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In this thesis, the influence of the functionalization of graphene and graphite on their
magnetic properties was investigated. The functionalization was performed by covalent
attaching of a phenyl groups with three different radicals (4-bromoaniline, 4-chloroaniline
and 4-nitroaniline). Magnetic properties were measured by SQUID magnetometer. Both
pristine graphite and graphene showed strong diamagnetic behavior. For good quality
graphite, diamagnetism was found to be temperature-dependent. All samples demonstrated
noticeable paramagnetic contribution below 50 K. According to fitting experimental results
with Brillouin function and Curie law, it was shown that paramagnetism is provided by small
clusters of spins (superparamagnetic behavior). Moreover, the clusters size and spin
concentrations were calculated. For the samples functionalized with nitroaniline the
antiferromagnetic transition around 120 K was observed. To explain this behavior, a simple
model was proposed. Additional analysis of the graphene quality, structure and
composition of the samples was carried out by HRTEM, EDS mapping, Raman
spectroscopy and X-ray diffraction techniques.
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1. Introduction

1.1 Graphene
Graphene is one of the most well-known and discussed materials of the modern
world. This material is a two-dimensional carbon allotrope modification, in which
neighboring atoms are in sp2 – hybridization and form a hexagonal lattice. This structure is
sometimes called "honeycomb” or “chicken wire” lattice. Moreover, it is often named as a
“mother” of all carbon forms (Fig. 1).

Figure 1. Graphene as a 2D building material for carbon materials of all other
dimensionalities. It can be wrapped up into 0D fullerenes, rolled into 1D nanotubes or
layered into 3D graphite [1].
Despite the fact that the first studies related to graphene, were carried out in the end
of the first half of the twentieth century [2], it became really popular among the researchers
only after the discovery of the way to isolate and identify this material by a group of Geim
and Novoselov in 2004 [3]. For these investigations Geim and Novoselov were awarded the
Nobel Prize in 2010. The reasons because of which the fundamental material of all carbon
structures remained without attention were the theoretical calculations based on the
1

summation of the fluctuations of atomic positions. These calculations predict instability of
such systems at any finite temperature [4]. In addition, the difficulty of the material
identification should be mentioned. Due to the characterization difficulties, some
researchers obtained graphene but simply were not able recognize it [5].

High interest to this new material occurred due to a large number of its outstanding
properties. Many of them, such as electronic structure and properties, had already been
predicted theoretically [6]. Unsaturated π electrons form a conductive and a valence band.
These two bands touch each other in so-called Dirac points (Fig. 2b). This fact indicates
that graphene has zero band gap and is a great conductor. According to symmetry, these
six Dirac points form independent K and K’ pairs. Therefore, graphene must be described
not as a structure built up of hexagons, but as made up of two triangular sublattices (Fig.
2a). Additional significant detail about these points is that the energy dispersion near them
is linear. Due to this, graphene exhibits very good transport properties [7]. Electrons in
graphene can be ballistic, and move almost without collisions. Experimental values of
electron mobility in low defective graphene reaches 200000 cm2 V-1 s-1 and even higher [8].
Taking into account also the optical properties, graphene could serve as a good transparent
electrode.

Figure 2. (a) Hexagonal honeycomb lattice of graphene with two atoms (A and B) per
unit cell, (b) The 3D bandstructure of graphene [8].
In addition to good electrical properties, graphene is also a good thermal conductor
[9] and is the strongest material out of those once ever tested [10]. Great amount of different
effects could be observed in graphene, among which there are quantum Hall effect [1], Kerr
effect [11] and even superconductivity [12]. Besides the inherent properties of graphene,
there are a lot of effect caused by its modification. Thus, the energy band gap in graphene
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nanoribbons has a specific size and form [13]. The same effect is received by
functionalization [14]. Among all of them, the magnetic properties of pristine and
functionalized graphene, probably, are the most controversial and complex.

Another important aspect of graphene and its structure is its edge states. Because
the real graphene sheet is not infinite, these edge states could have a strong effect on
graphene properties [15]. There are two principle edge possibilities named zigzag and
armchair (Fig. 3). Zigzag edges can make graphene sheets semiconducting and
present spin polarized edges [16]. This mainly affects the electric and magnetic properties
of graphene.

Figure 3 – Zigzag and armchair types of edges in graphene.
There is no need to list here all properties of graphene because of their great number
and strong dependency on many factors. However, one more significant aspect is relevant.
Although in theory graphene is one-atom thick material, in practice not only single layers
are named graphene. It has been demonstrated in the case of electronic characteristics that
the electronic structure rapidly evolves with the number of layers, but in general remains
specific up to 10 layers. Thus, the transition from graphene to graphite is usually assumed
to be at 10 layers [1].

1.2 Ways of graphene production
Difficulties with graphene production is one of the main reasons, which hinders its
further development. Since the first graphene sheets were obtained by Geim and Novoselov
in 2004, a great amount of techniques of graphene production have been developed. The
way of production is very important in case of graphene due to its strong sensitivity to
3

defects. In this section is given a brief introduction to main approaches and their features is
given.

1.2.1 Micromechanical cleavage
This method was used by Geim and Novoselov in 2004, when they obtained and
recognized graphene for the first time [2]. However, this method was already known and
used for graphite [17]. In this approach graphene sheets are obtained by separating them
from crystalline graphite, which is a plurality of graphene planes. For this process is used
adhesive tape, which later dissolves, leaving only single-layer graphene sheets. If adhesion
of the lower layer of graphene substrate exceeds the clutch between graphene layers, the
layer of graphene may move to the surface of the substrate (Fig. 4).

Figure 4. Micromechanical cleavage of graphite using adhesive tape [18].
As a result of such a procedure, very high quality graphene flakes are obtained.
However, difficulties with the further transfer of graphene and the need for constant
monitoring of the process makes this process not suitable for mass production. Despite the
low productivity this method is still sometimes used to obtain the best quality layers
necessary for fundamental and applied investigations of the properties of graphene [19, 20].
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1.2.2 Graphite exfoliation
As graphite is a plurality of graphene planes where layers are stacked by the van
der Waals attraction (Fig. 1), it is possible to separate them by different impacts. Exfoliation
of graphite unites many developed top-down techniques, where the idea is to fabricate
graphene from bulk graphite. Most widely used and most productive methods are based on
this approach. Even the previously discussed micromechanical cleavage follows this idea,
but it was mentioned separately because of its place in graphene history.
For exfoliation process, the van der Waals attractions between the neighboring
layers must be overcomed by an external force. This is possible even by direct exfoliation
of graphite. For example, it could be made with scotch tape [18, 2] or sonication in organic
solvents [21]. In this case, good quality graphene layers with small amount of defects are
obtained. However, the yield from pure graphite as a precursor is usually low [22].

Significant increase in efficiency is possible through using intercalated (extended)
graphite [22]. Intercalation significantly increases the distance between graphene layers
from the initial 0.34 nm in pure graphite up to 1 nm and even more. Thus, the interplanar
attraction force decreases and exfoliation process becomes much easier. There are two
general techniques for exfoliation of extended graphite: thermal treatment and sonication
[18, 22, 23]. During the heating process, intercalated agents decompose and produce
gases, providing internal pressure and thus exfoliation occurs (Fig. 5). Sonication is usually
carried out in organic solvents (such as DMF or NMP [23]), which is slowly increasing the
interplanar distance by functionalization of the graphene layers until they become
completely unstacked.

