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Resumo

Este trabalho apresenta a aplicacao da espectroscopia Raman no estudo e caracterizagao
de nanografites. Mostramos aqui o primeiro experimento onde fitas de nanografite foram
detectadas sobre um substrato de grafite pirolitico altamente orientado através de espec-
troscopia Raman. Encontramos uma maneira de diferenciar os sinais Raman provenientes
da fita e do substrato, sendo o sinal obtido da fita de mesma ordem de magnitude daquele
obtido do substrato, apesar de a quantidade de atomos de carbono iluminados pelo laser
ser muito menor (~1/1000). Os resultados mostram que estas estruturas apresentam
singularidades de van Hove na densidade de estados eletronicos devido ao confinamento
quantico proveniente de sua estrutura 1D. Em outro experimento, utilizamos o espal-
hamento micro-Raman para determinar o arranjo cristalino dos atomos de carbono nas
proximidades de uma borda de grafite. A borda de um plano semi-infinito pode ser con-
siderada como um defeito uni-dimensional, acarretando em um processo nao usual de
espalhamento Raman induzido por defeito, que é seletivo a estrutura da borda. Neste
caso, o espalhamento Raman pode ser utilizado para definir a orientagao dos hexagonos
de carbono em relacao as bordas do plano de grafite, em configuragoes chamadas de arm-
chair (cadeira de brago) e zigzag. Estes foram os primeiros experimentos nos quais foi
detectada a anisotropia na absorso¢ao éptica no grafite, confirmando as previsoes tedricas.
Apresentamos também um estudo sistematico da razao entre as intensidades integradas
da banda induzida pela desordem D e da banda permitida em primeira ordem G (Ip/Is),
em amostras de nanografite com diferentes tamanhos de cristalitos, no qual as amostras
foram excitadas com linhas de laser de diferentes energias (comprimentos de onda). Os
tamanhos de cristalito L, das amostras foram obtidos através de difracao de raios x
utilizando radiacao sincrotron e também por observacao direta através de imagens de mi-
croscopia de varredura por tunelamento de elétrons. Baseando-se na comparagao entre os
resultados obtidos, estabelecemos uma equacgao que permite medir o tamanho do cristal-
ito L, através de espalhamento Raman utilizando qualquer energia de laser na faixa do
visivel. Além disso, medimos as intensidades absolutas de espalhamento Raman para as
principais bandas presentes nos espectros Raman de nanografites, obtendo a dependéncia

da intensidade absoluta de cada banda com a energia do laser e o tamanho de cristalito.

xi



Abstract

This work presents the application of the Raman spectroscopy to the study and charac-
terization of nanographite systems. We report the first detection of nanographite ribbons
on a highly oriented pyrolytic graphite substrate by Raman spectroscopy. We found a
way to differentiate the Raman signal of the ribbon from that of the substrate, the Raman
signal of the ribbon having the same order of magnitude as the one from the substrate,
despite the much smaller number of illuminated carbon atoms (~1/1000). The results
indicate that these structures present van Hove singularities in the electronic density of
states due to quantum confinement into their 1D structure. In another experiment, we
use micro-Raman scattering to determine the arrangement of carbon atoms in a graphite
edge. The edge of a semi-infinite plane can be considered as a one-dimensional defect,
leading to unusual defect-induced Raman scattering that turns out to be structurally se-
lective. In this case, Raman scattering can be used to define the orientation of the carbon
hexagons with respect to the edge of a graphite plane, in the so called armchair and
zigzag arrangements. These two experiments involve the first detection of the anisotropy
in the optical absorption of graphite, giving strong support to previous theoretical predic-
tions. We also present a systematic study of the ratio between the integrated intensities
of the disorder-induced D band and the first-order allowed G band (Ip/Is) in the Raman
spectra of nanographite samples with different in-plane crystallite sizes (L,) and using dif-
ferent excitation laser energies (wavelengths). The crystallite size L, of the nanographite
samples were obtained both by X-ray diffraction using synchrotron radiation and directly
from scanning tunneling microscopy images. A general equation for the determination
of L, using any laser energy in the visible range is obtained. Moreover, we performed
measurements of the absolute intensities of individual features in the Raman spectra of
nanographites, showing the dependence of these features on the excitation laser energy

and crystallite size.
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Chapter 1

Introduction

The crystalline graphite is formed by a stacking of sheets which are composed of a hexag-
onal array of strongly bonded carbon atoms. The sheets are weakly connected to each
other by van der Waals interactions. Due to this special geometry, the crystalline graphite
has a strong anisotropy [1]. The physical properties within the sheets differ drastically
from those in the perpendicular direction (along the ¢ axis). The 7 electrons delocalized
across the basal planes are the precursors of electrical conductivity. Therefore, graphite
is a much better electrical conductor along the basal planes than along the ¢ axis. Similar
characteristics are found for elastic and thermal properties, since acoustic phonons prop-
agate very quickly along the planes, but are slower to travel from one plane to another.
Moreover, crystalline graphite exhibits the largest diamagnetic susceptibility of any solid

at room temperature, being more diamagnetic along the ¢ axis than in the basal plane.

Since the atoms are strongly bonded within the sheets, but the force between two layers
is weak, the layers can slip easily over each other. Therefore, graphite is used as a dry
lubricant, pencil, or standard material for scanning probe microscopy, since its cleavage
is easy and atomically perfect. However, when a large number of structural defects are
introduced, graphite can become a very hard material. In its synthetic forms, pyrolytic
graphite and carbon fibers are extremely strong and heat-resistant (to 3000°C) materials,
being applied in ultra-resistant materials for jets and missiles, high temperature reactors,
firestops, electric motor brushes, electrodes in arc discharge machines, reinforced plas-
tics, etc. In the biomedical area, because blood clots do not form easily on graphite,
blood-contacting prosthesis are made by graphitic materials in order to reduce the risk of

thrombosis. For example, pyrolytic graphite is used in the fabrication of artificial hearts



and prosthetic heart valves.

Due to this wide range of applications in industry, graphite has been largely studied
by researchers in the material science area during the last sixty years. Moreover, it
became especially important in the last decade, when its basic properties where extensively
investigated for understanding the physics behind new graphitic systems, such as carbon
nanotubes and fullerenes [2, 3]. Moreover, with the report of new experiments detecting
a quantum Hall effect [4], and the massless and relativistic properties of the conductive
electrons in a single graphene layer [5, 6], graphite itself became a strong candidate to be

applied in the development of the nano-electronic technology.

Raman spectroscopy is used currently and for the last decades to investigate and char-
acterize graphite samples. The intensity of the features present in the Raman spectrum
of nanographite systems are known to be strongly dependent on the structural (defect-
related) properties. The ratio between the D (~1350cm™!) and G (~1580cm™!) band
intensities is used to evaluate the crystallite size L, of nano-structured carbon systems,
or the degree of disorder in disordered carbon [7, 8]. Raman spectroscopy is also used to
measure the order occurring along the ¢ axis, since the second order of the D band, the G’
band (~ 2700 cm™!) is very sensitive to the degree of graphitization of the samples [9, 10].
These properties makes Raman spectroscopy one of the main tools for the structural char-
acterization of nano-graphitic systems, where the crystalline edges act as defects. Despite
the large amount of works concerning the topic, Raman spectroscopy in graphite is such
a rich subject that it remains as a fashionable theme in the material science area. Within
the new context, where nano-graphite devices started to be made [4, 5, 6], Raman spec-
troscopy will surely play an important role in their structural investigation. Moreover, the
application of Raman spectroscopy in this area should advance with the development of
new techniques, such as tip enhanced Raman near-field spectroscopy, which can analyze

the spacial extent of structural properties of graphitic materials on a nanometric scale
[11].

