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In the present work, the magnetic properties of several carbon materials were 

investigated. The materials are sp2 carbon allotropes, the magnetic properties of which 

are determined by intrinsic carbon properties or are caused by modification with 

nonmagnetic agents. Magnetic characterization was mainly performed by SQUID 

magnetometry. It is shown how anisotropy of diamagnetic properties can be used for a 

nondestructive analysis of the alignment of carbon nanotubes in a hosting material. The 

performed investigation of aniline functionalized graphene revealed the development of 

antiferromagnetic ordering with a transition near T = 120 K. This transition was found 

to be a subject of ageing, resulting in the disappearance of the transition with time. The 

changing over time magnetism was also observed in fluorinated graphite. Our 

experiments demonstrated that antiferromagnetism is evolving in the fluorinated 

graphite, resulting in the growth of a wide antiferromagnetic peak at T = 200-280 K. 

The type of magnetism of fluorinated graphite was found to be sensitive to fluorine 

content. While C3F samples demonstrated only the transition from a nonmagnetic to an 

antiferromagnetic state, C2F also had a strong superparamagnetic peak below T = 40 K 

in the as-prepared condition. The main difference between the results of the fluorinated 

graphite and the functionalized graphene is that ageing resulted in the opposite changes. 

In the case of the fluorinated graphite, magnetic response and antiferromagnetism grow, 

while in functionalized graphene this vanishes with time. We assume that the origin of 

antiferromagnetism in both cases is due to the formation of linear sp3 defects on the sp2 

plane of carbon and the observed change over time can explain some problems with the 

reproducibility of experiments on carbon-based magnetism. 

Keywords: carbon materials, unconventional magnetism, graphene, graphite, 

functionalized graphene, fluorinated graphite, carbon nanotubes, SQUID magnetometry, 

spin ladders, changeover of magnetic properties.  
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Nomenclature 

 

SQUID superconducting quantum interference device 

FC field cooling 

ZFC zero field cooled 

ESR electron spin resonance 

STS scanning tunnelling spectroscopy 

STM scanning tunnelling microscopy 

XRD x-ray diffraction 

XMCD x-ray magnetic circular dichroism 

EDS energy dispersive spectroscopy 

XPS x-ray photoelectron spectroscopy 

CVD chemical vapour deposition 

0D zero dimensional 

1D one dimensional 

2D two dimensional 

3D three dimensional 

HOMO highest occupied molecular orbital 

LUMO lowest unoccupied molecular orbital 

DOS density of states 

DC digital current 

HOPG highly oriented pyrolytic graphite 

CNTs carbon nanotubes 

SWCNTs singlewall carbon nanotubes 

MWCNTs multiwall carbon nanotubes 

GO graphite oxide 

ITO indium tin oxide 

VTI variable temperature insert 

emu electromagnetic unit 

𝐁 magnetic induction 

𝐌 magnetization 

𝐌𝑠 saturation magnetization 

𝐌𝑟 remanent magnetization 

𝐇 magnetic field strength 

𝐇𝑐 coercive force 

𝑇 temperature 

𝐷 diameter 

𝜒 magnetic susceptibility 

𝑔 g-factor 
μB Bohr magneton 

kB Boltzmann constant 

𝐵𝑠 Brillouin function 

𝐽 total angular momentum 
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𝑁 spin concentration 
𝐶 Curie constant 
Θ Weiss constant 
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1 Introduction 

Due to the prevalence of carbon in our world, carbon materials have attracted people’s 

attention for many centuries. Carbon plays a crucial role in organic chemistry from 

DNA formation to the all-known production of polyethylene bags. Thus, it can be found 

in any living or dead species. One of its isotopes is used for radiocarbon analysis for 

determining the age of organic-containing objects. It can be found in any place from a 

school pencil case up to nuclear power plant reactors. Such abundance is explained by 

the extremely rich chemistry of carbon.  The variety of its polymorphs and compounds 

is probably the most diversified in our world.  

The list of properties and polymorphs of carbon materials is so rich, that it is difficult 

even to mention all of them within one book. The present research was focused on 

materials, which can be structurally described as “graphene-based”: these are mainly sp2
 

hybridized carbon materials and their modified derivatives. Carbon materials like 

graphene, carbon nanotubes, fullerenes and nanoribbons are among the most known and 

discussed objects in modern scientific society. They are distinguished by outstanding 

mechanical, conducting, optical and many more exotic phenomena based on quantum 

effects. During the last three decades, there were two Nobel prizes awarded for research 

focused on carbon allotropes: the 1996 Nobel Prize in Chemistry for the discovery of 

fullerenes and the 2010 Nobel Prize in Physics for groundbreaking experiments 

regarding the two-dimensional material graphene. 

Because of their outstanding properties, carbon materials are expected to be widely used 

in many applications: from a simple strengthening of composite materials to usage as a 

base for novel spintronic devices where quantum effects are prevalent. Currently, most 

real applications utilize electrical and thermal conductivity, optical properties, or 

extraordinary mechanical characteristics. In the case of graphene, many of these 

properties were predicted by theoretical works even before the real material was 

fabricated and tested in laboratories, although there are several worse developed and 

understood features of carbon materials. One such problematic field is magnetic 

interactions in metal-free graphene-based materials.  

Now it is well known that initially diamagnetic properties of graphitic materials are 

greatly affected by defects [1–4]. Thus, creating defects like partial graphitization, 

adatoms, vacancies or any other defect may lead to the emergence of paramagnetism, 

which is usually revealed by a low-temperature Curie-like term in magnetic 

susceptibility measurements. Many researches have demonstrated that in certain 

conditions these defect-based paramagnetic centres interact and magnetic phenomena 

like ferro- or antiferromagnetism can be observed [1,4–9]. Induced magnetism is 

predicted to be affected even by the flexure of graphene [10], though it is most likely 

that extended linear defects play a crucial role in such behaviour [9,11]. For example, 

when a graphene edge is cut in a zigzag direction, the zigzag edges produce a flat 

energy band where electrons have an infinite effective mass [12]. This means the 

localization of electrons resulting in the extremely high electronic density of states, the 
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so-called “peculiar” edge states. The created magnetic moments strongly interact 

inducing the spin polarization of electrons. Zigzag edges of graphene are theoretically 

considered a basis for novel spintronic devices even though no true long-range magnetic 

order is possible in one dimension [13]. The significance of graphene derivatives for 

spintronics can be verified by many published works, including a major chapter in the 

review “The 2017 Magnetism Roadmap”, where special attention was given to the 

prospect of graphene-based materials [14]. 

The magnetism of graphene and its derivatives has been studied in many theoretical 

works. The problem is that the amount of high-level theoretical works noticeably 

exceeds the number of experimental works. Moreover, there is still no general theory 

which will make it possible to describe the magnetism of carbon allotropes. 

Furthermore, some of the experimental works are in contradiction, arguing about the 

mechanism of magnetic ordering and the role of magnetic contaminations. The problem 

of reproducibility of experimental results also exists. For example, zigzag edges are 

prone to passivation and reconstruction, whereas random attachment of nonmagnetic 

adatoms has most often led only to spin-half paramagnetism [3,15]. Nowadays, the most 

popular and studied graphene derivatives are hydrogenated graphene [16–18], 

fluorinated graphite [16,19,20], and proton-irradiated highly-oriented pyrolytic graphite 

[7,21,22]. Therefore, additional attention should be given to graphene nanoribbons [23]; 

these experiments are reviewed in Chapters 2 and 5. However, it still can be stated that 

the topic of the magnetic properties of carbon materials suffers from a lack of reliable 

experimental works which will either approve or refute the theoretical expectations. It is 

exactly this experimental problematic area which was the core idea of the present 

research.  

Overall, studying the magnetism of graphene and its derivatives is an extremely 

interesting and complicated task. It has both fundamental and practical value. First is 

based on the phenomena of magnetism in metal-free systems, similarly to some known 

and widely investigated molecular magnets. The practical interest is based on the 

possibility of controlled modification of magnetic properties of graphene-based 

materials. The combination of magnetism and conductivity or semiconductivity makes 

magnetic graphene derivatives a promising material for utilization in novel spintronic 

devices. Moreover, biocompatibility and the possible chemical functionalization of 

carbon can be utilized in medical applications, e.g., for targeted drug delivery and 

hyperthermia cancer treatment.  

In the present research, the most significant results were obtained in the case of 

fluorinated intercalated graphite, which to some extent can be considered separate 

graphene layers. The research also included experiments with pure and functionalized 

graphene, clean and modified graphite, carbon coal, and carbon nanotubes. The results 

of these works are discussed further in the text. 

Studying carbon-based magnetism requires knowledge of possible carbon allotropes and 

modifications because these can easily coexist in a sample and such studying requires 
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precise control and analysis of all steps starting from chemical processes in graphene 

derivatives production. An additional essential factor was the technique of magnetic 

characterization; studying the magnetism of graphene derivatives is more complicated 

than measuring classical magnetic materials. This is because of the low magnitude of 

observed magnetic phenomena and unusual features like the time evolution of 

magnetism. This is described in the publication about fluorinated graphite and 

functionalized graphene of this research. Thus, this research was not focused purely on 

studying magnetism, but also included synthesis and characterization problems. All 

these aspects may affect magnetic properties. Consequently, they are all discussed in 

this text. 

In Chapter 2 the structure, general physical and chemical properties of main carbon 

allotropes are described and includes graphite, fullerenes, carbon nanotubes, graphene, 

and modified graphene. The band structure of graphene is described in detail, as 

changes in it are the main reason for the observed changes in magnetic response. 

Special attention is given to modified graphene because it can demonstrate unusual 

magnetic properties, while pure graphene or graphite must be predominantly 

diamagnetic. 

In Chapter 3, an overview of graphene production techniques is given. Despite 

graphene not being the only allotrope, where the emergence of magnetism is possible, 

graphene is probably the most promising, the most studied, and the problem of its 

production is more vital compared to nanotubes or graphite. The focus in this chapter is 

on the quality of obtained graphene, as it can determine the possible magnetic behaviour 

of pure and modified graphene. Moreover, the throughput of the production technique is 

significant for the choice of possible modification and characterization methods. The 

production capacity is important because a considerable amount of graphene is required 

for most characterization techniques. 

In Chapter 4, the magnetic characterization techniques are reviewed. The focus is on 

SQUID magnetometry since it was the area of my responsibilities in most experimental 

works. In addition, a brief overview of the physical background and capabilities of 

Electron Spin Resonance (ESR), Scanning Tunnelling Spectroscopy (STS) and X-ray 

absorption spectroscopy are given. 

In Chapter 5, the basics of magnetic characterization and magnetic behaviour of 

graphene and its derivatives are reviewed and the basic diamagnetic properties with the 

temperature dependence of diamagnetism are described. In addition, the evolution of the 

paramagnetic term of magnetic susceptibility is described as a function of introduced 

defects. A review of theoretical and experimental results regarding the emergence of 

magnetic ordering and the correlation of magnetic ordering with structure is also given. 

Chapter 6 is an overview of the publications of this research and includes a description 

of the magnetism of carbon nanotubes in the polymer matrix, functionalized with 
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anilines graphene, magnetism observed in carbon coal, and the time evolution of 

magnetism in fluorinated graphite and graphene functionalized by nitrophenyl. 
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2 Graphene-based materials: forms, properties and 

applications 

Graphene is an allotrope modification of carbon. Despite its novelty, graphene became 

one of the most groundbreaking, studied and promising materials of the last fifteen 

years. In general, graphene is simply a one atom thick layer of carbon. Carbon atoms in 

it are arranged in a hexagonal lattice with sp2 hybridization within a layer. Everything is 

alike in the well-known graphite, but if only one atomic layer is taken. However, this 

material and its properties were found to be much more impressive and important than 

one may assume at first sight. 

As a single graphite layer, graphene was theoretically studied for over sixty years [24] 

before the first experimental work was done consciously. However, these theoretical 

investigations were mainly done because one atom thick graphite is a convenient 

simplification for a calculation of bulk properties. Taking only one of the graphite 

layers makes the calculations of properties easier [25]. It is interesting to note, that most 

probably some groups had obtained graphene before research at the Manchester 

laboratory [24]. However, these works did not receive much attention. One of the main 

reasons was that 2D crystals like graphene were considered to be unstable at any finite 

temperature [26]. In other words, theoretical expectations about graphene were that it 

was not possible to isolate it, and therefore experimental laboratories were not excited 

about it.  

Nevertheless, the situation changed when the scientific group of Andre Geim from the 

University of Manchester published the work titled “Electric Field Effect in Atomically 

Thin Carbon Films” [27]. For that work, the group produced several graphene samples 

and measured their electrical properties. The importance of this work is that it was the 

first experimental proof of the possible stability of 2D crystals and measured the 

electrical properties of 2D graphene. However, in the original research, only high 

carriers’ mobility was measured. The expected zero band gap and linear energy 

dispersion were not observed. This was probably because of the relatively low quality 

of the first graphene. Nevertheless, observed dependencies followed theoretical 

predictions [26], and the significance of these results was extremely high. In 2010, six 

years after the first publication of the results Geim and Novoselov were awarded the 

Nobel Prize in Physics “for groundbreaking experiments regarding the two-dimensional 

material graphene”.  

The stability of 2D crystals has opened a new field of 2D materials, and silicon, 

germanium, black phosphorus, boron nitride and some other 2D crystals now exist 

[28,29]. All new 2D materials demonstrate new physical properties and effects, and new 

applications are designed for the utilization of these materials. However, for this 

research, the motivation for focusing on graphene is that it can be considered as a 

building block for all other sp2 hybridized carbon materials. An illustration of the 

building of main sp2 carbons (graphite, nanotubes and fullerenes) is given in Figure 2.1.  
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Figure 2.1: Building of sp2 carbon materials from a 2D graphene sheet: wrapping into 0D 

fullerenes, rolling into 1D nanotubes or layering into 3D graphite. Image is taken from [26]. 

Strictly speaking, graphite, nanotubes, fullerenes and other carbon materials with sp2 

hybridization are not produced from graphene. Otherwise, it is more frequent that 

graphene is produced from nanotubes or graphite. Moreover, in non-planar structures 

like nanotubes or fullerenes, the hybridization is not exactly sp2 because of the 

deformation of the surface and electron orbitals. In these cases, the hybridization is in 

between sp2 and sp3. The precise value depends on the curvature of the surface, which is 

connected with the size of a carbon structure. Nevertheless, most properties of these 

materials can be theoretically derived from graphene with good accuracy [30].  

Importantly, many approaches exist to modify the properties of graphene-based 

materials, which locally changes the hybridization of some carbon atoms to sp3. For 

example, this can be done by attaching adatoms or functional groups to basal planes and 

partial graphitization. Such modification is especially essential for emerging magnetic 

moments and magnetic ordering in graphene-based materials.  

Though all sp2 carbon materials are structurally based on graphene, every polymorph 

still has some specific properties and effects. Moreover, one of the key problems in 

studying the magnetism of graphene derivatives is the extremely strong sensitivity of 

the graphene band structure to any impact. Thus, working in this area requires an 

understanding of all possible ongoing effects in such structures. For this purpose, in this 
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chapter the structure, main parameters and properties of the most common sp2
 carbon 

allotropes are briefly discussed. 

2.1 Graphite 

Graphite has been a known allotrope modification of carbon for a long time. It is the 

most stable carbon allotrope, which can be easily found as a fossil. As shown in Figure 

2.2, this material is a stack of graphene layers, held together by weak Van der Waals 

forces. Graphite is widely used to produce graphene (described further in Chapter 3). 

The structure, impurities and other defects can significantly affect the properties of 

graphene, including magnetism. 

The graphite structure is shown in Figure 2.2. Carbon atoms within the graphene plane 

in graphite are covalently bonded (sigma bonds). The length of these bonds is 0.141 nm 

and the strength is 524 kJ/mole. The fourth valence electron is paired with a similar 

electron from adjacent graphene layer by π bonding (weak Van der Waals) only by 7 

kJ/mole [31]. Note that the circles in Figure 2.2 do not represent the actual size of 

carbon atoms; the atomic radius of the carbon atom is nearly 70 pm and the distance 

between the centres of the nearest atoms within the graphene plane is 141 pm. Thus, in 

practice, there is no free space between the nearest neighbours. The density of graphite 

without imperfections is approximately 2.26 g/cm3 [31]. 

Three possible variants of graphene planes layering into graphite exist: -ABAB- 

hexagonal or Bernal graphite, -ABCABC- rhombohedral, and metastable orthorhombic 

-AA- [32]. Bernal -ABAB- graphite (Fig. 2.2) is the lowest energy modification and is 

thus the stable and the most common. The interplanar spacing in Bernal and 

rhombohedral graphite is 0.335 nm, which is more than double the interlayer distance. 

Graphene layers in -ABAB- graphite are superimposed every second layer; the most 

unstable modification is -AA- graphite, where the interplanar spacing is 0.353 nm and 

all graphene layers are superimposed along the c axis [33]. This graphite is extremely 

rare and is more common in terms of few-layer graphene. In the -ABCABC- graphite 

every third layer is superimposed, and this graphite is never found in its pure form but 

always exists in combination with the Bernal graphite. It reverts to the Bernal graphite 

via heat treatment at T > 1300 °C. Up to 40% of rhombohedral graphite can be found in 

some natural and synthetic materials [31]. The different types of stacking affect the 

electronic properties, which is especially important for the few-layers graphene [3, 4]. 
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Figure 2.2: Crystal structure of graphite with -ABAB- stacking. Image is adapted from [31]. 

Since real bulk samples cannot contain infinitely long crystalline planes. Thus, all 

graphite is polycrystalline to some extent. The size of crystallites can vary from several 

nanometers to tenths of micrometres in a highly ordered pyrolytic graphite (HOPG). As 

a result, even graphites of one type may show considerable differences in properties. 

The properties of graphite and graphene are strongly affected by the number and type of 

defects. Typical defects in graphites are [31]: 

• Vacancies, when lattice sites are unfilled indicating a missing atom within a 

basal plane; 

• Stacking faults when the -ABAB- sequence of the layers is no longer 

maintained; 

• Disclination when the layers are no longer perfectly parallel; 

• Screw and edge dislocations. 

Because of its sandwich-like layered structure, graphite, like all other sp2 hybridized 

carbons, demonstrates highly anisotropic properties. For example, the thermal 

conductivity of graphite crystal in the ab direction (within the plane) can exceed 4180 

W/m·K [31]. The average value for commercial pyrolytic graphite is smaller and is 

closer to 2000 W/m·K at room temperature [34]. Thermal conductivity in the c direction 

(perpendicular to the plane) is typically two orders of magnitude lower (around 10 

W/m·K at 25 °C). For comparison, Cu has a thermal conductivity of around 400 W/m·K 
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[34]. It is worth mentioning that the thermal conductivity of graphite drastically falls 

with a rising temperature [31].  

As well as this, graphite does not have a melting point at normal pressure. At one 

atmosphere graphite sublimes at around 4000 K instead of melting; the triple point lies 

at around 4200 K and 100 atmospheres. Thus, graphite is one of the most refractory 

materials. Nevertheless, all these values strongly depend on the quality of graphite.  

Anisotropy also is present in the thermal expansion of graphite. Since carbon atoms in 

graphite have more freedom in the c direction, the corresponding thermal expansion 

coefficient (ΔL/L, where L is linear size) is higher than in the ab direction. Furthermore, 

the behaviour of thermal expansion coefficients is nonlinear. In the case of out-of-plane 

direction, the thermal expansion coefficient increases with temperature and is near 

27×10-6/°C. In the ab direction, this value demonstrates a more complex behaviour: 

below 400 °C it is negative with the minimum at 0 °C, and it goes to positive values 

above 400 °C. When close to room temperature, its value is approximately one order of 

magnitude lower and is negative [31].  

Historically, the band structure of graphite is connected with graphene. Since in-plane 

bonding between carbon atoms is much stronger than between layers, the behaviour of 

electrons in graphene was treated as a two-dimensional problem. The interaction 

between layers was included as a perturbation. The first work showing that the 

electronic properties of single-layer graphite are derived by π bands formed out of plane 

electrons was published in 1947 by Wallace [25]. This model was further developed by 

McClure ten years later [35]. To describe the three-dimensional case, McClure used 

seven bindings parameters γ0–γ5 and γ6 ≡ ∆. These γ parameters define the interactions 

between carbon atoms (Fig. 2.3) and have the dimensions of energies. The γ6 parameter 

reflects the inequivalence between A and B atoms in neighbouring layers [36]. Pointing 

out these parameters is important because they are also used for graphene, e.g., a tight-

binding model, or for the explanation of the temperature dependence of diamagnetism 

in layered sp2 carbon structures (see chapter 5.2). 
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Figure 2.3: The interaction γ-parameters between the carbon atoms. Image is taken from [36]. 

Overall, graphite is a good conductor within the basal plane and a good insulator in 

perpendicular to the basal plane direction. This behaviour is explained by the 

overlapping of the π orbitals, which forms π zones in parallel to the basal plane. The 

delocalized electrons can move freely within the π zone, but there is no easy way to 

travel between the planes. Resistivity values are about 5-10·10-6 Ω·m in the ab direction 

and up to 10 000 higher in the c direction [31]. The electrical resistivity in the plane 

increases with temperature, like in metals, while between the planes, the resistivity 

slightly decreases with increasing temperature. This can be explained by the thermal 

activation of electrons [31]. Compared to copper, graphite has approximately one-two 

orders of magnitude higher resistivity in the ab direction, depending on quality. 

Young’s modulus of elasticity of graphite varies up to two orders of magnitude 

depending on the direction: from more than 1000 GPa if stress is applied within the ab 

plane, and around 40 GPa if it is applied within the c axis [31]. Graphene planes can be 

easily peeled off from graphite since only Van der Waals forces hold them together. 

Thus, graphite is widely used as a lubricant material. Moreover, in certain conditions, 

even superlubricity can be observed between graphene planes [37] or graphene and the 

gold surface [38]. On the other hand, graphite and materials obtained from it are widely 

used as reinforcement materials due to their mechanical properties within the plane. 

Adding graphite to a host material is a common method for the production of cheap 

conductive glue, increasing the thermal conductivity of plastic, and many other daily 

applications. 

The outstanding chemical stability of graphite made this carbon material common for 

producing electrodes because graphite is one of the most chemically inert of materials: 

it is stable in contact with most acids, alkalis and corrosive gases. However, if heated 

above 350 °C, graphite is readily oxidized even by water [31]. Nevertheless, graphite 

can react with some alkali metals, among which potassium has an important role. 

Penetration of potassium atoms between graphite planes creates intercalated graphite, 
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which has increased interplanar distances and thus decreased bonding strength between 

planes. This possibility of the penetration of small atoms between graphite planes 

coupled with chemical stability and electrical conductivity is used in Li-ion batteries, 

where graphite serves as an anode. This is also widely used for the production of 

expanded graphite, which to some extent can be considered as separate graphene layers. 

Since it serves as a precursor in some graphene production techniques, graphite is 

important in studying carbon-based magnetism. There are also many similarities 

between graphite and multi-layered graphene structures, which can demonstrate unique 

properties. Moreover, many experiments have demonstrated the possibility of inducing 

magnetic ordering in graphite, e.g., by proton irradiation [7,21,22,39]. Untreated 

graphite is known as a strongly diamagnetic material with an anisotropic response in the 

same way as electric properties. A unique feature of graphite and other layered sp2 

carbon materials is the temperature dependence of magnetic susceptibility [40–42]. 

These magnetic properties are described in detail in Chapter 6. 

 

2.2 Fullerenes 

Fullerenes are zero-dimensional carbon allotropes discovered by H.W. Kroto, R.F. Curl, 

and R.E. Smalley with co-workers in 1985 [43] (however, some works about C60 were 

published even before but only in Russian and Japanese). It can be said that intensive 

investigation of carbon nanostructures was started with the discovery of fullerenes, for 

which the 1996 Nobel Prize was awarded. Additionally, fullerenes are predecessors of 

carbon nanotubes, which were also studied in the present research. The initiator of this 

research, my supervisor and one of the pioneers of carbon-based magnetism, Professor 

Tatiana Makarova, started her work in the field of carbon magnetism with her work on 

fullerenes [44]. Dated 2001, this work reported the ferromagnetic behaviour of 

polymerized fullerenes, and since then Tatiana has been an active and world-leading 

specialist in the problem of carbon magnetism. It is worth mentioning that this 

publication on fullerenes was lately retracted by some of the authors because of the 

possible iron contamination in the research, which once more demonstrates the 

complexity of the topic. 

The first discovered and the most abundant fullerene is that with sixty carbon atoms, 

which is denoted as C60 and is schematically shown in Figure 2.4. The diameter of such 

a molecule is approximately 7 Å and it remains stable at a temperature below 1000 °C 

[45]. Fullerenes can be quite easily found in nature or in interstellar space since they are 

formed even during the simple evaporation of graphite electrodes [31].  



2 Graphene-based materials: forms, properties and applications 24 

 
Figure 2.4: Schematic of a fullerene molecule at room temperature with a double bond (1.38 Å) 

and a single bond (1.45 Å). Carbon atoms should be in vertexes [46]. 

Structurally, fullerenes are unique structures. They are edgeless, hollow, preferably 

spherical molecules. Carbon atoms in fullerenes are also arranged in hexagons and are 

sp2 hybridized. However, it is not possible to make a closed surface structure solely 

with hexagons. According to Euler’s theorem from geometry, a fullerene must contain 

at least 12 pentagons to be a closed shape. Twelve pentagons will give 20 carbon atoms, 

which is the smallest possible size of fullerene C20, the diameter of which is D = 3.1 Å. 

Considering going up to higher numbers, there are almost no limitations, and fullerenes 

up to C720 with a diameter of D = 24.6 Å are known [47]. The ratio of a fullerene to the 

size of a soccer ball is approximately the same as the ratio of a soccer ball size to Earth 

(10-9, 10-1 and 107 m respectively). 

Fullerenes have a very diverse list of design, treatment and crystallization techniques. 

One of these is the possibility to form crystals from fullerenes. Such structures are 

called fullerites which can have different symmetries Moreover, single fullerenes can be 

modified by intercalating them or attaching functional groups from the outer side. These 

properties are of great interest for biomedical applications, e.g., fullerenes are 

investigated for drug delivery, imaging, photodynamic therapy, anti-bacterial activity. 

Although many works are focused also on the toxicity of fullerenes [45]. One of the 

most interesting applications is the utilization of fullerenes as storage cavities for 

hydrogen [47]. Another unusual observed phenomenon is superconductivity in fullerene 

compounds. The transition to a superconducting state in alkali doped fullerenes has 

been observed below 40 K and high-temperature superconductivity has been  observed 

in hole-doped C60 with a critical temperature of 117 K [48]. 

In contrast to graphene or graphite, there are no π zones formed by fourth unpaired 

electrons. In fullerenes, only C5–C5 bonds are single, while C6–C5 have double bonds 

(Fig. 2.4). Because of the variety of possible isomers and modifications, it is difficult to 

say about the electronic properties of fullerenes in general. However, these molecules 

are mainly direct bandgap semiconductors. The C60 fullerene has a HOMO-LUMO gap 

of around 1.9 eV [49], and for bigger fullerenes the energy gap decreases because of 
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additional π orbitals introduced by extra carbon atoms and the overlapping of these. 

Because of such dependence, solutions with different size fullerenes can be 

distinguished just by colour. Since it has semiconductor properties with an appropriate 

energy gap, many investigations about utilization fullerenes in solar panels exist. The 

efficiency of fullerene containing solar panels can exceed 10% [50], though such panels 

have problems with stability because of the polymerization of fullerene film by 

cycloaddition reaction under UV light. 

As previously mentioned, polymerized fullerenes are reported to have ferromagnetic 

behaviour [44], while most carbon materials are diamagnetic at normal conditions. This 

ferromagnetic behaviour has been observed following the polymerization of fullerenes 

in rhombohedral symmetry. Unpolymerized fullerenes C60 are diamagnetic with a 

susceptibility of around 3.4·10-7 emu/g and a Curie-like paramagnetic term below 30 K 

[44]. However, the article reporting this was retracted several years after publication by 

some of the authors because of considerable iron content found in the research. The 

problem of impurities is common and the major problem in the investigation of 

magnetism for all carbon-based materials. Even several ppm of magnetic impurities can 

drastically change the magnetic response of diamagnetic material since diamagnetism is 

a much weaker magnetic phenomenon than ferromagnetism. The problem of magnetic 

impurities is quite complicated and is further discussed in Chapters 5 and 6. However, 

just the presence of iron or other magnetic impurities does not inevitably lead to 

ferromagnetism and may not explain the observed magnetic phenomena. This was 

demonstrated, e.g., in the aforementioned proton irradiated graphite, where initial 

samples contained iron but did not demonstrate prominent ferromagnetism [22].  

Nevertheless, the ferromagnetic behaviour of fullerenes was independently observed 

before and after the work of T. Makarova, e.g., in polymerized fullerenes (but 

concluded that magnetism is going from other formed structures, rather than C60) [51] 

or C60 after oxidation [52]. 

2.3 Carbon Nanotubes (CNTs) 

Following this, the next carbon allotrope is carbon nanotubes. Despite the fact that this 

is now called a separate allotrope modification, carbon nanotubes can also be referred to 

as cylindrical extended fullerenes.  However, the length-to-diameter ratio for CNTs is 

very high (>1000). As fullerenes, carbon nanotubes are hollow structures formed by 

hexagonally arranged carbon atoms with a bond length of approximately 1.44 Å. 

Diameters of different carbon nanotubes can vary in the same manner, as for fullerenes 

(~1 nm). It is possible to fabricate not only single-wall carbon nanotubes (SWCNTs) 

but also multi-wall structures (MWCNTs). Interlayer separation in MWCNTs is ~3.4 Å 

[53]. 

The electronic band structure of CNTs is usually described within the tight-binding 

model in the zone-folding scheme. In this approach, the electronic structure of CNTs is 

obtained based on the graphene band structure. The resulting 1D band structure of a 
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CNT will consist of a set of equidistant intersections of the 2D graphene band structure. 

This set of intersections depends on nanotube geometry; if one of these intersections 

will pass through the K point, CNT will be metallic as graphene.  

Thus, the electronic properties of CNTs depend on their geometry, which is also called 

chirality. Chirality is usually represented by two indices n and m giving a wrapping 

vector (n,m). The idea behind this is that any nanotube can be obtained by wrapping a 

graphene nanoribbon of a particular geometry. Depending on the wrapping vector (n,m), 

CNTs can have three different geometries: a zigzag, armchair or chiral (Fig. 2.5). 

Vectors (n,0) correspond to zigzag CNTs, equal n CNTs (n,n) are called armchair 

nanotubes and different indices (n,m) CNTs are called chiral nanotubes. In the zone-

folding approach, an SWCNT is metallic if the difference n-m is a multiple of 3 and 

semiconducting in other cases. Therefore, armchair SWCNTs are always metallic, while 

chiral and zigzag SWCNTs can be either metallic or semiconducting. The precise value 

of the bandgap depends on the chosen nanotube, but in general, it is usually described in 

terms of the Katauro plot, where the dependence of the bandgap on diameter is shown 

[54]. Typical band gap values vary from several eV to negligible values for big diameter 

nanotubes. 

For nanotubes with a diameter less than 1 nm, a correction is required since the initial 

tight-binding model based on the sp2 graphene sheet does not consider the 

rehybridization effect due to curvature. This correction shows that only armchair 

nanotubes (n,n) are metallic. Nanotubes with n-m=3N are tiny gap semiconductors (less 

than thermal excitation) and all other nanotubes are large-gap semiconductors [53]. 

Moreover, a pseudogap in the electronic structure of nanotubes can appear (~ 0.1 eV) if 

SWCNTs are in bundles because of interaction between tubes. This pseudogap can 

significantly change calculated properties, e.g., semimetal-like temperature dependence 

of the electrical conductivity or optical properties. The same effect is observed for 

multiwall CNTs [53]. 



