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Chapter 1

General Introduction

1.1 Classical Carbonaceous Materials

1.1.1 Carbon allotropes

Carbon, the sixth element of the periodic table and listed at the top of column IV, is

a remarkable material. The interests of carbon material fundamentally originate from a

variety of chemical bonding styles, which has never been seen in other elements [1, 2]. Each

carbon atom has six electrons which occupy 1s2, 2s2, and 2p2 atomic orbitals. The 1s2

orbital contains two strongly bound core electrons and they are called core electrons. Four

more weakly bound electrons occupy the 2s22p2 valence orbitals and are called valence

electrons. In the crystalline phase, the valence electrons give rise to 2s, 2px, 2py, and 2pz

orbitals which are important in forming covalent bonds in carbon materials. Since the

energy difference between the lower 2s level and upper 2p levels is small compared with the

binding energy of the chemical bonds, the electric wave functions of these four electrons

can readily mix with each other, thereby changing the occupation of one 2s and three 2p

atomic orbitals so as to enhance the binding energy of the C atom with its neighboring

atoms. In contrast to other group IV elements such as Si and Ge, the absence of nearby

inner orbitals except for the spherical 1s orbital facilitates hybridizations involving only

valence s and p orbitals for carbon. The mixing of a single 2s electron with one, two, or

three 2p electrons is called spn hybridization with n=1,2,3. As a results, in principle, a

carbon atom can adopt three different bonding configurations, sp, sp2, and sp3 as shown

in Fig. 1.1 [3].

These bonding styles realize the atoms to form a variety of carbon allotropes. The most

famous carbon allotropes are diamond and graphite. Diamond, one of the most brilliant

and hardest gems, has three dimensional structure. The structure originates from the

tetrahedrally directed sp3 hybrid orbitals which form strong σ bonds with adjacent atoms

1



2 General Introduction

Figure 1.1: Schematic representation of sp3, sp2, and sp hybridized atoms [3].

Table 1.1: Several key properties of graphite and diamond [3, 2].

Structure ac−c(nm) Electronic states Eg(eV) Density(g·cm−3)

Graphite Hexagonal 0.142 (C=C) Semimetal - 2.267

Diamond Tetrahedral 0.154 (C-C) Insulating 5.47 3.515

at angles of 109.5◦. On the contrary, graphite is basically composed of two-dimensional

sp2 network, called graphene. At a carbon sp2 site in the graphene, three of the four

electrons are assigned to the trigonally directed sp2 hybrid orbitals, which form σ bonds

at angles of 120◦ between the segments connecting nearest-neighbor atoms. The fourth

electron lies in a pz orbital lying normal to the σ bonding plane. The pz orbitals form

weaker π bonds with adjacent pz orbitals. These sp2 graphene sheets are weakly connected

each other by van der Waals force, leading to the formation of graphite structure (quasi-

two-dimensional system). Several key properties of graphite and diamond are given in

Table 1.1. The table clearly shows that the different bonding configurations give rise

to completely different properties between two allotropes. In addition to diamond and

graphite, carbyne consisting of sp bondings is proposed as one-dimensional allotrope. At

sp site, only two of the electrons form σ bonds, along ±x in Fig. 1.1, and the two other

electrons are left in orthogonal py and pz orbitals to form π bonds. Among three allotropes

of carbon, we will focus on graphite and describe the fundamental properties in detail in

a following subsection.

1.1.2 Fundamental properties of graphite

The ideal structure of graphite is the ground state for the infinite crystal of carbon.

Figure 1.2(a) shows the crystalline structure of graphite. As already mentioned, this

crystal structure consists of layers in which the carbon atoms are arranged in an open

2



1.1 Classical Carbonaceous Materials 3

Figure 1.2: (a) Crystalline structure of hexagonal graphite. The dimensions of the unit
cell, which is represented by dotted-dashed lines, are a0 and c0. aNN is the distance
between nearest neighbors. (b) Graphite Brillouin zone and a schematic version of the
graphite electron and hole Fermi surfaces located along the H − K axes [4, 5].

honeycomb network (graphene) containing two atoms per unit cell in each layer with a

small in-plane nearest neighbor distance ac−c of 0.1421 nm and an in-plane lattice constant

a0 of 0.2462 nm. The sp2 graphene layers are stacked in the ABAB stacking sequence with

a c-axis lattice constant c0 of 0.6708 nm and an interplanar distance c0/2 of ∼ 0.3354 nm.
This crystal structure is consistent with the D4

6h (P63/mmc) space group and has four

carbon atoms per unit cell. The interplanar distance (0.3354 nm) is much larger than the

in-plane nearest and second neighbor distance (0.1421 nm and 0.2462 nm, respectively),

implying the weak connection between the graphene layers. Therefore, the electronic

structure of graphite is mainly governed by that of a 2D graphene sheet.

Because of two carbon atoms per unit cell in the graphene, the unit cell contains

six σ electrons and two π electrons. These electrons forms eight electronic bands in the

graphene sheet. The first four bands (three bonding σ bands and one bonding π band) are

occupied by electrons while the last four (three antibonding σ∗ bands and one antibonding

π∗ band) are empty. Since the π states are weakly bound, they lies closer to the Fermi

level (EF ) than the σ states. As a result, the filled π band will form the valence band and

the empty π∗ band will form the conduction band. Figure 1.3(a) illustrates the schematic

representation of electron density of states around EF for graphene sheet [6]. Owing to

symmetry properties, π and π∗ bands are degenerate at the K point of the 2D Brillouin

zone. The 2D graphene is thus a zero-gap semiconductor.

The interaction between graphene sheets modifies this situation and create a semimetal

for graphite. In crystalline graphite, a unit cell contains four π electrons, and thus two

valence π bands and two conduction π bands are formed as shown in Fig. 1.4. Two valence

3



4 General Introduction

Figure 1.3: Schematic illustration of electron density of states: around EF for a graphene
sheet (a), in entire energy region for graphite (b) and around EF for graphite (c) [6].

Figure 1.4: AB initio band structure of graphite along different lines in the Brillouin zone
calculated by Charlier et al. [5].

4



1.1 Classical Carbonaceous Materials 5

π bands are completely occupied by electrons. The interplanar interaction brings about

a slight overlap (about 0.04 eV) between valence and conduction π bands as shown in

Figs. 1.3(b) and (c). This overlap gives rise to the generation of conduction π electrons in

graphite. The electron and hole Fermi surfaces located along the H −K axes in Brillouin

zone of graphite is shown in Fig. 1.2(b). Due to the slight overlap, the carrier density in

graphite is much lower (∼ 5×1024 m−3) than that in metal. The conductivity of graphite

is, however, comparable to that of metal mainly owing to the small effective mass of the

carriers in the graphene plane.

The graphene layers often do not form the perfect graphite crystal structure with

perfect ABAB layer stacking. Instead, stacking faults, which means departures from the

ABAB stacking order, are formed and these faults give rise to a small increase in the

inter layer distance (c0/2) from the value of 0.3354 nm in quasi-2D graphite until about

0.3440 nm, at which the stacking of the individual carbon layers becomes uncorrelated.

The resulting structure of these uncorrelated 2D graphene layers is called turbostratic

graphite. In addition to the stacking faults, a series of defects, e.g., dangling bonds,

bond angle disorder, bond length disorder, and hybridization, in the graphene planes is

contained in so-called disordered graphite. These defects seriously affect and drastically

change the properties of graphite. A further increase in the number of defects finally

leads to the formation of the completely disordered three-dimensional carbon material, in

which both sp2 and sp3 hybridizations are randomly present, so-called amorphous carbon.

The structure of graphite, in other words, the degree of disorder in graphite structure,

can be studied by observing the lattice vibrational modes [7]. For the investigation of

phonon mode structures, three complementary experimental techniques are especially

important: inelastic neutron scattering, Raman and infrared spectroscopy. While inelastic

neutron scattering is capable of exploring the phonon modes in the entire Brillouin zone,

infrared and Raman spectroscopy probe predominantly zone-center modes. Graphite

crystallizes according to the D4
6h space group and has twelve phonon modes at q = 0.

These modes are classified as two silent modes (2B1g), three acoustic modes (A2u+E1u),

three infrared-active modes(A2u+E1u), and four Raman active modes (2E2g). Zone-center

optical phonon modes are shown in Fig. 1.5.

For decades, Raman spectroscopy has proven to be a simple but powerful tool for

observing phonon modes of graphite related materials. As mentioned in the above, owing

to the small wave vector of light relative to Brillouin zone dimensions in solids, first-order

Raman scattering is, in principle, confined to the excitation of phonon modes close to the

zone-center in phonon dispersion curves. Information on the phonon dispersion relations

for zone-edge in the Brillouin zone as shown in Fig. 1.6(a) [8] can be obtained from

second-order Raman spectra, where contributions are made by pairs of phonons with

5



6 General Introduction

Figure 1.5: Zone-center optical phonon modes in graphite [7]. For the in-plane modes
(E1u, E2g1, E2g2), only one of the degenerate pair of modes is shown. The c-axis modes
(A2u, E1g1 , E1g2) are nondegenerated. Infrared and Raman activities are indicated. The
zero frequency acoustic modes (E1u, A2u) corresponding to pure translations are not
shown.

Figure 1.6: (a) Graphite phonon dispersion curves along several high symmetry axes
from Maeda et al. [8]. Zone-center phonon modes are indicated at Γ-point. (b) Phonon
dispersion relations and the corresponding phonon density of states by Leung et al. [12].
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1.1 Classical Carbonaceous Materials 7

Figure 1.7: Typical first- and second-order Raman spectra of highly oriented pyrolytic
graphite (HOPG) and ”grassy” carbon [9].

vectors q and −q . Figure 1.7 shows typical first- and second-order Raman spectra of

highly oriented pyrolytic graphite (HOPG) and ”grassy” carbon [9]. Both the first-order

Raman spectra in Fig. 1.7 exhibit a band at 1582 cm−1. This band corresponds to E2g2

modes in graphite as shown in Fig. 1.6(a). Since the band is commonly observed for

graphite related materials, it is called G band. In addition to G band, the first-order

Raman spectrum for glassy carbon in Fig. 1.7 shows a band at about 1350 cm−1. The

band has been known to be absent for highly crystallized graphite, for example, HOPG,

and be commonly observed for disordered graphitic materials [10]. The band is thus known

empirically as disorder-induced band and often called D band. Despite the fact that the

presence of the D band and the intensity of this band is commonly used for practical

applications to evaluate the amount of disorder in carbon material, the physical origin of

the D band has been an open question for some decades. There has been an only general

agreement that the band is caused by zone-edge phonons because the phonon dispersion

curves [Fig. 1.6(a)] indicate that no zone-center phonons exist around 1350 cm−1.

For the origin of the D band, Tuinstra and Koenig [11] proposed that the appearance

of the D band was explained by considering the relaxation of the fullD6h symmetry for the

case of finite graphite crystallites, thereby allowing many modes to show Raman activity,

such as A1g breathing modes in small aromatic clusters. A closely related approach,

which involves the relaxation of symmetry, is the phonon density of states (DOS) model

by Nemanich and Solin [9]. In this model, the band is due to the phonon DOS singularities

at about 1350 cm−1 by phonons near M point as shown in Fig. 1.6(b) [12]. Both of the

models, however, fail to give an explanation of the observed dispersion nature of the D

band with excitation laser energy. Recently, Dresselhause and co-workers [13] reported

7



8 General Introduction

Figure 1.8: Electronic energy bands (top) and phonon dispersion curves (bottom) of 2D
graphene. Both the longitudinal optic phonon branch that is strongly coupled to electronic
bands in the optical excitation, and the electronic bands near the Fermi level (E = 0)
that are linear in k are indicated by heavy lines. The slope for the transversal acoustic
phonon branch is also indicated by heavy lines [13].

that the origin and dispersion of the D band can be explained in terms of a resonant

Raman process by phonons near the K point of the Brillouin zone. As shown in Fig.

1.8, the longitudinal optic phonons at ∆q from K point are coupled with the electrons

at the same distance ∆k (= ∆q), which transit from π to π∗ states by an resonance with

the incident laser energy. The optical phonon branch, which produces the E2g phonons

at the Γ point, appears to be mixed with the transversal acoustic (TA) branch at the K

point; this is thought to be essential to understanding the highly dispersive nature of the

D band.

1.2 New Carbonaceous Materials

1.2.1 Carbonaceous nano-materials

As mentioned in the previous section, it has been believed for long time that the carbon has

only three allotropes, i.e., three-dimensional diamond, quasi-two-dimensional graphite,

8



1.2 New Carbonaceous Materials 9

Figure 1.9: (a) Soccer ball, (b) C60, and (c) a Geodesic Dome by R. Buckminster Fuller.

and one-dimensional carbyne. The era of troika has broken by the appearance of the fourth

allotrope with zero-dimension. The fourth member, C60, was serendipitously discovered

by Kroto, Smalley, and Curl in 1985 [14]. They sought a linear carbon chain as the

laboratory replica of the carbonaceous interstellar dust, and tried to create them by laser-

assisted cluster beam apparatus. Under specific growth conditions, the carbon cluster

consisting of sixty carbon atoms is found to be very stable. The total energy of a small

number (30-100) of carbon atoms is generally reduced by eliminating dangling bonds,

even at the expense of increasing the strain energy, thereby promoting the formation of

closed cage molecule. Authors in Ref.[14] thus attributed the stability of C60 to the soccer

ball structure (truncated icosahedron), where sixty carbon atoms are all equivalent and

arranged in twelve pentagonal and twenty hexagonal rings, as shown in Figs.1.9(a) and

1.9(b). The molecule having such structure contains no dangling bonds and the strain

associated with bending a planar array of hexagons is evenly distributed over a nuclear

cage of diameter about 0.7 nm. Since the structure is very similar to the works named

Geodesic Domes [Fig. 1.9(c)] by R. Buckminster Fuller, who is an American architect

[15], this new member of carbon allotrope was christened buckminsterfullerene. This

serendipitous discovery of the fullerene was the dawn of the new era in the history of

carbon materials, opening the way to the world of carbonaceous nano-materials.

Although there were a lot of theoretical predictions, the confirmation of precise struc-

ture and properties of C60 had to wait their mass production enough to carry out the

macroscopic measurements. This breakthrough on the fullerene research was brought by

Krätschmer and Huffman in 1990 [16]. In their landmark work, they produced carbon soot

by carbon evaporation in He gas atmosphere and found macroscopic quantities of C60 in

the soot. The optical transmittance spectroscopy of the C60 showed four absorption peaks

in infrared region. The number and position of the peaks are both consistent with the

theoretically predicted ones. They also found that C60 fullerenes are soluble in aromatic

9



10 General Introduction

solvents (e.g., benzen and toluene) and C60 crystals, named fullerite, could be grown from

the solution as the solvent evaporated. These properties were used to separate C60, C70,

etc. molecules from the other non-soluble forms of carbon products, and to produce thin

film of solvent-free fullerene crystals by sublimation. At last, nuclear magnetic resonance

(NMR) study using the mass-produced C60 clearly demonstrated that the C60 actually

has the soccer ball structure [17]. Since the Krätschmer and Huffman breakthrough, the

fullerene has been intensively studied by physical, chemical, and mechanical techniques.

This historical fact tells us that the establishment of a technique for the mass produc-

tion of the materials is crucial for the development of the researches on carbonaceous

nano-materials.

Since the epoch-making discovery of C60 [14, 16], fullerenes have attracted great inter-

est from the view points of both science and technology. In 1991, Haddon et al. reported

the first evidence that the fullerene solids could be doped by the alkali metals [18]. They

had grown thin films of C60 after first attaching electrical leads to the glass substrate.

When exposing the film to a flux of alkali metal atoms, they found that the resistivity

dropped with exposure time, reached a minimum, then increased and ultimately saturated.

The drop was thought to be owing to the electron transfer from the alkali metal dopants

to the conduction bands of fullerene solids derived from the lower unoccupied molecu-

lar orbital (LUMO) of fullerenes. Among the properties of the doped fullerene solids,

named fullerides, the most attention from the physics community was the appearance of

superconductivity by K3C60, Rb3C60, and related fullerides. For Rb1Cs2C60, a rather high

superconducting transition temperature Tc reached 33 K [19]. In addition to the spacing

between fullerene molecules in their solid, the central cavity of the fullerene molecule also

should be a strong binding site for a wide range of atoms, leading to the formation of

fullerenes with atoms captured within the closed carbon shells, called endohedral metallo-

fullerenes. By using laser ablation technique with a target of La-impregnated low-density

graphite, Heath et al. succeeded in producing La@C60 [20]. The metallofullerene sug-

gested a ”superatom” concept in which the caged atom would donate (or accept) charge

from the cage, providing a positive (or negative) core. Solids derived from such species

are believed to offer intriguing possibilities [21]. These fullerene-based materials show

promise as the building blocks of a host of new chemical species.

1.2.2 Novel carbonaceous nano-materials

Recently, much attention has turned towards novel cage-like carbonaceous nano-materials,

and intensive researches have inevitably led to the explosive evolution of the fullerene

family. In 1991 [22], Iijima found the multi-walled carbon nanotubes (MWNT), consisting

of graphite multi-layers wrapped into nested coaxial cylinders, in the carbon deposit

10



1.2 New Carbonaceous Materials 11

Figure 1.10: Classification of single-walled carbon nanotubes (SWNTs): (a) armchair, (b)
zigzag, and (c) chiral SWNTs [2].

Figure 1.11: Electron 1D density of states per unit cell of 2D graphene sheet for two (n, 0)
zigzag single-walled nanotubes (SWNTs): (a) the (10, 0) SWNTwhich has semiconducting
behavior, (b) the (9, 0) SWNT which has metallic behavior [2]. Also shown in the figure
is the density of states for the 2D graphene sheet.