Figure 5. Schematic illustration of the synthesis of exfoliated graphite [23].
The most common precursor for this process is graphite oxide, obtained by chemical
oxidation of graphite. This material has proven to be one of the most suitable not only
5

because of possible full oxidation. While the graphite and graphene are highly hydrophobic,
their oxides become hydrophilic due to oxygen functional groups. Obviously, this increases
the solubility and efficiency of exfoliation in solvents [22]. However, the graphene obtained
by such methods is more defective and already functionalized by solvent or remaining
agents from intercalation.

1.2.3 Thermal decomposition of silicon carbide (SiC)
This method is based on the thermal decomposition of silicon carbide and has been
known for many years in the production of graphite [24]. The idea is the epitaxial growth of
graphene film on the (0001) or (0001) surface of the SiC. This surface is hexagonal-like
(Fig. 6) and the lattice parameters are close to graphene [25]. Grow is provided by Si
sublimation and surface reconstruction under heating to 1200-1800 ⁰C or other sublimating
techniques. Sometimes it is called “controlled graphitization of SiC surfaces”, what more
accurately describes the process [26]. Great advantage of this method is that the size of the
sample synthesized on an appropriate initial SiC crystal is comparable to the crystal size.
Furthermore, there are no difficulties with transferring graphene on the dielectric substrate
to study the electric characteristics, because the silicon carbide substrate is already
dielectric. Studies showed that the quality of the synthesized samples is highly dependent
on the quality of the initial crystal structure, particularly of its surface [27].

Figure 6. Hexagonal structure of SiC (0001) [25].
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1.2.4 Epitaxial growth of graphene
In addition to the SiC substrates for graphene, other materials could be used.
However, the approach changes from the top-down, in case of SiC decomposition, to the
bottom-up one. For example, ruthenium (0001) surface can be used (Fig. 7) [28].

(a)

(b)

(c)

Figure 7. Illustration of the mechanism of epitaxial growth of graphene on the surface of
the Ru (0001): (a) without besieged carbon; (b) formed by a layer of graphene; (c)
formation of the second layer graphene [28].
In this procedure, the main requirements are applied to the parameters of the
substrate and to the methods of in situ control. This allows to control the formation of the
first and subsequent layers of graphene. The advantage of this method is the theoretical
possibility to obtain graphene sheets of large size and the possibility to combine the
synthesis of graphene with existing CMOS-technologies. Still, in case of Ru substrate, there
are difficulties with the transfer of graphene from the metal on a dielectric.

1.2.5 Graphene nanoribbons by unzipping of carbon nanotubes
The idea of this method is slitting of carbon nanotubes (Fig. 8) whose production
has been established earlier than graphene. By this, narrow graphene nanoribbons with
width of 10-20 nm are prepared. It can be done by using many developed techniques,
among which there is a possibility of suspending multiwalled carbon nanotubes (MWCNTs)
in concentrated sulphuric acid followed by treatment with KMnO4 [29] or by embedding of
MWCNTs in a polymer matrix and then treatment of the surface by argon plasma etching
[30]. However, this method is not widely used in practice because of the small size of the
resulting ribbons, their entanglement and typical difficulties with transferring on substrate.
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Figure 8. The formation of graphene nanoribbons made of carbon nanotubes - the
gradual deployment of one of the walls of the nanotubes [29].

1.3 Modification of graphene
Besides the already described outstanding properties of pure graphene, there is an
extremely important ability to change its properties in controlled way by inserting defects in
its structure by different vacancies, chemical elements or big functional groups. As a result
of this modification, it is possible to open the band gap in its electronic structure and to
change electrical properties (mobility and carrier concentration). However, in addition to
changing existing properties, there is possibility to obtain a fundamentally new ones. The
huge impetus for this area of research was made by the opportunity to use already
developed techniques applicable to carbon nanotubes, graphite and other carbon
structures.
Graphite is known as one of the most chemically inert materials. However, it was
found that graphene may be modified also by chemical reactions or can react with atomic
hydrogen, nitrogen, oxygen etc. [41]. Although the first reaction centers must be defects
and edges, on-plane modification can also occur. Further are be given basic approaches to
modification of graphene and the results of such changes are presented.
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1.3.1 Functionalization and adatoms
Grafting of functional groups or adatoms to the graphene planes or to the edge
bonds is a very efficient way of graphene modification. Great interest was caused by the
interaction of graphene with hydrogen. In addition to the possibility of applying it in the
energy storage devices [31, 32, 33], hydrogen adsorption could also affect the properties of
graphene. The main mechanism of hydrogen chemisorption on graphene is breaking the π
bonds and producing additional σ bond, thus, changing sp2 to sp3 hybridization [34].
Obviously, such process gradually decreases the conductivity and fully hydrogenated
graphene (also known as graphane) becomes an insulator [14]. Some theoretical
researches predict that graphane is a semiconductor with the direct energy gap of 3.5 eV
[35].
Besides the change of electrical properties, some researchers claim that
hydrogenation of graphene could lead to appearance of magnetic moment [34, 36]. The
role of hydrogen adatoms in understanding of inducing of magnetic properties is carbon
structures is very important. Main theoretical researches about magnetic moment in carbon
structures take into account three types of defects: hydrogen adatoms, edge states and
vacancies [36, 37]. Unfortunately, real experiments usually get lost in the mass of theoretical
studies. Nonetheless, a number of hydrogenation techniques can be mentioned [38]:
decomposition of photoresist, exposure of the graphene surface to hydrogen atoms at high
temperatures and by radio-frequency hydrogen plasma treatment. Most changes due to
hydrogenation are usually linked to formation of sp3 hybridization and changes of the bond
lengths and angles [34].

Some more widely investigated modifications of graphene are its oxide, graphene
fluoride, graphene with attached carbon atoms (graphitized) [74, 41]. All these modification
lead to formation of sp3 hybridized states. However, the influence of certain atom on the
properties of graphene is still under discussion and it is not limited only to local changes of
hybridization. One more important factor worth highlighting is appearance of different
localized energetic levels in case of different atoms could be mentioned.
Even the changes in the conductivity are not easy to control. There are some works,
which indicate that there are two competitive effects: increase of the charge carrier density
and the charge scattering effect. Thus, if in functionalized graphene increase of the charge
9

carrier density is more essential than the scattering effect, conductivity could became even
bigger than it is for the pristine graphene [39].

In addition to the modification by atoms, effect of attaching of large functional groups
is widely investigated by chemists. This interest is caused by an opportunity to obtain
structures with different surface coverage due to different size of molecules and steric
hindrance [40]. Thus, fabrication of the modified graphene with certain properties could
become easier and more reproducible. This area is even more extensive and complicated
in terms of developed methods than previously discussed modification by atoms. Most of
them are based on previous researches of fullerenes and carbon nanotubes [41]. Because
of the large number of these techniques and fact that they are closer to chemistry, than to
physics, only the used in this work method is briefly discussed.
According to the previous theoretical and experimental works, the most suitable
organic species, which can be covalently bonded to the pure sheets of graphene, are free
radicals and dienophiles [41]. The most common way to add free radicals to the graphene
is by using the diazonium salts. In this case, the functionalization is provided by a strong
covalent binding of the phenyl groups. Therefore, part of carbon atoms changes
hybridization from sp2 to sp3 and conductivity decreases [41, 42]. This method was also
adapted form the carbon nanotubes. The idea of this method is the reaction of aniline
derivatives (R- C6H7N) with isoamyl nitrite, forming the aryl diazonium intermediate This
leads to the radical addition of phenyl groups to the surface of graphene or single-walled
nanotube (Fig. 9).
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Figure 9. Proposed reaction schematic for the functionalizing graphene via the
diazonium formation route (1), reaction mechanism of the diazonium intermediate
reaction leading to the phenyl radical (2), reaction mechanism of phenyl grafting to
the surface of hexagonal carbon lattice (3) [43].