2.3 Carbon Nanotubes (CNTs) 27 

 
Figure 2.5: The symmetry of different CNTs based on (n,m) indices [55].  

The mechanical and thermal properties are close to those previously given for graphite; 

the properties are highly anisotropic. Young’s modulus can exceed 1 TPa and thermal 

conductivity is in the order of several thousands of W/m·K [53]. However, the length of 

nanotubes, the possibility of bundling, the lower number of defects, and the easier 

alignment of CNTs makes it a more versatile tool than graphite for some applications. 

Carbon nanotubes are probably the most practically utilized, compared to graphene or 

fullerenes. They are widely applied in composite materials to enhance their mechanical 

or conduction properties. It is possible to produce transparent electrodes from CNTs 

with a transparency of about 90% and a sheet resistivity of around 100 Ω/sq, which is 

comparable to classically used indium tin oxide (ITO) [56]. Many works and patents 

describe their application in batteries instead of graphite or as electrodes in 

supercapacitors. High-quality SWNTs are attractive for transistors, which are fabricated 

in laboratories almost since the discovery of CNTs [56]. The possibility of producing 

CNTs with different diameters allows their utilization as pipes for the transportation of 

small molecules [57]. An important fact is that for applications, e.g., in composite 

materials, the alignment of CNTs is extremely important. As it was shown in our work 

(Publication I), magnetic measurements can be a versatile tool for analysing CNT 

alignment in a matrix. 

As fullerenes, CNTs can be produced by the arc discharge method. However, for 

controlled synthesis, the most versatile is the CVD technique. An important aspect of 

CVD growth is that metallic nanoparticles (e.g., Ni, Co, Fe) are used as catalytic 

material. Several techniques for the purification of CNTs exist, but the total removal of 

metallic particles is almost unachievable [58,59]. Moreover, this additional requirement 

of pure nanotubes significantly increases the complexity and price of the final material. 
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As a result, in most cases, metallic particles remain trapped inside nanotubes. This has a 

significant impact on the magnetic properties of carbon nanotubes and is an interesting 

model for studying related magnetic effects. More details about the magnetism of CNTs 

are given in Chapter 5. In the general case, the magnetic behaviour of CNTs is quite 

complex and lies between graphite and fullerenes, because it is anisotropic in contrast 

with fullerenes, and diamagnetism can be temperature-dependent in multiwall CNTs as 

in graphite.  

2.4 Graphene 

As previously mentioned, graphene became popular not only because it was the first 2D 

crystal consisting of one atom layer, but mostly because of the list of its outstanding 

properties. Most scientists focus on electronic properties and related effects. 

Nevertheless, graphene is also distinguished by its prominent mechanical and optical 

properties. The original article from the Manchester laboratory published in 2004 was 

focused on the electric field effect and is considered as a starting point of the “graphene 

boom” decade. The authors of that article reported the ambipolar field effect with the 

continuous tuning of charge carrier concentration up to 1013 cm-2 and mobilities up to 

15 000 cm2/Vs. If the number of defects were reduced, the theoretical mobility can 

exceed 100 000 cm2/Vs [27]. The outstanding electronic properties of graphene 

originate from its electronic structure and conducting π electrons, the description of 

which starts from the crystal structure.  

The honeycomb network of graphene is similar to graphite and is described by a 

Bravais lattice vector R of the form: 

𝐑 = 𝑛1𝐚𝟏 + 𝑛2𝐚𝟐 (2.1) 

with primitive vectors a1 and a2 such that: 
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where a is graphene lattice parameter equal to 1.42 Å. The graphene lattice constant in 

this case is |a1|=|a2|=2.46 Å (Fig. 2.6a). It is obvious that graphene hexagonal lattice 

cannot be built by these vectors from one point. The formation of a hexagonal network 

is based on two sublattices, atoms in which are usually denoted as A and B (Fig. 2.6a). 

Thus, graphene has a bipartite lattice, the unit cell contains two inequivalent atoms, and 

each carbon atom has its all three nearest neighbours from the contrary sublattice. 

In the reciprocal space, the unit vectors are: 
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Three high symmetry points Γ, M, K correspond to the centre, corner and centre of the 

edge of the first Brillouin zone (Fig. 2.6b). 

Occupation of the electronic shell of carbon atoms is 1s2, 2s2, 2p2, meaning that it has 

only 2 unpaired electrons on 2p orbital and only two possible chemical bonds. However, 

the formation of carbon compounds usually involves the promotion of a 2s electron to a 

2p orbital, leading to the formation of hybridized orbitals. In graphene, each carbon 

atom contributes px, py and s orbital electrons to form sp2 hybridized σ bonds within the 

graphene plane. The remaining orthogonal pz orbitals overlap and form so-called π 

zones, which give rise to low energy delocalized electronic states in graphene energy 

dispersion. 

 
Figure 2.6: (a) Honeycomb crystalline lattice of graphene with lattice vectors a1 and a2 with 

distinguished atoms in sublattices A and B; (b) Brillouin zone of graphene with reciprocal lattice 

vectors b1 and b2 and high-symmetry points Γ, M and K; (c) Energy dispersion of graphene; (d) 

Low-energy region of the band structure of graphene showing Dirac cones at the inequivalent 

points K and K´. Image is adapted from [1,60] . 

Electronic band dispersion for graphene can be calculated by the tight-binding method 

considering only the nearest neighbour atoms [9,61], which gives the following 

simplified energy dispersion relation plotted in Figure 2.6c [62]: 

𝐸(𝑘𝑥, 𝑘𝑦) = ±𝛾0 (3 + 4 cos (
3𝑘𝑥𝑎

2
) cos (

√3𝑘𝑦𝑎

2
) + 2 cos(√3𝑘𝑦𝑎))

1 2⁄

 (2.4) 
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where γ0 is the nearest neighbour hopping energy (varies from 2.8 to 3.3 eV in different 

works [9]). The different sign, + or -, is related to bonding and antibonding π bands. 

Thus, the electronic properties of graphene are dictated by two bands which “touch” or 

degenerate at the six symmetry K points. These two bands are separated to π for the 

valence band and π* for conduction band states. Since generally only low energy states 

are responsible for observed effects, only the area near K points is usually considered. 

In this area, the band structure can be described as two cones, touching at K points, 

which are also called the Dirac points (Fig. 2.6c, d). Because of the distinction of non-

equivalent atoms in the graphene lattice in real space, reciprocal space also holds this 

difference by separating to K and K’ Dirac points. Likewise, the cones are known as 

Dirac cones.  

The electron bands’ behaviour around Dirac points is linear, which implies that 

electrons in graphene behave as zero rest-mass relativistic Dirac fermions. Moreover, 

due to the absence of an energy gap, graphene is called a zero-gap semiconductor or 

semimetal. 

Overall, graphene demonstrates outstanding charge transport properties. Electrons in 

graphene can move almost without collisions, resulting in a ballistic regime.  In this 

case, charge carriers move with a Fermi velocity of vF ≈ 106 m/s with mean-free paths 

typically of the order of hundred nanometers for good quality samples. In long graphene 

channels, transport becomes diffusive because both elastic and inelastic collisions occur. 

Some authors report an additional transport regime, where electron behaviour is similar 

to the flow of a liquid [63]. Experimental values of electron mobility in suspended 

exfoliated graphene reaches record values of 200 000 cm2V-1s-1 and even higher [60]. 

Mobility is extremely sensitive to the substrate. In the case of graphene on SiO2, the 

mobility decreases to tenths of thousands cm2V-1s-1 [60]. 

Graphene has a high thermal conductivity because of the strong bonding of its carbon 

atoms. The thermal conductivity of suspended single-layer graphene, determined from 

Raman spectroscopy, was reported to be 5000 W/mK, which exceeds those of diamond 

and graphite with approximately 2000 and 4000 W/mK, respectively [38]. The reported 

values of thermal conductivity of suspended graphene vary in a wide range of 2000–

6000 W/mK at room temperature. The precise value depends a lot on defects 

concentration. Placing or growing graphene on SiO2 substrate decreases these values by 

an order of magnitude to ~600 W/mK [64]. Still, such thermal conductivity of graphene 

is higher than that of commonly used copper ~400 W/mK. 

In addition to transport properties, graphene is distinguished by its mechanical 

properties. Regardless of the surprising stability of graphene, which was predicted to 

warp at any finite temperature, graphene is also known as one of the strongest of ever 

tested materials with Young’s modulus about 1.0 TPa and intrinsic stress about 130 GPa 

[65]. In the same work, the breaking strength of graphene was measured to be more than 

200 times that of steel (42 N/m for graphene). However, as for the transport properties, 
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mechanical properties also depend on the quality of graphene sheets. Usually reported 

values of Young’s modulus are between 0.5 and 1 TPa due to defects [66].  

The reported opacity of single-layer graphene is 2.3%, meaning that it is almost 

transparent [38]. Moreover, it does not depend on the wavelength of light. In the case of 

multilayer graphene, opacity is increased by 2.3% with each layer. Taking into account 

chemical stability, mechanical and transport properties, graphene is almost perfect for 

utilization as a transparent electrode. However, some problems exist with the electric 

contact of graphene and common metals. Due to different work functions, these contacts 

generate potential energy barriers, which affect performance.  

From the stated above, it is clear that defects play a crucial role in graphene properties. 

The same is for magnetic behaviour. Since graphene is a plane of graphite, its magnetic 

properties in theory do not differ a lot. It is also a strongly diamagnetic material. 

However, while graphite is 3D material, graphene and its derivatives are low 

dimensional systems, which make them much more sensitive to any deviations from 

structurally ideal material. This allows manipulation of the properties of graphene in a 

wide range by many known ways of modification. As a result, the list of the reported 

magnetic behaviour of graphene includes all basic types of magnetism.  

An important remark is that these properties are observed as a result of a modification, 

meaning that the material is no more pure graphene. Modification significantly changes 

the band structure and thus the properties of graphene. In the next subchapter, some of 

the most common graphene derivatives are discussed. 

2.5 Modified graphene 

As it was mentioned, modification drastically affects all physical properties of graphene 

and materials based on it [67,68]. Nevertheless, the present work was focused on 

magnetic properties and only magnetic properties will be discussed further. Magnetic 

properties of metal-free graphene-based derivatives strongly depend on the structure and 

can be tuned by altering the π-electron system of graphene. Since graphene’s π-electron 

system is extremely sensitive to any external influence, the list of possible approaches 

of the tuning is extremely big. One of the most common graphene derivatives is 

graphene oxide (GO). This material is known since 1859 [69] and is usually obtained 

from graphite exfoliation techniques. Even after reduction, part of graphene can remain 

oxidized. Oxidation makes it possible to dissolve graphene in water and other solvents, 

which helps in the deposition of graphene oxide films. However, it dramatically affects 

the electronic properties of graphene. Oxidation occurs by covalent bonding between 

graphene and oxygen, which changes sp2 hybridization to sp3. This destroys graphene π 

zones, which are responsible for high conductivity and fully oxidized graphene does not 

conduct electricity [70]. Strictly speaking, real graphene oxide samples usually contain 

also carboxyl, hydroxyl and epoxy groups. Thus, structure and precise composition can 

vary which makes this material not very valuable for electronic applications at the 

current state. 
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Two other well-known graphene derivatives are graphane and fluorographene, which 

are hydrogenated or fluorinated graphene, respectively. The concept and outcome are 

approximately the same as for GO, where guest atoms locally destroy the π-conjugated 

system of graphene. However, different atoms have various bonding energies, lattice 

distortions and can thus lead to different changes in properties. For example, 

fluorination is a known way to create paramagnetic centres, evolving a paramagnetic 

term in graphene magnetic susceptibility [71]. The practical problem is that in 

fluorographene, fluorine atoms are arranged in chains, pairs or can stay as single 

adatoms [72]. Thus, even with the same C/F ratio, fluorographene will have a different 

microstructure, which will result in diverse electronic structures and properties [73]. 

In addition, hydrogenation of graphene results in the creation of a paramagnetic 

response and opens a band gap. It is worth pointing out that one of the most known 

magnetic graphene derivatives is called graphone, which is half hydrogenated graphene. 

Hydrogen atoms in graphone are located on only one side of graphene. This material is 

predicted to be ferromagnetic with an estimated Curie temperature above 400 K [8]. The 

calculated band structure and projected density of states are shown in Figure 2.7. These 

calculations predict that graphone should be magnetic and have a small band gap of 

approximately 0.46 eV. 
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Figure 2.7: Calculated band structures of (a) graphene and (b) graphone. (c) PDOS of graphone 

with a green curve representing spin up s-electrons, red the spin up p-electrons, blue the spin-

down s-electrons, and magenta the spin-down p-electron [8]. 

 

As in the three previous modifications, graphene can be functionalized by covalent 

bonding with more complex chemical compounds. For example, in the Publication II of 

the present research, various aniline functional groups were used. Bigger molecules give 

stronger distortions and can be accompanied by various side effects, e.g., a limitation of 

coverage by spatial blocking of the graphene surface due to the size of functional 

groups. Apart from covalent functionalization, which almost destroys the electronic 

properties of graphene, functional groups make it possible to implement noncovalent 

modification. In this case interaction of graphene and functional groups occurs by π-π 

stacking as for graphite planes, which makes it possible to preserve the graphene π 

system [20].  

Previously described methods were focused on the introduction of a guest molecule or 

atom to the carbon material. Nevertheless, it is possible to modify graphene without 
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introducing extrinsic defects. The list of intrinsic defects in graphene includes 

vacancies, sp3 hybridized states, edges, Stone-Wales defects, and even curvature  [21].  

The first comment here is that real graphene samples are not infinite. The smaller the 

graphene flake is, the more impact comes from the edges. If the graphene sample is long 

but the width is small, such structures are called graphene nanoribbons. For such 

structures, edges and width play a crucial role in the electronic structure. Similar to 

carbon nanotubes, the termination of graphene nanoribbons edges can be armchair, 

zigzag or chiral. Depending on the width and on the edge termination, graphene 

nanoribbons can be metallic or semiconducting. Moreover, zigzag edges are one of the 

most known factors in the production of magnetic graphene. One way to fabricate and 

analyse graphene nanoribbons is by the use of STM. It was demonstrated, that most 

armchair and zigzag nanoribbons have band gap inversely proportional to the width 

(Fig. 2.8a) [23]. In the case of zigzag nanoribbons semiconductor-metal transition was 

observed (Fig. 2.8b). The authors explain this by the antiferromagnetic to the 

ferromagnetic transition of the edge states magnetism. 

 
Figure 2.8: Edge-specific electronic and magnetic properties of graphene nanoribbons. The 

bandgap measured by tunnelling spectroscopy as a function of ribbon width in armchair (a) and 

zigzag (b) ribbons. Theoretical data points were calculated using the mean-field Hubbard model. 

The 3n, 3n+1 and 3n+2 are the amounts of carbon dimers along the width [23]. 

One more example of pure carbon graphene derivative is a bilayer graphene. This 

structure is known for the possibility of opening a bandgap by an applied voltage. In 

previous experiments, the achievable gate-tuned bandgap reached 250 meV [74]. Even 

more interesting results are predicted for a twisted bilayer graphene, where one plane is 

slightly rotated from the normal stacking arrangement. Theoretical research predicts the 

possibility of electrically controllable magnetism in a twisted bilayer graphene [75]. 

According to the performed analysis in the frames of the Hubbard model, it is possible 

to induce antiferromagnetic and ferromagnetic states controllable by the applied electric 

field (Fig. 2.9). The significant detail is that these calculations do not include thermal 

and spin fluctuations which are expected to destroy long-range magnetic order. 



2.5 Modified graphene 35 

 
Figure 2.9: (a) Critical value Uc of the Hubbard U beyond which the twisted bilayer develops 

lattice-AFM order at the mean-field level. The red dots show Uc as a function of the twist angle 

θ, and the dashed line shows the corresponding Fermi velocity at the Dirac point, normalized to 

the monolayer value V0F. At high twist angles, both Uc and VF converge to the monolayer 

values, while they become strongly suppressed at smaller angles. (b) Phase diagram for the 

ground state magnetic order in a θ = 1.5° twisted bilayer as a function of Hubbard U and 

interlayer bias Vb. The blue and red regions denote the spatial integral of the lattice-AFM and 

spiral-FM polarizations, respectively, while the yellow region is nonmagnetic [75]. 

The last graphene derivative mentioned within this chapter is graphene with vacancies, 

also referred to as the perforated graphite. In the same way as adatoms, vacancies can 

lead to the formation of local magnetic moments by the creation of midgap states. This 

type is especially important in proton irradiated graphite, in which ferromagnetism can 

evolve [6,7]. 

Overall, the most interesting magnetic phenomena are observed in modified graphene 

systems, united by the term graphene derivatives. Nevertheless, these new phenomena 

are extremely sensitive to any distortion. Thus, the crucial step in the production of 

magnetic carbon is graphene production which is further modified. The main techniques 

of graphene production are discussed in the following chapter. 
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3 Overview of graphene production techniques 

Graphene production still remains the major challenge on the road to its utilization in 

commercially available devices. Many techniques have been developed for this purpose, 

the majority of which include mechanical exfoliation, reduction of graphene oxide, 

CVD graphene, synthesis on SiC substrate, liquid-phase exfoliation, and bottom-up 

synthesis from organic precursors. The two key differences in graphene production 

techniques are the quality and yield of obtained graphene. Graphene quality determines 

its physical, chemical and mechanical properties, and includes parameters such as 

purity, the aspect ratio of obtained graphene flakes and defects. Both quality and yield 

are extremely important for the investigation of the magnetic properties of graphene and 

its derivatives. As will be discussed later (Chapter 5), introducing defects into the 

graphene lattice is the main approach to modify its magnetic properties. In addition, 

different measurement techniques or modification methods require a different quality 

and amount of graphene. Thus, understanding the possibilities of graphene production is 

a crucial step in research related to its magnetic properties. 

 
Figure 3.1: Schematic summary on the most common graphene production methods. Each 

method has been evaluated in terms of graphene quality (G), cost aspect (C; a low value 

corresponds to high cost of production), scalability (S), purity (P) and yield (Y) of the overall 

production process [76]. 



3 Overview of graphene production techniques 38 

Typically, the production of graphene is a balance between the yield and the quality. 

Thus, high yield techniques, such as the reduction of graphene oxide, provide low 

quality but large quantities of low-price graphene. The situation is the contrary for high-

quality production techniques such as mechanical exfoliation or synthesis on SiC 

substrate which produce high quality but very expensive material because of the low 

yield. The schematic representation of the situation with graphene production is 

described in Figure 3.1. 

Thus, for any application great attention should be given to the graphene production 

step since its quality has a dramatic influence on the properties of the final product. 

Mechanical exfoliation, graphene on SiC, reduction of graphene oxide, CVD graphene 

and synthesis from waste will be discussed further in detail as the most significant 

methods. 

3.1 Adhesive tape method 

Even for the Noble laboratory in Manchester, the story of their research began with 

problems about the production of thin graphite material. The first approach, which was 

tested there, was a mechanical grinding of HOPG with a polishing machine, which was 

found to be completely inefficient. The best achieved size of graphite material was in 

orders of micrometres [77]. However, by some fortunate coincidence, at this time in the 

laboratory a Scanning Tunnelling Microscopy (STM) specialist was visiting. HOPG is 

used in STM as a standard reference sample where, before measurements, the top layer 

of graphite is usually removed with sticky tape. This piece of scotch tape with graphite 

was suggested instead of polished graphite and was found to be much thinner [77]. This 

scotch tape method was later named micromechanical cleavage or just mechanical 

exfoliation. 

The idea of mechanical cleavage is ridiculously simple: graphite consists of many 

graphene layers, which are held together by relatively weak Van der Waals forces. 

These layers can be separated if the adhesion between the graphite plane and sticky 

agent exceeds the clutch between the graphite layers. This is easily realized in practice 

even with conventional office scotch tape. By several repetitions of this cleavage 

process, it is possible to obtain even a single layer graphite plane, which is graphene. 

Schematically, this process is shown in Figure 3.2. It is worth mentioning that this 

method can be used also for the production of some other 2D materials, e.g., 

molybdenum disilicide, boron nitride, and the compound oxide of bismuth-strontium-

calcium-copper (Bi2Sr2CaCu2Ox) [64]. 
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Figure 3.2:  Schematic of micromechanical cleavage of graphite using adhesive tape [78] 

The quality of graphene produced by mechanical exfoliation is exceptionally good. The 

perfection of graphene in this case is mainly affected by the quality of the predecessor 

material.  Since good quality graphite can be used in this process, the graphene quality 

is good as well. The lack of any high-tech and high-cost procedures involved also 

makes this technique relatively cheap for lab-scale production. This method still has 

almost no competition if good quality graphene is required for laboratory research, e.g., 

for transport measurements. 

In the case of suspended high-quality graphene, charge carriers’ mobility at room 

temperature can exceed 200 000 cm2V−1s−1. However, when transferred onto SiO2 

substrate, mobility drastically decreases and in the best situation can reach only about 

40 000 cm2V−1s−1 [79]. Routinely reported values of mobility in graphene on SiO2 are 

close to 10 000 – 15 000 [80]. To compare, III-V semiconductors can provide mobilities 

close to 10 000 cm2V−1s−1 [81]. Nevertheless, if one also considers extremely low-

temperature experiments, a mobility exceeding 35 000 000 cm2V−1s−1
 at 0.35 K can be 

found in the literature [82]. 

However, the drawbacks of this method are also obvious. This is mainly a hand-made 

process and is very time-consuming, which limits the scalability of the process. 

Additionally, at some point, it is necessary to control the thickness of graphene after 

each exfoliation step. Moreover, it is almost impossible to control the homogeneity of 

obtained material: while some graphite flakes will already be graphene, others can still 

be few-layer graphites (Fig. 3.3). Thus, additional steps with control, selection and the 

transfer of graphene are required. 
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Figure 3.3: Optical images of single-layer graphene (1L), few-layer (FL) and thicker graphite 

regions (Gr) on Si/SiO2 substrate. Scale bars correspond to 20 µm [61]. 

3.2 Graphene on SiC 

A second good approach to produce high-quality graphene is the thermal decomposition 

of silicon carbide. This method was used long before graphene isolation. However, 

before the first reports on graphene, it was mainly used for the production of turbostratic 

graphene and not much attention was given to its electronic properties of carbon layers 

on SiC. The first work that reported the formation of monolayer graphite on top of SiC 

was published in 1975 by Van Bommel et al. [83].  Nowadays, great development of 

this method has been made and high quality graphene can be produced by this method. 

The idea of the thermal decomposition of SiC is that (0001) and (0001) surfaces are 

close to the hexagonal structure of graphene (Fig. 3.4). Thus, by sublimation of Si from 

the top layer and further reorganization of the surface, it is possible to obtain single-

layer graphene on an SiC substrate. This process is usually carried out at a temperature 

above 1200 ⁰C and is known as controlled graphitization of an SiC surface. As in the 

case of mechanical exfoliation, the quality of the resulting product is strongly affected 

by the quality of the substrate’s surface. However, to obtain the best quality it is 

necessary to control the sublimation rate of silicon. This is usually achieved by 

processing in an ultra-high vacuum or an inert gas environment [84]. Moreover, the Si 

or C termination face of the underlayer affects the quality. It has been reported that the 

polycrystalline graphene is formed on the C-terminated face (0001̅), while on the Si-

terminated face (0001) this can be monocrystalline [84]. 
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Figure 3.4: Schematic representations of cross-sectional view and top view of 6H-SiC [85]. 

The main advantages of this method are the high quality of graphene and the fact that it 

is grown already on the dielectric or semiconducting substrate. Thus, such graphene can 

be attractive for utilization in new electronic devices. The scalability of this method is 

mainly limited by the size of the SiC substrate.  

However, the above-mentioned high quality does not mean that the SiC wafer can be 

fully covered by a graphene monolayer. The biggest graphene domain sizes, which are 

also called terraces (Fig. 3.5), do not usually exceed 50x50 µm [86]. Moreover, the 

mobility of electrons in such produced graphene is usually 2000 - 3000 cm2V−1s−1. 

Mobility of about 11 000 cm2V−1s−1 was reported when Si dangling bonds were 

passivated by hydrogen [87]. 

 
Figure 3.5: AFM image of graphene grown on 6H-SiC(0001) after annealing in (a) ultrahigh 

vacuum at temperature about 1280 °C and (b) 900 mbar Ar pressure at 1650 °C [88]. 

Mechanical exfoliation and sublimation of SiC provides the best achievable quality of 

graphene nowadays. However, they are not suitable for all possible graphene 

applications because of the bad scalability of the methods and problems with graphene 
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transferring. If a big amount of graphene is required, the most productive are methods of 

exfoliation with the further reduction of graphite oxide, liquid-phase exfoliation or CVD 

graphene. 

3.3 CVD graphene 

If graphene is considered for applications like flexible transparent conductors, big area 

graphene and ease of transfer from a substrate are required. This task is important in 

modern technology since the only used non-organic material for transparent electrodes 

is ITO (Indium Tin Oxide). However, ITO is rigid and the amount of indium is limited 

while organic conductors usually demonstrate lower conductivity and stability. 

During the CVD process, carbon-containing gas species are fed into the high-

temperature reaction chamber where the metal substrate is placed. In the reaction 

chamber, gas precursors (usually hydrocarbons) decompose to carbon radicals at the 

substrate surface, forming graphene layers. Great attention should be given to choosing 

the substrate since it works as a catalyst and determines the graphene deposition 

mechanism. CVD graphene growth has been reported on a variety of metal surfaces, 

including Ni, Ru, Ir, Cu and Co [84]. Mobility of charge carriers of CVD produced 

graphene, transferred to the appropriate substrate, can reach 45 000 cm2V−1s−1 [89]. 

The best graphene quality has been achieved for growing graphene on a Cu foil 

substrate [80]. Since solubility of C in Cu is very low, after the monolayer graphene is 

formed, the process is limited since Cu is fully covered with graphene and hydrocarbons 

have no access to catalyst. This makes it possible to reduce the speed of the process, 

which will enhance the quality of graphene. An additional flow of H2 makes it possible 

to enhance the quality of graphene film even more. The hydrogen etches the weak 

carbon-carbon bonds, thus reducing the amount of bilayer graphene regions down to 

zero [80].  

Moreover, in contrast with alternatives, copper foil substrate is flexible and low cost, 

making it possible to implement a roll-to-roll production technique (Fig. 3.6) [90]. This 

technique provides the best ratio of scalability and quality because it makes it possible 

to produce good quality graphene on substrates limited only by width. The main two 

steps in this technique are graphene production and graphene transfer which can be 

successfully carried out with graphene grown on Cu. The growth proceeds as in usual 

CVD, yet with the difference that the foil is slowly moving inside the reaction chamber 

from stock to finished roll. The transfer of graphene from the Cu substrate can be done, 

e.g., by wet chemical etching of Cu. For this, polymer support is attached to the top side 

of graphene and this structure is moved through a bath with Cu etchant. After Cu 

removal, the graphene with polymer support is transferred to a final substrate and 

polymer support is released (Fig. 3.6b). It is already now possible to produce roll-to-roll 

CVD graphene with 97.4% optical transmittance and 125 Ω/sq sheet resistance [91]. 

These values are already competitive to ITO, which has approximately 100 Ω/sq and 
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90% optical transmittance [90]. The resistance is even lower if several graphene layers 

are stacked. By stacking 4 CVD roll-to-roll produced graphene layers, the optical 

transparency falls to 90%, but the resistance also decreases to 35 Ω/sq. 

 

 
Figure 3.6: (a) Schematic of the roll-based production of graphene films grown on a copper foil 

[92]; (b) The process includes adhesion of polymer supports, copper etching (rinsing) and dry 

transfer-printing on a target substrate [90].  

The main problems with the CVD production of graphene are the size of graphene 

domains, incomplete Cu etching, cracks and fold due to water trapped underneath 

graphene after transfer. Such discontinuities significantly affect the properties of 

obtained graphene, but most of these can be successfully avoided [80]. The current 

unpassed bottleneck of CVD graphene is the size of graphene domains which limits the 

performance of devices based on CVD graphene. Currently, up to sub-millimetre 

graphene domains (~500 µm) can be obtained [78,80,90] 

Overall, CVD graphene production is probably the most promising technique to 

produce large-area graphene films, which can be used for commercial graphene-based 

applications. Several touch screen panels have already been successfully developed and 

produced with such produced graphene [91]. However, the fabrication of samples with 

reproducible performance, low impurities level and lattice defects are still not fully 

solved problems. 

3.4 Graphite exfoliation 

The graphite exfoliation approach unites a variety of top-down techniques, where 

graphene is obtained from bulk graphite samples. This concept is similar to mechanical 
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exfoliation discussed in Chapter 3.1. However, in this chapter techniques are described 

that do not require a mechanical stepwise procedure but can provide a bigger amount of 

graphene and much faster. Such techniques include liquid phase exfoliation, thermal 

exfoliation, the mechanical milling of graphite, and electrochemical exfoliation. These 

methods are widely used if a big quantity of graphene is required, and it also provides 

one of the cheapest graphene. However, the drawback is the poor quality of graphene 

compared to mechanical cleavage, CVD graphene or graphene on SiC. 

The simplest among the aforementioned methods is the mechanical milling of graphite, 

where the actual idea is the mechanical breaking of graphite. The milling procedure 

requires tens of hours and is very costly in terms of energy. It is possible to obtain 

multilayer graphene flakes of a very low size and quality, and some enhancement can be 

done by milling in organic solvents [64] and using intercalated graphite [93]. The 

quality of the final product depends on the quality of initial graphite, milling time and 

speed, the diameter of milling balls, parameters of centrifugation, and many other 

factors. These difficulties make mechanical milling not useful for the production of 

graphene for any high-tech application.  

Liquid phase and electrochemical exfoliations can produce a much better quality 

graphene than milling, and also has a better potential for scalability, but with 

electrochemical exfoliation, the usual result is more graphite, than graphene [64]. The 

problem of liquid phase exfoliation is mainly the concentration of graphene in a solvent 

(usually much less than 1 mg/mL [94]), controlling the size of the graphene flakes and 

the yield from graphite (typically below 1 wt% [93]). It is also possible that obtained 

graphene is partially functionalized by solvents or graphene flakes can partially 

aggregate back to graphite. Additionally, the task of graphene transfer is much more 

complicated for these techniques. 

One of the most productive techniques but one which provides the lowest quality 

graphene is the thermal exfoliation of graphite oxide. The general idea of this approach 

is the production of expanded/intercalated graphite, its strong oxidation, and further 

exfoliation due to thermal treatment. Fabrication of graphite oxide is most often 

performed by Hummers [95] or Brodie [96] methods. Exfoliation of graphite oxide is 

done by putting it under a vacuum into a preheated furnace at a temperature of about 

1000 °C. For successful exfoliation, the decomposition rate of the functional groups of 

graphite oxide must surpass the diffusion rate of evolved gases. Consequently, the 

created pressure overcomes the van der Waals forces between the graphene layers and 

exfoliation occurs. It is possible to fabricate single-layer graphene flakes, but the lateral 

size of graphene flakes is small and almost does not change even in the case of high-

quality graphite precursors [97]. Thermal exfoliation is usually accompanied by the 

simultaneous reduction of graphene [93]. Thus, this technique can provide big quantities 

of graphene required for further chemical modification and analysis, but the quality is 

the worst among the described techniques. 
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3.5 Synthesis from biowaste 

Emphasis should be given not to a method, but to the approach of graphene production. 

This approach is based on the source of carbon atoms. As shown in several 

experimental works [98–100], it is possible to produce graphene from almost any 

material containing carbon: it can be produced from food, insects or simply from waste. 

For example, in the work of Ruan et al. [98], a method similar to CVD was 

demonstrated but with cookies, chocolate, grass, dog faeces, plastic waste and a 

cockroach leg instead of hydrocarbon gases. The quality of such produced graphene was 

analysed by Raman spectroscopy and is a typical high-quality CVD graphene (Fig. 3.7a, 

b). For the synthesis, the source of carbon atoms was placed on the top of Cu foil, 

placed in a tube furnace at 1050 °C and low pressure H2 with Ar inside. Within 15 

minutes, the carbon source was almost fully burned out and high-quality graphene film 

was fabricated on the bottom side of Cu foil (Fig. 3.7c). In another study, several layers 

of graphene were produced from peanut shells by activation (by KOH) followed by 

exfoliation via sonication [100]. 