This thesis presents a study of our advances in the Raman spectroscopy of nanographites.
In Chapter 2, the symmetry of phonons and 7 electrons in graphite is presented. Chapter 3
presents the basis for the theory of Raman scattering in crystals, treating the macroscopic
and microscopic approaches separately, and emphasizing the origin of selection rules and

resonance effects. Chapter 4 shows a detailed explanation of the spectrometer setup used



in this work, followed by an analysis of the main parts, with special considerations for
the measurement process. We devote Chapter 5 for a summary of the history of the
Raman spectroscopy in graphite, followed by an overview of the double-resonance Raman

scattering process.

In Chapter 6, we show the experimental observation of the Raman spectra of nanographite
ribbons on a highly oriented pyrolytic graphite (HOPG) substrate. The Raman peaks of
the nanographite ribbon and the HOPG are split due to different thermal expansions of
the ribbon and the substrate. The Raman signal from a nanographite ribbon is as intense
as that of the HOPG substrate and the ribbon spectrum has a strong dependence on the
light polarization. In order to explain these results, we present a model that takes into
account the quantum confinement of the electrons in the 1D structure of nanographite

ribbons and the anisotropy in the light absorption in 2D graphite.

Chapter 7 contains a detailed study of graphite edges with different atomic structures,
combining the use of Raman spectroscopy and scanning probe microscopy. This one-
dimensional defect selects the direction of the electron and phonon associated with the
disorder-induced Raman process, causing a dependence of the Raman D band intensity on
the atomic structure of the edge (strong for armchair and weak for zigzag edge). This work
represents an effort to improve the understanding of the influence of the defect structure
on the Raman spectra of graphite-like systems, which may be very useful to characterize
defects in nanographite-based devices, and also shows evidence for the anisotropy in the

optical absorption in graphite.

In Chapter 8, a systematic study of the Raman spectra obtained from nanographite
samples with different crystallite sizes L,, and also different crystallite thicknesses L., are
presented. By comparing the changes in the Raman data with the structural information
obtained by X-ray diffraction and STM, we determine a set of equations which allows us to
quantify the parameters L, and L. of nanographites by Raman spectroscopy. The study
takes into account the influence of the excitation laser energy on the Raman response to
the structural changes of the samples, and the relations proposed are valid for experiments

using any excitation laser line in the visible range.

In Chapter 9, we report a study of Raman scattering in nanographite samples with dif-
ferent graphitization degrees. It will be shown that the changing in the G’ band from a

one-peak to a two-peak profile allow us to distinguish the relative scattering intensities



from the 3D and 2D graphitic phases coexisting in the same sample, giving the information
about their relative volumes. The comparison between the Raman scattering and X-Ray
diffraction data shows that the out-of plane lattice parameter ¢, and also the crystallite
thickness L., can be determined from the ratio between the G’ band scattering intensities

obtained from the 2D and 3D graphite phases.

In Chapter 10, an experimental study of the absolute Raman cross section of the main
features in the Raman spectrum of nanographite samples with different crystallite sizes
L,, and using different values of excitation laser energies (in the visible range) is presented.
The Raman data obtained reveal the dependence of the absolute intensities Gp and (g
on the crystallite size and excitation laser energy FE; for nanographites, showing that the
dependence of the ratio Ip/Ig on E; reported in Chapter 8 is caused by a deviation of
the D band intensity from the w*-dependence predicted by the Raman scattering theory.
An analysis of the dependence on the full width at half maximum (I") of the D, G, D,
and G’ bands on the crystallite size L, of nanographites is performed, showing that the

phonon lifetime is proportional to the crystallite size.

It will be great if our work encourages students and researchers to join the investigation
of Raman spectrum of nanographites, hoping that this manuscript can be useful for their

purposes.
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Chapter 2

Symmetry of Phonons and =
Electrons in Graphite

In this Chapter, the symmetry properties of phonons and 7 electrons in graphite will
be presented. The two- and three-dimensional graphite lattices are treated separately in
sections 2.1 and 2.2, respectively. This Chapter will be an important reference throughout
the text, since it presents crucial information necessary for the analysis of selection rules

in the Raman scattering process in graphite.

2.1 2D Graphite

2.1.1 Symmetry of the 2D Graphite lattice

The two-dimensional (2D) graphite is a graphene sheet composed of a hexagonal array
of strongly bonded carbon atoms by covalent forces between o electrons [1]. It belongs
the symmorphic space group D§, according to Schoenflies notation, or P6/mmm in the

Hermann-Mauguin notation [12].

Figure 2.1(a) shows the 2D graphite lattice, where @; and @, are the primitive vectors. In

the cartesian system, the primitive vectors are written as [12]:
— a A A~
@ = (\/ga: +y) , and (2.1)

W= (—v3i+3) . (2.2)



where a is the lattice parameter. Although the lattice parameter of the 2D graphite lattice
has not been measured yet, its value has been considered the same as the in plane lattice

parameter of the 3D graphite lattice, which is a = 2.46 A [1].

L.
k.

(a) (b)

Figure 2.1: (a): 2D graphite lattice. (b): First Brillouin zone of the 2D graphite lattice.

The solid lines in Figure 2.1(a) connect the two distinct groups of equivalent atoms ( solid
and open circles respectively ), and the dashed lines delimit the unit cell which is formed by
two inequivalent carbon atoms, denoted 1 and 2. In the cartesian system, the coordinates

of the atoms 1 and 2, respectively, are [12]:

y , and (2.3)

Y (2.4)

where the origin of the vectors w; and w, is centered at the O point in Figure 2.1(a).

Figure 2.1(b) shows the first Brillouin zone of the 2D graphite. The symbols indicate the
symmetry lines and points. The primitive vectors of the reciprocal lattice, 51 and 52, can

be obtained evaluating the relation:
ngj = 27T5ij s (25)

where 7,7 = 1,2 label the primitive vectors of the direct and reciprocal lattices, respec-
tively, and d;; is a Kronecker delta. Therefore, by applying equation 2.5 for the primitive

vectors given in equations 2.1 and 2.2 we obtain:



ko + l%y> , and (2.6)

L9 3. .
bgz-j:<—%;kx+k@> . (2.7)

a

Table 2.1 shows the coordinates of inequivalent points inside of the first Brillouin zone of

2D graphite.

Table 2.1: Coordinates of inequivalent points inside of the first Brillouin zone of 2D
graphite.

Point Coordinate

r (0,0,0)

)y (5.0,0) ; 0<h<Zf
M (%,o,o)
(. 20) 0 0<m<¥
K (0,3.0)

T (0,2,0) ; O0<v<%
u (¢ %.0)

2.1.2 Phonons in 2D graphite

In this section, the symmetry properties of the lattice vibrations for all points in the first
Brillouin zone of 2D graphite will be presented. The procedures necessary to obtain the
results presented in this section are detailed in Appendix A, where the group theory for

2D graphite is developed.