1.3.2 Vacancies
Another approach to change the properties of carbon-based structures, particularly
graphene, is implantation of vacancies. Irradiation with high-energy ions (e.g. He+ or Ne+)
in ultra-high vacuum (UHV) at low temperature is one of the most widely used methods to
introduce defects in graphene [44, 45]. The atomic structure of irradiation-induced
vacancies and effect on graphene’s electronic and magnetic structure is unclear. It is
important to note, that single vacancy in graphene is not stable due to the ability of graphene
to reconstruction [46]. However, experiments confirm that single vacancy has a strong effect
on graphene's transport, mechanical and magnetic characteristics [47].

1.4 Magnetic properties of carbon structures
First of all, in regards to magnetism, it is important to notice that there are no
nonmagnetic materials. Even if the effect is very small, diamagnetism is inherent to all
materials. In general, all known carbon allotropes show diamagnetic susceptibility at room
temperature [48]. However, their magnetic properties are not limited to this. In this chapter,
main theoretical and experimental investigations are reviewed.
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1.4.1 Magnetism of graphite
First significant feature of graphite is its diamagnetism. Pristine graphite is known as
one of the most strongly diamagnetic materials. The magnetic susceptibility of graphite and
other carbon structures is extremely anisotropic. If the external field is parallel to the carbon
planes, susceptibility is small and equal to that of free carbon atoms χ⁄⁄ = -5 ·10-7 emu/g. It
is useful to know, that this can be calculated using the Pascal constants [49]. The
diamagnetism of a molecule could be calculated in an additive way using values for the
diamagnetic susceptibility of every atom (
= ∑

Here

and

) and bond ( ) in the molecule:
+∑

.

(1)

are known as Pascal constants and they are tabulated.

If magnetic field is perpendicular to the planes, susceptibility is much bigger χ⊥= (22 - 50) * 10-6 emu/g [50]. Such behavior is mainly related to the free-electron contributions,
hence it is very sensitive to the band structure. The diamagnetism is known to be
temperature independent phenomenon. However, graphite has strong temperature
dependence of orbital diamagnetism (Fig. 10). This phenomenon occurs due to temperature
dependent changes in band structure of graphite caused by a big interplanar extension [51].
This effect can be calculated by the following equation [70]:

 orb [emu / g ]  1.46  103  02

where

sec h 2 ( E F 2k B (T  T ))
,
(T  T )

(2)

 0 is the band parameter in eV, E F is Fermi energy, k B is the Boltzmann

constant, T is the temperature in K and  T is the degeneracy temperature  T    k B
(Dingle temperature) representing the energy broadening, where  is the relaxation time
for carriers and h is the Planck constant.
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Figure 10. Temperature dependence of magnetic susceptibility of highly oriented
pyrolytic graphite (HOPG) with magnetic field perpendicular and parallel to plane [50].
Thus, the magnetic susceptibility of carbon allotropes is very sensitive to the energy
band structure. This means that their magnetic behavior can be altered by modifying the
band structure. Modification of band structure can be achieved by introducing topological
defects or absorbed guest atoms to graphite. They can change the amount of localized
electronic states, which will cause an increase in the density of π-states at the Fermi level
and trigger anomalous behavior in magnetic field.

From the viewpoint of the magnetic properties is so-called nanographite or
nanosized graphite is more interesting. For this material, effects from different defects and
edge states are noticeable. In order to describe its magnetic susceptibility, various sources
of magnetic moment should be considered. Total magnetic susceptibility of carbon materials

total is the sum of different components [52]:

total  core  orb  VV   ferro   Land   Pauli  CW ,

(3)

where  core is atomic core diamagnetism,  orb is orbital diamagnetism from itinerant
π-electrons in band structure of a semimetal, VV is van Vleck paramagnetism originating
from virtual magnetic dipole transitions between the valence and conduction bands,

 ferro
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is ferromagnetic term from magnetic impurities,  Land is Landau diamagnetic contribution,

 Pauli is Pauli paramagnetic from conduction electrons, and  CW temperature-dependent
Curie–Weiss term equal to C/(T−Ѳ), where C and Ѳ are the Curie constant and the Weiss
temperature, respectively.

If graphite has a steplike surface, paramagnetism or antiferromagnetism is observed
at low temperatures [52]. This is related to the high density of states at the Fermi level due
to edge states and its behavior fits to the temperature dependent Curie term in total
susceptibility. Such possibility can led to investigations of artificially modificated graphite.
The most common technique to introduce defects into graphite is proton irradiation. Such
treatment could lead even to ferromagnetic behavior [42]. Theoretical investigations usually
refer the appearance of magnetic moments to the bipartite nature of graphite lattice [42]. If
there are different amounts of defects in two sublattices, then magnetic moment appear,
and due to exchange interactions, the defects can become magnetically ordered. However,
the nature of such behavior is still under discussion and some experimental results are in
contradiction. This makes carbon magnetism exploration even more complicated.

1.4.2 Magnetism of graphene
The ideal graphene is diamagnetic. However, due to presence of edges and other
defects, real graphene, as graphite, could show paramagnetism or even interacting
magnetic moments. It has been shown theoretically [36] and experimentally [53, 54], that
defects lead to increasing of magnetic moment of graphene. These changes are related to
increase of unpaired spins (Fig. 11). However, theoretically predicted magnetic coupling
[36] is not always observed in practice and its existence is very controversial [53].
Theoretical predictions of ferro- and antiferromagnetism usually explain these different
possibilities of magnetic coupling by the bipartite lattice of graphene. If magnetism is
originating from defects in one sublattice, the parallel magnetic ordering (ferromagnetism)
is possible. If defects are in different sublattices, then it must be antiferromagnetic [36].
Thus, in practice, antiferromagnetic state is more expected.
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Figure 11. Calculated spin-density projection on the graphene plane around: (a) the
hydrogen chemisorption defect; (b) the vacancy defect [36].
Another source of magnetic moment and magnetic ordering could be originating
from the localized edge states of graphene. First principles and mean-field theory
calculations have shown that carbon structures that consist of zigzag edges can be
magnetic [48]. It has been calculated theoretically that in zigzag ribbons localized electron
spins are polarized, resulting in ferromagnetism [76]. In general, almost all possible defects
could lead to the magnetic moment due to perturbation in graphene structure (Fig. 12).
However, the complete mechanism leading to the magnetic properties is still a matter of
discussion.

