x = 0.003, (c) x = 

0.005, (d) x = 0.01. 

Different parameters, such as the concentration of various ions and diffusion coefficient, 

can explain the variations in the grain size.[112] The grain size of the ferrites is highly 

influenced by the domain wall contributions in the low-frequency regime [157], which can 

also be seen in permeability. The flexibility of the grain boundary causes grain growth. 
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Further, grain growth and re-crystallisations are related to the mobility of grain 

boundaries.[158] 

 

Figure 3-8. FESEM micrograph of the LSFO samples (a) x = 0, (b) x = 0.003, (c) x = 

0.005, (d) x = 0.01. 

3.3.3 Dielectric response 

3.3.3.1 Dielectric dispersion with frequency 

The frequency-dependent dielectric constant measured in the temperature range of 

133 K – 523K is shown in Figure 3-9. The dielectric constant of the LMFO samples 

decreases with applied frequency, which is a typical linear dielectric response. The 

contribution to the dielectric constant comes from different polarization mechanisms, such 

as ionic, electronic, interface, and dipole polarization, which influence the frequency-

dependent dielectric response. In the high-frequency regime, the dielectric response is 

mainly affected by dipole, ionic, and electronic polarization. The frequency-dependent 

dielectric constant may also be explained based on the electron hopping mechanism and 

dipole relaxation. The reduction of dielectric constant till 100 MHz can be due to the 

relaxation of dipoles. In applying the external electric field, the interchange of electrons 
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between Fe3+ ↔ Fe2+ builds up local displacement of charges that causes polarization. 

Polarization reduces with an enhancement in frequency.  

 

Figure 3-9. Frequency dependent dielectric constant of LMFO ceramics, measured at 

different temperatures (a) x = 0, (b) x = 0.003, (c) x = 0.005, (d) x = 0.01. 

Table 3-3. The obtained permittivity and dielectric loss tangent values of LMFO ceramics. 

Composition x = 0.00 x = 0.003 x = 0.005 x = 0.007 x = 0.01 

  εr tanδ εr tanδ 

(10-2) 

εr tanδ 

(10-2) 

εr tanδ 

(10-2) 

εr tanδ 

(10-2) 

133 K 1MHz 26 0.63 134 0.3 181 0.42 121 0.27 80 0.18 

1GHz 11 0.09 17 0.05 18 0.06 18 0.05 16 0.06 

300 K 1MHz 619 2.87 1759 0.15 3034 0.16 1670 0.16 626 0.20 

1GHz 16 0.70 17 0.98 12 0.93 21 1.03 19 0.55 

513 K 1MHz 143 22.8 4857 1.85 6056 1.89 6738 0.90 2830 1.31 

1GHz 19 2.62 3 1.6 14 1.6 10 2.32 20 1.61 
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The hopping of electrons is occurred up to a particular frequency, beyond which it gets 

relaxed. Hence, εr becomes constant.[159],[160],[161] Whereas the more considerable 

dielectric constant value at a lower frequency regime may be ascribed to grain boundary 

defects and the predominance of Fe2+ ions. A similar kind of response is reported by Iqbal 

[151] and Surzhikov.[160] It is noted that the dielectric constant of the samples enhanced 

with Mg substitution up to x = 0.005 compositions and reduced further with the addition of 

Mg. This can be attributed to the higher polarizability of Mg, uniform grain size, and 

maximum relative density. The dielectric constant improves with temperature, as seen in 

Figure 3-9. At higher temperatures, the dipoles align easily, leading to a higher dielectric 

response. The dielectric response is enhanced with Mg substitution. The earlier studies 

found that Li+ ions reside only at octahedral sites, whereas Mg2+ prefers both octahedral 

and tetrahedral sites. Hence, it replaces the Fe3+ ions with B-site from A- site. 

Consequently, more Fe2+‒Fe3+ ion pairs accumulate at B-site, thus increasing the hopping 

mechanism.[153] Further, another factor such as oxygen vacancy which is created by the 

substitution of Sr2+/ Mg2+ also plays a role in the dielectric response. The single ionization 

of oxygen vacancies (VȮ) is use to be created over grain boundaries. The natural oxygen 

vacancy (VO) is created due to the heating of the LMFO/LSFO samples at high 

temperatures. By losing an electron (Vo = VȮ + eʹ), the natural vacancy in the Fe3+‒O‒Fe2+ 

network can be transferred to a singly ionized (VȮ) positive charge. Interestingly, x = 0.005 

samples exhibited the best dielectric response at the measured temperature range, and all 

other samples displayed better dielectric response than pure LFO. The reduction in the 

dielectric constant in higher concentration of Mg can be attributed to the presence of oxygen 

vacancies that degrades both dipole and ionic polarizations through domain-wall clamping. 

The values of dielectric loss and dielectric constant obtained at some frequencies and 

temperatures are listed in Table 3-3. Very low dielectric loss is achieved with Mg 
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substitution when compared to previous reports. [162],[151] Figure 3-10 shows the 

variation of dielectric constant with frequency at different temperatures for LSFO ceramics. 

A similar response is observed for LSFO as for LMFO. The dielectric constant of the LSFO 

ceramics diminishes with a rise in frequency except for x = 0.01. As temperature rises, the 

dielectric constant of the sample is enhanced drastically. At lower temperatures, the 

dielectric constant values are lower as compared to the samples measured at higher 

temperatures. It can be due to the freezing of dipoles at cryogenic temperatures. But with a 

temperature rise, the dipole alignment occurs quickly. Interestingly, the sample with x = 

0.003 displayed the best dielectric response. The sample with x = 0.01 revealed an inferior 

dielectric response, which may be attributed to the porous microstructure and lower relative 

density. 

 

Figure 3-10. Frequency variation of the dielectric constant of LSFO ceramics, measured 

at different temperatures for (a) x = 0, (b) x = 0.003, (c) x = 0.005, (d) x = 0.01. 
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3.3.3.2 Variation of dielectric response with temperature 

The temperature-dependent dielectric constant (εr) and dielectric loss (tanδ) of 

LMFO obtained at different frequencies are shown in Figure 3-11 and Figure 3-12, 

respectively. As the temperature increased from 133K, the dielectric constant of LFO 

initially increased, exhibited a hump at around 433K, and then decreased for a further rise 

in temperature.  

 

Figure 3-11. Temperature variation dielectric constant of LMFO ceramics, measured at 

different frequencies for (a) x = 0 (b) x = 0.003 (c) x = 0.005 (d) x = 0.01. 

This trend is also actual for the other compositions; x = 0.003, 0.005, and 0.007. However, 

the hump in the dielectric constant shifted towards higher temperatures with an increase in 

the Mg concentration till x = 0.007. In contrast, the dielectric constant for the x = 0.01 

sample increased continuously with temperature without any hump or reduction in the 

values. The value of the dielectric constant increased from 619 to 3034 while the dielectric 

loss reduced remarkably from 2.87 to 0.001 as the Mg concentration increased from x = 0 
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to x = 0.005 at 300 K. For LFO, as the temperature increased, tanδ enhanced initially 

exhibiting a cusp at 233K and again increased sharply above 433K at 1 MHz. The same 

trend is followed for all frequencies. The samples with x = 0.003, 0.005, and 0.007 followed 

the same trend, but the hump shifted toward a lower temperature range. The shift in the 

hump is attributed to the relaxation of dipoles. For x = 0.01, the values of tanδ increased 

smoothly with temperature, accompanied by a sharp rise above 453K. The surge in 

dielectric response is attributed to the higher relative density, and the lattice distortion of 

the Mg-substituted compounds.  

 

Figure 3-12. Temperature variation dielectric loss tangent of LMFO ceramics, measured 

at different frequencies for (a) x = 0 (b) x = 0.003 (c) x = 0.005 (d) x = 0.01. 

Further, it is found that the dielectric constant and dielectric loss are improved with an 

increase in temperature due to the displacements of localized charge carriers. However, the 

enhancement in the conductivity of the samples may be attributed to the increasing mobility 

of charge carriers due to applied thermal energy. The observed high dielectric constant and 
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low loss (order of 10-3) in the high-frequency regime makes LMFO a better candidate for 

microwave applications.[102],[109] At lower temperatures, both the dielectric constant and 

loss tangents are lowered, and it is due to the lower thermal vibrations and the freezing of 

dipoles. Further, substituting Mg effectively minimized the dielectric loss in these ceramics. 

Table 3-4. The dielectric constant and tanẟ at different frequency and temperatures of 

LSFO ceramics. 

Composition x = 0.00 x = 0.003 x = 0.005 x = 0.01 

  εr tanδ εr tanδ  εr tanδ εr tanδ 

133 K 1MHz 26 0.63 363 0.89 190 0.81 11 0.001 

1GHz 11 0.09 23 0.28 18 0.25 12 0.08 

300 K 1MHz 619 2.87 3863 1.09 1760 0.67 11 0.002 

1GHz 16 0.70 12 6.85 15 1.96 12 0.09 

513 K 1MHz 143 22.8 116 16.7 7149 3.82 17 0.78 

1GHz 19 2.62 10 1.6 15 5.25 13 0.12 

 

Figure 3-13 and Figure 3-14 show the variation of the εr and tanδ versus temperature of 

LSFO ceramics measured at different frequencies from 1 MHz – 1 GHz. A similar type of 

response is observed for LSFO ceramics as for LMFO. The dielectric constant and the 

dielectric loss tangent measured for LSFO ceramics at different temperatures and 

frequencies are listed in Table 3-4. The dielectric constant and loss tangent of LSFO is εr 

= 619 and tanδ = 2.87 @ RT at 1MHz. The enhancement in dielectric constant and loss (εr 

= 24647, tanδ = 1.73 @ 433K, 1 MHz) are obtained for x = 0.003 and further decreased 

(for x ≥ 0.005). The enhancement in εr is attributed to the maximum relative density and 

incorporation of Sr into the LFO system. Additionally, it is observed that with a temperature 

rise, the dielectric constant and loss tangent are both enhanced due to the orientation of 
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dipoles at the temperatures. Still, at the same time, the conductivity of the samples also 

improved, which caused the high-loss tangents. In addition, as the measurement frequency 

increases, the dielectric constant reduces, which can be ascribed to the relaxation of dipoles. 

Moreover, the maximum dielectric constant (εrmax) at critical temperature gradually shifted 

to higher temperatures with a rise in the frequency from 1 MHz to 1 GHz. 

 

Figure 3-13. Temperature dependent dielectric constant of LSFO ceramics, measured at 

different frequencies for (a) x = 0 (b) x = 0.003 (c) x = 0.005 (d) x = 0.01. 

 

The frequency dispersion with diffuse transition is a typical signature of relaxor behavior 

presented in the system.[163] According to the observed results, LMFO showed a better 

dielectric response (high dielectric constant with magnificent low dielectric loss) than 

LSFO. 
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Figure 3-14. Temperature dependent dielectric loss of LSFO ceramics, measured at 

different frequencies for (a) x = 0 (b) x = 0.003 (c) x = 0.005 (d) x = 0.01. 

 

3.3.4 Electrical conductivity 

The activation energy (EA) of all the specimens is calculated from the temperature-

dependent ac conductivity (σac) by using the Arrhenius equation (Equation 3.2): 

𝜎𝑎𝑐 = 𝜎0𝑒𝑥𝑝(
−𝐸𝐴
𝑘𝐵𝑇

) 
3.2 

where, σ0 is the pre-exponential factor, kB is the Boltzmann constant, and T is the absolute 

temperature. The logarithmic variation of σac is plotted against 1000/T at 1 MHz for LMFO 

and LSFO ceramics, as shown in Figure 3-15 (a) and (b). The activation energy is 

estimated from the slope of the plot. The conductivity is found to increase with temperature 

and Mg2+ ion concentration. The principle of the electrical conduction mechanism can be 

understood by the dielectric polarization mechanism. The conductivity increase with a 
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concomitant temperature increase is because of the thermally activated interchange of the 

charge carriers among Fe2+ and Fe3+. Further, the increase in the conductivity due to the 

Mg2+ ion is attributed to the concentration ratio of Fe3+/Fe2+ ions on the B site. The 

activation energy is found to be 1.39 eV for x = 0, which is decreased to 0.35 eV for x = 

0.005 for LMFO ceramics. However, it shoots up again with an increase in Mg 

concentration. In the case of LSFO ceramics, EA is decreased to 0.077 for x = 0.005 

specimens. The variation in activation energy can be attributed to the redistribution of 

oxygen vacancies and other charge carriers such as electrons, holes, and defects. When an 

atom with a different valence state is substituted on the lattice, charge vacancies are formed 

to maintain local charge neutrality. Since Sr2+ ions replace Fe3+ ions, oxygen vacancies or 

negative valences are created, which reduces activation energy.[164] 

 

Figure 3-15. Logarithmic variation of ac conductivity as a function of 1000/T for (a) 

LMFO, (b) LSFO. 

 

3.3.5 Permeability analysis 

The frequency (1 MHz to 1 GHz) and temperature (133 K – 523 K) dependent real 

part of permeability is plotted for LMFO ceramics, as shown in Figure 3-16(a) and (b). 

The obtained permeability for pure LFO is µr = 27.88 at 1 MHz frequency, comparable to 
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previously reported data [56]. Permeability is strongly influenced by Mg concentration. For 

x = 0.003, the permeability decreases to 23.94. However, for x = 0.005 and x = 0.007, the 

permeability raised to 28.56 and 29. The variation in permeability mainly depends on the 

thickness of the domain walls (δ), magneto-crystalline anisotropy (k1), the average grain 

size (Dm), and inner stress (σ), which can be well understood by Equation 3.3: 

𝜇 ∝
𝜇0𝑀𝑠

2𝐷𝑚

[𝑘1 + (3 2⁄ )𝜆𝑠𝜎]𝛽
1
3⁄ 𝛿

 
3.3 

where Ms, λs, and β are the saturation magnetization, saturation magnetostriction constant, 

and volume concentration of impurity, respectively.  