As discussed before, there are two atoms in the 2D graphite unit cell [see Figure 2.1(a)].
Therefore, the phonon dispersion diagram for 2D graphite is composed of three acoustic
branches and three optic branches. The lattice vibration representation at the I' point
can be decomposed in the irreducible representations of the P6/mmm group as follows

(see Table A.3 in Appendix A):

M’ =rfelrfel,al; . (2.8)



These irreducible representations can be separated in two distinct groups. The lattice

vibration representation of the acoustic modes

| IV e (2.9)

acoustic

and the lattice vibration representation of the optic modes

vy =Tferf. (2.10)

optic

Among the two irreducible representations of the optic modes, one is Raman active (T'g ),

and one is silent (T'J ). The information above is depicted in Table 2.2.

Figure 2.2 shows the phonon dispersion curves for the high symmetry points and lines in
the first Brillouin zone of 2D graphite, obtained by ab initio calculations [13]. Table 2.2
shows the symmetry assignment of the normal modes at the I' point for each branch of
the phonon dispersion curve depicted in Figure 2.2. The last two columns of Table 2.2
show the phonon eigenvectors associated with each normal mode of vibration at the I

point.
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Figure 2.2: Phonon dispersion curves of 2D graphite for the high symmetry points and
lines in the first Brillouin zone (data provided by Ge. G. Samsomidze).

Table 2.3 shows the irreducible representations associated with the lattice vibrations for all



Table 2.2: Lattice vibrations at I' point.

Mode‘Mode‘wr (cmfl)‘Branch‘ Type ‘ Direction ‘Basis Function|Optical Status‘ 1 ‘ 2
Fg(x) Eﬁi) 0 iLA | acoustic | in plane (z) x (1,0,0)| (1,0,0)
r; ¥ gW 0 iTA | acoustic | in plane (y) Yy (0,1,0)| (0,1,0)
Iy | Asy 0 oTA | acoustic | out of plane z (0,0,1)| (0,0,1)
Ty ES) | 1580 | iLO | optic | in plane (z) | (2% —y?, zy) Raman  |(1,0,0)|(—1,0,0)
Fg(y) Eéz) 1580 iTO | optic |in plane (y) | (2% — 2, zy) Raman (0,1,0)[(0,—1,0)
IS | By, 890 oTO | optic |out of plane silent (0,0,1)((0,0,—1)

points in the first Brillouin zone of 2D graphite (see Tables A.3 to A.8, and also the details
to obtain the lattice vibration representations for points inside the first Brillouin zone in
Appendix A.) Table 2.4 shows the correlation between the irreducible representations of
the phonon branches along all points and lines in the first Brillouin zone of 2D graphite.

Such correlation was made by following the compatibility relations obtained from Tables
A.3 to A.8 in Appendix A.

Table 2.3: Irreducible representations associated with the lattice vibrations for all points
in the first Brillouin zone of 2D graphite.

point rLv
I'rolfel; ol
K&Ky ® K3 ® K
M & Mf & M; &My & My &My
23 D233 P 2>
" 2T Ty, 2T Ty
dut @ 2u~

:’@MZNﬁ

2.1.3 7w electrons in 2D graphite

In the ground state, the carbon atom presents the electronic configuration 1s22s22p?. The
most internal electrons 1s are the core electrons, with energy —270eV. The four electrons
remaining are the valence electrons. The energies of the 2s and 2p levels are — 13 eV and

—5eV, respectively, relative to the Fermi level.
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Table 2.4: Symmetry of the phonon branches along all points and lines in the first Brillouin
zone of 2D graphite.

Branch| T ) M | T| K | T u
iLA | TF |2 [ My [T | Ky [ 1| wt
iTA | d | s My | K | T | ot
OTA | Ty | Sy | My | T | Ko | Ty | u
iLO Te | X3 | My | T5 | Ky | T3 | u"
iTo | oo | % | Ml T K| T | wt
oTO | TF | = | My | 1| Ks | 1o | w

The natural carbon solid can be found in nature in two basic allotropic forms: graphite
and diamond. The bonds between the atoms are different for these two forms. In diamond,
the atomic bonds are provided by the hybridization sp? of the atomic orbitals ( four bonds
forming an angle of 109.5° with each other). In graphite, the hybridization sp? of the

atomic orbitals form a sheet of carbon atoms bonded by covalent forces forming an angle
of 120° with each other.

The 2s electrons have a wave function with spherical symmetry 1,. The 2p electrons
have the eigenfunctions ¢§i), ¢§§? and Q/Jé;). In the sp? hybridization, the eigenfunctions
Vs, ¢§f,), and w%l,) are hybridized and form three bonds with the neighboring atoms by the
o orbitals (see Figure 2.3). The fourth wavefunction wéz) will generate the m non-hybrid
orbitals [14].

Figure 2.3: Electronic orbitals in 2D graphite.

Since there are two atoms in the 2D graphite unit cell, the band diagram for 7 electrons

is composed of the valence and conduction bands, 7 and 7*, respectively. An analytical

11



expression for the dispersion curves of 7 electrons in 2D graphite can be obtained by the

first neighbor tight-binding method, and the result is [2]:

—

oW (

o )
k) = 1FsW(k)

(2.11)

where,

- 1 1
W(k) = |1+ 4cos (?kﬂL) Ccos <§k’ya) + 4cos? (Ekya) : (2.12)

The tight-binding parameters v, and s are the transfer and overlap integrals, respec-
tively. Their values can be obtained by first principles calculations, and the results are

70 =3.033¢eV, and s=0.129 [2].

20

E (eV)

K r M K

Figure 2.4: 7 electron dispersion curves for the high symmetry points and lines of the
first Brillouin zone of 2D graphite, obtained by evaluating equation 2.11.

Figure 2.4 shows the 7 electron dispersion curves for the high symmetry points and lines
in the first Brillouin zone of 2D graphite, obtained by evaluating equation 2.11. The
upper curve refers to the energy dispersion of the conduction electrons (7*), and the
lower curve refers to the energy dispersion of the valence electrons (7). We can observe
in Figure 2.4 that the dispersion curves touch each other only at the K (and K’) point.
There are two 7 electrons per unit cell, and these two electrons fulfill the valence band.
The density of states at the Fermi level is null (at T=0K), and the 7* band is empty.

This configuration gives to 2D graphite a zero gap semiconductor character [2].

12
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For points sufficiently near the K point, the W (k) has a linear dependence in k, where k

is measured from the K point, which can be written as [2]:

3
W (k) = g ka4 .. ka<l. (2.13)
By inserting the expansion 2.13 in equation 2.11, and taking the parameter s =0, we
obtain:

E(k)=+ ?m)ak : (2.14)

An alternative way of writing equation 2.14 is obtained by defining the Fermi velocity as

vr = V/3v0a/2h, where h is given in eV-s units (A=6.58 x 107'eV-s). Then we have:
E(k) = £hopk (2.15)

with vp ~9.8 x 10" A /s. Equation 2.14 is very useful for the study of optical phenomena

in graphite, since the optical transitions occur near the K point.

Table 2.5 shows the 7 electrons irreducible representations for all points in the first Bril-
louin zone of 2D graphite. Table 2.6 shows the symmetry of the 7 electron bands inside
the first Brillouin zone of 2D graphite. The assignment at the I' point was made accord-
ing to reference [15]. The symmetries of the other points and lines were determined by

following the compatibility relations obtained from Tables A.3 to A.8 (Appendix A).

Table 2.5: 7 electrons irreducible representations for all points in the first Brillouin zone
of 2D graphite.

point rr
Ifel;
Ke
M@ My
2>y
N Ty T,
2u~

S’H\MZN’ﬂ
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Table 2.6: Symmetry of the 7 electron bands inside the first Brillouin zone of 2D graphite.