Figure 12. Carbon defects which are thought to lead to magnetic ordering. a: adatom
(functional group); b: vacancy; c. hydrogen; d: Stone-Wales defect; e: positive
curvature, e: negative curvature; g: porosity; h: zigzag edges [42].
In practice, different magnetic contribution can coexist in graphene and resulting
behavior is a sum of these effects. For graphene, it is typical to be diamagnetic at high
temperature and to have a strong paramagnetic contribution at low temperatures. Due to
15

its modification, it is possible to obtain magnetic transition to a magnetically ordered state
at low temperature. This is caused by thermal disorder, which counteracts the exchange
interaction leading to the ordering. For example, some practical works demonstrate
antiferromagnetic transition in functionalized graphene [55]. Unfortunately, there are not
many complex works, in which result of covalent organic functionalization of graphene is
investigated in both magnetic and composition ways. This made the understanding of the
role of different functional groups in magnetic contribution more complicated.

1.5 Characterization of graphene and graphene-based structures
Depending on the purposes and measured properties, great amount of different
characterization techniques could be used: for quality characterization Raman
spectroscopy, XPS and XRD could be used; for morphological analysis, it could be AFM,
SEM, TEM and STM; for magnetic measurement the SQUID magnetometry, MFM or muon
spectroscopy [56] measurements. Needless to say that techniques and purposes are not
limited by those presented above. Thereby, only the methods used in this work are
described.

1.5.1 X-ray diffraction
Although XRD is not a very suitable method to identifying single-layer graphene or
characterization of functionalized samples, it still is very useful in the procedure of graphene
production. Pristine graphite exhibits a basal (002) reflection peak at 2Ѳ = 26.6⁰ (d spacing
= 0.335 nm) in the XRD pattern [57]. After oxidation of graphite, this reflection peak shifts
to a lower angle 2Ѳ = 11.2⁰ (d spacing = 0.79 nm). These changes were already explained
in the chapter 1.2.2 and are related to intercalation of oxygen and water. For fully exfoliated
graphite (graphene) all peaks disappear due to destruction of periodic structure (Fig. 13).
Thus, XRD could serve as an easy and effective way to control the process of graphene
exfoliation.
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Figure 13. X-ray diffraction patterns of pristine graphite, graphite oxide, and graphene
[57].

1.5.2 Raman spectroscopy
The identification and counting of graphene layers is one of the first and most
complicated tasks. Monolayers cannot be detected in an optical microscope on most
substrates and have no clear signatures in transmission electron microscopy [58]. For those
reasons, atomic force microscopy has been the only method allowing definitive identification
of graphene monolayers for first investigations.
This situation was changed after Raman spectroscopy measurements allowed to
recognize the “fingerprints” of graphene [59]. Raman spectra of single, double, and
multilayers of graphene on Si+SiO2 substrate obtained by mechanical exfoliation were
measured. The amount of layers was confirmed by the diffraction analysis, AFM and TEM
techniques. In figure 14 (a) the 514 nm Raman spectra of bulk graphite and one-layer
graphene are shown. The major peaks are the G band at ~1584 cm-1 and the G’ band at
~2700 cm-1. The largest changes are observed in G’ peak. Its shape and intensity differs
significantly for the graphite and graphene. For graphite G’ band consist of two components,
while for graphene it is one sharp peak at the lower shift. From the position and relative
peaks intensity of G and G’ Raman spectroscopy can distinguish monolayers from bilayers
or few (less than 5) layers (Fig. 14 b).

17

Figure 14. (a) Comparison of Raman spectra at 514 nm for graphite and graphene. (b)
Evolution of the spectra at 514 nm with the number of layers [59].
One more feature is the D band, which appears at ~1350 cm-1. It is not response
from the pristine graphite or graphene and can be observed in high defective or
functionalized samples [59, 17, 60, 61]. Particularly, in work [61], the detailed investigations
of effect of different types of defects and their geometry was carried out. The absence of
differences of the D band of Raman spectrum for different types of defects was shown.
However, there are some specific features in every case. As an example, the evolution of
the Raman spectrum of fluorinated graphene and graphene with vacancy-like defect are
shown on figure 15. The defect activated D, D’ and D+D’ peaks appear in both situations.
When the defect concentration increases, the D peak increases in the beginning and then
decreasing while widening. The D’ peak slowly increases and merges with the G peak. The
2D peak go down and almost evanesce.

Figure 15. Representative spectra of (a) fluorinated graphene, (b) anodic bonded
graphene, with increasing defect concentrations (from bottom to top). All measurements
are taken at 514 nm. [61]
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Thus, the Raman spectroscopy is one of the most common and effective techniques
to characterize graphene and graphene-based structures. It is useful for indication and for
establishing the amount of graphene layers, and to describe modified graphene.

1.5.3 Transmission electron microscopy (TEM)
TEM is a complex analytical tool. It provides information about the structure,
crystallography and chemistry of materials. TEM is a powerful technique that allows
observing the real structure of the graphene sheets. It is based on the pass of high-energy
electrons through a very thin sample. With High Resolution TEM is possible to identify even
individual defect or to estimate the number of graphene layers [62]. Combined with energy
dispersive spectroscopy mapping system it also allows to make the map of attached
functional groups.

1.5.4 SQUID magnetometry
Magnetic measurements by superconducting quantum interference device (SQUID)
is essential part of investigation of magnetic properties of graphene. This technique is based
on Josephson junction and converting the flux threading the SQUID loop into a voltage. In
the origin, there are two types of superconducting loops: with one Josephson junction for
measurements on alternative current (AC) and with two junctions for direct current (DC)
measurements. However, in practice mainly the DC SQUID is used due to easier device
structure and interpretation of results. The sensitivity of this technique is limited by the noise
level and could reach up to 10-14 T [63].
This technique is widely used for magnetic measurements in a row with magnetic
force microscopy due to easy demonstrable results. However, if MFM allows taking a map
of magnetic behavior on the surface, SQUID is used to measure bulk sample properties. In
principle, scanning SQUID is possible, but spatial resolution is too low and it is not very
popular [64]. There are three basic methods of magnetization measurements. First two are
field cooled (FC) and zero field cooled (ZFC) measurements of magnetization versus
temperature. Since there is a possibility of different magnetic transitions in the graphene
structures, these methods are highly informative because they allow to determine the
temperature of transition and type of magnetic behavior. The third one is usual
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magnetization versus magnetic field M(H) measurements, which can be made at different
temperatures.
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2. Experimental part
2.1 Synthesis
2.1.1 Thermal exfoliation of graphite oxide
Thermal exfoliation of graphite oxide was chosen because it is very efficient
technique to produce graphene in large scales. Although the quality of such graphene is
not very good, it must be enough for further chemical synthesis and characterization.
However, the usage of other ways of graphene production could be beneficial in some
aspects.
As initial product, pure graphite powder RW-A grade from SGL Carbon was used.
The oxidation was carried out by Brodie method [65, 66]. First, 5 grams of pure graphite
was mixed with 49 grams of potassium chlorate (KClO3) inside a glass flask and placed into
the ice bath. Then, 100% nitric acid (HNO3) was slowly added by a dropping funnel. The
reason for using ice and slow addition of nitric acid is that occurring reactions are highly
exothermic and could lead to explosion. After this the solution was left to reach room
temperature with stirring. Last stage of oxidation was a thermal treatment at 60 ⁰C for 8
hours. 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 3M 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.