11



12 General Introduction
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Figure 1.12: (a)Atomic force microscopic image of a metallic single-walled carbon nan-
otube (SWNT) on top of a Si/SiO2 substrate with two 15-nm-thick Pt electrodes [27]. The
individual metallic SWNTs can act as quantum wires at low temperature. (b) Schematic
side view of the single carbon nanotube field-effect transistor [28]. A single semiconduct-
ing SWNT is contacted by two electrodes. The Si substrate, which is covered by a layer
of SiO2 300 nm thick, acts as a back-gate. (c) Two probe I − Vbias curves for various
values of the gate voltage (Vgate).

formed by an arc discharge. In addition to the MWNT, the synthesis of single-walled

carbon nanotubes (SWNT) with seamless single cylinder [23, 24] and ropes of closed-

packed SWNTs [25] were reported. The structural images of several SWNTs are shown

in Fig. 1.10. The pace of research on SWNT has been particularly accelerated by the

findings of the extraordinary electrical transport properties of SWNTs. Their longitudial

conductivity is very sensitive to the detailed atomic structure and their diameter; a slight

change of the diameter can result in the SWNT being either metallic or semiconducting

along its length (Fig. 1.11) [2]. In addition, isolated SWNTs are expected to show high

thermal conductivity as high-purity diamond, which is one of the best thermal conductors

[26]. Such unusual behaviors of SWNT bring about the birth of the much talked-about

nano-electronics and make SWNTs play an important roles at the cutting edge of nano-

technology. As shown in Fig. 1.12, Dekker and co-workers have indeed demonstrated that

the individual metallic SWNTs can act as quantum wires at extremely low temperature

[27], and a room-temperature transistor can be fabricated using a single semiconducting

SWNT [28].

Following the nanotubes, carbon onions [29] and carbon nanocapsules [30, 31], which

are focused in this thesis, have been discovered as novel carbonaceous nano-materials in

the next generation. Additionally, there are a lot of reports regarding the creation of

novel carbonaceous nano-materials, e.g., single-walled carbon nanohorn [32], SWNTs en-

12



1.3 Carbon Onions 13

Figure 1.13: Carbon onions first reported by Ugarte [29].

capsulating fullerenes or metallofullerene (carbon peapods) [33], shortened multi-walled

nanotube strucutres encapsulating fullerenes (bucky shuttle) [34]. These novel carbona-

ceous nano-materials including carbon onions and nanocapsules are expected as the key-

elements in the century of nano-science and nano-technology.

1.3 Carbon Onions

1.3.1 Historical perspective of carbon onions

The carbon onion, which is one of the new members of the fullerene family, consists of

concentric curved graphitic sheets. The formation of carbon onions was first reported by

Ugarte [29]. He observed that carbon soot particles and tubular graphitic structure are

transformed into quasi-spherical carbon onions by intense electron-beam irradiation in a

transmission electron microscope (TEM) as shown in Fig. 1.13. The driving force of the

transformation was considered to be a collision between irradiated electrons and carbon

atoms, so called ”knock-on effects”. The elimination of dangling bonds in the onions was

believed to lead to their quasi-perfect spherical shapes [35].

Banhart and Ajayan [36] reported that the further bombardment of the onions with

high-dose electrons at elevated temperature in a TEM induces the graphite-diamond trans-

formation in the center of the carbon onions. Since the high pressure is needed to trans-

form graphite into diamond, the onions are considered to act as nanoscopic pressure cells.

Moreover, the onions are expected to be potentially good solid lubricant as it is the case for

WS2 nanoparticle having an onion-like structure [37]. In order to seek further possibilities

for potential applications of onions in the technological field, macroscopic experiments on

13
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Figure 1.14: a: Icosahedral C960 with facets. b: Relaxed C720 with holes in the pentagonal
rings (obtained from C960). c: C888 quasi-spherical shell with the holes filled by heptagonal
and pentagonal rings [40].

the onions to reveal their fundamental properties have been indispensable.

In particular, it is still unclear why onion structures are highly spherical and how the

graphitic carbon atoms rearrange in order to attain sphericity [38, 39, 40, 41, 42]. It was

initially suggested that the onions were nested fullerenes consisting of graphitic cages,

which contain only pentagonal and hexagonal carbon rings as illustrated in Fig.1.14a

[43]. In this model, the onion structures exhibit facets if not oriented along the five-

fold axes and the facets are more pronounced for bigger onions. Although Terrones and

Terrones [41], based on theoretical considerations, showed that the sphericity is improved

by introducing heptagons and additional pentagons, so-called Stone-Wales defects, into

the carbon networks as shown in Fig. 1.15B, this model illustrated in Fig. 1.14c has

not yet been experimentally verified. The structure of spherical onions has not yet been

clarified whether they consist of fullerene-like perfect shells made of only pentagonal,

hexagonal, and heptagonal carbon rings (Fig. 1.14c) or more defective structures with

a large number of defects or holes (Fig. 1.14b). Electronic and optical properties of

the onions that are deeply related with their structure has been also open questions.

Nevertheless, detailed experimental studies of structure and physical properties of the

onions have been prevented by the difficulty in the mass production of the onions in

14
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Figure 1.15: A: Pentagon in hexagonal network. B: 5-7-5 Stone-Wales defect in hexagonal
network [42].

uniform morphology and size [44].

So far, only a few methods have been reported to prepare carbon onions in a large

quantity. These are high temperature annealing of amorphous carbon soot [45], high-dose

carbon ion implantation into metal substrate [46], and high temperature annealing of di-

amond nanoparticles [48]. The first method was reported by de Heer and co-workers [45].

Since they used amorphous carbon soot, which is formed by an arc discharge method and

thus not so uniform in the size, as starting materials, it is difficult to prepare uniform-

sized onions. Cabioc’h and his co-workers [46] have developed the second method. By

implanting carbon ions into Ag substrates at elevated temperatures, they succeeded in

preparing thin films consisting of spherical carbon onions. Very recently they reported the

fabrication of carbon onion thin films on quartz substrates [47]. In the ion-implantation

method, the formation of polyhedral onions with facets is difficult because of the irradia-

tion environments.

In contrast to the previous two techniques, the last one first reported by Kuznetsov

et al. [48] has several advantages. One of them is that carbon onions in uniform size

can be prepared mainly owing to the formation mechanism; since one nanodiamond is

transformed into one onion from the surface to the center, the onions in uniform size

can be obtained by using initial diamond nanoparticles with narrow size distribution.

Another advantage is that the morphology of the onions can be varied from spherical

to polyhedral by controlling the annealing condition [49]. Therefore, the carbon onions

prepared from diamond nanoparticles enable us to carry out a systematic experimental

study of the onions that gives deeper insight into their fundamental properties including

structure, electronic and optical properties.

15
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Figure 1.16: Interstellar extinction curves along different lines of sight [54].

1.3.2 Carbon onions in astrophysics

As well as in the material science, carbon onions have been a subject of interest in as-

tronomy and astrophysics [50, 51, 52]. The astronomical observation has established an

optical extinction bump with almost constant position at 217.5 nm (4.6 µm−1, 5.7 eV),

coexisting with a variation of the width by more than 30 % along different lines of sight

(Fig. 1.16) [53, 54]. The bump in the interstellar extinction curves is believed to originate

from carbonaceous dust in the interstellar space [54]. It is well known that this astronom-

ical interests led to the serendipitous discovery of C60 [14] as already described. Many

sophisticated models of the dust particles have already been constructed to explain the 4.6

µm−1 interstellar feature; e.g., graphitic particles with a size distribution [55], a mixture of

sphere composed of graphite, amorphous carbon, and silicate [56, 57], irregular or fractal

arrangement of graphite and amorphous carbon [58, 59], polycyclic aromatic hydrocarbon

[60], and natural coal [61]. However, these models failed to reproduce the large variation

in the resonance width while maintaining a constant energy of the absorption peak.

Carbon onions are proposed as alternative possible candidates for the carbonaceous

dust particles giving rise to the interstellar feature at 4.6 µm−1. Detailed theoretical con-

siderations has already been performed by Lucas and co-workers [51, 52]. They predicted

that a water-coated spherical carbon onion with diamond core successfully reproduced an

absorption peak around 4.6 µm−1 and the decorrelation between the peak position and

the width [52]. This onion model, however, still contained several discrepancies; owing to

the water coating, the width of the onion resonance is larger than that of the observational

data and an additional absorption peak around 7 µm−1 that has not been confirmed by

16
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observation emerges.

In laboratory experiments, the pioneering work by de Heer and Ugarte [62] showed

that water suspensions of polyhedral onions, which are prepared by annealing carbon

soot, exhibit an extinction peak at 3.8 µm−1. The heavy red shift from 4.6 µm−1 was ten-

tatively explained by the water environment and clustering effect. Recently, Wada et al.

[63] reported that the carbonaceous material containing onion-like carbon nanoparticles

was found in the ejecta of methan plasma, in a laboratory analog for the mass ejection

from the stellar atmosphere. Although the material exhibited an absorption peak around

4.6 µm−1, it is composed of not only the onions but also organic components. To our

knowledge, extinction properties of carbon onions based on the laboratory experiments

have not well explained the contribution of the onions to the interstellar absorption bump.

The ambiguity is largely because of the difficulty in the mass production of the uniform-

sized and -shaped onions to carry out the macroscopic optical measurements. In addition,

lacking is the successful interpretation of the experimental results by theoretical consid-

erations based on the constructed onion model. In this astronomical context, both the

experimental and theoretical studies on the optical properties of the well-defined carbon

onions are highly desired to give a clearcut explanation for this long-standing important

problem in astronomy and astrophysics.

1.4 Carbon Nanocapsule Systems

1.4.1 Magnetic-metal filled carbon nanocapsules

Metal nanoparticles wrapped in concentric layers of encapsulating graphitic carbon, called

metal filled carbon nanocapsules, have been intensively studied since LaC2 was success-

fully encapsulated as shown in Fig. 1.17 [30, 31]. In particular for magnetic-metal filled

carbon nanocapsules, the interesting magnetic behavior of magnetic-metal nanoparticles

and the oxidation resistance of the carbon coating have led to the consideration of these

particles for applications in areas such as magnetic data storage, magnetic tonor for xerog-

raphy, fellofluids, and contrast agents in magnetic resonance imaging [64]. For magnetic

recording media, graphitic coating increases the effective distance of neighboring magnetic

particles [65]. The increase reduces particle-particles exchange coupling, which is an im-

portant issue in ongoing attempt to synthesize extremely high-density magnetic recording

media [66, 67, 68]. In order to realize ultra-high-density magnetic recording media of the

next generation, a system consisting of size-controlled magnetic nanoparticles isolated by

thickness-controlled non-magnetic phases is indispensable [69].

Magnetic-metal filled carbon nanocapsules have been produced by various methods

via vapor phase reaction, e.g., standard arc methods [70, 71] and modified arc methods

17
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Figure 1.17: Carbon nanocapsule encapsulating LaC2 reported by M. Tomita et al. [31].

[65, 72]. The nanocapsules are thought to be formed by so-called ”dissolution-precipitation

mechanism”, in which carbon is dissolved into the metal, and then graphite precipitates

as coating layers on quenching. Jiao and Seraphin [73] showed that, for the nanocapsules

prepared by the modified arc discharge, the thickness of the coating increases by post

annealing. They claimed that the addition of graphitic layers results from a precipita-

tion of carbon previously dissolved in the metal, suggesting the dissolution-precipitation

mechanism in these systems.

In contrast to vapor phase reaction, few method to produce carbon nanocapsules

via solid state reaction has been reported so far. Fabrication via solid state reaction is

expected to enable us to achieve larger yield than vapor phase reaction. Harris et al. [74]

recently succeeded in producing carbon nanocapsules by annealing microporous carbons

which had been impregnated with the material to be encapsulated. In this method,

however, it is difficult to control the thickness of the coating layers. Fabrication method

of size-controlled carbon nanocapsules with thickness-controlled graphitic coating via solid

state reaction is required to open the way to the potential applications of filled carbon

nanocapsules.

1.4.2 Filled carbon nanocapsule thin fillms

The march of areal density in magnetic recording media has continued at a pace of one

order of magnitude per decade till 1990 and at a more explosive pace in the last decade

(Fig. 1.18) [75]. In order to attempt the application of carbon nanocapsules to magnetic

recording media, it is important to develop thin films composed of filled carbon nanocap-
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Figure 1.18: The increase in magnetic storage density of IBM disk drives with time [75].

Figure 1.19: A schematic image of the M-C nanogranular thin film.

sules, so-called nanogranular thin films. In particular, nanogranular thin films consisting

of iron-group metal nanoparticles several nanometers in diameter separated by graphitic

matrices (M-C nanogranular thin films) as shown in Fig. 1.19 are proposed as a possible

candidate for realizing magnetic recording media with an ultra-high areal density (∼ 100

Gb/in2) [67, 76, 77].

In the M-C nanogranular films, the magnetic metal particles are sufficiently small to

possess a magnetic single-domain structure. These particles are expected to exhibit high

coercivities because the simultaneous switching of polarity takes places only by coherent

rotation of the moments against strong anisotropy force. Moreover, owing to the im-

miscibility of carbon with the metals, the nanoparticles are separated by thin graphitic
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Figure 1.20: Typical TEM images for Ni-C composite thin films annealed at (a) 300 ◦C
and (b) 400 ◦C, and corresponding SAED patterns [(c) and (d)], respectively. (e) M-H
curves for Ni-C composite thin films prepared at two different annealing temperatures
[80].
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carbon layers in the case of low carbon concentration in the film. The separation leads to

a reduction of the noise via a decrease in particle-particle exchange coupling as already

mentioned [78]. The carbon matrices have another advantage in the fabrication process

of thin film media. Carbon has been used for overcoats of the practical media because of

their superb wear resistance and surface smoothness By using carbon as an intergranule

material, the fabrication processes of the recording layer and overcoat can be integrated

[79]. The M-C nanogranular thin film is thus a promising material for the ultra-high

density recording media.

Recently, we have succeeded in preparing Ni-C nanogranular thin films using co-

sputtering method together with post-annealing [80]. In Ni-C nanogranular thin films, Ni

nanoparticles were about 5.6 nm in average diameter with a narrow size distribution [Fig.

1.20(b)]. However, the coercivity of the film was not sufficiently high (∼ 50 Oe) as shown
in Fig. 1.20(e). The low coercivity of the film is one of the drawbacks in the application

for recording media. In order to remove the drawback, an improvement of the magnetic

properties is required. In addition to the applied physical context, the formation mecha-

nism and magnetic properties of such nanogranular thin films are also of great interests

from the viewpoints of fundamental physics of magnetic nanoparticle systems.

1.5 Chapter Overview and Goals of This Thesis

1.5.1 Structure and physical properties of carbon onions

The goal of the first part of this thesis is to reveal structures and physical properties

of carbon onions. Spherical and polyhedral carbon onions in macroscopic quantities are

prepared by annealing diamond nanoparticles. In Chapter 2, the carbon onions are in-

vestigated by high-resolution transmission electron microscopy (HRTEM), Raman spec-

troscopy, electron energy-loss spectroscopy (EELS), and electron spin resonance (ESR).

The author shows the annealing temperature dependences of the structure and electronic

properties of carbon onions. Several deeper insights into the correlation between structure

and electronic states of carbon onions are given. As a results, the author will propose a

new structural model of the onions (a defective spherical onion model). In Chapter 3, in

order to address further the structure and formation mechanism of the carbon onions, the

synchrotron X-ray diffraction (XRD) studies on a series of the onion samples are carried

out. Chapter 4 is devoted to the experimental and theoretical studies on optical extinc-

tion properties of the carbon onions. The author shows experimental extinction spectra of

spherical onions can be interpreted well by the theoretical considerations for the aggregate

of defective spherical onions. On the other hands, the experimental spectrum for polyhe-

dral onions is explained by the aggregate of anisotropic graphite ellipsoids. Furthermore,
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the defective spherical onions model reproduces the interstellar extinction feature at 4.6

µm−1, suggesting that isolated defective spherical carbon onion is a likely candidate for

the carbonaceous interstellar dust particles giving rise to the extinction feature.

1.5.2 Fabrication and physical properties of filled carbon nanocap-

sule systems

The goal of the second part is to develop the fabrication technique of filled carbon nanocap-

sules systems and study their formation mechanism and properties. Chapter 5 covers a

new and simple method for synthesizing Co, Ni, and Fe filled carbon nanocapsules via

solid state reaction. The author intends to clarify the formation mechanism of Co filled

carbon nanocapsules by in-situ TEM, conventional XRD, and Raman spectroscopy. Fi-

nally a novel formation mechanism of the filled carbon nanocapsules will be proposed.

In Chapter 6, the formation technique of thin films composed of magnetic-metal filled

carbon nanocapsules, named magnetic-metal carbon nanogranular thin films, will be de-

veloped. The formation mechanism and magnetic properties of the thin films are studied.

The author will show several important findings for realizing the thin films with a high

coercivity.
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Chapter 2

Electronic States of Carbon Onions

2.1 Introduction

As mentioned in the previous chapter, the electronic states of carbon onions have been

unclear mainly because of the difficulty in preparing the onions enough to study by macro-

scopic investigation technique. In this chapter, spherical and polyhedral carbon onions are

prepared from diamond nanoparticles and investigated by high-resolution transmission

electron microscopy (HRTEM), Raman spectroscopy, electron energy-loss spectroscopy

(EELS), and electron spin resonance (ESR).

The EELS combined with transmission electron microscope is a strong tool for the

analysis of electronic states in nanosize particles. Especially, the energy-loss near-edge

structure (ELNES) in the core-loss spectrum is directly correlated to the density of the

unoccupied conduction band states [1]. The shape of the ELNES thus contains use-

ful information about the nearest neighbor environment of atoms in covalent bonding.

Although Cabioc’h et al. [2] studied the EELS of carbon thin films containing onions

prepared by the carbon ion implantation method, they showed only the low-loss spectra

of onions; the core-loss spectra have not been reported.

ESR is also a powerful technique to study the microstructure and the electronic prop-

erties of carbon-related materials. Recently, Andersson et al. [3] studied the structure

and electronic states of faceted polyhedral carbon onions by ESR. They concentrated their

attention on providing evidence of a considerable enhancement in the density of states at

the Fermi energy (edge state) [4]. However, no attention has been paid on the spherical

onion, which is considered to be an intermediate state in the transformation from a di-

amond nanoparticle into a polyhedral onion. Little is thus known about the correlation

between the structure and electronic states of carbon onions.

We will demonstrate here the annealing temperature dependences of the structure

and electronic states of carbon onions. As the annealing temperature increases diamond
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nanoparticles are transformed into spherical onions and finally into polyhedral onions. It

was found by EELS measurements that the core-loss spectrum of spherical carbon onions

was similar to that of nc-D, although the low-loss spectrum and the high-resolution trans-

mission electron microscopic observation suggest the formation of graphitic sp2 network.