Band| T )y M |T| K| T| u
* FI 24 M; T2/ K@ T2 u -
s F2_ > MZ_ Ti K¢ T, (7

2.2 3D Graphite

2.2.1 Symmetry of the 3D Graphite lattice

The three-dimensional (3D) crystalline graphite (or bulk graphite) is formed by a stack-
ing of graphene sheets. The sheets are weakly bonded to each other by van der Waals
interactions [1]. The stacking is called by ABABAB..., where A and B refer to two
families of planes shifted to each other [see Figure 2.5(a)]. The 3D graphite belongs the
space group number D¢, in accordance with the Schoenflies notation, or P63/mmec in the

Hermann-Mauguin notation [12].

Figure 2.5: (a): 3D graphite lattice. (b): Top view of the 3D graphite lattice.

Figure 2.5(a) shows the 3D graphite lattice, where @y, dy, and @3 are the primitive vec-
tors. The vectors a; and dy are equivalent in modulus, the lattice parameter measuring

a=2.46 A [1]. The @3 vector has modulus ¢=6.71 A [1]. In the cartesian system [Figure

14



2.5(a) ], the primitive vectors are written as [12]:

= (V3i+3) . (2.16)

—

a9 =

(—\/§£+:&) : (2.17)

iy =c? . (2.18)

a
2

Figure 2.5(b) shows the top view of the 3D graphite lattice. The solid lines connect two
inequivalent groups of atoms (solid and open circles, respectively) belonging to the A
planes. The dashed lines connect two inequivalent groups of atoms (dark and gray circles

respectively) belonging to the B planes.

() (b)
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Figure 2.6: (a): Unit cell of the 3D graphite lattice, which is formed by four inequivalent
carbon atoms denoted by 1, 2, 3, and 4 respectively. (b): Top view of the unit cell of
the 3D graphite lattice.

Figure 2.6(a) shows the unit cell of the 3D graphite lattice, which is formed by four
inequivalent carbon atoms denoted as 1, 2, 3, and 4, respectively. Observe that atoms
1 and 3 correspond to the dark and white atoms forming the A planes in Figure 2.5,
respectively, and atoms 2 and 4 correspond to the dark and gray atoms forming the B
plane in Figure 2.5, respectively. In the cartesian system, the coordinates of the 1, 2, 3,

and 4 atoms are written, respectively, as [12]:

3
W= 5 (2.19)
4
- c
Wy = 2 (2.20)
N a A+aA+3cA (2.21)
Wy = ——= T+ — — Z )
3 2/3 29 4 9
a a c
by= ——— b= g2 2.22
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where the origin of the vectors ), ws, w3, and wy is centered at the O point in Figure
2.5(a). Figure 2.6(b) shows the top view of the unit cell of the 3D graphite lattice, for

reference.

Figure 2.7: (a): First Brillouin zone of the 3D graphite lattice. (b): Top view of the first
Brillouin zone of the 3D graphite, with the reciprocal vectors.

Figure 2.7(a) shows the first Brillouin zone of the 3D graphite lattice. The symbols
indicate all the symmetry planes, lines and points. The primitive vectors of the reciprocal

lattice 51, 62, and 53 can be obtained by evaluating equation 2.5, and using the relations

2.16, 2.17, and 2.18. The results are:

L9 A
by = — <£ o + ky> : (2.23)

a 3

- 927 V3 - .

b= = (—? o+ k:y> , (2.24)
- QT ~
by — %T i, (2.25)

Figure 2.7(b) shows the top view of the first Brillouin zone of the 3D graphite, with the
respective reciprocal vectors, for reference. Table 2.7 shows the coordinates of inequivalent

points inside the first Brillouin zone of 3D graphite.

2.2.2 Phonons in 3D graphite

We will present here the symmetry of the lattice vibrations for the points belonging to
the central horizontal plane (I'K M) in the first Brillouin zone of 3D graphite. As shown
in Figure 2.6, there are four atoms in the 3D graphite unit cell. Therefore, the phonon

dispersion diagram for 3D graphite is composed of three acoustic branches and nine optic

16



Table 2.7: Coordinates of inequivalent points inside the first Brillouin zone of 3D graphite.

Point Coordinate Point Coordinate
r (0,0,0) % (%,g,g)
Y (2,0,0) ; 0<h<3—j§§ H (0,%,7)
M (&.0.0 s (0,2, )
(&, 2.0) ; o<m<Z | A | (0,0, 2) ; 0<p<]
K (0, 4= 0) U <}_§02_,,>
T (0,2,0) ; O<v<i P (0, &, 2)
A (0,0,%) u (5.%.0)
R (5.0,%) u (5.%.%)
L (% .0.7) g (2,2, 2)

branches. The lattice vibration (LV') representation at the I' point can be decomposed
in the irreducible representations of the P63/mmc group, as follows (see Table A.13 in

Appendix A:
IV =orf @ 2rf @ 21, @ 215 . (2.26)

The lattice vibration representations of the acoustic modes are

rLy =Ty el , (2.27)

acoustic

and the lattice vibration representations of the optic modes are

Mk =oTf@olfol, ol; . (2.28)

optic

Two of the four irreducible representations of the optic modes are Raman active (2I'¢),

two are infrared active (I'; and I'y), and two are silent (2I'}) (see Table 2.8).

Figure 2.8 shows the phonon dispersion curves for the high symmetry points and lines
belonging to the central horizontal plane in the first Brillouin zone of 3D graphite, obtained
by ab-initio calculations [16]. Table 2.8 presents the symmetry of the normal modes at
the I' point for each branch of the phonon dispersion curve depicted in Figure 2.8. The

assignment is based on reference [17].

The last four columns of Table 2.8 show the phonons eigenvectors associated with each

normal mode of vibration at the I' point (see also Appendix A). Figure 2.9 shows the

17



normal modes of vibrations (phonon eigenvectors) at the I' point listed in Table 2.8, for

the four atoms inside of the unit cell of 3D graphite.
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1
oTA :
0 1
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Figure 2.8: Phonon dispersion curves of 3D graphite for the points belonging to the central
horizontal plane in the first Brillouin zone, obtained by ab-initio calculations in reference

16].

Table 2.8: Lattice vibrations at the I' point.

Mode‘Mode‘wp (cmfl)‘ Branch‘ Type ‘ Direction ‘Basis Function‘Optical Status‘ 2 3 4
r, e 0 iLA |acoustic| in plane (z) (1,0,0) | (1,0,0) | (1,0,0)
r; e 0 iTA |acoustic| in plane (y) (0,1,0) | (0,1,0) | (0,1,0)
Iy Aoy 0 oTA |acoustic| out of plane (0,0,1) | (0,0,1) | (0,0,1)
Fgl(z) Eég 42 iLOW | optic |in plane (x) Raman (-1,0,0)| (1,0,0) {(—1,0,0)
Fgl('w Eé?ﬁ 42 iTOM | optic | in plane (y) Raman (0,-1,0)| (0,1,0) |(0,—1,0)
1"2'1 Bay, 118 oTOM | optic |out of plane silent (0,0,-1){(0,0,—-1)| (0,0,1)
1"2_2 Azuy 879 oTO®@) | optic |out of plane infrared (0,0,1) {(0,0,—1){(0,0,-1)
Fj}; Bag, 885 oTO® | optic |out of plane silent (0,0,—-1)| (0,0,1) {(0,0,-1)
L™ e 1588 [iLO®) | optic | in plane (z) Raman (=1,0,0)|(—=1,0,0)| (1,0,0)
LW EY | 1588 [iTO® | optic | in plane (y) Raman (0,—1,0)[(0, —1,0)] (0,1,0)
0 P[ED | 1505 [iLO® | optic |in plane (z) infrared (1,0,0) |(=1,0,0)|(=1,0,0)
W EM | 1595 [iTO® | optic | in plane (y) infrared (0,1,0) |(0, —1,0)[(0, —1,0)

Table 2.9 shows the lattice vibration irreducible representations for all points belonging

to the central horizontal plane of the first Brillouin zone of 3D graphite (see also Tables



W,
X

Figure 2.9: Normal mode vibrations (phonon eigenvectors) at the I' point for the four
atoms inside of the unit cell of 3D graphite listed in Table 2.8.

