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 In this work, the magnetic carbon sand (MCS) has been successfully prepared 

by the chemical vapor deposition (CVD) using adamantane (C10H16) as a precursor. 

The MCS was obtained by the deposition of adamantane precursor at 1050 °C. The 

magnetization of MCS was measured by the vibrating sample magnetometer (VSM) 

with applied magnetic field in the range between -15 and 15 kOe. From the VSM 

results, the magnetic hysteresis loops were observed to show ferromagnetic behavior 

where energy dispersive x-ray measurement (EDS) showed no contamination of the 

common magnetic elements (i.e. Ni, Co, Fe) in our MCS. The saturated magnetization 

could be as high as 72 m-emu/g at room temperature. The Raman-spectroscopy 

measurement shows that the adamantane structure has changed after the CVD process. 

We then tested the suggestions from previous studies that the observed 

ferromagnetism in MCS could come from the unpaired electrons in carbon (i.e. 

dangling bond) which could occur during the calcination process at high temperature; 

the test was to see if we could reduce magnetization of MCS by humidity treatment 

which would promote the bonding between water molecules and the unpaired electrons 

of MCS.  The saturation magnetization of MCS was observed to be decreased from 72 

m-emu/g to 53 m-emu/g after the boiling process. The decrease of magnetization could 

 



 III 

be described by the saturation of unpaired electrons or dangling bonds where those 

defects are eliminated when attached to the water; this is confirmed by the Raman 

spectrum with presence of a water molecule peak at approximately 3651 cm-1. 

Furthermore, both the boiling process and the annealing-in-Ar process also affect the 

ratios of G and D peak area (AG/AD). This correlates very well with the change of the 

measured saturated magnetization and hence supports our hypothesis that the 

ferromagnetism in MCS is caused by the presence of the C-dangling bonds.   

Regarding the application, this work suggests an inexpensive method for 

preparing magnetic carbon particles and also modifying its magnetization. 
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CHAPTER I 

INTRODUCTION 

1.1 Motivation  

Ferromagnetic materials, which in general consist of metal elements holding the 

incompletely filled d- or f-orbital such as iron, nickel, and cobalt, have been extensively 

used in our daily life facilities including electric motors, transformers, and hard disk 

(Goldman, 1999). Interestingly, ferromagnetism has been reported in various 

compounds with the absent of magnetic atoms, such as HfO2, In2O3, CeO2, and Al2O3 

(Sundaresan et al., 2006 and Coey et al., 2005), and carbon-based materials, such as 

pyrolytic carbon (Mizogami et al., 1991), graphite (Esquinazi et al., 2003), and Teflon 

tape (Ma et al., 2012).  

Investigations of ferromagnetism in these carbon-based materials have revealed 

that ferromagnetism in such systems is mainly originated from the intrinsic structural 

defects, such as vacancies (Zanolli et al., 2010, Lehtinen et al., 2004 and Zhang et al., 

2007) and dangling bonds (Ma et al., 2012, Sriplai et al., 2015 and Sangphet et al., 

2018). Ferromagnetism in carbon-based materials has received a lot of attention due to 

their lightweight, flexibility, and low-cost processing (Yu et al., 2012 and Zhang et al., 

2014). Up until now, there are researches in the creation and control of unconventional 

ferromagnetism in carbon-based systems by mechanical methods - e.g. cutting or 

mechanical stretching (Ma et al., 2012) and high-temperature processing (Sangphet et 

al., 2018).
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In this thesis, we are study ferromagnetism of the carbon films on sand substrate or 

magnetic carbon sand (MCS) prepared by the chemical vapor deposition (CVD) 

technique at 1000 °C to create carbon films of adamantane precursor. Furthermore, we 

aim to study the reduction of magnetization in MCS due to the effect of humidity 

treatment. We assume that the effect of humidity on MCS’s magnetism is caused by 

water molecules attachment with an unpaired electron or dangling bonds on MCS.  We 

use the boiling process to accelerate the attachment of water molecules and unpaired 

electron. As sand and adamantane are abundant, cheap, environmentally benign, and 

harmless to humans, they can be applied in various applications across material 

engineering and medical sciences for the development of large-scale magnetic shielding 

and the targeted-drug delivery. 

In this chapter, first, we will present our research objectives. After that we will 

introduce the magnetic properties, including diamagnetism, paramagnetism, 

ferromagnetism, and we will describe the hysteresis loop characterization Lastly, we 

will be presented the thesis outline. 

1.2 Research objectives 

1 To prepare magnetic carbon sand (MCS) by the chemical vapor deposition 

(CVD) technique using adamantane (C10H16) as a precursor. 

2 To characterize the morphology and the structure of MCS.  

3 To study the magnetic behavior of MCS   

4 To study the stabilities of magnetization in MCS through the effect of 

humidity treatment on its magnetism. 
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1.3 Magnetic properties 

Magnetism refers to physical phenomena describing the ability to attract or repel 

other materials. The magnetic field can be caused by the motion of electrically charged 

particles. The magnetic field occurs around the moving electric charges and they 

disappear when the electric charges stop moving. In the case of permanent magnets, 

orbits around the nuclei of electrons and electrons spin create the virtual current within 

the magnet, which is called “Amperian current”. This virtual current causes a magnetic 

field around the magnet. Each material responds differently to the external magnetic 

field provided. We observed this response by measuring magnetization (M) or magnetic 

induction (B). Consider at a magnetic placed, if placed at an angle in a magnetic field, 

a torque acting on a magnet attempts to turn it into parallel the magnetic field, this 

moment is called “magnetic moment”.  

In vacuum, the relationship between magnetic induction (B) and magnetic field 

strength (H) is as in Equation 1.1. Note that !" stands for the vacuum permeability 

which is 4p ´ 10-7 N/A2 

 # = !"% (1.1) 

In matter, when we consider the material placed in applied magnetic field, the 

magnetic moment will be rearranged into a magnetizing. Therefore, in the case of 

matter, the relationship between B and H must also be considered by the intensity of 

magnetization (M). In SI unit, the relationship between B, H and M is as in Equation 

1.2  

 # = !"(% + () (1.2) 

 when B has units of Weber/m2 called tesla (T), H and M has unit of A/m. In cgs 

unit, the relationship between B, H and M is as in Equation 1.3 
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 # = % + 4+( (1.3) 

 when B has unit of Gauss (G), H has unit of Oersted (Oe) and M has unit of 

emu/cm3.  