The feature in the core-loss spectrum indicates that spherical onions have a number of

sp3 bonds in themselves. ESR spectra for spherical onions show a presence of narrow

signal corresponding to the dangling bond spins and an absence of additional broad sig-

nal corresponding to conduction π electron spins. The π electrons in spherical onions

are thus localized in small domains of sp2 graphitic sheets, and do not act as conduction

electrons. Our findings strongly suggest that the structure of spherical onions is far from

the perfectly closed graphitic shells. On the contrary, in polyhedral onions, ESR stud-

ies indicates that conduction π electrons are generated. Polyhedral onions have ordered

graphitic structure, and thus π electrons in them can act as conduction electrons. The

present study clarifies the mechanism of transformation from diamond nanoparticles into

carbon onions, and gives deeper insight into the correlation between the structure and

electronic states of carbon onions.

2.2 Experimental Procedure

Carbon onions were prepared by the annealing of diamond nanoparticles about 5 nm

in diameter [5]. Initial diamond nanoparticles are commercially available. For TEM,

Raman and ESR studies, about 20 mg of nanoparticles were stuffed into a hole (2.5 mm

in diameter) which was drilled through the center of a graphite rod (5 mm in diameter and

7 mm in length). The graphite rod was then annealed by an electron beam irradiation in

vacuum (< 2.5×10−3 Pa). Annealing took place for 30 min at the temperatures ranging

from 700 to 2200 ◦C. For EELS studies, diamond nanoparticles were put onto a tungsten

boat and resistively heated in vacuum (< 10−2 Pa). Annealing was carried out at different

temperatures ranging from 1700 to 2000 ◦C. The annealing temperatures were monitored

by a radiative pyrometer [TR-630 (MINOLTA)].

HRTEM studies were performed with a JEOL JEM-2010 electron microscope operated

at 200 kV. Samples were dispersed in ethanol and placed on holey carbon thin films

supported by copper grids. In the EELS study, a Gatan parallel EELS system (model 666)

mounted with the electron microscope was used. The energy resolution of the system was

1.0 eV (FWHM of zero-loss peak) and the maximum dispersion was 0.05 eV per channel.

In all studies, the spectra were acquired from the areas of 25 nm in the specimens. All of

the energy-loss spectra were carefully measured from the specimens which were suspended

across the hole of holey carbon films. Thus the spectra were not affected by supporting
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(a) (b) (c)

Figure 2.1: HRTEM images of (a) diamond nanoparticles, (b) spherical carbon onions
and (c) polyhedral carbon onions. Diamond nanoparticles are transformed into spherical
onions at about 1700 ◦C. Polyhedral onions are dominant in the sample annealed above
1900 ◦C.

carbon films.

For Raman measurements, samples were put into holes which were drilled in Al blocks.

Raman spectra were recorded in a back-scattering configuration at room temperature

by using a JOBIN YVON U1000 double monochromator equipped with a Hamamatsu

Photonics R943-02 photomultiplier and a photon-counting system. The excitation source

was a 457.9 nm line of an Ar-ion laser. The laser power was kept less than 20 mW in

order to avoid the local heating. All Raman spectra were analyzed by fitting the spectra

to Lorentzian line shapes.

ESR studies were carried out with a conventional X-band spectrometer [EMX EPR

system (Bruker)]. Samples of 5-20 mg were put into a quartz glass tube and placed in

the cavity. The magnetic field and the microwave frequency during the measurements

were calibrated using a nuclear magnetic resonance gaussmeter and a frequency counter,

respectively. The intensity of the ESR signal from the sample was normalized by that

from CuSO4 · 5H2O as reference and by the weight of the sample.

2.3 Results

2.3.1 Transmission electron microscopy

The starting material in the present study is diamond nanoparticles with average diameter

of 5 nm as shown in Fig. 2.1(a). We can observe lattice fringes corresponding to the {111}
planes of diamond. Figure 2.1(a) also shows amorphous carbon layers on the surfaces of
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diamonds. Previously, we reported that the annealing at temperatures up to 800 ◦C does

not noticeably affect the structure and size of the diamond nanoparticles [6].

After annealing at about 1700 ◦C, spherical carbon onions around 5 nm in diame-

ter [Fig. 2.1(b)] can be seen. Unwanted carbon formations such as amorphous carbon

particles have not been observed. The result suggests that diamond nanoparticles are

transformed to spherical onions by the annealing. The spacing of lattice fringes is about

0.344 nm, which is close to that of the (002) planes of graphite.

At temperatures above 1900 ◦C, faceted polyhedral onions as shown in Fig. 2.1(c) are

dominant in the samples. It is thought that spherical onions are transformed to polyhedral

onions through the annealing above 1900 ◦C. Lattice fringes of polyhedral onions are more

distinct and straight than those of spherical onions, indicating that polyhedral onions

consist of further ordered graphitic sp2 planes. The observed size of polyhedral onions

is slightly larger than that of initial diamond nanoparticles. The increase in the volume

is caused by the difference in the densities between diamond (3.515 g/cm3) and graphite

(2.267 g/cm3) [3].

2.3.2 Raman spectroscopy

Figure 2.2 shows Raman spectra for the samples annealed at temperatures from 1500

to 2200 ◦C. All the spectra show two broad Raman bands around 1350 and 1580 cm−1.

The band at about 1580 cm−1 corresponds to the E2g mode in the graphite structure of

carbon (G band); in the spectrum range from 1200 to 1700 cm−1, an ideal single-crystal

graphite shows only this band at 1580 cm−1 [7]. The width of the G band is related to the

disorder within the carbon sp2 sheets [8]. Figure 2.3(a) shows the annealing temperature

dependence of the full-width at half-maximum (FWHM) of the G band. The FWHM

decreases as the annealing temperature increases.

In addition to the G band, so-called D band appears at about 1350 cm−1 for finite-size

crystals of graphite (e.g. polycrystalline graphite, glassy carbon, etc.) [8, 9]. The true

origin of the band has been an open debate [10, 14]. However it has been empirically

known that a modest amount of disorder and the resultant decrease in in-plane domain

size (La) of the graphitic sp2 sheets can give rise to the band [8, 15]. We thus believe that

the relative intensity of the D to G bands (ID/IG) can be used to represent the ”relative”

La, although the quantitative evaluation is difficult [10]. In Fig. 2.3(b), ID/IG of the

spectra in Fig. 2.2 is plotted as a function of the annealing temperature. The ID/IG

decreases with increasing the annealing temperature.
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Figure 2.2: Raman spectra obtained with different annealing temperatures from 1500 to
2200 ◦C.

2.3.3 Electron energy-loss spectroscopy

Figure 2.4(a) shows the low-loss region of the EELS spectra for diamond nanoparticles,

spherical onions and polyhedral onions. The spectrum of diamond nanoparticles (spec-

trum A) shows a broad peak around 25 eV. The spectrum is different from that of bulk

diamond, which shows a peak at 33 eV due to the collective excitation of σ electrons

in the valence band (σ-plasmon peak) with a shoulder at 25 eV due to the interband

transition of σ electrons [11]. In Fig. 2.1(a), we can see thin amorphous layers on the

surface of diamond nanoparticles. Generally, amorphous carbon exhibits a weak peak at

6 eV and a broad peak at 24 eV. These peaks are assigned to the collective excitation of

π electrons (π-plasmon peak) and the collective excitation of total π+σ valence electrons

(π+σ plasmon peak), respectively. The broad peak at 25 eV in spectrum A is considered

to be the superposition of those of the diamond nanoparticles and the surface amorphous

layers [12]. The π-plasmon peak of the surface amorphous layers is thought to be too

weak and broad to appear in the spectrum A.

As diamond nanoparticles are transformed to spherical carbon onions, the peak shifts

toward the lower energy (spectrum B). We can interpret this shift as the disappearance

of the diamond core component and the growth of the π+σ plasmon peak. In addition,

we note here that the π-plasmon peak (indicated by arrow) appears around 6 eV. In the
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Figure 2.3: Annealing temperature dependences of (a) the FWHM of the G band and (b)
the relative intensity of the D to G bands (ID/IG). Both of them decrease with increasing
annealing temperature.
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Figure 2.4: (a) EELS spectra in low-loss region and (b) in carbon K-edge core-loss region
of 5 nm diamond nanoparticles (spectrum A), spherical carbon onions (spectrum B) and
polyhedral carbon onions (spectrum C). The similarity in the shape of the ELNES of core-
loss spectra between diamond nanoparticles and spherical onions indicates that spherical
carbon onions have a number of sp3 bonds.
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low-loss spectrum of polyhedral onions (spectrum C), the energy of the π+σ plasmon peak

is similar to that of spherical onions, although the π-plasmon peak is more pronounced.

Since the energy of the π+σ plasmon peak represents the total density of π+σ valence

electrons, the valence electron density of spherical onions is considered to be similar

to that of polyhedral ones. These results imply that, through the transformation from

diamond nanoparticles to carbon onions, the sp3 network of carbon changes into sp2 one,

in agreement with the sequence of the HRTEM observation in Fig. 2.1.

Figure 2.4(b) shows the core-loss spectra in the carbon K-edge region. In the bulk

diamond, the 1s→ σ∗ transition starts at ∼290 eV. In addition to the 1s→ σ∗ transition,

bulk graphite and amorphous carbon show a peak at 285.4 eV due to the transition

from the 1s core level to the π∗ band (1s → π∗ transition). In the spectrum of diamond

nanoparticles [spectrum A in Fig. 2.4(b)], we can see a shoulder at about 284 eV (indicated

by arrow) corresponding to the 1s → π∗ transition, which is absent in the ideal diamond.

The surface amorphous layers of diamond nanoparticles are considered to be responsible

for the shoulder [12, 13]. The relative intensity of the 1s → π∗ transition to the 1s → σ∗

transition increases as diamonds are transformed into the onions (spectrum B and C).

The spectrum B in Fig. 2.4(b) represents the core-loss spectrum of spherical carbon

onions. Although the spectrum B is shifted slightly toward the higher energy relative

to the spectrum A and C, it is due to the fluctuation of the origin of the voltage axis

during the EELS measurement. No definite shift was observed within the accuracy of

our instrument. It is interesting to note that the ELNES above 1s → σ∗ transition for

spherical onions, which shows two peaks at 290 and 303 eV and a shoulder at around

297 eV, is similar to that for diamond nanoparticles (spectrum A) in the position and

number of the peaks. To the first approximation, the ELNES represents the local density

of the unoccupied states and provides useful information about the atoms in covalent

bonding. The similarity in the shape of the ELNES between diamond nanoparticles and

spherical onions indicates that spherical carbon onions have a number of sp3 bonds. The

fine structures above 1s→ σ∗ transition observed for diamond nanoparticles and spherical

onions disappear for polyhedral onions (spectrum C), suggesting that sp3 bonds almost

completely change to sp2 ones.

2.3.4 Electron spin resonance

Figure 2.5 shows the ESR spectra for initial diamond nanoparticles and samples obtained

with different annealing temperatures. For diamond nanoparticles, we can observe a

narrow signal with a peak-to-peak linewidth (∆Hpp) of 8.5 G. The g value is estimated

at g=2.0024. The small linewidth and the small deviation of the g value from the free-

electron-spin g value (2.0023) indicate that the observed signal does not originate from
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Figure 2.5: Dependence of ESR spectra on the annealing temperature. Note that, in
addition to a narrow ESR signal, a broad one emerges at temperatures higher than 1900
◦C.
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∆

Figure 2.6: (a) g value, (b) ∆Hpp and (c) integrated intensity of narrow (triangle) and
broad (square) ESR signals as a function of the annealing temperature.

magnetic impurities such as transition-metal in the sample [3].

At annealing temperatures from 1500 to 1700 ◦C, samples show a narrow ESR signal

having a g value of 2.0020. The intensity of the signal increased with decreasing the

measurement temperature, i.e., the signal shows a Curie-type temperature dependence.

At annealing temperatures above 1900 ◦C, a broad signal appears in addition to the

narrow one. The Q value of the ESR cavity was extremely low for these samples. In order

to estimate the g value, ∆Hpp and intensity, the line shape was analyzed by fitting both

the narrow and broad signals to Lorentzian line shapes. Although the observed broad

signal was not quite Lorentzian, the deviation from the Lorentzian line shape was very

small. Therefore, the present analysis gives an accurate order of magnitude [16].

The g value, ∆Hpp and intensity are plotted as a function of the annealing temperature

in Figs. 2.6(a), 2.6(b) and 2.6(c), respectively. These values do not depend on the

annealing temperature below 900 ◦C. In contrast, above 900 ◦C, the intensity of the

narrow signal drastically decreases. At the same time, the g value becomes smaller,
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although the ∆Hpp is almost the same. From 1500 to 1800
◦C, the intensity of the signal

gradually decreases as the annealing temperature increases. The intensity of the narrow

signal finally becomes very small above 1900 ◦C and the broad signal appears. The ∆Hpp

of the broad signal is estimated to be about 60-100 G and the g value is almost the same

as that of the narrow signal. The ∆Hpp of the broad signal decreases with increasing

the annealing temperature, although the intensity is almost independent of the annealing

temperature.

2.4 Discussion

2.4.1 Transformation from diamond nanoparticles to carbon onions

In Fig. 2.5, diamond nanoparticles show a narrow ESR signal having a g value of 2.0024

and ∆Hpp of about 8.5 G. For CVD diamond, the ESR signal corresponding to vacancy-

related defects in the diamond structure has ∆Hpp of 3-4 G [17, 18]. On the other hand,

amorphous carbon shows a signal having ∆Hpp of 6-10 G [19]. The ESR signal with

the ∆Hpp of 8.5 G observed for the diamond nanoparticles may thus be attributed to

the dangling bond localized spins in the surface amorphous layers, which are seen in the

HRTEM image [Fig. 2.1(a)]. The spin concentration of diamond nanoparticles estimated

by using CuSO4 · 5H2O (1 spin/molecule) as a reference is 3.5 × 1020 spins/g. Above

900 ◦C, the intensity of the ESR signal drastically decreases and the g value becomes

smaller. These changes are believed to be associated with the elimination of the surface

amorphous carbon layers and the transformation of diamond nanoparticles into carbon

onions because HRTEM observation suggests that the transformation starts around 900
◦C [6].

The formation mechanism of carbon onions from diamond nanoparticles has already

been proposed by Kuznetsov et al. [5]. They suggested that the (111) planes of diamond

are transformed to the (001) planes of graphite as shown in Fig. 2.7. Recently, they

discussed that two curved graphite sheets are formed from three (111) diamond planes by

a ”zipper”-like migration mechanism with the carbon atoms of the middle diamond layer

being distributed equally between the two growing graphitic sheets [20]. This transforma-

tion proceeds from the surface to the center in the diamond nanoparticles. Therefore, the

transformation results in the formation of carbon onions having almost the same diameter

as the initial diamond nanoparticles. This mechanism is consistent with our observation,

which shows that the carbon onions about 5 nm in diameter are formed from diamond

nanoparticles with the average diameter of 5 nm (Fig. 2.1).

Since the transformation proceeds from the surface to the center, the particle at an

early stage of the transformation has interface between inner diamond and outer graphite
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Figure 2.7: The scheme of the nanodiamond-onion transformation [5]. The (111) planes
of diamond are transformed to the (001) planes of graphite.

phases. It is plausible that such interface contains dangling bonds. These dangling bonds

are thought to be an alternative origin of the narrow ESR signal above 900 ◦C. The area of

the interface becomes smaller with the progress of the transformation. This results in the

decrease in the intensity of the narrow signal with increasing the annealing temperature

up to 1500 ◦C.

2.4.2 Localization of π electrons in spherical carbon onions

In Fig. 2.5, there remains a narrow signal with a g value of 2.0020 around 1700 ◦C,

where spherical carbon onions are formed. Since the g value becomes smaller at this

temperature (g=2.0020), the signal is not believed to originate from the surface amorphous

carbon layers of initial diamond nanoparticles and the interface between inner diamond

and outer graphite phases during the transformation.

We should discuss here the origin of the narrow ESR signal observed around 1700 ◦C.

De Vita et al. [21] theoretically performed the first-principles molecular dynamics sim-

ulations of a microscopic surface-induced diamond-to-graphite transition. Their results

are shown in Fig. 2.8. Their simulations imply that, at an advanced stage of the transi-

tion, there is an intermediate disordered state, where the sp3 and sp2 bonds coexist; sp3

bonds are located at peripheries of graphitic sp2 sheets. In the transformation process

from the diamond nanoparticle to the polyhedral onion, the spherical onion is an inter-

mediate state as shown in Fig. 2.1. EELS study indeed pointed out that the spherical

onion contains a number of sp3 bonds in the structure. sp3 like bonds at the peripheries

of graphitic sp2 sheets are thought to act as defects and may induce dangling bonds in
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Figure 2.8: The first-principles molecular dynamics simulations of a microscopic surface-
induced diamond-to-graphite transition [21].

Figure 2.9: (a) The holed carbon cage C180, which can be obtained by removing pentagonal
rings from the Ih C240. Localized σ- (b) and π- type (c) molecular orbitals in the holed
graphitic structure [23].
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the onions. Therefore, the narrow signal around 1700 ◦C in Fig. 2.5 can be assigned

to the localized dangling bond spins associated with structural defects in the spherical

carbon onions. This assignment is consistent with the observed Curie-type temperature

dependence. The concentration of the localized spins in spherical onions is evaluated to

be 3.9 × 1019 spins/g. This value corresponds to about 10 dangling bonds per spherical

onion, when the number of carbon atoms in a spherical onion is assumed to be the same

as that in a diamond nanoparticles 5 nm in diameter (∼ 12000 atoms). We thus con-

clude that the spherical carbon onion consists of defective graphitic sp2 shells (defective

spherical onions), and is far from perfectly closed graphitic shells.[22].

The structural defects affect the electronic states in spherical onions. Very recently,

Okotrub et al. [23] studied the carbon onions, which are prepared from diamond nanopar-

ticles, by X-ray emission spectroscopy. Spherical onions exhibits a significant increase of

the high-energy maximum in the emission spectrum that might be caused by the defect

structures of graphitic networks. The feature was very similar to the calculated spectrum

for the holed carbon cage C180 [Fig. 2.9(a)], which can be obtained by removing pentag-

onal rings from the Ih C240. Furthermore, the localization of the electrons in the holed

graphitic structures [Figs. 2.9(b) and 2.9(c)] is theoretically indicated. Their results are

consistent with our present results by EELS and ESR. It should be stressed again that

present ESR spectra for the spherical onions show only the narrow signal correspond-

ing to dangling bond spins, although HRTEM and Raman studies suggest that they are

composed of graphitic sp2 sheets and EELS study indicates the presence of π electrons.