 

Figure 3-16. Frequency and temperature dependent permeability of (a), (b) LMFO, and 

(c), (d) LSFO ceramics. 

In this case, the variation in µr can be attributed to the variation in magnetization and the 

average grain size. A 343 – 363 K transition is observed from the temperature-dependent 
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permeability for all the LMFO ceramics. Figure 3-16 (c) and (d) shows the µr as a function 

of frequency and temperature for LSFO ceramics. It is noticed that the Sr content strongly 

influenced the permeability. The permeability value decreases with an increase in Sr 

content. For the sample with x = 0.007, µr is approximately the same as that of pure LFO, 

which is attributed to the significant variation in the grain size. 

 

3.3.6 Magnetic studies 

Figure 3-17 shows the variation of magnetization curves as a function of temperature 

(M‒T) for LMFO samples. Magnetization decreases with an increase in temperature, which 

can be because the iron spins at octahedral and tetrahedral sites are sealed in the direction 

of the applied magnetic field at low temperatures. With a temperature rise, spins get 

randomized due to thermal energy, resulting in a decrease in magnetization. Above a 

specific temperature, the magnetization becomes zero, which indicates a paramagnetic 

state. According to Figure 3-17, the Curie temperature (Tc) of LMFO is shifted to lower 

temperatures as Mg concentration changes. The Tc for the pure LFO is 873K, and the 

decrease in Tc with an increase in Mg substitution is not monotonous. The substitution of 

non-magnetic Mg2+ ions in place of iron ions in both A and B sites of AB2O4 lithium ferrite 

inverse spinel causes the A‒B interaction to be weak, which leads to a reduction in 

magnetization and the Curie temperature. The room temperature M‒H loop of LMFO 

ceramics is shown in Figure 3-18(a). The values of coercivity (HC), saturation 

magnetization (MS), and remanent magnetization (Mr) are illustrated in Figure 3-18(b). 
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Figure 3-17. Temperature dependent magnetization curve of LMFO samples. 

 

 

Figure 3-18. (a) Room temperature M-H curves of the LMFO, (b) Variation of magnetic 

parameters with Mg composition. 

It is observed that saturation magnetization is reduced as a function of Mg concentration. 

Nevertheless, the sample with x = 0.007 exhibited the highest saturation magnetization 
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among all the other substituted samples. The observed magnetization could be due to 

several factors, such as A‒B exchange interaction, cation distribution, anisotropy, density, 

and grain size.[165],[166],[167] This can be better understood by Neel’s two-sublattice 

model. According to this model, the magnetic moment per formula unit )(xnN

B  in units of 

Bohr magneton (µB) is expressed as:  

𝑛𝐵
𝑁(𝑥) = 𝑀𝐵(𝑥) − 𝑀𝐴(𝑥) 3.4 

where MB and MA are the B and A sub-lattice magnetic moment in µB, respectively; 

according to Neel's model, three types of interactions exist A‒A, B‒B, and A‒B. Among 

these, the exchange A‒B interaction is the strongest one. The resultant magnetization arises 

from a vector sum of two sublattices, A and B.[168] In order to accommodate the Mg2+ ions 

at the A-site, Fe3+ ions get transferred from the A site to the B site, which caused the initial 

decrease in Ms. Hence, Fe3+ ion content increased at B‒site, causing the antiparallel spin 

coupling, which eventually resulted in the reduction of A‒B exchange interaction strength, 

and consequently, decreases the magnetization. The increase in Ms for x = 0.007 may be 

due to Mg2+ ions, which are substituted for Li+ and occupy the tetrahedral A site with an 

analogous transfer of Fe3+ from the A to B site. This enhanced the magnetization in the B 

site. The random behavior of HC is attributed to the variation in grain size.[169],[170] The 

Mg substitution on LFO leads to structural distortion, as depicted in Figure 3-2, which 

modifies Fe‒O‒Fe bond angles at both the tetrahedral and octahedral positions and the Fe‒

O bond length. 

TH-3096_176121020



Chapter 3: Broadband dielectric and magnetic studies of Mg and Sr substituted LFO for 

microwave applications 

 

78 | P a g e  

 

 

Figure 3-19. Variation of magnetization as a function of temperature for LSFO ceramics. 

 

Figure 3-19 shows the temperature-dependent magnetization curve of LSFO 

samples. It is clear that the TC of LSFO shifted to lower temperatures as Sr content changed. 

The value of TC for the undoped LFO is 873K, whereas it reduced to 849K for x = 0.01 

sample. The room temperature hysteresis loop of LSFO ceramics is depicted in Figure 

3-20(a), and the variation of Ms, Hc, Tc as a function of Sr composition is illustrated in 

Figure 3-20(b). However, all the samples are saturated at low fields of the order of 10 kOe. 

Thus, all the samples exhibited a soft ferrimagnetic behavior. Unlike the behavior observed 

in M‒T curves, the saturated magnetization values in M‒H curves decreased for x = 0.003. 

They attained a maximum value for x = 0.007; further, it declined for x = 0.01. 
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In undoped LFO, magnetization arises from the iron ions. The Fe3+ ions occupy both 

tetrahedral and octahedral sites, while Fe2+ ions occupy only the octahedral sites forming 

the two sublattices, leading to ferrimagnetism. The magnetic moment of the Fe3+ ion is 

lesser (4 μB) than the Fe2+ ions (5 μB), leading to a net magnetization in LFO samples. Any 

changes in the population of magnetic ions in the octahedral and tetrahedral sites effectively 

change the net magnetization. Also, it is believed that the occupancy of the Fe3+ and Fe2+ 

ions in the tetrahedral and octahedral sites changes with the Sr doping, leading to the 

increment in magnetization values. Nevertheless, this change in the occupancy is not linear 

with the Sr content, due to which a non-linearity in the Ms is observed with Sr content. 

 

Figure 3-20. (a) Room temperature M-H curves of the LSFO, (b) Variation of magnetic 

parameters with Sr concentration. 

The variations in Hc can also be understood in terms of grain size. The reduction in the 

grain size with the Sr substitution led to an increase in the surface-to-volume ratio between 

the atoms. As a result, the surface effects become prominent and produce vacancies in 

LSFO structure.[171] Thus, we can conclude that the structure, grain size, porosity, lattice 

imperfections, concentration of cations, and morphology can influence the magnetic 

properties of the spinel ferrites.[172][173] 
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3.4 Conclusions 

Two series of substituted LFO with different Mg and Sr concentrations are 

synthesized successfully. The microstructure, structural, dielectric, and magnetic response 

variations are correlated. The substituted samples showed dense microstructure as 

compared to pure LFO. Enhanced dielectric response (εr = 3034, tanδ = 0.001 at RT, 1 

MHz) is observed for the Mg composition, x = 0.005, whereas in the case of Sr series, the 

best dielectric response is observed for x = 0.003 (εr = 5986 and tanδ = 1.17 at RT, 1 MHz). 

The variations in the dielectric properties are explained on the basis of the electron hopping 

mechanism. AC conductivity increased with an increase in temperature as well as Mg2+ 

concentration due to the exchange of electrons among Fe2+ and Fe3+ ions. The activation 

energy is decreased by incorporating both Mg and Sr in LFO. The obtained EA for LMFO 

and LSFO is 1.39 – 0.35 eV and 0.124 – 0.077 eV, respectively. The LMFO with x = 0.007 

exhibited the best permeability (µr = 29) and magnetic properties (Ms = 55 emu/g) at room 

temperature. Also, in the LSFO series, x = 0.007 showed the highest magnetization among 

all samples (MS = 61 emu/g). The change in magnetic behavior is explained by exchange 

interactions and Neel's two sub-lattice models. Looking into the combined response of 

dielectric and magnetic properties, Mg-substituted LFO showed a better response as 

compared to Sr-substituted LFO. A combination of high dielectric constant, low loss 

tangent (order of 10-3), high permeability, and magnetic properties of LMFO make x = 

0.005 specimens a good candidate for microwave applications such as phase shifters and 

the circulator.
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Chapter 4 : Permittivity, permeability, 

and EMI shielding effectiveness of LFO-

based ceramics composites 

This chapter deals with the magnetic, structural, microstructural, permittivity, and 

permeability response of lithium ferrite/carbon black (different wt %) and Dy substituted 

LFO/CB (10 wt %). The EMI shielding efficiency in the X‒and Ku band is also analyzed. 

4.1 Introduction 

Day by day, special gadgets and electronic devices are becoming a necessary part 

and part of our lives. There are advantages and disadvantages associated with these devices, 

such as EMI, which are of deep concern for the smooth functioning of the devices. The 

EMI created at microwave frequencies causes severe threats not only to military equipment 

and commercial communication systems but also to normal human health. 

[174][175][99][176] With emerging 5G technology, the complications associated with the 

EMI are expected to enhance. The EMI shield can be achieved by attenuating 

electromagnetic radiation by absorption or reflection. The EM reflection from various 

metallic bodies such as ships, aircraft, and the walls of the anechoic chamber can be reduced 

by tailoring the dielectric and magnetic loss. Absorption, reflection, transmission, and 

multiple reflections occur when EM waves strike the shielding materials. The absorption 

depends on electric and magnetic dipoles of the shielded materials, whereas mobile charge 

carriers are required in order to have efficient reflections. Reflection from various interfaces 

is termed as multiple reflections, which is neglected in most cases since the re-reflected 

waves used to be absorbed in the materials. Metal sheets used to be considered an efficient 

material for EMI shielding; however, oxidation prone nature, processing difficulty, and 
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heavyweight restrict their use in various practical applications [44]. Again, carbon-based 

polymer composite emerged as an alternative to metals due to its lightweight, large surface 

area, and high electrical conductivity. Carbon-based materials such as carbon nanotubes 

(CNT), carbon nanowires, and reduced graphene are extensively studied as filler 

components. [177][178][179][180] The unstable nature of polymer with temperature limits 

its use in EMI applications. Further, the ceramic-based composite attracted attention in the 

last few years due to its better temperature stability, hardness, and easy processing 

methodology.[181][182] Among carbon-based materials, carbon black (CB) is a well-

explored and suitable material due to its low cost, easily available, stable and easy 

processing criteria. Also, it helps to enhance the electrical conductivity of the material. 

Sang et al.[183] synthesized the carbon nanotubes/alumina@ nickel ceramic composites by 

hot press sintering.  The EMI SE and electrical conductivity of 9CNTs/Al2O3 ceramic 

composites were found to be 33.6 dB and 103.1 S/m, respectively. Huang et. al. [52] 

developed reduced graphene oxide/silica ceramics that are mechanically reliable and 

lightweight for EMI application. They mainly analyzed the toughness and flexural strength 

that enhance the balanced interfacial interaction and hierarchical structure. They achieved 

33 dB SE in the X-band regime. Yuchang et. al.[184] prepared BaTiO3/graphene 

nanosheets (GN) ceramics, and they reported the total SE was achieved greater than 40 dB 

for this composite. They also reported that the complex permittivity was enhanced with GN 

content. Qing reported the complex permittivity, permeability, and SE of BaTiO3/NiFe2O4. 

With the two ceramics (one soft magnetic component), they achieved an SE of 34 dB in X-

band.[54] BiFeO3 nanowire-rGO having absorption bandwidth of 2.2GHz and RLmax of -

28.68 dB were observed by Ghosh et al.[185] The exceptional absorbing performance is 

ascribed to the unique microstructure of the absorber and impedance matching. The ferrite-

based materials such as Fe3O4, CoFe2O4, and NiFe2O4 for EMI shielding and microwave 
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absorber have been reported. [186][187][188] The spinel ferrites exhibit high saturation 

magnetization, high Curie temperature, low resonance line width, moderate dielectric, and 

magnetic loss. A combination of carbon-based filler with magnetic material as the matrix 

can be a better replacement for polymer-based composites as it can result in high magnetic 

and dielectric loss, better temperature stability, high eddy current loss, and interfacial 

polarization. Various rare earth substitutions like Y, Pr,[189] Nd[190], Er[191] and Dy[192] 

in the spinel ferrites are also reported recently to enhance the EMI efficiency. 

However, the ideal material for EMI shielding cannot be obtained using single 

materials like metal, polymer, and carbon-based compounds. Looking forward to a better 

perspective of stability, low cost, easy processing, and temperature stability, ceramic 

composite with carbon-based material is the best option. In the contest to the situation 

mentioned above, It is realized that the EMI shielding response of a material mainly 

originates from the synergistic effect of conduction loss, magnetic loss, and dielectric loss. 

Spinel ferrite, like lithium ferrite, can be a better alternative to be used as a ceramic. LFO 

possesses high saturation magnetization, high magnetic loss, moderate permeability, and 

high curie temperature. Further, It is a known fact that rare (RE) ions contain unpaired 4f 

electrons, which promotes spin-orbit solid couplings. Incorporating RE ion in spinel ferrite 

leads to 4f ‒ 3d coupling, which may also modify magnetic and electrical properties. For 

significant EMI shielding, the shielded material should have magnetic and electric dipoles 

interacting with the electromagnetic field. Most of the researchers focused either on the 

magnetic or dielectric perspective. But the cumulative effect of electrical, magnetic, and 

dielectric loss mechanisms is essential to understand the performance of the material for 

this type of application which is lacking in the literature and hence this study.  In this work, 

It is intended to achieve high EMI shielding efficiency by incorporating CB into lithium 
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ferrite and Dy substituted lithium ferrite matrix. The Dy substitution is expected to promote 

polarization, magnetic loss, and microstructure, enhancing the EMI efficiency. 

