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Abstract 

Lima, Caique; Araújo, Jefferson. Structural and Magnetic Study of α-

MoO3: Effects of Doping and Structural Defect. Rio de Janeiro, 2025. 

94p. Tese de Doutorado – Departamento de Física, Pontifícia 

Universidade Católica do Rio de Janeiro. 

 

This work presents a study on the structural and magnetic properties of molybdenum trioxide 

(MoO3), both in its pure form and doped with iron (Fe), with the aim of expanding its industrial 

applications. The main goal is to enhance its magnetic properties through doping and the control 

of structural defects. The study is divided into three parts. In the first part, a structural and 

magnetic study of Fe-doped MoO3 was conducted. The material was produced by the solid-state 

reaction method, involving the thermal decomposition of ammonium molybdate and mixing it 

with different concentrations of Fe. The resulting samples were characterized by Raman, SEM, 

FTIR, and XRD, confirming the orthorhombic phase. The magnetic properties were analyzed 

using VSM, revealing an unusual behavior in the hysteresis curve. To further investigate this 

phenomenon, MoO3 was synthesized in a furnace, allowing precise control of environmental 

conditions, pressure, and temperature to regulate the material's structural defects. The second part 

of the study investigates the optimal environmental and temperature conditions for the formation 

of MoO3 with different structural defects while maintaining phase purity and preventing the 

formation of secondary phases. Syntheses were carried out in O2, H2, and Ar atmospheres at 

temperatures of 450, 550, and 650 °C, and the samples were characterized using the same 

techniques as before. The results showed that secondary phases formed in H2 and Ar atmospheres, 

while the material remained pure in the O2 environment throughout the process. Finally, in the 

third part, MoO3 was synthesized in an O2 atmosphere, with variations in time and temperature, 

to obtain samples with different levels of structural defects. The samples, synthesized using the 

same method as in the second part, were characterized by Raman spectroscopy, FTIR, XRD, and 

XPS, and their magnetic properties were studied using VSM. The results indicated that variations 

in the number of structural defects among the samples are directly related to their magnetic 

properties, which may explain the atypical behavior observed in this material. 
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Resumo 

Lima, Caique; Araújo, Jefferson. Estudo Estrutural e Magnético do α-

MoO3: Efeitos de Dopagem e Defeitos Estrutural. Rio de Janeiro, 2025. 

94p. Tese de Doutorado – Departamento de Informática, Pontifícia 

Universidade Católica do Rio de Janeiro. 

 

Este trabalho apresenta um estudo das propriedades estruturais e magnéticas do trióxido de 

molibdênio (MoO3), tanto em sua forma pura quanto dopada com ferro (Fe), visando ampliar suas 

aplicações industriais. O principal objetivo é melhorar suas propriedades magnéticas por meio da 

dopagem e do controle de defeitos estruturais. O estudo está dividido em três partes. Na primeira 

parte, foi realizado um estudo estrutural e magnético do MoO3 dopado com Fe. O material foi 

produzido pelo método de reação no estado sólido, envolvendo a decomposição térmica do 

molibdato de amônia e a mistura com diferentes concentrações de Fe. As amostras resultantes 

foram caracterizadas por Raman, MEV, FTIR e DRX, confirmando a fase ortorrômbica. As 

propriedades magnéticas foram analisadas por VSM, revelando um comportamento incomum na 

curva de histerese. Para investigar melhor esse fenômeno, o MoO3 foi sintetizado em um forno, 

permitindo controle preciso das condições de ambiente, pressão e temperatura, a fim de controlar 

os defeitos estruturais. Na segunda parte, foram investigadas as condições ideais de ambiente e 

temperatura para a formação do MoO3 com diferentes defeitos estruturais, mantendo a pureza da 

fase e evitando a formação de fases secundárias. As sínteses foram realizadas em atmosferas de 

O2, H2 e Ar, com temperaturas de 450, 550 e 650°C, sendo as amostras caracterizadas pelas 

mesmas técnicas mencionadas anteriormente. Os resultados mostraram que, enquanto nos 

ambientes de H2 e Ar houve a formação de fases secundárias, no ambiente de O2 o MoO3 

permaneceu puro em todo o processo. Na terceira parte, o MoO3 foi sintetizado em atmosfera de 

O2 com variações de tempo e temperatura para gerar amostras com diferentes graus de defeitos 

estruturais. As amostras, sintetizadas com o mesmo método da segunda parte, foram 

caracterizadas por espectroscopia Raman, FTIR, DRX e XPS, e as propriedades magnéticas foram 

novamente analisadas por VSM. Os resultados indicaram que as variações na quantidade de 

defeitos estruturais entre as amostras estão diretamente relacionadas às suas propriedades 

magnéticas, o que pode explicar o comportamento atípico observado nesse material. 
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1 Introduction 

 

The year 2024 is noteworthy for its significance in the context of climate issues. According 

to the European Union's Earth observation program, Copernicus, 2024 was identified as the hottest 

year on record for the planet [1]. This unprecedented rise in global temperatures is a direct 

consequence of the accelerating and intensifying impacts of climate change. The elevated 

temperatures had substantial ramifications for the environment and society, leading to an 

augmented frequency of extreme natural phenomena, including storms, floods, droughts, and 

protracted dry spells. These events have far-reaching consequences, impacting not only 

biodiversity and ecosystems but also directly affecting vulnerable populations worldwide. 

According to the United Nations Refugee Agency (UNHCR), approximately five million 

individuals were compelled to seek refuge due to climate-related disasters in 2024 alone, 

representing a significant increase in displacement due to environmental degradation [2]. This 

phenomenon underscores the necessity for the development and implementation of public policies 

aimed at mitigating the adverse impacts of climate change and facilitating the adaptation of 

populations to these new realities. The outlook for 2025 is similarly disconcerting. Projections 

indicate that global temperatures will persist above average and may even exceed levels recorded 

in 2024. This scenario underscores the pressing need for the implementation of comprehensive, 

global strategies aimed at mitigating the effects of climate change and reducing the damage caused 

to the environment and the most affected. 

The quest for efficacious methodologies for combating environmental contamination, in 

conjunction with the progression of technologies in the domains of chemistry, physics, and 

biology, has been a subject of extensive discourse [3–5]. The objective of this discussion is to 

formulate viable alternatives that will enhance the quality of life and manage chemical pollutants, 

encompassing both organic and inorganic substances [6]. These pollutants have been released into 

the environment over time without adequate treatment, a practice perpetrated by both households 

and industries [7–9].  

Concomitant with the rising demand for uncontaminated environments, there is a growing 

interest in renewable energy sources, with solar energy gaining notable prominence on a global 

scale [10]. The common point of interest between these two materials demands lies in the necessity 

for materials to exhibit strong absorption in the visible light region [11–13]. In this context, 

semiconductor photocatalysts, a material that absorbs light energy (usually from the sun or 

artificial sources) and uses that energy to drive chemical reactions, have garnered considerable 
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attention due to their wide range of applications, both in pollutant treatment and energy production 

[14–16].  

Among these, titanium dioxide (TiO2), molybdenum trioxide (MoO3), and tungsten 

trioxide (WO3) are particularly noteworthy due to their high photocatalytic activity, which is 

crucial for pollutant treatment, and solar energy conversion [17–20]. However, the practical 

applications of these materials are constrained by their requirement for ultraviolet excitation [11–

13]. Consequently, researchers are actively investigating approaches to modify the properties of 

these materials, such as doping processes and structural alterations, to enhance their ability to 

efficiently absorb sunlight and generate charge carriers (electrons and holes) capable of driving 

chemical reactions [21,22]. 

 

1.1 Mo and MoO3 
 

Molybdenum (Mo) is a metal with an atomic number of 42, which places it within the 

block of external transition metals. Its crystal structure is classified as body-centered cubic (BCC), 

with a coordination number that ranges from 4 (tetrahedral) to 8 (octahedral). Its electronic 

configuration, [Kr] 5s14d5, indicates a half-filled "d" orbital in the ground state, enabling it to 

form compounds across a wide range of oxidation states (-2, -1, 0, +1, +2, +3, +4, +5, and +6). 

Among these oxidation states, the most stable are Mo4+ and Mo6+ [23–25]. Molybdenum exhibits 

a wide spectrum of stoichiometric forms, thereby facilitating its utilization in diverse domains, 

including metallic alloys, coating materials, sensors, lubricant formulations, catalysts, and others 

[24,26]. 

Molybdenum trioxide (MoO3) is a compound with molybdenum in its highest oxidation 

state. It is produced on a larger scale compared to other molybdenum compounds and is considered 

one of the most important n-type semiconductor oxides [27]. Its oxidation state of +6 enables 

precise regulation of its crystal structure, morphology, oxygen vacancies, and dopant 

concentration, making it a versatile material for various applications in electronics and energy 

storage. When dissolved in a strongly alkaline medium (pH >8), MoO3 forms the tetrahedral 

molybdate anion (MoO4
2-), with the pH level playing a crucial role in the formation of hydrated 

MoO3 phases and other oxide variations [28]. 

MoO3 exhibits a broad spectrum of oxidation states. Beyond the stoichiometric MoO3 

(Mo6+), molybdenum can also form a class of substoichiometric oxide compounds (mixed) in the 

form of MoO3-ₓ (Mo5+) and (Mo4+). Before reaching its most reduced form, molybdenum dioxide 
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(MoO₂) [29,30]. In recent years, researchers have shown great interest in molybdenum trioxide 

(MoO3) due to its wide range of technological applications. These applications include gas and 

humidity sensors [31,32], photocatalytic properties [33], photoluminescence [34], smart windows 

[35], antibacterial activity [36], solar cells [37], and etc. This wide range of applications can be 

attributed to the diverse phases and crystallinities that MoO3 can adopt. 

1.2  Structure and Oxygen Vacancies 
 

Crystalline MoO3 can be synthesized in three main crystal phases: orthorhombic (α-MoO3) 

(Figure 1a), monoclinic (β-MoO3) (Figure 1b), and hexagonal (h-MoO3) (Figure 1c). The 

orthorhombic phase is thermodynamically stable, whereas the other two are metastable [38,39]. 

Each phase of MoO₃ is composed of MoO₆ octahedra (where six oxygen atoms coordinate each 

molybdenum atom), and the positioning and bonding of these octahedra determine the crystal 

structure and phase stability (Figure 1). 

The monoclinic phase (β-MoO₃) is composed of MoO₆ octahedral units that share corner 

oxygen atoms along the c-axis, while edge-sharing occurs along the a-axis. The hexagonal phase 

(h-MoO₃) is formed by zigzag chains of MoO₆ octahedra, which are interconnected by corner-

sharing along the c-axis. This structural characteristic of h-MoO₃ results in the presence of tunnels 

(approximately 3.0 Å in diameter), which likely contain cations or water molecules [40]. This 

feature may enhance properties of the material [41]. 

Finally, the orthorhombic phase of α-MoO3 is formed by MoO6 octahedra linked through 

corner and edge-sharing, creating unique double layers of distorted octahedral units (MoO6) held 

together by Van der Waals forces [42]. As a result of this sharing, in each octahedron, one oxygen 

atom is not shared, resulting in a mixture of Mo6+, Mo5+, and Mo4+ ions, thereby creating oxygen 

vacancies (OVs) between the layers [43,44], where atoms or organic chains can be intercalated to 

modify physical and/or chemical properties of the material [42,45–51]. 

Figure 1: Molybdenum trioxide structures: (a) α-MoO3, (b) β-MoO3, (c) h-MoO3. 
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 The β-MoO₃ and h-MoO₃ phases are unstable, leading to studies on their phase transitions 

at high temperatures. Research has shown that β-MoO₃ transitions to α-MoO₃ at temperatures 

between 1123 and 1373 K [52], while h-MoO₃ undergoes this transition at approximately 675 K 

[53–55]. Specifically, for α-MoO₃, Silveira et al. [56] reported that it remains structurally stable 

between 20 and 650 °C, regardless of its morphology. However, within this range, a shift in Raman 

band wavenumbers was observed with increasing temperature, particularly between 25 and 150 

°C. Beyond 150 °C, the Raman shifts stabilized and remained relatively constant up to 400 °C. 

As mentioned earlier, the formation of Mo4+ and Mo5+ on MoO3, can be associated with 

the formation of oxygen vacancies. Rellán-Piñeiro et al. [44], utilized advanced computational 

methods like density functional theory (DFT) calculations and X-ray photoelectron spectroscopy 

(XPS) to investigate the characteristics of vacancies in α-MoO3. The results of these analyses 

demonstrated that vacancies in α-MoO3 can lead to the formation of two distinct configurations:  

1. Two centers of Mo5+: including Mo5+ ions coordinated to oxygen (Mo5+=O) or vacancies 

(Mo5+⊕).  

  2. A single doubly reduced Mo4+. Therefore, it is important to explore ways to control 

the oxygen vacancies in the material under study to improve magnetic response. In other words, 

the formation of oxygen vacancies occurs simultaneously with the transformation of Mo⁶⁺ ions 

into Mo⁵⁺ and Mo⁴⁺ ions [57]. The Figure 2 illustrates the formation of oxygen vacancies within 

the   structure, attributable to the two configurations. 

 

Figure 2: Atomic structures (side view) are illustrated as follows: (a) the pristine MoO₃ (001) 

surface, (b) the surface with an oxygen vacancy at the bridge site, and (c) a detailed view of the 

vacancy. The oxygen vacancy is indicated by the dashed blue circle. 
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Oxygen vacancies act as highly reactive sites, altering the structure, as well as the 

electronic and chemical properties of materials [58]. The following aspects highlight their role as 

key factors in catalytic applications: 

1. Introducing additional energy levels within the material [58]. 

2. Enhancing the material's electrical conductivity [58]. 

3. Modulating chemical reaction rates by facilitating charge transfer involving 

electrons or holes [58]. 