 

 
Figure 3.7: Examples of Raman spectra of monolayer graphene (A) Girl Scout cookie and (B) 

chocolate. High G to D peaks intensity and 2D to G is a fingerprint of high quality monolayer 

graphene. (С) Diagram of the experimental apparatus for the growth of graphene [98]. 

This approach is extremely interesting and important due to the possibility of the 

conversion of low or even negatively valued carbon-containing sources to high priced 

and quality graphene. However, solving the waste utilization problem by producing 

graphene from waste still appears to be more of a remarkable story than a forecast for 



3 Overview of graphene production techniques 46 

the next several years. This can be possible only if a breakthrough in graphene 

application happens and the demand for graphene grows to the levels of carbon coal or 

silicon. 

Overall, studying the magnetism of graphene-based materials requires the selection of 

an appropriate production technique. In the present study, the magnetic measurements 

were mainly performed on SQUID magnetometers; this technique is discussed in detail 

further. Typically, SQUID magnetometers provide the highest sensitivity for testing 

magnetic properties in terms of magnetization versus temperature or the applied 

magnetic field. However, to obtain a good signal, at least several mg of graphene-based 

materials are required. Thus, most of our experiments started with thermally exfoliated 

graphite oxide or simply intercalated (expanded) graphite. We found this approach to be 

the only suitable approach for providing the required amount of material. 
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4 Experimental techniques 

Quite often only a small part of a carbon sample demonstrates a modified magnetic 

response. Thus, the signal can be very weak, which significantly affects the capabilities 

of characterization techniques. In this chapter, techniques used in this research and few 

additional techniques are reviewed, which can provide vital information for 

understanding the magnetism of graphene derivatives. 

4.1 SQUID magnetometry 

A Superconducting Quantum Interference Device or simply SQUID is a widely used 

tool for magnetic measurements. This technique provides outstanding sensitivity, which 

is desired when studying carbon-based magnetism.  In this research, most of the 

magnetic measurements were done with SQUID and it was the main area of my 

expertise.  

The high sensitivity of SQUID magnetometers has a double impact. From one 

perspective it is required when studying weak magnetic effects that cannot be detected 

by other techniques. Nevertheless, it significantly increases the number of spurious 

effects. Sources of these parasitic signals can be a response from a sample holder or 

packaging, magnetic impurities in the sample, trapped oxygen, the stirring of a powder 

sample in the package, or even a drift of the applied magnetic field or temperature. All 

this requires additional attention in the sample preparation, measurements and the 

verification of the results. In this chapter, the basics of SQUID magnetometry hardware, 

operation and several possible problems are discussed.  

The SQUID sample chamber is schematically shown in Figure 4.1, which shows the 

SQUID insert - the principal part of any SQUID magnetometer. This insert is placed in 

a specially designed reservoir with liquid helium and is responsible for operation of the 

device. Measurements of a sample are done in the bottom part of this insert, where the 

main electronics, including sensing coils, are located. A sample is placed there with a 

metallic sample rod, which is connected to the sample transport system in the top part. 

An essential part of the insert is the variable temperature insert (VTI) and 

superconducting magnet, shown in the zoomed area in Figure 4.1. These two parts are 

responsible for the creation of the magnetic field and control of the temperature of the 

measurements. The standard temperature range for SQUID magnetometers is 

approximately between 1.6 and 300 K. However, this range can be extended from both 

sides by using the Helium-3 option for temperatures down to 300 mK and by an oven, 

which can extend the measurement range up to 700 K. Usage of a superconducting 

magnet makes it possible to apply magnetic fields higher than simple coil magnets. 

Magnetic fields up to 7 T can be applied in most modern systems. However, 

superconducting magnets have a drawback, resulting in slower performance. The 
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change of magnetic field is done by a change of the current, which requires a switch of 

part of the circuit from superconducting to a normal resistive state. 

 

Figure 4.1: Schematic of SQUID insert. General view on the left and zoomed sample chamber 

area on the right. Image adapted from [61]. 

The principle operation of SQUID is based on two main processes. The first process is 

the movement of a sample through the pickup coil inside the VTI. In this step, the result 

is the current exited in the superconducting loop by a changing magnetic flux. The 

second part transfers the signal equivalent of the flux from the pickup coils to the 

superconducting interference device itself and the transformation of superconducting 

current to voltage. The transformation requires a special device which is exactly the 

superconducting quantum interferometer. In the case of DC measurements, this consists 

of a superconducting ring with two thin insulating barriers called Josephson junctions 

(Fig. 4.2). The barrier should be thin enough to allow the tunnelling of Cooper pairs. 

The physics behind the Josephson junction is not described in this work and can be 

found in most literature about magnetism. Moreover, practical implementation in a 

certain device is not so straightforward, so it is important to emphasise that the main 

point here is that SQUID works as a flux to voltage transducer, which makes it possible 

to connect superconducting electronics with usual semiconducting. Remarkably, the 

SQUID sensor is usually placed away from VTI in a specially protected environment, 

where it is not affected by temperature or unwanted magnetic field changes. The 

sensitivity of a SQUID magnetometer is typically about 10-7 emu or 10-10 Am2 [101]. 
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Figure 4.2: Schematic view of DC SQUID with two Josephson junctions (X and W). Input 

current I is split to I1 and I2 so that it is slightly higher than the critical current. Magnetic flux 

B induces screening current in the ring. Because of flux quantization and current interference 

on the junctions, voltage and current became periodical on the applied magnetic field with the 

period equal to flux quantum Ф0 = 2.067·1015 Tesla·m2  [102]. 

An output signal of a SQUID magnetometer visible to a user is SQUID response in 

voltages versus location going from the movement of a sample through the pickup coils. 

Special attention should be given to the design of the pickup coils. To minimize the 

possible error going, e.g., from a magnetic field drift, the pickup coils are shaped in a 

so-called second-order gradiometer. The schematic view and output signal are shown in 

Figure 4.3. Such a gradiometer consists of four segments of turns connected as ( - + + - 

), meaning that the induced current on the edges and in the centre is induced in different 

directions. The current produces a unique shape time-dependent characteristic which 

makes it possible to cancel out time variations of magnetic flux going from spurious 

factors. In practice, time dependence V(t) is replaced by coordinate dependence V(x). 

The detected voltage dependence is then converted into a magnetic moment, assuming 

the sample as a point magnetic dipole. The validity of this assumption depends on the 

size of the detection system. In the general case of a 3 cm distance between the edges of 

the gradiometer, the maximum sample size is limited by 5 mm along the travel axis. In 

this case, the systematic error should be below 3% [103]. 
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Figure 4.3: Formation of voltage response (a)-(c) and final voltage characteristic (d) obtained 

from SQUID during measurement of a point. Image is taken from [61]. 

One type of possible error in SQUID measurements is from software, which cannot give 

perform a precise approximation in case of a weak signal. As previously discussed, the 

magnetic response of graphene derivatives is a sum of negative (diamagnetic) and 

positive (para-, ferromagnetic) terms. Thus, magnetization curves are nonlinear with a 

negative linear background. As a result, M(H) characteristics can cross zero at some 

point in addition to H = 0 Oe or values of coercive field Hc (Fig. 4.4). The calculation 

problems, in this case, can lead to a significant error of the magnetization value and 

additionally distort the signal. 

 
Figure 4.4: Typical magnetization curves of diamagnetic materials. Images are taken from 

[104]. 

The same type of error can be observed in temperature dependences of magnetization 

when low-temperature Curie paramagnetism changes the overall magnetic response 

from negative to positive. Thus, any kinks, peaks and other distortion obtained near the 
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SQUID sensitivity limit should be examined in detail. It is good practice to manually 

check the scans V(z) of these points, to be sure that the signal was suitable for fitting. 

In the case of working with weak signals, which most carbon materials have, a parasitic 

signal from the package and sample holder can be significant. The usual way of powder 

samples packing for SQUID measurements is the use of gelatine capsules and plastic 

straws, most of which provide only a weak magnetic response which is below 10-7 emu. 

However, some of them may contain magnetic impurities which will overlap with a 

signal from the sample [103]. This is also valid for an adhesive material used for sample 

securing inside straws. In addition to possible impurities in as-received material, it can 

easily adsorb some impurities simply from the air or from used laboratory tools. It is 

possible to reduce the impact of these factors by increasing the signal from the 

measured material. In SQUID magnetometry this can be done by measuring a bigger 

amount of a sample. This is one of the reasons why thermally exfoliated graphene was 

chosen for the functionalization in our experiments: only this technique makes it 

possible to produce milligrams of graphene required for SQUID measurements. The 

lowest limit for a good signal is about 3 mg of pure thermally exfoliated graphene. To 

compare, this is an approximately full gelatin capsule. 

A special source of error is related to the high specific surface area of graphene 

derivatives. These materials can easily absorb gases, some of which are not purged 

away during preparation for SQUID measurements. Thus, the measured material can 

contain, e.g., oxygen, which by itself has antiferromagnetic ordering, boiling and 

melting points below 70 K [105]. This will result in the total antiferromagnetic 

character of the measurement (Figure 4.5a). Moreover, it seems that condensed gases 

can induce magnetic ordering in graphite, like it was observed in the case of argon 

treated graphite (Fig. 4.5b). The authors explain this effect by the mechanical 

compression of nanographite domains [106]. 

 
Figure 4.5: (a) Susceptibility as a function of temperature for O2-graphite sample [105] and (b) 

temperature dependence of the susceptibilities for the nonadsorbed and Ar-adsorbed graphite 

[106]. 
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In addition, a wide list of other possible software and hardware problems exist, 

including temperature and magnetic field drift, errors due to the auto range option, the 

magnetization of the shielding and many others, which are well described in the works 

of Sawicki [103] and Stamenov [104]. However, these should not significantly affect a 

well-performed experiment on tuned equipment and are not exclusive for experiments 

with graphene derivatives. 

Overall, SQUID magnetometry is a useful tool for the initial analysis of new samples as 

it provides easy to understand magnetization versus field or temperature dependences, 

which are enough to state the presence of any peculiarities in magnetic response. 

However, intriguing results require deeper analysis with the possibility of distinguishing 

different inputs in the overall magnetic response. This can be partially achieved by the 

electron spin resonance technique, for example. 

4.2 Electron spin resonance 

Electron spin resonance (ESR) is another method, widely used in carbon 

nanomagnetism research. In contrast to SQUID magnetometry, ESR is sensitive only to 

the paramagnetic term of susceptibility and makes it possible to distinguish different 

paramagnetic contributions to the overall magnetic response of a sample. Usually, three 

sources of paramagnetic signal in carbon materials are considered: conduction electrons, 

edge states, and molecular states [107]. The last of these is used in cases when the 

system is better described by molecular states due to the small size of graphene flakes. 

The physics behind ESR is as follows: if a paramagnetic atom or molecule is placed in 

an external magnetic field, the energy levels of electrons are split by 𝑔𝜇𝐵𝐁. This effect 

is known as Zeeman splitting in a magnetic field. As a result, a resonance absorption of 

external electromagnetic radiation can be induced. The resonance condition is defined 

as follows:  

ℎ𝑣 = 𝑔𝜇𝐵𝐁 ( 4.1) 

where h𝑣 is the energy required for transition between energy levels, 𝑔 is a 

dimensionless constant called 𝑔-factor, 𝜇𝐵 is the Bohr magneton, and 𝐁 is the applied 

magnetic field. 

The idea of ESR is that the resonance conditions can be reached by changing the 

frequency or the applied magnetic field. A change of frequency requires the hardware 

modification of the device. Thus, measurements are usually done at fixed frequencies 

using an alternating magnetic field (Fig. 4.6). 
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Figure 4.6: Field vs frequency sweep in case of ½ spins. 

In a typical ESR setup (Fig. 4.7) the sample is placed in a resonant cavity and 

microwave radiation enters the cavity through a waveguide. The cavity is specially 

designed to have a high Q-factor which makes it possible to enhance the sensitivity of 

the device at a certain frequency. 

 
Figure 4.7: Principal schematic of typical ESR setup. 

Based on the applied electromagnetic field, continuous wave (cw), pulse and more 

complicated ESR techniques are known. The simplest is cw-ESR, where the sample is 

irradiated with a constant frequency; resonant conditions are achieved by sweeping the 

magnetic field. It is also possible to perform measurements at a constant magnetic field 

and irradiation with a pulse wide frequency range electromagnetic field, known as 

pulsed ESR. The latter makes it possible to separate signals of different species by their 

spin relaxation time. At low relaxation time, terms like conduction electrons are 

undetectable, meaning that only localized electrons will matter [107]. Nevertheless, 

pulse ESR is a more demanding technique since it requires a special device and a more 

complicated analysis. 

An important feature of ESR measurements of sp2 carbons is the lack of diamagnetic 

terms. In comparison with SQUID, ESR is sensitive only to paramagnetic signals. Thus, 

it is not necessary to correct the result of measurements by a diamagnetic term, which 
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can be quite significant and temperature-dependent in multilayer graphene-based 

materials. 

There are two main groups of paramagnetic electrons in carbon materials. The first 

group is from localized states on edges or defects and usually produces a narrow 

Lorentzian band [107]. This situation is observed when the size of crystals is smaller 

than the skin depth of microwaves. The second source is free unpaired electrons, e.g., 

from the conducting band. Free electrons usually give a broader line and Dysonian 

profile, if the size of the particles is big enough [108]. When the size is bigger than the 

skin depth, the shape should be asymmetric Dysonian. Asymmetry is caused by the non-

uniform distribution of electromagnetic field in the sample. The Dysonian component is 

attributed to large particles with good conductivity. The skin depth for graphite crystals 

is approximately 3 µm at X-band frequencies [109]. However, even in powders with 

small fragments, the Dysonian shape can be observed because of the reaggregation of 

graphene flakes and the percolation of electrons between them [109]. 

In sp2 carbon samples, the value of the g-factor is anisotropic. Bulk graphite at room 

temperatures demonstrates values g|| ≈ 2.05 and g⊥ ≈ 2.0026 [109]. Small deviations of 

the g value of carbon from the free electron value (2.0023) can be related to the electron 

currents within graphene planes [109]. Thus, this anisotropy usually decreases with an 

increasing temperature because of the increasing mobility of electrons between 

graphene planes. However, in most of the experiments, sp2 carbon samples are 

randomly oriented during the measurements and this anisotropy is averaged out. The 

usually reported values of g factor of sp2 carbon powdered samples are between 2.001 

and 2.007. Other resonance lines should be examined in detail and can be a sign of 

magnetic impurities. The typical ESR spectra of pure graphite powders usually consists 

of one or two resonance bands (Fig. 4.8). 

 
Figure 4.8: Constant wave ESR spectra of 6 hours ball-milled graphite. In arbitrary units 

[109]. 

The temperature evolution of ESR components makes it possible to judge the behaviour 

of different paramagnetic components. Moreover, a quantitative estimation of 
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paramagnetic centres is possible based on the amplitude of the resonance. The presence 

of magnetic exchange can be examined by the width of a resonance [53, 54]. In theory, 

the presence of magnetic impurities should cause hyperfine interactions, but it has been 

reported that these hyperfine interactions can be “washed out” by the exchange 

interaction between localized and mobile electrons [107]. 

To sum up, the ESR technique is a valuable tool for studying nanomagnetism. It can 

provide more precise quantitative and qualitative information about the paramagnetic 

signal in comparison with SQUID. Nevertheless, analysis of the result is a demanding 

task, requiring expertise particularly in investigating carbon materials with ESR and 

obtained results can be still debatable. Thus, the discovery of the nature of magnetic 

peculiarities in graphene derivatives still requires even more reliable experimental 

techniques and straightforward results. The ESR technique was used in Publications II 

and III, where the antiferromagnetic-like behaviour of functionalized graphene was 

studied. 

4.3 Scanning tunnelling spectroscopy 

Scanning tunnelling microscopy is widely used for imaging the surface of graphene due 

to its extremely high resolution. It does not allow quantitative magnetic measurements 

but allows to investigate samples with atomic resolution. Numerically it is in order of 

0.1 nm lateral resolution and 0.01 depth resolution. The STM measurements do not 

require an ultra-high vacuum. It can be easily performed in almost all environments like 

air, water or gas ambient. It is possible to perform the measurements also at different 

temperatures. The main limitations of STM are based on requirements to a sample’s 

surface stability, roughness and cleanness. The basal plane of graphene, even modified 

with adatoms, well satisfies these requirements. 

In STM the probe-tip scans a surface of a sample, maintaining a constant tunnel current 

between the tip and the sample by varying the distance between them. The tunnelling 

current in STM is a function of tip height, applied voltage and local density of the 

states. The basic operational mode of scanning tunnelling microscope is constant-

current imaging. However, it is possible to perform differential-conductance 

measurements dI/dV. In this case, the intensity of the signal is proportional to the local 

density of states of the sample and the sample bias corresponds to shift with respect to 

the Fermi level. 

The significance of this technique for studying magnetism in graphene derivatives is 

based on the possibility of measurements of electronic structure in particular locations. 

Since the emergence of magnetism in carbon materials is connected with spin-split 

density of states near the Dirac points, STM allows to directly detect the signature of π 

magnetism on even a single vacancy by investigating its electronic structure (Fig. 4.9) 

[111]. This advanced technique of STM is called scanning tunnelling spectroscopy. 
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Figure 4.9: (a) 3D view of a single isolated vacancy. Sample bias: +150 mV, tunnelling 

current: 0.5 nA. (b) STS measurements of the local density of states (LDOS) induced by the 

single vacancy and of graphite. Black open circles correspond to dI/dV spectra measured on 

pristine graphite and red solid circles correspond to dI/dV spectra measured on top of the 

single vacancy, showing the appearance of a sharp resonance at EF. dI/dV measurements were 

done consecutively at 6 K with the same microscopic tip [112]. 

The additional feature of this technique is that by choosing the appropriate tunnelling 

parameters, it is possible to manipulate single atoms with atomic precision by STM tip. 

By this, H atoms, for example, can be deposited at the required position, laterally 

moved or removed from the surface (supplementary material for [17]). Manipulation is 

based on a local modification of the binding energy of the H atoms by STM tip. The 

hydrogen atom can be desorbed by increased tunnelling current, which can be changed 

by feedback control or distance between the H atoms and the STM tip. A local 

deposition is possible if the STM tip is used as a reservoir for H when the negative 

voltage is applied. Lateral manipulation of the H atoms is done with a small positive 

voltage. The same idea of manipulation with STM tip is used in the production of 

graphene nanoribbons by etching graphene [113].  

Applying and alternating the external magnetic field makes it possible to obtain 

visualization, similar to magnetic force microscopy. This was demonstrated for 

graphene functionalized with nitrophenyl (Fig. 4.10). In the present work, the formation 

of superlattice after functionalization was observed, and a variation of the external 

magnetic field was allowed to change the contrast, which is proportional to the 

tunnelling current. The authors explain such results by the presence of spin-polarized 

states along linear defects following the zigzag direction. 
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Figure 4.10: A field-dependent STM image of a functionalized region containing two zigzag 

nanoribbons, one armchair nanoribbon, and 2D segments. The field was varied in Y-direction 

from -100 to 170 Oe with a 10 Oe step [114]. 

Thus, scanning tunnelling microscopy and spectroscopy are not only versatile tools for 

investigating the properties of pure and modified graphene but are also an extremely 

precise method of nanofabrication and in situ modification. Results obtained with the 

technique make it possible to directly measure and visualize the influence of defects on 

graphene electronic structure, responsible for magnetism. 

In some cases, other measurements techniques are also used, one of which is X-ray 

magnetic dichroism. This technique makes it possible to carry out an element-specific 

analysis by tuning X-rays energy to the resonance of a core to valence transition. 

Capabilities of this experimental method in carbon magnetism research provide another 

reliable way to prove that observed magnetism is related to π magnetism and is not 

explained by magnetic impurities [1]. These techniques are not described in this work 

and may be found elsewhere [7,115,116].  
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5 Magnetism of graphene-based materials 

Magnetism is a quantum-mechanical phenomenon, which makes it a very complicated 

object to study. Because of this, studying magnetism is usually done based on some 

simplifications, one of which is focusing only on macroscopic magnetic characteristics 

that can be quantitatively measured for any material. This makes it possible to separate 

magnetic materials in groups of diamagnets, paramagnets, ferromagnets or other types 

of magnetic materials. However, the magnetic response of real materials is usually a 

mixture of several types of magnetic behaviours. For carbon-based materials, it is 

typical to have ground diamagnetic behaviour with an additional paramagnetic part 

which depends on the concentration of defects. Moreover, this paramagnetic part can 

evolve to a more complex magnetic ordering at certain conditions. In this section, the 

basics of the macroscopic magnetic characterization of carbon-based materials and the 

main types of magnetism in them are reviewed. 

5.1 Basics of magnetic characterization 

The magnetic properties of all materials are first of all described in terms of 

magnetization and magnetic susceptibility. Magnetic susceptibility is a proportionality 

factor between material magnetization M caused by the applied magnetic field H 

(measured in Oe in CGS): 

𝐌 =  𝜒𝐇. (5.1) 

Magnetization itself is a vector sum of all individual magnetic moments. Thus, it 

describes the macroscopic behaviour of an entire sample. In the CGS system, it is 

measured in emu/cm3, where emu is the electromagnetic unit. In practice, it is common 

to normalize magnetization also by mass or mole since the volume might be 

complicated to measure. Therefore, magnetic susceptibility should also be normalized to 

mass, volume, or mole. It is worth saying that the value of magnetic susceptibility is 

usually not a constant because magnetization is not a linear function of field or 

temperature, so one should be accurate in the comparison of different magnetic 

susceptibility values, remembering the applied field and temperature. 

In one sample, several types of sources of magnetic moments usually exist. Thus, there 

are different terms of magnetic susceptibility. The sign and behaviour of measured 

magnetic susceptibility make it possible to state whether a material is diamagnetic, 

paramagnetic or has more complicated magnetic behaviour. The magnitude and 

temperature dependence of 𝜒(𝑇) allow one to judge the existence of magnetic ordering 

in the material. The temperature dependence of magnetic susceptibility was one of the 

basic characteristics in this research. For example, in Figure 5.1 the temperature 

dependences of thermally exfoliated and functionalized graphene are shown. The 

magnetic susceptibility of graphene (Fig. 5.1a) almost does not change down to low 

temperatures, indicating that the material is diamagnetic in a wide temperature range, 
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but has a low-temperature paramagnetic term. This low-temperature paramagnetic term 

is called Curie paramagnetism. In the case of the functionalized graphene (Fig. 5.1b), 

the behaviour is similar overall, but an additional kink in magnetic susceptibility near  

T = 120 K is observed during heating. This means that there should be one more term in 

the sum of magnetic susceptibilities in addition to diamagnetic and Curie paramagnetic 

terms. Such an effect can be an indicator of antiferromagnetic transition in 

functionalized graphene. This effect is discussed in detail in Publication II and Chapter 

6. 

0 50 100 150 200 250 300

-6

-4

-2

0

2

4
 ZFC

 FC


, 
1
0

-6
 e

m
u

 g
 /

O
e

T, K

(a)

-50 0 50 100 150 200 250 300
-1,2

-1,1

-1,0

-0,9

-0,8

-0,7

-0,6

(b)


, 

1
0

-6
 e

m
u

/g
O

e

T, K  
Figure 5.1: Temperature dependencies of magnetic susceptibility during cooling and heating 

of pure thermally exfoliated graphene (a) and when it has been functionalized with 

nitrophenyl derivative (b). Measurements field is H = 100 Oe. ■ is FC and ▼ is ZFC. 

The second basic characteristic is the dependence of the magnetization on the applied 

magnetic field M(H). This dependence is of great importance for all classical magnetic 

materials (ferromagnetic materials). Its non-linearity, hysteresis and some special points 

are the key parameters for any classical magnet.  Figure 5.2 shows the M(H) 

dependences of typical ferromagnetic material and the proton irradiated graphite. 

The schematic hysteresis loop of a ferromagnet in Figure 5.1a demonstrates some key 

values of such materials:  

• Ms – saturation magnetization, which is the maximum possible value of 

magnetization of a sample, physically equal to a situation when all atomic 

moments are aligned parallel by the applied magnetic field; 

• Mr – remanent magnetization, which is the magnetization of material after the 

external magnetic field is removed; 

• Hc – coercive field or magnetic coercivity, which is a measure of the required 

external magnetic field for the zero magnetization of a material. 
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Figure 5.2. Hysteresis loop for a ferromagnet, demonstrating that a memory of the 

magnetization history is retained by the material. As the external field is reduced from its 

maximum to zero, the sample preserves a sizable fraction of the saturation value of its 

magnetization, Ms. The corresponding value is known as the remanent magnetization, Mr . 

Another point of strategic importance for defining the hysteresis loop is the magnetic field Hc 

required to reduce the magnetization to zero, the coercivity (a) [9]; The total magnetic moment 

of proton irradiated graphite without any background subtraction (b) [22]. 

A comparison of the schematic hysteresis loop in Figure 5.2a and a real experiment with 

proton irradiated graphite in Figure 5.2b reveal a significant difference. The M(H) 

dependence for irradiated graphite is tilted because of the strong diamagnetism of 

graphite. Moreover, the scale does not make it possible to judge the hysteresis loop. 

Thus, field dependencies of carbon materials have to be measured in low magnetic 

fields. This usually requires measurements with high sensitivity devices like 

Superconducting Quantum Interference Devices (SQUID magnetometers). The second 

important factor is that field dependencies are always done at a certain temperature. The 

temperature should be chosen so that the material will demonstrate a certain magnetic 

behaviour. The easiest way for this is first to measure magnetization versus temperature, 

from which one can choose the temperatures. For example, in Figure 5.1b the best 

points to measure are at the paramagnetic tail at around T = 2 K, slightly before and 

after the kink in magnetic susceptibility at T = 120 K and within the diamagnetic area at 

T > 200 K. 

It is worth mentioning that such macro testing has some degree of infelicity in 

experiments with nanomagnetism like carbon-based. Magnetic properties of graphene 

derivatives are based on single nanosized peculiarities. This means what when bulk 

properties are measured, different results should not be compared quantitatively. The 

results in such cases are the sum of a small part of magnetic graphene derivatives and a 

much bigger nonmagnetic part that was not modified. To understand this, imagine that 

carbon magnetism in a sample originates from sp3 hybridized states with adatoms. 

Magnetic properties will depend on the concentration and distribution of the adatoms. 

Thus, the same weight of modified graphene may have a different magnetic response 

even with constant carbon to adatoms ratio. Even so, in most cases, approaches of 

measuring bulk magnetic properties are suitable for spotting unusual magnetic 



5 Magnetism of graphene-based materials 62 

behaviour by qualitative changes in χ(T) or M(H). The problem here is to separate the 

signal from the background, impurities and modified graphene. Normally, the first and 

the easiest part is the subtraction of a diamagnetic background, while other types of 

magnetic measurement errors should be found by other methods. 

5.2 Diamagnetism of layered graphene-based materials 

Diamagnetism is a type of magnetism present in all materials regardless if it is a single 

atom or a bulk material; diamagnets are sometimes also called nonmagnetic materials. If 

one says that a material is nonmagnetic, this means that there is no attraction to a 

magnet or no magnetically ordered state exists without the applied magnetic field. 

However, such material will still interact with a magnetic field, and will be repelled 

from it because all materials are diamagnetic to some degree. Usually, diamagnetism is 

considered as a weak and linear effect that can either be ignored or is a small correction 

to a larger effect. The magnetic susceptibility of diamagnetic materials is negative and 

quantitatively around -10-6 emu/g. The strongest diamagnet is a superconducting 

material with a magnetic susceptibility equal to minus one. However, layered graphene-

based materials with π – π stacking between layers are not usual diamagnetic materials. 

The simplest example is graphite which is known as the strongest diamagnetic material 

after superconductors [117]. The magnetic susceptibility of pyrolytic graphite is 

anisotropic. The value of magnetic susceptibility when the external field is parallel to 

the pyrolytic graphite is χ⁄⁄ = -5·10-7 emu/g, and when the field is perpendicular it is  

χ⊥= -(22 - 50)·10-6 emu/g [41]. Such diamagnetic anisotropy in graphite is mainly 

explained by the strong contribution of free πelectrons in the case of a perpendicular 

field.  

The unusual thing about layered graphene materials is not only the anisotropy but also 

the temperature dependence of diamagnetism (Fig. 5.3). This phenomenon is observed 

in most of the layered carbon materials like graphite or multiwall carbon nanotubes. 

This is explained by temperature caused interplanar extension between graphite planes 

and following a change of the band structure [118]. The model of this effect described 

by Kotosonov is based on three parameters: temperature, Fermi energy, and hopping 

parameter 
0   [119]. The temperature dependence of orbital diamagnetism can be 

calculated as: 
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where 
0  is the band parameter in eV, FE  is Fermi energy, Bk is the Boltzmann 

constant, T  is the temperature in K and T  is the degeneracy temperature 

 BkT =  (Dingle temperature) representing the energy broadening,   is the 

relaxation time for carriers, and h is the Planck constant. 
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Unlike the M(T) dependence of graphene derivatives, the M(H) dependence of the 

diamagnetic term is linear. Thus, an alternative way to determine the diamagnetic 

susceptibility is by calculation of the negative slope in M(H) measurements at the 

desired temperature. The slope must be estimated at high fields to avoid error from 

paramagnetic or another magnetic low field nonlinearity of M(H). If there is no other 

linear term in magnetization, a simple subtraction of the slope makes it possible to 

remove the diamagnetic background from M(H) dependence. 

 

Figure 5.3: Temperature dependence of magnetic susceptibility of highly oriented pyrolytic 

graphite (HOPG) with magnetic field perpendicular and parallel to plane [41]. 

Despite the fact that diamagnetism of carbon materials is not something which is 

extremely useful, some valuable data can be obtained from it. For example, the 

temperature dependence disappears in disordered graphite, meaning that graphene 

planes should be electronically decoupled. This can be used as an indicator of a 

successful exfoliation of graphite (e.g. Fig. 5.1a and 5.7). Moreover, in Publication I, we 

have used the anisotropic diamagnetic response of carbon nanotubes to study their 

alignment in a polymer matrix.  Nevertheless, unusual magnetic properties of carbon 

materials are not limited to diamagnetism. An even more interesting topic is the 

correlation of defects and paramagnetic behaviour of graphene-based materials. 
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5.3 Defect-induced paramagnetism 

Paramagnetism is the second type of magnetic behaviour inherent to all graphene 

derivatives. Many theoretical and experimental works have demonstrated the connection 

between the strength of the paramagnetic signal with the concentration of defects in a 

graphene-based material. It is expected that almost any disturbance in a graphene lattice 

may lead to the creation of a magnetic moment (Fig. 5.4). Due to some defects, e.g., 

edges and wrinkles are presented in all real samples, defect-induced paramagnetism is 

always observed in graphene and materials based on it. 

 

Figure 5.4: Carbon defects which are thought to lead to the creation of localized magnetic 

moments. a: adatom (functional group); b: vacancy; c. hydrogen; d: Stone-Wales defect; e: 

positive curvature, e: negative curvature; g: porosity; h: zigzag edges [21]. 

Both theoretical [4] and experimental [3,112] works demonstrate that defects like 

adatoms or vacancies lead to the creation of local magnetic moments in graphene 

systems. These additional magnetic moments are related to an increasing imbalance of 

unpaired pz electrons (Fig. 5.5). 