In an experiment, magnetism is often measured in terms of M and then the magnitude 

of M can tell the magnetic behavior of materials. We can classify magnetic materials 

according to their response to external magnetic fields. Which can be divided into three 

main groups which are diamagnetism, paramagnetism, and ferromagnetism. 

 
Figure 1.1 Schematic responding of diamagnetic, paramagnetic, and ferromagnetic 

materials to the presence of a magnetic field H (edit from Pinitsoontorn, 2015). 
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1.3.1 Diamagnetism 

 Diamagnetism is a fundamental property of all matter, although it is usually 

very weak. Figure 1.1 shows that when an external magnetic field is applied to a 

diamagnetic material, the magnetic moment of the diamagnetic material is arranged in 

the opposite direction to the external magnetic field. The arrangement of this magnetic 

moment is induced by a change in the orbital motion of electrons due to an applied 

magnetic field. In the normal state, for atoms with paired electrons, the magnetic 

moment due to the orbit of the electrons will cancel out. Diamagnetism occurs when 

the external magnetic field was applied. This magnetic field causes the change of 

magnetic moment due to the electron acceleration/retardation in orbit. The diamagnetic 

property can be observed clearly in materials with all the orbital shells are filled and 

there are no unpaired electrons. Diamagnetism can be observed clearly in materials with 

all the orbital shells are filled and there are no unpaired electrons, such as C (diamond), 

Si, and Ge. 

 1.3.2 Paramagnetism 

Paramagnetism is caused by the atoms or ions in the material have a net 

magnetic moment due to unpaired electrons in partially filled orbitals. In normal state, 

no external magnetic field, the magnetic moment is randomly arranged so the net 

magnetization is zero. When the external magnetic field was applied, a partial 

alignment of the magnetic moments will in the parallel of the external field, resulting 

in a net magnetization no zero. In addition, high temperatures result in the arrangement 

of the magnetic moment returning randomly (at room temperature affects the magnetic 

moment arrangement). 
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1.3.3 Ferromagnetism 

 Ferromagnetic materials exhibit a strong attraction to magnetic fields and are 

able to retain their magnetic properties after the external field has been removed. 

Ferromagnetism caused by atoms or ions in the material has unpaired electrons in 

partially filled orbitals, similar to paramagnetism. The difference is interactions 

between each magnetic moment in these materials exhibit very strong interactions. In a 

ferromagnetic material in the unmagnetized state, the magnetic domains are aligned in 

the same direction and these domains exhibit the net magnetization although in the 

absence of an external magnetizing field. In addition, if the external magnetic field is 

reduced, the ferromagnetic material will not decrease linearly, ferromagnetic can retain 

magnetization even if the external field has been removed. This behavior is called 

hysteresis. The elements Iron, Nickel, and Cobalt and many of their alloys are common 

examples of ferromagnetic materials  

 
Figure 1.2 Hysteresis loop model of ferromagnetic material.  
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 1.3.4 Hysteresis loop 

 Hysteresis is a nonlinear response to the external magnetic field of a 

ferromagnetic material. The hysteresis loop is the curve that shows the relationship 

between the applied magnetic field (H), and the magnetic flux density (B) or the 

magnetization (M) of the material magnetized, sometimes this loop is called 

magnetization curve or M-H curve. Figure 1.2 shown schematic of hysteresis loop of 

ferromagnetic material. The hysteresis loop is created by measuring the induced flux of 

ferromagnetic material, magnetized by an applied external field. When magnetizing a 

magnet, by an applied external field was gradually increased, making the magnetic field 

stronger, the magnetization will increase due to the alignment of the magnetic domain 

parallel to the external field. At point (a) is called the saturation magnetization (Ms), 

the magnetization will never increase due to almost all magnetic domains are aligned 

in the direction of the applied field. When we decreasing the external field from the 

saturation point to zero, the magnetization does not return to zero but will decrease to 

point (b). The remains magnetization of ferromagnetic material even the absence of an 

applied field is called remanence magnetization (Mr). In order to bring the 

magnetization value back to zero, a magnetic field in the opposite direction has to be 

applied, shown in point (c). This magnetic field is called coercivity or coercive force 

(Hc). By reducing positive the magnetic field gradually, the magnetization of the 

ferromagnetic will be reduced to point (e). When applied field in a positive direction, 

the magnetization reduced to zero at point (f), and increase to the saturated point (point 

a) again. In addition, the characteristics of a hysteresis loop can also indicate soft and 

hard ferromagnetism. Hard ferromagnetic has Hc or coercivity more than soft 

ferromagnetic, as shown in Figure 1.3. 

 



 8 

1.4 Thesis outline 

 This thesis is divided into five chapters. Chapter I gives a brief overview of the 

rationale of this research. We introduce the magnetic properties and describe the 

hysteresis loop characterization which used to study magnetic phenomena. In chapter 

II, we will present the background studies about ferromagnetism in carbon-based 

materials and the proposed origins of ferromagnetism. In the last section, we will 

introduce the background knowledge of diamondoid and adamantane which is a 

precursor for creating my carbon films on a sand substrate. In chapter III, we will 

Figure 1.3 Difference between hysteresis characteristics of hard and soft ferromagnetic 

material. 
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explain our methodology consisting of the chemical vapor deposition (CVD) technique 

that is used to prepare carbon films, scanning electron microscopy (SEM), and Raman 

spectroscopy which used to study the characterization of MCS. Magnetic measurement 

technique as the vibrating sample magnetometer (VSM) which used to study the 

magnetic properties of our carbon films and the method to study the effect of humidity 

treatment on MCS’s magnetism is described in the last section of Chapter III. Our 

results are described in chapter IV. Physical observations, ferromagnetic property, and 

chemical characterization of our carbon films were reported. After that, the effect of 

humidity on MCS’s magnetism will be presented. In chapter V, we present the 

conclusion of this work and suggestion for future work. 