4. These levels act as specific reaction sites for certain molecules in catalysis, where 

they function as electron scavengers, converting attached oxygen gas into superoxide radicals 

[58]. 

Several works, encompassing both experimental and theoretical approaches, have been 

made to modify the structures of molybdenum trioxide (MoO3) with the aim of enhancing a 

spectrum of properties, including optical, electrical, and magnetic [59–61]. The importance of 

oxygen vacancies in the structure of MoO₃ is explored in Section 1.3, where the material's 

properties are discussed. 

 

1.3 MoO3 properties 
 

The band gap of α-MoO3 is approximately 2.8 to 3.0 eV, which results in a low carrier 

concentration and conductivity. Consequently, its application in devices is unfeasible. However, 

studies have demonstrated that the formation of oxygen vacancies within the structure can 

effectively enhance the carrier concentration, thereby improving the material's electrical 

properties [62–64]. Moreover, oxygen vacancies have been observed to augment the interlayer 

spacing, thereby enhancing the electrochemical performance of the material. Furthermore, oxygen 

vacancies have been shown to reduce the energy required for reactions, thereby enhancing the 

material's gas detection capabilities [57]. 

In a recent study, Zhang et al. [65] utilized a synthetic approach to generate oxygen 

vacancies in α-MoO3 nanobelts, with the objective of enhancing the material's electrochemical 

properties. This strategy resulted in a substantial enhancement in the material's electrical 

conductivity and an augmentation in its active sites [65]. Building on this finding, Liu et al. [66] 

investigated the effects of the increased active sites induced by oxygen vacancies in photocatalytic 

applications. They synthesized α-MoO3 with oxygen vacancies through a solvothermal treatment 
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using hydrogen peroxide regulation. The oxygen vacancies demonstrated a marked improvement 

in the photocatalytic degradation of dye and tetracycline. Additionally, they found that the 

vacancies contribute to light absorption in the visible region and play a crucial role in suppressing 

the recombination of photoexcited carriers [66]. However, oxygen vacancies have also been 

demonstrated to modify the magnetic properties of MoO3 (such as the intensity of magnetization 

and the hysteresis curve), in addition to altering its electrical properties (such as conductivity and 

resistivity), as evidenced by studies in the field. 

Ijeh et al. [67] meticulously investigated the magnetic characteristics of pure α-MoO3 and 

copper-doped α-MoO3 at room temperature, employing a Vibrating Sample Magnetometer 

(VSM). Their investigations revealed that pure MoO3 samples exhibited antiferromagnetic 

behavior, in contrast to copper-doped samples, which displayed ferromagnetic behavior [67]. 

Furthermore, a potential increase in magnetization was observed as the dopant concentration 

increased [68–70]. The enhancement of magnetization has been observed in various studies 

through the incorporation of different materials via doping [68–70]. 

Nevertheless, the literature reports an unusual magnetic behavior of α-MoO3 (Figure 3). 

Kamoun et al. [70] investigated the magnetic properties of α-MoO3 doped with cobalt and nickel. 

Employing the Vibrating Sample Magnetometer (VSM) technique, they discovered that at room 

temperature, for low dopant concentrations, the material exhibited ferromagnetic behavior. 

However, at high dopant concentrations, as the applied magnetic field was increased to a certain 

critical value (measured in Oersteds, Oe), the magnetization turned negative, and the material 

exhibited diamagnetic behavior. While this behavior has been observed in various studies with 
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different materials, such as MoO3, TiO2, MoS2, and carbon nanotubes [70–74], understanding the 

occurrence of these behaviors remains a challenge. 

 

Figure 3: Unusual transition from paramagnetic to diamagnetic behavior. Figure adapted from: 

[70]. 

In the literature, various studies associate the magnetic behavior of molybdenum with its 

ions (Mo4+, Mo5+, and Mo6+). Specifically, it is reported that since MoO3 is formed, as mentioned 

before, by Mo6+ ions, a paramagnetic behavior is expected [68,70,75]. However, many studies 

observe ferromagnetic or diamagnetic behavior for this compound [68,70,75], which may be 

associated with the formation of Mo5+ ions. Therefore, this study will investigate how the doping 

process and structural defects (oxygen vacancies) influence the magnetic properties of MoO₃. 

 

1.4  Synthesis 
 

The structure, crystalline phase, size, shape, morphology, and structural defects are among 

the characteristics of the material that determine its properties and applications. Modifications of 

these parameters can be made during the synthesis route. Consequently, a wide variety of methods 

have been employed in the production of MoO3 to modify or enhance the material for specific 

applications. Among the synthesis routes used for the production of MoO3, the most common are 
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sol-gel, hydrothermal methods, thermal evaporation, calcination, solvothermal, co-precipitation, 

among others (Figure 4). 

 

Among the processes mentioned, the hydrothermal method is distinguished as the most 

prevalent for the production of MoO₃ [76]. This method enables precise control over the crystal 

structure, encompassing both stable and metastable forms [76]. Furthermore, by adjusting 

experimental parameters such as temperature, pressure, and reaction time, it is possible to modify 

material characteristics, including size, morphology, and shape [76]. Additionally, the 

hydrothermal method is a cost-effective and sustainable synthesis technique that ensures high-

quality chemical homogeneity. However, certain applications require the presence of active sites 

within the material structure. Typically, this is achieved through thermal treatment of MoO3, a 

process that increases the overall production cost [76]. 

Although these synthesis routes are highly effective in producing MoO3, the primary 

objective of this work is to generate oxygen vacancies within the material. with this aim, a 

synthesis route capable of producing MoO3 with a high concentration of oxygen vacancies was 

pursued. 

Studies on techniques for obtaining materials with control over the creation of oxygen 

vacancies are still ongoing. Chithambararaj et al. [77] investigated the thermal decomposition of 

ammonium heptamolybdate (HMA) in the temperature range of 50 to 675 °C and observed that 

the α-MoO3 phase is formed from 325 °C onwards. When analyzing the XRD results and 

Figure 4: Synthesis methods commonly employed for the preparation MoO3. Figure adapted 

from: [133]. 
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comparing them with crystallographic data from the literature, they observed a decrease in the 

material’s stoichiometry, indicating an increase in oxygen vacancies with increasing temperature. 

These results demonstrate the significant role of temperature in controlling the concentration of 

vacancies [77]; consequently, control over the formation of Mo4+ and Mo5+ ions is achieved. 

Furthermore, it is known that the environment also influences the creation of oxygen 

vacancies [78]. Consequently, a method that can be employed to control these vacancies involves 

the thermal treatment of the material at high temperatures while controlling the environment 

[79,80]. Silva et al. [78]  conducted Raman spectroscopy and XRD experiments, manipulating 

temperature and atmosphere conditions. They varied the temperature in the range of 100 - 400 °C 

under three different environments: 100 % He, 20 % O2/He, and 5 % H2/He. Consequently, due 

to the high exposure to oxygen in an O2 atmosphere, they observed a filling of vacancies within 

the structure. On the other hand, exposure to H2 resulted in the formation of water and vacancies 

[78]. 

It has been well established that removing oxygen atoms from lattice sites to form a gas 

phase is an effective method for generating oxygen vacancies [57]. Thermal treatment in a 

reducing environment can facilitate the incorporation of oxygen vacancies and allowing precise 

control over their concentration on the surface of metal oxides by adjusting the annealing 

temperature [57]. Thus, for this study, thermal treatment was selected as the synthesis route due 

to its simplicity, low cost, and efficiency in creating oxygen vacancies. 

 

1.5  Thesis outline 
 

In this study, MoO3 crystals were synthesized via the thermal decomposition of ammonium 

heptamolybdate and subsequently characterized in terms of their structural and magnetic 

properties. The thesis is organized into three primary chapters, with Chapters 2, 3, and 4 

comprising published and submitted articles. Finally, Chapter 5 presents a comprehensive 

conclusion for the doctoral research. 

The structure of the thesis is as follows: 

Chapter 2 presents a method to enhance the magnetic properties of MoO3 through the 

synthesis, characterization, and magnetic analysis of pure α-MoO3 and α-MoO3 doped with 

varying concentrations of iron. Furthermore, the chapter identifies an unusual magnetic 

phenomenon observed in certain metal oxides, including MoO3, and proposes an explanation for 
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this behavior. This proposal subsequently serves as the foundational basis for the subsequent 

research outlined in Chapter 3. The work under consideration was published in Solid State 

Sciences and is entitled "Synthesis and magnetic characterization of iron-doped molybdenum 

trioxide (α-MoO3:xFe)"[81]. 

Chapter 3 describes the first attempt to elucidate this phenomenon, which was 

accomplished by modifying the oxygen vacancies in the material. Efforts to control these 

vacancies were made by adjusting the temperature and the environmental conditions during the 

synthesis process. To achieve precise control over these environmental conditions, the materials 

were synthesized in a furnace, where control over temperature, pressure, and atmosphere could be 

maintained. The present study focuses on the synthesis of MoO3 with varying levels of vacancies, 

as these samples would serve as the foundation for the subsequent study. The research in focus 

has been published in the journal Solid State Sciences, under the title "Influence of temperature 

and gas atmosphere on the thermal decomposition of (NH4)6Mo7O24•4H2O” [82]. 

Chapter 4 provides a study of the influence of oxygen vacancies and, consequently, the 

formation of Mo4+ and Mo5+ ions on the magnetic properties of MoO3. The synthesis conditions 

for the samples were selected based on the work presented in Chapter 3. This portion of the 

research is under submission in Solid State Sciences, with the title “Magnetic Transition in MoO3: 

Influence of Mo5+/Mo6+ Ratios on Paramagnetic to Diamagnetic Behavior”. Lastly, chapter 5 

presents a general conclusion for the study.  

In the appendix an exposition of the methodology and physics employed in the main 

characterization techniques used in this work, can be found. 
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1.1 Objectives 

 

The objective of this study is to synthesize and control the structural properties of pure 

molybdenum trioxide (MoO₃). Subsequently, the research will concentrate on examining the 

structure, morphology, and composition of the material through the utilization of an array of 

characterization techniques, including Raman spectroscopy, Fourier Transform Infrared 

Spectroscopy (FTIR), XRD, Scanning electron microscopy (SEM), Energy Dispersive 

Spectroscopy (EDS), and XPS. With precise control over the material's structure, the research 

aims to enhance the magnetic properties through structural defects or doping processes, targeting 

potential future applications. Furthermore, the investigation will encompass an examination of the 

magnetic properties of MoO3. 

•  Synthesize MoO3 through solid-state reaction methods;  

•  Investigate the structure, morphology, and composition of the synthesized material;  

•  Modify synthesis parameters to introduce structural defects;  

•  Dope the material with iron;  

•  Examine the magnetic properties resulting from structural defects and doping;  

•  Explore the mechanism underlying the magnetic response of MoO3. 
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2. Synthesis and magnetic characterization of iron-doped molybdenum trioxide 

(α-MoO3:xFe) [81] 
 

The combination of specific properties, including room-temperature ferromagnetism and 

semiconducting behavior, is widely regarded as essential for applications in spintronic and 

magneto-optic devices [74]. Therefore, developing strategies to effectively enhance 

ferromagnetism in metallic materials has become a focal point of research interest [74]. Controlled 

doping of atoms or ions within materials has emerged as a promising approach for fine-tuning 

material properties [49,68,83,84]. In this context, transition metal oxide compounds, such as TiO2, 

WO3, MoO3, and CeO2, have gained prominence due to their advantageous electronic structures 

and robust physical properties [85–89]. Among these, molybdenum trioxide (MoO3) has drawn 

particular attention due to its extensive range of technological applications. Building on this, the 

objective of this chapter is to synthesize MoO3 doped with Fe, aiming to enhance its magnetic 

properties while maintaining favorable electrical characteristics. 

 

2.1 Synthesis 
 

The preparation of iron-doped molybdenum trioxide (Fe:MoO3) was carried out through a 

solid-state reaction, which involved the use of ammonium heptamolybdate tetrahydrate 

[(NH4)6Mo7O24•4H2O] (Vetec – 99 %) and nonahydrate iron nitrate [Fe(NO3)3•9H2O] (NEON – 

98 %) as precursors. In the synthesis process, four ceramic crucibles with lids were employed, 

into each of which 1 g of (NH4)6Mo7O24•4H2O was introduced, followed by the addition of 

Fe(NO3)3•9H2O in weight proportions of 0, 1, 3, and 5 %, respectively. Subsequently, 10 mL of 

methanol were mixed with each crucible to obtain a homogeneous suspension. The crucibles 

containing the solutions were then heated to 450 ºC for 6 h. 

 

2.2 Results and discussion 
 

2.2.1 X-ray Diffraction (XRD) 
 

XRD analysis was carried out using a third-generation Malvern Panalytical diffractometer 

equipped with Cu-K, scanning in the 2 theta range from 2° to 70°. Figure 5 displays the XRD 

powder analysis results for both pure MoO3 and Fe-doped MoO3 samples at room temperature. 
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The X- ray diffraction patterns depicted in Figure 5 (a) reveal the presence of the orthorhombic 

phase of MoO3 with the Pbmn space group for both pure and Fe-doped samples. This observation 

aligns well with the data provided in the ICSD Card No. 35076 [90–92], which serves as a 

reference for the orthorhombic phase of MoO3. 