 

Figure 5.5: Calculated spin density of graphene around chemosorbed hydrogen (a) and vacancy 

(b) [4]. 
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In the present work, most of the magnetic measurements were done using SQUID 

magnetometer measuring magnetization versus temperature or the applied magnetic 

field. For these experiments, a quantitative analysis of paramagnetism caused by defects 

is usually carried out by classical theory and the Brillouin function. The Brillouin 

function is given by the following expression [61]: 

𝐵𝑠 (
𝑔μB𝐽𝐇

kB𝑇
) ≡ (
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𝑔μB𝐽𝐇

kB𝑇
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where 𝑔 is the g-factor (close to 2 for graphene); 𝐽 is the total angular momentum 

quantum number; μB is the Bohr Magneton; 𝑇 is the temperature; kB is Boltzmann 

constant; and 𝐇 is the applied magnetic field. 

With the Brillouin function, the temperature-dependent paramagnetic term can be found 

as: 

𝑴(𝐽, 𝐇, 𝑇)  = 𝑁𝐽𝑔μB𝐵𝑠 (5.4) 

where N is the concentration of spins.  

Using this equation, the M(H) and M(T) dependences can be easily calculated. An 

approximation of the experimental results by these dependencies is commonly used for 

the quantitative analysis of the magnetic response of graphene-based materials. Results 

for different temperatures, spin cluster sizes and spin concentrations are shown in 

Figure 5.6. 

The results presented in Figure 5.6 clearly illustrate the effect of the magnetic field, size 

of local magnetic moments, and the concentration of spins. The temperature disorder 

results in the shift of the saturation to a higher field (Fig 5.6b). The dependence of 

magnetization with a different total momentum J corresponds to the superparamagnetic 

behaviour of spins (Fig. 5.6a). In this case, there may be several clusters of localized 

magnetic moments of ½-spins, which do not interact with other clusters. In this 

scenario, the total magnetic moment of a cluster is simply equal to a sum of the ½-spin 

magnetic moments in it.  
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Figure 5.6: Calculations of magnetization caused by interacting ½ spins for the cluster size 50 

spins at different temperatures (a); Calculation of field dependencies of magnetization for 

spin concentration 1·1019, where spins are non-interacting (½ spin) and cluster with 5, 10 and 

50 ½-spins (b). The initial molar susceptibility is converted to emu/g. Theoretical calculation 

of paramagnetism caused by isolated spins in graphene matrix with the concentration of 

1·1019 spin/g and 1·1020 spin/g for the field 100 Oe (c).  

The last example (Fig. 5.6c) is the typical thermomagnetic behaviour of defective 

graphene-based materials (see e.g. Fig. 5.1) which demonstrates how different ½-spin 

concentrations will affect the M(T) dependence. Obviously, it is possible to calculate 

the number of spins from the certain experimental M(T) data. An approximation of the 

experimental results with the equation for magnetization (eq. 5.4) is usually done within 

the linear region of M(H) where 𝑔μB𝐽𝑯 kB𝑇⁄ ≪ 1. In this region, the dependence of 

magnetic susceptibility can be simplified to: 

𝜒 =
𝑴
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≈ 𝑁𝑔μB𝐽 (

𝐽 + 1

3𝐽
)

𝐽𝑔μB
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𝑁𝑔2𝐽(𝐽 + 1)μB
2

3kB𝑇
=

𝐶

𝑇
 (5.5) 

This equation is known as Curie law and C is called Curie constant. Assuming g≈2 for 

graphene and J=1/2 in the case of isolated localized magnetic moments, it is possible to 

calculate the paramagnetic spin concentration. The most important limitation here is that 

M(T) data must be collected in low magnetic fields, where the approximation of 
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Brillouin functions is precise. In the present research, the typical external magnetic field 

for SQUID measurements was 100 Oe. 

One of many ways to demonstrate the role of defects and the perfection of crystalline 

structure on the magnetic properties of graphene-based materials is ball-milling graphite 

powder. This experiment was done as an intermediate step in this research. Pure 

graphite powder was ball-milled on Mini-Mill PULVERISETTE 23 with zirconia balls 

six times for ten minutes with five minute breaks to avoid overheating. The initial 

material was pure graphite powder RW-A grade from SGL Carbon. After the procedure, 

pure graphite powder and ball-milled samples were studied with SQUID magnetometry. 

The result is shown in Figure 5.7. 
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Figure 5.7: SQUID ZFC and FC measurements of pure graphite powder and ball-milled 

graphite. 

First of all, in Figure 5.7 it is visible that the initial graphite powder demonstrates a 

smooth change of magnetic susceptibility at the wide temperature range up to 300 K. 

This change of susceptibility can be explained by a temperature-dependent diamagnetic 

term in overall susceptibility and was earlier mentioned as typical for high-quality 

graphite. Since milling breaks the crystalline structure of graphite, this term is absent in 

milled graphite. The second visible feature is the rapid growth of susceptibility at low 

temperatures, which is explained by the paramagnetic term in magnetic susceptibility. 

Thus, the resulting susceptibility can be derived as a sum of paramagnetic and 

diamagnetic terms: 

𝜒Σ = 𝜒𝑑𝑖𝑎𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 + 𝜒𝑝𝑎𝑟𝑎𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 (5.6) 

The paramagnetic term here can be well described by Curie law. This Curie part makes 

it possible to calculate the concentration of magnetic moments which are expected to be 

proportional to the number of defects. It is worth adding that total susceptibility may 

have a more detailed and complicated view, e.g., [2]: 
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𝜒Σ = 𝜒𝑐𝑜𝑟𝑒 + 𝜒𝑜𝑟𝑏 + 𝜒𝑉𝑉 + 𝜒𝑓𝑒𝑟𝑟𝑜 + 𝜒𝐿𝑎𝑛𝑑 + 𝜒𝑃𝑎𝑢𝑙𝑖 + 𝜒𝐶𝑊 (5.7) 

where core  is atomic diamagnetism, orb  is orbital diamagnetism of free π-electrons, 

VV  is Van Vleck paramagnetism, 
ferro  is term caused by ferromagnetic impurities, 

Land  is input from Landau diamagnetism, Pauli  is Pauli paramagnetic term, related to 

conduction electrons CW is temperature-dependent Curie-Weiss term, equal to CW = 

C/(T−Ѳ), where C is Curie constant and Ѳ is Weiss constant. However, in most of our 

experiments, samples demonstrated temperature-independent diamagnetism and a 

paramagnetic term growing at low temperatures. Thus, subtracting a diamagnetic 

background and fitting with Curie-Weiss law produced satisfactory results. 

An approximation of the low-temperature tail for both types of graphite was done with 

Curie law for non-interacting ½ spins and g ≈ 2. The result was 6·018 g-1 for the initial 

graphite powder and 2.7·1019 g-1 for the milled graphite. As expected, the milled 

graphite had several times higher concentrations of paramagnetic moments due to a 

larger number of defects. The physical phenomenon behind the observed growth of the 

paramagnetic response at low temperatures is that thermal fluctuations disorient 

magnetic moments from the orientation of the applied magnetic field. Such a correlation 

is not a surprise and has been demonstrated in many other works, e.g., for fluorinated 

graphite [3]. However, a significant amount of works state that defect-induced 

magnetism is not limited by noninteracting magnetic moments of ½ spins. In certain 

circumstances, these localized magnetic moments are expected to interact, resulting in 

the emergence of magnet ordering [1,2,5,7,11,17,22,114,120]. 
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5.4 Emergence of magnetic ordering 

As previously mentioned, magnetism in graphene-based materials can be induced 

through defects in its hexagonal crystal lattice. The overall idea can be described by two 

crucial features, the first of which is localized magnetic moments created by the 

treatment of the material. This will result in the growth of low-temperature 

paramagnetic response in the treated graphene-based material. The second factor is the 

position and distance between these magnetic moments. It is expected that in certain 

cases, magnetic interaction between these defect-induced paramagnetic moments may 

occur. 

Magnetic ordering in materials with only π electrons is not something which is ordinary. 

Experimental work on magnetism in metal-free materials containing only light elements 

such as carbon started with reports on molecular magnets. In 1991, ferromagnetic 

transitions at low temperatures were spotted in organic radical crystal p-nitrophenyl 

nitronyl nitroxide (p−NPNN) [121] and complexes of C60 and tetrakis dymethylamino-

ethylene (TDAE) [122] where the transition to a ferromagnetic state was observed at 

Tc=0.6 K for p-NPNN and at Tc=16 K for TDAE. Work with carbon-based magnetism 

started after ferromagnetism was found in experiments with rhombohedral C60 above 

room temperature (Tc ≈ 500 K) [44].  Even though this result has recently been retracted 

by some of the authors due to possible magnetic contamination in the material, the 

interest remained. At the moment, a large amount of works with observed magnetic 

ordering in pure and modified carbon structures exist.  The most distinguished results 

were reported for high-energy ion irradiated of HOPG [22,123,124], graphene 

nanoribbons [19,124] and carbon nanofoam[124,125]. 

Theoretical works by O. Yazyev on magnetism in graphene-derived systems are among 

the most cited and discussed [4,39,120]. In his works, O. Yazyev focuses on the 

emergence of magnetic correlations as a result of the disorder, reduced dimension and 

several other scenarios. The possible mechanism of the emergence of magnetism is 

illustrated with help of computations based on a one-orbital mean-field Hubbard 

Hamiltonian. The example of these calculations shown in Figure 5.8 demonstrates the 

distribution of local magnetic moments in a small region with several pz vacancies.   
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Figure 5.8: Distribution of local magnetic moments Mi in a small region a system with random 

distribution of pz vacancies obtained through the mean-field Hubbard model calculations. 

(positions of defects belonging to sublattices A and B are marked by ▲ and ▼, respectively) 

[120]. 

This calculation demonstrates how single defects result in a rise of quasilocalized states 

at the Fermi level [4]. Here, the important factor is the bipartite structure of the 

graphene lattice. When a defect is created in one of the sublattices, only the pz orbitals 

of carbon atoms from the opposite sublattice contribute to the quasilocalized states. 

Following this idea, for a better understanding of graphene magnetism there is a quite 

simple counting rule theorem (Lieb’s theorem [1,126]). This theorem determines the 

total spin of a bipartite lattice system described by the Hubbard model. According to 

this theorem, in the case of repulsive electron-electron interactions the ground state at 

half-filling is characterized by a total spin: 

𝑆 =  
1

2
|𝑁𝐴 − 𝑁𝐵| (5.8) 

where NA and NB are the numbers of sites in the two sublattices A and B. Thus, the total 

magnetic moment is proportional to the difference between the number of defects in 

different sublattices. 

In the given example (Fig. 5.8), it is shown that interaction between the localized 

magnetic moments results in bonding and anti-bonding states. While electron spins on 

quasilocalized states from one sublattice are oriented parallel to each other, different 

sublattices have antiparallel arrangements. This can be described as a ferromagnetic 

interaction among the defects in one sublattice and an antiferromagnetic interaction 

between the magnetic moments of localized states in different sublattices.  

These theoretical expectations have recently been confirmed by experiments with STM 

[17,111]. For example, outstanding results were achieved by manipulating single H 

atoms on a graphene surface with STM by the group of H. González-Herrero et. all [17]. 

The authors have demonstrated that the adsorption of a single hydrogen atom on 
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graphene induces a magnetic moment. The STM image in Figure 5.9 shows how 

magnetic moment can be tuned by changing the position of H adatoms.  

 
Figure 5.9: Manipulation of graphene local magnetic moments by STM. (A) STM image of an 

H dimer in an AB configuration. (B) STM image after the removal of one H atom. (C) dI/dV 

spectra measured on the AB dimer in (A) and (D) the single H atom in (B). The spectra were 

acquired at a nominal junction impedance of 4 gigaohms (200 mV, 50 pA). The insets present 

the corresponding DFT calculations for H atoms (blue balls) on graphene (purple and green 

balls), with blue arrows being the magnetic moments induced on graphene. (E) STM image of 

an H dimer in an AA configuration. (F) STM image after laterally moving one H atom. (G) 

dI/dV spectra measured on the AA dimer in (E) and (H) the AB dimer in (F). The spectra were 

acquired at a nominal junction impedance of 4 gigaohms (200 mV, 50 pA) [17]. 

According to theoretical expectations, a configuration of two close H adatoms in 

different sublattices (AB dimer) does not induce any magnetism. If one H adatom is 

removed from the AB dimer (Figure 5.9b), the spin-split state emerges, which confirms 

the creation of local magnetic moments. A similar procedure was performed with AA 

dimer, where H adatoms belong to one sublattice (Figure 5.9g,h). Initially magnetic AA 

configuration was “switched off” by moving one of the H adatoms to the opposite 

sublattice. Such results and its reproducibility clearly reveal the experimental possibility 

of metal-free intrinsic magnetism in graphene-based systems. 

However, manipulating single adatoms with STM for the large-scale production of 

magnetic graphene is not possible with current technology. For direct measurements of 

a magnetic response with magnetometers proton-irradiated HOPG [7,21,22], graphene 

nanoflakes [5,127]  or functionalized graphene derivatives fabricated by wet chemistry 

approaches [5] are widely used. In this technique, the position of defects is not 

artificially controlled. Random creation of defects is mostly expected to result in an 

equal number of defects in both sublattices. Therefore, the total magnetic moment must 

be low (if any). Thus, extended linear defects have a special role in carbon-based 

magnetism. Most usually these are edges of graphene nanoribbons or functional groups 

(adatoms), and the linear defects aligned along zig-zag direction are of particular 
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interest [19,23]. This is because on the edge of the zig-zag direction in graphene carbon 

atoms only exist from one sublattice. Thus, if graphene is cut in a zigzag direction, the 

zigzag edges produce a flat energy band, where electrons have an infinite effective mass 

and, hence, localize, resulting in an extremely high electronic density of states, so-called 

“peculiar” edge states. The spins of these edge states are expected to strongly interact, 

inducing an electron spin polarization (Fig. 5.10). 

 
Figure 5.10: Local magnetic moments in a zigzag graphene nanoribbon calculated using the 

mean-field Hubbard model (U/t = 1.2). Area of each circle is proportional to the magnitude of 

the local magnetic moment at each atom. Filled (red) and empty (blue) circles correspond to 

spin-up and spin-down densities, respectively [120].  

Graphene-based materials with extended linear defects are the most promising from 

experimental and practical points of view. These can be produced by chemical 

approaches with almost an unlimited yield, yet they have a huge drawback of possible 

contaminations and unobvious structures. Thus, they must be analysed with extra 

precision to prove the sustainability of these approaches. Moreover, special attention 

should be given to the question of magnetic impurities. Even in nonmagnetic graphite 

samples, Co, Fe and Ni atoms are usually observed [1]. 

Interesting results have been demonstrated for proton irradiated graphite, where 

irradiation resulted in the emergence of the ferromagnetic signal [18]. Hysteresis loops 

of this material are shown in Figure 5.11. Both treated and initial graphite showed 

features of ferromagnetic order and were further examined with XMCD. Unfortunately, 

no thermomagnetic dependencies were provided in the publication. 
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Figure 5.11: (a) Hysteresis loops (magnetic moment M versus applied field B) measured with 

SQUID at 300 K for the irradiated (black) and virgin (red) HOPG samples of identical areas and 

after subtraction of a linear diamagnetic background (field applied ⊥ the c-axis) (b) The low-

field region of the hysteresis loop is shown to demonstrate magnetic remanence and coercivity 

of the two samples [18]. 

The x-ray absorption spectra are shown in Figure 5.12. The untreated sample 

demonstrated a narrow resonance at 285.3 eV and a broader resonance at 293 eV. These 

energies correspond to the excitation of 1s core electrons into π and σ bands 

respectively. The XMCD spectra (Fig. 5.12) showed a broad feature around 280 eV. 

Despite this feature being observed even in untreated samples, the XMCD difference 

was increasing with proton irradiation. This reveals the correlation between the changes 

in magnetic properties and proton irradiation, confirming the intrinsic nature of carbon 

magnetism. The origin of this difference in XMCD spectra is spin-polarized states in the 

valence band [1].  
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Figure 5.12: (a) XA spectra of the irradiated (black) and virgin (red) HOPG samples measured 

using EY, and XMCD difference (×100) detected using an applied field of ±0.5 T [18]. 

One more representative work was carried out on functionalized graphene [114]. In this 

work, graphene functionalized with aryl groups was examined by Scanning Tunnelling 

Microscopy (STM) and point I-V measurements. This work was mentioned earlier in 

Сhapter 4.3 as an example of the STM technique for studying graphene magnetism.  

The authors have performed the field-dependent STM images along the zigzag 

nanoribbon (see Fig. 4.10). The observed results indicate spin-polarized states at room 

temperature with parallel and anti-parallel ordering along and across the edges, 

respectively.  However, these experiments were done with epitaxial graphene on SiC 

and it is not possible to obtain reliable magnetization measurements even with SQUID 

sensitivity because of the very low fraction of magnetic carbon. 

Overall, the current state of knowledge about magnetism in graphene-based materials 

contains an essential amount of both theoretical and experimental publications. 

Diamagnetic properties are well described and are not expected create surprises with 

new insights, except those connected with superconductivity. However, defect-induced 

paramagnetic properties and the emergence of magnetic ordering is still a debatable 

question. The main problem here is the reproducibility of the results. One possible 

explanation of it is simply a difference in fabrication and preparation procedures. The 

effect of magnetic contaminations can be also an explanation in some cases. In our 

work, we have additionally demonstrated that one more factor which is usually out of 

scope is the ageing of samples. Additionally, anisotropic diamagnetic properties can be 

useful in an unusual way. It is possible to judge the alignment of some carbon materials 

in composites. These phenomena are described in the following section. 
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6 Results and discussion  

The main interest of the present research was to study the emergence of magnetism as a 

result of the creation of defects in graphene-based materials. For this purpose, several 

graphene-based samples were synthesized and their magnetic properties were examined. 

Nevertheless, the work has also included experiments focused on some classical 

magnetic behaviour such as the anisotropic diamagnetism of carbon nanotubes. 

The experimental part of the research included work with several graphene derivatives 

and classical carbon allotropes. This list includes natural graphite powder, ball-milled 

graphite, exfoliated graphite oxide (graphene), functionalized with anilines graphene 

and graphite, carbon nanotubes, amorphous carbon (carbon coal), and fluorinated 

graphite. The magnetic characterization of these was primarily done with SQUID 

magnetometry. As discussed earlier, SQUID magnetometry measures the bulk 

magnetization of a sample with the highest available sensitivity. Generally, the 

temperature dependencies of magnetization M(T), as well as field dependencies M(H), 

were examined to find any magnetic peculiarities. In the cases with unusual magnetic 

behaviour, the ESR measurements were carried out in addition to SQUID results. 

6.1 Magnetic characterization of carbon nanotubes in a polymer 

matrix (Publication I) 

Carbon nanotubes (CNTs) are probably the most used in real applications among all low 

dimensional carbon allotropes. Their outstanding mechanical, electronic and thermal 

properties have made them a perfect choice for utilization in composite materials. For 

such applications, the orientation of CNTs in a host material has an essential role. 

Moreover, composites may acquire new properties which were not present in individual 

materials used for composites. Composites with a better alignment of CNTs usually 

have improved properties [128]. In this work, we have described an original non-

destructive method of testing CNTs alignment based on the magnetic response of a 

composite, and demonstrated that additional information about the interaction between 

the MWCNTs and polymer matrix can be obtained. 

For this work samples of multi-wall CNTs (MWCNTs) in polystyrene were fabricated. 

The nanotubes were synthesized by the aerosol-assisted CCVD method on silicon 

substrates. Ferrocene dissolved in toluene was used as a catalyst. Such prepared 

MWCNTs contain iron in the forms of two magnetic phases, a-Fe and Fe3C, and one 

non-magnetic γ-Fe phase [129]. The composite fabrication was done by adding 

separated MWCNTs into the toluene solution of polystyrene, mixing it, and drying it to 

a viscous state. The composite was fabricated with 5% weight percentages of 

MWCNTs. Further, the obtained composite was either forge-rolled or uniaxially 

stretched to improve the MWCNTs alignment in it and magnetic properties were tested 

by SQUID magnetometry. Additional characterizations were done by polarized Raman 

spectroscopy, atomic force microscopy, scanning electron microscopy, transition 
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electron microscopy, and microwave absorbance. These can be found in the original 

publication and only magnetic characterization will be described here. 

Magnetic measurements were done on a SQUID magnetometer at a constant magnetic 

field H = 100 Oe using field cooled (FC) and zero field cooled (ZFC) protocols and 

isothermal magnetic hysteresis loops. The magnetic field was varied in the range of -5 T 

to 5 T within the temperature range 2 – 400 K. Measurements were done with two 

orientations of the composite, so that the CNTs are aligned parallel or perpendicular to 

the magnetic field. The sensitivity of the measurements was 10-8 electromagnetic units 

(emu). The results of the magnetic measurements of pristine MWCNTs and the 

composite materials are shown in Figure 6.1.  

The coercivities given in Figure 6.1a are exceeding the coercivity of bulk Fe3C which 

should not exceed 100 Oe at room temperature. The room temperature coercivity of the 

MWCNTs forest was 425 Oe for in-plane measurements and 500 Oe for out-of-plane 

measurements. In coupe with the observed difference between FC and ZFC protocols 

(Fig. 6.1b), this is an indication of non-interacting single-domain particles 

(superparamagnetic) with uniaxial anisotropy resulting from the shape or the 

magnetocrystalline anisotropy. The increased coercivity can be explained by the size 

effect: coercivities of single-domain particles are much larger than those of bulk 

materials.  

There is also a surprisingly big difference in the coercive forces of the MWCNTs forest 

and composites (Figure 6.1a). In the forge-rolled composites, the anisotropy of 

coercivity almost vanishes, which can be a result of the poor alignment of MWCNTs. In 

contrast, in the stretched samples the anisotropy exists and the values of coercivity 

exceed those for the MWCNTs forest. This effect is attributed to the exchange 

interactions between the ferromagnetic nanoparticles and the carbon shell. In the case of 

forge-rolled composites, the coercivity is not increased probably due to the damage to 

the CNTs because of the forge-rolling process. 
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Figure 6.1: Values of the coercive force for the nanotube forest, forge-rolled and stretched 

composites with magnetic field perpendicular (⊥) and parallel (II) to the nanotube axis (a). 

Temperature dependencies of magnetic susceptibility measured in ZFC and FC regimes with 

magnetic field perpendicular (⊥) and parallel (II) to the nanotube axis for pristine nanotube 

forest (b), forge-rolled (c) and stretched (d) composite. 

It is clear that in the configuration with the magnetic nanoparticles inside CNTs it is not 

possible to address the intrinsic magnetism of CNTs or polystyrene matrix by SQUID 

magnetometry. The magnetic response from the CNTs is surpassed by the signal from 

the magnetic particles at low fields, at which the thermomagnetic measurements were 

done. Thus, we were focusing on the analysis of the diamagnetic response, which was 

obtained from the M(H) curves. At fields above 1 T, the magnetization of the FeC 

particles saturates and we can estimate the linear diamagnetic background from the 

CNTs and polystyrene by the slope of the magnetization. The parameter for analysis 

was the difference between the diamagnetic susceptibilities in magnetic field 

perpendicular 𝜒⊥ and parallel 𝜒∥ to the composite surface: 
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Δ𝜒 = 𝜒⊥ − 𝜒∥ (6.1) 

This parameter can be useful because of the strong anisotropy of CNTs. It is well 

known that CNTs have a stronger diamagnetic response when the magnetic field is 

applied perpendicularly to the nanotube wall [41]. Therefore, by comparison of the 

diamagnetic response of composite with CNTs in different orientations of the magnetic 

field it could be possible to estimate the alignment of CNTs in it. 

Magnetization measurements in Figure 6.2 show that stretched composites have a larger 

anisotropy and an overall higher diamagnetic susceptibility compared to the forge-rolled 

samples. The ∆𝜒 values were calculated to be -0.6·10-6 for the stretched and -0.14·10-6 

for the forge rolled samples, which indicates a much better alignment of CNTs after 

stretching, rather than forge-rolling. The performed polarized Raman analysis also 

confirms this assumption (see original article). Thus, stretched samples are expected to 

have better physical properties.  

 
Figure 6.2: Room-temperature M(H) curves for the stretched (a) and forge-rolled (b) 

composites with 5% MWCNT loading. Symbols “II” and “⊥” in (a, b) indicate orientation of 

MWCNTs in polystyrene matrix relative to the magnetic field. 

To confirm the hypothesis of the correlation between diamagnetic response, anisotropy 

and physical properties, we performed microwave response tests (Fig. 6.3). The 

experiment was done on a vector network analyser Agilent N5247A by analysing 

absorption and transmission for different orientations of composites. The forge-rolled 

composite demonstrates almost identical results in both parallel and perpendicular 

orientations, indicating a poor alignment and composite quality. In contrast, the 

stretched composite demonstrates a significant difference upon the field orientation 

(60% versus 37% absorption and 40% versus 55% transmission) and the absorption is 

stronger than in the forge-rolled samples. Therefore, the correlation of properties and 

alignment is confirmed and stretching demonstrates better results than forge-rolling. 
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Figure 6.3: Transmittance (a), and absorbance (b) of polystyrene/MWCNT composites 

produced stretching and forge-rolling methods. Symbols “II” and “⊥” in (a, b) indicate 

orientation of MWCNTs in polystyrene matrix relative to the polarization of microwave electric 

field 

In addition to these processes, we performed a detailed analysis of stretched composites. 

First, the effect of stretching on the magnetic properties of polystyrene was examined. 

The difference of susceptibility in the parallel and perpendicular field was found to be 

∆𝜒=0.8·10-6 emu/g Oe. This is very close to a value which one can calculate based on 

Pascal constants for styrene molecules and 𝜒 = -0.53·10-6 emu/g Oe and the diamagnetic 

anisotropy of aromatic benzene rings -1.11·10-28 emu/molecule [130]. Such a theoretical 

estimation will give a ∆𝜒 value equal to -0.86·10-6 emu/g Oe. Our explanation for the 

observed anisotropy is that the stretching process could orient the aromatic rings in the 

film. The fact that diamagnetic susceptibility in the magnetic field parallel to the 

polymer surface exceeds this value in the perpendicular field, indicates that aromatic 

rings are aligned parallel to each other and are perpendicular to the surface. 

Significant changes were observed after adding CNTs to the polymer host material. In 

contrast to pure polymer, composite with CNTs demonstrates a stronger diamagnetic 

response when the magnetic field is perpendicular to the composite surface (Fig. 6.4a-

c). The observed change in the sign of ∆𝜒 (Fig. 6.4d) cannot be explained by a simple 

surpass of effect in CNTs on the pure polymer. The amount of CNTs is not big enough 

to exceed the effect in polystyrene and there is no increase of difference by increasing 

amount CNTs. The explanation for this could be that styrene molecules are wrapping 

the nanotubes. Thus, the benzene rings of polystyrene are aligned parallel to these in 

nanotubes and therefore diamagnetism is stronger in perpendicular orientation.  The fact 

of strong interfacial interactions between aromatic polymers and CNTs was confirmed 

earlier by molecular dynamic simulations [131]. 
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Figure 6.4: Linear part of room-temperature magnetic response of MWCNTs-polystyrene 

composites at different MWCNTs filling: 1% (a); 2.5% (b); 5% (c). Insets in (a)-(c) represent 

the as measured data, the magnetic field is parallel to the nanotube axis (open symbols) and 

perpendicular to it (closed symbols). (d) Difference between parallel and perpendicular 

magnetic susceptibility (DC) as a function of MWCNTs content in polystyrene composite (e). 

Consequently, in this work we have performed a comparison of the magnetic properties 

of polystyrene/MWCNTs composites fabricated by forge-rolling and stretching 

techniques. The stretching was proven to be the more appropriate approach for 

enhancing the properties of composites. Our results show that SQUID magnetometry 

can be used as a non-destructive testing method of CNTs alignment in the host material 

and can provide information about possible interactions between the host material and 

CNTs. An essential benefit of analysis based on magnetic properties is testing the bulk 

properties of a sample. Therefore, the suggested approach can contribute to the field of 

composite materials design and help to improve the performance of nanocomposites. 

6.2 Magnetism of functionalized graphene derivatives (Publications 

II and III) 

As previously discussed, the emergence of magnetism in graphene-based materials 

depends on the type, concentration and distribution of defects. The chances to observe 
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magnetically ordered states is higher in the case of linear zigzag defects on graphene. 

The most reliable technique to create the required structure is probably the manipulation 

of single atoms with STM. However, it is not possible to fabricate a significant amount 

of material with this technique.  

In this research, our goal was to examine the basic magnetic characteristics M(T) and 

M(H) of magnetic carbon materials by SQUID magnetometry. The main difficulty here 

is that even with the outstanding SQUID sensitivity of about 10-8 emu, characterization 

requires at least several mg of material for a reliable signal. This is also dictated by the 

necessity of measuring the magnetic characteristics of carbon magnetism in low 

magnetic fields of about 100 Oe. Thus, in this study we have focused on the chemical 

functionalization of graphene as it can provide the required amount of material, and 

along with some reports about the existence if the magnetic properties of functionalized 

graphene.  

According to theoretical and experimental works, one of the most suitable organic 

substances that can be covalently linked to a graphene sheet are free radicals and 

dienophiles [20]. The work of Hong J. et al. [114] with an STM study on graphene 

functionalized by nitrophenyl has demonstrated the creation of extended linear defects 

as a result of functionalization and magnetic polarization along such defects. Following 

these results, we have adapted a method of the functionalization of carbon nanotubes for 

graphene, in order to produce enough material for characterization by SQUID 

magnetometry. 

The most common method for bonding free radicals to graphene is the diazonium salt 

method, the functionalization in which is done by the formation of strong covalent 

bonds with phenyl groups. Thus, some carbon atoms change the hybridization from sp2 

to sp3 [20]. The method used in the present work was based on the reaction of aniline 

derivatives (R-C6H7N) with isoamyl nitrite. As a result of the reaction, intermediate 

products are formed in the form of aryldiazonium salts, which leads to the attachment of 

radical phenyl groups to the surface of graphene or nanotubes (Fig. 6.5).   

 

Figure 6.5: Schematic of the chemical functionalization by covalent bond with phenyl radicals. 

The image is adapted from [132]. 

Graphene, required for synthesis, was obtained by the thermal exfoliation of graphite 

oxide and oxidation was carried out by the Brodie method [133] with a green solid sheet 



6 Results and discussion 82 

of graphite oxide obtained as the final product. For delamination, the previously 

obtained graphite oxide was ground in a mortar to obtain a homogeneous powder. For 

the exfoliation process, the graphite oxide was placed in a quartz tube, pumped below 

10-4 Torr, and rapidly moved into a tubular furnace preheated to 1050° C for one 

minute. At the end of the heat treatment, the tube was evacuated from gases that appear 

as a result of the separation process and placed in a glove box with an inert gas to avoid 

interaction with oxygen and humidity from the environment. Earlier results of our 

colleagues demonstrate that the produced material is a highly defective graphene with 

up to a single layer of graphene domains in the mixed structure of single and multi-layer 

graphene [134].  

Functionalization was performed by covalent addition of phenyl groups with various 

radicals (4-bromoaniline, 4-chloroaniline, and 4-nitroaniline). The functionalization 

procedure was adapted from [50]. All procedures were performed either in a glove box 

under an argon atmosphere (<1 ppm O2, H2O) or under a nitrogen atmosphere outside 

the glove box. The functionalization procedure was carried out as follows: the 

previously obtained graphene was mixed with N-methyl-2-pyrrolidone (NMP) and 

aniline was selected under a nitrogen atmosphere. The mixture was heated to 60 ° C, 

after which isopentyl nitrite was added and left overnight. All reagents were purchased 

from Sigma-Aldrich and were used without further processing. For filtration, the 

reaction mixture was diluted in dimethylformamide (DMF) and filtered through a 

cellulose membrane filter (RC 58 with a pore size of 0.2 μm) under reduced pressure. 

Afterwards, the powder was washed with extra clean acetone and dried using a rotary 

evaporator connected to a mechanical pump; the drying pressure and temperature were 

approximately 30 Torr and 90 ° C, respectively. 