4.2 Methods of preparation 

Lithium ferrite (LFO) is prepared by the solid-state method, as reported in Chapter 

2. The ceramic powders are calcined at 800 °C for 3 h. The used CB is obtained from M/s 

JiangXiHaiTe Advance Material in its pure form. To prepare composites, LFO and CB are 

mixed using a ball mill with different weight ratios of CB (5, 10, 15, 20 wt%). The 

composites are symbolized as LFO/CB (5), LFO/CB (10), LFO/CB (15), LFO/CB (20). 

Propanol is used as a grounding medium. Then the homogeneous slurry is dried in a hot air 

oven. The Dy doped lithium ferrites (LiFe5-xDyxO8) are prepared for five different 

compositions of dysprosium: x = 0, 0.05, 0.1, 0.15, and 0.2. The 10 wt % of CB is added to 

all the prepared compositions. The composite corresponding to x = 0 is termed as LFO/CB 

(undoped lithium ferrite-carbon composite), whereas the other composites corresponding 

to x = 0.05, 0.1, 0.15, 0.2 were termed as LD5FO/CB, LD10FO/CB, LD15FO/CB, and 

LD20FO/CB, respectively. The structural, microstructural, magnetic, shielding efficiency, 

complex permittivity, and permeability studies are carried out for all the compositions. The 

results are presented and discussed simultaneously. 

4.3 Results and discussion 

4.3.1 Surface micrograph and structural analysis 

The surface morphology of prepared samples is shown in Figure 4-1. It is clearly 

visible from Figure 4-1(a) that the well-defined and uniform distributed grains are in the 

case of pure LFO. The average grain size obtained for LFO is 0.72 µm. For LFO/CB 

composites, additional sheet-like structures are noticed. The dimension of sheet-like 

structures is in the range of 1 - 4 µm. The CB particles are agglomerated and form a sizeable 
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sheet-like structure. The flat sheet-like structure of CB provides a pathway for the first 

migration of electrons. With an increase in CB concentration, more sheet-like structures are 

observed. Also, some flexes are quite large (10 µm). The CB is agglomerated and 

assembled on the grain boundary of LFO. With an increase in CB content, a more disturbed 

grain structure is observed.  

 

Figure 4-1. Surface morphology of (a) LFO, (b) LFO/CB (5), (c) LFO/CB (10), (d) 

LFO/CB (20). 

 Figure 4-2 shows the surface morphology of the composites of Dy substituted 

samples. The irregularly shaped grains with well-defined grain boundaries are observed. 

The carbon sheets have an average size of 1- 4 µm. However, a few are much more 

prominent, within the range of 4 - 8 µm.  It is observed that the average grain size decreases 

slightly from 1.19 µm (LFO/CB) to 0.92 µm (LD15FO/CB). This decrease in grain size 

with an increase in Dy3+ concentration is because of the large size of Dy3+ ions, which 

hinders grain growth by diffusing to the grain boundaries and forming the DyFeO3 
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secondary phase.[193] The obtained irregular grains with porous structure facilitate 

microwaves' absorption, leading to better SE. 

 

Figure 4-2. FESEM micrograph of (a) LFO/CB, (b) LD5FO/CB, (c) LD10FO/CB (d) 

LD15FO/CB. 

 The typical XRD pattern of LFO, CB, and composite materials is depicted in Figure 

4-3(a). Two prominent peaks are observed for CB at 2θ of 26.43, 54.51correspond to (002) 

and (004), respectively (hexagonal, P63/mmc, JCPDS # 00-060-0053), confirming the pure 

phase formation. All the observed peaks of LFO are appropriately matched with the ordered 

cubic phase (P4132, JCPDS # 82-1436)[194]. Interestingly, no additional peak for any other 

undesired phases has been observed in the composites apart from LFO and CB. The 

intensity of LFO is suppressed with an increase in CB content. The predominant peak of 

LFO (311) shifted towards the lower 2θ, which is attributed to the addition of CB that led 

to the generation of strain (Figure 4-3(b)). For further clarification about lattice parameters, 

Rietveld refinement is carried out by Fullprof software. The refined pattern is shown in 

Figure 4-3(c). For CB lattice parameters are : a= b= 2.4616 Å, c= 6.7226 Å, α = β = 90°, γ 
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= 120° and for LFO: a= b= c= 8.3452 Å, α = β = γ = 90°. Also, the presence of two phases 

is examined through refinement, where we can get information regarding volumetric 

concentration (percentage contribution of individual phase).  

 

Figure 4-3. (a) XRD pattern of LFO, CB, and composites, (b) Relative shift of 

predominant peak (311), (c) Rietveld refinement pattern of LFO/CB (10), (d) Schematic 

illustration of the Unit cell of LFO, CB, and LFO/CB. 

 

The Scherrer equation estimates the average crystallite size (D) of LFO and composites (all 

the intense peaks are considered). 

𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
 

4.1 

here, β, λ, θ, k is Full width at half maximum (FWHM), the wavelength of incident X-ray, 

Bragg’s angle, and shape factor (0.98), respectively. The calculated D for pristine LFO is 
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33.98 nm, whereas it varies from 35.85 to 35.19 nm for composites. The unit cell image of 

LFO, CB, and composites are shown in Figure 4-3(d). Li, Fe, O, and C atoms are 

represented in green, magenta, red, and blue, respectively. 

 The XRD patterns of pure CB, LFO/CB, and LDFO/CB composites are depicted in 

Figure 4-4(a). For the LFO/CB and LDFO/CB composites, intense peaks are observed for 

(220), (311), (400), (422), (511), and (440) planes, thereby confirming the spinel phase 

formation of lithium ferrite. The shift of the peaks indicates the substitution of Dy3+ cations 

in the matrix (Figure 4-4(b)). The most intense peak (311) gets shifted towards higher 2θ 

values with an increase in Dy3+ doping up to x = 0.15. For x = 0.2, the (311) peak shifted 

to the left concerning the peak positions of other composites. Fullprof software is used to 

perform Rietveld refinement of the XRD patterns (Figure 4-4(c)). The various lattice 

parameters are enlisted in Table 4-1.  

Table 4-1. Structural parameters of LDFO. 

 LFO LD5FO LD10FO LD15FO LD20FO 

a (Å) 8.3452 8.3415 8.3392 8.3374 8.3397 

Volume (Å3) 581.17 580.40 597.92 579.55 580.03 

χ2 1.24 1.32 1.26 1.44 1.47 

 

The highest lattice constant is observed for the LFO/CB composite, whereas it is the lowest 

for LD15FO/CB. With an increase in Dy concentration, the lattice constant is found to be 

decreased up to LD15FO/CB. On doping, the larger Dy3+ (0.91 Å) ions in place of the 

smaller octahedral Fe3+ (0.64 Å) ions, the lattice strain, and disorder may arise due to ionic 

radii mismatch of the dopant and host ions, resulting in an increase or decrease of the lattice 

parameter.[195][196] Here, the substitution of Dy3+ cations has reduced the lattice constant 

initially. A similar trend has been observed in other rare-earth-doped spinel ferrites like 
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dysprosium doped cobalt-zinc ferrite,[197] Dy3+ doped nickel-cobalt ferrite,[165] Ce-Dy 

substituted cobalt ferrite,[198] and Gd3+ doped cobalt ferrite[195]. For a high amount of 

Dy-doping (x = 0.15, 0.2), extra peaks are also found around 2θ ~ 33° corresponding to 

DyFeO3 phase formation.[199] The large Dy3+ ions cannot completely replace all the Fe3+ 

ions in the octahedral positions at high doping concentrations. This results in distortion of 

the spinel structure, and the excess Dy-ions move to the grain boundaries resulting in the 

DyFeO3 impurity phase.[200][201] The composites' average crystallite sizes (D) are 

calculated using Equation 4.1. For the LDFO/CB composites, the D values ranged from 

30.05 to 42.39 nm. 

 

Figure 4-4. (a) XRD pattern of all the composites, (b) Relative shifting of the 

predominant peak, (c) Reitveld refinement pattern of LFO/CB, (d) LD10FO/CB. 
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4.3.2 Magnetic response 

The room temperature magnetization is recorded up to 15 kOe as a function of the 

magnetic field of LFO/CB composites, as shown in Figure 4-5(a). All the samples 

exhibited a typical ferrimagnetic behavior, and Ms, Hc is obtained from the M-H loop 

(Table 4-2). LFO attained a saturation magnetization of 64 emu/g, which is well compared 

with the available literature[202],[160]. Magnetic properties of spinel ferrites are governed 

by several parameters, including synthesis methods, homogeneity, crystallite size, grain 

size, defects, porosity, morphology, and distribution of cations between octahedral (B) and 

tetrahedral (A) sites. The magnetization in LFO is due to the cationic distribution of Fe 

ions. LFO exhibits inverse spinel structure where Li+ occupies the octahedral (B site) 4b 

position and Fe3+ occupy tetrahedral (A site) 8c and octahedral 12d sites. This can be well 

governed by Neel's two sublattice models and exchange interaction[168].  

 

Figure 4-5. (a) Magnetization as a function of magnetic field for all the samples, (b) 

Initial experimental data fitted with LAP. 

Total magnetization is obtained from the difference between the net magnetization in 

octahedral and tetrahedral sites. Again, mainly three types of interaction occur between 

sublattices: A‒A, B‒B, and A‒B, where A‒B predominates the other. With an increase in 

CB concentration, Ms slightly decreased compared to pristine LFO, which indirectly 
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confirms the proper CB dispersion in LFO. The obtained Ms for LFO/CB(5), LFO/CB(10), 

LFO/CB(15), LFO/CB(20) is 62, 60, 58, and 57 emu/g respectively. Also, there is not much 

variation observed for Hc. All the magnetic parameters are enlisted in Table 4-2. Further, 

the effective magnetocrystalline anisotropy (k1) is evaluated by fitting the initial magnetic 

curve data with the law of approach to saturation magnetization (LAP):[203] 

𝑀 = 𝑀𝑠 (1 −
8

105𝜇0
2𝑀𝑠2

(
𝑘1
𝐻
)
2

) + 𝛾𝐻 
4.2 

where γ and 8/105 are the susceptibility and cubic anisotropy of polycrystalline specimens. 

The fitted curve with experimental data is shown in Figure 4-5(b). The obtained value of 

k1 is 1.88 ×105 erg/cm3, found to be decreased with enhancement in CB concentration. The 

k1 is crucially dependent on Ms, Hc, domain wall motion, and crystallite size. In the present 

case, the decrement can be due to the change in Ms value as not much difference is observed 

in all other parameters. 

Table 4-2: Magnetic parameters of all the composites. 

Sample name Ms (emu/g) Hc (Oe) k1 (erg/cm3) 

LFO 64 21 1.88 ×105 

LFO/CB (5) 62 25 1.70 ×105 

LFO/CB (10) 60 27 1.52 ×105 

LFO/CB (15) 58 30 1.43 ×105 

LFO/CB (20) 57 28 1.39 ×105 

LD5FO/CB 62 60.9 1.10 × 105 

LD10FO/CB 70 67.0 1.28 × 105 

LD15FO/CB 68 54.8 1.24 × 105 

LD20FO/CB 60 66.1 1.10 × 105 
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The M-H loops shown in Figure 4-6(a) confirm the ferrimagnetic nature of the 

LDFO/CB composites.  The saturation magnetization is enhanced up to LD10FO/CB and 

then decreased. The values of Hc, Ms, and k1 are listed in Table 4-2. The Ms monotonically 

increased with increasing dysprosium content up to x = 0.1 (as Dy-ions with µeff = 10.50 μB 

possess higher magnetic moment as compared to Fe µeff = 5.85 μB). [201] This increases 

the µeff (effective magnetic moment), which explains the increase in magnetization of the 

composites. However, from x = 0.15 onwards, a decrease in saturation magnetization is 

observed. Due to their large size, the Dy-ions prefer to occupy the bigger octahedral sites, 

thereby replacing the Fe-ions. Therefore, the paramagnetic Dy3+ ions rapidly substitute the 

ferromagnetic Fe3+ ions at higher doping concentrations. The replacement of Fe by Dy at 

the octahedral sites reduces the exchange interaction and hence the saturation 

magnetization. When RE3+ ions substituted in place of Fe3+ in spinel ferrite, the possible 

exchange interactions are: RE3+‒ RE3+ (4f ‒ 4f interaction) and Fe3+ ‒ RE3+ (3d ‒ 4f 

interaction). However, these interactions are weaker than Fe3+ ‒ Fe3+ (3d ‒ 3d) interactions. 

Like other rare earth cations, in Dy3+ 4f, electrons remain highly localized in the solid 

lattice, attributed to the orbital screening effect. Hence, the 4f electrons remain shielded 

from the crystal field by 6s and 5d electrons, leading to weak interactions with neighboring 

cations. The existence of indirect 4f ‒ 5d ‒ 4f electron coupling between Dy3+ ‒ Dy3+ and 

weak interactions in Fe3+ ‒ Dy3+ (3d ‒ 4f coupling) resulted in the reduction of net 

magnetization. Another reason for the decrease in magnetization could be the formation of 

the non-magnetic DyFeO3 impurity phase. DyFeO3 possesses a distorted perovskite 

structure where the Fe3+ spins exhibit antiferromagnetic ordering.[204] Also, the Dy‒Fe 

interaction is weaker than the Fe‒Fe interaction, which results in a decrease in saturation 

magnetization at high doping concentrations. Although no clear trend is visible between 

doping concentration and coercivity, it is observed that all the doped composites' coercivity 

TH-3096_176121020



Chapter 4: Permittivity, permeability, and EMI shielding effectiveness of LFO-based 

ceramics composites 

 

93 | P a g e  

 

(Hc) is lesser than the undoped one. Adding Dy3+ cations increased the number of magnetic 

domains, leading to easy demagnetization and lowering coercivity.[205] The LAP fitted 

curves for LDFO/CB composites are depicted in Figure 4-6(b). LFO/CB (10) composite 

has a k1 value of 1.02 × 105 erg/cm3, which increased with Dy3+ addition up to x = 0.15. 