In pure MoO₃, no additional phases were detected. However, in the MoO₃:1% Fe, 

MoO₃:3% Fe, and MoO₃:5% Fe samples, extra peaks were observed in the analysis. These peaks 

correspond to the monoclinic Fe₂(MoO₄)₃ phase, which belongs to the P2₁/a space group, as 

confirmed by reference (ICSD Card No. 100606) [93,94]. These findings indicate that doping 

MoO₃ with Fe promotes the formation of Fe₂(MoO₄)₃ within the material. Consequently, Fe-doped 

MoO₃ samples exhibit a mixture of two crystalline phases: the orthorhombic MoO₃ and the newly 

formed monoclinic Fe₂(MoO₄)₃. 

 

Figure 5 (b) depicts the displacements of the peaks (110), (040), and (021) within the α-

MoO3 phase. The arrows point in the direction of the shifts in 2θ values relative to the planes of 

the pristine sample, denoted by a vertical dashed line. A comparative examination of the 

diffractograms between the MoO3:1 % sample and the pure MoO3 sample reveals that these planes 

exhibit shifts toward higher 2θ values. This shift can be ascribed to a compression of the lattice 

parameters along the a, b, and c axes. Conversely, when contrasting the MoO3:3% and MoO3:5% 

Figure 5: X-ray diffraction patterns of α-MoO3 a) pure and Fe-doped samples. The inset shows 

the peaks of Fe2(MoO4)3. b) Comparison of positions peaks (110), (040), and (021) of the α-MoO3 

phase. Figure taken from: [81] 
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samples with the pure MoO3 sample, the observed values shift towards lower 2θ values, signifying 

an expansion of the lattice parameters. 

A comparable phenomenon was documented by Wan and Leonard [95] in their 

investigation of the β-Mo2C structure with increasing Fe dopant. They noted that as the 

concentration of Fe dopant in the precursors increased, the (010) peak shifted towards higher 2θ 

angles, reaching a maximum when the Fe:Mo ratio was 0.08:1. Beyond this ratio, an additional 

phase of molybdenum carbide (γ-MoC) emerged, and the (010) peak shifted towards smaller 2θ 

angles [95]. This trend was also evident in the (002) and (011) peaks. To determine the precise 

lattice parameters and unit cell, they utilized the PDXL software in their XRD peak analysis. Their 

findings indicated that smaller iron atoms may randomly substitute molybdenum atoms within the 

crystal structure. In the context of our research, the observed shift towards higher 2θ angles in the 

MoO3:1 % Fe sample can be attributed to the substitution of smaller Fe ions (Fe3+ with an atomic 

radius of approximately 64.5 pm [96]) for Mo ions (Mo6+ with an atomic radius of approximately 

65.0 pm [96]) in the crystal structure, driven by their similar atomic radii. 

 

2.2.2 Scanning electron microscopy (SEM) 
 

SEM images were captured with a FEI Quanta 450 FEG microscope, and EDS data for 

elemental mapping was collected using an X-ray detector model 150 from Oxford, which was 

connected to the Quanta 450 FEG microscope. The SEM images illustrate the influence of dopants 

on the morphology of both pure and Fe-doped MoO3 samples. In Figure 6 (a–f), high- 

magnification SEM images are presented, showing (a) the pure MoO3 sample, (b) MoO3:1%Fe, 

(c) MoO3:3%Fe, and (d) MoO3:5%Fe samples. These images reveal that all the samples 

predominantly exhibit a plate-like morphology, consistent with prior research [97–99]. However, 

the doped samples display a combination of MoO3 plates interspersed with occasional cuboid 

morphologies of Fe2(MoO4)3, as depicted in Figure 6 (e, f) [100]. The presence of cuboid 

structures can be attributed to the incorporation of Fe dopants into the MoO3 lattice, leading to the 

formation of the secondary phase Fe2(MoO4)3. 
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Figure 6: High-magnification SEM images depicting the plate-like morphology of (a) pure MoO₃, 

(b) MoO₃:1%Fe, (c) MoO₃:3%Fe, and (d) MoO₃:5%Fe samples are presented. Additionally, SEM 

images illustrating the cuboid morphology of Fe₂(MoO₄)₃ in (e) MoO₃:1%Fe and (f) MoO₃:5%Fe 

samples are also shown. Figure taken from: [81]. 

In Figure 7 (a-d), the EDS results are presented to depict the spatial distribution of Mo, O, 

and Fe elements within the samples. It is observable that in the MoO3:1%Fe sample, the Fe 

distribution appears predominantly uniform throughout the sample, with sporadic small island-

like regions displaying elevated Fe density, as highlighted by red dashed circles. Elemental 

mapping suggests that Fe is evenly distributed throughout the MoO3 samples, with a minimal 

concentration of a Fe-rich secondary phase, possibly Fe2(MoO4)3, as detected by XRD. However, 

in the case of the MoO3:3%Fe and MoO3:5%Fe samples, the presence of these island-like regions 

rich in Fe becomes more pronounced, signifying an increased formation of the secondary phase 

[Fe2(MoO4)3], consistent with the XRD results. 
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To gain a deeper understanding of the Fe distribution in the two phases, localized EDS 

measurements were conducted on two representative samples, MoO3:1%Fe and MoO3:5%Fe, as 

shown in Figure 8. These samples were selected to represent lower and higher Fe concentrations, 

respectively. In Figure 8, specific measurement points labeled as I, II, III, IV, and V were 

identified, and the corresponding measured values are detailed in Table 1 EDS was utilized as the 

analytical technique, offering a qualitative assessment of the elemental composition within the 

samples. It’s worth noting, however, that EDS has limitations when it comes to quantitative 

analysis accuracy. 

Upon analyzing the values presented in the Table 1, it becomes evident that two distinct 

phases are present: the first phase corresponds to MoO3, and the second phase corresponds to 

Fe2(MoO4)3. Within the MoO3 phase, a minor amount of Fe is detectable, suggesting the 

incorporation of iron into the structure through doping. Furthermore, there is a noticeable increase 

in the concentration of Fe within the MoO3 crystals in the case of the MoO3:5%Fe sample 

compared to the MoO3:1%Fe sample, indicating that Fe concentration increases with higher 

dopant levels. The introduction of Fe into the MoO3 phase does not result in significant alterations 

in the lattice parameters, owing to the extremely low concentration of Fe. Therefore, there are no 

Figure 7: EDS spectra accompanied by images illustrating the elemental distribution of Mo, O, 

and Fe in (a) pure MoO₃, (b) MoO₃:1%Fe, (c) MoO₃:3%Fe, and (d) MoO₃:5%Fe samples are 

provided. To enhance visualization, the Fe-rich secondary phase, identified as Fe₂(MoO₄)₃, has 

been highlighted using red dashed circles. Figure taken from: [81] 
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significant changes in lattice parameters or crystal structure. As for the second phase, Fe2(MoO4)3, 

similar values for the element percentages are observed in both the MoO3:1%Fe and MoO3:5%Fe 

samples. This suggests that only a small portion of the iron introduced during the synthesis serves 

as a dopant in the material, while a substantial portion contributes to the formation of a larger 

quantity of the second phase, Fe2(MoO4)3. 

 

 

Table 1: The percentage of weight contributed by each element: Mo, O, and Fe, was determined 

through point measurements using EDS. Table taken from: [81]. 

 MoO3- 

(MoO3:1%Fe) 

Fe2(MoO4)3 

(MoO3:1%Fe) 

MoO3-plate 

(MoO3:5%Fe) 

Fe2(MoO4)3 

(MoO3:5%Fe) 

 Mo 

(%) 

O 

(%) 

Fe 

(%) 

Mo 

(%) 

O 

(%) 

Fe 

(%) 

Mo 

(%) 

O 

(%) 

Fe 

(%) 

Mo 

(%) 

O 

(%) 

Fe 

(%) 

I 83.0 17.0 0 51.4 33.9 14.7 56.1 43.4 0.5 43.2 45.8 11.0 

II 79.5 20.4 0.1 48.8 36.0 15.2 55.4 44.1 0.5 41.7 46.8 11.6 

III 80.3 19.4 0.3 45.7 41.9 12.4 55.9 43.8 0.3 42.8 43.9 13.3 

IV 78.2 21.4 0.3 - - - 55.6 44.2 0.6 46.7 40.6 12.7 

V 73.9 25.9 0.2 - - - 56.2 43.4 0.4 47.3 38.0 14.7 

Figure 8: Punctual EDS of a) MoO3-plate in MoO3:1%Fe sample, b) Fe2(MoO4)3 in 

MoO3:1%Fe sample, c) MoO3-plate in MoO3:5%Fe sample and d) Fe2(MoO4)3 in 

MoO3:5%Fe sample. Figure taken from: [81]. 
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2.2.3 Raman spectroscopy 
 

Raman measurements were conducted using a Bruker Senterra Spectrometer equipped 

with a CCD system (Olympus BX50). Three accumulations were performed, with a 60-second 

acquisition time. The laser employed operated at 785 nm and used a 100X focusing lens within a 

range of 85 - 1200 cm-1. The Raman spectra for both pure and Fe-doped MoO3 samples are 

displayed in Figure 9 (a). In accordance with previous research [90], the Raman peaks are 

attributed to the orthorhombic phase of MoO3 in all four samples. The specific peak assignments 

can be found in Table 2. 

Table 2: Raman peak positions were observed in each sample, along with their corresponding 

molecular assignments. Table taken from: [81]. 

MoO3 Raman bands (cm-1) Representation Attibution 

154 Ag/B1g Tb* 

196 B2g τ O=Mo=O 

216 Ag Rc ** 

243 B3g τ O=Mo=O 

290 B3g ω O=Mo=O 

338 Ag/B1g δ O-Mo-O 

365 - - 

379 B1g δ O=Mo=O 

471 Ag/B1g ν,δ O-Mo-O 

666 B2g/B3g ν O-Mo-O 

820 Ag/B1g νs O=Mo=O 

995 Ag νas O=Mo=O 

ν → Stretching vibration, νs → Symmetric stretching, νas → Asymmetric stretching 

τ → Twisting vibration, ω → Wagging vibration, δ → Bending vibration, 

Tb → Translational mode along the b-axis, Rc → Rotational mode around the c-axis 

 

The MoO3:5%Fe sample exhibits five new peaks (Figure 9 (a)), which are characteristic 

of the monoclinic phase of Fe2(MoO4)3 [101]. These additional peaks are not present in the 

MoO3:1%Fe and MoO3:3%Fe samples. This is because the quantity of the secondary phase 
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(Fe2(MoO4)3) in these two samples is insufficient to be detected by Raman spectroscopy. 

However, changes were observed in the intensity ratio of peaks at 285 and 290 cm-1 (Figure 9 (c)), 

as well as in the full width at half maximum (FWHM) of the peaks at 666 (Figure 9 (d)) and 995 

cm-1 (Figure 9 (e)). The peaks underwent deconvolution (Figure 9 (b)), and the resulting values 

have been compiled in Table 3. 

Dieterle et al. [102] conducted a research study centered on the preparation of MoO3-x 

samples, subjecting them to varying temperature and gas atmosphere conditions. A 

comprehensive characterization was performed, utilizing techniques such as XRD, SEM, diffuse 

reflection UV-vis spectroscopy, and Raman spectroscopy. The primary objective was to 

investigate the properties of these samples in relation to different concentrations of oxygen 

vacancies. The researchers successfully established a linear relationship between the Raman band 

intensity ratios at 285 and 295 cm-1 and the sample’s oxygen-to-metal ratio. This discovery 

suggests that the Raman band intensity ratio can serve as an effective method for determining the 

oxygen stoichiometry in MoO3-x. 

 

Figure 9: (a) Raman spectra of pure and Fe-doped α-MoO₃, (b) decomposition analysis of 

Raman peaks for pure MoO₃, (c) intensity ratio of the 285/290 cm⁻¹ peaks, and variations in 

peak width at (d) 666 cm⁻¹ and (e) 995 cm⁻¹ are presented. Figure taken from: [81]. 
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As previously outlined in Dieterle’s work [102], alterations in the intensity ratio of peaks 

at 285 and 290 cm-1, along with subtle variations in the full width at half maximum (FWHM) of 

the peaks at 666, 820, and 995 cm-1, signify changes in oxygen vacancies. These changes in Raman 

peaks at 820 and 995 cm-1 are associated with the distances between Mo=O bonds along the a and 

b-axes, which are shorter than the Mo-O bond distance along the c-axis [102,103]. The Raman 

bands at 820 and 996 cm-1 are attributed to the stretching vibration of terminal Mo=O bonds along 

the a and b-axes [102,104]. Conversely, the oxygen atoms acting as bridges, with longer bond 

distances along the c-axis, form the weakest bonds [102,105]. This suggests that the preferential 

generation of oxygen vacancies in the oxide matrix (MoO3) occurs along the c-axis, a finding 

supported by XRD results obtained by [102,103]. Consequently, it’s expected that when bridging 

oxygen is lost, the Mo atom will shift towards the terminal oxygen in the b- direction, weakening 

the bond with the terminal oxygen atom along the a-axis [102,103]. 

Considering the relatively minor variation in stoichiometry across the sample series, only 

slight changes are anticipated in the Raman bands associated with localized vibrations, such as 

those at 666, 823, or 995 cm-1 [102]. The intensity and width of the prominent bands at 823 and 

995 cm-1 are likely to increase due to differences in crystallization levels and oxygen/metal ratios 

[102]. However, it’s important to note that while these changes have been observed, our work 

does not fully elucidate the exact mechanism by which dopants influence oxygen vacancies. 

Consequently, further research is needed to draw more definitive conclusions on this matter. 