A.13 to A.18 in Appendix A.) Table 2.10 shows the symmetry of the phonon branches
along all points and lines belonging to the 'K M plane in the first Brillouin zone of 3D

graphite. This table was made by following the compatibility relations obtained from
Tables A.13 to A.18 in Appendix A.

Table 2.9: Lattice vibration irreducible representations for all points and lines belonging
to the 'K M plane in the first Brillouin zone of 3D graphite.

point rev

oTF @ 2l @ 2T @ 25
K ® Ky D3Ks D Ky @ K5 @ K
2M; @ 2M5 @ 2MS @ 2My @ 2M5 & 2M,;
435 P 4X53 P 43,
" 477 & 215 P 415 b 2T
Su™ @ 4u~

c@mzxﬂ
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Table 2.10: Symmetry of the phonon branches along all points and lines belonging to the
'K M plane in the first Brillouin zone of 3D graphite.

Branch|| T by M T K T u
iLA || I, | % | My | T | Ky, | Ty | ut
iTA | T3 | S5 | My | Ty | Ks, | Ty | ut
oTA | Ty | % | My | T, | Ks | Ty | u

ILOW | T | 83 | My | T4 | Ks, | T3 | ut

iTOW || Tf | % | M | TY | K3, | Ty | ut

oTOW| Ty | %y | My | Ty | K¢ | To | u™

oTO®| Ty | %y | My | T, | K¢ | Ty | u”

oTO®| Tf | %y | M | T0 | Ky | Ty | u”

LO@ | e | S5 | My | Ty | Ks, | T3 | ut

iTO® || Tf | S | M | TY | Kb | Th | wt

iLO® | Iy | S | My | T | Ks, | Tt | ut
iTO® || Ty, | S5 | My | T4 | Ko | T3 | uw®

2.2.3 7 electrons in 3D graphite

The band diagram for 7 electrons is composed of four branches: two valence branches (74
and 7p), and two conduction branches (7% and 7}). Figure 2.10 shows the 7 electron
dispersion curves for the high symmetry points and lines belonging to the I' KM plane in
the first Brillouin zone of 3D graphite, obtained by the Fourier expansion model [18].

Table 2.11 shows the 7 electrons irreducible representations for all points belonging to
the KM plane in the first Brillouin zone of 3D graphite (see also Tables A.13 to A.18
in Appendix A ). Table 2.12 shows the symmetries of the 7 electrons along all points and
lines belonging to the I' K M plane. The assignments at the I' point was made according to
reference [15]. The correlation was made by following the compatibility relations obtained

from Tables A.13 to A.18 in Appendix A.
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Figure 2.10: the 7 electron dispersion curves for the high symmetry points and lines
belonging to the ' KM plane in the first Brillouin zone of 3D graphite, obtained by the
Fourier expansion model [18].

Table 2.11: 7 electron irreducible representations for all points belonging to the central
horizontal plane in the first Brillouin zone of 3D graphite.

point r
2U) @ 215
Ki® K5 @ Kg
2M3 @ 2My
4%,
NN 2T, @ 2Ty
du~

cﬁmzxﬁ

Table 2.12: Correlation of the 7 electron symmetries along all points and lines belonging
to the 'K M plane in the first Brillouin zone of 3D graphite.

Band | ' | ¥ | M | T | K| T | u
WE(B) FQ_ > MQ_ Ti Ky | T, |u™
7TZ<A) Fi_ > M3+ T2/ Keg | T5 |u™
T(B) FQ_ Y MZ_ Téi Keg | Ty |u™
T(A) Fi_ Y M;_ TQ/ K, | Ty |u™




Chapter 3

Raman Scattering theory

In this chapter we will show the basic concepts of the Raman scattering theory for crystals.
The chapter is divided into two parts, in which we show separately both the macroscopic
and the microscopic approaches. Although these two parts deal with the same phenom-
ena, they allow us to make different analysis in the Raman spectrum of solids, being
complementary to each other in many points, such as intensity analysis and selection

rules.

3.1 Macroscopic theory of Raman scattering

The macroscopic theory of the Raman scattering is based on the analysis of the influ-
ence of the susceptibilities derivatives of the crystal on the electric field of the scattered
light. Therefore, in this section we will study the Raman scattering theory using an

electromagnetism approach.

3.1.1 The Stokes and anti-Stokes components of the scattered
light

We start our analysis by considering a light scattering experiment in which the incident
light is provided by a monochromatic source (such as lasers) with a well defined frequency
wr and wavevector EI. The incident macroscopic electric field at a position 7 and instant

of time ¢ is written as [19]:

Ey(7yt) = | By eitFrment) o fiy gmithr i) (3.1)

22



The excitation of the medium responsible for the light scattering is characterized by a
space- and time-dependent amplitude of a vibrational displacement, given as [19]:
X(Ft) =) [X(@.0)e' T+ X*(G,t)e"77] (3.2)

—

q

The Fourier amplitudes X (¢,¢) are random quantities, whose magnitudes fluctuate on a
time scale characteristic of the thermal excitation process. The occurrence of a specific
value of magnitude is governed by some statistic probability distribution. Writing the

amplitudes X (¢, t) in terms of their Fourier transforms in respect to the time [19]:

X(q,t) = / X(q,wg)e ™ dw, . (3.3)

The average in frequency of the amplitudes X (¢, w,) over the probability distribution is
defined as:

(X7(qwy) X(q,wy)) - (3.4)
The amplitudes inside the brackets in equation 3.4 are independent random variables,

whose phases take all values between 0 and 27. Their product, therefore, has a zero

average except in the case W' = w [19]:

(X(@ wg) X (g, wy)) = (X7(q) X (@), 0wg — wp) (3.5)

where 6(w,—w)) is a Dirac delta function, and (X*(7) X (§)), is the power spectrum of the

fluctuations. Equation 3.5 indicates that we can now consider only one Fourier component

in the sum given in equation 3.3 and, consequently, equation 3.2 can be rewritten as:
X(Ft) =) [X(§wg)e T ™00 4 X, w,)e @ mal)] (3.6)

q

The polarization induced by the incident electric field (equation 3.1) in the absence of

any excitations of the scattering medium is given as [19]:

P(7,1) = éo X (w) Ex(71) (3.7)
where X (wr) is the first order susceptibility tensor of the scattering medium at the fre-
quency wyr. The effect of the excitations is to modulate the wavefunctions and energy
levels of the medium. The changes in these quantities are linear in X (7,t) to the first
order perturbation theory, and their effect is represented macroscopically by an additional
contribution to the susceptibility. Since the amplitudes X (¢, w,) are very small if com-

pared with the lattice parameters, the susceptibility can be expanded in a Taylor series
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as:
- o ox
= _— X (7 2 )
X Xo—i-(aX(ﬁ )> (7, t) + O, (3.8)
X (qwq)=0

or, reducing the notation:

— — —/
X=Xo + X X(F\1) (3.9)

Py )
where X is the second order susceptibility or susceptibility derivative. Now, we can group
equations 3.7 and 3.9, in order to obtain the polarization induced by the incident electric

field, taking into account the excitations created in the medium:

— — —/ —
PF,1) = e [xo Ei(F )+ X XFEDE D] . (3.10)

Using equations 3.1 and 3.2, equation 3.10 becomes [19]:

—

.P(f)7 t) = € ;0 |:E'} 6i(E[~’F'—0.!1t) + E; e_i(EI‘F—wIt) +

—

+eo X [X(cj, wy)E; eil(Frt@)-i—(wrtwalt] 4 x*(g w,) Fefi[(l_c‘1+(7)-777(w1+wq)t]} n

te X [ X*(§,wg) By -0 7wl 4 X (7 w,)Er e—i[(éz—w—m—w(l)t]} _

(3.11)
Next, we define the terms in equation 3.11 as following:

Py(7,t) = € Xo [E} gilkr Fwrt) 4 E} e_i(EI'F_”’t)] , (3.12)
Kas=ki+q, (3.13)
WaAs = Wi + wy (3.14)
Pais(Bas,was) = eo X X(G,0,)Er , (3.15)
Ks=k —q, (3.16)
Ws =Wy — Wy , (3.17)
Ps(Rs,ws) = co X X*(q,wy)Er | (3.18)

and equation 3.11 can now be rewritten as:

—

+ [PAS(KAS,WAS) ¢ilRasT=wast) 4 Pro(K ag, was) 6_“[%"‘3';_‘”“5'5)] (3.19)

+ [ﬁS(I?S’ WS) ei(ﬁs.f‘—wst) + ﬁ;([?'s’ WS) e—i(ﬁsf—wst)} .
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The first term on the right-hand side of equation 3.19 gives rise to the elastic scattering,
where the scattered and incident light have the same frequency w;, and no excitations are
induced in the medium. The second term on the right-hand side of equation 3.19 is the
anti-Stokes component of the inelastic scattering, where the frequency of the scattered
light is larger than the incident light by an amount of w,. The third term on the right-
hand side of equation 3.19 refers to the Stokes component of the inelastic scattering,
where the frequency of the scattered light is lower than the incident light by an amount
of w,. In fact, equations 3.13 and 3.14 determine the momentum and energy conservation
conditions for the anti-Stokes component of the inelastic scattering, while equations 3.16
and 3.17 determine the momentum and energy conservation conditions for the Stokes

component of the inelastic scattering (see Figure 3.1).

- ®
— q,(D - q,Wq
ki,Q)l R ! kiyo‘)i R
E,O)s ks, Wus

(2) (b)

Figure 3.1: Geometry of the wavevectors involved in the Stokes (a) and anti-Stokes (b)
inelastic scattering processes, imposed by the momentum conservation conditions given
in equations 3.13 and 3.16, respectively.

3.1.2 The cross section

In a Raman experiment, the detection of the Stokes component of the spectrum determines
the spectral differential cross section:
d*c
dQdws

The spectral differential cross section has the dimensions of area divided by solid angle

(3.20)

) and frequency wg, and it is defined as the rate of the removal of energy from the
incident beam as a result of its scattering in a volume v into a solid-angle element df?2,
with a scattered frequency between wg and wg + dwg [19]. The cross sectional area of
the scattered beam is A = v/L, where v is the part of the sample which contributes to

the detected scattered light. The rate of energy flow in the scattered beam is Alg, where
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I is the cycle-averaged intensity of the incident beam. Each quantum of the scattered
light Awg is the result of a process in which the incident beam loses a larger quantum
hwr. The rate in which the incident beam loses energy is, therefore, larger than the rate
in which the scattered beam gains energy by a factor w;/wg. Then, in accordance with

the definition of the spectral differential cross section, we have [19]:

d? I 1
o _twr %os o (3.21)
dewS L wsg dews ]]
where I is the cycle-averaged intensity of the incident beam, given as [19]:
_ 2
I[ = 260077[ ‘E[‘ s (322)

where 7y is the refractive index of the scattering medium at frequency w;. Appendix
B gives a detailed description of the procedures necessary to obtain the intensity of the

scattered beam, which can be written as:

L o
¥ Br2eoc? //"S”§<€S + Pg(ks) &s - Ps(ks))ws dws 2, (3.23)

where 7g is the refractive index of the scattering medium at frequency wg, and ég is a
unit vector parallel to the electric field vector Eg of the scattered beam. The insertion of
equations 3.22 and 3.23 in equation 3.21 gives [19]:

d20' . w;wgvVnS<ég . Pg(kg) €AS . PS(kS»ws

= . (3.24)
dfldws (471'60)2 c*nr ‘EI‘

The most important parts of the differential spectral cross section given in equation 3.24
are the frequency factor wyw? and the power spectrum of the polarization fluctuations
(és- ﬁg(ﬁg) s+ ﬁs(%g»ws, since these quantities determine the strength and shape of the

scattered spectrum [19].

Equation 3.18 relating the polarization and excitation amplitudes enables the power spec-

trum of the polarization fluctuations to be written as:

2

(X™(@) X(0))wy - (3.25)

- =

- - —! S
<és . Pg(ks) és . Pg(k?5>>w5 = |€p és' X E]

Defining E =¢ I\E 7|, where £; is a unit vector along the direction of the incident electric
field, and introducing equation 3.25 inside 3.24, we have a more explicit shape for the
spectral differential cross section:

2

!

d20' w;ngV'r]S ‘és X é]

dQdws €0 (4m)° iy

(X7(@) X (D)), - (3.26)
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The power spectrum of the fluctuations (X*(¢) X(q))., is a very important quantity in
the light scattering since, as shown in equation 3.26, the cross section for scattering
associated with a specific excitation is proportional to its power spectrum [19]. In the
semi-classical approach, the power spectrum of the fluctuations for the Stokes component
of the scattered light is proportional to the amount {n(w,) + 1}, where n(w,) is the

Bose-Eistein thermal factor given as [19]:

1

n(wq) = chwg/kpT _ 1 7 (327)

where kg is the Boltzmann’s constant, and 7" is the sample temperature.

As a final comment, there are two different volumes in the spectral differential cross
section 3.26. v is the volume of the sample illuminated by the incident laser beam, while
V' is the volume of the whole sample. In fact, the volume V' is canceled by a factor 1/V
implicit in the power spectrum (X*(q) X(q))w,, and it is just an arbitrary normalization

volume. The cross section is thus proportional only to the volume v [19].