For measurements, the powder samples were placed in gelatin capsules and fixed inside 

plastic tubes. For thermomagnetic measurements, the curves with both field cooling 

(FC) and heating (ZFC) were obtained with a typical applied field of 100 Oe and in the 

temperature range from 2 to 300 K. The diamagnetic contribution of the gelatin capsule 

was assumed to be negligible, and the measured magnetization was determined 

exclusively by sample. Figure 6.6 shows the temperature dependences of the magnetic 

susceptibility of the initial graphite powder and the graphene obtained from it. Pure 

graphite powder is a strong diamagnet and exhibits negative magnetic susceptibility 

over the entire measured range (Fig. 6.6a). At temperatures below 50 K, an increasing 

paramagnetic contribution is observed and associated with the presence of paramagnetic 

centres in the material. This contribution can be described using the Curie-Weiss law 

and is explained by the presence of edge states and other intrinsic defects in graphite. 

It is possible to calculate the Curie constant by fitting of the experimental data with the 

Curie-Weiss law 𝜒 = 𝐶/(𝑇 − 𝛩), following which one can estimate the spin 

concentration N based on the expression 5.5.  The Weiss constant 𝛩 affects the shift of 

the experimental curve along the horizontal axis and does not affect the shape generally. 

Then it is typical to observe a small negative Weiss constant of about a few degrees for 
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graphene-based materials, which indicates the presence of weak antiferromagnetic 

interactions. 
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Figure 6.6: SQUID measurements of temperature dependences of magnetic susceptibility: (a) 

pure graphite powder and (b) graphene obtained by oxidation and further thermal exfoliation 

of graphite powder. Measurements at 100 Oe. 

In the expression 5.5 for the Curie constant, one more variable J exists, which is the 

angular momentum number. It is expected that for defects like vacancies or adatoms J 

should be equal to the free electron value J = 1/2 [39,135]. However, this value usually 

differs from the theoretical one. This value can be checked by fitting the field 

dependencies of magnetization with the Brillouin function (expression 5.3). In this case, 

we have a variable J that affects the curvature and concentration of spins, which affects 

only the amplitude of the signal.  

In the present work, the field dependencies of pure graphene did not demonstrate any 

hysteresis (Fig. 6.7). The M(H) dependencies are affected by strong diamagnetic 

background, presented by the negative slope of the curves. Based on the temperature 

measurements (Fig. 6.6b), this diamagnetic background is linear in the measured 

temperature range and can be simply subtracted (Fig 6.7b). One way to estimate the 

diamagnetic background is to take the diamagnetic value at T=300 K from the M(T) 

data. The other possibility is to make a linear approximation of M(H) at high fields, 

where M is saturated, and to subtract it. Thus, only the paramagnetic term should 

remain. There is also a notable nonlinearity of the M(H), which is not expected for a 

simple ½ paramagnetism which is caused by the previously mentioned difference of J 

from the free electron value J = 1/2. 
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Figure 6.7: Field dependencies at different temperatures before (a) and after (b) subtraction of 

diamagnetic contribution at room temperature. 

We have performed a more detailed analysis of the M(H) data to estimate the J value 

and estimate the spin concentration N. This was done by fitting the experimental data 

with the Brillouin function (Fig. 6.8). The obtained values were found to be J = 10/2 at  
𝑇 = 1.8 K and J = 9/2 at 𝑇 = 3 K. The spin concentrations are 𝑁 = 4 ∙ 1019 and  
𝑁 = 3 ∙ 1019 spins/g, respectively. The small variation of the spin concentration can be 

caused by both fitting the inaccuracy and temperature disorder effect. Thus, this should 

be more precise at low temperatures. The spin concentration for pure graphene from the 

M(T) data found by fitting with Curie-Weiss law was 4.7·1019 spins/g. This value is 

expectedly bigger and must be the most precise since it is not disturbed by the 

temperature disorder.  
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Figure 6.8: Field dependencies at 1.8 and 3 K and fitting with the Brillouin function. The 

number of spins in the clusters n is 9 and 10. 

The difference from J = 1/2 is usually observed even in the case of non-modified 

defective graphene [135]. One possible explanation for this effect is the interaction of 

single defect-induced magnetic moments, so they behave like a superparamagnetic 

particle or cluster. This requires the proximity of these defects which can be observed in 

the case of edge magnetism and can also be possible in the case of the random 

attachment of adatoms. It is also interesting that the J value decreases with the 

temperature. This effect was not studied precisely, but from at sight it can find a good 

explanation of the thermal disordering effect. The rising temperature decreases the 
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correlation length of interaction and is thus decreasing the average amount of defect-

induced magnetic moments in the cluster. 

Except for the difference of J from the free electron value, there were no magnetic 

peculiarities in pure graphene and graphite. However, in the case of functionalization 

with nitroaniline, an abrupt appearance of a discrepancy in measurements is observed 

upon heating in a field (ZFC) and cooling in a field (FC). This behaviour can be 

explained by the antiferromagnetic ordering of paramagnetic centres (Fig. 6.9). 

Nevertheless, the effect is rather weak, and the bulk properties of the sample remain 

unchanged: diamagnetism at high temperatures and the paramagnetic contribution at 

low temperatures. Such a slight change is explained by the fact that only a small part of 

the paramagnetic centres are ordered because of their uneven distribution over the 

surface and of a different nature. 
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Figure 6.9: Magnetic susceptibility of graphene functionalized with nitroaniline: (a) FC and 

ZFC measurements at 100 Oe; (b) Magnetic susceptibility at different magnetic fields near the 

transition point. 

The Weiss constant, obtained from the approximation is negative  = - 3.45 K, which 

confirms the antiferromagnetic nature of the interaction in the material. To examine the 

possibility to explain the effect by the presence of magnetic impurities, EPR 

measurements of the sample were carried out (Fig. 6.10). 
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Figure 6.10: (a) Derivative of the EPR signal dP/dH, functionalized graphene; (b) temperature 

dependence of the magnetic susceptibility according to EPR measurements. 

EPR measurements showed the presence of a single resonance line with a g factor of the 

order of 2, which may indicate the absence of the influence of magnetic impurities. 

From the temperature change in the resonance, the dependence of the concentration of 

paramagnetic spins on the temperature was plotted, similar to SQUID measurements, 

but taking into account only the paramagnetic contribution. The resulting dependence 

confirmed the presence of a transition, but its temperature and amplitude were changed. 

Repeated measurements a few months later showed the disappearance of this magnetic 

transition. 

The effect of time relaxation of the magnetic moment in carbon materials is known but 

not usually considered. For example, in experiments with carbon nanofoam [125], the 

decrease of magnetization was observed (Fig. 6.11). The authors report that 

immediately after the synthesis, the material was attracted to a permanent magnet, but 

the effect was observed only in the few first hours. The later measurements performed 

in 15 and 60 days confirmed the relaxation of magnetization. The authors explain the 

effect either by the pairing of initially unpaired spins due to reaction of the spin centres 

with atmospheric gases or the rearrangement of localized single and double C-C bonds. 

The defect-induced magnetic moments remaining after the time are believed to be 

sterically protected from the passivation or originate from defects other than dangling 

bond defects. 
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Figure 6.11: Temperature dependence of the magnetic moment of the composite of carbon 

nanofoam and sample holder measured at H = 30 kOe, 15 days (upper curve) and 60 days 

(lower curve) after production of the sample [125].  

However, our results for functionalized graphene differ from the above. First of all, the 

effect of magnetic transition is based on functionalization, it is not an all-carbon sample. 

Thus, we do not expect that passivation could affect so drastically. The same is for the 

reconstruction of carbon bonds. The most satisfactory explanation is probably the 

reorganization of the attached functional groups. Unfortunately, we were not able to 

either approve or reject this hypothesis up to date, yet it is also important that this 

relaxation effect is one more reason to state that the antiferromagnetic-like transition in 

functionalized graphene is attributed to the defects rather than magnetic impurities. 

The nature of the observed antiferromagnetic-like transition in functionalized graphene 

is probably connected to the alignment of the defects along the zigzag direction on a 

graphene plane and the bipartite structure of it. A discussed, defects created by adatoms 

create paramagnetic moments in graphene. If these defects are arranged in a certain way 

like the zigzag linear defect, the produced zigzag nanoribbons present spin-polarized 

edges, along which there are atoms of the similar graphene sublattice. Magnetic 

moments along these edges interact ferromagnetically. However, on different sides of 

the zigzag linear defect there are carbon atoms of different sublattices and between the 

edges of these defects the interaction will be antiferromagnetic. This structure is also 

known as a spin ladder and is schematically shown in Figure 6.12. 
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Figure 6.12: The schematic representation of zigzag linear defect on graphene plane and the 

spin ladder magnetic structure along the zigzag defect with antiferromagnetic JAF interaction 

between the opposite edges of the ladder and ferromagnetic JFM along the edges.  

This result is consistent with the previously described STM experiments with similarly 

modified by the phenyl groups graphene (Fig. 4.10), where the formation of the high-

symmetry zigzag and armchair linear defects were observed [114]. Therefore, our 

results confirm that the covalent adsorption of aromatic radicals can be an efficient way 

to induce graphene magnetism and provide some basic characteristics of the triggered 

magnetic interactions. Moreover, we have demonstrated the relaxation effect of 

magnetic properties, the nature of which should be further studied and could help in the 

explanation of some reproducibility issues in works on carbon magnetism. 

6.3 Variants of magnetic peculiarities in amorphous carbon 

(Publication IV) 

Different experimental works on magnetic properties of carbon materials demonstrate a 

wide variety of possible magnetic peculiarities.  Thus, one can find traces of 

ferromagnetism or antiferromagnetism [5,7,8,11,19] while other works report only a 

paramagnetic signal [3,135,136]. In the Publication IV, we have investigated the 

magnetic response of amorphous carbon coal with SQUID magnetometry. The 

temperature dependencies of magnetization of tested samples demonstrated a 

surprisingly unusual and diverse list of features. These are extremely valuable from the 

point of the basic analysis of SQUID magnetization measurements of carbon materials. 

Commercially available Goldcarb WSC208C-G coal was used as a starting material. It 

was ball-milled for activation and washed with a 1 M solution of HClO4 to remove all 

acid-soluble ash content. Afterwards, it was washed in distilled water for several days 

with a control of conductivity of the water to track if any contaminations are removed 

from coal. Since the original motivation of this work was to study the absorption of 

copper complexes during the extraction of gold from cyanide solutions, part of the 
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material was saturated by copper complexes from an aqueous solution of 

(Na[Cu(CN)2]). Some material was also additionally dehydrated before magnetic 

measurements at 80°C and 10 mbar, which were done using ZFC and FC modes.  

The temperature dependencies of magnetization of clean and dehydrated coals are 

shown in Figure 6.13. Magnetization of clean coal has a feature similar to the 

previously discussed results of functionalized graphene; it has a kink near 120 K, which 

can be explained by the antiferromagnetic transition (Fig. 6.13a). This feature is not 

present in dehydrated samples (Fig. 6.13b). The significant difference with our earlier 

results for functionalized graphene is that the magnetization is above zero in the whole 

measured temperature range, for which there can be several reasons. The first reason 

could be weaker diamagnetic and stronger paramagnetic responses of the coal. Our 

XRD measurements have shown high structural disorder, meaning that the coal samples 

consist of many small graphitic fractions. As was already discussed, sp2 carbon 

allotropes have a positive correlation between crystallinity and the diamagnetic 

response. 

The paramagnetic response of sp2–hybridized carbon materials is mostly dictated by the 

concentration of defects, usually reflected in the temperature-dependent paramagnetic 

term, which follows Curie-Weiss expression. Assuming that origin of this term is only 

defects in the coal structure, one can calculate the number of magnetic particles. For 

this, the magnetization curve is fitted to the Curie-Weiss expression and the 

concentration is found from the obtained Curie constant. 

 
Figure 6.13: SQUID FC and ZFC thermomagnetic measurements at 3300 Oe: (a) clean coal; (b) 

clean dehydrated coal 

Surprisingly, the transition near 120 K was also observed also in the dehydrated coal 

modified by copper (Fig. 6.14b), while it was not found in samples before dehydration 

(Fig. 6.14a). However, the magnetization curve had significant differences compared 

with pure coal. First of all, the ZFC curve of carbon coal with copper had a pronounced 

peak around 100 K. It is important, that it was observed only in ZFC mode, while FC 

was smooth in this temperature region. This peak is explained by there not being 

enough purge before the SQUID measurements. It is typical that a sample is placed into 
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SQUID measuring chamber when the chamber temperature is already about 50 K or 

even lower to speed up the cooling and the measuring process. Thus, especially for 

samples with high porosity, some oxygen can be trapped inside. When a measurement 

starts, the ZFC mode is first and a sample is heated up. If there is oxygen, it is frozen in 

the antiferromagnetic state below T = 50 K, where it has an antiferromagnetic-

paramagnetic transition. Thus, at T = 50 K, an increase of magnetization is observed. 

Further, this oxygen boils and is pumped out above T = 90 K leading to the decrease of 

magnetization related to the physical removal of oxygen. Excepting this oxygen-related 

peak, the magnetization of coal with copper does not have any peculiarities and the 

shape is similar to coal without the magnetic transition. 

The temperature dependence of magnetization of the dehydrated coal with copper has 

an additional feature at low temperatures. Instead of a classical strong paramagnetic tail, 

the magnetization decreases below T = 20 K. It is difficult to name the reason for such 

behaviour using only SQUID results, but theoretically one possible reason is the 

superconductivity in graphitic materials. The superconducting effects in graphite have 

been discussed for a long time and can explain the magnitude of the effect, which fully 

suppresses the defect-induced paramagnetic tail. Superconductors are the strongest 

diamagnetic materials. They fully expel external magnetic field and have a magnetic 

susceptibility of 𝜒 = −1. Though, it is also possible that this effect comes from 

impurities or copper instead of carbon. Unfortunately, such modified carbon materials 

were omitted from of the research and the effect was not further studied. 

 
Figure 6.14: SQUID FC and ZFC thermomagnetic measurements of dehydrated coal samples at 

3300 Oe: (a) carbon coal modified by copper. (b) dehydrated carbon coal modified by copper. 

The main question about the possible antiferromagnetic ordering is the role of possible 

magnetic impurities. We have performed an EDS composition analysis, which showed 

approximately 20 ppm of Fe. It is known that magnetite Fe3O4 has phase transition 

associated with a magnetic transition around 125 K. Magnetization of one ppm of Fe3O4 

nanoparticle is expected to be ~6·10-5 emu/g [137]. Thus, it is not possible to say only 

from the thermomagnetic SQUID measurements whether the effect is related to carbon 

magnetism or is explained by iron contamination. However, it is worth pointing out that 
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the magnetic transition around 120 K was not observed in dehydrated or modified by 

copper coal. 

6.4 Emergence of magnetism in fluorinated graphite (Publication V) 

Partial fluorination is among the most effective techniques for the creation of localized 

spin centres in carbon materials [16,19]. Fluorination can be done by a wet chemical 

approach, meaning that the technique can provide a good yield of the material. 

Moreover, partial fluorination allows to preserve the conduction properties of graphite 

or graphene and to fabricate the samples with different fluorine concentrations. Thus, 

fluorinated graphite was a good candidate for the research.  

The samples were prepared by a group of Okotrub A.V. from Novosibirsk State 

University, Russia. The samples were fluorinated graphite C2Fx with a fluorine content 

x close to 1 and significantly below 1. This can be represented as C3F for x<1 and C2F 

for x=1.  The hypothesis is that if fluorine atoms on graphene planes will arrange as 

linear defects, carbon nanoribbons bound by fluorinated carbon atoms can be formed. In 

this case, different stoichiometry can be represented as nanoribbons of different widths 

(Fig. 6.15). The formation of linear defects was confirmed by spectroscopic 

investigations in earlier works [138–140]. The resulting structure is expected to have 

similar properties to carbon nanoribbons properties, including conducting properties and 

a possible magnetic interaction in the case of zigzag nanoribbons.  

 
Figure 6.15: The basal plane of fluorinated graphite with different fluorine content and 

nanoribbons width. Blue spheres represent carbon atoms and yellow represent fluorine.  

The magnetic response of as prepared C3F (Fig 6.16a) did not show any magnetic 

peculiarities. The M(T) dependence of it is typical for graphene-based materials with a 

significant concentration of defects and the absence of magnetic ordering. It has a 

constant diamagnetic background and a strong curie-like paramagnetic tail induced by 

defects. The behaviour is similar to non-functionalized graphene or aged functionalized 

graphene described in Publications II and III. However, the later measurements of 
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fluorinated graphite after ageing (Figure 6.16b-d) revealed an outstanding development 

of magnetic response.  

 

Figure 6.16: Evolution of (T) during ageing C3F: (a) Curie-like paramagnetism in the as-

prepared samples; (b) and (c) the (T) after few months; (d) after one year. Measurements at  

H = 100 Oe. 

During one year, a wide peak in magnetization with a maximum at T = 200-280 K 

gradually developed and the magnetization increased by two orders of magnitude. In 

this case the magnetic susceptibility (T) can be decomposed to three components:  

(T) = 0 + Curie(T) + spin(T) (6.2) 

where 0 is a temperature-independent background, with a relatively weak low-

temperature paramagnetic term Curie(T) = C/T, and a susceptibility spin(T). This spin(T) 

derives the nontrivial large term of the magnetic response of the developed wide peak. 

The observed spin(T) cannot be described in terms of independent magnetic moments.  

The (T) in Figure 6.16d looks like a feature of low dimensional magnetism and is 

typical for chain or ladder spin structures [141]. The maximum of the peak in spin(T) is 

determined by the strength of antiferromagnetic spin-spin interaction, which pairs the 

spins and leads to the decrease of magnetization after some critical temperature [142]. 

We have tested different models to fit our results. First, the models based on localized 

spins were tested, including the Heisenberg chain with anisotropic antiferromagnetic 

coupling (Bonner-Fisher [141]), the Hatfield model [143] of a 1D spin chain with 

modulated coupling, a dimerised chain (Bleaney-Bowers [144]), and a spin ladder with 

antiferromagnetic interactions (Troyer-Tsunetsugu-Würtz [145]). However, these 

models assume only antiferromagnetic coupling and were not producing a satisfactory 

fit to our experimental results. The best correlation with the experimental data was in 

terms of the peculiar magnetic edge states of zigzag graphene nanoribbons described by 

Wakabayashi et al. [146]. In this case, the system is described as a spin ladder with 

ferromagnetic coupling along the zigzag edge of a nanoribbon and antiferromagnetic 

edge to edge coupling. The solid lines in Figure 6.16b-d represents the best fitting with 

the spin ladder model. 

Importantly, the effect irreversibly collapses if the samples are heated to 520 K, which 

is the temperature of fluorine detachment (Fig. 6.17). This indicates that the observed 

magnetic response is strictly connected with the fluorination of graphite. 
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Figure 6.17: M(H) dependence at T = 300 K of an aged sample and the same sample after short-

term heating to 520 K (a). Temperature dependence of the saturation magnetization Ms for the 

Tabby graphene; the sharp decrease of Ms around 400 K is due to the beginning of thermal 

irreversible destruction of the sample (b). 

In contrast with C3F, the C2F samples demonstrated an unusual magnetic response 

already in the as-prepared state (Fig. 6.18a). A strong increase of a magnetic moment is 

observed below T = 40 K. The transition was detected by both SQUID and EPR 

techniques. Below the maximum at T = 16 K, the ZFC and FC lines diverge indicating a 

blocking of magnetization. This divergence and the amplitude of the peak is sensitive to 

the applied magnetic field. At high fields, the divergence collapses and the peak 

(Tblocking) shifts to lower temperatures (Fig. 6.18c). This, together with M(H) shown in 

Figure 6.18d, indicates the superparamagnetic nature of the observed effect below  

T = 40 K. 
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Figure 6.18: SQUID and EPR measured temperature dependencies of magnetic susceptibility of 

the as-prepared C2F (a) and after ageing (b); M(T) in different magnetic fields (c); М(Н) at 

different temperatures (d). Open circles in (a) and (b) are ZFC, solid are FC and the double 

integrated intensity of EPR is in red. 

The C2F samples were also affected by ageing. Similarly to the C3F, a broad peak at  

T ≈ 280 K was developed during the storage in the desiccator at room temperature (Fig 

6.18b). The ageing also strongly affected the amplitude of the peak near ferromagnetic-

like transition, which decreased almost 50 times in comparison with the results of the 

as-prepared samples. Annealing of the aged samples in a dynamic vacuum at T = 373 K 

for 24 hours resulted in a full restoration of magnetic properties to the as-prepared state. 

The XPS measurements showed the reduction of oxygen content from 0.47% to 0.19% 

and the water content from 1.21% to 0.75%. We assume that oxygen and water 

penetrate graphite as a result of ageing and push the graphene planes apart. Thus, the 

interaction between planes is reduced and the magnetic response is mainly due to short-

range 2D antiferromagnetic interactions. When these intercalants are removed, the 

interlayer magnetic interaction increases, and 3D superparamagnetic ordering occurs 

below 40 K. 

The development of antiferromagnetic-like behaviour in carbon based-materials with 

time was reported also by Kausteklis et al. [110]. The authors observed a decrease of 
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magnetization using EPR measurements as a result of ageing in an inert atmosphere for 

the ball-milled graphite (Fig. 6.19). The authors state that as the as-prepared nanosized 

graphite seems to be electronically and structurally unstable, an edge reconstruction 

during the ageing occurs. They believe that this reconstruction results in the creation of 

zigzag edges, which leads to the observed decrease of the magnetic susceptibility. The 

magnetic effect is based on the antiferromagnetic ordering of the created magnetic 

moments on these zigzag edge defects. Although this result is based on a pure carbon 

system, the idea of the structural reconstruction as a driver for magnetic properties 

evolution is applicable also for our fluorinated graphite. 

 
Figure 6.19: Temperature dependence of the EPR spin susceptibilities for the as-prepared 

(circles), aged in an inert atmosphere (squares), and air-exposed (triangles). Solid lines represent 

fits to a sum of Pauli temperature-independent and Curie-Weiss spin susceptibilities. Inset: 

temperature dependence of the inverse EPR spin susceptibilities for the same samples [110]. 

Overall, our experiments have confirmed that fluorination of graphite is an efficient 

technique to create magnetic carbon systems with nonmagnetic materials. The fluorine 

adatoms create localized magnetic moments and due to the low energy barrier for 

migration of F atoms, ageing can result in the formation of “tabby” graphene structures, 

in which quasi-nanoribbons of graphene are formed: sp2-hybridized carbon regions 

constrained by sp3-hybridized by fluorine chains. Thus, the observed magnetic features 

can be explained by the bipartite lattice of graphene and zigzag edges of these quasi-

nanoribbons. This system is expected to be more stable than the aforementioned ball-

milled graphite, for example, where carbon edges tend to be easily passivated because 

one has artificial zigzag edges with sp3 hybridization and no dangling bonds. 
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7 Conclusion 

The main focus of the present research was on the magnetic properties of metal-free 

carbon-based materials, mainly graphene and graphite. These two are normally 

diamagnetic sp2 hybridized carbon allotropes, the magnetic properties of which can be 

tuned up to ferromagnetic-like behaviour through manipulating by the type and 

distribution of defects. In the frame of this research, a wide list of modified carbon 

materials was examined, including raw graphite powder, thermally exfoliated graphite 

oxide (graphene flakes), milled graphite, carbon nanotubes, carbon coal, anilines 

functionalized graphene and graphite, and fluorinated graphite. Though some other 

more practical aspects were also in the scope, the goal of the research was to find a 

reliable and reproducible technique to trigger the magnetic ordering in a metal-free 

carbon material. 

An experimental approach of analysing the alignment of carbon nanotubes in polymer 

matrix based on nondestructive magnetic characterization was suggested (Publication I). 

The magnetic characterization was done using a SQUID magnetometer. The physics 

behind the proposed approach is the strongly anisotropic diamagnetic properties of 

carbon nanotubes. Knowing the parameters and concentration of carbon nanotubes, it is 

possible to estimate the expected diamagnetic response and its anisotropy. While the 

overall approach is straightforward and should be quite simple to implement, several 

additional features were discovered. First of all, the encapsulated magnetic 

nanoparticles interfere with the signal because of their anisotropy and mostly 

superparamagnetic behaviour. Moreover, the magnetic response from these magnetic 

nanoparticles was found to be dependent on the alignment of nanotubes.  Even more 

important is the observed overage of the diamagnetic anisotropy related to the 

nanotubes. The supposition of the present research, supported by molecular dynamic 

simulation, is that due to strong interfacial interactions the polystyrene rings of the 

matrix can wrap around the nanotubes, increasing the diamagnetic response. We believe 

that this approach of nondestructive analysis and the discovered interaction between the 

matrix and the nanotubes are a valuable contribution to the field of the practical 

application of nanotubes in composite materials. 

The work in Publications II, III, IV and V focused on the magnetic ordering in carbon 

materials, in which the variants of magnetic ordering in carbon materials and the 

evolution of these magnetic properties with time are shown. The experiments with 

functionalized graphene have revealed the appearance of antiferromagnetic transition 

near 120K in case of functionalization by nitroaniline. We explain this behaviour by the 

creation of linear defects by the aniline molecules, which in the case of the zigzag 

crystallographic direction leads to the formation of the pattern shown in Figure 6.12. 

Such a structure has carbon atoms of different sublattices on opposite sides. According 

to theoretical expectations, defects on different sublattices create the opposite aligned 

magnetic moments. Thus, the created magnetic moment may interact ferromagnetically 

along one side of the defect since they are on one sublattice, but antiferromagnetically 

between the sides. 
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Outstanding results were achieved in expedients with fluorinated graphite. We 

demonstrated that fluorination may lead to the creation of ferromagnetic-like behaviour 

in carbon materials at a low temperature depending on the fluorine concentration. The 

observed magnetic response irreversibly vanishes if the samples are heated above the 

fluorine detachment temperature, indicating that the observed effects are due to the 

created magnetic moments because of fluorination. In addition, we have observed a 

developing antiferromagnetic interaction during long time storage of the samples in a 

desiccator. Our explanation of such behaviour is a structural reconstruction of 

fluorinated graphite. With time, the fluorine atoms form chains which can result in the 

formation of the pattern shown in Figures 6.12 and 6.15. In this case, the explanation of 

overall antiferromagnetic behaviour is the same as in the case of functionalized 

graphene. This antiferromagnetic increase leads to a decrease of the maximum of low-

temperature ferromagnetic-like peak and is also affected by heating to fluorine 

detachment temperatures. Therefore, the nature of both types of magnetic ordering is the 

defectiveness caused by the attached fluorine atoms.  

The most important point here is the observed time evolution of magnetism in the 

samples. We have found that the antiferromagnetic transition in functionalized graphene 

vanishes after some time, while the situation is the opposite in the case of the 

fluorinated graphite. In the fluorinated graphite, the antiferromagnetic peak develops 

with time. The ageing process should be studied in more detail because it can have a 

different nature, which can be based on the passivation of carbon active sites, carbon 

bonds reconstruction or the reorganization of adatoms or attached molecules. This effect 

may explain some of the reproducibility issues, which is one of the main problems in 

studying carbon-based magnetism. 

For future work, we believe that fluorinated graphite is the most exciting and 

worthwhile material to study among the described graphene-based materials. While the 

aniline functionalized graphene is indeed interesting, the fluorinated graphite provides 

the reversible control of magnetic properties and can be easier analysed. Nevertheless, it 

is also possible that under certain conditions one can achieve the same reversibility or at 

least preserve the magnetic properties for the functionalized graphene. 
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a b s t r a c t

We present an original, easy to implement, reliable method of non-destructive testing of the orientation
of carbon nanotubes by magnetic moment measurements performed in three perpendicular directions of
magnetic field. Multi-wall carbon nanotubes/polystyrene composites were prepared by stretching and
forge-rolling methods with the same nanotube loading. Unusually strong diamagnetic anisotropy in the
composites prepared by the stretching method was observed and attributed to an additional diamagnetic
response from the polystyrene aromatic rings wrapping the nanotubes. Strong anisotropy of diamagnetic
susceptibility of the composites with highly aligned nanotubes correlates with anisotropic electromag-
netic response and with improved microwave absorption properties. Both magnetic anisotropy and
microwave absorbance is considerably lower in the composites prepared by the forge-rolled method. The
magnetic results correlate well with polarized Raman spectroscopy. The research findings contribute to a
better understanding of nanotube-polymer interface, alignment mechanisms, and ultimately the optimal
design and performance of functional nanotube - aromatic polymer nanocomposites.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Extraordinary mechanical, thermal and electronic properties of
carbon nanotubes (CNTs) make them ideal fillers for composites
used in many practical areas. One of areas is electromagnetic
shielding, which is often an unavoidable necessity, especially in
military and biomedical applications due to the interaction of
electromagnetic fields and biological tissues. CNT composites are
highly attractive in shielding due to their light weight, low cost,
high strength and simple processing. One of the most important
aspects is the CNTs alignment in the composites: cooperative

interactions between the components can produce novel proper-
ties that do not occur individually. It was shown that the better the
orientation, the higher the polymer composites' mechanical
strength and shielding effectiveness (SE). Moreover, orientation of
CNTs in matrix resulted in an anisotropic response of polymer
composite relative to low frequency [1] and terahertz radiation [2]
where it was demonstrated that the SE of polymer composites
could be improved by controlling the orientation of MWCNTs. The
magnetic catalytic particles embedded into the carbon nanotubes
during the synthesis can lead to novel magnetic properties of the
nonmagnetic polymer matrix. Many recent experiments and sim-
ulations investigated the role of catalytic particles in composite
properties; SE of composites with nanotubes grown by catalytic
chemical vapour deposition (CCVD) is higher than that for purified
nanotubes, without contribution from the nanotube-enclosed
metal catalysts. This effect was attributed to the contributions of
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magnetic losses and impedance match. Alternatively, the effect was
attributed to increased dielectric losses because the magnetic
particles content is so small that the magnetic effects are weak.

In the traditional chain “Synthesis e Characterization e Prop-
erties”, the weakest link is “Characterization”. The alignment of
CNTs is mostly evaluated by the microscopy techniques like atomic
force microscopy (AFM) and transmission electron microscopy
(TEM) which provide surface information. Another approach is the
use of spectroscopic techniques including polarized Raman spec-
troscopy, which provides quantitative but local judgements. In this
work, multi-wall CNTs (MWCNTs) filled with iron nanoparticles
were combined with polystyrene (PS) to evaluate interface
interactions and MWCNT orientation in composite using magnetic
susceptibility measurements. The measurements of magnetic
moment versus field and versus temperature performed in the
different directions of magnetic field produced valuable informa-
tion about the orientation of MWCNTs, the arrangement of the
macromolecules around them and the behaviour of catalyst
nanoparticles. Comparison of the properties of anisotropic com-
posites containing the same MWCNT amount but prepared by
different methods showed that the samples with strongly aniso-
tropic diamagnetic properties provide anisotropic electromagnetic
response and show high SE in gigahertz range.

2. Materials and methods

2.1. MWCNT synthesis

MWCNTs were produced using aerosol-assisted CCVD method
in a horizontal tubular reactor, which is described in detail else-
where [3]. Silicon substrates with a size of 10 � 10 mm2 were
located in the central part of the reactor, then the reactor was
pumped, filled with argon gas and heated up to 800 �C. Ferrocene
(2 wt. %) was dissolved in toluene and the reaction mixture was
injected into the reactor with a rate of 0.14 ml/min. The pyrolysis
was performed at atmospheric pressure in an argon flow
(250 cm3/min) for an hour. M€ossbauer spectroscopy study of
MWCNTs synthesized by the same method detected three forms of
iron nanoparticles, namely, twomagnetic phases a-Fe and Fe3C and
one non-magnetic g-Fe phase [4]. From the results obtained after
the sample treatment with a diluted sulphuric acid, it was sup-
posed that the a-Fe phase is mainly located close to the nanotube
ends, while the g-Fe and Fe3C phases are inside of the channels [5].