This trend in k1 value is almost similar to the variation of magnetization (Ms) with Dy3+ 

concentration. The schematic illustration of the effect of Dy substitution is shown in Figure 

4-7.  

 

Figure 4-6. (a) Room temperature Hysteresis loop of LDFO/CB composites, (b) Fitted 

curve of virgin magnetization loop with Law of approach to saturation of LDFO 

ceramics. 

 

The insertion of Dy3+ favours 3d ‒ 4f coupling (Fe3+ ‒ RE3+) and 4f ‒ 4f coupling (RE3+‒ 

RE3+) along with 3d ‒ 3d coupling (Fe3+ ‒ Fe3+). The interlink between magnetization and 

anisotropy is evident from Equation 4.2. Also, the increase in magneto crystalline 

anisotropy is due to dysprosium's high negative anisotropy value.[206] Magnetization, 

coercivity, crystallite size, and domain wall movements affect the k1 value.  
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Figure 4-7. The schematic illustration of the effect of Dy substitution on lithium ferrite. 

 

4.3.3 EMI shielding studies 

The SER, SEA, and SET variation with frequency of LFO and composites with CB is 

shown in Figure 4-8. Figure 4-8(a) shows that SER decreased up to 15GHz (0.2 dB) with 

increased frequency and then expanded for pristine LFO. More or less, all other composites 

followed the same trend (decrease up to a specific frequency). But with an increase in the 

content of CB, SER increased to 5.36 dB for LFO/CB (20) at 15 GHz. The values of SER 

represent that a tiny amount of EM power is reflected in the case of LFO and composites. 

Similarly, SEA enhanced drastically with CB content (Figure 4-8 (b)). The obtained values 

of SEA at 15 GHz are 1.5, 2.38, 15.21, 21.3, and 21.8 dB for LFO, LFO/CB (5), LFO/CB 

(10), LFO/CB (15), LFO/CB (20), respectively. Though both SER, SEA increased with an 

increase in CB content, SEA still increased much faster as compared to SER. Figure 4-8(c) 

depicts the SET as a function of frequency. The observed value of SET is  ~ 5 dB for pristine 

LFO, whereas ~ 26 dB for LFO/CB (20) for the broad frequency range (8.2‒18 GHz). The 

rapid enhancement in SEA above 10 wt % of CB may be attributed to the conductivity, 
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which usually increases intrinsically with CB content[207]. The enhancement mechanism 

of EMI SE of the composites may be interpreted in two ways: primarily uniform dispersion 

of CB in LFO ceramics (evident from Figure 4-1). 

 

Figure 4-8. EMI Shielding effectiveness of composites (a) Reflection, (b) Absorption, (c) 

Total, (d) Schematic illustration of EMI mechanism. 

 

Uniform distribution in ceramic matrix ensures conductivity enhancement due to CB and 

SE. Secondly, the permittivity and permeability of the ceramic matrix play a crucial role in 

EMI shielding (discussed in the next section). The values of SEA and SER at different 

frequencies are given in Table 4-3. Figure 4-8(d) shows the schematic diagram of EMI 

phenomena. To further understand the absorption contribution in the SE mechanism, 

absorption efficiency (Aeff) is calculated by using Equation 1.13. The absorption efficiency 
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of all the specimens for the whole frequency range 8.2 ‒ 18 GHz is depicted in Figure 

4-9(a). The observed Aeff is in the range of 25 ‒ 30 % for pristine LFO. With 5 wt % of CB, 

it increased to 65 ‒ 45 %. Aeff of material has to be more than 96 % for practical use in daily 

life. LFO/CB (10) showed Aeff > 96 % in the higher frequency range only (12 ‒ 18 GHz). 

Further, LFO/CB (15) and LFO/CB (20) exhibited almost the same Aeff varying from 98.8 

‒ 99.68 % in the broad frequency. Hence, it is evident that LFO/CB (15) and LFO/CB (20) 

can be used as potential microwave absorbers. The Aeff of the composites at 15 kHz is 

shown in Figure 4-9(b). 

Table 4-3: SE, Permittivity, and permeability of LFO/CB composites at different 

frequencies. 

Sample name 

Parameters 

LFO LFO/CB 

(5) 

LFO/CB 

(10) 

LFO/CB 

(15) 

LFO/CB 

(20) 

SER 

(dB) 

8.2 GHz 4.29 4.75 4.28 3.21 7.61 

18 GHz 1.60 2.33 2.69 2.28 4.85 

SEA 

(dB) 

8.2 GHz 1.98 5.67 10.06 19.79 18.06 

18 GHz 0.88 2.26 15.17 21.73 23.17 

ε' 8.2 GHz 4.81 9.54 23.22 24.91 46.52 

18 GHz 2.40 1.77 7.91 18.22 22.83 

ε" 8.2 GHz 0.11 0.86 3.12 13.55 19.50 

18 GHz 1.15 0.42 5.75 3.11 9.42 

µ' 8.2 GHz 0.86 0.67 0.49 0.36 0.09 

18 GHz 1.16 1.14 1.10 0.28 0.24 

µ" 8.2 GHz 0.15 0.09 0.54 0.45 0.52 

18 GHz 0.07 0.16 1.17 1.02 0.88 
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The frequency variation of SER, SEA, and SET for all the LDFO/CB composites are shown 

in Figure 4-10. SER values are less than 10 dB for all the composites but show slight 

improvement with increasing Dy3+ concentration. 

 

Figure 4-9. (a) Variation of absorption efficiency with frequency, (b) Absorption 

efficiency at 15 GHz. 

For LFO/CB composite, the SER value ranges from 4.28 dB at 8.2 GHz to 2.69 dB at 18 

GHz. For LD15FO/CB composite, the SER value was enhanced to 6.64 dB at 8.2 GHz and 

5.44 dB at 18 GHz. Dy doping has enhanced the shielding due to reflection and improved 

magnetic and dielectric properties. However, the low SER values indicate that only a tiny 

portion of the incoming EM radiation is reflected. The SEA attains a maximum of 23.7 dB 

at 17.3 GHz for LD10FO/CB composite. The SEA values at different frequencies are 

tabulated in Table 4-4. SEA has improved with Dy3+ substitution with maximum shielding 

effectiveness corresponding to LD10FO/CB. Introducing Dy3+ cations enhances the 

magnetic losses, leading to increased absorption. Relaxation and conductance loss are the 

main contributors to the high absorption efficiency of the doped composites.[58] Figure 

4-10(c) showed that the SET value is greater than 10 dB (90% shielding efficiency) for all 

the composites over the entire range of X and Ku bands. LD10FO/CB exhibited the highest 
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SET value of 25 ‒ 26 dB, corresponding to 16.9 ‒ 18 GHz frequency. The trend is similar 

to the variation in saturation magnetization.  

 

Figure 4-10. EMI shielding effectiveness of all the LDFO/CB composites (a) SER, (b) 

SEA, (c) SET, (d) Absorption efficiency. 

Like saturation magnetization, the peak values of SET and SEA also increased with Dy-

concentration up to x = 0.1 and then decreased with a further increase of doping 

concentration. This indicates a strong correlation between magnetization and shielding 

performance. Dy-doping enhances magnetic loss, further improving absorption and total 

shielding effectiveness. It must be noted that throughout the X and Ku bands, SEA is the 

primary contributor to total shielding effectiveness.  
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Figure 4-11. Absorption efficiency of all the LDFO/CB composites at 15 GHz. 

Table 4-4: SE parameters, complex permittivity, and permeability of LDFO/CB 

composites at different frequencies. 

 Frequency LD5FO/CB LD10FO/CB LD15FO/CB LD20FO/CB 

SER 

(dB) 

8.2 GHz 2.58 2.13 2.58 2.71 

18 GHz 2.53 2.64 1.84 1.73 

SEA 

(dB) 

8.2 GHz 13.97 15.03 14.51 13.16 

18 GHz 18.70 24.05 17.04 16.34 

𝜺′ 8.2 GHz 27.38 38.44 34.23 33.58 

18 GHz 24.59 27.34 30.44 27.44 

𝜺′′ 8.2 GHz 20.78 22.56 18.39 19.64 

18 GHz 28.35 37.11 32.51 30.79 

𝝁′ 8.2 GHz 0.87 1.06 1.09 1.14 

18 GHz 1.43 2.18 1.99 2.10 

𝝁′′ 8.2 GHz 1.13 1.00 0.99 0.99 

18 GHz 0.89 0.64 0.63 0.66 
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This establishes the fact that for lithium ferrite and Dy-doped lithium ferrite-carbon black 

composites, absorption is the dominant shielding mechanism. Figure 4-10(d) depicts the 

frequency variation of absorption efficiency of all the composites within the 8.2‒18 GHz 

range. LD10FO/CB  showed 91.50 ‒ 99.6% absorption efficiency in the 12‒18 GHz 

frequency range (shown in Figure 4-11). LD10FO/CB showed the best shielding and 

highest absorption efficiency over the Ku band. Therefore, it can be used as a commercial 

microwave absorber.  

4.3.4 Complex permittivity 

The real part of permittivity (ε') depends on the polarization that takes place in the 

material, whereas the imaginary part (ε") is dependent on the energy dissipation. The 

variation of complex permittivity as a function of frequency is depicted in Figure 4-12. It 

is observed from the figure that LFO showed ε' varying from 5 ‒ 2 in the frequency range 

8.2 ‒ 18 GHz. With an increase in frequency, ε' decreased, which is a natural tendency of 

a dielectric material. This occurs due to the reduced capability of the dipoles to align with 

the direction of the rapid electric vector of applied electromagnetic waves. Generally, 

permittivity depends on interfacial, ionic, electronic, and dipole polarization 

[60],[208],[209]. At a high-frequency regime (GHz range), mainly dipole and electronic 

polarization play a vital role. It depends on electron hopping between cations of different 

valances (Fe3+ and Fe2+). A similar trend is also observed for the composites with 

frequency variation. But with an increase in CB content in composites, ε' increased to 46 

for LFO/CB(20) at 8.2 GHz. Further, ε" is also enhanced drastically with an increase in CB 

concentration from 0.11 (LFO) to 19.70 (LFO/CB(20)) at 8.2 GHz. Variation in ε" directly 

affects the microwave absorption of the material. According to the above discussion, both 

the real and imaginary parts of complex permittivity dramatically increased with the CB 

weight ratio. This can be attributed to the enhancement in the electrical loss of CB. It is 
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well known that carbon-based materials, including carbon nanotubes and graphite, promote 

conductivity and dielectric loss[210],[211]. The obtained results imply that microwave 

absorption is substantially enhanced by increasing CB loading in LFO/CB composite. 

 

Figure 4-12. Complex permittivity of LFO/CB composites in the frequency range (8.2–18 

GHz) (a) Real part, (b) Imaginary part. 

Figure 4-13 shows the frequency variation of complex permittivity of LDFO/CB 

composites in the X and Ku bands. It is evident from Figure 4-13 that Dy-doping has 

enhanced the real and imaginary parts of permittivity. When lithium ferrite is doped with 

dysprosium, Dy3+ ions replace the Fe3+ ions from the octahedral sites. This reduces the 

relative concentration of Fe3+ ions concerning Fe2+ ions. At 8.2 GHz frequency, 

LD10FO/CB  has 𝜀′ value of 38.10, much higher than that of LFO/CB. The 𝜀′′ value also 

increases from a mere 3.14 (LFO/CB) to 22.89 (LD10FO/CB (10)) at around 8.2 GHz. The 

mismatch of ionic radii between Dy3+ and Fe3+ causes lattice strain which may also be 

responsible for the increase in dielectric loss (𝜀′′). Also, the introduction of Dy3+ in the 

lattice causes an increase in bond lengths of Fe‒O and Dy‒O at the octahedral positions. 

This leads to higher polarizability and increased permittivity.[212] However, for higher 

concentrations of Dy-doping (x = 0.15, 0.20), the excess Dy3+ ions migrate to the grain 

boundaries to form the secondary DyFeO3 phase. This decreases the availability of Dy3+ 
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ions, thereby weakening the electron hopping mechanism. The Dy3+ ions also replace the 

octahedral Fe3+ ions, which further diminishes the electron exchange between Fe2+ ↔ Fe3+. 

Hence, x = 0.15 onwards, both 𝜀′ and 𝜀′′ decreased.   

 

Figure 4-13. Complex permittivity of LDFO/CB composites in the frequency range (8.2–

18 GHz) (a) Real part, (b) Imaginary part. 

The observed fluctuations in 𝜀′ and 𝜀′′ at higher frequencies (> 13 GHz) is attributed 

to the dipole relaxations. When the electric field is applied to dielectric material, re-

orientation of dipoles takes place, leading to the relaxation of polarized dipoles afterward. 

More energy is required to reorient the dipoles in case of dielectric relaxation, which causes 

the higher dissipation of electromagnetic energy at high frequencies. The dielectric 

relaxation can induce dielectric loss, which is responsible for the enhancement of SE. The 

variation in dipole polarization also helps to generate small microcurrents induced due to 

the free electrons' local movement, which also favours the dielectric loss and SE.[213] In 

order to get more clarity in the relaxation process, the complex permittivity is analyzed in 

terms of the Cole-Cole plot (Figure 4-14). On the basis of Debye dipole relaxation, 

complex permittivity is expressed as [214]  
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𝜀𝑟 = 𝜀
′ + 𝑖𝜀′′ = 𝜀∞ +

𝜀𝑠 − 𝜀∞
1 + 𝑖2𝜋𝑓𝜏

 4.3 

𝜀′ = 𝜀∞ +
(𝜀𝑠 − 𝜀∞)

1 + (2𝜋𝑓𝜏)2
 

4.4 

  

𝜀′′ = 𝜀∞ +
2𝜋𝑓𝜏(𝜀𝑠 − 𝜀∞)

1 + (2𝜋𝑓𝜏)2
 

4.5 

 where 𝜏, 𝑓, 𝜀∞,  and εs are the relaxation time for dielectric polarization and frequency, 

dielectric constant at infinite frequency, and static dielectric constant, respectively.  