 



CHAPTER II 

REVIEW OF FERROMAGNETISM IN CARBON-BASED 

MATERIALS 

Normally ferromagnetic materials, which consist of metal elements holding the 

incompletely filled d- or f-orbital such as Iron, Nickel, and Cobalt and many of their 

alloys. Interestingly, ferromagnetism has been reported in carbon-based materials, 

which carbon materials are the materials with only have s- and p-orbital.  

Therefore, in this chapter, we will mainly describe the ferromagnetism in carbon 

materials. In the first section, we will contain literature reviews about the studies of 

ferromagnetism in carbon-based-materials and the origins of this ferromagnetism. In 

the second section, we will be giving literature reviews on the effect of environments 

on ferromagnetism in carbon-based-materials. The final section in this chapter will 

introduce diamondoid, which used as a precursor material to create our carbon films, 

and then the knowledge of diamond-like-carbon material will also be described in this 

section as well.

2.1 Ferromagnetic in carbon-based materials 

2.1.1 The studies of ferromagnetism in carbon-based materials 

Recently, ferromagnetism in carbon-based systems without magnetic elements 

have been intensively studied. Investigations of ferromagnetism in these carbon-based 

materials have revealed that ferromagnetism in such systems is mainly originated from 

the intrinsic structural defects. There have been reported that those defects can occur 

 



 11 

during high-temperature processing, such as the cases of carbon material was prepared 

by pyrolytic carbon (Mizogami et al., 1991), pyrolysis of polyacrylonitrile (Saito et al., 

2011), and graphite (Esquinazi et al., 2003).  

Abnormal ferromagnetism in the pyrolytic carbon obtained from adamantane as 

a raw material was reported by S. Mizogami (Mizogami et al., 1991). The value of the 

saturation magnetic moments of this pyrolytic carbon was about 0.5 emu/g. They 

assumed that the origin of ferromagnetism might be attributed to the highly oriented 

structure of this carbon and a large number of unpaired electrons on the graphite-like. 

It has been reported that the ferromagnetism in carbon material was prepared by 

pyrolysis of polyacrylonitrile at 1273 K (Saito et al., 2011), this carbon material 

exhibited a saturation magnetization of 1.22 emu/g at room temperature. Their results 

show the different structure of the specimen prepared by pyrolysis exhibited broad 

peaks in a pattern different from those of polyacrylonitrile precursor, seen in XRD 

patterns in Figure 2.1. They explained that the observed ferromagnetic behavior of this 

carbon material is considered to be due to the presence of a graphite-like structure. In 

2003, ferromagnetism also has been observed in graphite (Esquinazi et al., 2003). In 

their research, they have shown evidence that proton irradiation on highly oriented 

pyrolytic graphite samples triggers ferromagnetism, which the ferromagnetism appears 

after proton irradiation in graphite and that this is stable at room temperature (see Figure 

2.2). Moreover, they believed that the origin for this ferromagnetism in this graphite 

has been related to the mixture of carbon atoms with sp2 and sp3 bonds. 
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Figure 2.1 XRD patterns of (a) polyacrylonitrile powder and (b) carbon material 

prepared by pyrolysis of polyacrylonitrile at 1273 K for 1 h. The red straight lines show 

the usual peak positions of the graphite structure (Saito et al., 2011). 

Figure 2.2 Magnetic moment measured at T= 300 K as a function of the magnetic field 

for highly oriented pyrolytic graphite sample before (�) and after (•) proton irradiation 

(the background signal was subtracted) (Esquinazi et al., 2003). 
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b) 

a) 

Figure 2.3 (a) Schematic cross-sections of the (left) as-grown and (right) exfoliated 

regions. After the exfoliation, partially aligned dangling bonds are expected at the 

surface. (b) Room-temperature magnetization curves, subtracted by diamagnetic 

background, of as-grown (black), 1st (blue), 2nd (green), 3rd (yellow), and 4th (red) 

exfoliated CVD-carbon film on a quartz substrate (Sangphet et al., 2018). 
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Moreover, it has been reported that ferromagnetism can occur in carbon-based 

systems through very simple methods, such as cutting, mechanical stretching (Ma et 

al., 2012), and mechanical exfoliation (Sangphet et al., 2018). In our research group has 

reported ferromagnetism in carbon film (Sangphet et al., 2018) which prepared by 

chemical vapor deposition or CVD technique. The saturation magnetization of this 

carbon film is around 0.63 emu/cm3, which can be further enhanced by mechanically 

exfoliating the top layers of the films off (show in Figure 2.3(a)); the saturated 

magnetization can be as large as 4.4emu/cm3 at room temperature seen in Figure 2.3(b). 

2.1.2 Origin of ferromagnetism in carbon-based-materials 

The origin of metal-free carbon materials is hard to believe that ferromagnetism 

can arise from the materials with only have s- and p-orbital. However, the studies of 

the magnetism in carbon-based materials have also received wide attention, these 

studies undoubtedly indicate that carbon-based-materials can generate ferromagnetism 

without magnetic element contaminations. Investigations of ferromagnetism in these 

carbon-based materials have revealed that ferromagnetism in such systems is mainly 

originated from the intrinsic structural defects such as dangling bonds and vacancies.  

Kim et al. (Kim et al., 2003) proposed that dangling bonds are the cause of 

ferromagnetism in fullerene. They calculated spin-density of metastable isomer states 

of C60 with dangling bonds may form during cage opening process. A zigzag 

arrangement of edge atoms in the defective cage creates dangling bonds, which in turn 

lead to magnetic instabilities in isolated molecules. Figure 2.4 show spin-density 

isosurfaces for the (a) antiferromagnetic and (b) ferromagnetic spin configurations of 

the C60 cage open.  
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In 2012 (Ma et al., 2012), Ma et al. reported the observation of room 

temperature ferromagnetism in Teflon tape (polytetrafluoroethylene) which has C chain 

structure is the backbone by simple mechanical stretching, cutting, or heating. Their 

experimental results indicate that the ferromagnetism originates from carbon dangling 

bonds. As proposed in this work, the cutting Teflon tape leading to be formed of carbon 

dangling bond in the cross-section of the broken tape shows in Figure 2.5(d) and (e). In 

the case of stretching carbon dangling bonds are largely concentrated on the surface of 

strain-induced voids shows in Figure 2.5(f) and (g). Each carbon dangling bond carries 

a magnetic moment of 1 µB. 