(a)

(b)

Figure 16. (a) graphite oxide in the vessel for milling; (b) mortar for milling.
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For exfoliation process, the graphite oxide (Fig. 16 a) was mechanically milled with
mortar (Fig. 16 b) to a condition of homogeneous powder. Next, it was placed in a large
quartz tube and evacuated below 10-4 Torr. To exfoliation itself, the volume of quartz tube
was disconnected from the pump and inserted into a tube furnace (Fig, 17), preheated to
1050 ⁰C. To avoid overheating of holder and rubber seals, cooling by water was used. The
system was kept for one minute and then was removed from furnace and left to cool slowly
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
(Fig. 18 b) with inert gas to avoid interaction with oxygen and water from air.

Figure 17. Equipment for thermal exfoliation.

2.1.3 Ball-milling of graphite
In order to increase reactivity and to investigate magnetic properties of highly
defective graphite, ball-milling was done. This procedure involves mechanical treatment of
graphite. For this, the Mini-Mill PULVERISETTE 23 (Fig. 18 a) was used. Capsule and balls
were zirconia. For milling, 0.5 g of pure graphite and 6 zirconia balls were placed inside the
capsule and were exposed to milling six times for ten minutes with 5 minutes breaks to
avoid overheating.
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(a)

(b)

Figure 18. (a) Mini-Mill PULVERISETTE 23 used for a graphite milling; (b) glove box
with an inert gas environment inside.

2.1.2 Functionalization
As it was already discussed in first chapter, functionalization of graphene allows
changing already existing properties and even inducing fundamentally new one, such as
magnetism. For the functionalization was chosen the way covalently bonded phenyl groups
with different radicals (4-bromoaniline, 4-chloroaniline and 4-nitroaniline). The procedure
of functionalization was adapted from [67] and briefly discussed in the chapter 1.3.1. All the
preparations with air-sensitive substances were performed inside the glove box (Fig. 18 b)
with argon atmosphere. The reactions with anilines were carried out outside of the glove
box under the nitrogen environment. 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 an oil bath placed on the
heater. The procedure of functionalization was carried out as follows:


Previously produced graphene or graphite (50 mg) was weighted out and
placed in round bottom flask;



After this, flask was placed in oil bath and connected to the nitrogen pipeline;



10 ml of N-Methyl-2-pyrrolidone (NMP) was added;



Equal amount of moles of chosen aniline was added;



Mixture was heated to 60 ⁰C;
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Equal amount of moles of isopentyl nitrite was added. This was accompanied
by appearance of white steam;



Flask was covered with aluminum foil to exclude light and left overnight (20
hours) stirring at 60⁰C (Fig. 19 a).
All the reagents were from “Sigma-Aldrich” company and used as-received.

(a)

(b)

Figure 19. (a) experimental setup for functionalization; (b) system for filtration.
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. It was rinsed out with DMF until the filtrate became clear. After this, the powder
was washed with acetone. To separate the product and membrane it was placed in small
flask with acetone and sonicated for a short time. To remove all remaining solvents and to
evaporate acetone without boiling, a rotary evaporator connected to mechanical pump was
used (Fig. 20). For this system, the best vacuum level and temperature were approximately
30 Torr and 90 ⁰C.
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Figure 20. Rotary evaporator.

2.2 Characterization
2.2.1 X-ray diffraction
Powder X-ray diffraction measurements were undertaken with a Bruker D8 Discover
X-ray diffractometer with Cu anode (CuKα), operating in Debye Scherrer geometry and
equipped with an area detector (GADDS). Samples were sealed in glass capillaries of 1
mm diameter, which were let rotating around their axis during the measurement, in order to
reduce effects arising from preferred orientations.
The results of XRD measurements are shown on figure 21. As suggested, the
strongest peak of graphite (curve a) shifts to lower angles after oxidation (curve b). Further
exfoliation (curve d) leads to disappearing of the peak, related to the graphite oxide due to
destruction of periodicity. Only very low and wide peak is observed for graphene samples
(curves c and d). Most probably, the narrow peak around 22 K is a measurements artefact.
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According to these results, it could be concluded that exfoliation procedure was successful
and very efficient.

Figure 21. X-ray diffraction for: (a) initial graphite; (b) graphite oxide; (c) functionalized
graphene and (d) pure graphene. Curves are vertically shifted.

2.2.2 Raman spectroscopy
For Raman spectroscopy measurements was used Raman setup with a TRIAX320
Horiba/Jobin-Ivon single pass monochromator and a DPSS laser (emission wavelength 473
nm, 100 mW maximum power, 1.2 mm spot size, beam divergence 1.5 mrad) at the Physics
Department of Parma University. The emitted light was collected in backscattering
geometry. Additional filtration was made through a 473 nm edge filter. Signal was analyzed
by a TRIAX monochromator and detected by a peltier cooled CCD detector connected to a
PC. Integration time was approximately 30 seconds and maximum power density on the
sample was 1 mW/mm2.

26

1000
-1

-1

G-peak: 1569 cm , width 53 cm
-1
-1
D-peak: 1414 cm , width 105 cm

1500

-1

-1

Intensity, a.u.

Intesnity, a.u

2000
G-peak 1575 cm , w = 82 cm
-1
-1
D-peak 1382 cm , w = 136 cm

1000
500

500

0

0

1000

1500

2000

2500

3000

1000

3500

1500

Raman shift, cm-1

2000

2500

Raman shift, cm

3000

3500

-1

(b)

(a)

Figure 22. Raman spectroscopy: (a) graphite, (b) graphene.
It was established that such system is not very suitable for analysis. The spectra
(Fig. 22) are noisy and the second order lines are not pronounced. This made further
analysis almost useless. Thus, only initial graphite and graphene were measured. However,
some quantitative results can be obtained using the Cancado formula [68]: in graphene with
zero-dimensional point-like defects, the distance between defects, Ld can be estimated by
following equation (not working for Ld < 5 nm):
(

) = (1.8) ∙ 10

(4)

.

Or in terms of defects density:

(

)=

( . )∙

,

(5)

where ID and IG are intensities of corresponding peaks,

– laser wavelength. The

results of calculation are shown in table 1.
Table 1. Densities of defects calculated from Raman measurements.
, nm2

, nm

Graphite
Graphene

473

, cm-2

0.83

109

3.0⋅1011

1.02

88

3.6⋅1011

This estimation is limited to Raman active defects. It is not sensitive to changes of
perfect zigzag edges, charged impurities, intercalants, uniaxial and biaxial strain which do
not generate a D peak [68]. It is clearly seen that amount of defects in graphene is higher
than in initial graphite. Such result was expected and observed due to formation of defects
during exfoliation process of graphite oxide.
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2.2.3 SQUID magnetometry
Magnetic measurements were carried out on a Quantum Design 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, which were
placed inside a plastic straw. For thermomagnetic measurements, both field cooled (FC)
and zero field cooled (ZFC) curves were obtained with typical applied filed of 100 Oe. The
magnetization was measured in the temperature range of 2 to 300 K. The diamagnetic
contribution of the gelatin capsule containing the sample was assumed to be negligible and
overall magnetization to be determined by the sample.