The absence of an ESR signal due to conduction π electrons suggests that π electrons in

defective spherical onions are considered to be localized in the small domains of graphitic

sp2 sheets with dangling bond defects in the peripheries, and do not move across the

domains.

2.4.3 Delocalization of π electrons in polyhedral carbon onions

Above 1900 ◦C, a broad ESR signal emerges in addition to the narrow one. Taking into

consideration the extremely low Q value observed, the additional broad signal can be

assigned to conduction π electrons in the polyhedral onions, which are dominant above

1900 ◦C. For activated carbon fibers, a broad signal superimposed upon a narrow one was

assigned to conduction π electron spins by Nakayama and co-workers [16, 24].

Present Raman studies show that both the FWHM of the G band and the ID/IG

decrease as annealing temperature increases from 1500 to 1900 ◦C (Fig. 2.3). These

results can be interpreted as the decrease in the number of defects and the increase

in La, respectively. ESR study also indicates that the concentration of the dangling

bond localized spins becomes smaller (∼ 7.6 × 1018 spins/g) at 1900 ◦C. In other words,
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graphitization proceeds with increasing the annealing temperature, and spherical onions

are transformed into polyhedral ones. As a result of the decrease in the number of

defects, π electrons in polyhedral onions are delocalized; π electrons can act as conduction

electrons. Nevertheless, ESR spectra also exhibit a weak narrow signal which is assigned

to the dangling bond spins, indicating that there still remains a small number of dangling

bonds associated with structural defects in polyhedral onions.

Figure 2.6(b) shows that ∆Hpp of the broad ESR signal decreases with increasing the

annealing temperature. In the Raman study above 1900 ◦C, the FWHM of the G band

decreases as the annealing temperature increases [Fig. 2.3(a)], indicating an improvement

in the crystallinity. The improvement of the crystallinity in polyhedral onions is considered

to lead to the decrease in ∆Hpp of the broad ESR signal. di Vittorio et al. [16] and

Andersson et al. [3] discussed the large linewidth ∆Hpp of the ESR signal corresponding

to conduction π electrons. They showed that the linewidth depends on the spin-lattice

(T1) and spin-spin (T2) relaxation times as

∆Hpp ∝ h̄

gµB

(
1

T2

+
1

2T1

), (2.1)

where µB is the Bohr magneton.

For T1, there are two kinds of relaxation process. One is associated with electron

scattering by the phonons in the domain of the graphitic sp2 sheet, and the other by the

domain boundary. T1 is thus expressed as

1

T1
≈ α(∆g)2(

1

τb
+
1

τp
), (2.2)

where α is a numerical factor, ∆g is the deviation of the g value from the g0, τb and τp are

the scattering time by boundaries and phonons, respectively. The boundary scattering

mechanism is related to the Fermi velocity (υF ) and the in-plane domain size (La) as

τb = La/υF . Since υF is known about 9.7 × 105 m/s for π electrons in bulk graphite, τb

is roughly estimated to be 10−15 s for several nanometers in La. On the other hand, τp

associated with the in-plane and out-of-plane phonons are reported to be several orders

of magnitude larger than the τb [3, 25, 26]; the contribution of scattering by phonons to

the T1 relaxation is small enough to be negligible in the broad linewidth. T1 relaxation is

thus governed by the boundary scattering process. As a result, T1 have a relation as

1

T1
∝ υF

La
. (2.3)

For the T2 process, the dipolar interaction between conduction π electrons can be

omitted because the conduction electrons move rapidly within the small domain of the

graphitic sp2 sheets. However, the boundaries of the small domains in polyhedral onions
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still contain localized electrons associated with dangling bonds. Therefore, the dipolar

interaction between conduction electron delocalized spins and dangling bond localized

spins has to be taken into consideration in the T2 process. The dipolar width ∆Hpp with

this process depends on the average distance between conduction π electrons and dangling

bonds (r) as

∆Hpp ∝ 1/r3, (2.4)

within a graphitic domain with a size of several nanometers [16].

The above relations show that the ESR linewidth ∆Hpp corresponding to the conduc-

tion π electrons is related to La and r, indicating that ∆Hpp is sensitive to the degree of

the ordering in the graphitic sp2 sheets. As can be seen in Fig. 2.6(b), the ∆Hpp of the

broad signal becomes small as annealing temperature increases above 1900 ◦C. We should

mention here whether T1 or T2 process mainly contributes to the annealing temperature

dependence of the linewidth of the broad ESR signal. Present Raman studies show that

FWHM of theG band similarly decreases with increasing the annealing temperature above

1900 ◦C [Fig. 2.3(a)] whereas Id/Ig is almost constant [Fig. 2.3(b)]. The result suggests

that, although the La is almost the same, the number of the defects such as dangling bond

at the peripheries of the small domain decreases. The decrease in the number of defects is

believed to bring about the increase in r. Therefore, the increase in r mainly contributes

to the decrease in ∆Hpp. We conclude that the contribution by the T2 process, which is

associated with r, is dominant in the annealing temperature dependence of the linewidth

of the broad ESR signal; in other words, the ESR signal corresponding to the conduction

π electrons is mainly governed by the spin-spin relaxation between conduction π electron

delocalized spins and dangling bond localized spins.

2.5 Conclusion

We have investigated the structure and electronic properties of carbon onions, and the cor-

relation between them. HRTEM observation demonstrated that diamond nanoparticles

are transformed into spherical carbon onions by the annealing at 1700 ◦C, and finally into

polyhedral onions above 1900 ◦C. Raman spectroscopy indicated that the transformation

is brought about by the progress of graphitization with increasing the annealing tem-

perature. The low-loss spectrum in the EELS study showed that the graphitic structure

is dominant in both spherical and polyhedral carbon onions. Nevertheless, the core-loss

spectrum of spherical onions is similar to that of diamond nanoparticles, suggesting that

a number of sp3 bonds are contained in spherical carbon onions. In ESR studies, we found

that spherical onions show only the narrow ESR signal with a g value of 2.0020 due to

the dangling bonds associated with structural defects in the onions, although HRTEM,
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Raman and EELS studies indicate the presence of π electrons. These results suggest that

the spherical onion consists of small domains of graphitic sp2 sheets with dangling bond

defects in the peripheries. π electrons in spherical onions are thus localized in the small

domains and do not act as conduction electrons. On the other hand, for polyhedral onions,

an additional broad signal due to conduction π electrons appears, suggesting that further

graphitization decreases the number of dangling bonds and leads to the delocalization of π

electrons. The ESR signal corresponding to the conduction π electrons is mainly governed

by the spin-spin relaxation between conduction π electron delocalized spins and dangling

bond localized spins. Present results strongly suggest that the structure of spherical car-

bon onions is far from perfectly closed graphitic shells and the sphericity is attributed

to imperfect shells with a number of defects such as dangling bonds (defective spherical

onions). Moreover, the polyhedral onions have an ordered graphitic structure as a result

of a further progress in graphitization.
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Chapter 3

Structural Analysis of Carbon

Onions

3.1 Introduction

In the previous chapter, we have studied carbon onions prepared from diamond nanopar-

ticles by transmission electron microscopy (TEM), Raman spectroscopy, electron energy-

loss spectroscopy (EELS), and electron spin resonance (ESR). From the TEM studies,

we demonstrated that, by annealing diamond nanoparticles at about 1700 ◦C, spherical

onions are formed. At above 1900 ◦C, spherical onions are transformed into polyhedral

ones with facets. EELS and ESR studies revealed that the spherical onions consist of

defective graphitic shells having structural defects such as dangling bonds instead of the

fullerene-like perfectly closed shells containing only pentagonal, hexagonal, and heptag-

onal carbon rings [1]. The further progress of graphitization develops the graphitic sp2

networks and brings about the formation of polyhedral onions.

Although the previous chapter provides a possible structural model of the spherical

onions (a defective spherical onion model), the precise structure is still unclear. Since de-

tailed knowledge of the structure of the onions is crucial to fully understand their physical,

chemical and mechanical properties, a more detailed structural study is strongly required.

In this chapter, in order to acquire more detailed information about the structures and

formation mechanism of the onions transformed from diamond nanoparticles, we have

carried out the synchrotron x-ray diffraction studies on a series of carbon onions.

3.2 Experiment

The carbon onions 20 mg in quantities were prepared by the method described in the

previous chapter. Briefly, spherical carbon onions were formed by annealing diamond
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52 Structural Analysis of Carbon Onions

nanoparticles at about 1700 ◦C in vacuum. Polyhedral onions were dominant at tempera-

ture higher than 1900 ◦C. The diameter of the obtained onions is almost the same as that

of the initial diamond nanoparticles because one diamond nanoparticle is transformed

into one onion.

The x-ray diffraction experiment was performed on the ID01 beam line at European

Synchrotron Radiation Facility (ESRF) in Grenoble, France, which is a source of third

generation. The optics consisted of a double-crystal Si111 monochromator, located be-

tween two mirrors. Such an arrangement provides a fixed-exit monochromatic beam and

maintains the focal spot of 0.134×0.024 mm2 (Full Width in Half Maximum in the hor-

izontal and vertical directions, respectively) and allows an energy resolution of 1 eV on

an absolute scale (∆E/E ∼ 10−4) after calibration by appropriate absorption edges. A

high rate of harmonic rejection (< 10−4) is due to the use of two mirrors. In the present

experiment the energy of the incident beam was tuned to 8.1 keV yielding the wave-

length of 1.53 Å. The samples were mounted on a goniometer axis into 2 mm Lindemann

glass capilaries. The measurements were performed for the four samples: the initial dia-

mond nanoparticles, the diamond nanoparticles annealed at 1400 ◦C, the spherical onions

formed at 1700 ◦C and the polyhedral onions formed at 2000 ◦C. In order to remove

the background the additional measurements were carried out for air scattering and the

empty capillary which were then subtracted from the recorded intensities.

3.3 Results

The intensity patterns for the four samples are shown in Figs. 3.1-3.4, covering the full

angular range of the measurements.

3.3.1 Diamond nanoparticles

The diffraction pattern for initial diamond nanoparticles shows prominent peaks at angles

of 43.34◦, 74.68◦, 90.36◦ and 118.37◦ which correspond to the normal structure factor

peaks of diamond for the (111), (220), (311) and (400) reflections, respectively. The

instrument resolution is 0.1◦, so these peaks are much broader than would normally be

observed in crystalline diamond. The diffraction broadening arises primarily from the

size of the nanoparticles but can also be caused by strains and defects in the crystal

material itself. The parameters for the five main peaks observed for this sample are given

in Table 3.1 with corresponding values for normal diamond. There is subsidiary broad

peak centered on 26◦. As shown in the following subsections, this peak corresponds to

the (002) peak of graphite and therefore suggests that there may be some contribution

from small quantities of sp2-bonded carbon in the initial sample material. The surface

52



3.3 Results 53

θ 

Figure 3.1: The x-ray diffraction profile for initial diamond nanoparticles.

amorphous carbon layers of the diamond nanoparticles as shown in the previous chapter

is considered to be responsible for this peak. The rise in intensity at low angles may be

partly attributed to incomplete corrections for air scattering but is primarily due to small

angle scattering arising from the particulate nature of the material; for this angle-scale,

the rise indicates the presence of very small fragments of diamond.

3.3.2 Nanoparticles after heat treatment at 1400 ◦C

The diffraction pattern for the sample annealed at 1400 ◦C shows significant changes from

that for initial diamonds. The three main diamond peaks are reduced in intensity and show

considerable narrowing of the peak profile. The second peak occurs at a slightly reduced

angle but the mean position of the other peaks remains the same. These parameters

are also listed in Table 1 and compared in the following subsection. The most obvious

change in the pattern is the growth of a broad graphite peak (002) at 25.22◦ and the lower

intensity peaks at 53.06◦ and 79.08◦. These peaks are broader than the original diamond

peaks and indicate that either the number of correlated graphene sheets is very small

or that they are highly defective as in activated carbons [2]. It is clear that parts of the

diamond nanoparticles have been converted from a sp3-bonded structure to one containing

a significant number of sp2-bonded layers. The simplest interpretation of these results is

to assume that there is a distribution of particle sizes in initial diamond nanoparticles

and that the smaller particles are converted to graphite at a lower temperature than the

larger ones [4]. These characteristics are discussed more fully in the following subsection.
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Table 3.1: Summary of the present results. The values of uncertainties are given in

parentheses.

sample 2θ(deg.) FWHM(deg.) 2θ(deg.) for diamond

diamond nanoparticles 26.02 (1.00) 15.26 (3.50)

43.34d (0.02) 2.99 (0.15) 43.62

74.68d (0.03) 3.87 (0.18) 74.69

90.36d (0.12) 3.51 (0.20) 90.69

118.37d (0.30) 5.50 (0.40) 118.17

1400 ◦C 25.22 (0.03) 7.76 (0.160)

43.40d (0.02) 2.75 (0.18)

43.51 (0.02) 0.72 (0.18)

53.06 (0.43) 11.76 (1.76)

74.72d (0.04) 1.81 (0.18)

79.08 (0.34) 11.38 (0.94)

90.60d (0.09) 3.41 (0.30)

118.09d (0.53) 2.93 (1.80)

1700 ◦C 24.46 (0.04) 6.67 (0.18)

43.58 (0.04) 3.34 (0.23)

51.76 (0.49) 9.31 (2.08)

75.07d (0.32) 1.94 (0.70)

79.09 (0.28) 6.51 (1.06)

90.84d (0.73) 11.47 (2.32)

119.78d (2.93) 12.34 (4.00)

2000 ◦C 24.57 (0.04) 6.39 (0.18)

43.48 (0.04) 3.61 (0.20)

51.78 (0.50) 14.87 (2.50)

78.75 (0.35) 5.97 (1.07)

88.37 (0.80) 37.00 (12.00)
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θ 

Figure 3.2: The diffraction intensity for a sample after heat treatment at 1400 ◦C.

3.3.3 Formation of spherical onions at 1700 ◦C

For the sample annealed at 1700 ◦C, there is an increase in the graphitic (002) peak with

a slight narrowing of the profile. The second, third and fourth diamond peaks are further

reduced, indicating that much of the sp3 coordination has been effectively removed at

the higher temperature. A broad peak remains at 43.5◦ which corresponds to the same

position as the original diamond peak but it has an asymmetric profile and can be more

readily attributed to the graphitic (100) peak. However, the (111) diamond peak is also

expected to appear at this position. It is important to notice that the FWHM of the

(220), (311) and (400) diamond peaks are increased in comparison with sample annealed

at 1400 ◦C which indicates that the size of the diamond nanoparticles is clearly reduced.

3.3.4 Development of facetted polyhedral onions at 2000 ◦C

After heat treatment at 2000 ◦C, the main graphitic peak increases in intensity and

narrows slightly. This effect is reproduced in the asymmetric double peak covering the

40-60◦ range. This change indicates a greater correlation between the graphene sheets

and the development of facetted planes on the surface of the particles, as revealed in the

TEM pictures. The diamond peaks disappear completely which indicates that there are

no original diamond correlations in the final sample.

For the onions, the diffraction peaks of graphite indexed as (002n) and (hk0) are

expected to appear in the profile. The peaks (hkl) with l not equal to 0, i.e., (101), (112),

(201), are due to the cross-correlations between graphitic layers. Since the graphitic

interlayer correlation is considered not to be retained in the onions, these peaks disappear
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θ 

Figure 3.3: The diffraction intensity for a sample consisting of spherical carbon onions
after heat treatment at 1700 ◦C.

θ 

Figure 3.4: The diffraction intensity for a sample consisting of polyhedral carbon onions
after heat treatment at 2000 ◦C.
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π θ)/λ

Figure 3.5: The super-imposed results of the four samples shown as a function of the
scattering vector k.

in the present diffraction profiles in Figs. 3.2-3.4. Indeed, the profile in Fig. 3.4 is very

similar to those observed for turbostratic carbons or nanotubes in which layers are stacked

without correlation [3].

3.4 Discussion

The present results illustrate the structural changes occurring in the heat treatment of

the diamond particles at different temperatures. The measured intensities for each of the

samples may be converted to a function of the scattering vector k = 4π sin θ/λ (2θ is the

scattering angle and λ is the wavelength) and are shown super-imposed in Fig. 3.5 to

emphasize the changes. These results can be compared with the findings of other studies

using different techniques. The diffraction measurements are complementary to the TEM

results as the scattering data is obtained from the whole of the sample volume whereas

the TEM probes only a small selected sample volume. However, there is good general

agreement between the two methods as illustrated by the discussion in the following

paragraphs.

The broad features of the peaks observed in all samples result from the finite size of
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the nanoparticles which are stated to be in the region several nanometers. Diffraction

broadening is a well-known feature for finite-sized crystallites and results from the re-

stricted range of the contributions from the correlated layers of the crystal. The width

of the peak is inversely proportional to the dimensions of particle and can be represented

by the Scherrer equation [5]

β =
Kλ

D cos θB
, (3.1)

where β in the unit of radian is the angular half-width of the peak (after correction for

instrumental resolution), λ is the incident x-ray wavelength, θB is the Bragg angle in the

unit of degree and D is the dimension of the crystallite or the distance for which there

are correlated layers ; K is a constant that is close to unity and depends on the shape of

the crystallite (K = 0.9 in the present study). In the present study the observed width

is much greater than the instrumental resolution so that the value of β can be readily

extracted from the observed data. An approximate evaluation from the datasets gives D-

values that suggest a mean crystallite size of 3± 0.2 nm. This value is smaller than that
estimated from the TEM measurements but this apparent discrepancy is not regarded

as important because the diffraction profile will give an average over all crystallite sizes.

There is evidence that the range is large as the base of the peaks is broad, indicating

the presence of quite small crystallites. Furthermore, the diffraction data represent an

effective range in the correlated layers of the crystallite which may be smaller than the

actual particle size. Taking the lattice distortion into consideration, the cyrstalline size

D can be roughly estimated as follows

∆S =
K

D
+ 2eS, (3.2)

where K = 0.9, ∆S = (2β cos θB)/λ, S = (2 sin θB)/λ, and e = ∆dhkl/dhkl. Assuming

the degree of the lattice distortion e = 0.01, D of about 4.2-4.5 nm can be obtained. It

is possible, in principle, to estimate the size distribution from a detailed analysis of the

profile but it does not seem justified in the present case and does not have a direct impact

on the discussion of the structural changes with temperature which follows.