Figure 2.4 Model of (a) antiferromagnetic and (b) ferromagnetic spin configurations of 

the C60 cage open. (adapted from Kim et al., 2003). 
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In 2003, Andriotis et al. (Andriotis et al., 2003), they reported the calculation of 

magnetic properties in carbon C60 polymers. Their calculated results indicate that onset 

of magnetism is found to occur in the Rh-C60 polymeric phase with defects, which the 

origin of this magnetism involving an interplay between structural defects and sp3 

hybridization. They calculated accumulated charge at sp3 bonds and carbon 

surrounding vacancy. The surrounding vacancy atom and sp3 bonds in the 

intermolecular linkage between each pair of C60 cages shown in red and green atoms of 

Figure 2.5 Schematic illustration of (a) carbon chain structure in Teflon tape, (b) - (c) 

cutting and stretching of a Teflon tape, respectively, (d) - (e) dangling bonds created 

after cutting, and (f) - (g) carbon dangling bonds formed in Teflon by mechanical 

stretching. (Ma et al., 2012) 
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Figure 2.6(b), respectively. In the case of C60 defect-free, there is an accumulation of 

excess negative charge in all atoms sp3 bond. In the case of C60 defect-free, there is an 

accumulation of excess negative charge in all atoms sp3 bond, whereas, in the case of 

after created carbon vacancy, they get an excess positive charge. The creation of this 

carbon vacancy leads to the appearance of excess spin density and net spin magnetic 

moment associated with each C60 molecule. 

 

a) 

b) 

Figure 2.6 Rh-C60 polymer without (a) and with (b) one vacancy per C60 unit. The 

atoms surrounding the vacancy are shown in red, while the sp3 atoms are shown in 

green (Andriotis et al., 2003). 
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In the graphite case (Lehtinen et al., 2004), the spin-polarized density functional 

theory is used to calculate the magnetic properties of irradiation-induced structural 

defects. When the removal of one carbon atom, each of the three neighboring atoms 

has one sp2 dangling bond. Where two of the nearest atoms to the vacancy site saturated 

by form a weak covalent bond (see in Figure 2.7), resulting in a pentagon-like structure. 

Their calculations demonstrate that vacancies are magnetic. 

 

Moreover, in case of carbon nanotubes (Zanolli et al., 2010), they studied 

various geometrical reconstructions of vacancy-defected CNTs by removing one, two, 

and three carbon atoms from the hexagonal net as shown in Figure 2.8. Figure 2.8(a) 

demonstrate that removing one carbon atom from a hexagonal net, the three carbon 

atoms that surround are left with an unsaturated bond. When the system is relaxed, two 

of the unsaturated carbon atoms will form a weak covalent bond resulting in a 

Figure 2.7 (a) Structure, charge density (e/(A^3 ) ̇), and (b) spin density (e/(A^3 ) ̇) of 

the graphite vacancy. Density plots are slices in the graphene plane (Lehtinen et al., 

2004). 
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pentagonal rearrangement, and left one carbon atom with an unsaturated bond. In cases 

of removing two and three carbon atoms the result shows in Figure 2.8(b) and (c).  

2.2 Effect of humidity treatment on ferromagnetism in carbon-based 

materials  

In case of Teflon tape, in addition to founding ferromagnetism in Teflon tape, 

they also study the effects of humidity-filled environments. Ferromagnetism in Teflon 

tape after annealing in pure Ar is stable under a dry environment after storage in a 

desiccator for a long time. However, the saturation magnetization is decreased after air 

exposure for a long time (seen in Figure 2.6(a)). Moreover, they also found that 

ferromagnetism in Teflon tape does not appear after annealing under water steam. So, 

Figure 2. 8 Models atomic structures of a CNT containing a reconstructed monovacancy 

(a) – (b), divacancy (c) – (d), and trivacancy (e) – (f) in various topological orientations. 

The newly formed carbon bonds (red sticks) and the dangling carbon atoms (red balls) 

are indicated by l and CD, respectively (Zanolli et al., 2010). 

 



 20 

they assume that the decrease in magnetization after a long time of air exposure should 

be attributed mainly to humidity. It is very interesting, they can be switched “on” and 

“off” ferromagnetic state in Teflon tape by performing cyclic annealing in Ar and 

steam, as shown in Figure 2.6(b). They explain that the disappearance of the 

ferromagnetism in Teflon tape after annealing in steam is caused due to the saturation 

of C dangling bonds by attachment of water molecules and due to the relatively weak 

interaction between the C dangling bond and H2O is thus the reason that 

ferromagnetism in Teflon tape can be recovered by annealing at an elevated 

temperature in Ar. 

 

 

a) b) 

Figure 2.9 (a) Hysteresis loops of Teflon tape after annealing in pure Ar (black), after 

storage in a desiccator (red) and after the exposure in air for a long time (blue). (b) 

Saturation magnetization of Teflon tape subjected to alternative annealing in pure Ar 

(black full-square) and water steam (blue open square) at 150 °C for 2 h (the violet star 

represents the as-received tape) (Ma et al., 2012).  
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2.3 Basic knowledge about diamondoid and adamantane 

In our research, we study the ferromagnetism in carbon films which using 

adamantane as a precursor material. Next, we will introduce diamondoid and 

adamantane. 

2.3.1 Diamondoid 

 Diamondoid molecules are cage-like, saturated nano-hydrocarbons. These 

molecules are cage compounds, which has a high ratio of C-sp3:H similar to the nano-

diamond and diamond-like-carbon (DLC). Diamondoids have a carbon-carbon 

framework which is the fundamental repeating unit in the diamond lattice structure. 