 

Figure 4-14. Cole-Cole plot of all the composites (a) LFO/CB, (b) LD5FO/CB, (c) 

LD10FO/CB, (d) LD15FO/CB, (e) LD20FO/CB, (f) Frequency variation eddy current 

loss of all the samples. 

Figure 4-14 shows the Cole-Cole plot of all the composites. Ideal Debye behavior shows 

the semi-circular response between ε' and ε", where each semicircle corresponds to one 

Debye relaxation process.  In this present case, a mixed response of semicircle and linear 

behavior is observed that can be related to conduction loss generally developed from 

microcurrent at the interface (heterostructure of composites), electron hopping between 

Fe3+ and Fe2+.[213] Further, conductivity is deduced by using the equation: σac = ωε0ε" 

and found to be increased with the incorporation of Dy. The obtained conductivity for 
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LFO/CB and LD10FO/CB(10) is in the order of ~10-2 and 10-1 S/cm, respectively. This 

confirms the presence of higher conduction loss in Dy-substituted composites. Conductivity 

also plays a significant role in enhancing SE. 

4.3.5 Complex permeability 

Figure 4-15(a), (b) depicts the frequency variation of the real (µ') and imaginary (µ") 

parts of the permeability of all the specimens. µ' decreased with an increase in CB content 

in the composites. The obtained µ' is 0.86, 0.67, 0.49, 0.36, 0.09 for LFO, LFO/CB(5), 

LFO/CB(10), LFO/CB(15), LFO/CB(20), respectively at 8.2GHz. This decrease in µ' can 

be attributed to the reduced saturation magnetization with increasing CB content. However, 

the µ" increased with different CB wt % in the composites. It increased to 0.52 for 

LFO/CB(20) from 0.15 for LFO. The values of complex permittivity and permeability at 

different frequencies are given in Table 4-3.  

 

Figure 4-15. Variation of complex permeability of LFO/CB composites in the frequency 

range (8.2–18 GHz) (a) Real part, (b) Imaginary part. 

On the other hand, in terms of shielding efficiency, the magnetocrystalline anisotropy is 

related to the magnetic loss (µ"), which comes from the domain wall motion, spin resonance 

in the microwave frequency band. A smaller anisotropy field improves the absorption 

bandwidth. For an efficient microwave absorber, magnetic shielding requires the 
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conservation of its magnetic permeability over the GHz range. With the addition of CB, 

though the magnetocrystalline anisotropy decreased, the µ" increased, which enhanced the 

EMI shielding efficiency. The variation of µ' and µ" of LDFO/CB composites as a function 

of frequency is shown in Figure 4-16. The µ' showed almost constant value in the X-band 

range for all the compositions, and a variation is observed in the Ku band regime. 

LD10FO/CB composite exhibited the highest value of 𝜇′ (7.75) at around 17 GHz. The 

values of the complex permeability and permittivity at different frequencies are enlisted in  

Table 4-4. The highest saturation magnetization and SET value are also observed for the 

same composition. The increase in the peak values is linked with the increase in 

magnetization due to Dy-doping. The substitution of Dy3+ (10.50 µB) for Fe3+(5.85 µB) 

results in an increase in Ms up to x = 0.1. A similar trend is also observed in the values of 

𝜇′ and 𝜇′′. An increase in magneto-crystalline anisotropy and lattice distortion due to Dy3+ 

doping is also responsible for the enhancement of 𝜇′′ peaks in the LD10FO/CB composites. 

Also, higher magnetic losses resulted in improved absorption efficiency in the doped 

composites. 

 

Figure 4-16. Variation of complex permeability of LDFO/CB composites in the frequency 

range (8.2–18 GHz) (a) Real part, (b) Imaginary part. 
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In the microwave frequency regime, the magnetic loss is mainly related to natural 

resonance, domain wall resonance, eddy current loss, and magnetic hysteresis loss. Out of 

these, domain wall resonance occurs in the 1 ‒ 100 MHz regime, and hysteresis loss can be 

neglected in a weak external field.[215] The eddy current loss is connected with 

conductivity and the thickness of the shielded material, which can be expressed as: 𝐶0 =

𝜇′′(𝜇′)−2𝑓−1 = 2𝜋𝜇𝑜𝜎𝑑
2/3. The value of 𝐶0 must remain constant with respect to 

frequency if the materials' magnetic loss originates from eddy currents loss. In this present 

case, C0 is observed to be varied with frequency (as observed in Figure 4-14 (f)). So, eddy 

current loss is not the reason for the magnetic loss of the shielded material. According to 

the Kittel equation, the natural resonance frequency can be calculated as: 𝑓𝑟 =
𝛾

2𝜋
𝐻𝐾, where 

γ is the gyromagnetic ratio. For cubic systems, the magnetocrystalline anisotropy field 

(HK), 𝐻𝐾 =
4|𝐾1|

3𝜇0𝑀𝑠
. The natural resonance frequency of the samples is in the range of 1.5 – 

3 GHz. The peaks observed in 𝜇′ and 𝜇′′ are at ~ 16.9 GHz and 13.52 GHz, which are very 

far from the range of natural frequency.[216] In this study, the observed resonance peak 

may be observed due to exchange resonance, spin relaxation, and domain wall rotation 

which generally occurs at a higher frequency than the resonance frequency.[217] 

According to the above analysis, it is concluded that both dielectric and magnetic loss are 

responsible for efficient EMI shielding. 

A comparison table is given with other previously reported data used for this purpose 

with the present work (Table 4-5). Most of the reported work with high SE are polymer-

based composites, whereas we tried to enhance the SE with ceramics only. 
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Table 4-5. EMI shielding effectiveness of reported other materials and present work. 

Material Name Total EMI SE 

(dB) 

Reference 

Barium ferrite with reduced graphene oxide 

composite 

30 [8] 

NiMgZn ferrite 12.13 [60] 

Polythiophene/Ni0.5Zn0.5Fe2−xCexO4 24.5 [218] 

Polyaniline barium ferrite composite with 

aromatic sulphonic acid 

28.9 [219] 

Graphene-MnFe2O4-Multiwalled Carbon 

Nanotube Hybrids composites 

34 [220] 

Mesoporous strontium ferrite/polythiophene 

composite 

29 [221] 

Cobalt Ferrites and Coal-Fly-Ash Based 

Polymer Nanocomposites 

32 [222] 

Polyaniline doped with paratoluene 

sulphonic acid and cobalt ferrite 

26 [223] 

Lithium ferrite - Carbon black composite 28 Present work 

Dy substituted LFO/carbon black 26 Present work 

 

4.4 Conclusions 

Two series of ceramics composites of lithium ferrite/carbon black (different wt % of 

carbon black), and Dy substituted lithium ferrite/carbon black (with different 

concentrations of Dy) are synthesized successfully. Morphology, structure, magnetic, 

permittivity, permeability, and shielding efficiency is analyzed. The lattice constant and 

volume were found to be initially decreased with an increase in Dy concentration. The high 

electrical properties of CB and the rich magnetic and dielectric properties of LFO 

contributed to achieving high EMT shielding. Though saturation magnetization is 

decreased with the incorporation of CB, high saturation magnetization is still observed. The 
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maximum saturation magnetization is obtained for LD10FO/CB. SE due to reflection as 

well as absorption enhanced with the incorporation of CB. A total SE of 28 dB is obtained 

for LFO/CB(20) at 18 GHz. The maximum shielding effectiveness of 24 dB was obtained 

for LD10FO/CB ~ 17 ‒ 18 GHz. The Dy substitution enhances the magnetic as well as 

dielectric loss. Further, 99.68 % of Aeff is achieved with 20 wt % of CB reinforcement in 

LFO, whereas the maximum absorption efficiency of 99.6 % is obtained for LD10FO/CB 

~ 17 ‒ 18 GHz. The electron hopping mechanism explains the variation of permittivity. 

The synergic effect of dielectric and magnetic loss are the main contributors to the high SE. 

Out of all synthesized samples, LD10FO/CB showed the best EMI shielding response. The 

obtained results suggest that LD10FO/CB can be used for EMI shielding applications in 

the commercial aspect. 

 

TH-3096_176121020



Chapter 5: Deposition and characterization of LiFe5O8 and LiDy0.1Fe4.9O8 thin films 

 

109 | P a g e  

 

Chapter 5 : Deposition and 

characterization of LiFe5O8 and 

LiDy0.1Fe4.9O8 thin films 

This chapter investigates the structural, surface morphology, dielectric and magnetic 

response of LiFe5O8 (LFO) and LiDy0.1Fe4.9O8 (LDFO) thin films having different 

thicknesses. The involved electrical conduction mechanism is also studied. 

5.1 Introduction 

Due to miniaturizing technology, various devices such as spintronics, memory, and 

multifunctional devices have rapidly developed. Ferrite thin films have gained more 

attention due to their high electrical resistivity, magnetoelectric coupling, resistive 

switching, magnetic response, and application in high-frequency devices.[224],[225],[226] 

Ferrites are mainly well-known for gyrators, circulators in microwave devices, insulators, 

and integrated microwave circuits that are supposed to replace the surface-mounted device 

shortly.[227] The emerging spintronics technology (integration of electron's spin into 

conventional electronics) has increased the imposition of a new material: ferromagnetic 

semiconductors. Previously, the focus was on the semiconducting host material where 

ferromagnetism was induced by substituting magnetic ions. Now hunt for such material has 

shifted to another possible way: causing semiconductivity by electronic doping in an 

insulating ferromagnet.[228] Among various ferrites, lithium ferrite is known for high 

Curie temperature, high resistivity, high magnetization, moderate dielectric permittivity, 

and permeability.[229],[105],[230] The magnetic and dielectric response of LFO thin films 

is strongly thickness-dependent. So, it is fascinating to tune the magnetic and dielectric 

response by controlling various properties like lattice strain, choice of substrate, grain size, 
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microstructure, film thickness, etc.[231],[232]. Several deposition techniques, such as 

spray pyrolysis,[134] sputtering,[233] and PLD[130], have been used to deposite LFO thin 

films. PLD is more suitable for depositing complex oxide films, including rare earth iron 

garnets,[234] hexaferrite,[235] and spinel ferrites.[236] This provides better control to 

maintain the stoichiometry and the high quality of films. 

Moreover, the deposition of single-phase LFO is difficult due to the volatility of Li 

and the formation of the impurity phase of LiFeO2 and Fe2O3. Cadieu et al. [131] 

synthesized highly textured (311) oriented LFO films on c plane sapphire substrate that 

showed peak-to-peak linewidth of 355 Oe for in-plane static configuration. The out-of-

plane FMR profile was completely distorted. They obtained the saturation flux density of 

the films same as bulk LFO materials. Boyraz et al. [132] reported the structural properties 

of LFO films grown at different temperatures and on other substrates (MgO, MgAl2O4 

(MAO), SrTiO3). They provided evidence of partial ordering of Fe and Li at the octahedral 

site of the LFO films fabricated on MAO substrate, whereas complete octahedral site 

disorder of the films grown on MgO substrate. Zhang et al. [133] fabricated LFO films in 

the high-pressure sputtering system on an MAO substrate. It was reported that more 

significant out-of-plane tensile and in-plane compressive strains could be achieved by 

reducing the film thickness. Controlling thickness is an effective method to tune the 

interface strain and improve the magnetic response of the films. The structural, optical, and 

dielectric response of Al-substituted LFO films is reported by Chilwar et al. [134]. The 

saturation magnetization, dielectric constant, and dielectric loss decreased with the 

substitution of Al. Oliver et al.[130] reported the structural and magnetic properties of 

lithium zinc ferrite thin films. They also mentioned that film grown at lower oxygen 

pressure showed cubic anisotropy, the highest magnetization, and the narrowest resonance 

line width. Zhang and his group discussed the epitaxial film growth and magnetic response 
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of LFO thin films with different thicknesses grown on MgAl2O4 substrate deposited by a 

high-pressure sputtering system.[133] They found that the in-plane compressive strain can 

be achieved by decreasing thickness. It can also enhance magnetization and decrease 

coercivity.  

Nowadays, interface engineering has become a widespread technique in tuning the 

physical properties of thin films and nanomaterials. In this instance, the optical, magnetic, 

and electrical responses can be tailored by interface modification. The most effective and 

easiest way to tune the interface strain is to control the film thickness. The dependence of 

the thickness on the magnetic and structural response of BiFeO3 thin films was reported by 

Rana et al.[237] and they displayed a weak improvement in magnetization. Kale et al.[238] 

studied the temperature and film thickness-dependent magnetic properties of Fe3O4 films. 

They observed notable differences between magnetization and magnetocrystalline 

anisotropy. Moreover, synthesizing single-phase LFO thin film is difficult due to the 

volatility of Li and the formation of the impurity phase of LiFeO2 and Fe2O3. The pulsed 

laser deposition (PLD) technique provides the advantage of depositing high stoichiometry 

film quickly. So, PLD is used for the deposition of LFO films. This work aims to deposit 

high-quality (high magnetization, compact microstructures, and high dielectric constant 

with low dielectric loss) LFO films that can be used for microwave and magnetic devices. 