2.2. Composite preparation

Polystyrene plates with 5 wt. % MWCNT loading were prepared
using forge-rolling and stretching methods [6]. A required amount
of MWCNTs separated from the silicon substrate was put into a
toluene solution of polystyrene and the mixture was mechanically
stirred until complete polymer dissolving. Then, the suspension
was sonicated for ~2min using a high-power sonic tip (200W)with
the purpose to improve the MWCNT dispersion. As produced slush
was cast onto metallic substrate and dried to a viscous state at
ambient conditions.

In the first batch of samples, a forge-rolling procedure was used.
A composite plate was repeatedly forge-rolled along a certain
direction at a linear speed of the rolls of ~10e15 cm/s. In the second
batch, a stretching procedure was used. A soft composite plate was
uniaxially stretched at a heating (~70 �C), which was provided by a
hot air gun. Amicroscrew setup led to stretching of the plate in half.
Finally, the composites were dried under a light load at room tem-
perature. All the prepared plates had visually homogeneous grey
colour. Investigation of the electromagnetic response of the

composites prepared by the above-described techniques detected
that the nanotubes have a predominant orientation in the plates [7].

3. Results and discussion

3.1. Electron and atomic force microscopy

Examination of product by scanning electron microscopy (SEM)
on a Hitachi S-3400N microscope revealed covering of silicon
substrate by a MWCNT array (Fig. 1a). In the array, nanotubes are
well aligned and oriented normally to the substrate surface
(so-called nanotube forest). Cleavage of the sample for SEM study
resulted in a gap between array and substrate. This is indicative of
weak interaction of the constituents, which allowed separating the
CNTs easily.

For high-resolution transmission electron microscopy (HRTEM)
investigation, the MWCNTs were mixed with ethanol, and after
ultrasonication the suspension was deposited on a colloidal carbon
film grid. TEM images obtained on a Jeol JEM 2010 microscope
showed that the CCVD product consists of MWCNTs with an outer
diameter of ~20 nm (Fig. 1 b).

These processing conditions ensure a good dispersion of the
MWCNTs in the polystyrene matrix as revealed by the images
obtained by SEM of the composites (Fig. 1 c, d). The images were
obtained from a Jeol JSM-7001F microscope.

The polystyrene/MWCNT composites were investigated in
PeakForce Tapping and Semicontact Tapping modes of Scanning
Probe Microscope “BRUKER Multimode 8”. AFM topography
revealed that MWCNTs are embedded into the polystyrene matrix,
and only in rare exceptions are lying on the surface. However, Phase
channel can be used to distinguish separate materials by their
summarised mechanical properties. Although topography data has
shown mostly flat areas not containing any MWCNTs (Fig. 1e), they
were clearly distinguished in phase data channel (Fig. 1f). The
nanotubes are obviously oriented in same left-right direction, while
only one of them, represented by a dark loop-like feature in right
part of the image in Fig. 1f, is actually lying upon the surface.

3.2. Polarized Raman spectroscopy

Raman spectra in the backscattering geometry were excited
with a HeNe laser (632.8 nm) at low power density (~104 W/cm2)
and recorded using a micro-Raman setup (Horiba Jobin Yvon Lab-
RAM 300). A 50� microscope objective was used for focussing of
the laser beam and collection of the scattered light. Polarization
direction of the incident and scattered light was analysed with the
polaroid quinine iodosulphate.

The Raman spectra of MWCNTs are dominated by three main
peaks: a graphitic non-dispersive G-band around 1580 cm�1

related to in-plane tangential stretching of the C�C bonds, a
defect/disorder D band around 1331 cm�1, using laser excitation of
633 nm, and second-order overtone G0 at 2652 cm�1. The intensity
of the D band is defect dependent, and the ratio of D and G intensity
ID/IG is used to evaluate the structural purity of graphitic materials.
For carbon nanotubes, both SWNT [8] and MWNT [9], the Raman
intensities are maximum when the polarization direction of the
probing light is parallel to the nanotube axis (Ejj), whereas in
perpendicular direction (E⊥) the Raman scattering is forbidden.
Raman intensities exhibit approximately cos2a-dependence in
which a is the angle between the CNT axis and the polarization
direction of the incident light. Remarkable difference in the
intensity of Raman peaks for Ejj and E⊥ was reported in several
studies of polymers with aligned nanotubes [10e16].

Fig. 2 shows the orientation-dependent Raman spectra of the
stretched (Fig. 2 a) and forge-rolled (Fig. 2 b) PS-MWNTcomposites
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with different angles between the polarization of the incidence
laser light and the stretching or rolling direction. An aromatic ring
breathingmode of polystyrene at 1001 cm�1 is clearly seen in Fig. 2,
and peak intensity does not depend on laser light polarization. An

orientation sensitive radial skeletal 623 cm�1 line of polystyrene
[17] is slightly above the noise level, so the orientation of phenyl
rings in the polymer matrix is not accessible. The nanotube peaks
dominate in both spectra. Fig. 2 shows significant angle-dependent

Fig. 1. SEM image of initial array of MWCNTs vertically aligned on Si substrate (a), TEM image of MWCNTs from the array (b). SEM images of the MWCNT-polystyrene composite
containing 5% MWCNTs with different magnification (c, d). AFM topological (e) and phase (f) scans of the same composite.

Fig. 2. Selected polarized Raman spectra of the stretched (a) and forge-rolled (b) PS-MWCNT composites with 5% load. Black lines depict parallel (Ejj) and perpendicular (E⊥)
orientations between the polarization of the incidence laser light and the stretching or rolling direction. Grey lines refer to intermediate angles.
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changes in the Raman adsorption intensity in D, G and G0 peaks, a
testament to the preferential orientation of nanotubes. For the
stretched composites, the changes are stronger than for the forge-
rolled ones. This result indicates better nanotube alignment in the
stretched composites. Herewe refrain from quantitative estimation
of orientation degree of MWCNTs [18] because the intensity ratio Ijj/
I⊥ for D, G and G0 is different and varies for the measurements in
several points on the same sample indicating local inhomogeneity
on the micrometre scale. Similarly to Refs. [7e9], we found that the
intensity ratios D///D⊥ is higher than G///G⊥. The values for D///D⊥ are
around 2.8 and 1.8 for stretched and forge-rolled samples, and
compared to the results [7e9] reveal highly aligned nanotubes.

The position of main peaks is stable within 1 cm�1 for manifold
measurements on every sample. This gives the opportunity for
further analysis. With regard to the raw nanotubes, all the Raman
bands of the dispersed nanotubes are shifted to higher wave-
numbers. We observed the upshift of the G mode, which in case of
pristine nanotubes peaks at 1580 cm�1, shifts to 1582 cm�1 for
forge-rolled, and to 1584 cm�1 for stretched composites. The po-
sition on the G peak is affected by the nanotubeenanotube in-
teractions [19], and the upshift may be explained by the
penetration of polymer chains into nanotube aggregates during
composite processing, causing debundling of nanotubes [20].

In raw nanotubes the D band is situated at 1330 cm�1. It is
upshifted to 1332 and 1337 cm�1 for the forge-rolled and stretched
composites respectively. Correspondingly, the G0 band shifts from
its initial position 2652 cm�1 to 2659 and 2664 cm�1. Distinct
upshift of D and G0 positionwas observed in several matrices, e.g. in
poly(p-phenylene sulfide) [21], poly(vinyl alcohol) [22], poly-
styrene [14]. Themechanism behind the shift of the defect/disorder
Raman band in CNT composites was addressed in some previous
studies. In general, the upshift of the D and G0 bands is caused by a
modification in the C�C bond vibration resulted from local strain in
CNT [23]. In case of composites, the physical mechanism behind the
changes in the interatomic force constants is believed to be a
consequence of the internal pressure caused by the interfacial
interaction between the nanotubes and the matrix [24,25]. There-
fore a remarkable upshift of D and G0 bands in the Raman spectra
demonstrates a strong fillerematrix interaction [26], particularly
notable in stretched composites.

Finally, we draw attention to the ID/IG ratio, which equals to 0.36
in stretched composites and 0.63 in forge-rolled ones manifesting
strong defectiveness of the latter. This correlates with our earlier
studies [27] showing that strong forces of the rolls could damage
and even break the nanotubes down to about 0.5e2.5 mm in the
composites prepared by the forge rolling procedure.

3.3. Thermomagnetic measurements

Measurements were done using a superconducting quantum
interference device (SQUID) magnetometer. Magnetic properties of
samples were studied by measuring the zero filed cooled (ZFC) and
field cooled (FC) magnetizations at H ¼ 100 Oe as a function of
temperature and isothermal magnetic hysteresis loops, M(H), at a
given temperature. The magnetic field was varied in the range�5 T
to 5 T, within the temperature range 2e400 K. The magnetic
moment was measured with the sensitivity of 10�8 electromag-
netic units (emu).

Fig. 3 compares the results of thermomagnetic measurements
on pristine MWCNT forest and the composite materials.

The results in Fig. 3, namely, increased coercive force and the
difference between the ZFC and FC protocols, in a first approxi-
mation can be described by the Stoner andWohlfarth model which
accounts for the non-interacting single-domain particles with
uniaxial anisotropy resulting from shape or from the

magnetocrystalline anisotropy in the assumption of coherent
rotation of the magnetization. Isothermal field dependencies for
the nanotube forest (not shown) indicate difference between the
coercive fields for in-plane field orientation compared to that for
out-of-plane orientation. The obtained coercivities are larger than
coercivities for bulk Fe3C that does not exceed 100 Oe at room
temperature. For the nanotube forest, the room temperature in-
plane coercivity is 425 Oe whereas the out-of-plane coercivity is
500 Oe. The squareness, i.e. the ratio of remnant to saturation
magnetization (MR/MS) is around 0.43 and 0.45 correspondingly.
This is the indication of the size effect: coercivities of single domain
particles are much larger than those of bulk materials. Temperature
dependence of coercivity for such particles follows the law

HcðTÞ
�
Hcð0Þ ¼ 1� ðT=TBÞn (1)

where TB is the blocking temperature for the largest particles in the
system and the exponent n equals 0.5 in the Stoner and Wohlfarth
model. Our experiments are perfectly fitted by the exponent
n ¼ 0.77 which indicates (a) distribution of easy axis [28] and (b)
random assemblies where not only irreversible (switching) pro-
cesses, but also reversible (rotational) processes determine the
magnetization curve [29]. The 0.77 law of Formula 1 remains valid
for both composites (Fig. 3a). However, in the forge-rolled com-
posite the anisotropy towards magnetic field direction nearly dis-
appears. In the stretched composite the difference between the
coercive forces in orthogonal direction is preserved, and, strikingly,
the values of coercive force are strongly increased compared to the
nanotube forest. For both directions, there is surprisingly high
difference of approximately 40% between the coercive force of the
embedded nanotubes and the nanotube forest. This effect should
be attributed to the exchange interaction between the ferromag-
netic core of the nanoparticle and the carbon shell. This interaction
has the effect of the enhanced interface anisotropy, which causes a
considerable increase in the coercive field of the nanoparticles.

Further information about the interactions of catalytic particle
with the nanotubes and with the matrix was obtained from tem-
perature dependencies of magnetic moment.

Strong difference between zero field cooled and field cooled
measurements confirms the superparamagnetic behaviour of iron
nanoparticles inside the MWCNTs (Fig. 3a). A broad maximum
around 340e380 K indicates the value of the average blocking
temperature. From the position of this maximum one can estimate
the average volume of nanoparticles as 1000 nm3.

Superparamagnetic behaviour is preserved in the forge-rolled
composites (Fig. 3c), although it is anisotropic in respect to the
field direction. However, it is not observed in the stretched com-
posites. The increase of magnetic moment in the ZFC measure-
ments, which is associated with the rotation of magnetic moment
of each nanoparticle lying along the magnetic easy axis and ener-
getically degenerate with respect of the parallel and antiparallel
direction, is not observed any more (Fig. 3d). It was suggested that
an indirect exchange coupling between magnetic nanoparticles in
carbon nanotube media could be of great importance for deter-
mining the entire magnetic properties [30,31]. Our results confirm
the understanding that magnetic properties of nanoparticles inside
carbon nanotubes are influenced by the nanotubes. Here we
demonstrate for the first time that properties of magnetic nano-
particles are additionally influenced by theMWCNTarrangement in
an organic matrix where they are embedded.

3.4. Diamagnetic susceptibility

Although it is clearly seen from Fig. 3 that magnetic suscepti-
bility of MWCNT forest and MWCNT composites is anisotropic, the
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thermomagnetic measurements do not allow assessing intrinsic
magnetic properties of either nanotubes or polystyrene matrix.
Ferromagnetic catalyst particles provide increased magnetization
in lowmagnetic fields due to the contribution from initial magnetic
susceptibility. We used the field dependencies of magnetization,
M(H) curves, taken at different temperatures and at orthogonal
directions of magnetic field. The response from catalytic nano-
particles saturates at 1 T (Fig. 4 a,b), and we estimated the
diamagnetic contribution from a linear diamagnetic portion of the
M(H) curve above 2 T. The parameter that we are interested in this
section is

Dc ¼ c⊥ � ck (2)

where c⊥ and cjj are the values of diamagnetic susceptibility for the
magnetic field perpendicular and parallel to the nanotube axis.

Comparison of Fig. 4a and b reveals that the stretched com-
posites show much larger anisotropy of diamagnetic susceptibility
compared to the forge-rolled ones. Indeed the value Dc is
about �0.6 � 10�6 and for the forge-rolled one it four times
less �0.14 � 10�6. If all the nanotubes were aligned the theoretical
value Dc of a composite with for 5% MWCNT loading will not
exceed �0.20 � 10�6. This can be considered as the upper bound,
because magnetic susceptibility of CNTs is determined by its
diameter, and in our samples the diameters are diverse. For the
forge-rolled samples, the Dc value matches well the theoretical
predictions provided that the sample contains about 80% of aligned
MWCNTs. For the stretched composites the value Dc ¼�0.6� 10�6

exceeds the theoretically possible one. The only plausible expla-
nation that the nanotubes are wrapped with the polystyrene

macromolecules. The benzene rings of polystyrene turn parallel to
the nanotube and contribute to an additional anisotropy.

We compared the anisotropy of diamagnetic susceptibility of
pure stretched PS and the stretched composites containing 1%; 2.5%
and 5% MWCNTs. Pure PS demonstrate very strong differences in
diamagnetic susceptibility measures in the orthogonal directions
(Fig. 4c). Negative Dc testifies that the chains are aligned in the
stretching direction and the phenyl rings are aligned perpendicular
to it [32]. When the polystyrene is filled with the carbon nanotubes,
its diamagnetic response changes not only quantitatively but also
qualitatively. This is clearly seen in Fig. 4d: pure PS has a negative
Dc but all composites have positive. Therefore, the phenyl rings are
turned parallel to the nanotubes. What might be surprising is that
Dc increases when the nanotube load decreases (Fig. 4d). We
attribute this fact to the technological features of the stretching
process in which it is difficult to achieve homogeneity of the
sample. MWCNT strongly agglomerate in the process of drying the
composite. The agglomeration degree in a sample with high
MWCNT load is higher, and thus, most of the tensile forces are
directed to the debundling of the agglomerates rather than on its
reorientation. Thus, we found that excessive addition of MWCNTs
give worse alignment, in contrast to the intuitive assumptions.

4. Discussion

Diamagnetic properties of MWCNT/polystyrene matrix are
determined by (i) MWCNTs (ii) polystyrene matrix and (iii)
interface interactions between the two components. CNTs have
anisotropic diamagnetic susceptibility [33]. Polystyrene is usually
considered a magnetically isotropic material. One can estimate the

Fig. 3. Values of coercive force for the nanotube forest, forge-rolled and stretched composites with magnetic field perpendicular (⊥) and parallel (jj) to the nanotube axis (a).
Temperature dependencies of magnetic susceptibility measured in ZFC and FC regimes with magnetic field perpendicular (⊥) and parallel (jj) to the nanotube axis for pristine
nanotube forest (b), forge-rolled (c) and stretched (d) composite.
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theoretical value of diamagnetism for the styrene molecule using
the Pascal constants: c ¼ �0.53 � 10�6 emu/g Oe. However,
polystyrene contains aromatic benzene rings and value for the
anisotropy of the diamagnetic susceptibility for the rings equals
to �1.11 � 10�28 emu/molecule [34]. If for some reason all aro-
matic rings become oriented, it will result in anisotropic
diamagnetic susceptibility Dc ¼ �0.86 � 10�6 emu/g Oe, even
exceeding those expected from the contribution of 5% MWCNT
load.

Molecular dynamics simulations revealed that strong interfacial
interactions exist between aromatic polymers and single-wall
CNTs, and these interactions are governed by their mutual
arrangement: they are maximized when the polystyrene macro-
molecule is stretched along the nanotube [35]. An experimental
study also revealed that stretching orientation is a highly effica-
cious pathway to achieve interfacial enhancement in between
polystyrene and MWCNTs [13]. Our measurements of anisotropic
diamagnetic susceptibility correlate well with the fact that a
considerable increase in the diamagnetic susceptibility and high
anisotropy are typical for delocalized cyclic compounds. The
structural difference between the stretched and forge-rolled com-
pounds is shown in Fig. 5 a, b as the models of initial stages of the
composite formation. In the stretching procedure, the macromol-
ecules have a good contact with the nanotube, and the aromatic
rings are approximately parallel to the surface. The neighbouring
rings in polystyrene occupy the places on the nanotube surface thus
wrapping the nanotube and initiating wrapping of other molecules
(Fig. 5a). In case of the disordered system formed during forge-
rolling do not have strong intermolecular interactions with the
nanotubes (Fig. 5b).

We now compare the electromagnetic properties of forge-rolled
and stretched nanotubes. The samples (MWCNTs and composites)
have been prepared using the above-described techniques, but the
MWCNT loading in composites was 0.25 wt. %. Microwave response
of the polystyrene/MWCNT composites was examined by a vector
network analyser Agilent N5247A. Fig. 3 shows that orientation of
nanotubes in polymer matrix results in anisotropic behaviour for
both absorption and transmission modes. The forge-rolled com-
posite has a negligible difference in microwave transmission
(Fig. 5c) and absorption (Fig. 5d) for parallel and perpendicular
orientations of the plate relative to polarization of the electric field.
The stretched composite showed noticeable dependence of the
transmission (40% versus 55%) and in absorption (60% versus 37%)
for two electric field polarizations. Hence, we should conclude that
electromagnetic properties of the prepared composites are strongly
correlated with their arrangement in the matrix.

5. Conclusion

We have performed a comparative study of magnetic properties
of polystyrene/MWCNT composites fabricated by forge-rolling and
stretching techniques. We found that fabrication method in-
fluences the arrangement of nanotubes in polystyrene matrix, their
interfacial interactions with the macromolecules. Noticeable dif-
ference in the behaviour of iron-based catalyst nanoparticles in
nanotube forests and in the same nanotubes embedded in the
matrix suggests that iron-filled carbon nanotubes in an organic
matrix should be regarded as a 3-component interacting magnetic
system. Superparamagnetic properties of iron-based catalyst
nanoparticles encapsulated in the MWCNT cavities are modified in

Fig. 4. Room-temperature M(H) curves for the stretched (a) and forge-rolled (b) composites with 5% MWCNT loading. Symbols “jj” and “⊥” in (a, b) indicate orientation of MWCNTs
in polystyrene matrix relative to the magnetic field. Room-temperature M(H) curves for the pure stretched PS (c). Differences between the magnetic moment in the “jj” and “⊥”
directions of magnetic field for pure PS and PS-MWCNT stretched composites with 1%; 2.5%; 5% loading (d).
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the coated nanotubes compared to the naked nanotubes, thus
confirming the theoretical predictions about the exchange in-
teractions between carbon and magnetic metals.

Raman spectra demonstrated strong polarization dependence of
the intensities of main MWCNT-related peaks testifying to align-
ment of the nanotubes, as well as the upshift of the peak positions
which is considered as due to pep stacking between polystyrene
and MWNTs.

Diamagnetic susceptibility of composites measured parallel and
perpendicular to the nanotube axis showed that for the stretched
samples anisotropy was stronger than expected from the nano-
tubes. The findings are explained from the point of view of inter-
facial interactions. The aromatic rings of polystyrene stick to the
honeycomb nanotubes, wrap them and coat them. This process is
effective in the stretching procedure but not in a forge-rolled one.
Thus, the magnetic measurements provide the information not
only about the nanotube orientation but also about the arrange-
ment of the macromolecules around the CNTs. The magnetic effect
is very strong, and using the approach described here, one can
easily estimate the degree of alignment and compare it to other
composite properties. Susceptibility tests proved to be a penetra-
tive and non-destructive type of measurement, accessing both the
alignment of MWCNTs and the arrangement of themacromolecules
around them, contributing to the optimal design and performance
of nanocomposites.
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a b s t r a c t

The possibility of producing magnetic graphene nanostructures by functionalization with aromatic ra-
dicals has been investigated. Functionalization of graphene basal plane was performed with three types
of anilines: 4-bromoaniline, 4-nitroaniline and 4-chloroaniline. The samples were examined by com-
position analysis with energy-dispersive X-ray spectroscopy and magnetic measurements by SQUID
magnetometry and electron paramagnetic resonance. Initial graphene was produced by thermal ex-
foliation. Both pristine and functionalized samples demonstrate strong paramagnetic contribution at low
temperatures, which originates from intrinsic defects. Attachment of an organic molecule with the for-
mation of a covalent bond with carbon atom on the basal plane generates a delocalized spin in the
graphene π – electron system. Nitroaniline proved to be the most suitable and sufficiently reactive to
attach to the basal plane carbon atoms in large amounts. Functionalization of graphene with nitroaniline
resulted in appearance both ferromagnetic and antiferromagnetic features with a clear antiferromagnetic
transition near 120 K.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Graphene is one of the most well-known and discussed ma-
terial. It is a two-dimensional carbon allotrope modification, in
which neighboring atoms in the sp2 – hybridization form a hex-
agonal lattice. Interest to this material is caused by its remarkable
properties, such as electronic structure, thermal and electrical
conductivity, elasticity, strength and many others. Besides the
obvious application of graphene in electronic devices and com-
posite materials, its outstanding properties coupled with bio-
compatibility makes this material very attractive for medicine. For
example, due to very high surface area, graphene and graphene-
based materials have been widely investigated as a drug and gene
carriers [1]. In comparison with metal-based magnetic carriers,
which have revolutionized drug delivery, allowing therapeutic
agents to be selectively targeted on cell specific level, carbon
materials offer a route to non-toxic systems, which minimize ex-
posure of healthy tissue. Other well-known fields of medicine,
where graphene is used, are biosensing and bioimaging. Here,

among the applications based on unique electronic properties, the
fluorescence quenching ability of graphene [2,3], or the simple
usage of graphene as a matrix for detection of molecules [1], very
promising is possibility of using magnetic properties of graphene
and its derivatives [4,5]. In many theoretical and experimental
works, it was shown that due to presence of defects graphene can
change its magnetic properties and even a magnetic ordering
(ferromagnetism, antiferromagnetism, ferrimagnetism) can ap-
pear [6–8]. The main advantage in using magnetic carbon mate-
rials in biology/medicine as contrast agents for clinical medical
imaging modalities is that they offer a safe alternative to the ex-
isting substances [9]. However, in comparison with carbon nano-
tubes, which have wide applications in biomedical engineering,
graphene research is limited, and the studies are mainly directed
to graphite oxide, owing to its enriched surface functionalities.

There are two major approaches for creating graphene-based
theranostic materials: (i) functionalization of graphene which can
provide reaction sites for linking to external species, like bioma-
cromolecules or inorganic nanoparticles and (ii) using intrinsic
magnetic properties which appear in defective graphene. In this
work we have investigated magnetic properties of some functio-
nalized graphene derivatives. For functionalization nitroaniline,
bromoaniline or chloroaniline were used, with isopentyl nitrite
and organic solvents.
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2. Synthesis

2.1. Graphene production

The graphene required for further synthesis was produced by
thermal exfoliation of graphite oxide. For this, as initial product,
pure graphite powder RW-A grade from SGL Carbon was used. The
oxidation was carried out by Brodie method [10]. Pure graphite
was mixed with potassium chlorate (KClO3) inside a glass flask and
placed into an ice bath. The weight ratio of graphite to potassium
chlorate was 1:5 respectively. After this, 100% nitric acid (HNO3)
was slowly added by a dropping funnel. It is important to cool
down and add nitric acid slowly because occurring reactions are
highly exothermic and can lead to explosion. After this the stirring
solution was left to reach room temperature. Final stage of oxi-
dation was a thermal treatment at 60 °C for 8 h. During this
treatment ClO2 was removing in a gas form. For filtration, the
product was diluted into the water, filtered with paper membrane,
washed in 3 M solution of hydrochloric acid (HCl) and was rinsed
out until a pH value about six was reached. As final product, green
hard sheet of graphite oxide was obtained.

For exfoliation, previously obtained graphite oxide was ground
in a mortar to obtain a homogeneous powder. Next, it was placed
in a large quartz tube and evacuated below 10�4 Torr. For ex-
foliation process, the volume of quartz tube was disconnected
from the pump and inserted into a tube furnace, preheated to
1050 °C. Holder and rubber seals were cooled by water pipe. The
system was kept inside furnace for one minute and then was re-
moved and left to slowly cool down to room temperature. At the
end of thermal treatment, the tube was evacuated from the gases,
which appeared as a result of exfoliation process and was placed
into the glove box with inert gas to avoid interaction with oxygen
and humidity from environment.

2.2. Functionalization

Functionalization was performed by covalently bonded phenyl
groups with different radicals (4-bromoaniline, 4-chloroaniline
and 4-nitroaniline). For this was used the wet chemistry way. The
procedure of functionalization was adapted from [11]. All the
preparations with air-sensitive substances were performed inside
a glove box with an argon atmosphere (o1 ppm O2, H2O). The
reactions with anilines were carried out outside of the glove box
under nitrogen atmosphere. In order to prevent the evaporation of
reagents during the synthesis, a reflux condenser with water

cooling was used. During reaction, teflon-coated magnetic stirrer
was used for mixing. Heating was provided by a heated oil bath.
The procedure of functionalization was carried out as follows:
previously produced graphene was mixed with N-Methyl-2-pyr-
rolidone (NMP) and chosen aniline under the nitrogen environ-
ment; mixture was heated to 60 °C after that was added isopentyl
nitrite and it was left for a night. All the reagents were from
“Sigma-Aldrich” company and used as received. For filtration, the
reaction mixture was diluted in dimethylformamide (DMF) and
filtered through the cellulose membrane filter (RC 58 with pore
size 0.2 μm) under reduced pressure. After this, the powder was
washed with acetone and dried with a rotary evaporator con-
nected to mechanical pump. The pressure and temperature were
approximately 30 Torr and 90 °C.

3. Characterization

Magnetic measurements were carried out on a Quantum De-
sign MPMS-XL-1 SQUID magnetometer with a 1 T magnet and
working temperatures range of 1.8–400 K. For the measurements,
powder samples were placed into gelatin capsules and were fixed
inside plastic straws. For thermomagnetic measurements, both
field cooled (FC) and zero field cooled (ZFC) curves were obtained
with typical applied filed of 100 Oe and in the temperature range
from 2 to 300 K. The diamagnetic contribution of the gelatin
capsule was assumed to be negligible and overall magnetization to
be determined by the sample. Electron paramagnetic resonance
was measured on a E-112 VARIAN spectrometer with a cryostat
ESR-910 from Oxford Instruments. Compositional analysis was
done by EDS (Energy-dispersive X-ray spectroscopy) technique on
a JEOL JEM-2200FS microscope with a Schottky gun working at
200 kV (point resolution 0.19 nm) at IMEM-CNR and equipped
with an in-column energy filter (Ω-type), a CCD high resolution
camera, STEM detectors, and an EDS detector.

4. Results and discussions

4.1. Structural characterization and composition analysis

In Fig. 1a, the (002) peak at 2θE26.5° for pristine graphite
indicates an interlayer spacing of 0.335 nm. The (002) peak of
graphene oxide (GO) is shifted to 2θE15.2°, indicating that the
interlayer spacing increases to 0.6 nm after oxidization. The

Fig. 1. Structure and morphology of modified graphenes. a: X-ray diffractograms of starting graphite, graphite oxide, graphene and graphene functionalized with ni-
troaniline. b,c: HRTEM images of graphene functionalized with nitroaniline 36�36 nm2 (b) and 46�46 nm2 (c).
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resulting graphene nanosheets, both pristine and functionalized,
show a broad peak near 2θE25.8° which indicates a random
packing of graphene sheets. This peak, corresponding to 002 plane
of graphite with interlayer spacing of 0.34 nm, appears due to the
removal of different functional groups (epoxide, hydroxide etc.)
attached to graphite planes during the oxidation process. This
confirms the reduction process from graphene oxide to graphene.
The peak at 2θE22.5° is an artifact introduced by the detector.

HRTEM images of graphene functionalized with nitroaniline
show the nanometer-sized islands in the in the middle of the flake
(Fig. 1b) and graphene layers at the periphery of the flake (Fig. 1b).
Unfortunately, due to the wrinkled morphology of the flakes, it is
almost impossible to distinguish the attached molecules from the
contrast in the HRTEM images.

Composition analysis, performed by EDS, showed the presence
and uniform distribution of Cl, Br and N for samples functionalized
with chloroaniline, bromoaniline and nitroaniline, respectively.
Fig. 2a–c shows the TEM images of the three samples whereas
Fig. 2d–f demonstrates the distribution of the abovementioned
elements. Thus, it can be concluded that functionalization was
successful in all cases. Quantitative results are summarized in
Table 1.

It was found that in the same chemical procedure, degrees of
functionalization are different. In case of functionalization with
chloroaniline, the atomic fraction of Cl is only 0.14%. For the
samples with bromoaniline functionalization was more efficient,
and atomic fraction was established to be 0.92%. Functionalization

by nitroaniline seems to be the most successful, although the
quantitative analysis is complicated in the presence only of light
elements. Small amount of nitrogen (not presented in the Table 1)
was detected also in the cases of bromo- and chloroaniline and
attributed to the functionalization of graphene with reaction in-
termediates during the synthesis. For nitrophenile samples, the
amount of nitrogen should be twice less than oxygen. We there-
fore estimate the atomic fraction of nitroanyline functionalized
carbons as 3%. Some amount of oxygen detected in all the samples
can originated from surface-bounded water or residual oxygen left
after the exfoliation of graphite oxide. Moreover, we cannot

Fig. 2. TEM images of graphene basal plane functionalized with 4-chloroaniline (a), 4-bromoaniline (b), 4-nitroaniline (c) and energy-dispersive spectroscopy (EDS) mapping
of Cl (d), Br (e), N (f).

Table 1
Quantitative results from EDS.

Element Kα, keV Mass, % Error, % Atomic %

Graphene and 4-bromoaniline
C 0.277 88.42 0.01 94.39
O 0.525 5.85 0.09 4.69
Br 1.480 5.72 0.41 0.92
Graphene and 4-chloroaniline
C 0.277 98.06 0.01 98.71
O 0.525 1.52 0.40 1.15
Cl 2.621 0.42 1.82 0.14
Graphene and 4-nitroaniline
C 0.277 82.56 0.01 85.45
N 0.392 9.04 0.09 8.03
O 0.525 8.39 0.05 6.52
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completely exclude few spurious oxygen X-rays deriving from
backscattered electrons impinging on the copper support grid.

4.2. Magnetic measurements

Magnetization measurements were performed in the ZFC (zero
field cooling) and FC (field cooled) protocols. Results of thermo-
magnetic measurements are shown in Fig. 3. In general, all sam-
ples demonstrate strong diamagnetic behavior at room tempera-
ture and increasing paramagnetic contribution at low tempera-
tures. However, difference of the FC and ZFC curves between
functionalized samples (Fig. 3b–d) and initial graphene (Fig. 3a) is
noticeable. In case of pure graphene the curves do not have any
jumps, are monotonic and there is no difference between FC and
ZFC that indicates the absent of any magnetic ordering in this
material.