This feature demonstrated that diamondoids are very stable compounds. The general 

chemical formula of diamondoid is C4n+6H4n+12 (where n is the number of diamond cage 

subunit). Naturally, a diamondoid occurs from petroleum deposits and has been 

extracted and purified into large pure crystals of polymantane molecules. The first and 

simplest member of the diamondoids group is called adamantane composing of a single 

cage. Figure 2.10, illustrates the smaller diamondoid molecules, adamantane (C10H16), 

diamantane (C14H20), and triamantane (C18H24). Diamondoids have many interesting 

properties including very low work function (Narasimha et al., 2016) and negative 

electron affinity (NEA) (Yang et al., 2007).  

2.3.2 Adamantane 

 Adamantane possesses a cage structure with a formula of C10H16, the smallest 

molecule of diamondoids. Adamantane has a high melting point at around 270  °C, 

which its higher than other hydrocarbons with the same molecular weight. However, 

adamantane slowly sublimes even at room temperature. One interesting property of 

adamantane is NEA effect which the vacuum level is below than the conduction band 
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minimum (Meevasana et al., 2009). These properties are very promising to be used in 

applications such as photodetectors, electron microscopy, and optical devices (Zhou et 

al., 2015 and Drummond, 2007). 

2.4 Diamond like carbon 

Diamond-like carbon (DLC) is a type of amorphous carbon that shows some 

common properties of diamonds. DLC exists in many different forms, however, all 

DLC contains significant amounts of sp3 hybridized carbon atoms (Robertson, 2002). 

Normally, carbon has a variety of forms of crystalline and disordered structures due to 

it can exist in three hybridizations, sp1, sp2, and sp3 (see in Figure 2.11). In the sp3 

configuration, as in diamond, is observed when the mixing character of one 2s-orbital 

and three 2p-orbitals to create four hybrid orbitals with similar characteristics. This 

allows four strong q bonds, which demonstrates the strength of the diamond. There are 

several methods producing DLC, which based on a deposition process such as CVD 

Figure 2.10 First three members of diamondoid series:  adamantane, diamantane and 

triamantane (Meevasana et al., 2009). 
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technique. DLC film has outstanding properties, such as high mechanical hardness, 

chemical inertness, and optical transparency, therefore it has been popular in 

applications. 

 
Figure 2.11 sp1, sp2, and sp3 hybridised bonding (Robertson, 2002). 

 



CHAPTER III  

METHODS 

Our carbon films on sand substrate, which we will so-called magnetic carbon 

sand (MCS) was prepared by the chemical vapor deposition technique using 

adamantane as a precursor. Therefore, in this chapter, firstly we will explain the 

chemical vapor deposition technique. Second, we will introduction scanning electron 

microscopy (SEM), and Raman spectroscopy which used to study the characterization 

of MCS. After that, the vibrating sample magnetometer (VSM) which used to study the 

magnetic properties of our carbon films is described in this chapter. Finally, we will 

explain the method to study the effect of humidity treatment on MCS’s magnetism by 

boiling process. 

3.1 Chemical vapor deposition technique 

Chemical vapor deposition (CVD) is a technique that involves depositing a 

precursor material from a gaseous phase used to create both purity and amorphous 

films. Before the deposit in CVD-process begins, the coating chamber and substrate are 

held at a high temperature. This high temperature and the presence of a reducing 

atmosphere result in the decomposition of precursor molecules which are subsequently 

deposited onto the surface of the substrate. The precursor gaseous phase generated in 

an external chamber was transferred to the coating chamber and deposited onto the 

active surface of the substrate. The purity of the film depends on many parameters, 
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including the substrate temperature, quality of the atmosphere in the coating chamber, 

and the active surface of the substrate. 

In our CVD system, the carbon films were prepared on sand substrates, the sand 

is crushed to make similar sizes. The substrate was placed on a holder inside a furnace. 

The films will be prepared in near-vacuum with the pressure around 10−5 torrs. For 

deposition as a film, we heated the substrate from room temperature until around 1,050 

°C, and then the adamantane precursor gaseous phase generated in an external chamber 

was transferred to a furnace chamber. 

3.2 Scanning electron microscopy (SEM) 

 Scanning electron microscopy (SEM) is an important technique of electron 

microscopy that is used to generate a detailed visual image of materials with high-

quality and spatial resolution. The SEM instrument is based on the principle that 

accelerated electrons carry of kinetic energy, and provide electron signals produced 

when these electrons interact with the atom of the specimen. These electron-specimen 

Figure 3.1 Schematic show our chemical vapor deposition (CVD) system, where the 

vacuum pump and argon will be used to clean the system. 
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interactions will emit a variety of signals due to electric charge field interaction of 

incoming electrons with specimen nucleus and electrons, including secondary electrons 

(SEs), backscattered electrons (BSE), photons (characteristic X-rays that are used for 

elemental analysis and continuum X-rays), visible light (cathodoluminescence-CL), 

and heat. The two commonly used electrons for image creation are the secondary 

electrons and backscattered electrons. Secondary electrons originate from the atoms of 

the sample, they are a result of inelastic interactions between the electron beam and the 

specimen. The location of secondary electron productions that are very close to the 

sample surface, so, secondary electrons are an important signal for showing 

morphology and topography on samples. Backscattered electrons originate from the 

primary electron beam that is reflected back after elastic interactions between the 

electron beam and the specimen. Secondary and backscattered electrons escape from 

different depths of the sample, backscattered electrons escape from a depth of several 

times greater than the depth of secondary electrons (shown in Figure 3.3), and therefore 

their energy remains different. Backscattered electrons images contain information for 

illustrating the contrast of different atom in the sample, the higher the atomic number, 

the brighter the material appears in the image. X-ray generation is produced by inelastic 

scattering of the primary electrons with inner shell electrons of atoms in the sample, 

this characteristic is used for elemental analysis.  

 In this work, scanning electron microscopy (SEM, ZEISS Auriga) was used to 

characterize the morphology of the MCS, organized by The Center for Scientific and 

Technological Equipment (CSTE), Suranaree University of Technology. 
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Figure 3.3 The interaction of an electron beam with specimen and the signal emitted 

from the sample. 