According to the available literature, vital interest was laid on the magnetic response and 

the structural modification of the LFO thin films. In order to include the LFO thin films in 

the electronic and microwave applications, it is required to systematically investigate the 

dielectric, impedance, and morphology response of the films. In this work, we synthesized 

LiFe5O8 and LiDy0.1Fe4.9O8 thin films are deposited with different thicknesses on 

Pt(111)/Ti/SiO2/Si substrate. We have systematically investigated the structure, 
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morphology, and magnetic and dielectric response. The effect of thickness on the dielectric, 

electron hopping, and magnetic properties are also analyzed and correlated. 

5.2 Materials and method of deposition 

LiFe5O8 powder is prepared by the solid-state method, as described in Chapter 2. 

After calcination, the powder is milled for 6 h. Then, the powder is pressed into a 4 mm 

thickness and 20 mm diameter cylindrical disk and sintered at 1000 °C for 6h. The prepared 

target is used for further deposition thin films on Pt(111)/Ti/SiO2/Si substrate by pulsed 

laser deposition (PLD). Initially, the reaction chamber is evacuated to a base pressure of 

~10-6 mbar. Then the films of different thicknesses (160 nm, 200 nm, 240nm, 300 nm) are 

deposited at 0.01 mbar. The distance between the substrate and target is kept around 4 cm 

while the laser pulse repetition rate to 10 Hz. Before deposition, the substrate is preheated 

to 700 °C for 1h, and after deposition, it cooled down slowly. 

5.3 Results and discussions 

5.3.1 Structural analysis 

Figure 5-1 (a) shows the XRD pattern of the deposited LFO films with different 

thicknesses (160, 200, 240, and 300 nm). It revealed the polycrystalline growth of thin films 

having a cubic spinel structure with the P4132 space group. Again, a slight shift is observed 

in the predominant peak (311) towards the right with an increase in thickness. The full-

width half maxima (FWHM) also decreases with a rise in film thickness. For further 

analysis, Rietveld refinement is performed using Fullprof software. The refined pattern of 

240 nm film is shown in Figure 5-1. The lattice constant, volume, and goodness of fit are 

enlisted in Table 5-1. The lattice constant is decreased from 8.342 Å for 160 nm to 8.3312 

Å for 240 nm and enhanced after that. This can be attributed to the compressive strain 

generally arising from the lattice mismatch of the substrate and the deposited samples. The 
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intensity of the XRD peaks also increased with the film thickness, indicating the film's 

crystalline nature. The crystallite size (D) and lattice strain (ε) is determined by using 

Equation 3.1 (shown in Figure 5-2). The calculated crystallite size and microstrain are 

enlisted in Table 5-1.  

 

Figure 5-1. (a) XRD pattern of all LFO films, (b) Zoomed view of (311) peak, Rietveld 

refinement pattern of (c) 240 nm, (d) 300 nm. 

With the enhancement in the film thickness, both crystallite size and strain are decreased. 

In the initial stage of film growth, there is a considerable lattice mismatch between the 

LFO and substrate. Since the substrate's lattice parameter is about half that of bulk LFO, 

one LFO lattice unit can fit on four lattice units of the substrate. The theoretical lattice 

misfit is calculated as -6.06% (asub = 0.3925nm, aLFO/2 = 0.4163nm). So, the compressive 

strain arises at the interface. With the gradual increase in film thickness, the strain gets 

released. The number of grain boundaries per unit area in the low film thickness will be 
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significant [14]. That results in an increase in strain in the low-thickness films.

 

Figure 5-2. Williamson -Hall plot of all the LFO thin films. 

Table 5-1. Different structural parameters of LFO films. 

Parameters 160 nm 200 nm 240 nm 300 nm 

Lattice constant (Å) 8.3424 (3) 8.3336 (2) 8.3312 (3) 8.3372 (3) 

Volume (Å3) 580.594 578.759 578.259 579.509 

Crystallite size (nm) 41.51 35.12 30.44 34.23 

Strain 0.0101 0.0097 0.0064 0.0072 

 

Figure 5-3(a) shows the XRD pattern of LDFO thin films having different 

thicknesses of 160 nm, 200nm, 240 nm, and 300 nm, deposited at an oxygen partial pressure 

of 10-2 mbar and substrate temperature of 700 °C. All the films exhibited cubic ordered 

phase with a space group P4132. It shows that Dy is appropriately incorporated in place of 
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Fe in LFO. No secondary phase of DyFeO3 is detected.[199] As Dy3+(0.91 Å) possesses 

higher ionic radii than Fe3+ (0.64 Å), it tends to occupy the octahedral position. With the 

incorporation of Dy, it occupied the octahedral position by shifting the Fe ions from the 

octahedral sites to the tetrahedral site. Again, a shift in the predominant peak (311) is 

observed towards higher 2θ from 160 nm to 240 nm and decreased afterward with an 

increase in film thickness (depicted in Figure 5-3(b)).  

 

Figure 5-3. (a) XRD pattern of all the LDFO films, (b) Predominant peak, Rietveld 

refinement pattern of (c) 200 nm, (d) 240 nm. 

The full-width half maxima (FWHM) is found to be decreased with an increase in film 

thickness. The extracted lattice constant, volume, and goodness of fit (χ2) values are enlisted 

in Table 5-2. The refinement pattern of 200nm and 240 nm are shown in Figure 5-3 (c and 

d). The obtained values of the lattice constant of LDFO thin films agree with previously 

reported LFO thin films.[134],[132] The lattice constant and volume are decreased up to a 
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film thickness of 240 nm and enhanced with a further increase in film thickness. The 

decrease and increase in constant lattice volume are ascribed to the compressive and tensile 

strain of the films, respectively, which usually arises due to the lattice mismatch between 

the substrate and the deposited layer. The calculated lattice mismatch for LDFO films is ~ 

-6.21%.  

 

Figure 5-4. Williamson ‒ Hall plot of all the LDFO films. 

The W‒H plot (βcosθ as a function of 4sinθ) is shown in Figure 5-4 for all the LDFO films. 

The crystallite size and microstrain are deduced from the intercept and slope, respectively, 

and enlisted in Table 5-2.  It is observed that the film with the lower thickness (160 nm) 

showed the highest lattice strain, which is reduced with increasing thickness up to 240 nm 

and then enhanced with a further increase in thickness. Wang et al. [242] also reported a 

similar type of response for GdBCO films synthesized by sputtering. In the initial stage of 

film growth, there is a lattice mismatch (~ -6.21%) between the substrate and the deposited 
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film. This results in compressive strain. With the rise in thickness, the strain is used to 

release. The lowest strain is observed for 240 nm. After reaching an optimum thickness, 

the tensile strain plays a significant role that further promotes strain enhancement. The 

crystallite size is found to be decreased. 

Table 5-2. The extracted structural parameters of LDFO films. 

 160 nm 200 nm 240 nm 300 nm 

Lattice constant (Å) 8.3284 (2) 8.2775 (3) 8.2611 (3) 8.2809 

Volume (Å3) 577.6769 567.1440 563.7814 567.8506 

Crystallite size (nm) 37.61 32.71 31.44 32.52 

Strain 0.007 0.005 0.001 0.004 

 

5.3.2 Raman analysis 

Further, Raman spectra are recorded in the wavenumber range of 330 - 930 cm-1 to 

confirm the phase for all the films, as depicted in Figure 5-5.  

 

Figure 5-5. Room temperature Raman spectra of all the deposited LFO films. 
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According to the group theory analysis, 40 Raman active modes are present in the ordered 

LFO (P4132 space group) phase. In the present case, we have observed six modes 

(2E+2A1+2F2) in the measured wavenumber range.[239] The modes observed at 359 and 

380 cm-1 correspond to E mode, whereas 400 and 710 cm-1 belong to A1. F2 modes are 

observed at 490 and 710 cm-1. A shift in the predominant peak is observed toward the lower 

wavenumber with the increase in thickness up to 240 nm film and towards higher for 300 

nm films which can be ascribed to the change in the lattice constant. 

 

Figure 5-6. Room temperature Raman spectra of all the deposited LDFO films. 

Similarly, Raman spectra of LDFO films with the deconvoluted peaks are shown in 

Figure 5-6. In this case, seven modes (2E + 2A1+3F2) are observed in the measured 

wavenumber range for 160, 200, and 240 nm films. The peak observed at ~ (353, 376), 

(396, 707), and (487, 605, 651) cm-1 correspond to E, A1, and F2 modes, respectively. The 
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observed modes in 472 ‒ 714 cm-1 are attributed to the Fe‒O bands in the octahedral and 

tetrahedral sites.[240] With the increase of film thickness up to 240 nm, a shift towards 

lower wave number is observed and then shifted towards higher wavenumber with further 

increase in thickness. All the deconvoluted peak positions and the FWHM of each peak are 

enlisted in Table 5-3. The variation in the FWHM of a particular peak implies the lattice 

distortion and crystallinity caused by the lattice mismatch between the deposited layer and 

the substrate that causes strain. For 300 nm film, an extra peak is observed at ~ 514 cm-1, 

generally observed for the bulk lithium ferrite samples. The observed result of Raman 

spectra provided the complementary response to the XRD response. 

Table 5-3. Raman deconvoluted peak profiles of all the LDFO films. 

Modes 160 nm 200 nm 240 nm 300 nm 

 Raman 

shift 

FWHM Raman 

shift 

FWHM Raman 

shift 

FWHM Raman 

shift 

FWHM 

1 353.9 17.67 353.5 12.63 352.3 18.63 356.1 15.37 

2 376.9 11.79 376.1 13.55 376.2 13.69 378.0 12.83 

3 396.8 8.82 398.3 9.23 397.7 10.54 397.1 6.42 

4 487.7 27.53 487.3 26.94 486.7 29.05 489.2 18.19 

5 - - - - - - 514.5 13.46 

6 605.2 30.00 605.5 31.71 604.6 30.26 605.3 16.90 

7 651.7 39.60 651.8 38.09 650.9 39.62 659.6 29.50 

8 707.4 57.71 707.4 57.46 706.7 58.07 710.0 45.04 

 

5.3.3 XPS analysis 

Figure 5-7 and Figure 5-8 show the high-resolution XPS spectra of all the 

constituent elements of 240 nm film of LFO and LDFO, respectively, which gives better 

clarity regarding the presence of the valance state of the present elements. For Li 1s, the 
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prominent peak is observed at ~ 55 eV, further deconvoluted to two different peaks, 49.5 

and 50.5. eV.  

 

Figure 5-7. High-resolution XPS spectra of 240 nm LFO film (a) Li 1s, (b) O 1s, (c) Fe 

2p 

 

Figure 5-8. XPS spectra of 240 nm LDFO film having different constituent elements (a) 

Li, (b) Dy, (c) O, (d) Fe. 
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A broad peak is observed for O 1s spectra at 529 eV and further deconvoluted to 529.3 (Oi) 

and 531 eV (Oii), associated with metal – oxygen bond (octahedral and tetrahedral bonded 

cations) and dangling bond, respectively. The dangling bond is mainly associated with 

oxygen vacancy on the films that can be roughly estimated from the area ratio (Oii / Oi) of 

the observed peak. The observed area ratio for LFO and LDFO film is 1.5, 0.4, respectively. 

LDFO film showed lower oxygen vacancy as compared to the LFO films. Further, two 

measure peaks are obtained for Fe 2p spectra at ~710 and 723 eV, which correspond to 

Fe2p3/2 and Fe2p1/2, arising due to the spin-orbit coupling among 2p and 3d orbitals.[241] 

The significant peaks are further deconvoluted to 709, 711, and 723, 725 eV, where the 

higher binding energy deconvoluted peaks correspond to the Fe3+ ions and the lower ones 

with Fe2+. A similar response is observed for Li, O, and Fe in the case of LDFO film (240 

nm). Figure 5-8(b) shows the XPS spectra of Dy 4d core level of LDFO film with doublet 

components at 153 and 159 eV, which is attributed to the electrostatic interaction of 4f 

electrons and 4d holes of Dy along with the spin-orbit splitting (4d5/2 and 4d3/2). These two 

states have a difference of 6eV.[242],[243] 

 

5.3.4 Microstructural 

The FESEM images recorded for LFO and LDFO films with different thicknesses 

are shown in Figure 5-9 and Figure 5-10, respectively. The morphology of the thin films 

mainly depends on the deposition condition, like chamber pressure and substrate 

temperature. The grain size is calculated by image-J software, and the histogram is plotted 

in order to get precise information regarding the average grain size. The average grain size 

for LFO films ranges from 11 nm to 16 nm and is found to be increased slightly with the 

increase in thickness. Similarly, the average grain size for LDFO films is found to be 24 

nm ‒ 28 nm. The average grain size is increased from 24 nm for 160 nm to 28 nm for 300 
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nm film. Forming uniform and compact grains requires optimized conditions like oxygen 

partial pressure and substrate temperature.  

 

Figure 5-9. FESEM surface micrograph and the histogram of grain size for all the LFO 

films. 

 

Figure 5-10. FESEM surface micrograph with the histogram of LDFO films (a) 160 nm, 

(b) 200 nm, (c) 240 nm, (a) 300 nm. 
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At high temperatures such as 700 °C, the atoms get sufficient thermal energy to 

accommodate and acquire a particular place in the lattice crystal of the substrate. All the 

films exhibited uniform microstructure with spherical shapes. As the film thickness 

increases, the layer's density increases, so the film's porosity decreases, indicating the film's 

dense and compactness with the increase in film thickness. 

The AFM 2D and 3D images of LFO and LDFO films with different thickness over 

a scan area of 5µm × 5µm is shown in Figure 5-11 and Figure 5-12, respectively. The 

root-mean-square (RMS) roughness is also analyzed by Gwyddion software. As the 

thickness increases, the grains are clearly visible with uniform structure. The obtained RMS 

roughness for all the LFO and LDFO films is in the range of 5 nm to 12 nm, increasing 

with the increase in thickness. The increase in roughness can be due to the formation of 

abrupt large particles with the increase in thickness. 