The first transition at or below 1400 ◦C shows the development of peaks associated

with graphite but there is a considerable narrowing of the main diamond peak. This

change in profile suggests that the smaller diamond particles are more readily converted

to graphite than the larger ones, leaving the residual diamond particles with a narrower

distribution of sizes. It is also noticeable that the graphite (002) peak is much broader

than the original diamond (111) peak indicating that the number of graphite layers for

this sample material remains small. These changes are in agreement with the TEM results

that indicate the development of a graphitic layer on the outside of the particles. The

sharpening of the diamond peaks is also seen in the (220) and (311) reflections although
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these peaks are superimposed on new broad peaks of graphitic origin. The diffraction

results are therefore entirely in accord with the conclusions drawn from the TEM data.

The second transition at or below 1700 ◦C shows a further change in pattern corre-

sponding to the development of a more graphitic nature but the diamond features have

not completely disappeared and remain as low intensity broad peaks; this behaviour is

particularly noticeable for the peak at 75◦ (or k ∼ 5 Å−1). This transition corresponds to

the development of carbon onions in the TEM pictures but it seems likely that the several

spherical onions still contain tiny diamond central cores. The residual diamond peaks are

broadened because the particle size is effectively reduced by the conversion of the outer

coat to a spherical shell with graphitic features. Once again, the diffraction results are in

agreement with the TEM studies.

The final stage concerns the transition at or below 2000 ◦C. There is now no clear

evidence of a diamond peaks. There is an increase in the intensities of all the broad

graphitic peaks. The TEM pictures show the development of facetted graphite sheets

on the outside of the particles but this change is not directly reflected in the diffraction

pattern because the peaks remain broad. The values of intershell spacing 0.35-0.36 nm

for the onions, estimated from the position of the first diffraction peaks appearing at

24-25◦, are clearly greater than that of graphite (0.335 nm). This comparison indicates

that intershell interaction in graphitic shells of onions obtained at 1700 ◦C and 2000 ◦C

is much weaker same as in tubostratic graphite when compared to perfect graphite, being

consistent with the defective spherical onion model proposed in the previous chapter.

The sequence of changes observed in both the diffraction and the TEM studies confirm

a steady transformation of sp3-bonding to sp2-bonding with increasing heat-treatment

temperature. This characteristic can also be revealed in spectroscopic studies such as

Raman, ESR, and EELS in the previous chapter. The EELS data shows in low-loss and

K-edge core-loss regions that the sp2-bonded structure is dominant in carbon onions.

However, the core-loss spectra exhibit features which can be related to 1s → σ∗ tran-

sition and is considered to be explained by the presence of the tiny residual diamond

nanoparticles in the center of the spherical onions or bridge-like sp3 bondings between

adjacent sp2 planes. These features disappear for the polyhedral onions. On the other

hand, the 1s → π∗ transition, characteristic of bulk graphite and disordered graphite-like

carbons, was observed for the original diamond nanoparticles which indicates the pres-

ence of disordered sp2 bondings in the starting materials. The intensity of the 1s → π∗

transition increase with annealing temperature suggesting that the sp3 bonds completely

change to sp2 ones. Similar tendency was revealed by Raman spectroscopy. The ESR

studies suggested localization of π electrons in the spherical onions and delocalization in

the polyhedral onions which are in agreement with the present observation because delo-
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calization of the π electrons can be regarded as indication of graphitization undergoing

at temperatures higher than 1900 ◦C.

The most interesting dataset is that for sample annealed at 1700 ◦C, with the formation

of the spherical carbon onions. In the present case the number of layers is expected to

be in the region of eight to ten or possibly less for the smaller particles. Current TEM

studies suggest that the shells are constructed of genuine spherical layers although it

is thought that larger onions may have outer layers that are segmented and adopt a

planar graphene structure [6]. Unlike nanotubes, the shells must therefore have curvature

in two directions and there is a theoretical interest in the local bonding arrangement.

The fundamental morphology of C60 provides a basic concept of sphericity based on the

combination of five and six-membered rings. Some of the higher order fullerenes also have

a spherical conformation [7] but it is difficult to see how a series of layers can be created

with the correct inter-layer spacings for stability. Due to the broad nature of the peaks

in the present diffraction data, it is not possible to make any further comments on the

likely structure of the onions in terms of the atomic pair correlation function. However,

diffraction studies covering a wider k-range should enable this aspect to be investigated,

as already demonstrated for pulsed neutron measurements on activated carbons [8].

3.5 Conclusion

In this chapter, we have investigated the transformation of diamond nanoparticles by heat

treatment up to 2000 ◦C using synchrotron x-ray diffraction. Precise measurements have

been made on four heat-treated samples using a high intensity beam from a synchrotron

radiation source. The changes in the diffraction pattern have been analyzed in terms of

variation in the intensities and peak profiles of the Bragg peaks arising from diamond and

graphite-like structures. The results demonstrate a sequence of changes which correlate

well with TEM studies on same samples and involve a transformation from a sp3 to sp2-

type bonding configuration. There is an initial development of a graphitic outer coat

on the diamond nanoparticles which then becomes transformed into a carbon onion with

a spherical shell surrounding a diamond core. The interlayer distance for the onions is

larger than that for bulk graphite, indicating that the graphitic shells in the onions are

defective and interlayer interaction is much weaker. At higher temperatures, the diamond

core is reduced in size and the outer layers develop a facetted graphitic structure. The

results are also in good agreement with other studies based on Raman, ESR, and EELS

measurements in the previous chapter. It is essential to point out that x-ray diffraction is

a direct probe of the atomic structure and provide information about atomic arrangement

without making any additional hypothesis which are necessary when other techniques are
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used. The detailed atomic arrangement of the carbon onions cannot be deduced from the

present measurements but further work will address this issue.
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Chapter 4

Extinction Spectra of Carbon Onions

4.1 Introduction

Optical properties of carbon onions have attracted interest in the context of carbonaceous

nano-material science and technology. Moreover, carbon onions have been proposed as

possible candidates for the carbonaceous dust particles giving rise to an interstellar ex-

tinction bump at 4.6 µm−1 [1, 2]. In this chapter, we study optical extinction properties

of spherical and polyhedral carbon onions prepared from diamond nanoparticles [3]. The

onions have already been defined by transmission electron microscopy (TEM), electron

energy-loss spectroscopy (EELS), and electron spin resonance (ESR) in chapter 2, and

synchrotron x-ray diffraction in chapter 3. The results in the previous chapters and the

experimental procedures in the present study are briefly summarized in the following sec-

tion. In section 4.3, the optical transmission spectroscopy of the onions is carried out.

Section 4.4 is devoted to the presentation of several theoretical considerations for extinc-

tion properties of the onions in order to interpret the experimental results. Furthermore,

in section 4.5, we address the correlation between the onions and the interstellar extinction

bump at 4.6 µm−1. Conclusion in section 4.6 finally closes the chapter.

4.2 Ultraviolet-Visible Extinction Spectroscopy of Car-

bon Onions

4.2.1 Experimental procedure

Detailed sample preparation procedure has already been described in the previous chapter.

Basically, samples were prepared by annealing diamond nanoparticles 5 nm in diameter [3].

As shown in the chapters 2 and 3, diamond nanoparticles are transformed into spherical
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carbon onions by annealing at about 1700 ◦C. Since the transformation proceeds from

the surface to the center in the diamond nanoparticle, there are core-shell type particles,

where shells and cores are respectively graphitic layers and diamonds, in an intermediate

stage of the transformation. Owing to this formation mechanism, onions about 5 nm in

diameter can be prepared from diamond nanoparticles about 5 nm in diameter with narrow

size distribution. The previous ESR studies reveled that the graphite shells of spherical

onions contain a number of structural defects such as dangling bonds; they have rather

defective structure (defective spherical onions) than fullerene-like perfect shells. Under the

annealing at temperatures higher than 1900 ◦C, spherical onions are further graphitized,

resulting in the formation of polyhedral onions with facets. The TEM observation at

low magnification also showed that the onions clump together into much larger cluster.

From the catalog specification of initial diamond nanoparticles, the diameter of clusters

is assumed be about 120-140 nm. For the present optical transmittance spectroscopy, we

prepare samples annealed at temperatures of between 900 to 2100 ◦C.

The ultraviolet-visible (UV-Vis.) transmission spectroscopy in the wavelength (λ µm)

ranging from 0.2 to 0.6 µmwas carried out using double-beam type spectrometer (Shimadz

UV-3101PC). Samples were dispersed ultrasonically into the distilled water (about 0.2

mg/cm3). The water suspension was then put into synthesized quartz cell that is almost

transparent in this wavelength region. Another cell filled with only distilled water was

used for the reference. The recorded transmittance T(λ), where T(λ) is the transmittance

at the wavelength λ, is converted into the extinction E(λ) by the equation, E = − log10 T .

All of the extinction spectra were normalized by using the following equation [4]

NE(λ) = [E(λ) − E(λ=0.55)]/[E(λ=0.44) − E(λ=0.55)]. (4.1)

4.2.2 Ultraviolet-visible extinction spectra

Figure 4.1 shows experimental UV-Vis. extinction spectra. For convenience, the horizon-

tal axis was converted into the wavenumber (1/λ µm−1). A spectrum for initial diamond

nanoparticles denoted by ”as-pre.” increases monotonically to the UV region. The mono-

tonic rising extinction continuum cannot be explained by the intrinsic absorption of the

diamond, because the band-edge absorption of the bulk diamond normally starts above 5

µm−1.

As the annealing temperature increases, the extinction at higher wavenumbers de-

creases. In addition, the sample annealed at 1100 ◦C shows a broad peak at about 3.7

µm−1. At 1700 ◦C, the broad peak is more pronounced and slightly shifted to a higher

wavenumber about 3.9 µm−1. It is worth noticing here that defective spherical onions

are observed by TEM around these temperatures. The peak around 3.9 µm−1 at 1700
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Figure 4.1: UV-Vis. extinction spectra for the samples annealed at various annealing
temperatures.

67



68 Extinction Spectra of Carbon Onions

Figure 4.2: Schematic illustrations of (a) a defective spherical onion and (b) a spherical
aggregate of the onions.

◦C is thus due to the defective spherical onions. With further increasing the annealing

temperature, an additional peak at about 4.6 µm−1 emerges and the spectrum at 2100
◦C exhibits two peaks. The appearance of the double peak is believed to be associated

with the formation of polyhedral onions with facets.

In the next section, we will consider theoretically the optical extinction properties of

the onions, and address the following features in the experimental spectra: 1. the rising

extinction continuum for initial diamond nanoparticles, 2. the broad extinction peak at

about 3.9 µm−1 for defective spherical onions, 3. the two peaks at 3.9 and 4.6 µm−1 for

polyhedral onions.

4.3 Theoretical Considerations for the Extinction Spec-

tra of Carbon Onions

4.3.1 Defective spherical onion model

The absorption spectra for carbon onions with diamond or hollow cores have already been

calculated by Lucas and co-workers [1, 2]. The spherical coordinates (unit vectors r, θ,

φ) provide the dielectric tensor of graphitic multishell expressed as

ε(ω) = ε⊥(ω)(θθ + φφ) + ε‖(ω)rr, (4.2)

where ω = 2π/λ. ε⊥(ω) and ε‖(ω) are the components of the dielectric tensor of the

graphitic shells in the direction perpendicular and parallel to the c-axis, respectively. As

illustrated in Fig. 4.2(a), the spherical onion is composed of outer graphitic shells with
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radius R and inner core with radius r. The core, which is filled with diamond or is empty,

can be expressed by an isotropic dielectric function of εc(ω). Considering an onion placed

in a homogeneous medium with dielectric constant εm, the multipolar polarizability of

order l in the MKSA system of units can be calculated by the following equation

αl(ω) = 4πε0R2l+1 εm[(ε‖u− − εcl)(ε‖u+ − εml)− ρl(ε‖u+ − εcl)(ε‖u− − εml)]

(lεc − ε‖u+)[ε‖u− + εm(l + 1)]ρl − (lεc − ε‖u−)[ε‖u+ + εm(l + 1)]
,

(4.3)

where u± = 0.5{−1±[1+4l(l+1)ε⊥(ω)/ε‖(ω)]1/2}, ρl = (r/R)u+−u−. ε0 is the permittivity

of vacuum. This expression depends on the radius ratio r/R and, of course, the input

dielectric functions. At the non-retarded limit, where the diameter of the sphere is so

small compared with the wavelength that the retardation effects in the particle can be

negligible, the electric field of plane-wave electromagnetic radiation with frequency ω

only induces an electric dipole (l = 1) which absorbs energy from the wave with the cross

section σ(ω). The σ(ω) is directly given by the imaginary part of αl=1(ω) of the multishell

according to

σ(ω) =
4πω

c
Im[αl=1(ω)], (4.4)

where c is the velocity of light.

In reference [2] by Henrard et al., the dielectric functions of graphitic shells (ε⊥(ω) and

ε‖(ω)) were set to those of bulk graphite which depend on the crystalographic orientations

(εg⊥(ω) and εg‖(ω)). However, the graphitic shells of spherical onions prepared from

diamond nanoparticles contain a number of defect as already mentioned in chapter 2. To

take the effects of defects into the considerations, ε⊥(ω) and ε‖(ω) should be replaced by

the dielectric functions of defective graphite. Although the dielectric function could be

derived accurately using first-principle approach, such method for defective graphite has

not yet been established. Therefore, in the present study, we simply assumed that the

dielectric functions of defective graphite shell are the admixtures of dielectric functions of

bulk graphite (εg⊥(ω), εg‖(ω)) and that of amorphous carbon (εa(ω)) as follows

ε⊥(ω) = cgεg⊥(ω) + (1− cg)εa(ω), (4.5)

ε‖(ω) = cgεg‖(ω) + (1− cg)εa(ω), (4.6)

where cg is the concentration of graphite in the defective graphite shells, thus representing

the degree of graphitization of the shells. The dielectric functions, εg⊥(ω), εg‖(ω), and

εa(ω) used in the present calculations are shown in the Fig. 4.3.

We can calculate here absorption cross section for an isolated defective onion. Figure

4.4 shows computed spectra for the defective onion with R=2.5 nm (5 nm in diameter)

in water medium (εm = 1.777). r/R was varied from 0.96 (curve a) to 0.14 (curve j) by

changing r from 2.4 to 0.35 nm. The cg in all the spectra was set to be of 0.8 because
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Figure 4.3: Dielectric functions used in the present calculations are shown. Dielectric
functions of graphite in the direction (a) perpendicular and (b) parallel to the c axis
tabulated by Drain and Lee [5]. (c) Dielectric functions of amorphous carbon tabulated
by Michel et al. [6]. (d) Dielectric functions of diamond tabulated by Phillip and Taft [7].
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Figure 4.4: Calculated absorption spectra for an isolated defective spherical onion (R=2.5
nm) in water. The r/R are 0.96 (curve a), 0.9 (b), 0.8 (c), 0.7 (d), 0.6 (e), 0.5 (f), 0.4
(g), 0.3 (h), 0.2 (i) , 0.14 (j). For curve j the core is empty, while filled with diamond
from curves a to i. cg is set to be 0.8.
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TEM image showed lattice fringes corresponding to (002) planes of graphite. For curve a

to i the core is filled with diamond [7] while empty for curve j. The computed absorption

cross section was divided by the particle volume (R3) and then normalized by the Eq.

(4.1).

In Fig. 4.4, the diamond nanoparticle with the defective graphite shell 0.1 nm in

thickness at the initial stage in the transformation shows a broad absorption peak due to

the surface plasmon at about 3.6 µm−1 (curve a). With decreasing r/R, i.e, as a diamond

nanoparticle is transformed into a defective spherical onion, the peak becomes stronger

and sifts to a higher wavenumber. The shift qualitatively agrees with the experimental

results. However, the amount of the shift in calculation is larger than that in experimental

spectra. The experimental spectrum for defective spherical onions without cores (1700
◦C) shows a peak at 3.9 µm−1, whereas the corresponding theoretical one (curve j) at 4.3

µm−1; the peak of the calculated spectrum is located at higher wavenumber than that of

experimental one. Additionally, Fig. 4.4 cannot explain the rising continuum in the ex-

perimental spectra up to 1100 ◦C. These misfits between experiments and calculations are

believed to be caused by the aggregation effect. Indeed TEM micrographs at low magnifi-

cation revealed that the onions clump together in much larger particles. The aggregation

of the onions by van der Waals force is likely to subsist in water suspension, because

the applied ultrasonic dispersion seems to be insufficient to break the adhesion between

the particles [1]. It is thus obvious that considerations for the optical extinction by the

aggregate of the defective spherical onions is required to explain well the experimental

results.