Figure 3.2 Mechanisms of emission of secondary electrons, backscattered electrons. 
 

 



 

 

28 

3.3 Energy dispersive X-ray spectroscopy (EDS) 
 Energy-dispersive X-ray spectroscopy (also known as EDS, EDX, or EDXA) is 

a standard technique that enables the user to identify and quantifying elemental 

compositions in a specimen. As mentioned in section 3.2, the electron beam excites the 

atoms on the sample surface, electrons are ejected from the atoms comprising the 

sample surface. The electron vacancies are filled by electrons from a higher state, and 

then those atoms emitting specific wavelengths of X-rays that are characteristic of the 

atomic structure of the elements (see in Figure 3.4).  These characteristics X-ray emitted 

of different wavelengths or different energy can be detected by energy dispersive 

spectrometer. When an incident x-ray incident with the detector, it creates a charge 

pulse that is proportional to the energy of the x-ray. The charge pulse is converted to a 

voltage pulse, which remains proportional to the x-ray energy. The limitations of EDS 

is cannot measure the light elements (such as H and He) and its detection limits are 

about 1000 ppm by weight.  

 

 

Figure 3.4 Mechanisms of emission of characteristic X-rays from atoms of the sample. 
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3.4 Raman spectroscopy 

 Raman Spectroscopy is a nondestructive and requires little sample preparation, 

that provides detailed information about chemical structure, chemical bonding, and 

intramolecular bonds. This technique is based on inelastic light scattering with the 

chemical bonds within a material and observed vibrational modes and frequency 

modes. In general, Raman spectroscopy uses a monochromatic light source. When a 

high-intensity light is irradiated on molecules of the specimen, a molecule scatters 

incident light. General, the scattered light is both elastic and inelastic (shown in Figure 

3.5). Most of the scattered light has the same wavelength as the light source, this is 

elastic scattering light and it's called Rayleigh Scatter. However, a small amount of light 

is scattered has different wavelengths from the incident light, due to the interaction 

between the oscillation of light and molecular vibration. This is inelastic scattering light 

and it's called Raman Scatter. Due to this change in wavelength is specific to molecular 

vibration and phonon, therefore use this information to analyze the composition of the 

material information by analyzing the spectrum of Raman scattered light. Raman 

spectrum showing the intensity and wavelength position of the Raman scattered light. 

Each peak corresponds to a specific molecular bond vibration, including individual 

bonds. Figure 3.6 shows an example of the Raman spectra of adamantane. 

 In this work, to obtain information on the structure in our MCS were 

characterized by Dispersive Raman spectroscopy (Bruker, Senterra II), organized by 

Synchrotron Light Research Institute (SLRI) using a green laser of 532 nm at a power 

of 12.5 mW. 

 

 

 



 

 

30 

 

 

Figure 3.6 Raman spectra of adamantane powder. 

 
 
 

Figure 3.5 Types of scattering processes that can occur when light interacts with a 

molecule. 
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3.5 The vibrating sample magnetometer 

 The vibrating sample magnetometer (VSM) is one of the instruments used to 

measure the magnetic moment of a sample with very high precision. A vibrating sample 

magnetometer based on Faraday's Law of Induction, which describes that a changing 

magnetic field or magnetic flux (F) will generate an electric field, as shown in equation 

3.1. This electric field can tell us information about the changing magnetic field. 

! = 	−%Φ%'  (3.1) 

In the VSM measurement setup, the sample which is fixed to the sample rod is 

placing in a constant and uniform external magnetic field which induces a 

magnetization in the sample by aligning the magnetic domains. The change in magnetic 

flux will originate when the sample is then vertically vibrated in a uniform external 

magnetic field. This magnetic flux is changing as a function of time and can be sensed 

by a set of pick-up coils. A schematic for VSM is shown in Figure 3.7. The uniform 

external magnetic field varies over a given range, and a plot of magnetization (M) 

versus magnetic field strength (H) is generated, this plot called the hysteresis loop. 

In this work, we used VSM to study the magnetic property of MCS, the VSM 

(the Quantum Design VersaLab Instrument) organized by Khon Kaen University, 

operated at the applied magnetic field between -15 and 15 kOe. 
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Figure 3.7 Schematic representation of a vibrating sample magnetometer. 

3.6 Study effect of humidity treatment on MCS’s magnetism 

To study the effect of humidity treatment on the ferromagnetism of MCS. We 

use the boiling process to accelerate the attachment of water molecules and carbon films 

on MSC. The MCS will be boiled in DI water at 150 °C until the DI water evaporates 

completely. We will measure the magnetism of the MCS before and after the boiling 

process by VSM.  

 

 



CHAPTER IV 

RESULTS AND DISCUSSION 

The ferromagnetism behavior can be observed in the carbon film on the sand 

substrate, which we called MCS, prepared by CVD technique which using adamantane 

as a precursor. The physical properties of MCS were studied by scanning electron 

microscopy, we will be shown in section 4.1.  The elemental analysis of the MCS was 

performed by using energy dispersive x-ray spectroscopy equipped on SEM, which will 

also be described in this section. Section 4.2 demonstrates ferromagnetism in MCS 

which measured by the vibrating sample magnetometer. Ferromagnetism in MCS could 

be decreased after the specimen attachment with humidity, will also be presented in this 

section. In order to study the ferromagnetism occurring in our sample, the Raman 

spectrum is used to characterize the changed structure of adamantane before and after 

the CVD process, which described in section 4.3.

4.1 Characterization of the MCS morphology 

4.1.1 Physical characteristics of MCS 

As mentioned in Chapter III, regarding the MCS preparation, we use 

adamantane powder to prepared carbon film on the sand substrate by CVD-technique. 