 

 

Table 3: Ratio between the intensity of peaks at 285 and 290 cm-1, and FWHM of peaks at 666 

and 995 cm-1. Table taken from: [81]: 

Doping (%) Intensity Ratio 285/290     FWHM 666 cm-1 FWHM 995 cm-1 

0 1.51 10.02 3.16 

1 1.41 10.00 3.18 

3 1.43 10.30 3.24 

5 1.31 10.49 3.44 

 

2.2.4 Fourier Transform Infrared spectroscopy (FTIR) 
 

FTIR spectra were acquired utilizing a Perkin Elmer Spectra-two spectrophotometer 

operating in ATR mode, covering a spectral range from 600 to 4000 cm-1. The data were collected 

at a resolution of 4 cm-1, with each spectrum resulting from the accumulation of 60 scans. The 
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FTIR spectrum for Fe-doped MoO3 microcrystals is displayed in Figure 10. This figure presents 

absorption peaks within the 500-1200 cm-1 range, corresponding to characteristic vibrations of 

metal-oxygen bonds, including stretching and bending modes. Specifically, the band at 981 cm-1 

signifies the presence of the layered orthorhombic phase and corresponds to Mo=O stretching 

[38,106]. The bands at 810 and 845 cm-1 are associated with the stretching mode of oxygen in 

Mo–O–Mo bonds [38,43,90,107,108]. The band at 555 cm-1 can be attributed to the vibration of 

O linked to three metal atoms, denoted as O–3Mo vibration [38,108]. Notably, due to the low 

concentration of dopants, no bands indicative of iron-related bonds are detected in the FTIR 

spectrum. 

With the increase in the Fe concentration used, it becomes evident that the bands at 810 

cm-1, which are associated with the O-Mo-O group, maintain their positions without any 

noticeable shift. However, there is a notable shift to higher wavenumber values in the spectral 

band occurring at 981 cm-1, related to the Mo=O bond. This observation indicates that the higher 

concentration of incorporated iron ions directly influences the Mo=O bond within the structure.  

These results are consistent with the findings obtained through Raman spectroscopy. 

Specifically, in this analysis, changes are observed exclusively in the peaks associated with the 

Mo=O bond, resulting in modifications in the full width at half maximum (FWHM) of the 

material. 

 

Figure 10: FTIR spectra of pure and Fe-doped α-MoO₃. Figure taken from: [81]. 
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2.2.5 Magnetic Properties at Room Temperature 
 

VSM measurements were analyzed using a Quantum Design PPMS® Dy- naCool (9T) at 

room temperature, where an external field of up to ± 9,000 Oe was applied. The Fe-doped MoO3 

samples were measured in powder form and positioned in a sample holder. Figure 11 (a) illustrates 

the magnetic curves for these samples, revealing a noticeable change in magnetization in the 

presence of an applied magnetic field of 10,000 Oe due to the presence of Fe. In Figure 11 (b), 

representing pure α-MoO3, it can be observed that magnetization is negative for magnetic fields 

exceeding 2,900 Oe, and conversely, it becomes positive for negative fields below -3,050 Oe. A 

similar magnetic behavior was observed by Raj et al. [109], and this phenomenon might be 

attributed to the diamagnetic properties of Mo6+. Nevertheless, further research is warranted to 

provide a comprehensive explanation for this observation [110–112]. 

The magnetization curve depicted in Figure 11 (b) reveals that the magnetization remains 

positive and relatively stable within the range of magnetic fields spanning from 700 to 1,000 Oe. 

Moving on to Figure 11 (c), the magnetization curve for MoO3:1%Fe is presented, showing a 

positive magnetization for positive magnetic fields, in contrast to the behavior observed in the 

pure sample. Moreover, it’s worth noting that the magnetization does not reach saturation even in 

the presence of 10,000 Oe. 
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In Figure 11 (a), it’s noticeable that the magnetization curve of MoO3:1%Fe exhibits 

higher magnetization compared to that of MoO3:3%Fe, even though it has a higher Fe percentage. 

MoO3:5%Fe, on the other hand, displays a substantial increase in magnetization compared to the 

other samples. This suggests that this increased in magnetization can be attributed to the greater 

presence of iron in this sample, as observed in the SEM measurements. Additionally, in 

MoO3:3%Fe samples (Figure 11 (d)), it’s noteworthy that the magnetization does not saturate 

even in the presence of a 10,000 Oe magnetic field. The behavior observed for different Fe 

concentrations indicates the existence of a competitive mechanism among various iron sites in the 

sample. Regarding the primary and secondary phases, it is challenging to distinguish these two 

phases in the magnetic curves of the doped samples. Further investigations are warranted to 

provide a comprehensive explanation for these findings. 

 

Figure 11: a) Magnetic curves of Fe-doped molybdenum trioxide (MoO₃) samples with varying 

iron concentrations of 0 (pure), 1, 3, and 5 %. The magnetic curves of b) the pure sample, c) 

MoO₃:1%Fe, and d) MoO₃:5%Fe are shown. Figure taken from: [81]. 
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2.3 Final considerations 
 

In summary, this chapter presents a study of synthesis and characterization of MoO3:xFe 

(x = 0, 1, 3, and 5 %) and explores the influence of varying Fe content on structural and magnetic 

properties. The Fe-doped MoO3 microcrystals, synthesized via a solid-state reaction, exhibit an 

orthorhombic structure and give rise to a secondary phase (Fe2(MoO4)3) in the Fe-doped samples. 

SEM images confirm the presence of two distinct morphologies in the samples: a plate-like 

structure, present in all samples, and a cuboid-like morphology observed in the Fe-doped samples. 

EDS measurements provide insights into the elemental concentration of Mo, O, and Fe within the 

samples. In the Fe-doped samples, Fe is predominantly distributed homogeneously throughout the 

sample, with the formation of small island-like regions in MoO3-1%Fe, consisting of Fe atom 

clusters. Similar observations were made for MoO3:3%Fe and MoO3:5%Fe, with a higher 

prevalence of island-like formations. Raman and FTIR spectroscopy are employed to identify 

oxygen vacancies within the structure, and this is confirmed by punctual EDS analysis. 

Magnetic measurements reveal an increase in the magnetization of iron-doped samples 

compared to the undoped sample. As for the undoped sample, it exhibits a combination of 

paramagnetic and diamagnetic behavior, a phenomenon that has been previously documented in 

the literature [70–74]. However, the explanation for this behavior remains unclear. Our hypothesis 

is that this observation is linked to the formation of oxygen vacancies, which, in turn, is closely 

associated with the generation of Mo5+ ions. We believe that these Mo5+ ions may be responsible 

for this magnetic activity. To deepen our understanding of this behavior, we are conducting studies 

to investigate how Mo5+ ions influence the magnetic response of the material. To achieve this, we 

are synthesizing MoO3 samples with variations in the concentration of oxygen vacancies. These 

variations are achieved through the modification of parameters such as time, temperature, and 

atmosphere during the material synthesis process. 
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3 Influence of Temperature and Gas Atmosphere on the Thermal 

Decomposition of (NH4)6Mo7O24•4H2O [82] 
 

The objective of this chapter is to investigate the effect of temperature and reaction 

environments on formation of oxygen vacancies on MoO3. To accomplish this, AMH was 

subjected under controlled heating at temperatures of 450, 550, and 650 °C, in different 

environments encompassing H2, O2, and the inert gas Ar, over a 6 hours period. The thermal 

decomposition process took place within a quartz tube housed in a furnace, ensuring precise 

control over the thermal profile. Subsequent characterization of the samples involved a 

comprehensive analysis using various techniques, XRD, Raman spectroscopy and FTIR. 

 

3.1 Synthesis 
 

The samples were prepared via a two-step synthesis process, starting with tetrahydrate 

ammonium heptamolybdate (AHM) as the precursor compound. Initially, AHM was subjected to 

a heating process in a furnace at 320 °C for one hour. This was done to facilitate the evaporation 

of NH4, thereby preventing contamination of the vacuum pump that would be used in subsequent 

phases. Subsequently, the resulting material was transferred to furnace, where precise control over 

temperature, pressure, and atmosphere conditions was maintained. 

Within the furnace, the samples were subjected to a series of distinct atmospheres, 

comprising oxygen, hydrogen, and an inert argon gas, with a flow rate of 13 standard cubic 

centimeters per minute (SCCM) for each. Subsequently, the pressure within the reaction chamber 

was adjusted to approximately 2 Pa in order to optimize the reaction conditions and to minimize 

deviations from excessive pressures. Once a stable pressure was achieved, the samples were 

subjected to temperatures of 450, 550, and 650 °C for a duration of six hours each. 

 

3.2 Results and discussion 
 

3.2.1 X-ray Diffraction (XRD) 
 

Figure 12 illustrates the X-ray diffraction (XRD) pattern of the precursor samples utilized 

in the secondary synthesis phase, designated as AHM_320. Subsequently, Figures 13 panels a to 
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c, d to f, and g to i, depict samples synthesized under O2, H2, and inert Ar atmospheres, 

respectively. The pronounced sharp peaks observed in the XRD spectra suggest the presence of a 

well-ordered structure over a wide range. 

 

Figure 12: X-ray diffraction pattern of AHM_320 precursor sample. Figure taken from: [82]. 

The distinctive XRD reflections were then compared with the data set available in the 

Crystallography Open Database (COD), as detailed in Table 4. It is noteworthy that while the 

majority of samples exhibited a mixture of phases, those synthesized in an oxygen environment 

appeared to be predominantly single-phased. To perform a quantitative analysis of the phase 

composition, Rietveld refinement [113] was conducted on the diffraction patterns using the 

General Structure Analysis System (GSAS II) [114]. The statistical parameters, including the 

goodness of fit (GOF) and weighted residual, presented in Table 4, demonstrate the high quality 

of the refinements and the reliability of the determined phase fractions. The peaks observed in the 

precursor sample (Figure 12) were assigned to COD entries No. 1000271 [115] and No. 1000283 

[116], respectively. 

The peaks observed in the samples synthesized under oxygen conditions were identified 

with the Chemical Abstracts Service (CAS) number 9009669 [117]. In samples synthesized in H2 

environments at 450°C and 550°C, additional peaks were assigned to COD card No. 1521062 

[113]. At 650°C, the initial MoO₃ phase appeared to undergo a transformation into MoO₂, with 
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peaks assigned to both Mo₄O₁₁ (COD card No. 1521062) and MoO₂ (COD card No. 644064 

[118]). 

The X-ray diffraction (XRD) pattern of samples synthesized in an inert Ar environment at 

450°C revealed the presence of a triphasic system, including an intermediate monoclinic phase of 

the Mo₄O₁₁ compound. In addition to the aforementioned orthorhombic Mo₄O₁₁ and MoO₃ phases, 

peaks were assigned to COD card No. 1527634 [119]. At elevated temperatures, the monoclinic 

phase appeared to undergo a transformation into the previously identified orthorhombic phase, as 

indicated by COD card No. 1521062. 

Figure 13: XRD patterns of the synthesized samples in an O₂ environment at (a) 450, (b) 550, and 

(c) 650 °C are shown. Additionally, XRD patterns of samples synthesized in an H₂ environment 

at (d) 450, (e) 550, and (f) 650 °C, as well as in an inert Ar environment at (g) 450, (h) 550, and 

(i) 650 °C. Figure taken from: [82]. 
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Table 4: Sample identification, goodness of fit, and weighted residual statistical parameters 

facilitates the identification of phases, the composition of which is determined within the sample, 

as well as COD card numbers. Table taken from: [82]: 

Sample GOF Rwp Phases 
Phase 

fraction 

COD 

database card 

number 

AHM 320 °C 1 

h 

1.69 

 

5.317 

 

H8Mo4N2O13 

H16Mo5N4O17 

61.1 

38.9 

1000283 

1000271 

O2 450 °C 6 h 3.16 10.943 MoO3 100 9009669 

O2 550 °C 6 h 3.36 11.336 MoO3 100 9009669 

O2 650 °C 6 h 3.83 17.742 MoO3 100 9009669 

H2 450 °C 6 h 4.19 
 

11.993 
 

MoO3 56.2 9009669 

Mo4O11 (M) 43.8 1527634 

H2 550 °C 6 h 4.71 
 

12.249 
 

MoO3 56.3 9009669 

Mo4O11 (M) 43.7 1527634 

H2 650 °C 6 h 2.44 
 

7.400 
 

MoO2 12.2 1548687 

Mo4O11 (M) 87.8 1527634 

Ar 450 °C 6 h 3.46 
 

9.846 
 

MoO3 64.8 9009669 

Mo4O11 (M) 25.2 1527634 

Mo4O11 (O) 10.0 1521062 

Ar 550 °C 6 h 2.09 
 

7.848 
 

MoO3 49.6 9009669 

Mo4O11 (M) 50.4 1527634 

Ar 650 °C 6 h 2.86 
 

11.257 
 

MoO3 71.4 9009669 

Mo4O11 (M) 28.6 1527634 

 

 

3.2.2 Raman spectroscopy 
 

The Raman spectra of the synthesized samples is presented in Figure 14. Figure 14 (a) 

corresponds to the precursor samples used in the secondary phase of synthesis (AHM_320). 

Figures 14 (b-d) respectively show spectra from samples synthesized in O2, H2, and inert Ar 

environments. The observed Raman peak positions and their molecular assignments are detailed 
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in Table 2 (section 2.2.3). In samples synthesized under O2 conditions, the Raman spectra reveal 

12 distinct peaks consistent with the orthorhombic phase of MoO3 (α-MoO3), as documented in 

literature [90]. Conversely, in samples synthesized under H2 conditions, the formation of α-MoO3 

occurs specifically at 550 °C. At 450 and 650 °C, the Raman spectra indicate the presence of α-

MoO3 with characteristic MoO4 vibrational modes [120,121], and MoO2 phases [122,123], 

respectively. 