2.2.4 Transmission electron microscopy
The morphology and structure were determined by means of High Resolution
Transmission Electron Microscopy (HRTEM) and by High Angle Annular Dark Field
(HAADF) Scanning Transmission Electron Microscopy (STEM). The latter was used to
reveal the different species of the particles, due to the high contrast of this technique.
Energy-dispersive spectroscopy (EDS) mapping and STEM observations were carried out
on a JEOL JEM-2200FS microscope with a Schottky gun working at 200 kV (point resolution
0.19 nm) at IMEM-CNR in Parma, equipped with an in-column energy filter (U-type), a CCD
high resolution camera, STEM detectors, and an EDS detector.
The resolution of images is not sufficient to identify the place of attachment of
functional groups. However, the wrinkled structure of graphene sheets could be observed.
In addition to the TEM images of graphene, EDS mapping was made to investigate the
composition of the samples. Results of the measurements are shown on figure 23.
Quantitative results of EDAX mapping are listed in table 2.
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(a)
(b)
(c)
Figure 23. Images of STEM and EDS maps for: (a) graphene with bromoaniline; (b) graphene
with chloroaniline; (c) graphene with nitroaniline.
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Table 2. Quantitative results of EDAX mapping.
Element

keV

C
O
Br

0.277
0.525
1.480

C
O
Cl
C
N
O

Mass, %

Error, %

Graphene and 4-bromoaniline
88.42
5.85
5.72
Graphene and 4-chloroaniline
0.277
98.06
0.525
1.52
2.621
0.42
Graphene and 4-nitroaniline
0.277
82.56
0.392
9.04
0.525
8.39

Atomic %

0.01
0.09
0.41

94.39
4.69
0.92

0.01
0.40
1.82

98.71
1.15
0.14

0.01
0.09
0.05

85.45
8.03
6.52

According to composition analysis, functionalization was successful with all aniline
types. However, the efficiency was not the same. For graphene functionalized with
chloroaniline, the atomic fraction of Cl is only 0.14%. For graphene with bromoaniline this
amount is bigger and is 0.92% of the number of atoms. Detected oxygen could be originated
from surface-bounded water or it just remained after exfoliation process. Its amount differs
from sample to sample and it could indicate that oxygen appears due to some operations
after exfoliation. A small amount of nitrogen (not presented on TEM images and in the table)
was detected in the cases of bromo- and chloroaniline. This can be attributed to the solvent
used during synthesis (NMP and DMF) because maybe it was not completely removed.
General possibility is that graphene was functionalized during the synthesis with reaction
intermediates. Interpretation of the results is more complicated for sample with nitroaniline
since it was found that oxygen and nitrogen are present in all samples. Another factor is
that the amount of oxygen is higher than nitrogen, although for nitroaniline per 1 nitrogen
atom must be 2 oxygen. Thus, not more than 3% of functionalization could be expected for
this sample.

The HRTEM images and Selected Area Diffraction (SAED) of graphene
functionalized with nitroaniline were done in order to determine the structure of the sample.
The hexagonal lattice of graphene was confirmed by the SAED image (Fig. 24). However,
the intensities of the small and big hexagons differs and is a little bit blurred. This can
indicate, that graphene is not a single layer. The HRTEM image also confirms this (Fig. 25).
Alternating intensity can be observed on the edges of graphene sheets.
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Figure 24. SAED image. Resolution 26x26 nm.

Figure 25. HRTEM image of graphene. Resolution 46x46 nm.

31

3. Results and discussion

3.1 Theoretical prediction of para- and superparamagnetic
behavior
Two basic magnetic behaviors of pristine graphene are diamagnetism and
paramagnetism. Diamagnetism has already been described in chapter 1.4.1 and expected
to be constant for graphene. Thus, some preliminary calculations of paramagnetism are
enough and could help in the interpretation of the experimental results.

The paramagnetic behavior of graphene could be described by Brillouin function
[45, 48, 69]:

≡

where

(

)

ℎ

(

)

−

is the g-factor (close to 2 for graphene);

quantum number (amount of ½ spins multiplied by ½);
temperature;

is Boltzmann constant and

ℎ

,

(6)

is the total angular momentum
is the Bhor Magneton;

is the

is applied magnetic field.

It is easy to show that in CGS units for g=2:

= 1.344 .

(7)

Thus, the magnetization could be found as:
M(J, H, T) =

where

,

(8)

is concentration of spins.

By fixing two parameters, it is easy to plot the expected paramagnetic behavior for
different situations. Thus, both temperature and field dependences of magnetization were
calculated. For magnetization the units of emu/g have been chosen because they are builtin units in SQUID and it makes it easy to compare results. Thus, the initial molar
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magnetization from equation (8) was converted accordingly. Results are shown in figures
26-28.
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Figure 26. 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.
From temperature dependence in figure 26 it is obvious, that increasing of spins lead
to stronger paramagnetic signal. From our experiments, spin concentration can also be
found by Curie-Weiss law, taking into account that Curie constant is proportional to the spin
concentration:

C = Ng2μ2BS(S+1)/3kB .

(9)

Such curves are typically obtained by ZFC and FC measurements.
Figure 27 shows calculated magnetization in case of interacting spins. When amount
of spins in cluster is increasing, saturation is observed at lower fields. This is a
superparamagnetic-like behavior. By comparing our experimental results with theoretical
curve, it is possible to calculate the amount of interacting spins per cluster. This fitting can
be done more accurately at low temperatures due to a stronger difference.
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Figure 27. Calculation of field dependencies of magnetization for spin concentration
1*1019, where spins are non-interacting (one spin half) and cluster with 5, 10 and 50 half
spins.
A comparison of magnetization for cluster of 50 spins at different temperatures is
shown on figure 28. It is clear, that at high temperatures thermal disordering counteracts to
the magnetic field, thus increasing the necessary filed for saturation. In practice, increasing
temperature could also lead to the breakup of these clusters that will shift the saturation
even at higher fields.
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Figure 28. Calculations of magnetization caused by interacting half spins for the cluster
size 50 spins at different temperatures.
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3.2 Experimental results of graphene functionalized with anilines
3.2.1 Graphite
First, the initial graphite was measured by FC and ZFC techniques with applied filed
of 100 Oe. The sample is strongly diamagnetic (Fig. 29) with small decreasing of
diamagnetism at low temperatures. Probably, this is due to the paramagnetism caused by
defects and edge states. By fitting the low-temperature tail with Curie law, spin
concentration 6*1018 g-1 was obtained. The diamagnetic behavior is typical for the goodquality graphite. Its decreasing with temperature can be explained by McClure and
Kotosonov theory [51, 70]. The magnetization curves are out of interest due to their linearity
and they were not investigated.
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Figure 29. FC and ZFC thermomagnetic measurements of pristine graphite at
100 Oe.

3.2.2 Ball-milled graphite

After ball-milling, temperature-dependent diamagnetism disappeared (Fig. 30). This
could be explained by the destruction of graphite structure and formation of big amounts of
defects, because McClure theory is very sensitive to the structure. However, the samples
is diamagnetic at room temperature and diamagnetic susceptibility at room temperature is
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-1.2*10-6 emu/gOe at room temperature. Difference between FC and ZFC is negligible. Spin
concentration was calculated by Curie law and estimated to be 2.7*1019 g-1. In comparison
with pure graphite, it increased about four times. This can be explained by a more defective
structure after treatment, particularly by increasing of the edge states. Nonlinearities of
magnetization curves at low temperatures were the same, as for pure graphite, and they
are out of interest.
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Figure 30. FC and ZFC thermomagnetic measurements at 100 Oe of the ball-milled
graphite.