4.3.2 Extinction by the aggregate of defective spherical onions

Here we attempt to calculate the extinction for an aggregate (radius a) of defective spher-

ical onions in water medium. Since the aggregate is composed of the defective spherical

onions (radius R) and water as illustrated in Fig. 4.2(b), the aggregate is assumed to

have average dielectric function (εav(ω)). The average dielectric function of the system

containing metallic spherical inclusions can be described well by the effective medium

theory developed by Maxwell Garnet [8]. In the Maxwell Garnet approach, the interac-

tion between inclusions is treated as the dipole-dipole interaction, and the εav(ω) can be

expressed as

εav(ω) = εm
3 + 2fχ(ω)

3− fχ(ω)
, (4.7)

where εm is dielectric constant of the host medium in aggregate (water in the present

study), f is the onions volume fraction [9]. χ(ω) is proportional to the polarizability of

the onion of order 1 (α1(ω)), which has already been calculated in the previous subsection,
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as follows

χ(ω) =
3α1(ω)

4πR3ε0εm
. (4.8)

Assuming the spherical aggregate of the defective spherical onions, the extinction

efficiency of the aggregate having εav(ω) can be calculated by the Mie theory described

in detail in the standard textbook [10]. By introducing the Riccati-Bessel functions (ψn

and ξn), the Mie coefficients (an and bn) can be expressed as

an =
[Dn(mx)/m+ n/x]ψn(x)− ψn−1(x)

[Dn(mx)/m+ n/x]ξn(x)− ξn−1(x)
, (4.9)

bn =
[mDn(mx)/m+ n/x]ψn(x)− ψn−1(x)

[mDn(mx)/m+ n/x]ξn(x)− ξn−1(x)
, (4.10)

where the size parameter x and the relative refractive index m are

x = ka =
2πNa

λ
, m =

N1

N
. (4.11)

N1 and N are the refractive indices of the aggregate and medium, and thus given by√
εav and

√
εm, respectively. Dn(mx) is the logarithmic derivative, which satisfies the

recurrence relation

Dn−1(mx) =
n

mx
− 1

Dn(mx) + n/mx
. (4.12)

In the present Mie calculation, Dn(mx) is computed by downward recurrence beginning

with 0.0+ i0.0. On the other hands, both ψn(x) and ξn(x), where ξn(x) = ψn(x)− iρn(x),

satisfy

ψn+1(x) =
2n+ 1

x
ψn(x)− ψn−1(x), (4.13)

and are computed by upward recurrence relation beginning with ψ−1(x) = cosx, ψ0(x) =

sinx, ρ−1(x) = − sin x, and ρ0(x) = cosx. As a result, the extinction cross section Cext

can be calculated by

Cext =
2π

k2

∞∑
n=1

(2n+ 1)Re{an + bn}. (4.14)

Finally, the extinction efficiency Qext follows from Qext = Cext/πa2.

The calculated extinction spectra for an aggregate of defective spherical onions (R=2.5

nm) in water medium are shown in Fig. 4.5. All of the spectra were normalized by Eq.

(4.1). The radius of the aggregate (a) was set to be 0.06 µm same as the catalog speci-

fication of initial diamond nanoparticles. The parameters r, R and cg, i.e., the defective

onions used here, were the same as those in Fig. 4.4. Filling factor (f) was set to be of

0.4. Curve a, which is the spectrum for r=2.4 nm and thus corresponds to the diamond

nanoparticle in the initial stage of the graphitization, shows rising extinction continuum

to UV range with a shoulder at about 3.6 µm−1. This calculated spectrum is very similar
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µ

µ

Figure 4.5: Calculated extinction spectra for an aggregate (a=0.06 µm) of defective spher-
ical onions (R=2.5 nm) in water. The parameters used for the defective onions are the
same as those in Fig. 4.4.
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Figure 4.6: Peak positions of the isolated defective spherical onion (triangle) and their
aggregate (circle) are plotted as a function of r/R.

to the experimental one for the sample annealed at 1100 ◦C. The similarity allows us to

suggest that the rising continuum in the experimental spectrum for diamond nanopar-

ticles can be explained by the Mie scattering by an aggregate of diamond nanoparticles

coated with very thin amorphous or graphitic layers, which are shown in the previous

TEM observations.

Figure 4.5 shows that the transformation from diamond nanoparticles into defective

onions is accompanied by an increase in the intensity of the extinction peak at 3.6 µm−1

and a slight shift to a higher wavenumber; the peak finally reaches at 3.9 µm−1. In Fig. 4.6,

the peak positions of the spectra in Figs. 4.4 and 4.5 are plotted as a function of r/R. We

should recall here that the extinction peaks of the experimental spectra shifted from 3.7 to

3.9 µm−1 by annealing up to 1700 ◦C, i.e., by transformation from diamond nanoparticles

into defective spherical onions. This shift variation in the experimental results is also given

in Fig. 4.6. Figure 4.6 shows that the peak position of the aggregate weakly depends

on the r/R, bringing about a smaller variation with r/R for the aggregate than that for

the isolated defective onion. As a result, the aggregate of defective onions successfully

reproduces the experimental peak energy. These results clearly demonstrate that the

optical extinction properties of the onions transformed from diamond nanoparticles can

be explained well by the defective spherical onion model.
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Figure 4.7: Schematic illustrations of (a) an ellipsoidal graphite with the crystalline
anisotropy and the axis configurations, and (b) a spherical aggregate of the graphite
ellipsoids.

4.3.3 Extinction by the aggregate of polyhedral onions

In experimental spectra above 1900 ◦C shown in Fig. 4.1, the appearance of two extinction

peaks is apparently attributed to the formation of the aggregate consisting of polyhedral

onions with facets. To consider the extinction properties of polyhedral onions, we use

a different theoretical scheme from that used for spherical onions. In this study, we

simply assume the facets of a polyhedral onion as planar graphite nanocrystals. Such a

nanocystal is treated as an ellipsoidal graphite with crystalline anisotropy as shown in

Fig. 4.7(a). The aggregate of polyhedral onions dispersed in water are thus modeled as

a system consisting of anisotropic graphite ellipsoids that are randomly oriented in water

[Fig. 4.7(b)]. We can here adopt a framework of Maxwell Garnet type average dielectric

function for anisotropic ellipsoids developed by Hayashi et al. [11]. For an ellipsoidal

particle, ξ, η, and ζ axes are set as shown in Fig. 4.7(a). Dielectric functions along each

axis are expressed by εξ, εη, and εζ . Introducing depolarization factors (Lj , j = ξ, η, ζ)

along j axis and filling factor (f), the average dielectric function can be described as

εav = 1 +
3(1− f)(εm − 1) + f(ε̃ξ + ε̃η + ε̃ζ)

3(1− f) + f(ε̂ξ + ε̂η + ε̂ζ)
, (4.15)

where ∑
j

Lj = 1 (j = ξ, η, ζ), (4.16)

ε̂j = [1 + Lj(εj/εm − 1)]−1 (j = ξ, η, ζ), (4.17)

ε̃j = (εj − 1)ε̂j (j = ξ, η, ζ). (4.18)
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Figure 4.8: Solid line represents a computed spectrum for an aggregate of anisoropic
ellipsoidal graphite nanocrystals. The ellipsoidal nanographite model can reproduce suc-
cessfully the experimental spectrum for polyhedral onions at 2100 ◦C (dashed line).

Using εav derived from Eq. (4.15), we can calculate the extinction efficiency for an

aggregate of polyhedral onions by the Mie theory using Eq. (4.14). ξ axis of the ellipsoid

was set to parallel to the graphite c axis as shown in Fig. 4.7(a). Therefore, εξ corresponds

to εg‖(ω), while εη and εζ to εg⊥(ω). For depolarization factors, by assuming rotational

ellipsoid, we set Lξ = Lη and 2Lξ + Lζ = 1.

Solid line in Fig. 4.8 shows a calculated extinction efficiency for an aggregate of

graphite ellipsoids in water. The radius of the aggregate (a) was set to be 0.06 µm. Lζ

was 0.1, and Lη and Lξ were 0.45. The filling factor f was set to be 0.2. The computed

spectrum was normalized by Eq. (4.1). The aggregate of ellipsoidal graphite nanoparticles

that we considered here accounts for an extinction spectrum with two peaks at 2100 ◦C

(dashed line in Fig. 4.8). These two peaks at 3.9 and 4.6 µm−1 are induced by surface

plasmons along η and ζ axis of rotational ellipsoid.
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Figure 4.9: Comparison between simulated spectrum for the isolated defective onion in
vacuum (solid line) and interstellar extinction curve (dashed line) reported by Savage and
Mathis [12].

4.4 Defective Carbon Onion as a Possible Origin of

Interstellar Absorption Bump

Our defective spherical onion model now allows us to simulate the extinction spectrum

of the onions in interstellar space. In relation with this astrophysical context, we should

consider the extinction by an isolated onion in vacuum, because the interstellar dust

particles having a size in the 1-20 nm range are usually supposed not to clump together.

For particles of nanoscopic sizes, scattering in the UV region is negligible and contribution

to the extinction curve is dominated by absorption [1, 10].

The solid line in Fig. 4.9 shows the normalized simulation result for a defective spher-

ical onion with R=2.5 nm having a hollow core with r=0.35 nm, i.e., the defective onion,

of which the aggregate reproduced well the experimental spectrum at 1700 ◦C. The onion

is placed in vacuum. The simulated spectrum reveals an absorption bump at 4.6 µm−1.
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Figure 4.10: Peak position (a) and peak width (b) for an isolated defective spherical onion
in vacuum are plotted as a function of r/R.

The observed interstellar extinction curve reported by Savage and Mathis [12] is shown

as the dashed line in the same figure. The broad feature between 2-3 µm−1 in the ob-

served data is considered to originate from astronomical silicate. Comparison between

simulated and observed spectra in Fig. 4.9 clearly demonstrates that, even if without

coating material, the defective spherical onion reproduces well the interstellar absorption

bump at 4.6 µm−1 in terms of both peak position and width. The present onion model

reproduces a decrease in the resonance width by increasing r (r/R). Figures 4.10(a) and

4.10(b) respectively show the peak position (x0) and width (γ) plotted as a function of

r/R. The x0 and γ were obtained by fitting the numerical data with the Drude function

given in reference [13]

σ(x) = a1 + a2x+ a3
x2

(x2 − x2
0)

2 + γ2x2
, (4.19)

where x is the energy and a1, a2, a3, x0, and γ are the fitting parameters. Figure 4.10

shows that changing r/R from 0.14 to 0.4 brings about a large variation in the peak width
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(about 35 %) despite the slight redshift in the position (about 6 %).

Here we turn to discuss the possibility for the existence of spherical carbon onions

transformed from diamond nanoparticles in the interstellar space. Diamonds have been

suggested to exist in interstellar space [14]. Indeed, sp3-bonded carbon has been detected

in dense clouds surrounding star formation regions [15] and several carbonaceous chon-

drites contain tiny diamonds several nm in diameter [16, 17]. It has been claimed that

the low-pressure gas phase formation, like chemical vapor deposition (CVD), of diamond

nanoparticles is considered to be an allowed process in a hydrogen rich interstellar sources

[14, 16, 18].

The question is how these diamonds are transformed into the onions in the interstellar

space. The thermal energy is the first explanation for the driving force as shown in the

present experiment. The graphitization of very small diamond nanoparticles (∼ 2 nm)

starts at rather low temperature around 900 ◦C than large particles or bulk diamond,

but many surviving pre-solar materials including diamonds are considered to be never

exposed to temperature above 700 ◦C [19]. Another plausible account is the irradiation

by high-energy particles [20, 21]. The long-term bombardment by electrons, ions, or

atoms, which are abundant in the molecular cloud, induces the graphitization of diamond

nanoparticles, resulting in the formation of spherical onions in interstellar space. Such

onions are considered to have defective structure. It is thus concluded that defective

spherical carbon onions as shown in Fig. 4.2(a) can be formed in the interstellar space

and very much likely to be a carrier of the interstellar extinction bump at 4.6 µm−1. The

present study showed that the correlation between the absorption peak width and r/R,

implying that the peak width should reflect the degree of the transformation into the

onions. A variety of formation histories of the onions brings about the large variation

in the peak width along different lines of sight in the interstellar space. The present

study demonstrates that interstellar dust particles might be duplicated by the defective

spherical carbon onions in the laboratory. This open the way to address experimentally to

another open questions in the astronomy and astrophysics, such as unidentified infrared

emission bands [22].

4.5 Conclusion

We have studied optical extinction properties of the carbon onions prepared from diamond

nanoparticles. Experimental extinction spectra of the spherical and polyhedral onions

were acquired by UV-Vis. optical transmission spectroscopy. In order to interpret the

experimental results, we carried out theoretical considerations for the extinction properties

of the onions. For spherical onions, experimental spectra show an extinction peak around
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3.9 µm−1. Theoretical considerations demonstrated that the experimental results are

explained well by the aggregate of the defective spherical onions. For polyhedral onions,

experimental spectrum exhibits two peaks at 3.9 and 4.6 µm−1. The spectrum with

double peak can be reproduced successfully by assuming the aggregate of polyhedral

onions as that of graphite ellipsoids with crystalline anisotropy. Furthermore, we address

the contribution of the onions to the interstellar extinction bump at 4.6 µm−1. The

theoretical simulation based on our defective spherical onion model allows us to suggest

that the defective spherical onion is a strong candidate for the carbonaceous interstellar

dust giving rise to the extinction bump at 4.6 µm−1.
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Chapter 5

Structure and Formation Mechanism

of Magnetic-Metal Filled Carbon

Nanocapsules

5.1 Introduction

As already described in Chapter 1, a fabrication method of size-controlled carbon nanocap-

sules with thickness-controlled graphitic coating via solid state reaction is desired to open

the way to the application of filled carbon nanocapsules. In this chapter, we report a

new and simple method for synthesizing Co, Ni and Fe nanoparticles coated with thin

layers of graphite (Co, Ni, and Fe filled carbon nanocapsules). The method used is the

heat treatment of the mixture of magnetic-metal nanoparticles about 30 nm in diameter

and diamond nanoparticles about 5 nm in diameter. Transmission electron microscopy

(TEM) shows that, after the heat treatment at 1700 ◦C, all the magnetic-metal nanopar-

ticles were encapsulated with uniform thin graphitic layers. The thickness of the coating

was nearly the same as the diameter of the initial diamond nanoparticles. These results

imply that diamond nanoparticles being in contact with the metals are transformed into

the thin graphitic coating.

Moreover, we intend to clarify the formation mechanism of Co filled carbon nanocap-

sules by in-situ TEM, x-ray diffraction (XRD) and Raman studies. In the initial mixture,

surface oxidized β-Co nanoparticles about 30 nm in diameter are surrounded by diamond

nanoparticles about 5 nm in diameter. The Raman study indicates that the surface native

oxide (Co3O4) is reduced to metallic Co as the heat treatment temperature increases. The

reduction is accompanied by the drastic progress of graphitization of diamond nanopar-

ticles. The result supports our hypothesis that diamond nanoparticles being in contact

with metallic Co are transformed into graphitic coating. Direct observation by in-situ
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TEM demonstrates that the graphitic coating is formed not on a cooling but on a heating

process. Once the coating is completely formed, the number of the graphitic layers is

almost constant on further heating and cooling. These results brought by in-situ TEM

studies cannot be explained within the framework of the dissolution-precipitation mech-

anism. We thus propose a metal-template graphitization mechanism, in which metallic

Co particles simply act as templates for the coating.

5.2 Experiment

Fe-group magnetic-metal filled carbon nanocapsules were prepared by the heat treatment

of the mixture of magnetic-metal and diamond nanoparticles. Diamond nanoparticles

about 5 nm in diameter were mixed with the metal nanoparticles about 30 nm in diameter

using ultrasonic dispersion. Both of the nanoparticles were commercially available. The

mixture was put in a hole (2.5 mm in diameter) which was drilled through a graphite rod

(5 mm in diameter and 7 mm in length). The graphite rod was then heat-treated at the

temperatures ranging from 300 to 800 ◦C in vacuum (< 2 × 10−3 Pa) in a conventional

electric furnace, and from 800 to 1700 ◦C by an electron beam irradiation in vacuum

(< 2.5× 10−3 Pa).

TEM studies were performed with JEOL JEM-2010 and Hitachi HF-2000 transmission

electron microscopes at an acceleration voltage of 200 kV. For the in-situ observation,

the sample was placed on a W filament, which was attached to the sample holder, and

resistively heated. The temperature of the sample was roughly estimated from the current,

which is supplied to a W filament, by using a calibration curve obtained from standard

samples (Au). An XRD measurement was performed with an x-ray diffractometer [RINT-

2100 (RIGAKU)] with the Cu Kα radiation. Raman spectroscopy was carried out with

a SPEX 1877 Triplemate equipped with a charge coupled device. Spectra were recorded

in a 90◦ scattering geometry. The excitation source was the 514.5 nm line of an Ar-ion

laser. The excitation power was kept less than 10 mW in order to avoid local heating.

Differential scanning calorimetry (DSC) was performed with a RIGAKU DSC-8230. The

samples were filled with a Pt cell and then put into a chamber filled with N2 gas. The

temperature increasing speed during the measurements was 10 ◦C/min. α-Al2O3 was used

as a reference sample.
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Figure 5.1: A TEM image (a) and an SAED pattern (b) of the initial mixture of Co and
diamond nanoparticles. Co nanoparticles about 30 nm in diameter (indicated by arrows)
are surrounded by diamond nanoparticles about 5 nm in diameter.

5.3 Results and Discussion

5.3.1 Formation of Co, Ni, Fe filled carbon nanocapsules

Figures 5.1(a) and 5.1(b) respectively show a TEM image and a selected-area electron

diffraction (SAED) pattern of the mixture of Co and diamond nanoparticles before the

heat treatment. Figure 5.1(b) also exhibits diffraction patterns calculated from ASTM

data [1] for β-Co with a face-centered cubic (fcc) structure, Co3O4 and diamond; the

length of the bars represents diffraction intensity. The SAED pattern indicates that the

initial mixture consists of β-Co, Co3O4 and diamond. Co3O4 is a native oxide formed on

the surface of Co nanoparticles [2]. The presence of Co3O4 as well as β-Co in the initial

Co nanoparticles is also confirmed by an XRD study as shown in Fig. 5.2(a). Therefore,

dark patches in Fig. 5.1(a) (indicated by arrows) correspond to β-Co nanoparticles with

surface oxides, and the surroundings are diamond nanoparticles about 5 nm in diameter.

The fcc structure is the high temperature phase for Co, and normally presents only above

420 ◦C. The presence of the high temperature phase at room temperature is probably due

to the small particle nature of the material and/or ”quenching” effects [3].

Figure 5.3 shows the heat treatment temperature dependence of Raman spectra.

Before heat treatment (curve a), the spectrum exhibits a weak Raman band at about

1325 cm−1 which originates from diamond nanoparticles (indicated by an arrow). The

band is slightly shifted toward a lower frequency compared with that for the bulk dia-

mond (1332 cm−1). This shift is explained by the phonon confinement effects [4, 5, 6]. In
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θ

Figure 5.2: XRD profiles of initial Co nanoparticles before heat treatment (a) and the
mixture of Co and diamond nanoparticles after the heat treatment at 1700 ◦C (b).
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Figure 5.3: Raman spectra obtained from initial mixture (curve a) and samples with
different heat treatment temperatures (curves b-f). The top curve g represents a Raman
spectrum of the diamond nanoparticles heat-treated at 800 ◦C without Co nanoparticles.
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∆
∆

Figure 5.4: DSC results up to 700 ◦C for a mixture of Co and diamond nanoparticles
(curve a), Co nanoparticles (curve b), and diamond nanoparticles (curve c). Only the
mixture of Co and diamond nanoparticles shows an endothermic peak at 592 ◦C, which
is due to the reduction of Co3O4.

addition to the diamond band, a broad band can be seen at a higher wavenumber region.