Samples synthesized in an inert Ar environment at 450 °C exhibit a Raman spectrum 

similar to those synthesized under H2 at the same temperature, indicating a comparable phase 

mixture. However, at higher temperatures (550 and 650°C), the Raman spectra of Ar_550 and 

Ar_650 samples prominently display characteristic peaks of the α-MoO3 phase. These findings 

align well with the results obtained from XRD analysis. 

 

Figure 14: Raman spectra of the precursor utilized in the secondary phase of the synthesis 

(AHM_320) and the synthesized samples in environments containing (b) O₂, (c) H₂, and (d) Ar. 

Figure taken from: [82]. 
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At 550 °C, molybdenum trioxide (MoO3) production has been identified as pivotal, even 

under conditions with reduced oxygen levels. Therefore, a comparative analysis was conducted 

among materials synthesized at this temperature in O2, H2, and Ar environments to determine the 

optimal sample set for magnetic study. Figure 15 (a) presents the Raman spectra comparison for 

the H2_550, Ar_550, and O2_550 samples. To highlight changes in the spectra, Figure 15 (b) 

zooms into specific regions denoted as "Lattice" (125-250 cm-¹), "285/290" (240-320 cm-¹), and 

"820" (780-860 cm-¹). 

Comparing the O2_550 sample with H2_550 and Ar_550 samples, a noticeable shift in 

peak positions towards lower wavenumbers in the "Lattice" region is observed, marked by dashed 

lines indicating peak positions in each sample. This shift suggests the formation of a secondary 

phase in the H2_550 and Ar_550 samples. Another distinguishable feature is the ratio of peak 

intensities at 285 and 290 cm-¹ (285/290 region), which is indicative of the oxygen/molybdenum 

ratio [102]. This ratio shows variations due to the absence of oxygen in Ar and H2 environments. 

Furthermore, the peak at 820 cm-¹ (related to symmetric bonding of terminal oxygen), known to 

be sensitive to oxygen vacancies according to Isaias and Dieterle [78,102], also exhibits 

differences among the samples, supporting previous observations. However, detailed 

investigations are necessary to accurately quantify oxygen vacancies and determine the 

oxygen/molybdenum ratios [78]. 
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Figure 15: comparison of the Raman spectra for samples O₂_550, H₂_550, and Ar_550, with 

emphasis on three specific regions, is provided: (1) the lattice region at 125–250 cm⁻¹, (2) the 

285/290 cm⁻¹ region at 230–330 cm⁻¹, and (3) the 820 cm⁻¹ region at 790–860 cm⁻¹ Figure taken 

from: [82]. 

 

3.2.3 Fourier Transform Infrared spectroscopy (FTIR) 
 

Figure 16 depicts the FTIR spectra of the synthesized samples. Figure 16 (a) depicts the 

spectrum of AHM_320, while Figures 16 panels b to d illustrate the spectra of samples synthesized 

under O2, H2, and Ar environments, respectively. The spectra display bands between 967 and 983 

cm-¹ and 809 and 850 cm-1, which are indicative of the orthorhombic phase of MoO₃. These bands 

are attributed to the Mo=O stretching vibration and the stretching mode of Mo–O–Mo, 

respectively [38,106,107]. All spectra exhibit the characteristic FTIR features of α-MoO₃, thereby 
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confirming the predominant phase present in the samples. Notably, the AHM_320 spectrum 

exhibits bands that are consistent with the precursor nature of AHM. The H2_650 spectrum 

displays bands characteristic of MoO2, which aligns with findings from Raman and XRD analyses. 

These analyses indicate that the MoO2 phase forms at higher temperatures under a hydrogen 

atmosphere [124–127]. This consistency across FTIR, Raman, and XRD spectra serves to 

reinforce the phase identification and synthesis conditions of the materials under study. 

 

 

Figure 16: FTIR spectra of the precursor utilized in the secondary phase of the synthesis 

(AHM_320) and the resulting samples in environments containing (b) O₂, (c) H₂, and (d) Ar. 

Figure taken from: [82]. 

Figure 17 presents a comparative analysis of samples synthesized at 550 °C in three 

distinct environments, employing a methodology analogous to that employed in the Raman 

analysis. Upon examination of the spectra, it becomes evident that the band at 813 cm-1 remains 

consistent across the O2_550, H2_550, and Ar_550 samples. However, the bands at 850 cm-1 and 

981 cm-1 exhibit a notable shift towards lower wavenumbers in the H2_550 and Ar_550 samples 

in comparison to the O2_550 sample. As indicated in the literature, the band at 965-983 cm-1 is 
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attributed to the stretching vibration of Mo=O bonds, which is characteristic of the layered 

orthorhombic phase where oxygen atoms are not shared [38,106]. In contrast, the band at 850 cm-

1 is linked to the presence of oxygen atoms bridging two octahedral units (Mo-O-Mo) [107]. 

Therefore, the observed differences among the samples are primarily manifested in these two 

spectral regions. The observed spectral shifts indicate variations in the bonding environments and 

structural configurations of the molybdenum oxide phases synthesized under different gas 

atmospheres. The stability of the band at 813 cm-1 indicates the presence of a consistent structural 

element across all samples. In contrast, the shifts observed in the other bands reflect differences 

in oxygen bonding and coordination states, which are influenced by the synthesis environment. 

  

Figure 17: Comparison of Raman spectra of the samples O2_550, H2_550, and Ar_550. Figure 

taken from: [82]. 

 

3.2.4 Vibrating-sample magnetometer (VSM) 
 

Figure 18 illustrates the magnetic properties of MoO₃ particles synthesized under distinct 

gas environments (H₂_550, O₂_550, and Ar_550), as quantified by a vibrating sample 

magnetometer (VSM, Dynacool, Quantum Design). The magnetization curves were obtained after 

background subtraction relative to the powder sample holder connected to the brass sample holder. 
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In general, the magnetic signals from the samples are relatively weak. The H2_550 and O2_550 

samples display the hallmarks of paramagnetic behavior, as evidenced by a linear magnetization 

curve. In contrast, the Ar_550 sample evinces paramagnetic behavior with a modest ferromagnetic 

contribution, as indicated by the presence of hysteresis and a coercivity of approximately 250 Oe. 

A comparison of the magnetization values of the three samples reveals that the Ar_550 

sample exhibits the highest magnetization, followed by the H2_550 sample and then the O2_550 

sample. It is important to note that attributing the observed magnetic behavior solely to the 

composition or synthesis environment of MoO₃ is challenging due to the presence of a secondary 

phase (Mo₄O₁₁(M)), particularly in the Ar_550 (50.4%) and H₂_550 (43.7 %) samples. However, 

it is observed that as the quantity of the secondary phase increases, there is a corresponding 

increase in the magnetization of the material. It can thus be concluded that the enhanced magnetic 

responses observed in the Ar_550 and H2_550 samples are likely attributed to the contribution of 

the Mo4O11(M) phase. This indicates that the presence and proportion of the secondary phase 

affect the magnetic properties of the synthesized MoO₃ particles in different gas environments. 

 

Figure 18: Magnetic curve of the samples O2_550, H2_550, and Ar_550. Figure taken from: [82]. 

 

3.3 Final considerations 
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This study examines the influence of temperature and gas atmosphere on the thermal 

decomposition of HMA. The atmospheres under investigation included H2, O2, and Ar at 

temperatures of 450, 550, and 650 °C. The synthesis method employed influenced the materials 

obtained within the same temperature range. It was observed that the composition of the resulting 

products, which consisted of molybdenum oxides with varying stoichiometries, was strongly 

dependent on the reactive atmosphere and the specific temperature applied. In the O2 environment, 

the most efficient formation of the orthorhombic phase of MoO3 occurred without the formation 

of additional phases. Conversely, environments containing H2 and Ar led to the formation of the 

Mo4O11 phase in conjunction with MoO3, with the exception of samples produced in H2 at 650 

°C, where MoO3 was completely reduced to MoO2, resulting in a phase mixture with Mo4O11. The 

proportion of the Mo4O11 phase produced varied with each gas environment and temperature, 

influencing the magnetic properties of the resultant material. 

The sample synthesized in an O2 environment at 550 °C exhibits a lower magnetization 

compared to samples synthesized in H2 and Ar at the same temperature. However, it is unclear 

whether this difference is due to modifications of ions in MoO3 or due to the presence of a second 

phase found in the samples. In light of the aforementioned results from Raman, X-ray diffraction 

(XRD), and Fourier-transform infrared spectroscopy (FTIR), it can be concluded that the O2 

environment is the most suitable for the study of magnetic properties dependent on Mo6+ and Mo5+ 

ions in MoO3. Further adjustments of parameters are necessary to obtain a wider range of different 

samples. Consequently, in the subsequent phase of the study, MoO3 will be synthesized through 

thermal decomposition of AHM in an O2 environment, with the parameters of time and 

temperature being varied. 
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4 Investigating Paramagnetic to Diamagnetic Transition in MoO3: Controlled 

Synthesis and Characterization [128] 
 

This chapter investigates the transition from paramagnetic to diamagnetic behavior in 

MoO3, a phenomenon documented in previous literature where MoO3's magnetic response shifts 

from paramagnetic at low fields to diamagnetic at high fields. To explore this phenomenon, MoO3 

samples were synthesized with controlled Mo6+ and Mo5+ concentrations while maintaining high 

crystallinity. These samples were prepared in furnace under an oxygen environment at 

temperatures of 550 and 650 °C for durations of 4 and 8 hours. Characterization of the resulting 

samples was conducted using powder XRD, XPS, and VSM. 

 

4.1 Synthesis 
 

The MoO₃ samples were synthesized via a two-stage process involving the thermal 

decomposition of AHM. In the initial stage, AHM was heated to 320 °C and maintained for one 

hour to facilitate the evaporation of ammonia and prevent the potential contamination of the 

subsequent process equipment. Subsequently, in the second stage, the processed sample was 

introduced into a furnace and heated at temperatures of 525 and 625 °C for durations of 4 and 8 

hours at each temperature, respectively. 

The synthesis process was conducted in an oxygen-rich environment, with an oxygen 

concentration of 13 standard cubic SCCM and a pressure of 2 Torr. These parameters were 

meticulously selected to ensure the formation of α-MoO3 with high crystallinity and purity, as 

previously reported. The resulting samples were designated as 525C_4h, 525C_8h, 625C_4h, and 

625C_8h, respectively, based on their synthesis time and temperature conditions. 

 

4.2 Results and discussion 
 

4.2.1 X-ray Diffraction (XRD) 
 

Figure 19 depicts the X-ray diffraction (XRD) patterns of the synthesized samples, which 

were analyzed at room temperature. All diffraction peaks are in precise correspondence with those 

of orthorhombic MoO₃ (α-MoO₃) with the space group Pbmn, as corroborated by COD card No. 
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9009669 [117]. The absence of additional phases and the presence of sharp, well-defined peaks 

indicate a high degree of structural order and long-range crystallinity. 

Figure 19 (a) offers a comparative view of the diffraction peaks for the four samples. To 

facilitate the visualization of alterations in the XRD patterns, the regions delineated by dashed 

squares in Figure 19 (a) have been magnified and presented in Figures 19 (b, c). These figures 

focus on the (020) and (101) planes, respectively. It is anticipated that variations in the peaks 

along the b-axis will occur as a result of modifications introduced during the synthesis process. 

These peaks reflect the anisotropic growth of the structure, which is attributed to the stacking of 

MoO6 octahedral layers. It is possible that these layers may vary under different synthesis 

conditions. The observed slight modifications in all directions suggest changes in the a, b, and c 

lattice parameters, which are likely associated with the formation of Mo⁵⁺ ions, as corroborated 

by the XPS results (Figure 20). 

A comparison of the (101) peak positions reveals a slight variation in the position for 

sample 525C_4h relative to the other samples (525C_8h, 625C_4h, and 625C_8h). This shift may 

be attributed to the formation of Mo⁵⁺ ions, which are larger than Mo⁶⁺ ions and lead to an 

expansion in the coordination environment [75]. As a result, peaks in samples with higher 

concentrations of Mo⁵⁺ ions shift towards lower 2θ values. These observations are corroborated 

by the XPS analyses presented in section 4.2.2. 

Figure 19: XRD pattern of α-MoO3 of a) all samples and high magnification of b) (020) and c) 

(101) peaks. Figure taken from: [128]. 
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4.2.2 X-ray photoelectron spectroscopy (XPS) 
 

X-ray photoelectron spectroscopy (XPS) was employed for the analysis of the chemical 

composition of the MoO₃ samples. Figure 20 presents the XPS spectra for the four samples, 

confirming the presence of molybdenum (Mo), oxygen (O), and carbon (C) in all samples. The 

Mo 3d orbital exhibits spin-orbit coupling, which results in the emergence of two distinct 

components. The Mo 3d₅/₂ and Mo 3d₃/₂ orbitals are separated by an energy difference (Δ) of 3.18 

eV and exhibit a relative intensity ratio of 0.67, which reflects the respective probabilities of the 

two components. The binding energies for these components are 233 eV for Mo 3d₅/₂ and 236 eV 

for Mo 3d₃/₂ [129,130]. 

 

Figure 20: XPS spectra for a) 525C_4h, b) 525C_8h, c) 625C_4h, and d) 625C_8h samples. Figure 

taken from: [128]. 

 

Figure 21 presents a high-resolution view of the peaks along with their deconvolution. 