Figures 4.1(a) and 4.1(b) show the color and magnetism behavior of a raw sand and 

MCS. It is clearly seen that its color change from white to black as well as the switching 

of magnetism from non-responsive to attractive with a permanent magnet. Non-

magnetic raw sand grains after coated with carbon films by CVD technique could stick 
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 to around the edges of a strong permanent magnet. This response to permanent magnets 

demonstrated the occurrence of weak ferromagnetic properties in these grains sand 

coated with carbon film. Figures 4.1(c), (e) and Figures 4.1(d), (f) show the SEM 

images of raw sand and MCS whose morphologies change from a very rough surface 

to the spreading of the irregular shaped particles over the whole surface, and the size of 

Figure 4.1 Color and magnetic responsibility of (a) raw sand and (b) MCS prepared 

CVD technique using adamantane as a precursor. The SEM micrographs represent the 

surface morphology with 0.3k magnification of (c) raw sand, (d) MCS and with 30k 

magnification of (c) raw sand, (d) MCS. 
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each irregular shaped particles is approximately 200 nm. This solid difference of their 

surface morphologies suggests the formation of carbon particles on sand which may 

play an important role in the observed ferromagnetism in MCS.  

4.1.2 Energy dispersive x-ray spectroscopy of MCS 

In order to verify that the magnetic saturation values that appear are not from 

magnetic metals (such as Fe, Ni, and Co) which are enough to explain our signal. We 

used EDS to observe the elements that are elements of MCS, which we found four main 

elements: C, O, Ca and Si, at various positions of the sample as shown in Figure 4.2). 

We have observed no trace of magnetic elements (signals of Fe, Ni, and Co are located 

at 6.398 eV, 6.924 eV, and 7.471 eV respectively), within experimental error. 

Figure 4.2 Energy dispersive x-ray spectra of MCS, inset reveals the non-magnetic 

elements signal. 
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Figure 4.3 (a) M-H hysteresis loop of sand (black), adamantane powder (green) and 

MCS (red) before subtracting the diamagnetic background. (b) Corrected M-H curves 

of MCS (red), inset shows the magnified curves near the hysteresis loop center. 

 

a) 

b) 
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4.2 The magnetic property of MCS 

Figure 4.3(a) shows the M-H curves of raw sand (black line), adamantane (green 

line), and MCS (red line) measured using VSM. We applied the external magnetic field 

in the range between -15000 and 15,000 Oe at room temperature. It is seen that the 

adamantane powder and raw sand present diamagnetic behavior while the MCS 

exhibits the mixed between ferromagnetic and diamagnetic features. To analyze the 

saturation magnetization, the magnetic signal of MCS has been corrected by subtracting 

its curves by the diamagnetic signal. The corrected MCS signal is shown by the red 

curve in Figure 4.3(b). The saturation magnetization (Mtotal) calculated using the total 

mass (sand and carbon mass) after subtraction the diamagnetic signal was observed 

with to be around 72 m-emu/g. We then calculate the lower-bound value of the 

saturation magnetization of the only carbon film (excluding the mass of sand) by 

knowing that the mass ratio between adamantane precursor and sand particles (0.15 g/ 

2 g = 0.075) and hence if all the adamantane precursor remains on sand particles after 

the CVD process, the lower-bound value is then equal to 72 m-emu/g divided by this 

ratio 0.075 or approximately ~1 emu/g. This value is higher than the previous magnetic 

carbon-films (Sangphet et al., 2018, Saito et al., 2011). However, the adamantane 

precursor is not completely coated on the sand substrate, since there is still a carbon 

film coated in the coating tube chamber. In addition, inset Figure 4.3 shows the 

magnified curves near the hysteresis loop center. This indicates that the magnetization 

value of MCS back to zero or coercivity point (Hc) when a magnetic field in the opposite 

direction has to be applied is around 100 Oe. 
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 Moreover, we also study the relationship between temperature and the 

saturation magnetization of MCS. The saturation magnetization of this specimen 

increases as temperature decrease as indicated by the hysteresis loop of our MCS at 

various temperatures between 150 K and 300 K as shown in Figure 4.4. Inset Figure 

4.4 shows the saturation magnetizations of this MCS at various temperatures. Note that 

the specimen, used in this study of temperature dependence, is prepared from uncrushed 

sand, therefore, the size of MCS prepared from sand grains is larger than MCS prepared 

from crushed sand (the ratio of carbon to total mass is less). 

4.3 Raman spectrum of MCS 

As proposed in other investigations of ferromagnetism in carbon-based 

materials, it has been suggested that the ferromagnetism in such systems are originated 

from the intrinsic structural defects. For example, ferromagnetic behavior can be 

Figure 4.4 M-H curves of MCS at various temperature between 150 K and 300 K. Inset 

shows the saturation magnetization increased as measuring at lower temperature. 
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observed in such carbons prepared by either pyrolysis or the CVD techniques (Sangphet 

et al., 2018, Saito et al., 2011) at around 1,000 °C which suggests the emergence of 

unpaired electrons due to the structural defects in the graphite-like structure. As seen in 

our Raman spectrum (Figure 4.5), there is a clear difference between the adamantane 

feature and our MCS. The Raman peak positions of MCS reveal the D peak at around 

1,349 cm-1, corresponding to disorder of carbon bonding, the G peak at around 1,591  

cm-1 corresponding to sp2 bonding or graphite peak. This feature indicates that the 

adamantane becomes the graphite-like structure after the CVD process. In addition, 

structural defects may occur during the CVD process with temperatures up to 1050 °C. 

Here, it could be concluded that the ferromagnetic behavior observed in our MCS is 

attributed to the structural defects of the formation of graphitic carbon film on the sand.  

Figure 4.5 Raman spectrum of (black) adamantane powders and MCS (red) shows 

signals of G-peak, relating for sp2, D-peak, relating for sp3. 
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4.4 Effect of humidity treatment on MCS’s magnetism 

Moreover, we also study the effect of humidity treatment on the ferromagnetism 

of MCS by boiling our sample in DI water to accelerate the attachment of water 

molecules and carbon films. The blue curve in Figure 4.6 shows the M-H curve of the 

boiled-MCS whose saturation magnetization was observed to be decreased from 72 m-

emu/g to 53 m-emu/g. By focusing on the mechanism during the humidity treatment, 

there are at least two possible scenarios occurring upon boiling which are the adsorption 

of water molecules and carbon peeling. In the first case, the decrease of saturation 

magnetization in boiled-MCS might be achieved if water molecules are attached on the 

surfaces of MCS similar in the case of water-annealed Teflon tape (Ma et al., 2012). 