The broad band is thought to originate from the surface amorphous carbon layers of the

diamond nanoparticles [6]. The spectrum a also shows three Raman bands at about 483,

523, and 691 cm−1. These bands are attributed to Co3O4 [7].

The carbon-related features above 1200 cm−1 do not change up to the heat treatment

temperature of 500 ◦C (curves b and c). In contrast, the Co3O4 bands become weaker,

suggesting that Co3O4 is reduced to metallic Co with increasing the heat treatment tem-

perature. The Co3O4 bands almost disappear at 600
◦C (curve d). The reduction of

Co3O4 is confirmed also by DSC. Figure 5.4 shows DSC results for a mixture of Co and

diamond nanoparticles (curve a), Co nanoparticles (curve b), and diamond nanoparticles

(curve c). The vertical axis was calibrated using a standard sample (Pb). The mixture

of Co and diamond nanoparticles (curve a) exhibits an endothermic peak at 592 ◦C. The

endothermic peak is believed to be caused by a reduction of Co3O4 because the reduction

is an endothermic reaction as described by Eq. (5.1).

Co3O4 + 2C(diamond) = 3Co + CO2 − 119 kJ (5.1)
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It is worth noticing in Fig. 5.4 that curve b for Co nanoparticles without diamonds

shows no peaks up to 700 ◦C. Since Co3O4 is normally stable around 600
◦C, diamond

nanoparticles may act as a reducing agent in the present chemical reaction.

The disappearance of Co3O4-related Raman bands at 600
◦C is accompanied by the

drastic change in carbon-related Raman features; the band due to the graphitic structure

(G band) at about 1580 cm−1 and disorder-induced band (called D band) at about 1350

cm−1 emerge. This implies that when the reduction of Co3O4 is completed, the graphi-

tization of diamond nanoparticles starts. The reduction of surface Co3O4 layers allows

diamond nanoparticles to directly contact with metallic Co particles. The direct contact

enables diamond nanoparticles to be transformed into graphitic coating owing to the cat-

alytic effect of metallic Co for graphitization [8, 9]. The top curve g in Fig. 5.3 represents

a spectrum of the diamond nanoparticles annealed at 800 ◦C without mixing with Co

particles. The carbon-related features are smeared and very similar to those in curves b

and c, suggesting that, without Co nanoparticles, graphitization does not proceed even at

800 ◦C. This is in good agreement with the DSC result for diamond nanoparticles without

Co (curve c in Fig. 5.4), which does not exhibit peaks up to 700 ◦C.

Figure 5.2(b) shows the XRD profile for the sample heat treated at 1700 ◦C. A broad

diffraction peak at about 26.3 ◦ can be assigned to the (002) planes of hexagonal graphite

structure. In addition to the peak at 26.3 ◦, we can see five sharp peaks. By comparing

with the ASTM data, the peaks at 44.3 ◦, 51.6 ◦, 75.9 ◦, 92.3 ◦ and 97.7 ◦ can be identified

to the (111), (200), (220), (311) and (222) planes of β-Co with a face-centered cubic (fcc)

structure, respectively. It has been already reported that β-Co is a high-temperature

phase of Co [10].

Figure 5.5(a) shows a TEM image for the sample heat-treated at 1700 ◦C. Nanocapsules

about 65 nm in diameter with thin coating can be seen. Figure 5.5(b) shows a high-

magnification image of Fig. 5.5(a). The image shows that the thickness of the coating

is uniform and around 3 nm. The spacing of the lattice fringes of the coating is around

0.34 nm, which is close to that of the graphite (002) planes. We can also observe carbon

onions on the graphitic coating. The thickness of the coating almost the same as the

average diameter of diamond nanoparticles and the existence of the onions on the coating

suggest that the diamond nanoparticles being in contact with Co are transformed into

the graphitic coating.

We performed the same experiments for Ni nanoparticles and Fe nanoparticles. A

TEM image of the Ni sample after annealing at 1700 ◦C [Fig. 5.6(a)] shows a particle

around 50 nm in diameter. The whole surface is coated with a uniform graphitic layer

about 3 nm in thickness. Figure 5.7(a) shows the XRD profile for Ni sample after 1700
◦C annealing. Diffraction peaks above 40 ◦ can be assigned to Ni with a fcc structure. In
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Figure 5.5: (a) A typical TEM image of a Co filled carbon nanocapsule formed after heat
treatment at 1700 ◦C. (b) High magnification image of a part of the nanocapsule.

Figure 5.6: Typical TEM images of the nanocapsules after 1700 ◦C annealing; (a) Ni
sample and (b) Fe sample.
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θ

Figure 5.7: X-ray diffraction profiles of the samples after 1700 ◦C annealing; (a) Ni sample
and (b) Fe sample.

the Fe sample [Fig. 5.6(b)], a particle around 80 nm in diameter with the uniform coating

about 3 nm in thickness can be seen after 1700 ◦C annealing. In the XRD profile of the

Fe sample after 1700 ◦C annealing [Fig. 5.7(b)], the diffraction patterns above 40 ◦ can

be interpreted as the superposition of those of α-Fe with a body-centered cubic structure

and γ-Fe with a fcc structure (Austenite). Consequently, we found that all the particles

observed for Ni and Fe samples were uniformly coated and the thickness of the coating

was almost the same.

These results of TEM, SAED, XRD, DSC and Raman studies revealed that diamond

nanoparticles being in contact with metallic particles are transformed into graphitic coat-

ing, resulting in the formation of metal filled carbon nanocapsules. Nevertheless, the

formation mechanism of the graphitic coating, particularly the role of metals, is still un-

clear. In order to gain more detailed information about the formation mechanism, we

performed in-situ TEM experiments for Co samples.

5.3.2 Formation mechanism of filled carbon nanocapsules

The initial mixture of Co and diamond nanoparticles was put into the microscope and

the sample temperature was gradually increased by increasing the current supplied to a
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Figure 5.8: (a) An in-situ TEM image of the coating on heating process. The coating
consists of 6 or 7 graphitic layers. The micrograph also shows defects as indicated by
arrows a, b, c, and d. (b) An in-situ TEM image on cooling process at the same place
as in (a). Note that the number of the layers on cooling is almost the same as that on
heating although the crystallinity is much different.

W filament (heating process). The lattice fringes due to Co oxide disappeared above 600
◦C, and then the graphitic coating of the nanocapsules is formed. Figure 5.8(a) shows a

in-situ TEM image of a part of the coating during the heating process. The temperature

of the sample was estimated to be about 1100 ◦C. Clear lattice fringes corresponding

to (002) planes of graphite can be seen. The coating consists of 6 or 7 graphitic layers

and is about 2 nm in thickness. Once the coating was completely formed, the number of

graphitic layers was found to be almost constant on further heating. Figure 5.8(a) also

shows that the coating has defects as indicated by arrows a, b, c, and d.

After heating up to 1100 ◦C, we gradually decreased the sample temperature by de-

creasing the current (cooling process). Upon cooling, Fig. 5.8(b) was obtained at the

same place as in Fig. 5.8(a); the point a′ is the same place as the point a in Fig. 5.8(a).

Note here that the number of the layers on cooling is almost the same as that on heating.

However, the crystallinity of the graphitic coating is much different. The coating becomes

disordered and is similar to turbostratic carbon that is made up of small segments of

graphitic sheets stacked roughly parallel to the particle surface. The disorder is thought

to be induced by the different heat-expansion coefficient between Co and graphite.

From these results of in-situ TEM experiments, we will discuss here the formation

mechanism of the graphitic coating and the role of metallic Co. It is obvious that the

transformation of diamond nanoparticles into graphitic coating is assisted by the Co

nanoparticles. Catalytic effects by the metals in graphitization have been investigated
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for some decades [8, 9, 11]. Sinclair and co-workers [12, 13, 14] showed that amorphous

carbon in contact with Co fully crystallizes between 500 and 600 ◦C. This graphitization

temperature is close to the present result; the present Raman and DSC studies indi-

cates that diamond nanoparticles are graphitized at about 600 ◦C. They suggested a

model of metal-mediated graphitization, in which carbon is dissolved into the metal, and

upon supersaturation, graphite precipitates outwardly at the interface, just similar to the

dissolution-precipitation mechanism. However, as depicted in a binary alloy phase dia-

gram [15], the equilibrium solubility of carbon in Co at 600 ◦C is extremely low (about 0.2

at.%); carbon atoms hardly dissolve into Co. Therefore there has been ambiguity whether

or not graphitization at 600 ◦C is really mediated by the dissolution of the carbon atoms

into the interstitial and/or substitutional sites in metallic Co.

For the nanocapsules prepared by modified arc discharge method [16], the thickness of

the coating increased by post annealing, suggesting that the addition of graphitic layers

results from a precipitation of carbon previously dissolved in the metal. This is thought

to be an evidence of dissolution-precipitation mechanism. On the contrary, present TEM

studies show that, once the coating is formed, the number of the graphitic layers does not

increase on further heating and cooling. The present formation mechanism is thus different

from the dissolution-precipitation mechanism. In other words, diamond nanoparticles are

not dissolved into Co nanoparticles but directly transformed into the graphitic coating

on the surface of Co. It is likely that the surface of metallic Co provides a fast path

to release the excess free energy of diamond nanoparticles [17] and a medium for the

diffusion of mobile carbon atoms [18], thus facilitating crystalline growth of graphitic

layers. As a conclusion, we propose that the present formation mechanism of Co filled

carbon nanocapsules is a metal-template graphitization, in which metallic Co simply acts

as templates for the coating.

5.4 Conclusion

We have demonstrated a new and simple method for synthesizing Co, Ni, and Fe filled car-

bon nanocapsules via solid state reaction. The formation mechanism for Co filled carbon

nanocapsules has been studied in detail by in-situ TEM, XRD and Raman spectroscopy.

In the initial mixture, surface-oxidized β-Co nanoparticles about 30 nm in diameter were

surrounded by diamond nanoparticles about 5 nm in diameter. Raman studies showed

that the reduction of Co3O4 to metallic Co at about 600
◦C is accompanied by the drastic

progress of graphitization of diamond nanoparticles, suggesting that diamond nanoparti-

cles being in contact with the metallic Co are transformed to the graphitic coating layers.

In-situ TEM experiments showed that the graphitic coating is formed not on cooling but
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on heating process. Moreover, once the coating was formed, the number of the graphitic

layers was almost constant on further heating and cooling. These results allow us to

conclude that metallic Co simply acts as templates for the formation of the graphitic

coating and propose a metal-template graphitization mechanism. Metallic particles pro-

vide the place to release the excess free energy of diamond nanoparticles and diamond

nanoparticles are re-crystallized as graphitic coating layers on the surface of metals.
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Chapter 6

Fabrication and Magnetic Properties

of Filled Carbon Nanocapsule Thin

Films

6.1 Introduction

In order to attempt the application of carbon nanocapsules to magnetic recording media,

it is important to develop thin films composed of filled carbon nanocapsules, so-called

nanogranular thin films. Recently, we have succeeded in preparing thin films composing

of Ni-filled carbon nanocapsules (Ni-C nanogranular thin films) [1]. Ni nanoparticles were

about 5.6 nm in average diameter with a narrow size distribution. However, the coercivity

of the film was not sufficiently high (∼ 50 Oe). The low coercivity of the film is one of

the drawbacks in the application for recording media. In order to improve the magnetic

properties, we intend to add Co atoms into Ni nanoparticles. Ni and Co resolve each

other over the entire concentration range and form Ni1−xCox alloy. The alloy formation

is expected to increase the coercivity for the nanogranular thin films [2]. In addition to

the applied physical context, the formation mechanism and magnetic properties of such

nanogranular thin films are also of great interests from the viewpoints of fundamental

physics of magnetic nanoparticle systems.

In this chapter, we demonstrate a successful fabrication of Ni1−xCox filled carbon

nanocapsule thin films (Ni1−xCox-C nanogranular thin films) by a co-sputtering method

together with post-annealing. We find an improvement in the magnetic properties of the

films by optimizing the Co/(Ni+Co) alloy ratio (x); the coercivity of the film exhibits a

maximum at x=0.83. A possible mechanism for the appearance of the maximum in the

coercivity is discussed. The discussion is mainly based on the correlation between the

size distribution of the nanoparticles and their coercivities. Present results suggest that
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Figure 6.1: Configurations of the chips on the sputtering targets.

the controllability of the size distribution as well as the average diameter is especially

important for realizing the nanogranular thin films with a high coercivity.

6.2 Experimental Procedure

Thin films of a mixture of Ni, Co and C were prepared by a co-sputtering method devel-

oped in our previous work [1]. As shown in Fig. 6.1, graphite and Co chips were placed

on a Ni target for the Ni-C and Ni1−xCox-C samples, and graphite chips are placed on a

Co target for the Co-C sample. They were simultaneously sputtered in Ar gas of 2.7 Pa

using an rf magnetron sputtering apparatus. In this technique, the concentration of Ni,

Co, and C in the films can be changed by the areal ratio of Ni, Co, and graphite. The

concentration of carbon atoms in the film was estimated by electron probe microanalyses

(EPMA) and fixed at about 30 at.% for all the samples. The films were deposited onto

Si substrates. The substrates were not intentionally heated during the deposition. The

sputtering conditions were summarized in Table 6.1. As-deposited films were subsequently

annealed at different temperatures from 300 to 700◦C for 1 hour in vacuum (< 10−5 Pa)

using a conventional electrical furnace.

The structure of the films was studied by transmission electron microscopy (TEM)

and selected-area electron diffraction (SAED). For TEM studies, thin films about 20 nm

in thickness were scrubbed from the substrates, dispersed into ethanol, and put onto the
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Table 6.1: Summary of the sputtering conditions.

Target Co chips Graphite chips Rate [nm/min] C [at.%] x

Ni 0 56 (5×15 mm2) 5.5 35 0

4 (5×10 mm2) 0.19

4 (5×15 mm2) 0.63

12 (5×15 mm2) 0.83

Co - 52 (5×15 mm2) 6.2 32 1

carbon-coated grids. The JEOL JEM-2010 transmission electron microscope operated at

200 kV was used. The Co/(Ni+Co) alloy ratio (x) was estimated using an energy disper-

sive x-ray spectrometer (EDS) attached to TEM. Raman spectroscopy was performed at

room temperature using a SPEX 1877 Triplemate equipped with a charge coupled device.

To remove the signal by light scattered by air, the samples were put into a cell with win-

dows purged by Ar gas. The excitation source was the 514.5 nm line of an Ar-ion laser.

The spectra were acquired with a 90◦ scattering geometry. The in-plane magnetic prop-

erties were studied at room temperature using a vibrating sample magnetometer (VSM)

[TM-VSM 2030HG (Tamagawa)] with an applied magnetic field up to 10 kOe. For Raman

and VSM studies, samples about 100 nm in thickness were used.

6.3 Results and Discussion

6.3.1 Formation of Ni1−xCox-C nanogranular thin films

Figure 6.2(a) shows a typical high-resolution TEM image of Ni0.17Co0.83-C nanogranular

thin films, which are formed by annealing at 425◦C. Nanoparticles separated by matrices

are seen. The average diameter (dave) and the standard deviation (σ) of the nanoparticles

obtained from several TEM images are 7.8 and 1.6 nm, respectively. In the matrix region,

lattice fringes corresponding to (002) planes of graphite are seen. Figure 6.2(b) shows

the corresponding SAED pattern together with diffraction patterns calculated from the

American Society for Testing and Materials data [3] for graphite and hcp-Co. Almost all

diffraction patterns observed can be assigned to the hcp phase of Co. The change in lattice

spacing of hcp-Co induced by alloying with Ni is too small to be distinguished by SAED.

Although not shown here, SAED studies for all the samples elucidated that Ni1−xCox

alloy nanoparticles have only fcc structure up to x=0.63. Above x=0.83, the hcp phase

appears. This behavior is very similar to bulk Ni1−xCox crystal which is transformed from

fcc into hcp above x=0.7 [4]. The structures of alloy nanoparticles at various x are listed
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Figure 6.2: (a) A high-resolution TEM image and (b) a corresponding SAED pattern
of Ni0.17Co0.83-C nanogranular thin film formed by annealing at 425◦C. We can see that
hcp-Ni0.17Co0.83 alloy nanoparticles are separated by graphitic matrices.

in Table 6.2.

The formation of graphitic matrices in the films was also confirmed by Raman spec-

troscopy. Figure 6.3 shows Raman spectra of the films with x=0.83 at various annealing

temperatures. The spectrum for the as-deposited film exhibits a broad Raman band at

around 1565 cm−1. The band can be assigned to the E2g mode in the graphitic structure

(G band) [5]. In addition, a weak band is seen at about 1350 cm−1 being barely resolved

from the G band. This band corresponds to the so-called D band, which is considered to

be induced by disorders in the graphitic structure [6, 7]. The Raman features are similar

to that of amorphous carbon [8, 9], indicating that the film is composed of very small

fragments of carbon sp2 sheets.

With increasing annealing temperature, both D and G bands become narrower and

Table 6.2: Summary of results for Ni1−xCox filled carbon nanocapsule thin films. Ta

denotes the temperature where the nanogranular morphology is observed by TEM.

x Ta (
◦C) Structure dave (nm) σ (nm) Ms (emu/g) Hc (Oe)

0 400 fcc 5.6 0.92 37 48

0.19 400 fcc 6.7 1.0 58 330

0.63 400 fcc 6.7 0.93 125 736

0.83 425 hcp 7.8 1.6 139 907

1 600 hcp 9.5 4.4 145 407
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Figure 6.3: Raman spectra of the thin film with x=0.83 at various annealing temperatures.
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Figure 6.4: Integrated intensity ratio of the D to G bands as a function of annealing
temperature for the films with different x. The solid curves are drawn to guide the eyes.

the G band shifts to higher frequency up to 1580 cm−1. The well-defined D and G bands

can be seen at temperatures higher than 300◦C. Moreover, the intensity of the D band

increases with the annealing temperature. In Fig. 6.4, the relative integrated intensities of

the D to G bands (ID/IG) are plotted as a function of annealing temperature at various

x. The solid curves are drawn to guide the eyes. For Ni0.17Co0.83, as the annealing

temperature increases, ID/IG first increases and then decreases. Ferrari and Robertson

[10] suggested that, in amorphous carbons, the development of a D band indicates the

ordering of sp2 sheets and increasing in the in-plane size (La) up to about 2 nm as shown

in Fig. 6.5. On the other hand, the so-called Tuinstra-Koenig relationship [5] showed

that ID/IG decreases with decreasing number of disorders in the nanocrystalline graphite

having La above 2 nm [10]. It is thus plausible that ID/IG in Fig. 6.4 should show the

maximum value at the temperature where the graphitic matrices are formed. In other

words, the formation temperature of the carbon nanocapsule thin film with graphitic

matrices can be estimated from the maximum point of ID/IG in Fig. 6.4 [11]. For

example, Ni0.17Co0.83 filled carbon nanocapsule thin film is formed at about 450
◦C, being

close to the temperature at which the nanogranular morphology with graphitic matrices
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Figure 6.5: ID/IG as a function of the in-plane size of sp2 sheet (La) [10].

was observed by TEM (425◦C).