3.2.3 Ball-milled graphite functionalized with bromoaniline
For the ball-milled graphite sample functionalized with the bromoaniline, general
behavior remain at the same and no difference between FC and ZFC was observed (Fig.
31). Curie paramagnetism is noticeable at low temperatures below 50 K. However, the high
temperature susceptibility remained positive that indicated the paramagnetic nature of the
sample. Obviously, if it is not a mistake of measurement, this is caused by the
functionalization. From Curie-Weiss fitting, Curie constant was established to be C =
1.02*10-5 and spin concentration is 1.63*1019 g-1. Before talking about its nature, all samples
must be reviewed.
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Figure 31. FC and ZFC thermomagnetic measurements at 100 Oe of the ball-milled
graphite functionalized with bromoaniline.

3.2.4 Ball-milled graphite functionalized with nitroaniline
Samples functionalized with nitroaniline show completely different behavior. First
difference is caused by quality of ball-milled graphite. For this sample graphite was taken
from other batch and its diamagnetic contribution is temperature-dependent. This indicates
that ball-milled process was not made correctly and it is rather an initial graphite than ballmilled. However, not all changes are caused by the quality of graphite. Difference between
ZFC and FC curves are big and have a leap around 125 K. This could be understood as
the antiferromagnetic transition. Thermomagnetic measurements were carried out with
applied field of 100, 200 and 500 Oe and curves have non-trivial movement. FC curves
monotonically shift towards stronger diamagnetism. This indicates that relationship between
magnetization and magnetic field is not linear. Assuming that the diamagnetic response
must be linear, such phenomena could be explained by nonlinear paramagnetic response.
Besides that, the movement of ZFC curves is even more complicated: for 100 and 500 Oe
the position of their minima are observed in almost the same position, while for 200 Oe it
demonstrates lower susceptibility to the magnetic field. Another aspect to notice is the
change in FC-ZFC difference, as FC curves monotonically decreases with increasing of the
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magnetic field. Such behavior could be explained by suppression of the effect by magnetic
field.
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Figure 32. FC and ZFC thermomagnetic curves of ball-milled graphite functionalized
with nitroaniline in different fields. ■ – FC; ▼– ZFC.
It is necessary to highlight separately thermomagnetic curves at 1000 Oe (Fig. 33).
For all thermomagnetic measurements, it is usual, that FC is equal to or higher than ZFC.
Though, here the ZFC and FC curves changes. In literature it was found, that such behavior
is very rare phenomenon occurring in the presence of metastable magnetic phases [71].
Above the crossover field, the low-temperature FC and ZFC magnetization inverts and
remain like this up to critical filed. This can indicate the metastability of long range ordering
at low temperatures [72]. Moreover, in figure 33 the response of 4-nitroaniline measured at
100 Oe is shown (violet line). There are no reasons to refer observed behavior only to the
nitroaniline.
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Figure 33. FC and ZFC thermomagnetic curves of nitroaniline at 100 Oe and ball-milled
graphite functionalized with nitroaniline at 1000 Oe.

3.2.5 Pure graphene
More detailed analysis of field dependences was carried out for the graphene
samples. Figure 34 (a) shows the as-measured magnetization curves versus magnetic field.
Sample demonstrates strong diamagnetic behavior at room temperature and increasing
paramagnetism at low temperatures. The origin of paramagnetism could be explained in
same way, as for ball-milled graphite. It can be Curie paramagnetism caused by edges and
vacancies. To estimate the paramagnetic behavior by Brillouin function (6), diamagnetic
background must be subtracted. This was made by subtraction of the room temperature
diamagnetism (assumed to be linearly proportional to the magnetic field and temperature
independent). Result of subtraction is showed in figure 34 (b).
400

1.8 K
3
5
10
300

100

M, 10 emu/g

0

-6

M, 10-6 emu/g

200

-100

-200
-10000

-5000

0

H, Oe

5000

10000

1.8 K
3K
5K
10 K
300 K

200

0

-200

-400
-10000

-5000

0

5000

10000

H, Oe

(a)
(b)
Figure 34. Field dependencies at different temperatures before (a) and after (b)
subtraction of diamagnetic contribution at room temperature.
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After subtraction of the room temperature diamagnetism, all curves demonstrate
paramagnetism of the sample, which is increasing proportionally to the temperature.
Although the field was probably not enough to reach saturation, low temperature curves
were fitted with Brillouin function (Fig. 35) to obtain the concentration of spins and cluster
size.
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Figure 35. Field dependencies at 1.8 and 3 K and fitting with the Brillouin function.
Amount of spins in the clusters is n = 9-10.
Obtained values show that cluster size is approximately constant and close to 10
spins per cluster for this sample and temperature. In contrast with it, concentration of spins
decreases from 4*1019 spins/g at 1.8 K to 3*1019 spins/g at 3 K. However, this is more likely
just because of thermal disorder contribution. When temperature increases, some spins
began to oscillate, thus decreasing the magnetic moment and underestimates the real
amount, which is probably even higher than obtained at 1.8 K.
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Figure 36. Temperature dependencies of magnetic susceptibility on cooling and
heating. H = 100 Oe. Curie-Weiss calculation yields spin concentration 4.7*1019 spin/g.
Thermomagnetic measurements are typical for graphene and correlates to the
previously measured magnetization curves. Sample shows strong diamagnetism at high
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temperatures and Curie-like paramagnetic contribution at low temperatures. The
paramagnetic term is very strong and sample even changes its bulk properties to
paramagnetic at low temperatures. Fitting value of spin concentration obtained by Curie
law, as proposed earlier is bigger than calculated by fitting with Brillouin function: 4.7*1019
spins/g and 4*1019 spins/g respectively.

3.2.6 Graphene functionalized with bromoaniline
Functionalization with bromoanilne did not result in any significant changes. In
comparison with pure graphene, sample demonstrate a little bit weaker diamagnetism at
room temperatures (-3*10-6 emu/gOe for functionalized and -5*10-6 emu/gOe for pristine
graphene). In addition, change in the cluster size was found according to fitting by Brillouin
function. For this sample, cluster size was estimated to consist of six spins. As for graphene,
spin concentration decreases with increasing temperature. Magnetization curves are shown
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Figure 37. Brillouin function fitting of magnetization curves of graphene functionalized
with bromoaniline.
However, the spin concentration obtained from Curie-Weiss fitting (1.8*1019 spins/g)
appeared to be lower, than calculated from Brillouin fitting. This could be caused by the
slope of FC curve (Fig. 38). Moreover, there is difference between the FC and ZFC curves.
This phenomenon could be both a measurement artefact and an outcome of magnetic
interaction in the sample.
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Figure 38. FC and ZFC thermomagnetic measurements at 100 Oe of graphene
functionalized with 4-bromoaniline.