An ideal non-defective graphene is diamagnetic and all other
types of magnetism are caused by defects. Thus, the “degree of
imperfection” correlates with the amount of paramagnetic spins
attributed to the defects, such as edges and vacancies. The ex-
perimental FC curves were fitted by the Curie law:

χ
Θ

=
− ( )
C

T
, 1

where χ is magnetic susceptibility, T – temperature, Θ – Weiss
constant and C is Curie constant, which is proportional to to the
spin concentration N:

μ
=

( + )
( )

C
Ng S S

k

1

3 2
B

B

2 2

where g is the g-factor (close to 2 for graphene), μB is the Bohr
magneton, S is the spin quantum number and kB is the Boltzmann
constant.

Spin concentration for pure graphene was estimated as
4.7 �1019 spins/g. After functionalization this amount decreases:
1.8 �1019 spins/g for bromoaniline and 2.5 �1019 spins/g for chlor-
oaniline. In case of nitroaniline, due to presence of the kink on
thermomagnetic curves we have found two regions with different
concentrations. In high-temperature region the spin concentration
is 3.5 �1019 spins/g whereas in the low-temperature region it is
twice less. In all cases the amount of spins after functionalization
decreases in comparison with pure graphene. This can be ex-
plained by the attachment of some functional groups to the al-
ready existing defects (edges and vacancies).

Functionalization with bromo- and chloroaniline did not yield
any magnetic transitions in measured temperature region. There is
a small FC-ZFC difference in case of functionalization with bro-
moaniline, which can be attributed to a superparamagnetic con-
tribution. In general, properties of these two types of samples are
quite close to the initial graphene. In contrast with them, func-
tionalization with nitroaniline resulted in the appearance of jump
in the ZFC curve and a kink in FC curve near 120 K. This sharp
change of magnetic susceptibility can be related to an anti-
ferromagnetic transition. This behavior is not caused by nitroani-
line or impurities in it, because the latter demonstrates a weak and

Fig. 3. Experimental FC and ZFC curves of magnetic susceptibility versus temperature taken in magnetic field H¼100 Oe: a – initial graphene; b – functionalized with
bromoaniline; c – chloroaniline; d – nitroaniline. In (d) the susceptibility of pure nitroaniline used for the reaction is also presented.

A.A. Komlev et al. / Journal of Magnetism and Magnetic Materials 415 (2016) 45–5048



temperature independent diamagnetism (Fig. 3d). The tempera-
ture point at which the transition takes place is very close to a
structural transition of iron oxide, magnetite (the Verwey tem-
perature, TV∼120 K) [12,13]. Therefore, one may speculate that the
samples are contaminated with iron. We have the following ar-
guments against: (1) The impurity analysis did not show mea-
surable amount of iron; (2) the samples are diamagnetic in the
whole temperature range whereas several parts per million of iron
would have resulted in increased initial magnetic susceptibility,
and the low-field magnetic susceptibility measurements would
have shifted in the paramagnetic region; (3) the transition dis-
appears after thermocycling in strong magnetic field, probably due
to structural changes in the sample; (4) magnetic susceptibility
measured by EPR method also shows a sharp increase in spin
concentration in the same region, and the g-factor of these spins is
around 2.0030–2.0031 which falls within the carbon ESR signal
range (g¼2.0022–2.0035) [14]; (5) the transition is observed only
after functionalization with nitroaniline.

To gain further inside into this phenomenon, we performed
thermomagnetic measurements at different applied fields (Fig. 4a).
Obviously, the ZFC and FC curves strongly diverge for the mea-
surements at 100 Oe but nearly coincide for the measurements at
1000 Oe. The situation when the FC versus ZFC difference in χ
versus Τ is larger in smaller fields, is typical for a canted anti-
ferromagnet, also called a weak ferromagnet, where the weak
ferromagnetic moment is due to the tilting of the sublattice
magnetizations.

Electron paramagnetic resonance studies confirmed the car-
bon-based antiferromagnetism of the samples (Fig. 4b). In func-
tionalized graphene we find a very intense EPR signal that can be
well simulated with a single component. The measured g factor of

2.0031 is a signature of a C-related dangling bonds with spin S¼½
[14]. Magnetic field scanning over a broader field range did not
reveal any additional resonances. The measured EPR spectra are
strongly temperature dependent. On cooling from room tem-
perature, the signal follows the Curie law. In the range 160–100 K
the concentration of spins detected by EPR rapidly decreases in-
dicating the formation of antiferromagnetic pairs. Therefore, both
SQUIID and EPR reveal a transition from a high-temperature
paramagnetic phase to a low-temperature antiferromagnetic
phase in the nitroaniline functionalized graphene.

We now discuss the origin of this transition. Antiparallel spin
ordering is more natural for graphene than parallel ordering.
Graphene has a bipartite lattice, and two inequivalent carbon
atoms in the unit cell of graphene prefer opposite spin positions.
Defects, randomly situated in the bipartite lattice, create spins
which either interact antiferrromagnetically or not interact at all.
The latter situation occurs when the defects created by adatoms
are clustered and the distance between the lone spins is too large
[15]. Absorption of adatoms on the same sublattice would lead to
ferromagnetic coupling between the two species, but is en-
ergetically unfavorable. Zigzag nanoribbons present spin polarized
edges which are coupled antiferromagnetically [16], and anti-
ferromagnetic ground state was predicted in several graphene
nanostructures, e.g. [17,18]. Experimentally, antiferromagnetism
was rarely reported as the authors usually tend to demonstrate
isothermal magnetization loops rather than thermomagnetic
measurements. Similar sharp changes in the magnetic moment
around 120 K were observed on nano-sized graphene oxide and
thermally reduced graphene oxide flakes [19], in oxidative un-
zipped and chemically converted graphene nanoribbons [20], in
graphene covered with oriented fluorine chains [21]. The common

Fig. 4. Magnetic properties of graphene functionalized with nitroaniline. a: FC and ZFC thermomagnetic curves taken at different magnetic field strength. Filled symbols
stand for FC, open symbols for ZFC. b: Electron paramagnetic resonance spectra in the 90–200 K temperature region. c: a model of nitrophenyl group distribution accounting
for the results of magnetic measurements.
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feature of our work and of the above publications is that they deal
with the extended defects on graphene basal plane. We, therefore,
speculate that the magnetic phase emerges due to the formation
of finite size nanosegments of functionalized graphene (Fig. 4c).
Contrary to single atoms, aryl radicals tend to attach to a basal
plane forming periodic patterns. The formation of the high-sym-
metry zigzag and armchair oriented nanoribbons on graphene
chemically functionalized with nitrophenyl groups has been de-
monstrated [6]. If the ribbon is oriented in zigzag direction, cor-
related magnetic states on one side interact antiferromagnetically
with the states on another side. Random spatial distribution of
nanoribbons results in the coexistence of antiferromagnetism and
weak ferromagnetism. The appearance of superstructures was
observed by Hong et al. [6] after similar functionalization with
nitrophenyl groups, which led to a room temperature magnetic
ordering. Our results confirm the theoretical predictions [22] that
covalent adsorption of aromatic radicals is an efficient way to in-
duce graphene magnetism.

5. Conclusion

In summary, we carried out a procedure of graphene produc-
tion and functionalization. Three types of anilines were used for
functionalization. The most significant result is obtained in case of
functionalization with 4-nitroaniline, where antiferromagnetic
transition near 120 K appeared. We attribute the diversity in ob-
served effects not to the type of used aniline, but to the difference
in obtained degree of functionalization for different anilines. Ni-
troaniline proved to be the most suitable and sufficiently reactive
to attach to the basal plane carbon atoms in large amounts. Both
SQUID and EPR measurements demonstrate that the anti-
ferromagnetic transition is caused by the sharp decrease in the
concentration of the spins resided on carbon atoms. We attribute
antiferromagnetism to the interactions of extended defects on the
basal plane.
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Abstract. Magnetic properties of graphene nanostructures functionalized with aromatic radicals
were investigated by electron spin resonance (ESR) and superconducting quantum interference
device (SQUID) techniques. Three types of functionalized graphene samples were investigated
(functionalization was performed by 4-bromoaniline, 4-nitroaniline, or 4-chloroaniline).
According to SQUID measurements, in case of functionalization by nitroaniline, sharp change
in temperature dependence of magnetic susceptibility was observed near 120 K. Such behavior
was explained as antiferromagnetic ordering. The same but more extended effect was observed
in ESR measurements below 160 K. In the ESR measurements, only one resonance line with
g-factor equal to 2.003 was observed. Based on the temperature dependencies of spin concen-
tration and resonance position and intensity, the effect was explained as antiferromagnetic order-
ing along the extended defects on the basal planes of the graphene. © 2017 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JNP.11.032512]
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1 Introduction

Since it was found out that two-dimensional (2-D) carbon material can really exist, graphene
became one of the most studied materials of the last decade. Its outstanding mechanical and
electrical properties are well described now. Nevertheless, there is at least one more attractive
field where investigations, especially experimental works, were not so extensive. This field is
about magnetic properties of graphene and carbon materials in general.

A possibility of magnetic ordering in graphene excites strong interest because it will allow
consideration of graphene as a base material for spintronic devices. It is widely known that pure
graphene is diamagnetic. However, only an ideal infinite graphene will demonstrate clear dia-
magnetic behavior. Even due to the presence of edges, which are just one of the possible types of
defects, magnetic properties can be more diverse and attractive.

The idea of the creation of magnetic graphene is based on the insertion of defects, which is
similar to the creation of magnetic ordered states in nonmagnetic semiconductors.1 Both theo-
retical and experimental works2,3 show that point defects affect the magnetic properties, resulting
in the appearance of a paramagnetic contribution in a total magnetic moment of graphene. How-
ever, this is not enough for a desired magnetic ordering (ferro- or antiferromagnetic), probably
due to rather big distance among magnetic moments.4 The most obvious way to decrease this
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distance is utilization of extended defects. Formation of magnetic phase on extended defects was
experimentally observed in several works.5–8 One of the possibilities is the functionalization of
graphene basal plane (attachment of organic molecules via formation of covalent bonds with
carbon atoms). In a special case, this can result in the formation of extended zigzag defects
and antiferromagnetic ordering.9

In our earlier work,10 the possibility of obtaining magnetic ordering in graphene nanostruc-
tures by the functionalization with aromatic radicals was demonstrated. Three types of anilines,
4-bromoaniline, 4-nitroaniline, and 4-chloroaniline, were examined as possible agents for the
functionalization. Functionalization of graphene with nitroaniline resulted in difference between
the zero field cooled (ZFC) and field cooling (FC) temperature dependences. The sharp decrease
in the temperature dependence of the magnetic susceptibility on the ZFC curve near 120 K was
observed. Such kind of behavior may be explained by the presence of an antiferromagnetic tran-
sition. In this work, we describe, in detail, the results of electron spin resonance (ESR) of the
graphene functionalized by nitroaniline.

2 Samples and Used Methods

2.1 Samples

The procedure of synthesis and functionalization of graphene was described in detail in Ref. 10.
Graphene was produced by thermal exfoliation of graphite oxide. Initial product was pure graph-
ite powder RW-A grade from SGL Carbon. The oxidation was carried out by the Brodie
method.11

Functionalization was performed by covalently bonded phenyl groups with different radicals
(4-bromoaniline, 4-chloroaniline, and 4-nitroaniline) via the wet chemistry approach. The pro-
cedure of functionalization was adapted from Ref. 12.

Compositional analysis was done by energy-dispersive x-ray spectroscopy (EDS) technique
on a JEOL JEM-2200FS microscope with a Schottky gun working at 200 kV (point resolution
0.19 nm) at IMEM-CNR and equipped with an in-column energy filter (Ω-type), a high reso-
lution CCD camera, STEM detectors, and an EDS detector. Composition analysis showed the
presence and uniform distribution of Cl, Br, and N for samples functionalized with chloroaniline,
bromoaniline, and nitroaniline, respectively. The results of compositional analysis showed that
the functionalization was successful in all samples. The obtained values of elements concen-
trations in the samples are presented in Table 1.

2.2 SQUID Measurements

Magnetization measurements were performed in the ZFC and FC protocols. It was carried out on
a Quantum Design MPMS-XL-1 superconducting quantum interference device (SQUID) mag-
netometer with a 1-T magnet operating within temperature range of 1.8 to 400 K. Both FC and
ZFC curves were obtained with typical applied field of 100 Oe and in the temperature range from
2 to 300 K.

Table 1 Quantitative results from EDS.

Element (Kα energy)

Graphene and
4-nitroaniline

Graphene and
4-bromoaniline

Graphene and
4-chloroaniline

Atomic %

C (0.277 keV) 85.45 94.39 98.71

O (0.525 keV) 6.52 4.69 1.15

N (0.392 keV) 8.03 — —

Br (1.480 keV) — 0.92 —

Cl (2.621 keV) — — 0.14

Komlev et al.: Antiferromagnetic transition in graphene functionalized with nitroaniline

Journal of Nanophotonics 032512-2 Jul–Sep 2017 • Vol. 11(3)



2.3 Electron Spin Resonance Method

ESR was measured on an E-112 “VARIAN” spectrometer with a cryostat “ESR-910” from
Oxford Instruments. This spectrometer registers derivative of resonance absorption line.
Magnetic susceptibility is proportional to a first integral of absorption line13 and is defined
by the following expression:

EQ-TARGET;temp:intralink-;e001;116;668χIP ≈ 1.8 · 10−10 ·
IS
Ist

; (1)

where χIP is a magnetic susceptibility of an investigated sample, IS is a value of double integral
of an ESR spectrum (absorption line) of an investigated sample, Ist is a value of double integral
of an ESR spectrum of the reference sample, and magnetic susceptibility of reference sample
χst ¼ 1.8 × 10−10 emu at Т ¼ 300 K, with spin concentration equal to nst ¼ 2.58 × 1015 cm−2

(according to the specification of E-112 “VARIAN” spectrometer).
From the temperature dependence of magnetic susceptibility, the temperature dependences of

the density of spins contributed in ESR can be calculated as follows:

EQ-TARGET;temp:intralink-;e002;116;541ns ¼ nst ·
χIP
χst

·
Ts

300
; (2)

where Ts is the temperature of an investigated sample.

3 Results and Discussion

3.1 Magnetization Measurements

All samples demonstrated strong diamagnetic behavior at room temperature and increasing para-
magnetic contribution at low temperatures. Strong paramagnetic contribution, especially at low
temperatures, is explained by big amount of defects in thermally exfoliated graphene. For this
pure produced graphene, curves are monotonic, and no significant difference between FC and
ZFC is observed [Fig. 1(a)]. Functionalization with bromo- and chloroaniline did not yield any
magnetic transitions in measured temperature region and is not presented here. Functionalization
with nitroaniline resulted in the appearance of jump in the ZFC curve and a kink in FC curve near
120 K [Fig. 1(b)]. This behavior cannot be explained by nitroaniline itself or impurities in it,
because the latter demonstrated the weak and temperature-independent diamagnetism. Also, it
should be mentioned that the functionalization of the initial graphite resulted in the same behav-
ior for all types of anilines.

Calculated concentrations of spins after functionalization are lower than in the pure
graphene. For pure graphene, spin concentration was estimated as 4.7 × 1019 spins∕g. After
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Fig. 1 Experimental FC and ZFC curves of magnetic susceptibility versus temperature measured
in magnetic field H ¼ 100 Oe: (a) initial graphene and (b) functionalized by nitroaniline and used
nitroaniline precursor.
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functionalization with nitroaniline, the spin concentration became 3.5 × 1019 spins∕g in high-
temperature region before the kink on thermomagnetic curves. Whereas in the low-temperature
region, spin concentration became two times lower. This can be due to attachment of the functional
groups to the already existing defects (edges and vacancies) thus passivating them. Another
possible reason is aggregation of the graphene flakes, which took place due to drying procedure.

3.2 Electron Spin Resonance Measurements

A peculiarity of ESR procedure consists in its ability to detect only the paramagnetic part of
magnetic susceptibility going from noncompensated spins. ESR measurements were done
for the samples of pure graphene and samples functionalized by nitroaniline.

In the case of nonfunctionalized graphene, the ESR signal is caused by presence of noncom-
pensated spins on the defects. Functionalization did not result in appearance of any new reso-
nance lines, resonance shifting, or the resonance line deformation. Within all measured
temperatures, the position and form of the resonance line remained the same. The only observed
difference was temperature dependence of the intensity of the peak. The ESR spectrum of the
graphene functionalized by nitroaniline at temperatures before and after magnetic transition is
shown in Fig. 2. Resonance field is about 3.35 kOe and corresponding g-factor of these spins is
in the range of 2.0030 to 2.0031, which is within the range of carbon ESR signal (g ¼ 2.0022 to
2.0035).4 Thus, the observed effects originate solely from carbon atoms spins and all kinds of an
external contaminants can be excluded.

Temperature dependences of magnetic susceptibility for the samples of pure graphene and
functionalized with nitroaniline are shown in Fig. 3. Magnetic susceptibility of the pure graphene
within the whole temperature range obeys Curie’s law

EQ-TARGET;temp:intralink-;e003;116;447χIP ¼ C
T − Θ

; (3)

where χIP is the magnetic susceptibility, T is the temperature, Θ is the Weiss constant, and C is
the Curie constant, which is proportional to the spin concentration N

EQ-TARGET;temp:intralink-;e004;116;381C ¼ Ng2μ2BSðSþ 1Þ
3kB

; (4)

where g is the g-factor, μB is the Bohr magneton, S is the spin quantum number, and kB is the
Boltzmann constant. Such behavior is inherent for noninteracting spins on defects with a con-
stant concentration of spins.
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Fig. 2 ESR spectrum, amplitude of the derivative of microwave radiation power dP/dH of gra-
phene functionalized with nitroaniline at temperature T ¼ 139 and 189 K.
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From Fig. 3, it is clear that the amount of paramagnetic spins is higher for the initial gra-
phene. The reason of this difference in the magnetic susceptibilities of initial and functionalized
graphene is the same, as for the difference in the spin concentrations observed in SQUID mea-
surements. It can be explained by decreased number of defects (proportional to paramagnetic
spins) after the functionalization. As active centers, some of the edge states and vacancies were
functionalized. In addition, during the functionalization process, graphene flakes can stick
together, which can decrease the amount of defects. Thus, the amount of paramagnetic spins
decreases.

In case of functionalization by nitroaniline, the temperature dependence of magnetic suscep-
tibility is deviated from Curie’s law. Below 160 K, magnetic susceptibility is falling with
decreasing temperature as it was in SQUID measurements. Such behavior can be explained
by a sharp decrease of paramagnetic spins because of antiferromagnetic ordering.

The temperature dependence of spin concentration was calculated using Eq. (2) (Fig. 4). For
both pure graphene and functionalized sample after degradation, the concentration of spins
remains practically unchanged with temperature. The slight decrease in the spin concentrations
is best explained as inaccuracy of ESR measurements due to change of Q factor of the resonator
at a high magnitude of signals. For the sample functionalized with nitroaniline, it is clear that the
concentration of spins decreases in the region of antiferromagnetic ordering.

Taking the spin concentration for the functionalized graphene with antiferromagnetic order-
ing from the SQUID measurements, the amount of ordered spins can be estimated. The spin
concentration 3.5 × 1019 spins∕g means that 0.07% of carbon atoms have paramagnetic spin
(assuming 1 spin per atom and neglecting the weight of functional groups and oxygen).
After the transition, the number of spins decreased approximately five times. Thus, ∼2.8 ×
1019 spins∕g are antiferromagnetically ordered. This value corresponds to 0.05% to 0.06%
of carbon atoms and is at least several times smaller, than estimated amount of functional groups.
These numbers confirm the hypothesis, in which only part of functional groups is attached to the
basal plane of graphene and can provide antiferromagnetic ordering.

It should be noticed that antiferromagnetic transition according to SQUID measurements
(Fig. 1) was observed near 120 K while ESR demonstrates much more expanded and smooth
transition starting from 160 K. In addition to this, the transition completely disappeared after two
months since the first ESR measurements (Fig. 3), which was done two months after SQUID
measurements.

Magnetic susceptibility of functionalized sample with and without transition does not differ
noticeably, which means that the amount of defects remained approximately the same. It can be
assumed that the disappearance of transition was caused by aging effect and degradation of the
structure. Existing data do not provide a possibility to give any additional justified arguments
either for or against this assumption. It can be assumed that the disappearance of transition was
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Fig. 3 Temperature dependence of magnetic susceptibility by ESR measurement for pure and
functionalized graphene.
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caused by aging effect and degradation of the structure which occur due to absorption of water
and oxygen from atmosphere during storage.14 However, existing data do not provide a possibil-
ity to give any additional justified arguments either for or against this assumption.

3.3 Discussion

We consider that the antiferromagnetic ordering can be caused by a peculiarity of radicals’ dis-
tribution after functionalization. This suggestion is partially confirmed by theoretical work,15

which states that covalent adsorption of aromatic radicals is the way to provide magnetic order-
ing in graphene.

When the amount of attaching radicals is high enough, they can attach not only to the edges
and vacancies but also to the graphene basal plane. This can explain why antiferromagnetic
transition was not observed in the cases of functionalization with bromo- and chloroaniline,
where the amount of functional groups according to EDS analysis is lower in comparison
with nitroaniline (Table 1). As a result, some radicals, phenyl groups in particular, can form
one-dimensional and 2-D periodic superlattices.9 Thus, these radicals can form the linear defects
(Fig. 5) where the carbons change hybridization from sp2 to sp3. If such a structure is formed
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Fig. 4 Temperature dependence of spin concentration by ESR measurement for pure and func-
tionalized graphene.

Fig. 5 Illustration for an appearance of antiferromagnetic interaction along linear defect.
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along the zigzag direction, these radicals can create the peculiar artificial edge and the electronic
structure will be similar to the structure formed in zigzag graphene nanoribbons. Since carbon
atoms on the side of such zigzag direction belong to one sublattice of graphene, it is possible, that
they will interact ferromagnetically. However, as far as on the different sides of zigzag defects are
different sublattices, these ferromagnetically ordered spins on both sides will compensate each
other, thus resulting in a bulk antiferromagnetic-like behavior.

4 Conclusions

We have experimentally investigated the possibility of creation magnetic ordering in graphene
by functionalization. Among the variants of functionalization by 4-bromoaniline, 4-nitroaniline,
and 4-chloroaniline, the most significant results were obtained in case of 4-nitroaniline. Accord-
ing to SQUID measurements, we observed the antiferromagnetic transition at about 120 K while
ESR measurements showed more expanded and smooth decrease of paramagnetic component of
magnetic susceptibility at the temperatures below 160 K. This effect can be explained by the
formation of antiferromagnetic ordering. This ordering can be caused by interactions of spins in
extended defects on the basal plane of graphene. The difference in the temperatures of the anti-
ferromagnetic ordering measured by ESR and SQUID, and further disappearance of the tran-
sition should be connected with the aging effect.
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Abstract. In this work, magnetic properties of activated carbon coal, which is also named amorphous 
carbon, were investigated. Composition and structure analysis was performed by XRD, SEM and EDS 
techniques. Position and width of peaks on XRD pattern confirmed amorphous structure of coals with 
small degree of graphitization. Magnetic measurements were performed by SQUID magnetometer. 
According to thermomagnetic measurements, in part of the samples, antiferromagnetic transition was 
observed near 120 K. Nature of such phenomena, as well as effect of oxygen and magnetic 
contaminations on thermomagnetic measurements are discussed referring to similar results from 
previous researches and data from literature. 

1 Introduction 
From ancient times carbon materials are widely used for 
many applications. After recent discoveries of fullerenes, 
carbon nanotubes and graphene, carbon-based materials 
became one of the most promising and universal 
materials. Among a variety of their outstanding 
mechanical, conductive and many other characteristics 
[1], also exists a number of controversial topics. One of 
such problematic areas is possibility of making carbon 
materials magnetic.  

Despite the decades of investigations, magnetic 
properties of carbon allotropes is still a debatable topic. 
While the defect-induced paramagnetic behaviour is 
acknowledged, the problem of possibility of magnetic 
ordering in carbon materials is not solved yet. Many 
researches have demonstrated impurity-free carbon 
materials, where spontaneous magnetization was 
observed (e.g. Ref. [2, 3]). Such possibility for carbon 
materials is also predicted by many theoretical works (e.g. 
Ref [4]), meaning that magnetic carbon does not confront 
to general principles of magnetism. However, the 
question of intrinsic or extrinsic character and problem of 
the reproducibility of such results exists thus far. 

In this work, thermomagnetic behavior of activated 
carbon coal was investigated. This material is also named 
amorphous carbon and is widely used on practice for 
extraction of noble metals from ores and for filtration 
processes. Amorphous carbon can be considered as many 
disorder graphite planes of different size and with big 
amount of defects. Thus, if carbon-based magnetism is 
promoted by defects, there should be a possibility to 
observe it in such structures. Investigation of magnetic 
properties of coals is important from both theoretical and 
practical points of view: first of all, it will give a 
contribution to the discussions about carbon-based 

magnetism; secondly, understanding of magnetic 
behavior of this material is essential since some efforts are 
undertaken to produce magnetic filtering material based 
on coals [5, 6]. 

2 Materials and Methods 
Commercially available coal Goldcarb WSC208C-GR 
produced from coconut shells and provided by Chemviron 
Carbon company was used as a raw material. Activation 
of the raw material was done by ball-milling. To remove 
the acid-soluble ash content, coal was washed with 1 M 
solution of HClO4 for one day, after what it was washed 
with distilled water for three weeks in Soxhlet extractor. 
Water in the extractor was changed every day and the 
conductivity of the water was checked to detect any 
contaminations, removed from coal. Part of the samples 
was saturated by copper complexes from an aqueous 
solution of (Na[Cu(CN)2]). Motivation for such 
modification was a prior research related to absorption of 
a copper complexes during extracting of gold from 
cyanide solutions, which will not be discussed here. Part 
of both clean and modified samples was additionally 
dehydrated at 80°C temperature and 10 mbar vacuum 
before magnetic measurements.  

Structure and composition of the samples were 
analyzed by means of scanning electron microscope 
(SEM) Hitachi SU3500 with built-in energy-dispersive X-
ray spectroscopy (EDS) radiation and X-ray diffraction 
(XRD) device Bruker D8 Advance using Cu Kα 
(λ=1.5418 Å). Magnetic characterization was performed 
on a superconducting quantum interference device 
(SQUID) Quantum Design MPMS-XL-1 SQUID 
magnetometer with an up to 1 T magnet and working 
temperatures range of 1.8 – 400 K. 
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Fig. 1. SEM images of carbon coal, demonstrating high porosity of the samples: ×200 magnification on the left and ×3000 on the 

right pictures. 
 

3 Results and discussion  
According to SEM images on Fig. 1, after activation and 
purification, the material consists of particles of 
~100÷200 m size. These particles demonstrate highly 
developed surface and structure of the pores. Theirs size 
varies from ~15 m to less than 100 nm, what is a 
characteristic of typical activated carbon. Big surface area 
and, thus, big amount of edge states is essential and 
desirable for both adsorption processes and possible 
magnetic ordering due to edge-states magnetism. 

Structure of the coal was also examined by XRD 
technique (Fig. 2). The XRD pattern demonstrated two 
broad peaks at 2θ ≈ 25° and 2θ ≈ 45°, which correspond 
to reflection from graphite (002) and (101) planes 
respectively. High ratio of (101) peak intensity to (002) 
can be an indicator of very high porosity of the sample 
[7]. Overall, such pattern is typical for disordered carbon 
structures with small degree of graphitization, meaning 
that in this material exists some disordered graphite 
planes, but it is not completely amorphous carbon [8].  
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Fig. 2. XRD pattern of purified activated carbon coal. 

Composition analysis of clean coal, performed by 
EDS with 20 kV accelerating voltage, showed 300 ppm of 
both S and Al. For modified with copper samples, in 
addition to the same amount of S and Al, 300 ppm of Cl 
and 3000 ppm of Cu were detected. Precise numbers are 
not crucial here, because the most important result is 
absence of any magnetic impurities (e.g. Fe, Co, Ni). 

However, it has to be mentioned, that in the similarly 
prepared batch of samples, EDS analysis performed on 
EDX-8000 (Shimadzu) in other laboratory detected 
additional contaminations: 350 ppm of Si, 50 ppm of Ca, 
traces of Br and what is the most essential – 20 ppm of Fe 
and Co. Such result can be explained by some 
contamination during the preparation before EDS 
measurements. However, some possible inhomogeneity 
of the samples can not be completely excluded and should 
be kept in mind during the interpretation of the magnetic 
measurements. 

3.1 Magnetic measurements of clean and 
copper–modified coals 

Thermomagnetic SQUID measurements of clean and 
copper–modified carbon coals are given in Fig. 3. The 
magnetization was measured in two ways: when the 
samples were cooled without magnetic field (Zero Field 
Cooled – ZFC), after what the field was turned on and 
magnetization was measured during heating; and FC – 
Field Cooling, when the magnetization was measured 
during cooling down with the magnetic field turned on. 
Fig. 3a represents the magnetic susceptibility of simple 
purified coal. There are several key features: 

 Sharp decrease of magnetic susceptibility near 
120 K on both FC and ZFC curves; 

 Paramagnetism at room temperatures; 
 Strong paramagnetic contribution increasing at 

low temperatures. 
Starting from the end, strong paramagnetic 

contribution increasing at low temperatures is typical for 
carbon materials. It follows the Curie-Weiss law and is 
obviously connected with number of paramagnetic spins. 
This number is also proportional to the amount of defects 
in graphite or graphene–based materials [9] and can be 
calculated by approximation of the curve by Curie-Weiss 
law, where Curie constant will be proportional to the 
amount of paramagnetic spins. In this case, the amount 
was calculated to be 7.2×1018 spins/g. This means that 
there is one paramagnetic spin per ~7000 carbon atoms, if 
only carbon atoms are considered as the source of this 
signal. 
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Fig. 3. SQUID FC and ZFC thermomagnetic measurements at 3300 Oe: (a) clean coal; (b) carbon coal modified by copper. 

Two other features of magnetic susceptibility of this 
coal are not typical for carbon materials. While carbon 
materials usually demonstrate diamagnetic behavior 
without any sharp changes [9, 10]. Jump of magnetic 
susceptibility near 120 K can be interpreted as 
antiferromagnetic transition. Nature of this effect is 
debatable. It can be easily explained as a signal from some 
iron contamination, since iron oxide has similar Verwey 
transition in the same temperature region. Such 
explanation is also supported by the shift to paramagnetic 
region at room temperatures, which is not expected to be 
a feature of carbon. This can be also a trace of 
ferromagnetism. However, in our previous work [10] the 
same jump near 120 K, but without shift to paramagnetic 
region, was observed for functionalized graphene 
samples. In that work, carbon origin of this effect was 
approved by ESR measurements. Thus, the effect can 
originate from either magnetic contaminations or is 
connected with carbon magnetic behavior. 

In case of modified by copper coal (Fig. 3b), no 
transitions near 120 K are observed and the sample is 
diamagnetic at room temperatures. Nevertheless, increase 
of paramagnetic signal at 50–170 K is present. The same 
phenomena  is sometimes  observed  for  different  carbon 

samples [11-13]. Under more precise examination of Fig. 
3b, one can see that this increase is present on ZFC curve 
and vanishing during cooling on FC curve. This effect can 
be easily explained by absorbed oxygen, which has 
antiferromagnetic transition near 50 K. If there is a 
leakage in SQUID system, or the sample was not 
completely purged, some oxygen can appear inside 
measuring area. After oxygen spins are unfrozen at 50 K, 
they go from antiferromagnetically ordered to 
paramagnetic state, resulting in increase of paramagnetic 
contribution. After this, with increasing temperature, 
oxygen starts to boil and evaporates, resulting in gradual 
decrease of this effect. If the oxygen has appeared only 
because of bad purging before measurement, it will be 
removed by nitrogen flow. The effect of oxygen on 
magnetic susceptibility was well examined for carbon 
samples in work [13], using Faraday method. However, 
usually such effect not discussed at all [11], while in 
others the similar behavior is called a ferromagnetic-like 
[12] and possible role of oxygen is not mentioned.  