Figure 6.4 also shows that the formation temperature of the Ni1−xCox-C nanogran-

ular thin films increases with x. The fact that the formation temperature depends on

x is deeply related to the formation mechanism of the carbon nanocapsule thin films

with graphitic matrices. The formation mechanism has already been investigated in our

previous work [1]. The as-deposited film is a mixture of metallic atoms and very small

fragments of carbon sp2 sheets. By post-annealing, the film is first transformed into a film

consisting of metallic-carbide nanoparticles. Since the carbide nanoparticles are unstable

at higher temperature [12], they are decomposed into metal and carbon. During the de-

composition, the carbon atoms segregate out of the nanoparticles. The segregated carbon

atoms are likely to form a graphitic structure. The decomposition is thus accompanied

by the formation of the nanogranular thin films with graphitic matrices. This mecha-

nism points out that the difference in the decomposition temperature of metallic-carbide

nanoparticles gives rise to the difference in the formation temperature of the nanogran-

ular thin films. It has been reported that the decomposition temperature of carbide is

different between Ni and Co; Ni3C separates into Ni and C at about 400
◦C [12], while

Co3C separates into Co and C above 500
◦C [13]. As a result, the formation temperature

of the nanogranular thin film (Ta) increases with x in good agreement with the results of

TEM studies for all the samples with different x as shown in Table 6.2.

A higher formation temperature of the nanogranular thin films brings about a longer

diffusion length of metal grains [14], leading to the formation of larger particles at larger

x. The size distributions evaluated from TEM micrographs are shown in Fig. 6.6. Both

dave and σ increase with x. In the range of x from 0 to 0.83, the mean particle diameter
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σ

σ

σ

σ

Figure 6.6: Size distribution of the nanoparticles estimated from TEM images. (a) Ni-C,
(b) Ni0.37Co0.63-C, (c) Ni0.17Co0.83-C, and (d) Co-C nanogranular thin films.

108



6.3 Results and Discussion 109

Figure 6.7: In-plane magnetic hysteresis loops of the Ni1−xCox-C nanogranular thin films
with x=0, 0.83, 1.

is less than 8 nm and the width of the size distribution is small (∼ 20 % of dave). On the

contrary, the Co-C nanogranular thin film (x=1) contains extremely large particles above

10 nm in diameter. The estimated dave and σ are summarized in Table 6.2.

6.3.2 Magnetic properties of nanogranular thin films

Figure 6.7 shows the in-plane magnetic hysteresis loops of the nanogranular thin films

with x=0, 0.83 and 1. The magnetization in Fig. 6.7 is divided by the mass of the metal

estimated by EPMA and EDS. We see that both the saturation magnetization (Ms) and

coercivity (Hc) determined from the hysteresis loops strongly depend on x. The Ms and

Hc for all the samples are given in Table 6.2, and plotted as a function of x in Figs.

6.8(a) and 6.8(b), respectively. The solid curves in Fig. 6.8 are drawn to guide the eyes.

Figure 6.8(a) shows that Ms increases monotonically with x. In contrast, Hc in Fig.

6.8(b) initially increases with x, exhibits a maximum value of 907 Oe at x=0.83, and

then decreases at x=1. The maximum Hc (907 Oe) in the present study is superior to

that in Co-C nanogaranular films (370 Oe) in Ref. [15], and inferior to those in CoPt-C
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Figure 6.8: (a) Ms and (b) Hc for the Ni1−xCox-C nanogranular thin films plotted as a
function of x. The solid curves are drawn to guide the eyes. Note here that, as x increases,
Hc first increases up to 907 Oe and then decreases.

nanogranular films (1500 Oe) in Ref. [16] and CoCrPt-C nanogranular films (10 kOe) in

Ref [17].

In a bulk Ni1−xCox alloy crystal, bothMs and Hc continuously increase with x [2]. The

increase inHc of Ni1−xCox-C nanogranular thin films at x ranging from 0 to 0.83 is believed

to be due to alloying. At x=0.83, the further enhancement in theHc may be interpreted by

the transformation from the fcc to hcp phase because the magnetocrystalline anisotropy

of hcp-Ni1−xCox alloy nanoparticles should be larger than that of fcc-Ni1−xCox [18]. The

drop in the Hc at x=1, however, cannot be explained in the framework of the phase

transition. Therefore, the magnetic properties in this system are not governed by the

crystalline anisotropy. We should recall here that present TEM studies revealed that the

width of the size distribution of the nanoparticles is large at x=1 [Fig. 6.6(d)]. The Co-C

nanogranular thin film contains extremely large particles above 10 nm in diameter. The

existence of the large particles is believed to cause the drop in Hc at x=1.

It is well known that for fine particles the coercivity depends striking on the size [19].
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Figure 6.9: Variation of intrinsic coercivity Hci with particle diameter D (schematic) [19].
The critical diameters for single-domain and superparamagnetic are denoted by Ds and
Dp, respectively.

Here we consider an isolated spherical magnetic fine particle having a diameter of d. The

particle with large d becomes multi-domain; the magnetization of the particle changes by

domain wall motion. The size dependence of the coercivity Hc for the particle in this size

range is experimentally found to be given approximately by

Hc = a+
b

d
, (6.1)

where a and b are constants. In this range, Hc increases with decreasing d as shown

schematically in Fig. 6.9.

The decrease in d is accompanied by a decrease in the width of the magnetic domain

(w) as described in the following [4]. The domain wall energy Uw in the particle is roughly

estimated as

Uw = γ × πr2 × 2r

w
, (6.2)

where γ is the surface energy of domain wall, r is the radius of thy particles (= d/2). On

the other hands, the magnetostatic energy Um of the particle follows

Um =
I2
s

6µ0
× 4

3
πr3 × w

2r
, (6.3)

where Is is the spontaneous magnetization, and µ0 is the permeability of vacuum. The

total energy U is thus provided by

U = Uw + Um =
2πγr3

w
+

πI2
s r2

9µ0

w. (6.4)
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The minimum of the U is given from the first derivative of Eq. (6.4) as follows

∂U

∂w
= −2πγr3

w2
+

πI2
s r2

9µ0

= 0. (6.5)

We thus obtain the following expression for a domain wall width w

w =

√
18γµ0r

I2
s

=

√
9γµ0d

I2
s

∝
√

d. (6.6)

Equation (6.6) indicates that the domain wall width w decreases more slowly than the

particle diameter d. As a results, below a critical diameter ds, the domain wall width w

is equal to d; the particle becomes singe-domain. The ds is thus derived from Eq. (6.6)

in the condition of w = ds as follows

ds =
9γµ0

I2
s

. (6.7)

As the particle size decreases below ds, the coercivity Hc decreases, because of thermal

effects, according to

Hc = g − h

d3/2
, (6.8)

where g and h are constants. Consequently, the coercivity exhibits a maximum at ds

as shown in Fig. 6.9. As the d decreases further, the coercivity is zero below a critical

diameter dp, again because of thermal effects, which are now strong enough to spon-

taneously demagnetize a previously saturated assembly of particles. Such particles are

called ”superparamagnetic”. The description in the above are based on the ”ideal” iso-

lated spherical magnetic particles. For the particles with magnetostatic interaction, the

decrease in the magnetostatic energy Um brings about a increase in the value of critical

size ds. For hcp-Co, the calculated ds is above 40 nm [20].

As mentioned in the above, the transformation from the single-domain to multi-domain

state gives the maximum in the coercivity at a critical diameter ds. This is one of the pos-

sible explanations for the drop in Hc at x=1. However, taking into account the calculated

ds of hcp-Co nanoparticles (> 40 nm), almost all the particles in the Co-C nanogranular

thin film are thought to be in the single-domain state. The decrease in the Hc due to the

transformation into multi-domain particles is thus unlikely.

An alternative possible explanation is the surface effects which appreciably influence

the magnetic properties of nanoparticles. Chen et al. [21] reported that the surface

anisotropy dominates in the coercivity of iron-group metal alloy nanoparticles with fcc

structure. They showed that, considering an assembly of spherical, random and nonin-

teracting single-domain particles (diameter d) with surface anisotropy constant Ks, the

coercivity is given by

Hc =
5.76Ks

Msd


1−

(
25kT

Ksπd2

)1.155

 , (6.9)
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where k and T are the Boltzmann constant and the temperature, respectively. When d is

larger than dp = (25kT/πKs)
1/2 (the upper particle diameter limit of superparamagnetic

behavior), the last term in Eq. (6.9) can be neglected and the coercivity is thus propor-

tional to the inverse of d, i.e., Hc ∝ 1/d. For the sample with x=1, dave is 9.5 nm, which

is larger than the dp reported for hcp-Co (about 7 nm) [20]. Therefore, the decrease in

Hc at x=1 can be explained by the formation of the large particles, for which the surface

anisotropy is a dominant factor determining the magnetic coercivity.

6.4 Conclusion

Ni1−xCox filled carbon nanocapsule thin films (Ni1−xCox-C nanogranular thin films) have

been successfully prepared by a co-sputtering method together with post-annealing. TEM

observation showed nanoparticles with a small mean diameter and narrow size distribution

in the film. From TEM and Raman studies, it was found that the formation temperature

of the carbon nanocapsule thin films increases with x, mainly owing to the increase in

the decomposition temperature of the carbide. The higher formation temperature causes

the larger mean diameter and wider size distribution of the nanoparticles. Particularly

at x=1 (Co-C nanogranular thin film), an existence of extremely large particles above 10

nm in diameter can be observed.

The magnetic properties of the nanogranular thin films were also studied. With in-

creasing x, the coercivity of the carbon nanocapsule thin film increases, exhibits a max-

imum value of 907 Oe at x=0.83 and then decreases at x=1. The increase with x can

be explained within the framework of the alloy formation. On the other hand, taking

into consideration the surface anisotropy effect, the existence of extremely large Co par-

ticles is thought to result in a decrease in the coercivity of Co-C nanogranular thin films.

Present results allow us to conclude that the magnetic properties of the magnetic alloy

nanogranular thin films can be improved by optimizing the alloy ratio. Moreover, the

controllability of the size distribution as well as the particle diameter is important for

realizing the tailored nanogranular thin films with a high coercivity.
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Chapter 7

Concluding Remarks of This Thesis

In this thesis, the author has studied the formation and physical properties of novel car-

bonaceous nano-materials. The present study has given deeper insights into the structural,

electronic and optical properties of carbon onions, and into the formation mechanism and

magnetic properties of carbon nanocapsule systems. The followings are the concluding

remarks of the present study.

In Chapter 2, the structure and electronic states of carbon onions prepare form dia-

mond nanoparticles were investigated. High-resolution transmission electron microscopic

(HRTEM) observation demonstrated that diamond nanoparticles are transformed into

spherical carbon onions by the annealing at 1700 ◦C, and finally into polyhedral onions

with facets above 1900 ◦C. The transformation is brought about by the progress of graphi-

tization with increasing the annealing temperatures. HRTEM and Raman studies sug-

gested that spherical onions are composed of graphitic sp2 network. Electron energy-loss

spectrum in plasmon-loss region indeed indicated the presence of π electrons, which are

induced by the sp2 network. On the other hands, core-loss spectrum in carbon K-edge

region revealed that spherical onions contain a number of sp3 bonds. In addition, electron

spin resonance (ESR) studies for the spherical onions indicated the presence of dangling

bonds associated with structural defects and the absence of conduction electron spins due

to π electrons. These results allow us to suggest a precise structural model of spherical

onions; the spherical onion consists of small domains of graphitic sp2 sheets with dangling

bond defects in the peripheries, which are induced by sp3 bridge-like bondings between

the adjacent sheets. π electrons in spherical onions are thus localized in the small domains

and do not act as conduction electrons. On the other hand, for polyhedral onions, ESR

spectra showed the generation of conduction electrons, suggesting that further graphitiza-

tion decreases the number of dangling bonds in the onions and leads to the delocalization

of π electrons. The experimental results in this chapter strongly suggest that the structure

of spherical carbon onions is far from perfectly closed graphitic shells and the sphericity
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is attributed to imperfect sp2 graphitic shells with a number of defects such as sp3-like

dangling bonds (a defective spherical onion model). The hybrid sp2-sp3 structures of

spherical onions realize their intriguing electronic properties.

In Chapter 3, we focused on the structure of the onions and monitored the transforma-

tion of diamond nanoparticles by heat treatment up to 2000 ◦C using synchrotron x-ray

diffraction (XRD). Precise measurements have been made on initial diamond nanopar-

ticles and three heat-treated samples (1400 ◦C, 1700 ◦C, and 2000 ◦C) using a high

intensity beam from a synchrotron radiation source. The results demonstrate a sequence

of changes which correlate well with TEM studies on same samples and involve a trans-

formation from a sp3 to sp2-type bonding configuration. At 1400 ◦C, there is an initial

development of a graphitic outer coat on the diamond nanoparticles which then becomes

transformed into a carbon onion with a spherical shell surrounding a diamond core at

1700 ◦C. At higher temperatures of 2000 ◦C, the diamond core disappeared and the outer

layers develop a facetted graphitic structure. The estimated interlayer distance for the

onions is larger than the bulk graphite value. These results are in good agreement with

other studies based on Raman, ESR, and electron energy-loss measurements, suggesting

the defective spherical onion model. Due to the broad nature of the peaks and limited

k-range in the preset experiment, the detailed atomic arrangement of the carbon onions

cannot be deduced unfortunately from the present measurements but further work using

pulsed neutron measurements could throw some light on this issue.

In Chapter 4, optical extinction properties of the carbon onions were studied. Exper-

imental extinction spectra of the spherical and polyhedral onions prepared from diamond

nanoparticles were acquired by UV-Vis. optical transmission spectroscopy. In order to

interpret the experimental results, we also carried out theoretical considerations for the

extinction properties of the onions. Experimental spectra for spherical onions shows

an extinction peak around at 3.9 µm−1. By considering the aggregate of the defective

spherical onions, theoretical calculations can explain well the experimental results. For

polyhedral onions, experimental spectrum exhibits two peaks at 3.9 and 4.6 µm−1. The

spectrum with double peaks can be reproduced successfully by assuming the aggregate of

polyhedral onions as that of anisotropic graphite ellipsoids. Furthermore, we address the

contribution of the onions to the interstellar extinction bump at 4.6 µm−1. The theoretical

simulation by our defective spherical onion model permits us to suggest that the defective

spherical onion, which are prepared in the present studies, is a strong candidate for the

carbonaceous interstellar dust giving rise to the absorption bump at 4.6 µm−1. The result

implies that the interstellar dust particles might be duplicated by the defective onions in

laboratory, thus opening the way to address experimentally to another open questions in

the astronomy and astrophysics, such as unidentified infrared emission bands.
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In Chapter 5, we developed a new preparation method of magnetic-metal filled car-

bon nanocapsules via solid state reaction, and studied their formation mechanism by

in-situ TEM, XRD and Raman spectroscopy. The method was just to anneal the mix-

ture of magnetic-metal (Co, Ni, and Fe) and diamond nanoparticles. For Co samples,

surface-oxidized β-Co nanoparticles about 30 nm in diameter were surrounded by dia-

mond nanoparticles about 5 nm in diameter in the initial mixture of Co and diamond

nanoparticles. Raman studies showed that the reduction of Co3O4 to metallic Co at about

600 ◦C is accompanied by the drastic progress of graphitization of diamond nanoparti-

cles, suggesting that diamond nanoparticles being in contact with the metallic Co are

transformed to the graphitic coating layers. In-situ TEM experiments showed that the

graphitic coating is formed not on cooling but on heating process. Moreover, once the

coating was formed, the number of the graphitic layers was almost constant on further

heating and cooling. These results allow us to conclude that metallic Co simply acts

as templates for the formation of the graphitic coating (a metal-template graphitization

mechanism) instead of dissolution-precipitation mechanism that is proposed in the vapor

phase formation. The template mechanism make it possible to form size-controlled filled

nanocapsules with very thin graphitic coating as shown in the present study.

In Chapter 6, Ni1−xCox filled carbon nanocapsule thin films (Ni1−xCox-C nanogran-

ular thin films) were successfully fabricated by a co-sputtering method together with

post-annealing. TEM observation showed nanoparticles with a small mean diameter and

narrow size distribution in the film. From TEM and Raman studies, it was found that

the formation temperature of the carbon nanocapsule thin films increases with alloy ratio

x, mainly owing to the increase in the decomposition temperature of the carbide. The

higher formation temperature causes the larger mean diameter and wider size distribution

of the nanoparticles. Particularly at x=1 (Co-C nanogranular thin film), the existence of

extremely large particles above 10 nm in diameter were observed. The magnetic proper-

ties of the nanogranular thin films were also studied. With increasing x, the coercivity

of the carbon nanocapsule thin film increased, exhibited a maximum value of 907 Oe at

x=0.83 and then decreased at x=1. The increase with x can be explained within the

framework of the alloy formation. On the other hand, taking into consideration the sur-

face anisotropy effect, the existence of extremely large Co particles is thought to result

in a decrease in the coercivity of Co filled carbon nanocapsule thin films. Present results

clearly showed that the magnetic properties of the magnetic alloy filled nanocapsule thin

films can be improved by optimizing the alloy ratio. Moreover, the controllability of the

size distribution as well as the particle diameter is important for realizing the tailored

carbon nanocapsule thin films with a high coercivity.
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