 

Figure 5-11. The 2D and 3D representation of AFM images of all the LFO films (a) 160 

nm, (b) 200 nm, (c) 240 nm, (d) 300 nm. 
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Figure 5-12. AFM images with 2D and 3D view of LDFO films (a) 160 nm, (b) 200 nm, 

(c) 240 nm, (a) 300 nm. 

 

5.3.5 Magnetic study 

To analyze the influence of thickness on the magnetic response, room temperature in-plane 

(IP) and out-of-plane (OP) hysteresis loop is measured up to a maximum field of 1 T. 

Figure 5-13, and Figure 5-14 show the M-H loop of all the LFO and LDFO films, 

respectively. All the samples exhibit a hysteresis loop that indicates the existence of the 

ferrimagnetic order of the thin films. As the substrate exhibits assertive diamagnetic 

behavior, it cannot be ignored for magnetic measurements. So, we have subtracted the 

substrate contribution from the films. In the case of LFO, magnetization mainly arises due 

to the distribution of Fe ions in the tetrahedral and octahedral sites. The net magnetization 

is the difference between the total magnetization at B and A sublattices. The saturation 

magnetization is found to be decreased with an increase in film thickness. The obtained 

values of the saturation magnetization for IP and OP are 178, 142, 118, 100 emu/cm3 and 

122, 102, 96, and 87 emu/cm3 for 160, 200, 240, and 300 nm, respectively. A similar type 

of response is reported in the literature.[244] In LDFO, magnetization arises due to Fe and 

Dy ions at the octahedral and Fe at the tetrahedral position. The net magnetization is a result 
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of exchange interaction that involves several contributions like Fe3+ ‒ Fe3+ (3d ‒ 3d), Dy3+‒ 

Dy3+ (4f ‒ 4f), and Fe3+ ‒ RE3+ (3d ‒ 4f) interactions. The magnetization of both IP and OP 

configuration decreased, whereas the increase in film thickness enhanced coercivity. The 

maximum in-plane magnetization of 250 emu/cc is observed for 160 nm film (LDFO), 

reduced to 125 emu/cc for 300 nm film. 

 

Figure 5-13. Hysteresis loop of all the LFO films measured at 300 K. 

 

Various factors influence the magnetization of thin films, such as film orientation, 

structural transition, and cationic redistribution. It can be excluded the possibility of cation 

redistribution among the A and B sites as no change is observed in the chemical 

composition as observed from the XRD results. Another crucial factor in tuning the 

magnetic response is interface strain that arises due to lattice mismatch between film and 
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substrate. Generally, the in-plane compressive strain enhances the magnetization, while the 

tensile strain decreases the magnetization. Further, to understand deeply, we considered the 

in-plane magnetoelastic energy density that can be expressed as [245] 

𝐸 = −
1

2
𝜇0𝐻𝑒𝑓𝑓𝑀𝑠𝑐𝑜𝑠

2𝜃 = ⁡
3

2
𝜆𝑠𝜎𝑐𝑜𝑠

2𝜃 
5.1 

where σ, θ, λs, Heff, are stress, the angle between stress and magnetization (zero for IP), 

saturation magneto restriction, and effective magnetic anisotropy induced by strain, 

respectively. Since LFO belongs to negative magnetostrictive material (-27.8 ppm), the 

compressive strain will enhance the magnetization by changing the effective magnetic 

anisotropy. The compressive strain helps to align the spin along the film plane. A similar 

response is observed by Zang et al. [133] for LFO and Monsalve et al. [246] for ZnFe2O4.  

 

Figure 5-14. The room temperature hysteresis loop of all the LDFO films in IP and OP 

configuration. 
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Coercivity is considered an extrinsic property of thin films that depends on various factors 

such as dislocation, grain size, grain boundaries, and inhomogeneities. The coercivity is 

observed to be increased with film thickness (75, 85, 120, 140 Oe, for 160, 200, 240, and 

300 nm in IP orientation) for LFO films. For LDFO films, the IP coercivity for 160,200, 

240, and 300 nm are 85, 95, 110, and 150 Oe, respectively. The dislocations may play a 

part in pining centers and trap domain wall motion. Apart from that, the enhancement in 

coercivity can also be attributed to the increase in grain size with thickness. The obtained 

films with higher magnetization and compact microstructure films with comparatively 

higher thicknesses than previously reported studies.[133] 

 

5.3.6 Dielectric response 

 

Figure 5-15. Variation of the dielectric constant of LFO films at different temperatures 

(a) 160 nm, (b) 200 nm, (c) 240 nm, (d) 300 nm. 
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The dielectric response of LFO and LDFO films with different thicknesses is measured in 

the frequency range of 104 Hz to 106 Hz at different temperatures (300K – 473 K). Figure 

5-15 and Figure 5-16  show the dielectric spectra of all the thin films at different 

temperatures for LFO and LDFO, respectively. The dielectric constant (ε') decreased 

sharply up to 105 Hz and then became constant with an increase in frequency. A similar 

response is observed for all the films. Basically, the dielectric response of the films depends 

on various extrinsic and intrinsic factors such as grain growth, film orientation, porosity, 

etc. In the case of thin films, grain boundaries play a dominating role because of the reduced 

size of grains. The grain boundaries and grains are larger in numbers in thin films than in 

bulk.[247] 

 

Figure 5-16. Variation of the dielectric constant of LDFO films at different temperatures 

(a) 160 nm, (b) 200 nm, (c) 240 nm, (d) 300 nm. 
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Various researchers have proposed several models to understand the dispersion in dielectric 

constants such as electrode barrier effect, inhomogeneity, and electron hopping conduction 

mechanism due to Debye-type relaxation. The Maxwell-Wagner model can well 

understand this in accordance with Koop's phenomenological theory.[248][249] The 

variation in the ε' can be attributed to the co-existence of two different valance states of Fe 

(2+ and 3+). The electron hopping between Fe2+ and Fe3+ gives rise to polarization. After 

a certain frequency, the hopping of electrons between Fe2+ and Fe3+ can not align along 

the applied electric field. So ε' become stable above 105 Hz.  

 

Figure 5-17. Variation of dielectric loss at different temperatures of LFO films at 

different temperatures (a) 160 nm, (b) 200 nm, (c) 240 nm, (d) 300 nm. 

Further, ε' is increased with an increase in thickness and temperature. The ε' increased to 

1120 for 300 nm from 125 for 160 nm at 10kHz for LFO films. Similarly, for LDFO films, 

ε' is enhanced from 320 for 160 nm to 1430 for 300 nm at 300 K with the increase in film 

thickness.  This can be ascribed to dense microstructure and uniform grain size with an 
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increase in the thickness of the films. Further, the giant dielectric response with temperature 

can be due to the thermally activated dipole orientations. At high temperatures, the dipoles 

aligned faster in the applied field direction. 

The frequency variation dielectric loss (tanδ) at different temperatures for LFO and 

LDFO are shown in Figure 5-17 and Figure 5-18, respectively. It also showed a similar 

behavior as ε' with the increase in frequency, whereas it decreased with the increase in 

thickness up to 240 nm. The values of tanδ observed at 10kHz are 0.42, 0.36, 0.01, 0.1 for 

160, 200, 240, and 300 nm, respectively, for LFO films. The values of tanδ for LDFO films 

are 0.42, 0.25, 0.05, and 0.59 for 160, 200, 240, and 300 nm films at 10 kHz, respectively. 

The decrement in the tanδ can be attributed to the compactness of the thin films with the 

increase in thickness. The abrupt enhancement in tanδ for 300 nm film may be due to the 

rise of lattice strain and the formation of particulates. 

 

Figure 5-18. Variation of dielectric loss at different temperatures of LDFO films at 

different temperatures (a) 160 nm, (b) 200 nm, (c) 240 nm, (d) 300 nm. 
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5.3.7 Impedance spectroscopy 

In order to have a deep understanding of the contribution of grains, grain 

boundaries, and electrode interface, we have studied the impedance spectra at different 

temperatures in the frequency range of 104 Hz to 106 Hz for all the samples. Impedance 

spectroscopy is a powerful tool to characterize the electrical properties of materials and 

their interface, which can better estimate electrically active regions.[250] Figure 

5-19(a,b,c) shows the Nyquist plot (Z' vs. Z") of the LFO films with thicknesses 160, 200, 

and 240 nm. The decrease in the diameter of a semicircle with the increase in temperature 

shows the NCTR behavior (negative temperature coefficient of resistance), that is, the 

decrease in impedance with an increase in temperature.[251]  

 

Figure 5-19. Nyquist plot of LFO films (a) 160 nm, (b) 200 nm, (c) 240 nm, (d) 

Equivalent circuit diagram. 

The impedance spectra are fitted with equivalent circuit model R(CR)(CR) by 

employing least-square fits using ZSimpWin software. The initial R denotes the series  
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Table 5-4. Extracted parameters from the fitted equivalent circuit for LFO films (473 K) 

Parameters 160 nm 200 nm 240 nm 300 nm 

Rs (Ω) 23 44 52 50 

Cg (F) 2.051E-9 2.032E-9 2.148E-9 2.128E-9 

Rg (Ω) 199 209 264 264 

Cgb (F) 1.819E-6 3.184E-7 6.167E-8 6.367E-8 

Rgb (Ω) 1738 1634 1521 1123 

 

Figure 5-20. Nyquist plot of all the samples of LDFO films at different temperatures (a) 

160 nm, (b) 200 nm, (c) 240 nm, (a) 300 nm. 

resistance required to overcome the mismatch between the Fermi level of deposited thin 

film and the electrode [252], and the other R and C denote the resistance and capacitance 

due to grains and grain boundaries. The values of Rs, Rg, Cg, Rgb, Cgb of the fitted circuit for 

473 K are enlisted in Table 5-4. The equivalent circuit diagram is shown in Figure 5-19(d). 
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The grain boundary resistance is decreased, whereas the grain resistance increases with the 

thin film's thickness. Figure 5-20 shows the imaginary complex impedance spectra as a 

function of real impedance spectra (Nyquist plot) of all LDFO films measured at different 

temperatures. The impedance spectra are fitted with an equivalent circuit model of 

LRs(RgCg)(RgbCgb). Here, L denotes inductance due to measuring leads, Rs ‒ resistance due 

to the mismatch between the fermi level of deposited thin film and the electrode. All the 

extracted values of circuit components fitted for 473 K of LDFO film are enlisted in Table 

5-5. With the rise in film thickness, the grain resistance and inductance are increased, 

whereas the resistance due to grain boundaries is degraded. 

Table 5-5. Extracted parameters of equivalent circuits for all the LDFO films measured 

at 473 K. 

 160 nm 200 nm 240 nm 300 nm 

L (H) 1.539E-6 2.132E-6 3.912E-6 4.193E-6 

Rs (Ω) 16 23 26 32 

Cg (F) 3.944E-9 2.57E-9 2.877E-9 1.57E-9 

Rg (Ω) 201 509 1967 8030 

Cgb (F) 8.349E-7 2.352E-7 8.932E-6 3.462E-6 

Rgb (Ω) 6830 2670 1121 723 

 

5.3.8 Electrical conduction mechanism 

Figure 5-21 shows the temperature variation conductivity (σ) of LFO and LDFO 

films with different thicknesses. The σ decreased with the film thickness up to 240 nm and 

enhanced for 300 nm film. This variation can be related to the variation in tanδ. The 

Arrhenius equation can explain the dependence of σ on temperature. The activation energy 

is calculated using Equation 3.2. At high temperatures, the increase of σ corresponds to 

electron hopping conduction arising due to regular band-type conduction in the extended 
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state. As depicted in Figure 5-21, the electrical conductivity is varied with temperatures 

for LFO thin films having different thicknesses of 160, 200, 240, and 300 nm. The 

activation energy is calculated from the slope of the fitted curve. And found to be 0.092, 

0.087, 0.062, and 0.066 eV for 160, 200, 240, and 300 nm LFO films, respectively.  

 

Figure 5-21. Variation of conductivity as a function of temperature for all the films (a) 

LFO, (b) LDFO. 

The obtained values of EA for LDFO films are 0.162, 0.152, 0.142, and 0.150 eV for 

160, 200, 240, and 300 nm films, respectively. With the substitution of Dy on LFO, the σ 

enhanced. Dy preferably occupies the octahedral site due to the larger ionic radii that led to 

converting Fe3+ to Fe2+ and hence improved the conductivity by enhancing the hoping 

mechanism of single spin state t2g electron at the octahedral site. Above that, with the 

increase in film thickness, σ decreases up to 240 nm.  

It is observed that an increase in σ with temperature is the typical behavior of 

dielectrics. In ceramics, the trapping center of electrons, impurities, and density of defects 

is relatively higher. So, hopping is the primary conduction mechanism in this case. Mainly 

two types of hopping mechanisms take place: Variable range hopping conduction (VRH) 

and nearest neighbor hopping conduction (NNH).[253] In the case of the NNH mechanism, 

the hopping occurs between the nearest neighbor empty sites, and in such a conduction 
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process, the EA value should be constant in a particular range as reported. However, In this 

case, EA depends on temperature, as depicted in Figure 5-21. The variable nature of EA 

indicates the existence of the VRH mechanism. 