3.2.7 Graphene functionalized with chloroaniline

Measurements of graphene functionalized with chloroaniline did not indicate any
significant effects. There was very weak difference between the ZFC and FC and they cross
each other around 25 K. But the FC measurements were done only above 6 K, and this
maybe a device artefact. As usual, sample is diamagnetic at room temperature and become
paramagnetic at low temperature due to Curie paramagnetism. Calculated number of spins
is 2.5*1019 spins/g.
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Figure 39. FC and ZFC thermomagnetic measurements at 100 Oe of graphene
functionalized with chloroaniline.
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3.2.8 Graphene functionalized with nitroaniline
As for the functionalized graphite there is strong difference between FC and ZFC at
100 Oe due to antiferromagnetic transition. However, its position is slightly shifted from 125
K to 118 K (Fig.40 (a)). In general, sample is diamagnetic at room temperature and become
paramagnetic at low temperatures. Because of antiferromagnetic transition, concentration
of paramagnetic spins could change and Curie-Weiss fitting must be done by two segments
below and above antiferromagnetic transition (Fig. 40 (b)).
4

, 10 emu/gOe

2
1

-6

, 10-6emu/gOe

0.5

FC
ZFC

3

0
-1

0.0
-0.5
-1.0

-2
0

50

100

150

200

250

300

50

T, K

100

150

200

250

300

T, K

(a)
(b)
Figure 40. (a) FC and ZFC thermomagnetic measurements at 100 Oe; (b) Curie law
fitting at different temperatures for graphene functionalized with nitroaniline..
In the determination of spin concentration by Curie-Weiss fitting rather large value
of Curie-Weiss temperature  = - 3.45 K was obtained. To check whether it is a fitting
artefact or a real value, -0 versus reciprocal temperature and versus T-  was plotted.
The latter dependence proved to be linear. It could be concluded that there are strong
antiferromagnetic interactions in the sample. Calculated values from Curie fitting were Curie
constant C = 2.2*10-5; Curie-Weiss temperature  = -3.45 K; spin concentration 3.52*1019
spins/g and from thermomagnetic curves 0 = -1.2312*10-6.
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Figure 41. Magnetic susceptibility of graphene functionalized with nitroaniline versus
reciprocal temperature.

Thermomagnetic measurement were done in different fields (100, 200, 500 and 100
Oe). The behavior is the same, as for functionalized graphite. Diamagnetism of sample is
increasing in stronger fields even after dividing by the field. The reason for this were already
discussed in the chapter 3.2.4. In contrast with graphite sample, here the movement of ZFC
curves is monotonous depending on the field. FC-ZFC inversion at 1000 Oe is not observed.
Obviously, when temperature lowered below 120 K, spin concentration abruptly decreases,
because some spins become aligned antiparallel.
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Figure 42. FC and ZFC thermomagnetic measurements in different fields of graphene
functionalized with nitroaniline. ■ – FC; ▼ – ZFC.
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Conclusion
Measurements of magnetic properties of pristine graphite, ball-milled graphite and
graphene were performed. It was established that samples of graphite without treatment
are strongly diamagnetic and their diamagnetism is temperature dependent. This is in
agreement with theory. For ball-milled graphite and graphene, due to the edge states and
other defects, diamagnetic contribution becomes weaker and temperature independent. For
all samples an upturn of M(T) dependencies are observed at temperatures below 50 К. The
increase of magnetic moment is due to the contribution of the paramagnetic Curie term,
which is proportional to the concentration of isolated spins. The concentration of spins
obtained by Curie law fitting was in order of 1019 spins/g for highly defective samples and
1018 spins/g for pristine graphite
Field dependencies of magnetization at room temperature demonstrate almost
linear behavior after subtraction of a linear diamagnetic term. No ferromagnetism was
detected, and at the same time, it confirmed high purity of samples – there are no metallic
impurities. At low temperatures (1.8 – 5 K) the curves have the S-shape form without
hysteresis. This shows an absence of ferromagnetism but the presence of interacting spins.
Fitting of experimental results by Brillouin function indicates that paramagnetism is provided
by clusters of spins. The amount of spins per cluster was estimated to be in range from five
to ten for different samples.
To determine the influence of functional groups on the magnetic properties of
graphite and graphene, the functionalization by covalent bonding of three types phenyl
groups with different radicals (4-bromoaniline, 4-nitroaniline and 4-chloroaniline) was
carried out.
The most pronounced effect was achieved in the case of functionalization with
nitroaniline. For both graphite and graphene, antiferromagnetic transition was observed
around 120 K. Moreover, room temperature diamagnetism of these samples was found to
be nonlinear from field. For graphite functionalized with nitroaniline, inversion of FC and
ZFC curves positions at 1000 Oe was observed. This effect can be attributed to metastable
long range magnetic ordering. Sample of graphite functionalized with bromoaniline is out of
the trend and demonstrates weak room temperature paramagnetism, while for graphene
with the same functional group sample is diamagnetic at room temperature.
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The reason for such difference in magnetic behavior could be related not only to the
type of functional groups. According to composition analysis by EDS technique, the amount
of functional groups is one more variable parameter. For the weakest changes of magnetic
properties provided by functionalization with chloroaniline, the amount of functional groups
was the lowest (only 0.14 atomic percentages), while for the sample with most significant
changes, which was functionalized with nitroaniline, this amount is expected to be the
highest (up to 3 atomic percentages). In order to understand observed effects better,
additional experiments should be done.
The choice of molecules for functionalization was not accidental. Nitrophenyl (NP)
functionalization of graphene was shown to induce different magnetic phenomena. The
presence

of

disordered

antiferromagnetic,

ferromagnetic

(ferrimagnetic),

and

superparamagnetic regions were observable in magnetization, magnetoresistance, and
microscopy measurements. A measurable room temperature magnetic order was explained
in the scenario of preferential formation of covalent bonds to a particular graphene sublattice (say A ), thereby leading to the accumulation of spins in the B sub-lattice [73].
In our case, room-temperature magnetic order was not observed. To be exact, it
was observed on the same scale which was reported in [73]. We consider this small effect
not relevant. However, we observed much more pronounced effects – the coexistence of
superparamagnetism and a clear antiferromagnetic transition.

Where this exotic magnetism come from? One suspect is the edges of graphene
planes. But neither ball-milled graphite nor defective graphene showed edge-related
magnetism. Moreover, when graphite or graphene is functionalized, the phenyl groups first
of all attach to the edges. As it has been established, the functionalization does not add
Curie-spins. Vice versa, it kills them.
If the number of radicals is increasing, they start to attach to the basal planes. What
is important for this work, is that some radicals, including phenyl groups can form 1D and
2D periodic superlattices, originating from the functionalization of a single sub-lattice of the
bipartite graphene structure [75].
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Figure 43. Illustration for the explanation of appearance of antiferromagnetic interaction.
Thus, the radicals can attach in crystallographic direction and create linear defects
(Fig, 43) where the carbon atoms change the hybridization from sp2 (graphitic) to sp3
(diamond-like). If the radicals follow the zigzag direction, they can create peculiar edge
states, and the electronic structure is akin to that which is manifested in the zigzag graphene
nanoribbons. The spins on both sides of radical line interact ferromagnetically, but as the
lines are short, one observes only several correlated spins – macrospin clusters. Then, if
we look at the graphene lattice with the zigzag defect, it can be noticed that the peculiar
spins are situated in sublattice A on one side and in sublattice В on another side. This
means that the spins interact antiferromagnetically. Most probably, this model can explain
the coexistence of superparamagnetism and antiferromagnetism in the samples.
Using this theory, it is possible to explain observed changes in the spin
concentrations after functionalization. Concentrations from the Curie law fitting were:
4.7⋅1019 for pristine graphene, 1.8⋅1019 for graphene functionalized with bromoaniline,
2.5⋅1019 for chloroaniline and 3.5⋅1019 spins/g for nitroaniline. For samples without magnetic
interactions, concentration of isolated spins decreases with increasing of attached
functional groups to the edge states. When magnetic ordering is observed, part of functional
groups attach to the plane, thus spin concentration does not decrease so significantly.
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