Each peak can be deconvoluted into three distinct components, as detailed in Table 5, which 
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provides the positions and corresponding oxidation states of these components. Figure 21 

additionally demonstrates the manner in which the intensity of the peaks fluctuates in response to 

temperature and synthesis time. Table 6 illustrates the areas of the deconvoluted peaks, which 

facilitates the estimation of the concentration of each ionization state across the samples. As 

anticipated, the concentration of the Mo4+ peak is notably lower than that of the others. As stated 

by Rellán-Piñeiro et al. [44], as well as density functional theory calculations and X-ray 

photoelectron spectroscopy (XPS), demonstrate that α-MoO₃ can manifest two distinct vacancy 

configurations. In the first configuration, two Mo⁵⁺ centers are formed, resulting in an oxygen 

vacancy configuration (Mo⁵⁺ ⊕) with a neighboring cation acquiring a 5+ character (Mo⁵⁺ 

⊕(O)−Mo⁵⁺ ⊕(=O)). In the second configuration, a single doubly reduced Mo⁴⁺ ion is present. 

The stoichiometric ratio between Mo5+ and Mo4+ is approximately 93:7, as reported in reference 

[44]. 

Moreover, the Mo4+ peak area remains largely unaltered across all four samples, 

suggesting that Mo4+ has a negligible influence on the observed structural alterations and magnetic 

characteristics. In light of these observations, the subsequent analysis will focus on the Mo6+ and 

Mo5+ peaks. A review of Table 6 reveals a clear correlation between synthesis time and 

temperature with the concentration of Mo5+ peaks. As both synthesis time and temperature 

increase, the concentration of Mo5+ peaks rises, while the concentration of Mo6+ peaks declines. 

These trends align with the findings of the XRD analysis. 
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Figure 21: XPS spectra of Mo3d and peaks decomposition for a) 525C_4h, b) 525C_8h, c) 

625C_4h, and d) 625C_8h samples. Figure taken from: [128]. 

 

Table 5: The positions of the ionization states Mo4+, Mo5+, and Mo6+ in the Mo3d3/2 and Mo3d5/2 

peaks are observed at 231 and 236 eV, respectively. Table taken from: [128]. 

 Position of peaks (eV) 

Samples Mo4+(5/2) Mo4+(3/2) Mo5+(5/2) Mo5+(3/2) Mo6+(5/2) Mo6+(3/2) 

525C_4h 231.69 234.87 232.77 235.95 233.12 236.30 

525C_8h 231.63 234.81 232.71 235.89 233.20 236.38 

625C_4h 231.68 234.86 232.82 235.99 233.42 236.60 

625C_8h 231.76 234.94 232.91 236.09 233.47 236.65 
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Table 6: concentration of the areas corresponding to the ionization states Mo4+, Mo5+, and Mo6+ 

in the Mo3d peak at 231 and 236 eV is expressed as a percentage. Table taken from: [128]. 

 Concentration of Mo3d peaks (%) 

Samples Mo4+(5/2) Mo4+(3/2) Mo5+(5/2) Mo5+(3/2) Mo6+(5/2) Mo6+(3/2) 

525C_4h 10.47 7.01 13.70 9.18 35.71 23.93 

17.48 22.88 59.64 

525C_8h 10.20 6.84 26.08 17.47 23.60 15.81 

17.04 43.55 39.41 

625C_4h 9.44 6.33 30.83 20.66 19.60 13.14 

15.77 51.49 32.74 

625C_8h 10.27 6.88 37.21 24.93 12.40 8.31 

17.15 62.14 20.71 

 

 

4.2.3 Fourier Transform Infrared spectroscopy (FTIR) 
 

Figure 22 depicts the FTIR spectra of synthesized samples in the range of 400 to 1100 cm-

¹. The spectra exhibit five prominent vibrational bands at 440, 569, 813, 848, and 981 cm-¹, which 

are indicative of the orthorhombic crystal structure of MoO₃ [131]. The band at 981 cm-¹ 

corresponds to Mo=O stretching, thereby confirming the presence of the layered orthorhombic 

phase [38,106]. The crystallinity of the samples synthesized at 525 °C is indicated by a sharper 

appearance of the band. In comparison, those produced at 625 °C display a broader band, 

suggesting that the synthesis temperature influences the crystallinity. The most intense band, 

observed at 848 cm-¹, is associated with the stretching mode of oxygen in Mo-O-Mo bonds, as 

previously reported in the literature [38,43,90,107,108]. In the samples synthesized at 625 °C, the 

intensity of this band is observed to decrease in comparison to the other bands. However, its 

position remains consistent across all samples, indicating that there is no shift in wavenumber. It 

is noteworthy that the peak at 813 cm-¹, which also corresponds to Mo-O-Mo bonds 

[38,43,90,107,108], exhibits a significant shift to lower wavenumbers in samples synthesized at 

625 °C compared to those produced at 525 °C. Lastly, the band at 569 cm⁻¹ is attributed to the 

oxygen atom bonded to three molybdenum atoms [38,108]. These observations indicate that while 
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the synthesis temperature influences the crystallinity and specific vibrational modes, it does not 

affect the orthorhombic phase of the MoO₃ crystal structure. 

 

 

4.2.3 Raman spectroscopy 
 

In Figure 23 (a) shows the Raman spectra of the synthesized samples. The spectra show 

15 peaks corresponding to the α-MoO3 phase [90]. These results agree with the literature 

[82,90,131] and confirm the results of FTIR and XRD analyses. All these results are in agreement 

with section 2.2.3 and summarized in Table 2. 

The XRD and FTIR analyses indicate that there have been structural changes in the MoO₃ 

crystal, which are associated with the concentration of Mo⁵⁺ ions present in the samples. It can be 

reasonably deduced that alterations in the intensity ratio of the Raman peaks at 285 and 290 cm-1 

Figure 22: FTIR spectra of synthesized α-MoO3. Figure taken from: [128]. 
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, as well as changes in the full width at half maximum (FWHM) of the Raman peak at 820 cm-1 , 

will occur due to their sensitivity to oxygen vacancies [78,102]. One potential explanation for 

these observations is intervalent charge transfer (IVCT), which occurs near the 633 nm laser 

excitation energy, as detailed in [78,102]. However, only minor variations were observed in the 

intensity ratios of the 285/290 peaks and in the FWHM of the 820 cm-1  peaks across the samples 

(Table 7). As stated by Dieterle et al. [102], a ratio of less than 2.47 between the two peaks makes 

it challenging to distinguish between them, necessitating the use of supplementary techniques to 

ascertain the quantity of oxygen vacancies and the formation of Mo⁵⁺ ions. 

 

Table 7: ratio of peak intensities at 285 cm-1 and 290 cm-1, as well as the full width at half 

maximum (FWHM) of the peaks at 668 cm-1, were evaluated. Table taken from: [128]. 

Samples Intensity peak ratio of 

285/290 

FWHM of peak at 668 cm-1 

525C_4h 1.46 11.44 

525C_8h 1.28 11.14 

625C_4h 1.12 11.08 

625C_8h 1.01 10.96 

 

Figure 23: Raman spectra of α-MoO3, showing a) spectra of all samples and high magnification 

of regions b) 100-500 cm-1 and c) 600-1100 cm-1, along with the corresponding phonon modes 

associated with each peak. Figure taken from: [128]. 
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4.2.4 Vibrating-sample magnetometer (VSM) 
 

Figure 24 illustrates the findings of magnetic studies conducted on a range of MoO₃ 

samples synthesized for this purpose. Given the relatively weak magnetic signal of MoO₃, the 

magnetism of each empty sample holder (SH) was recorded initially as a baseline measurement. 

Subsequently, measurements were conducted with the sample positioned on the sample holder 

(S+SH), followed by the subtraction of the background signal from the SH. Figure 24 (a) depicts 

the M-H hysteresis curves for the empty sample holder (SH), while Figure 24 (b) illustrates the 

curves for the sample holder containing 525C_4h (S+SH). Figure 24 (c) illustrates the 

magnetization of 525C_4h after background subtraction. The same methodology was 

subsequently employed for the remaining samples, and Figure 24 (d) depicts the hysteresis curves 

for 525C_4h, 525C_8h, 625C_4h, and 625C_8h following background subtraction. 

 

Figure 24: Magnetic curve (M-H hysteresis curves) of samples. a) Empty sample holder used 

to measure the sample 525C_4h, b) measurement of sample holder + 525C_4h 

(S+SH_525C_4h), c) 525C_4h sample (S 525_4h) after subtracting the magnetization of the 

sample holder. Figure taken from: [128]. 



59 

 

A quantitative analysis of the S+SH measurements presented in Figure 24 (b) reveals that 

the material exhibits a paramagnetic response within the field range of -2500 to +2500 Oe. 

However, at higher applied field strengths, a transition to diamagnetic behavior is observed. This 

phenomenon has been previously reported in studies of MoO₃ [70] and other materials, such as 

TiO₂ [85], MoS2 [74], C12Li [71], and carbon nanotubes [73]. In the present study, the observed 

shift in magnetic behavior is attributed to the weak magnetic response of MoO₃, which is 

comparable to the diamagnetic response of the sample holder (SH). By subtracting the 

magnetization of the SH from the combined SH+S measurement, the intrinsic magnetization of 

each sample is isolated, revealing diamagnetic behavior for the 525C_4h sample and paramagnetic 

behavior for the other samples. 

The extant literature suggests that molybdenum (Mo) in the MoO₃ structure typically 

exhibits a +6 oxidation state, which is generally associated with paramagnetic behavior 

[68,70,75]. Nevertheless, some studies have documented instances of ferromagnetic behavior, 

which have been attributed to non-stoichiometry in the material [68,70,75]. In the present study, 

both diamagnetic and paramagnetic behaviors were observed in MoO₃ (Figure 24 (d)). These 

magnetic properties are ascribed to the presence of Mo⁶⁺ ions and the formation of oxygen 

vacancies, which are directly linked to the creation of Mo⁵⁺ ions. The elevated concentration of 

Mo⁶⁺ in the 525C_8h sample gives rise to a paramagnetic response, whereas the elevated 

concentration of Mo⁵⁺ in the 525C_4h sample results in a diamagnetic response. Nevertheless, an 

examination of the 625C_4h and 625C_8h samples (Figure 24 (d)), which contain considerable 

quantities of Mo⁵⁺, still points to paramagnetic behavior. This indicates the presence of a critical 

concentration of Mo⁵⁺ ions, beyond which the material's magnetic properties undergo a transition, 

resulting in a shift from paramagnetic to diamagnetic behavior. 

 

4.3 Final considerations 
 

In this study the transition between paramagnetic and diamagnetic behavior in MoO3 was 

examined. To clarify this transition, MoO3 was synthesized under varying time and temperature 

conditions, with the objective of adjusting the Mo6+ and Mo5+ concentration in each sample. XRD 

analysis confirmed the successful synthesis of the material and indicated slight alterations in the 

diffraction patterns. FTIR revealed spectral changes associated with the synthesis temperature, 

while Raman spectroscopy exhibited minimal variations. XPS demonstrated that modifications in 

synthesis conditions effectively altered the concentrations of Mo6+ and Mo5+. The magnetic 
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measurements indicated that MoO3 displays a paramagnetic response at low-applied magnetic 

fields, which transitions to diamagnetic at higher fields. However, after accounting for the 

magnetic response of the sample holder, this effect was negated, revealing a singular magnetic 

response. This observation can be attributed to the low-intensity magnetic signal of MoO3, which 

is obscured by the sample holder's response at higher fields. Furthermore, the results of VSM 

indicated that the magnetic behavior of MoO3, whether paramagnetic or diamagnetic, is dependent 

on the concentration of Mo5+ ions.  
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5 Conclusion and Future Perspectives 
 

5.1 Conclusion 
 

This thesis investigated the synthesis, characterization, doping, and structural 

modifications of molybdenum trioxide (MoO3). Initially, MoO3 samples doped with varying 

percentages of Fe were synthesized using the solid-state reaction method, and their crystalline 

structures were confirmed through X-ray diffraction (XRD), Raman spectroscopy, and Fourier-

transform infrared (FTIR) spectroscopy, all indicating the orthorhombic phase (α-MoO3) with the 

formation of a secondary Fe2(MoO3)4 phase. Additionally, scanning electron microscopy was 

employed to study the material's morphology, while its magnetic properties were analyzed using 

a vibrating sample magnetometer. SEM results revealed the presence of regions with high Fe 

concentration, attributed to the secondary phase, which increased with higher dopant 

concentrations. This rise in secondary phase formation, and consequently in Fe concentration, was 

reflected in the magnetic measurements, where the magnetization of the material increased with 

doping levels. However, the pure sample exhibited paramagnetic behavior, which shifted to 

diamagnetic as the applied magnetic field strength increased. This behavior, reported in the 

literature, is explained by the non-stoichiometry of this type of semiconductor (in the case of 

MoO3, due to the formation of Mo5+ ions). To confirm this hypothesis, pure MoO3 samples with 

induced structural defects were synthesized in a chemical vapor deposition chamber, varying the 

time, temperature, and synthesis environment. The resulting samples were characterized by 

Raman spectroscopy, FTIR, XRD, XPS, and VSM. The samples' phase and purity were 

confirmed, and structural defects (formation of Mo5+ ions) were quantified. Based on the obtained 

results, it was inferred that the transition from paramagnetic to diamagnetic response is not related 

to the formation of Mo5+ ions within the structure, but rather to the weak magnetic intensity of the 

sample being confused with that of the sample holder. Nevertheless, structural defects were found 

to influence the magnetic response of the material: MoO3 with a high concentration of Mo5+ 

exhibited paramagnetic behavior, whereas those with low Mo5+ concentration displayed 

diamagnetic behavior. 
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5.2 Future Perspectives 
 

The results obtained for this thesis open several future perspectives with the aims to 

investigate the relationship between structural defects in MoO₃, specifically the formation of 

oxygen vacancies, and the generation of Mo⁵⁺ and Mo⁴⁺ ions, as well as changes in crystallite size, 

morphology, and atomic bonding within the material. To achieve this, various MoO₃ samples will 

be synthesized under different temperature and time conditions to produce a diverse set of samples 

for analysis. Electron Paramagnetic Resonance (EPR) spectroscopy will then be employed to 

quantify the concentration of oxygen vacancies in each sample. Based on these vacancy 

concentrations, the proportion of Mo⁵⁺ and Mo⁴⁺ ions will be determined using XPS. 