The decrease of magnetization could be described by the saturated of unpaired electrons 

or dangling bonds where those defects are eliminated when attached to the water. To 

support this assumption, we have measured the Raman spectrum of MCS before and 

after boiling in DI water. Figure 4.7(a) shows the Raman spectra of MCS (red) and 

boiled-MCS (blue). Raman spectra of boiled-MCS reveal the peak at around 3651  

cm-1, which corresponding to a peak of water. Note that S.H. Park has reported that the 

Raman shift of water vapor is 3657 cm-1 (S.H. Park et al., 2010). This feature in the 

Raman spectrum demonstrates that water molecules are attached to MCS after boiled 

in DI water. In addition, the ratio of G and D peak area (AG/AD) decreased after boiling. 

The average ratio of G and D peak intensities before and after boiling was 0.95 and 

0.79, respectively. Figure 4.7(b) and (c) shows the curve fitting of the Raman spectrum 

of MCS and boiled MCS, respectively. Moreover, then steaming also causes a similar 

effect on MCS's magnetism as boiling. We have steamed our samples which have 

reduced the saturation magnetization of MCS. Figure 4.8 shows the magnetization 
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curves of MCS before and after steam. We note that the effect of carbon peeling may 

not play a significant role in the decrease of magnetization because 1) there is no 

significant change in the total mass of our MCS after boiling and 2) if the surface is 

peeled, they may result in more carbon dangling bonds which can increase the 

magnetization instead (Sangphet et al., 2018).  

To further understand the effects of humidity on the magnetic property of MCS, 

the cyclic of boiling in DI water and annealing in Ar at 150 °C for 2 h was performed. 

Using MCS with the average saturation magnetization of 74 m-emu/g, and then the 

saturation magnetization of MCS decreases after boiled in DI water. Moreover, we 

found that the saturation magnetization can be recovered by annealing in Ar gas at 150 

°C even though it isn’t fully recovered. The saturation magnetization of MCS can be 

decreased and recovered by performing cyclic between boiling in DI water and 

annealing in Ar gas, as shown in Figure 4.9(a). The presence of water molecules in 

MCS was examined using Raman spectroscopy. A peak at Raman shift of 3,651 cm−1, 

assigned to adsorbed water molecules, was found in the MCS after boiled (shown in 

Figure 4.9(b).  After annealing in Ar, the peak intensity decreased, however, it increased 

again with a similar intensity after boiled and decreased again after annealing in Ar gas. 

In addition, the Raman spectrum also shows the change of AG/AD after performing each 

step of cyclic between boiling in DI water and annealing in Ar. This ratio decreased 

after the MCS was boiled in DI water and increased after the MCS was annealed in Ar. 

However, the change of this ratio in the second time of MCS after performing cyclic 

between boiling and annealing was less than that of the first time. 
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Figure 4.6 Hysteresis loop of MCS before(red) and after(blue) boiled, inset shows the 

magnified curves near the hysteresis loop center. 
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Figure 4.7 (a) Raman spectrum of MCS (red) and boiled MCS (blue). The curve 

fitting of the Raman spectrum of (b) MCS and (c) boiled MCS. 

 

(b) 

(a) 

(c) 
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Figure 4.8 Magnetization curve of MCS (a) before and (b) after steam 2 h. 

Figure 4.9 (a) the saturation magnetization (M) of MCS after performing by cyclic of 

boiling in DI water (blue full circle) and annealing in pure Ar (red full-square) at  

150 °C for 2 h, the black full-triangle represents MCS. (b) Raman spectrum of MCS 

after performing by cyclic of boiling in DI water and annealing in pure Ar at 150 °C 

for 2 h.  

 



CHAPTER V 

CONCOUNDTION 

5.1 Conclusion of study ferromagnetism in MCS 

In conclusion, the ferromagnetic MCS prepared by the chemical vapor 

deposition (CVD) at 1,050 °C using adamantane as a precursor material exhibits the 

saturation magnetization of 72 m-emu/g at room temperatures. If we assume that the 

ferromagnetism occurs only in carbon film, and we calculate the lower-bound value of 

the saturation magnetization of the only carbon film by knowing that the mass ratio 

between adamantane precursor and sand particles (0.075) and hence if all the 

adamantane precursor remains on sand particles after the CVD process, the saturation 

magnetization is approximate ~1 emu/g. Our Raman spectrum of MCS reveals various 

carbon bonding, not only sp3. This feature indicates that the adamantane structure has 

changed after the CVD process. We assume that the emergence of unpaired electrons 

or dangling bonds due to carbon bonds was broken during the CVD process.

This magnetic particle is robust where its magnetization still remains 53 m-

emu/g (74% of the MCS magnetization) under humidity treatment. The decrease of 

saturation magnetization could be described by the saturated of unpaired electrons or 

dangling bonds that are attached to the water. Moreover, the saturation magnetization 

of MCS can decrease and recover by the cyclic of boiling in DI water and annealing in 

Ar. After annealing in Ar, the Raman peak of water decreased and increased again after 

boiled. Raman spectrum reveals the Raman shift of water vapor after boiled MCS. In 

addition, the boiling process also affects the ratio of G and D peak intensities (AG/AD), 
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this ratio decreased after MCS was boiled and increased after MCS was annealed in Ar. 

This finding suggests the inexpensive and bio-compatible ways to produce magnetic 

carbon materials which can be applied in large-scale magnetic shielding and medical 

treatment applications. 

5.2 Future direction  

Ferromagnetism in MCS is originated from unpaired electrons or dangling bond 

due to the intrinsic structural defects. I would like to optimize various parameter, such 

as mass of precursor, deposition temperature, and pressure in CVD-system for defining 

strength ferromagnetism in MCS. In medicine, efforts have been made to develop drug 

delivery within the human body using magnetic nanoparticles. I believe that our MCS 

will be a way to develop this drug delivery system because it's inexpensive and bio-

compatible. 
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