Approximation of low-temperature paramagnetic 
contribution by Curie-Weiss law gives 2.8×1020 spins/g, 
what is 40 times higher than for the pure coal and probably 
is explained by copper content, which can be 
paramagnetic. 
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Fig. 4. SQUID FC and ZFC thermomagnetic measurements of dehydrated coal samples at 3300 Oe: (a) clean dehydrated coal; (b) 

dehydrated carbon coal modified by copper. 
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3.2 Magnetic measurements of dehydrated coals 

In case of dehydrated coals (Fig. 4), in contrast with 
previous results, antiferromagnetic transition is observed 
in copper-modified sample, while clear coal demonstrates 
classical diamagnetic behavior with weaker paramagnetic 
contributions at low temperatures. No peaks at 50-170 K 
is observed, indicating that oxygen in previous 
experiment appeared because of bad purging.  

Comparison of the clean non-dehydrated coal and 
copper-modified dehydrated sample can not be fully 
adequate, because in copped-modified samples magnetic 
effects can be dominantly going from copper instead of 
carbon. However, this can be an argument for the version, 
that antiferromagnetic transition near 120 K is connected 
with magnetic contaminations, which are distributed 
irregularly and because of this were not detected in 
fraction, measured by EDS. 

One more extraordinary effect is observed in 
dehydrated carbon coal modified by copper (Fig. 4b). At 
low temperatures, no paramagnetic contribution is 
observed. Instead of it, rapid decrease of paramagnetic 
spins or increase of diamagnetic susceptibility is present. 
This can be explained as antiferromagnetic ordering of 
some copper compounds or even strong increase of 
diamagnetism because of superconductivity. 

4 Conclusion 

A number of amorphous carbon-based materials were 
investigated by means of SQUID magnetometry. The 
effect of oxygen on thermomagnetic characteristics was 
shown. Antiferromagnetic transition was observed for 
both clean and copper-modified samples. Unfortunately, 
on the current stage it is not possible to unambiguously 
connect this effect to either magnetic contaminations or 
carbon-based magnetism, because there are arguments for 
both possibilities. According to compositions analysis, up 
to 20 ppm of Fe are possible in such material. Rough 
estimation will give approximately the same value of 
change of magnetic susceptibility due to 
antiferromagnetic transition, as going from 20 ppm of 
Fe2O3 [12]. However, the similar phenomenon was 
observed in other carbon samples by ESR [10], indicating 
that this effect is going from defect-induced carbon 
paramagnetic spins. Furthermore, observed shift of 
magnetic susceptibility of carbon coal to paramagnetic 
region at room temperatures, already needs hundreds ppm 
of Fe. Thus, this effect should be examined in more details 
in any case, either if it is going from contaminations or 
carbon, to avoid further missteps. 

References 

1. Geim, Andre K., and Konstantin S. Novoselov. "The 
rise of graphene." Nat. mat. 6.3 (2007): 183-191. 

2. Červenka, J., M. I. Katsnelson, and C. F. J. Flipse. 
"Room-temperature ferromagnetism in graphite 

driven by two-dimensional networks of point defects." 
Nat. Phys. 5.11 (2009): 840-844. 

3. Kiguchi, Manabu, et al. "Magnetic edge state and 
dangling bond state of nanographene in activated 
carbon fibers." Phys. Rev. B 84.4 (2011): 045421. 

4. Yazyev, Oleg V. "Magnetism in disordered graphene 
and irradiated graphite." Phys. rev. let. 101.3 (2008): 
037203. 

5. Schwickardi, Manfred, et al. "Scalable synthesis of 
activated carbon with superparamagnetic properties." 
Chem. Comm. 38 (2006): 3987-3989. 

6. Faulconer, Emily K., Natalia V. Hoogesteijn von 
Reitzenstein, and David W. Mazyck. "Optimization of 
magnetic powdered activated carbon for aqueous Hg 
(II) removal and magnetic recovery." J. of Haz. Mat. 
199 (2012): 9-14. 

7. Arsyad, Nor Amiera Syahida, et al. "Effect of 
Chemical Treatment on Production of Activated 
Carbon from Cocos nucifera L.(Coconut) Shell by 
Microwave Irradiation Method." J. Trop. Resour. 
Sustain. Sci 4 (2016): 112-116. 

8. Babu, V. Suresh, and M. S. Seehra. "Modeling of 
disorder and X-ray diffraction in coal-based graphitic 
carbons." Carbon 34.10 (1996): 1259-1265. 

9. Sepioni, M., et al. "Limits on intrinsic magnetism in 
graphene." Phys. Rev. let. 105.20 (2010): 207205. 

10. Komlev, A. A., et al. "Magnetism of aniline modified 
graphene-based materials." J. of Mag. and Mag. Mat. 
415 (2016): 45-50. 

11. Osipov, V. Yu, et al. "Magnetic and high resolution 
TEM studies of nanographite derived from 
nanodiamond." Carbon 44.7 (2006): 1225-1234. 

12. Raj, K. Govind, and P. A. Joy. "Magnetism in 
disordered carbon as a function of the extent of 
graphitization." S. S. Com. 177 (2014): 89-94. 

13. Kawamura, K., Makishima. Y. and Ochiai, Y. 
“Magnetic susceptibility of oxygen adsorbed on the 
surface of spherical and fibrous activated carbon.” 
Carbon: Science and Technology. 2(1) (2009): 73-77. 

4

EPJ Web of Conferences 185, 04012 (2018)  https://doi.org/10.1051/epjconf/201818504012
MISM 2017



Publication V 

T.L. Makarova, A.L. Shelankov, A.I. Shames, A.A. Zyrianova, A.A. Komlev, G.N.

Chekhova, D.V. Pinakov, L.G. Bulusheva, A.V. Okotrub, and E. Lähderanta.

Tabby graphene: Dimensional magnetic crossover in fluorinated graphite

Reprinted with permission from 

Scientific Reports 

Vol. 7, pp. 16544-1-8, 2017 

© 2017, Springer Nature 





Received: 29 June 2017 

Accepted: 8 November 2017 

1Scientific REPORTS | 7: 16544  | DOI:10.1038/s41598-017-16321-5

www.nature.com/scientificreports

Tabby graphene: Dimensional 
magnetic crossover in fluorinated 
graphite
T. L. Makarova1,2, A. L. Shelankov2, A. I. Shames3, A. A. Zyrianova  4, A. A. Komlev  1, 
G. N. Chekhova5, D. V. Pinakov5,6, L. G. Bulusheva5,6, A. V. Okotrub5,6 & E. Lähderanta1

Tabby is a pattern of short irregular stripes, usually related to domestic cats. We have produced Tabby 
patterns on graphene by attaching fluorine atoms running as monoatomic chains in crystallographic 
directions. Separated by non-fluorinated sp2 carbon ribbons, sp3-hybridized carbon atoms bonded 
to zigzag fluorine chains produce sp2-sp3 interfaces and spin-polarized edge states localized on both 
sides of the chains. We have compared two kinds of fluorinated graphite samples C2Fx, with x near 
to 1 and x substantially below 1. The magnetic susceptibility of C2Fx (x < 1) shows a broad maximum 
and a thermally activated spin gap behaviour that can be understood in a two-leg spin ladder model 
with ferromagnetic legs and antiferromagnetic rungs; the spin gap constitutes about 450 K. Besides, 
stable room-temperature ferromagnetism is observed in C2Fx (x < 1) samples: the crossover to a three-
dimensional magnetic behaviour is due to the onset of interlayer interactions. Similarly prepared 
C2Fx (x ≈ 1) samples demonstrate features of two-dimensional magnetism without signs of high-
temperature magnetic ordering, but with transition to a superparamagnetic state below 40 K instead. 
The magnetism of the Tabby graphene is stable until 520 K, which is the temperature of the structural 
reconstruction of fluorinated graphite.

Magnetism in restricted dimensions can be studied in real bulk crystals if the exchange interactions are much 
stronger in one or two spatial directions than in the remaining ones1,2. Thus, low dimension magnets have the 
advantage of bulk materials in providing sufficient intensity for experiments investigating the thermodynamic 
and spectroscopic characterization of magnetism. Most studies of low dimensional magnetism concentrate on 
molecular magnets based on organic radicals (see e.g.3,4) or Cu and Ni compounds which have spins ½ or 1, 
correspondingly5. We have recently synthesized a novel graphene derivative decorated by monoatomic fluorine 
chains running in crystallographic directions, and have observed clear signs of one-dimensional-like magnetism 
in this two-dimensional material6. Nanoscale magnetic activity of pure graphene is controlled by the edge geom-
etry. In the present study, graphene fluorination, instead of breaking of the carbon-carbon bonds, is used as an 
efficient approach to generate edges and, therefore, correlated magnetic states in this material. The fluorine chain 
running in zigzag direction induces strong spin polarization with a mixed ferro-antiferro-magnetic coupling 
between locally emerged magnetic moments.

A distinctive characteristic of the novel derivative is that the interfaces form Tabby stripes. Tabby is a pattern 
of a cat’s coat with tiger stripes and leopard spots. Ideally, if the sp2-sp3 interfaces were parallel and evenly spaced 
lines, they would form embedded graphene nanoribbons. The stoichiometry C4F yields a 3-carbon atom wide 
nanoribbon, C3F is a 2-atom wide one, and C2F produces monoatomic chains (Fig. 1a). However, this ideal pic-
ture is only partially applicable, because the stripes run in all crystallographic directions (Fig. 1b). Still, the Tabby 
graphene is a unique derivative because the retention of the π-electron system results in different electronic 
properties of the Tabby graphene compared to fully functionalized graphene derivatives, which are insulators. 
The Tabby graphene contains confined islands of the π-electron system, it is semiconducting with the band gap 
2–2.5 eV, and colour dependent on the C/F ratio7. The most distinct feature is that the Tabby graphene contains up 
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to 10% of stable unpaired spins on carbon atoms. These states interact antiferromagnetically or ferromagnetically, 
depending on sublattice position.

We implemented the zigzag edge states at sp2-sp3 interfaces by slow fluorination of graphite intercalation 
compounds, which expanded into graphenes during the synthesis. This approach allowed us to obtain single- 
or bi-layers of fluorinated graphenes. In the case of the fully fluorinated graphene CF, all π-electrons on the 
basal planes were spent for covalent bonding with fluorine8, whereas deficient fluorination (Fig. 1) preserved 
the π-system partially, and its electronic properties were sensitive to the fluorine coverage9,10. Spin-half Curie 
paramagnetism in graphene functionalized with fluorine has been observed previously11. Quite recently, a 
ferromagnetic-like response has been found in hydroxofluorographenes and interpreted as due to biradical 
states12.

In this paper, we report on data demonstrating that the π-electron network in carbon nanosegments formed 
by Tabby fluorine patterns on the basal planes, shows non-Curie paramagnetism and magnetic order, depending 
on the stacking of graphitic planes and the fluorine coverage. We concentrate on similarities and differences in the 
magnetic properties of the Tabby graphene for various fluorine contents.

Results
Magnetic properties of Tabby graphene C2Fx with x < 1. The magnetic properties of Tabby graphenes are 
tightly connected with their structure, which changes during the sample history. Immediately after the synthesis, the 
samples were diamagnetic with only a Curie-like paramagnetic tail at low temperatures13. Unexpectedly, the meas-
urements performed in several months, during which the samples were stored in a desiccator at room temperature, 
revealed qualitative changes: in addition to spin-half paramagnetism (Fig. 2a), the magnetic susceptibility as 
a function of temperature exhibited a maximum at ~250 K (Fig. 2b). The contribution of this non-Curie para-
magnetism increased during further ageing (Fig. 2c), and in about one year the broad maximum followed by an 
activation-like drop on cooling (Fig. 2d) became a dominating feature in the magnetic susceptibility. Remarkably, 
the magnetization increased by 50 times after one year of storage.

The linear magnetic susceptibility χ(T) in Fig.  2 can be split as χ = χ0 + χCurie + χspin into a 
temperature-independent term χ0, a small Curie-like part χCurie = C/T identified by the low-T upturn, 
and a spin contribution χspin. The term χspin(T), that is the nontrivial part of the magnetic response, shows a 
non-monotonous temperature dependence with a broad maximum. This feature cannot be understood in the 
frames of independent magnetic moments. As shown in Fig. 2, non-monotonous temperature dependence of 
magnetic susceptibility χspin is the hallmark of low dimensional magnetism and is typical for both chain- and 
ladder-structured materials14. The position of the maximum in the plot of χspin (T) establishes an energy scale 
related to the strength of antiferromagnetic (AF) spin-spin interaction which favours spin pairing, and therefore, 
opposes the spin alignment parallel to an external magnetic field15.

To extract the strength of the interaction from the data and to estimate the amount of interacting spins, one 
may think in terms of localized spins with the Heisenberg Hamiltonian, H = Σij Jij Si·Sj where Si is the spin located 
at site i and Jij denotes the strength of the exchange interaction. As in the case of molecule-based materials, various 
models can be tried out: the Heisenberg chain with anisotropic antiferromagnetic coupling (Bonner-Fisher16), 
the Hatfield model17 of a 1D spin chain with modulated coupling, a dimerised chain (Bleaney-Bowers18), and a 
spin ladder with antiferromagnetic interactions (Troyer-Tsunetsugu-Würtz19). However, none of these models 
which assume various modifications of only antiferromagnetic couplings, could give satisfactory agreement with 
our experiment. Indeed, the picture of the spin interactions that was predicted by the discoverers of the peculiar 
edge states of zigzag graphene nanoribbons in the seminal work by Wakabayashi et al.20, is characterized by 
ferromagnetic exchange coupling JFM ~ 103 K within a zigzag edge and an antiferromagnetic edge-edge coupling 
of the order JAFM ~ 10–100 K, depending on the nanoribbon width21. It is therefore reasonable to interpret the 
experimental results in the frames of the spin ladder model with ferromagnetic legs (JFM) and antiferromagnetic 
rungs (JAFM). We calculated the magnetic susceptibility of this model for the number of spins in a leg, Ns, changing 

Figure 1. Basal plane of deficiently fluorinated graphene: (a) Embedded nanoribbons; (b) Tabby pattern is 
plotted according to the results of spectroscopic investigations7,28,29. The blue circles denote carbon atoms, and 
the yellow circles denote fluorine atoms.
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from 1 to 126, and found that this model could be used successfully to fit a large batch of samples. As an example, 
the solid line in Fig. 2d corresponds to a combination of Ns = 3 and Ns = 8.

On the basis of the analysis of the susceptibility curves obtained on the different samples, we have arrived at 
the following quantitative conclusion: (i) with the maximum at T = 200–280 K, the exchange interaction strength 
(JAFM) value is in the range JAFM = 300–450 K22; (ii) the concentration of the exchange-coupled spins is rather large, 
being in the range 1–20% per CnF structural unit; (iii) the residual concentration of isolated spins ½ does not 
exceed 0.1%. The JAFM value confirms quantitatively that the AFM interactions within the graphene planes are 
much stronger than those in the organic radical crystals (e.g. nitroxide-based radicals, verdazyl radical crystals, 
or thiazyl radicals3), making the Tabby graphene an ideal candidate for 2D behaviour studies of pure organic 
materials.

Evolution of the magnetism of C2Fx (x < 1) on ageing and annealing. A remarkable property of 
the Tabby graphene is the development of macroscopic magnetic order during ageing. Figure 3a shows that the 
behaviour of as-prepared samples is accurately described by the Brillouin function, which provides a good fit 
for total angular momentum quantum number J = S = ½ (free isolated electron spin). The saturation value in 
the magnetization curve shown in Fig. 3b corresponds to 0.3% of localized spins participating in the long-range 
magnetic order.

As the samples were purely organic, their magnetism was prone to thermal effects. We observed a sharp drop 
of paramagnetic response (Fig. 3c,d) and saturated magnetization (Fig. 3e) as a result of short-term heating up to 
the fluorine detachment temperature (520 K). This confirms that the magnetism of the Tabby graphene has pure 
organic origin and is determined by the fluorine arrangement on the basal plane.

We made an attempt to determine the Curie temperature for this organic magnet by measuring the isothermal 
M(H) loops and plotting the saturated magnetization at each temperature point (Fig. 3f). The Curie temperature 
was higher than the room temperature, but its exact value could not be determined because the magnetism falled 
irreversibly due to thermal destruction of the samples.

Magnetic properties of C2Fx with x ≈ 1. The Tabby graphenes of the composition C2Fx (x ≈ 1) were 
prepared by using similar technological procedures as in the case of C2Fx, x < 1 (see the supplementary infor-
mation for more details). All samples were Curie-like paramagnetic at room temperatures without any sign of 
ferromagnetism. However, on cooling, a strong increase in the magnetic moment was observed, pointing out 
at a ferromagnetic-like transition near 40 K (Fig. 4a). This transition was registered by both Superconducting 
Quantum Interference Device (SQUID) and Electron Paramagnetic Resonance (EPR). The double integrated 
intensity (EPR susceptibility) followed the ZFC magnetization protocols. The zero field–cooled (ZFC) and the 
field-cooled (FC) magnetizations diverged below 16 K, indicating a slow relaxation (blocking) of magnetization 
(Fig. 4a). This low-temperature behaviour was sensitive to the applied magnetic fields (H), and at H = 1000 Oe 
the difference between the ZFC and FC magnetizations was undetectable (Fig. 4c). The position of the shifts to 
lower temperatures as the field increased, yielding the anisotropy field HA = 2600 Oe and a zero-field value of 
the blocking temperature, T0

max = 10.5 K. M(H) isothermal dependencies (Fig. 4d), confirmed that below 40 K 
we observed superparamagnetism, and the numerical fits of the data in Fig. 4c,d give an average spin quantum 
number S ≅ 1000.

Keeping the samples at room temperature for a year caused strong changes to the magnetic response (Fig. 4b). 
The magnetism of the aged samples looked similar at first glance, but really it was not. First, the values of mag-
netic moment below the ferromagnetic-like transition were 40–50 times smaller in the aged samples. Second, 
on cooling from room temperature, the magnetic susceptibility passed through a maximum around 280 K and 
approached zero at low temperatures. This indicates clearly that the temperature dependence of magnetic sus-
ceptibility exhibits an activated behaviour below a broad maximum, which is characteristic of thermal excitation 
from a nonmagnetic ground state with a spin gap. Annealing the samples in a dynamic vacuum at T = 373 K for 
24 hours resulted in full restoration of the magnetic properties shown in Fig. 4a. This resulted in the reduction 
of the oxygen and water content from 0.47% to 0.19%, and from 1.21% to 0.75% correspondingly, as verified by 
X-ray photoelectron spectroscopy. This led probably to the increase of interlayer interactions and development 
of 3D superparamagnetic ordering below 40 K. Apparently, both oxygen and water pushed the graphene planes 
apart, and the magnetic response was dominated by short-range 2D antiferromagnetic interactions.

Figure 2. Evolution of magnetic susceptibility vs. temperature upon ageing of C2Fx (x < 1): (a) A Curie-like spin 
magnetism observed in as prepared samples; (b) and (c) progressive changes after few months of storage; (d) 
after 1 year.
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EPR study of C2Fx with x ≈ 1. The EPR technique, which allows selective tracking of different magnetic 
entities, diagnoses the magnetic units responsible for the described phenomena. For all the studied samples, the 
room temperature EPR spectra revealed two main constituents: (a) narrow lines within the region of g = 2.00, 
typical for fluorinated carbon, and (b) asymmetric broad lines with g ~ 2. The total spin densities were found 
to be 1018–1020 spin/g with only 1–2% contribution coming from the narrow signals. We focused the attention 
on the broad lines. For all samples, doubly integrated intensities for the broad lines which corresponded to EPR 
susceptibility followed the trends for SQUID susceptibility (see Fig. 4a,b), while the differences between the FC 
and ZFC measurements followed the shift of the resonant field positions Hr

broad. At each temperature, the position 
of a broad EPR line (i.e., resonant field Hr

broad) for this paramagnetic entity was determined by the origin of the 
entities (g-factor) and the internal magnetic fields (like hyperfine one etc.). Thus, the developing temperature shift 
of Hr

broad manifested progressive strengthening of the internal magnetic field. It is worth mentioning here that the 
resonant field of the narrow EPR line, attributed to fluorinated carbon, remained the same within the entire tem-
perature region of 4–300 K. This may have reflected both the inhomogeneity of the samples and the local nature 
of magnetic ordering in the corresponding entities.

An unambiguous attribution of the magnetic unit can be done for as-prepared C2Fx (x ≈ 1). There we observed 
clear transformation of the same broad EPR signal that was observed at room temperatures, into a multicompo-
nent ferromagnetic resonance (FMR) signal (Fig. 5). Below 40 K the broad EPR signal grew abruptly in integral 
intensity, broadened and then split into low and high field components, which shifted towards opposite directions 
on further temperature decrease. The low field component kept shifting to the zero field region and then disap-
peared below 25 K, whereas the high field component at T = 15 K turned back to lower resonance field values, still 
remaining within the high field region (Fig. 6c). All the above features are typical for ferromagnetic (FMR) sig-
nals originated from partially oriented ferromagnetic subsystems with different magnetic anisotropies. Thus, the 

Figure 3. Evolution of the ferromagnetic properties of the Tabby graphene C2Fx (x < 1) upon ageing and 
annealing: (a) magnetic moment M as a function of a magnetic field H; the symbols are the measurements 
and the solid curve fits the Brillouin function with S = ½ and g = 2; (b) M(H) dependence of the same sample 
after 1 year of ageing at room temperature. The temperature dependences of the magnetic susceptibility of the 
aged sample; (c) the same sample after short-term heating to the fluorine detachment temperature 520 K (d). 
M(H) dependence of an aged sample and the same sample after short-term heating to 520 K (e). Temperature 
dependence of the saturation magnetization Ms for the Tabby graphene; the sharp decrease of Ms around 400 K 
is due to the beginning of thermal irreversible destruction of the sample (f).
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subsystem of exchange-coupled magnetic entities responsible for the short-range in-plane interactions, was also 
responsible for the ferromagnetism observed in these systems at low temperatures. This subsystem was present 
in all the studied samples: as-prepared, aged and annealed. Its magnetic behaviour was rich: it demonstrated 2D 
antiferromagnetic interactions, room temperature magnetic ordering, and the development of low-temperature 
superparamagnetism. We note that superparamagnetic behaviour below 25 K have been observed in EPR studies 
of nanosized graphite prepared by ball milling23 and of ultrathin graphitic particles obtained by heavy sonication 
of graphite powder24.

In the case of Tabby graphenes C2Fx with x < 1, the position of the broad line, Hr
broad, was shifted to the low 

field region and changed its position smoothly on cooling. This indicates a decrease of an internal spontaneous 

Figure 4. Temperature dependencies of magnetic susceptibility for Tabby graphenes, C2Fx (x ≈ 1): (a) pristine 
samples; (b) aged samples – the open circles represent the ZFC, the solid circles are the FC measurements, the 
red symbols represent the double integrated intensity (the EPR susceptibility); (c) M(T) curves taken at different 
fields; (d) M(H) dependencies taken at different temperatures.

Figure 5. Temperature dependence of EPR spectra for the as prepared Tabby graphene, C2Fx (x ≈ 1) at 
T < 100 K. All spectra were recorded at the same experimental conditions: ν = 9.469 GHz, incident microwave 
power 20 mW, 100 kHz magnetic field modulation amplitude 0.5 mT, and receiver gain 104. The spectra have 
been shifted vertically for better presentation. The dashed arrows indicate changes in Hr

broad for low- and high-
field components of the FMR signal at decreasing temperature.
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magnetic field (Fig. 6a). For the case of Tabby graphenes with x < 1, the same behaviour of Hr
broad was observed 

within the temperature range of 100–300 K. However, below 100 K, the Hr
broad in this sample shifted abruptly to 

the higher field region (Fig. 6b corresponds to the sample depicted in Fig. 4b), indicating significant change in the 
internal magnetic field on cooling.

Discussion
Fluorination is well known to be an effective method for introducing localized spin centres into graphene. When 
the attached fluorine atoms are arranged as monoatomic chains running in crystallographic directions (Tabby 
pattern), the sp2-sp3 interfaces created by the fluorine chain play the same role as zigzag edges. The graphene 
bipartite lattice consists of inequivalent A and B sublattices. In the case of a zigzag chain, one expects a set of local-
ized spin states in sublattice A on one side of the nanochain and sublattice B on the other side. Density functional 
theory (DFT) calculations for well-separated fluorine chains clearly reveal the emergence of magnetism in fluori-
nated graphene6. The calculated complex magnetic configuration combines the strong ferromagnetic interaction 
between the local magnetic moments of C atoms within each side of the CF chain with the antiferromagnetic 
coupling between the magnetic moments of C atoms located on the opposite sides of the CF chain.

The parallels in the magnetic behaviour of Tabby graphenes with different stoichiometry and stacking 
sequences lead to a conclusion that the magnetic unit responsible for the ordering effects originates from the 
π-electron system in the nanosegments created by the Tabby patterns with the magnetic moments localized at the 
zigzag interfaces. DFT calculations confirm that edge states near a single zigzag chain are preserved in disordered 
networks of densely packed interfaces6. Strong differences in the magnetic behaviour of the described samples are 
explained by their structural differences.

Several graphene derivatives are known, e.g. graphene oxide, hydrogenated graphene, fluorographene, and 
chlorographene. Functionalization opens the band gap of graphene, which is desirable for on/off electronics. 
However, at full graphene coverage, the possibilities for manipulation of electronic properties are limited because 
the π electrons are already spent to the attached atoms. Extensive studies are done on releasing the π electrons by 
producing single-side C2F and C2H (still not synthesized), or “digging” the wide-gap derivatives, removing extra 
atoms and forming one-dimensional graphene regions: point defects, quantum dots, nanoribbons, superlattices.

In the synthesis of the Tabby graphene, the method of slow fluorination provides conditions where adsorb-
ates tend to align in a chain sequence in which F adatoms are located on alternating sides of the graphene plane. 
Fluorine has the highest electronegativity of all elements. If the synthesis is made slowly at low temperature, 
quasi-equilibrium conditions allow fluorine to attach to the thermodynamically preferable places. Fluorinated 
carbon tends to separate spatially from non-fluorinated carbon. If one F is attached to the graphene, the next F 
will most preferably attach close to it, to another side in the ortho-position. The adsorption of an odd number of 
F atoms disturbs the π-electron system, so the adjacent atom attaches as close as possible, but to another side due 
to strong repulsion. The meta-position is unfavourable because it creates unpaired radicals.

We observed 2D spin gap -activated magnetism of C2Fx (x < 1) samples after prolonged ageing (Fig. 2). It can 
be speculated that this feature is related to the bilayer-like structure of fluorinated graphite (x < 1). During the 

Figure 6. Resonance field positions Hr of the EPR signal vs. temperature for Tabby graphene C2Fx: (a) fluorine 
content x < 1; (b) aged sample with x ≈ 1; and (c) the same sample with x ≈ 1 as prepared.



www.nature.com/scientificreports/

7Scientific REPORTS | 7: 16544  | DOI:10.1038/s41598-017-16321-5

gas-phase synthesis, simultaneous F adsorption at multiple sites resulted in seeding of the chains in a random dis-
tribution across the graphene planes. Apparently, the chains were not long enough to produce the zigzag-inherited 
edge states. The honeycomb lattice of graphene is a bipartite lattice. Sublattices A and B are identical in a single 
layer. In a bilayer, atom attachment on B sites is energetically more preferable than on A sites. The chain grown in 
a certain direction of a graphite layer may dictate the rule for the pattern formation in the adjacent layer. The C−F 
bonds in graphene are dynamic, with a low energy barrier for the migration of F atom to the nearest C atom. The 
fluorine chains repeal and arrange in two neighbouring layers like the teeth of a comb. This creates an additional 
discriminating mechanism leading to the formation of regular Tabby patterns where crossing and branching are 
suppressed, which is presumably favourable for magnetic coupling.

When the layers in the Tabby graphene are substantially spaced, as in C2Fx (x ≈ 1), the compound can be 
considered as a stack of monolayers. In this case the discriminating mechanism for chain formation is absent. 
Although fluorination does produce localized spins, the chain length is not enough for the development of zigzag 
edge states with measurable magnetic interactions on the 2D plane, or the development of high-temperature 
long-range magnetic ordering. High-temperature long-range magnetic ordering was absent in the samples of our 
study. Instead, we observed transition to 3D superparamagnetic behaviour at low temperatures. A low tempera-
ture ferromagnetic transition was seen in the multicomponent FMR signal, with the features typical for partially 
oriented ferromagnetic subsystems having different magnetic anisotropies. Ageing of the samples led to 50-fold 
reduction in the 3D magnetism, whereas transition to 2D behaviour was detected from the broad maximum and 
low-temperature activated behaviour of magnetic susceptibility.

To sum up, fluorination of graphene in such a way that the attached fluorine atoms formed monoatomic 
stripes running in crystallographic directions produced a special type of graphene derivative, which we call the 
Tabby graphene. The sp2–sp3 interfaces produced by the fluorine atoms attached in the zigzag directions gave rise 
to numerous magnetic phenomena. Graphene is a two-dimensional material, whereas the fluorine chain patterns 
reduce the effective dimensionality to 1D. Magnetic susceptibility shows a behaviour typical for low-dimensional 
quantum spin-ladder systems, which is characterized by spin ordering along the zigzag edges and their antipar-
allel alignment between opposite zigzag edges. The existence of a gap in the spin excitation spectra of graphene 
ribbons with zigzag edges has been theorized since their discovery in 1998. We produced magnetically active 
fluorinated graphite samples and showed that this type of low-dimensional magnetism can be realized experi-
mentally in a graphene-based system. We observed magnetic dimensional crossover with changes in the fluorine 
loading and interlayer distance, the parameters that can be controlled by synthesis conditions, sample ageing, and 
annealing. The Tabby graphene is a promising material with tuneable electronic and magnetic properties, and it 
provides a playground for the exploration of new quantum many-body states as well.

Methods
Sample preparation. Samples of fluorinated graphite C2Fx with the fluorine content x, 0.5 ≤ x ≤ 1, were 
produced by room temperature synthesis25–27. The starting material for the synthesis of the fluorinated graphite 
samples was natural graphite from the Zaval’evo deposit (Ukraine). To remove metal and silicate impurities, the 
material was purified by double acid treatment (HNO3:HCl 1:3 and concentrated HF). The grain size of the sam-
ples was about 100 × 100 × 20 μm, and the content of 3d metal impurities was below 1 ppm. Detailed description 
of sample preparation can be found in Supplementary Information.

Characterization methods. DC magnetic measurements were performed at a Quantum Design SQUID 
magnetometer (MPMS-XL-1) in −1 T–+1 T magnetic fields. The DC magnetic susceptibility data were collected 
in the 1.76–400 K range in a 10 mT magnetic field. Electron Paramagnetic Resonance (EPR) measurements 
within the temperature range 4 K < T < 300 K were carried out by using a Bruker EMX-200 X-band (ν~9 GHz) 
EPR spectrometer equipped with Oxford Instrument ESR900 cryostat and Agilent 53150 A frequency counter at 
microwave power (PMW) levels ranging from 50 µW to 200 mW. The structure and composition of the fluorinated 
graphite samples were studied by means of X-ray diffraction (XRD) on a DRON-SEIFERT-RM4 diffractometer by 
using CuKα radiation and X-ray photoelectron spectroscopy (XPS) on a Phoibos 150 SPECS spectrometer using 
monochromatized AlKα radiation with the energy of 1486.7 eV. The results of structure and composition analysis 
are given in Supplementary Information.

Data availability statement. All data generated or analysed during this study are included in this pub-
lished article (and its Supplementary Information files).
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