Subsequently, XRD analysis will be conducted to assess how vacancies influence crystallite size. 

Finally, Raman and FTIR spectroscopy studies will examine the effects of these vacancies on 

atomic bonding within the material. With a well-established control over the structure of MoO₃, 

the material will be further applied to the fabrication of thin films and the synthesis of MoS₂. 
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7 Appendix 
 

Appendix A: Raman 
 

Raman spectroscopy is a high-resolution photon-based method that serves to decipher the 

chemical and structural composition of materials by emitting monochromatic light that scatters 

upon reaching a sample, generating light of either identical or differing energy levels compared 

to the incident light. The two types of scattering—elastic and inelastic—offer distinct insights into 

the sample. Elastic scattering lacks compositional data, while inelastic scattering, particularly 

through energy level discrepancies, provides crucial details regarding the sample's chemical 

composition. This energy variation between incident and scattered radiation is linked to the 

vibrational energy of atoms, revealing intricate information about atomic bonding, molecular 

structure, and interactions among various chemical species. 

Initially verified by the Indian physicist Chandrasekhara Venkata Raman and his associate 

Krishnam in 1928, this discovery earned Raman the Nobel Prize in Physics in 1930. Raman 

spectroscopy is rooted in the inelastic scattering of light, related to the induced dipole moment 

through the electric field of the radiation, functioning as a perturbing system. Beyond presenting 

the sample's vibrational spectrum, it uncovers rotational spectra and other low-frequency modes 

within the system. 

Photon dispersion onto the sample molecule occurs through three avenues: Rayleigh 

scattering, Stokes scattering, and anti-Stokes scattering. While Rayleigh scattering, an elastic 

process, doesn't offer sample information, the latter two, as inelastic processes, provide insights 

into molecular composition. Variances in frequency ν = ν0 + νr and ν = ν0 - νr correspond to Raman 

Stokes and Raman anti-Stokes scattering, respectively. The scattered light with wavenumbers 

different from the incident radiation ν = ν0 ± νr reveals information about molecular composition, 

with each material possessing characteristic νr values rooted in its polyatomic structure and 

chemical interactions. Figure A1 presents a schematic illustration of Rayleigh, Stokes and Anti-

Stokes Raman scattering. 
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Figure A1: Graphical Representation of Raman scattering. Adapted from [1].  

 

Within the Raman spectrum, information is obtained from vibrational changes often 

associated with the infrared range, while rotational transitions are typically linked to the 

microwave region. The x-axis displays the displacement of Raman wavenumbers concerning the 

incident wavenumber ν0, with the Rayleigh band center as the origin, while the y-axis represents 

Raman intensity. In Figure 5, the text highlights the greater intensity of Raman Stokes scattering 

compared to Raman anti-Stokes scattering, largely due to the prevalence of molecules existing in 

a lower vibrational energy state at room temperature. Consequently, the intensity of Raman Stokes 

scattering surpasses that of anti-Stokes scattering by around 100 times (Figure A2). 

 

Figure A2: Graphical Representation of Raman pattern of Rayleigh, Stokes and Anti-

Stokes scattering. Adapted from [1]. 
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In classical electromagnetic radiation theory, oscillating electric and magnetic fields at a 

specific frequency can emit electromagnetic radiation of the same frequency. Electromagnetic 

radiation theory can be employed to explain light scattering phenomena. In most systems, only 

the induced electric dipole moment (μ) is typically considered. This dipole moment, induced by 

the electric field (E), can be expressed as a power series [1]. 

                                                           𝜇 = 𝜇(1)  + 𝜇(2) + 𝜇(3) + ⋯   (1) 

Where: 

                                                                          𝜇(1) = 𝛼 • 𝑬    (2) 

𝜇(2) =
1

2
𝛽 • 𝑬𝑬    (3) 

𝜇(3) =
1

6
𝛾 • 𝑬𝑬𝑬     (4) 

 

The polarizability tensor, designated as α, is a second-rank tensor. In most cases, the 

magnitudes of the components for α, β, and γ are insignificant unless the electric field is of an 

exceptionally strong intensity. Rayleigh and Raman scattering can be observed at considerably 

lower electric field intensities. These phenomena can typically be explained in terms of μ(¹) alone 

[1]. 

The interaction of a molecular system with a harmonically oscillating electric field at 

frequency ω₀ is now considered. To simplify the explanation, rotational motion is disregarded, 

focusing only on the vibrational aspect. The polarizability is expected to depend on the nuclear 

coordinates, and the variation of the polarizability tensor components with respect to the 

vibrational coordinates is expressed through a Taylor series expansion [1]: 

 

𝛼𝑖𝑗 = (𝛼𝑖𝑗)0 + ∑ (
𝛿𝛼𝑖𝑗

𝛿𝑄𝑘
𝑘 )0 + 𝑄𝑘 +

1

2
∑ (

𝛿2𝛼𝑖𝑗

𝛿𝑄𝑘𝛿𝑄𝑙
𝑘,𝑙 )0𝑄𝑘𝑄𝑙 + ⋯   (5) 

 

Here, (αᵢⱼ)₀ represents the value of αᵢⱼ at the equilibrium configuration, while Qₖ and Qₗ 

denote the normal vibrational coordinates at frequencies ωₖ and ωₗ, respectively. A harmonic 

approximation is applied, neglecting terms involving powers of Q higher than the first. By 

focusing on a single normal mode, Qₖ, the resulting simplified expression can be derived [1]. 
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𝛼𝑖𝑗 = (𝛼𝑖𝑗)0 + (
𝛿𝛼𝑖𝑗

𝛿𝑄𝑘
)0𝑄𝑘      (6) 

As for a harmonic vibration, 

𝑄𝑘 = 𝑄𝑘0cos (𝜔𝑘𝑡 + 𝛿𝑘)      (7) 

The expression for the α tensor resulting from the k-th vibration can then be derived [1]. 

𝛼𝑘 = 𝛼0 + (
𝛿𝛼𝑘

𝛿𝑄𝑘
)0𝑄𝑘0cos (𝜔𝑘𝑡 + 𝛿𝑘)     (8) 

The induced electric dipole moment 𝜇(1) μ(1) is expressed as a function of electromagnetic 

radiation at frequency 𝜔0 and its associated frequency ω0, as follows [1]: 

𝜇(1) = 𝛼𝑘 • 𝑬𝟎 cos(𝜔0𝑡) = 𝛼0 • 𝑬𝟎 cos(𝜔0𝑡) + (
𝛿𝛼𝑘

𝛿𝑄𝑘
)

𝑛

• 𝐸0𝑄𝑘0 cos 𝜔0𝑡(𝜔𝑘𝑡 + 𝛿𝑘)𝑡 = 

𝛼0 • 𝑬𝟎 cos(𝜔0𝑡) +
1

2
(

𝛿𝛼𝑘

𝛿𝑄𝑘
)

𝑛
• 𝑬𝟎𝑄𝑘0 cos(𝜔0𝑡 + 𝜔𝑘𝑡 + 𝛿𝑘) +

1

2
(

𝛿𝛼𝑘

𝛿𝑄𝑘
)

𝑛
•

𝑬𝟎𝑄𝑘0 cos(𝜔0𝑡 − 𝜔𝑘𝑡 − 𝛿𝑘)     (9) 

The linear induced dipole moment μ(1) comprises three components with different 

frequencies. The term α0·E0cos(ω0t) corresponds to radiation at frequency ω0 and accounts for 

Rayleigh scattering [1]. 

1

2
(

𝛿𝛼𝑘

𝛿𝑄𝑘
)0 • 𝑬𝟎𝑄𝑘0 cos(𝜔0𝑡 + 𝜔𝑘𝑡 + 𝛿𝑘)    (10) 

This phenomenon gives rise to radiation at 𝜔0+𝜔𝑘, which accounts for anti-Stokes Raman 

scattering. Similarly, it gives rise to radiation at 𝜔0−𝜔𝑘, which accounts for Stokes Raman 

scattering [1]. 

1

2
(

𝛿𝛼𝑘

𝛿𝑄𝑘
)0 • 𝑬𝟎𝑄𝑘0 cos(𝜔0𝑡𝜔𝑘𝑡𝛿𝑘).     (11)  
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Appendix B: XRD 
 

1. Crystal Geometry 

Crystals are solids composed of atoms, ions, or molecules arranged in a periodic and 

ordered three-dimensional structure. This ordered arrangement allows crystals to act as diffraction 

gratings for X-rays, making them essential for identifying crystalline substances. The study of 

crystal geometry is fundamental to understanding how X-ray diffraction (XRD) works. 

• Crystal Lattice and Unit Cell: The crystal lattice is a mathematical representation of the 

periodic arrangement of points in space, while the unit cell is the smallest repeating unit that 

defines the crystal structure. The unit cell is characterized by its dimensions along the 

crystallographic axes (a, b, c) and the angles (α, β, γ) between these axes, known as lattice 

parameters. 

• Crystal Systems: There are seven crystal systems, each defined by unique lattice parameters 

and symmetry: 

1. Cubic: a=b=ca=b=c, α=β=γ=90∘α=β=γ=90∘ 

2. Tetragonal: a=b≠c, α=β=γ=90∘α=β=γ=90∘ 

3. Orthorhombic: a≠b≠c, α=β=γ=90∘α=β=γ=90∘ 

4. Trigonal/Rhombohedral: a=b=c, α=β=γ≠90∘ 

5. Hexagonal: a=b≠c, α=β=90∘, γ=120∘ 

6. Monoclinic: a≠b≠c, α=γ=90∘, β≠90∘ 

7. Triclinic: a≠b≠c, α≠β≠γ≠90∘ 

 

• Bravais Lattices: In 1848, Auguste Bravais demonstrated that there are 14 possible lattice types 

in three dimensions, known as Bravais lattices. These lattices are classified based on their 

centering: primitive (P), body-centered (I), face-centered (F), and base-centered (C). 

 

2. Crystal Planes and Miller Indices 
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Crystal planes are defined by their intercepts with the crystallographic axes. The 

orientation of these planes is described using Miller Indices, which are a set of integers (hkl) 

derived from the reciprocals of the intercepts of the plane with the axes. 

• Weiss Parameters: The intercepts of a plane with the crystallographic axes are initially 

described using Weiss parameters. However, these parameters can result in fractional or infinite 

values, making them impractical for representation. 

• Miller Indices: Miller Indices simplify the representation of crystal planes by using integers. 

For example, a plane with intercepts at 1/2a, 1/3b, and 1/4c would have Miller Indices of (2 3 4). 

A plane parallel to an axis has a Miller Index of 0 for that axis. 

• Interplanar Distance: The distance between parallel crystal planes, known as the interplanar 

distance (d), is crucial for X-ray diffraction. For cubic crystals, the interplanar distance can be 

calculated using the formula: 

𝑑 =
𝑎

√ℎ2+𝑘2+𝑙2
      (12) 

 

where a is the lattice parameter, and h,k,l are the Miller Indices. 

 

3. Principles of X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is a non-destructive technique that is employed to analyses a 

range of material properties, including phase composition, structure, and texture, in powder, solid, 

or liquid samples. Phase identification is achieved by comparing the XRD pattern of an unknown 

sample with reference patterns from a database, in a manner analogous to the matching of 

fingerprints in criminal investigations. Alternatively, a bespoke database can be constructed using 

experimental diffraction patterns of pure phases, published data, or measurements from individual 

studies. 

The primary subjects of X-ray diffraction encompass qualitative and quantitative phase 

analysis of both pure substances and mixtures, in addition to the examination of the impact of 

temperature and other non-ambient factors, such as humidity or applied pressure, on materials. 

Furthermore, the analysis of the microstructure of materials is undertaken, with particular 

attention paid to crystallite size, preferred orientation effects, and residual stress in polycrystalline 
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engineered materials. X-ray powder diffraction is a technique that is widely applied in both 

research and process control environments. For instance, it is employed in academic institutions 

and research facilities for the characterization of novel materials, and in industries such as 

construction, chemicals, and pharmaceuticals for process control, including phase composition 

and content analysis. Furthermore, it is utilized for phase identification in geological samples, the 

optimization of fabrication parameters for wear-resistant ceramics and biomaterials, the 

assessment of crystallinity in phases, and the measurement of amorphous phase contents in 

mixtures. 

X-rays were discovered in 1895 by Wilhelm Conrad Roentgen during his investigation of 

cathode rays emitted from a Crookes tube. Roentgen observed that an invisible type of radiation 

caused a fluorescent screen to glow, which he subsequently termed "X-radiation." In 1913, 

Lawrence Bragg and his father, William Henry Bragg, introduced the concept that constructive 

interference occurs when X-rays scatter off planes within crystalline materials, producing a 

characteristic diffraction pattern now known as Bragg’s diffraction [3]. This phenomenon arises 

because the wavelength of X-rays is on the same order of magnitude as the interplanar spacing 

within the crystal. X-rays are a form of electromagnetic radiation, defined by their wavelength, or 

alternatively, as beams of photons with specific energies. The wavelength range of X-rays is from 

0.01 nm to 10 nm, corresponding to energies between 0.125 keV and 125 keV (Figure A3).  