3.1.3 Selection rules for one-phonon Raman processes

Energy conservation

As we have shown in section 3.1.1, in a Stokes Raman process, the frequency of the
scattered light is down-shifted from the frequency of the incident light by an amount
equal to the frequency of the excitation (phonon) created in the sample (see equation
3.17). This is a consequence of the energy conservation. In quantum terms, the scattered
photon has an associated energy hws lower than the incident photon energy hw; by an

amount which is the energy Aw, of the phonon created in the scattering process:
hwy = hwp — hws . (3.28)

On the other hand, in an anti-Stokes process, the scattered photon has an associated
energy hwg higher than the incident photon energy hw; by an amount which is the energy

Tw, of the phonon annihilated in the scattering process:

hw, = hwas — hwy . (3.29)
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Momentum conservation

Equations 3.16 and 3.13 determine the relations between the wavevectors involved in the
light scattering experiment. In order to obtain the relations between the momenta of
the photons and phonons involved in the scattering process, we can just multiply the

wavevectors by A and then equations 3.16 and 3.13 become, respectively:
hks = hk; — hq (3.30)

hEAS = h];] + hq . (331)

As pointed in section 3.1.1, equations 3.30 and 3.31 determine the selection rules associ-
ated with the momentum conservation in the Stokes and anti-Stokes one-phonon Raman
processes, respectively. In fact, these relations strongly restrict the wavevectors of phonons
involved in the scattering process, making them to be very close to the center of the first

Brillouin zone, that is, ¢ ~ 0.

To understand this restriction, let us analyze the geometry imposed in figure 3.1(a), where

the magnitude of the wavevectors in the Stokes scattering follows the relation [19]:
¢ = ki + ki — 2krks cosg . (3.32)

The photon wavevectors are related to their frequencies by:

_ W

ky = — 3.33
1 c ) ( )
kg = 1595 (3.34)

c

The insertion of the relations 3.33 and 3.34 in Equation 3.32 gives:

2 2

2 _ <n1w1> n (Us%*) B 2775771(;sz1 cosd . (3.35)
c c c

Next, we use the relation wg = wr — w, in order to eliminate the wg term in Equation

3.35, which becomes:

2 — 2 -
7 <n1w1> +{ns(wz wq)} s (wr = wy)wr cosp . (3.36)
c

- c c?
The first order phonon spectrum of crystals usually lies in the wavenumber range 0 <9, <
3000cm~!. Raman experiments are usually performed using incident light in the visi-
ble range, that is, 15000 cm™* <97 < 22000 cm™'. Then, taking the average values 9, =

1500 cm ™!, and 97 = 19000 cm !, and using the relation w = 2w, where c=3 x 101 cm/s,
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we have the usual frequencies w, ~3x 10 rad/s, and w; ~3.5x10% rad/s, for the phonon
and incident photon, respectively. Substituting these values in equation 3.36, and tak-
ing the values ng=n;=1.5, and ¢ =m/2, we find the wavevector of the phonon to be

g~2.5x10%cm™.

By comparison, the maximum wavevector in the first Brillouin zone is of the order 7 /d,
where d is the lattice constant. This maximum is typically about 3 x 10% cm™!, which is
three orders of magnitude larger than the typical wavevector of the phonons analyzed in
Raman scattering experiments. Therefore, the momentum conservation for one phonon

Raman processes gives rise to the selection rule ¢ ~ 0.
The Raman tensor

The spatial symmetry of the scattering medium is formally determined by its symmetry
group, the group of all spatial transformations that leave the medium invariant. A crys-
tal lattice is characterized by a space group that contains translations, reflections and
rotations. There are 32 crystal point groups, which carry the symmetry properties of the

space groups that remain after the removal of the translations.

The symmetry properties of the scattering cross section (see equation 3.26) are determined
Py )
by the symmetry properties of the susceptibility derivative X , also called the Raman

tensor, for the excitation concerned. The selections rules rise from the term

Es* X Er| (3.37)

e ¥'al
which determines if the incident and scattered light, with their respective polarization
directions relative to the crystal symmetry axes, can excite a specific vibrational mode.
The Raman tensor was established by Poulet and Mathieu [20] for the 32 crystal point

groups. The complete list for the Raman tensor can also be found in references [19] and

21].

3.1.4 Two-phonon Raman scattering

The two-phonon Raman processes can occur in three distinct cases: both phonons are
created (giving a Stokes component in the scattered light), both phonons are annihilated
(giving an anti-Stokes component in the scattered light), and one phonon is created and

other annihilated (giving a Stokes or anti-Stokes component in the scattered light). Most
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strong scattering processes at low temperature arise from the two-phonon process where
both phonons are created. We will focus our analysis on this case, where the two phonons
have wavevectors ¢ and ¢’, belonging to branches o and o, respectively (branches o and o’
are not necessarily different). The energy and momentum conservation give, respectively
[19]:

Wog+ Worgr = Wi —Ws (3.38)
T+ 7 =k — kws . (3.39)

Since the branches indices and wavevectors can take all values consistent with the restric-
tions imposed by equations 3.38 and 3.39, the phonon wavevectors are not necessarily
close to the center of the Brillouin zone (¢~ 0). In fact, since the phonon wavevectors are
up to three orders of magnitude larger than the light vavevectors over the major part of

the Brillouin zone, equation 3.39 can be rewritten as:
g~ —q", (3.40)
and the energy conservation condition can be replaced by:
Wog+ Worqg=wWr —Wg . (3.41)

Since the scattering frequency shift (w=w; —wg) is controlled by the number of pairs of
phonons which obey relation 3.40, and with frequencies whose the sum is equal to w, the
two phonon Raman spectrum is a continuum, once the combined density of states of pairs

of phonons is a continuous function of frequencies for crystals.

Strong two-phonon Raman bands are usually associated with singularities in the phonon
density of states occurring in the vibrational spectrum inside the first Brillouin zone.
Otherwise, because the two-phonon Raman scattering is a fourth-order quantum process,
two-phonon Raman bands are usually observed as very weak features in the Raman spectra
of solids, if compared with one-phonon allowed bands, which are product of a third-order
quantum process. However, if resonance conditions are satisfied during the scattered
process, the two-phonon Raman bands can be as strong as the one-phonon Raman bands
even for phonon wavevectors outside the critical points. This is the case of the G’ band
in the Raman spectrum of graphite, which is associated with double- and triple-resonance

processes. The mechanism behind the G’ band will be treated in detail in Chapter 5.

The van Hove singularities in the single-phonon density of states occur at critical points,

where ﬁg Wy g¢=0. On the other hand, the singularities for the combined density of states
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occurs at any frequency where [19]:

Vq*(tdg(j—l- wU/(T) =0. (3.42)
Such singularities occur whenever both branches ¢ and ¢’ have critical points at the
wavevector ¢, but there are additional singularities corresponding to pairs of branches

that have equal and opposite slopes occurring at the same wavevector ¢.

The macroscopic approach for the differential spectral cross section for two-phonon Raman

scattering involves the third-order susceptibility derivative [19]:

o 0% X Y
= ) 3.43
X AKX, . (3.43)

The selection rules associated with the spacial symmetry properties of the two-phonon

Raman scattering are determined by the sum:

ZZ)eS X 51’ , (3.44)

which is proportional to the differential spectral cross section.

3.2 Microscopic theory of Raman scattering

The microscopic theory of Raman scattering is based on the development of the pertur-
bation theory associated with the interaction Hamiltonians giving rise to the scattering
process. In this section, we will study the Raman scattering theory using a quantum
mechanical approach. This method allows us to understand, in a more detailed way, the
symmetries associated with the scattering process, making the group theory a useful tool
to analyze the selection rules imposed for the Raman cross section. It also clarifies the
mechanism behind the resonance phenomena, which is a special feature in the inelastic

scattering.