Investigating the hopping phenomena from the perspective of resistivity can provide 

a better understanding of the conduction mechanism. The conclusion derived from the 

conductivity or resistivity plot is equally applicable. In the case of the VRH mechanism, 

the charge carriers hop between the energy levels nearer to the Fermi level without 

depending on their spatial distribution[254]. Generally, two kinds of VRH phenomena 

occurred, such as Mott's 3D VRH and Efros - Shklovskii (ES-VRH). The equation 

explaining the model is as follows: 

𝜌 = 𝜌0 𝑒𝑥𝑝 (
𝑇0
𝑇
)
𝑝

 
5.2 

where ρ0 and T0 are the pre-exponential factors and characteristic temperature, respectively, 

the value of p is 1/4 or 1/2 depending on the density of states at the Fermi level.  Considering 

Coulombic interaction among the final and initial states with p = 1/2 gives the ES-VRH 

mechanism. p=1/4 without considering Coulomb interaction indicates Mott's VRH 

mechanism that works on the assumption that VRH remains constant near the Fermi level 

in the disorder system. Identifying the dominant conduction mechanism depends on fitting 

the appropriate model with the experimental data is crucial. The best fit of the value of p 

indicates the dominant conduction mechanism in the provided temperature range. The 

linear plot between ln (ρac) vs. T-1/4 and ln[ln(ρac/ρ0) vs. ln(T) is shown in Figure 5-22 and 

Figure 5-23 for LFO films that reconfirms the presence of Mott's 3D VRH mechanism. 
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Figure 5-22. Variation of ln (ρac) vs. T-1/4 for all the LFO films. 

 

Figure 5-23. Variation ln[ln(ρac/ρ0)] as a function of ln(T) for all the LFO films. 
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Figure 5-24. Variation of ln (ρac) vs. T-1/4 for all the LDFO films. 

The slopes obtained from the linear plots are ~ -0.25.  Similarly, the linear plot between ln 

(ρac) vs. T-1/4 and ln[ln(ρac/ρ0) vs. ln(T) for LDFO films are shown in Figure 5-24 and 

Figure 5-25, respectively. Again, the density of the states of the films is calculated using 

the following: 

𝑁(𝐸𝑓) =
16𝛼3

𝑘𝐵𝑇0
 

5.3 

Various literature is already available on where α is the inverse decay length of the localized 

wave function. For spinel FCC structure, the hopping length between ions at octahedral B 

and tetrahedral A site is given by LB = 
√2

4
 a, and LA = 

√3

4
 a, where a is the lattice constant. It 

is already reported that hopping between the B-B site is more favorable than A‒A due to 

the smaller distance between ions. Again, hopping between A‒B is very low in the normal 

condition.[255][252] So, LB is chosen as a localized length where r = 1/α. 
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Figure 5-25. Variation ln[ln(ρac/ρ0)] as a function of ln(T) for all the LDFO films. 

The obtained values of density of states (DOS) for LFO films are 1.59 ×1021, 1.98 ×1021, 

7.50 ×1021, 5.22 ×1021 eV-1 cm-3 for 160 nm, 200nm, and 240 nm, 300 nm, respectively. 

The deduced values of DOS for LDFO films are 1.76×1020, 2.11×1020, 2.69×1020, and 

2.32×1020 eV-1cm-3 for 160 nm, 200 nm, 240 nm, and 300 nm films, respectively. The 

highest DOS is observed for 240 nm thickness film, ascribed to the better packing density 

and crystallinity of the films with higher thickness. The other parameters such as hopping 

length (RH) and hopping energy (WH) are derived from VRH model using the provided 

equations.  

𝑅𝐻 = 0.75[
3

2𝜋𝛼𝑁(𝐸𝑓)𝑘𝐵𝑇
]
1
4 

5.4 

𝑊𝐻 =
3

4𝜋𝑅𝐻
3𝑁(𝐸𝑓)

 
5.5 
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Figure 5-26. Variation of average hopping length and average hopping energy of all the 

LFO films. 

 

Figure 5-27. Variation of average hopping length and average hopping energy of all the 

LDFO films. 

TH-3096_176121020



Chapter 5: Deposition and characterization of LiFe5O8 and LiDy0.1Fe4.9O8 thin films 

 

140 | P a g e  

 

The deduced values of RH and WH for LFO and LDFO films are depicted in Figure 5-26 

and Figure 5-27, respectively, as a function of temperature that obeys the condition for 

Mott's VRH, i.e., WH> kBT and αRH>1. The hopping length is decreased, whereas the 

Hopping energy increases with an increase in temperature, similar to barium titanate, Ni-

Zn ferrite.[254][256] Above that, the RH and WH are decreased with the increase in film 

thickness. 

5.4 Conclusions 

The LFO and LDFO films are successfully deposited on Pt(111)/Ti/SiO2/Si having a 

different thickness of 160 ‒ 300 nm. The lattice constant is decreased, whereas the average 

grain size increased with the increase in thickness. The strain is found to be reduced with 

the film thickness, which is analyzed by employing the W-H plot. The uniform, compact 

grain growth is observed with the increase in thickness. The room temperature IP and OP 

magnetization decreased, whereas the coercivity enhanced with the film thickness. All the 

experimental parameters are correlated with each other, and film thickness (strain) played 

a significant role in tuning the physical properties of the films. The variation in the dielectric 

response is explained based on the electron hopping mechanism and the contribution of 

grain and grain boundaries. The contribution of grain and grain boundaries are investigated 

by employing an equivalent circuit model to the impedance spectra of different 

temperatures. Grains played a prominent role at higher thicknesses, whereas grain 

boundaries were at lower thicknesses. Apart from that, the involved conduction mechanism 

is interpreted by different models and observed to be suitably obeyed by Mott's VRH 

mechanism. This study concludes that controlling thickness effectively tunes the dielectric 

and magnetic properties to be used as magnetic oxide semiconductor.
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Chapter 6 : Conclusions and future scope 

This chapter contains the concluding remarks of the work carried out and discusses the 

possibility of the future scope of the work which can be carried out in this area. 

6.1 Conclusions 

A detailed study on the structural, microstructural, magnetic, dielectric, and electrical 

properties of LFO ceramics and Sr and Mg substituted LFO is carried out. A variation in 

the lattice parameters is observed with the substitution of Sr as well as Mg, as they possess 

different ionic radii as compared to Li and Fe. The average crystallite size and grain size 

are found to be decreased with the Sr concentration. All the substituted ceramics showed 

dense microstructure as compared to the pure LFO. The enhanced dielectric (εr = 5986 and 

tanδ = 1.17 @RT, 1 MHz) for x = 0.003) is observed for LSFO ceramics. Whereas in the 

case of LFMO ceramics, an excellent dielectric response (εr = 3034, tanδ = 0.001 at RT, 1 

MHz) is observed for x = 0.005. The variations in the dielectric properties are explained 

based on the electron hopping mechanism and cationic distributions. AC conductivity 

enhanced with an increase in temperature as well as Mg2+ concentration due to the exchange 

of electrons among Fe2+ and Fe3+ ions. The highest saturation magnetization (MS = 61 

emu/g at RT and TC = 883 K) for x = 0.007 is observed for LSFO ceramics. The LMFO 

with x = 0.007 exhibits the best permeability (μr = 29) and magnetic properties (Ms = 55 

emu/g) at room temperature. The substitution of Sr enhanced both the dielectric as well as 

magnetic properties. The diffused transition exhibited a strong relaxor behavior. The 

variation in the magnetic behavior is explained by exchange interactions, cationic 

distribution, and Néel's two sub-lattice models.  A combination of high dielectric constant, 

low loss tangent (order of 10-3), high permeability, and magnetic properties of LMFO make 
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x = 0.005 specimens a good candidate for microwave applications such as phase shifters 

and the circulator.  

Looking into the demand for EMI-shielded material due to the advancement in the 

electronic and telecommunications industries, LFO-based ceramics composites with 

carbon black are synthesized. The structural, magnetic, and microstructural analysis is 

carried out for LFO with different wt% of CB, and Dy substituted LFO with 10 wt% of CB. 

Morphology, structure, magnetic, permittivity, permeability, and shielding efficiency is 

analyzed. The high electrical properties of CB-rich magnetic and dielectric properties of 

LFO contributed a crucial role in achieving high EMT shielding. The formation of phase 

and structural confirmation is carried out by Rietveld refinement analysis. The substitution 

of Dy affected the microstructural, magnetic, and dielectric responses. The lattice constant 

and volume initially decreased with an increase in Dy concentration.  Though magnetic 

properties decreased with incorporating CB, high saturation magnetization is still observed. 

The maximum saturation magnetization is obtained for LD10FO/CB. The substitution of 

Dy affects the shielding efficiency due to absorption rather than reflection. 

SE due to reflection as well as absorption enhanced with the incorporation of CB. A 

total SE of 28 dB is obtained for LFO/CB (20) at 18 GHz. Further, the maximum shielding 

effectiveness of 24 dB was obtained for LD10FO/CB ~ 17 ‒ 18 GHz. The Dy substitution 

enhances the magnetic as well as dielectric loss. 99.68 % of Aeff is achieved with 20 wt % 

CB reinforcement in LFO. The permittivity and permeability loss increased with CB 

content in the composites. Also, it is observed that absorption is the dominant mechanism 

in EMI shielding. The maximum absorption efficiency of 99.6 % is obtained for 

LD10FO/CB ~ 17 ‒ 18 GHz. The electron hopping mechanism explains the variation of 

permeability and permittivity. The synergic effect of dielectric and magnetic loss are the 
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main contributors to the high SE. The above results suggest that LD10FO/CB can be used 

for EMI shielding applications. 

Further, lithium ferrite and Dy substituted lithium ferrite in the form of a thin film is 

deposited on Pt(111)/Ti/SiO2/Si substrate with different thicknesses (160, 200, 240, 300 

nm). The lattice parameters, such as lattice constant, volume, and strain, are reduced to 240 

nm with an enhancement in thickness. Raman spectra showed a shift towards lower 

wavenumber with the increase in thickness. The average grain size increased, the RMS 

roughness reduced with the film thickness up to 240 nm and suddenly enhanced for 300 

nm. The IP and OP magnetization reduced, whereas coercivity enhanced with the thickness 

(maximum 177 and 122 emu/cc for IP and OP of 160 nm) for LFO film. In the case of 

LDFO, a similar response is observed. The variation in magnetization is explained based 

on lattice strain and the magnetoelastic energy density. The dielectric constant increases, 

whereas the dielectric loss decreases with the increase in film thickness. The dielectric 

constants obtained are 125 – 1120 and 320 – 1430 for LFO and LDFO films, respectively. 

LFO films showed lower tanδ values as compared to LDFO films. The variation in 

the dielectric response is explained based on the electron hopping mechanism and the 

contribution of grain and grain boundaries. The contribution of grain and grain boundaries 

are investigated by employing an equivalent circuit model to the impedance spectra of 

different temperatures. Grains played a prominent role at higher thicknesses, whereas grain 

boundaries were at lower thicknesses. Apart from that, the involved conduction mechanism 

is interpreted by different models and observed to be suitably obeyed by Mott's VRH 

mechanism. All the experimental parameters are correlated with each other, and film 

thickness (strain) played a significant role in tuning the physical properties of the films. 

This study concludes that controlling thickness effectively tunes the dielectric and magnetic 

properties to be used as magnetic oxide semiconductors. 

TH-3096_176121020



Chapter 6: Conclusions and future scope 

 

144 | P a g e  

 

A comparison table of the dielectric and magnetic performances of the reported 

lithium ferrite-based ceramics and thin films with our present work is as follows: 

Table 6-1: A comparison with the previously reported response with our work 

Composition Ms (emu/g) εr References 

Li0.5Fe2.5-xInxO4 (x = 0.00–0.32) 43 - 53 - [116] 

Li0.49Zn0.02MnxFe2.49−xO4 49-73 3,994 (0.1 MHZ) [119] 

Li0.4Fe2.4Zn0.2O4 60-67 58 (1MHz) [120] 

Li0.5ZrxNixFe2.5-2xO4 (x = 0.0–0.4) 11-19 3-6 (1MHz - 1GHz) [122] 

Li1.2Mg0.4GdxFe(2−x)O4 (x = 0–0.10) 30 - 36 - [125] 

Li1.2Co0.4HoxFe2−xO4 (x = 0.00–0.15) 55-68 2-4 (1MHz - 1GHz) [126] 

Li1-xMg2xFe5-xO8 (x = 0– 0.01) 55 -67 3834 (1MHz) Our work 

Li1-xSr2xFe5-xO8 (x = 0– 0.01) 55 -67 3063 (1MHz) Our work 

    

Thin films Ms (emu/cc) εr References 

Flexible lithium ferrite thin film 154 at 300 K - [128] 

LiFe5O8 on MgO substrate 200 at 20 K - [132] 

LiFe5O8  on MgAl2O4 substrate 150 at 300 K - [133] 

LiFe5O8  on 

Pt(111)/Ti/SiO2/Si substrate 

180 at 300 K 1120 (10kHz) Our work 

LiDy0.1Fe4.9O8  on 

Pt(111)/Ti/SiO2/Si substrate 

250 at 300 K 1430 (10kHz) Our work 
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6.2 Scopes for future work 

The studies on LFO and LFO-based ceramics showed an improved dielectric and 

magnetic response. This study opened many possibilities and frontiers to work in the future. 

Lithium ferrite's synergetic response is well explored for different purposes in the 

microwave frequency range. The future scopes derived from the present study are as 

follows:  

✓ For the circulator and phase shifter, low-loss ferrites are required. In our case, we 

have worked with alkaline earth elements. Transition elements with comparable 

ionic radii can be substituted in a required concentration to decrease the dielectric 

and magnetic loss. 

✓ The EMI shielding efficiency can be improved further by incorporating other 

carbon derivatives and nanomaterials of different structures, such as carbon 

nanotube, and reduced graphene oxide. 

✓ In the case of thin films, bilayer and multilayer films with dielectric seed layers 

can be deposited on single crystal and conductive substrates, and the resistive 

behavior can be studied broadly. The temperature stability and the electrical 

response can be explored for terrestrial device application purposes. 
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