 

 

The energy (𝐸) of X-rays is defined by Planck's equation and is directly proportional to 

the frequency (𝑓), as expressed by the formula [3]: 

𝐸 = ℎ𝑓     (13) 

where ℎ is Planck's constant (approximately 6.626×10−34 J⋅s). 

Additionally, using equation f = c/λ, 

𝐸 =
ℎ𝑐

λ
      (14) 

Where E is photon energy, λ is the photon's wavelength, c is the speed of light in a vacuum, 

and h is the Planck constant. 
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Due to the regular atomic arrangement in solid matter, coherent scattering of X-rays by 

atoms leads to constructive interference at specific, well-defined angles. This phenomenon 

resembles the diffraction of visible light by gratings with nanometer-scale spacing comparable to 

the light's wavelength (Figure A4). In this context, a crystal can be regarded as a three-dimensional 

grating with atomic spacing on the order of a few Å, enabling diffraction effects to occur when 

the wavelength of the incident X-ray photons is of comparable magnitude. 

Figure A3: Visualization of the double-slit experiment. Figure taken from: [3]. 

 

Bragg proposed that the diffraction and interference of X-rays in a crystal can be 

understood as reflections occurring at the atomic planes within the crystal lattice. The 

positions of these reflections are determined by calculating the optical path difference, 2s (s 

= d sin (𝜃)), between two rays reflected from adjacent interplanar spacings, where s is the 

distance between the two rays and θ is the angle of incidence. As with the behavior observed 

in visible light optics, intensity maxima are observed when the path difference is an integer 

multiple of the wavelength, λ [3]. 

 
It follows: 

2𝑑 sin(𝜃) = 𝑛𝜆     (15) 

  

Here, 𝑑 represents the interplanar spacing, denoted as 𝑑ℎ𝑘𝑙 (where ℎ𝑘𝑙 are the Miller 

indices). The angle 𝜃 is the Bragg angle, 2𝜃 representing the angle between the incident and 

reflected beams. The term 𝑛 denotes the "order" of the interference, where 𝑛 = 1, 2, 3,…, with 

𝑛=1commonly referred to as the "first-order reflection." Finally, 𝜆 represents the wavelength 

of the X-rays. 
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Figure A4: Graphical representation of Bragg’s law. Figure taken from: [4]. 

 

A powder diffraction pattern presents the scattered intensity as a function of the Bragg 

angle (2θ) and displays multiple peaks, or reflections. The aforementioned peaks are distinguished 

by their position, and intensity, thereby furnishing indispensable data for analysis. In X-ray 

powder diffraction, both the peaks and the background signal serve as the primary sources of 

information. The peak positions, influenced by the periodic atomic arrangement and the 

wavelength used, provide essential information for qualitative phase analysis, lattice parameters, 

and residual stress. Peak intensities, determined by the crystal structure, wavelength, and sample 

preparation, yield insights into quantitative phase analysis, crystal structure, and preferred 

orientations within the sample.  

 

4. The Laue Experiment 

The Laue experiment, conducted by Max von Laue in 1912, was the first experimental 

demonstration of X-ray diffraction by crystals. It confirmed the wave nature of X-rays and the 

periodic arrangement of atoms in crystals. 

Experimental Setup: In the Laue experiment, a polychromatic X-ray beam (containing multiple 

wavelengths) is directed at a single crystal. The crystal diffracts the X-rays in specific directions, 

depending on the orientation of its atomic planes. 
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Laue Pattern: The diffracted X-rays are recorded on a photographic film or detector, producing 

a pattern of spots known as the Laue pattern. Each spot corresponds to a specific set of crystal 

planes that satisfy Bragg's Law for a particular wavelength. 

Significance of the Laue Experiment: The Laue experiment provided the first direct evidence 

of: The wave nature of X-rays, the periodic arrangement of atoms in crystals, the potential of X-

rays for studying crystal structures. 

 

5. Key Points of X-ray Diffraction (XRD) 

XRD is a cornerstone technique in materials science, chemistry, and physics. Here are 

some of the most important aspects of XRD: 

Crystal Structure Determination: XRD is the primary method for determining the 

atomic arrangement in crystals. By analyzing the diffraction pattern, researchers can determine 

the unit cell dimensions, symmetry, and atomic positions. 

Phase Identification: XRD is used to identify the phases present in a material. Each 

crystalline phase produces a unique diffraction pattern, allowing for the identification of unknown 

substances. 

Quantitative Analysis: XRD can be used to quantify the relative amounts of different 

phases in a mixture. This is particularly useful in studying phase transformations and material 

purity. 

Texture Analysis: XRD can reveal the preferred orientation of crystals in a material, 

known as texture. This is important in understanding the mechanical properties of materials, 

especially in metals and alloys. 

Residual Stress Measurement: XRD can measure residual stresses in materials by 

analyzing changes in the interplanar distances. This is crucial for assessing the structural integrity 

of components in engineering applications. 

Thin Film Analysis: XRD is used to study the structure and properties of thin films, 

including their thickness, crystallinity, and strain. 

High-Resolution XRD: Advanced XRD techniques, such as high-resolution XRD, allow 

for the study of epitaxial layers, superlattices, and nanostructures with high precision. 
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The study of crystal geometry, the principles of X-ray diffraction, and the Laue experiment 

are fundamental to understanding the structure and properties of crystalline materials. XRD is an 

indispensable tool in materials science, enabling the determination of crystal structures, phase 

identification, and the analysis of material properties. The Laue experiment, in particular, marked 

the beginning of X-ray crystallography, paving the way for countless discoveries in science and 

technology. Today, XRD continues to be a vital technique for advancing our understanding of 

materials at the atomic level. 

 

 

Appendix C: Magnetic properties 

The magnetic force on a charged particle moving with velocity (v) in a magnetic field (B) is 

given by the Lorentz force law [132]: 

F = q (v × B)       (16) 

where: 

• F is the force on the particle, 

• q is the charge of the particle, 

• v is the velocity of the particle, 

• B is the magnetic field. 

The magnetic field (B) itself can be expressed in terms of the magnetic flux (ΦB)  through a 

surface area A [132]: 

ΦB = ∫A B ⋅ dA      (17) 

where dA is an infinitesimal vector area element of the surface. 

The magnetization (M) of a material is related to the magnetic field intensity (H) and the 

magnetic susceptibility (χm) by [132]: 

M = χm H      (18) 

where: 
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•  M is the magnetization (magnetic moment per unit volume), 

• χm is the magnetic susceptibility (dimensionless), 

• H is the magnetic field intensity. 

• The magnetic field (B) inside a material is related to the magnetization (M) and the 

applied magnetic field intensity (H) by [132]: 

B = μ0 (H + M)      (19) 

where: 

• B is the magnetic flux density, 

• μ0 is the permeability of free space. 

For linear, non-magnetic materials, M is directly proportional to H, so we can write [132]: 

B = μ0 (1 + χm) H = μH    (20) 

where μ is the magnetic permeability of the material [132]: 

μ = μ0 (1 + χm)      (21) 

 

In general, for linear magnetic materials where magnetization is proportional to the magnetic field, 

we have [132]: 

M = χm H      (22) 

and the total magnetic field (B) is [132]: 

B = μ0 (1 + χm) H     (23) 

where μ0 is the permeability of free space, and χm is the magnetic susceptibility of the material. 

Magnetic materials exhibit different types of magnetization depending on how their magnetic 

domains behave in response to an external magnetic field. 
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Ferromagnetism: 

In an unmagnetized state, the material consists of multiple randomly oriented magnetic domains, 

canceling each other’s effects. When an external field is applied, domains aligned with the field 

grow, while others shrink. With a strong enough field, the material becomes a single-domain state 

(saturation). Even after the field is removed, some domain alignment remains, resulting in 

permanent magnetization. 

Ferrimagnetism: 

Like ferromagnetic materials, ferrimagnetic materials also have well-defined domains. However, 

the magnetic moments in different sublattices are oppositely aligned but unequal, resulting in a 

net magnetization. They exhibit spontaneous magnetization but weaker than ferromagnets. Used 

in ferrites, which have high electrical resistance and low eddy current losses. 

Antiferromagnetism: 

In antiferromagnetic materials, magnetic domains exist, but neighboring atomic spins are aligned 

in opposite directions and cancel each other out. As a result, there is no net magnetization in the 

absence of an external field. When exposed to a field, weak magnetization can appear due to slight 

spin canting (weak ferromagnetism). Above the Néel temperature, antiferromagnetic materials 

become paramagnetic. 

Paramagnetism: 

No permanent magnetic domains exist in paramagnetic materials. Individual atomic magnetic 

moments are randomly oriented, leading to zero net magnetization. When an external field is 

applied, the atomic moments align weakly with the field, creating a small magnetization. Once 

the field is removed, they return to random orientations, losing their magnetization. 

Diamagnetism: 

No magnetic domains exist in diamagnetic materials. When exposed to an external field, they 

develop weak induced magnetic moments in the opposite direction of the field. This results in a 

very weak repulsion from the external magnet. The effect is present in all materials, but it is 

overshadowed by other forms of magnetism in ferro-, ferri-, and paramagnetic materials. 

 

 

The vibrating sample magnetometer (VSM) is widely recognized as an effective and robust 

technique for measuring sample magnetization. Compared to alternatives magnetometers, the 

VSM exhibits minimal sensitivity to sample mass and size over a significant range. In this method, 

a sample is placed in a uniform external magnetic field, resulting in induced magnetization within 
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the sample. vibration of the magnetized sample creates perturbations in the surrounding magnetic 

field. A series of coils or magnetic field sensors positioned around the sample detect these 

perturbations. In the case of coils, for example, changes in the magnetic flux through the coils 

generate an electromotive force (EMF) within the coils. For a given coil configuration, the EMF 

generated depends on amplitude and frequency of the vibration, external magnetic field, and the 

magnetization of the sample. By appropriately analyzing the EMF, the magnetization of the 

sample can be determined. 

In a vibrating sample magnetometer (VSM), the sample is attached to one end of a rigid 

rod that allows a magnetic field to be applied either transverse or longitudinal to the direction of 

vibration. The opposite end of the rod is attached to the membrane of a vibrating system, which 

determines the vibration frequency of the sample. An amplifier is used to selectively amplify 

signals of a specific frequency and phase, greatly increasing the sensitivity of the measurement. 

The VSM is typically designed for magnetic field measurements at ambient temperature, but can 

be modified to facilitate measurements at low temperatures. Figure A6 shows a schematic diagram 

of vibrating sample magnetometer. 

Figure A5: vibrating sample magnetometer Schematic diagram. Figure taken from: [5]. 

The data record the response of both the x- and y-axis coils as a function of the applied 

magnetic field at various angles (ψ) between the applied field and an initial arbitrary orientation 

(ψ₀) relative to the sample’s easy axis of the sample. The 𝑀𝑥(𝐻𝑥) response demonstrates the 
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characteristic hysteresis loop typically seen in single-axis VSM measurements. In Value Stream 

Management (VSM), the X-axis typically displays the applied field in Oersted (Oe), while the Y-

axis indicates the sample magnetization (emu). 

 

Figure A6: Typical hysteresis loop obtained by VSM. Figure taken from: [6]. 
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Appendix D: XPS 
 

X-ray Photoelectron Spectroscopy (XPS) is a surface-sensitive analytical technique that 

involves bombarding a material's surface with x-rays and measuring the kinetic energy of the 

emitted electrons. This method is particularly powerful due to two key features: its sensitivity to 

surface layers and its ability to provide chemical state information about the elements in the 

sample. In XPS, the sample is exposed to X-rays, and the kinetic energy of the emitted electrons 

is analyzed [Fig. A7(a)] [7]. The photoelectron emitted by this process, is a result of a transfer of 

X-ray to a core-level electron. Eq. (24) express this process [7]: 

 

hv= BE+KE+ Φspec     (24) 

 

(hv) = the energy of the x-ray; (BE) = binding energy of the electron (representing how 

strongly it is bound to its atom or orbital); (KE) = kinetic energy (KE) of the electron that is 

emitted; (Φspec) = Spectrometer work function, which is a constant [7]. 

To calculate the binding energy of an electron, Eq. (24) can be rearranged to derive Eq. 

(25), where the terms (hν and Φspec) are either known or measured during the XPS experiment 

(KE) [7]: 

BE= – hv – KE – Φspec    (25) 

A picture of this concept is illustrated diagrammatically in Fig. A7(b). 

 

Figure A6: (a) Processes that results from photoelectron emission in XPS and (b) 

schematic of energy level diagram. Adapted from [7]. 
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As a surface-sensitive technique, in XPS, it is essential to consider the physical processes 

affecting electrons traveling through solids. While the x-rays used in XPS can penetrate several 

micrometers into the sample, electrons generated at such depths undergo multiple inelastic 

collisions, losing energy until they can no longer escape the material. In A7(a), these deeply 

generated electrons are labeled “C”. Electrons produced closer to the surface may experience only 

one or two inelastic collisions before reaching the detector. As a result, they retain less kinetic 

energy than expected due to energy loss during travel. These electrons, labeled “B” in A7(a), 

contribute to the vertical step in the background signal observed in XPS spectra, as seen in Fig. 

A7(b) (shaded in orange). Only electrons that escape without any inelastic collisions contribute to 

the distinct photoelectron peaks used in XPS analysis (these electrons are labeled “A”) [7]. 

 

 

 

Figure A7: (a) Processes that results from photoelectron emission in XPS and (b) 

schematic of energy level diagram. Adapted from [7]. 
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