3.2.1 The cross section

The cross section ¢ has dimensions of area, and is defined as the ratio between the rate
hwr/T at which the energy of the photon beam is removed (by creating the phonons in a

Stokes process) during the time interval 7 in which the scattering occurs, to the rate I;
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at which the energy in the incident photon beam crosses an unit of area perpendicular to

its propagation direction [19]:

— . 3.45
TI[ ( )

o

Let us now analyze the rate I;. Firstly, we define the scattering length L as the depth
measured from the crystal surface where the scattering process occurs (see Figure 3.2).
Taking A as the area of the crystal surface illuminated by the sample (dashed area in

Figure 3.2), the scattering volume v is given as:
v=A.L. (3.46)

When the sample is illuminated, the volume v is fulfilled with n; photons with frequency

wr. The photons travel inside the material medium with a velocity +; given as:
=, (3.47)

where 7; is the refractive index of the sample material. The time interval dt necessary for

all the n; photons to fulfill the volume v is given by the ratio:

L
ot =—. (3.48)
1
The rate in which the total energy carried by the n; photons (hw;n;) crosses a unit of

area perpendicular to the propagation direction is:

- thTL[

I, = 3.49
1= s (3.49)
Using equations 3.46, 3.47, and 3.48, equation 3.49 becomes:
- hw
T, = e (3.50)
v

Finally, combining equations 3.45 and 3.50, we have a more explicit expression for the

cross section [22]:

o= (3.51)

™mrc

3.2.2 Differential cross section

The cross section determines the total scattering (associated with a particular excited
state) in all directions, and its experimental evaluation requires measurements of the

scattered intensity (number of photons in the time interval At) at a large number of
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Figure 3.2: Raman back scattering geometry.

scattering angles, or by using integrators cavities. Let us look, for example, at Figure 3.2
which shows a back scattering experiment where the scattered light will be collected in the
solid angle A€). This means that such experiment measures the cross section only partially,
since the collection solid angle A} is limited by the objective lens area. However, the
light scattered is not isotropic in all directions, and then, it becomes necessary to define
the differential cross section, which is the derivative of the cross section ¢ on the solid

angle €):
do

B=2

The total cross section is then obtained by integrating the differential cross section in all

(3.52)

space:

do
o= —dS) . 3.53
/all space df ( )

The differential cross section has the dimension of area/solid angle.

3.2.3 Spectral differential cross section

From the measurement of the Raman spectrum for a fixed scattering angle we can also
introduce a function denominated by spectral differential cross section:
d*o

T dQdws

B(vs, Q) (3.54)

The differential cross section is, in fact, the raw data (spectral curve) obtained in the
Raman experiment. The differential cross section 3 is then obtained by integrating the

spectral differential cross section:
d2
3= / 7 dws (3.55)

33




where the range of integration is usually restricted to include just a single peak in the

scattered spectrum.

The spectral differential cross section has the dimension of area/(solid angle-frequency).

3.2.4 The transition rate

Vortex: Propagator:
| Hep

——> incident photon

—»  scattered photon
—“WWPp  phonon
e

electron-hole pair

Figure 3.3: The Feynman diagram associated with a one-phonon Stokes process, where
one phonon is created from the electron-phonon interaction Hamiltonian.

Figure 3.3 shows the Feynman diagram associated with a one-phonon Stokes process. The
process starts with the system in an initial state | i), where the material system (sample)
is in the ground state, and there is an incident photon with energy Aw;. Next, the sample
absorbs the incident photon, creating the electron-hole pair. After that, a phonon with
energy hw, is created. Finally, the electron recombines with the hole, creating a photon

with energy hwg = hwr — hw,.

The one-phonon Raman process depicted in Figure 3.3 is, in fact, a third-order perturba-
tive quantum process. The Hamiltonian of the whole system is composed of the sum of

four parts:

H:HM+HR+HMR—|—Hep, (356)

where Hj; is the material system Hamiltonian, Hg is the radiation field Hamiltonian,
Hyr is the material-radiation interaction Hamiltonian, and H,, is the electron-phonon

interaction Hamiltonian. In the quantum theory of light scattering in solids, the Hamil-
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tonian H is written as the sum of two parts [21]:
H=Hy+ H (3.57)

where Hy = Hy + Hg, and Hy = Hypr + H, . The H; part is then treated as a
perturbation of the system, and the quantum states | x), where x =1, a,b, f, are treated

as eigenstates of Hj associated with their respective eigenvalues fw,.

In the process shown in Figure 3.3, the system passes through four eigenstates of Hy:
the initial state |i), two intermediate states |a) and |b), and the final state |f). These
eigenstates are determined by four elements of the system: the number of incident photons
inside the volume v (ny), the number of scattered photons inside the volume v (ng), the
number of phonons satisfying the energy and momentum conservation conditions (n,),
and the state function of the electron designated as ¢*. In this notation, the eigenstates

of the Hamiltonian H, are written in the form |z) = |n, ng, ng, ¢*), and we have:

i) = Ing,ns,ng, ¢')

|a> = |n1_ 17n57nq’¢a> )

1b) =|nr—1,ng,n,+1,¢% ,

1 f) =Inr—1,ns+1,n,+1,¢" .

(3.58)

The transition rate obtained from the third-order perturbation calculation for the process

depicted in Figure 3.3 is given as [22]:

1 2
S=hE

f

Hsrlb) (b Hopla) (a| Hargld) |
Z(f’ |0) (b|Hep|a) (a| Hrr2)

(B — Ea)(Ei — Ey) O(E: = Ey) , (3.59)

a,b

where E;, E, and Ej are the eigenvalues of H, associated with the eigenstates |i), |a),
and |b), respectively. The substitution of equation 3.59 in equation 3.51 gives the explicit

expression for the Raman cross section for a one-phonon Raman process [22]:

hw[ 2
(7)) n2

f

HMRb bHep(l CLHMRi ’
Z<f| () (0| Hep|a) {a| Harrl7)

(E; — E,)(E, — Ey) 0(E; — Ey) . (3.60)

a,b

Equation 3.60 is not strictly complete, because we should, in fact, take into account all
the possible orders of the events included in the Feynman diagram depicted in Figure 3.3.
The number of possible permutations is given as n! , where n is the order of the process.
Since the one-phonon Raman scattering is a third-order (n = 3) process, we have six

(3! = 6) possible orders, as depicted in Figure 3.4 [23]. Then, according to the sequence
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)

(6)

Figure 3.4: The Feynman diagrams associated with the six possible orders for the one-
phonon Stokes Raman scattering [23].

depicted in Figure 3.4, the complete expression for the Raman cross section related with

one-phonon Raman scattering is given as [23]:

th 2
o = h2

+ (3.61)

[ = hwen][hwr = (Bwen + hw,)]

{ (f|Hymr(ws)[b) (0| Hep|a){a| Hrrr(wr)| ©)
(f[Hep|b) (b|Harr(ws)|a)(a| Har(wr)| ©)
[wr — hwep] [hwr — (hwg + hwer,)]
(fIHymr(ws)|b) (0| Hrr(wr)|a)(a Hep| i)
[hwr — (hwy + hwep, + hwi)][hwr — (hwy + hwep,)]

(fIHur(wi)[) (0| Hur(ws)|a) (al Hep| i)
[hwr — (hwy + Awep, + )| [iwr — (hwy 4+ Awen, + Awr + hwg)]

(f1Hnir(wr)|b) (D Hepla) (al Hyr(ws) | 0)
[Twr — (hwep, + hwg)|[lwr — (hws + hwy + Awep))

(f1Hep|b) (0| Harr(wr)|a) (a| Hyr(ws)| 7) } :
[hwr — (hwg + hwep, + hw))|[wr — (hws + Fwe,)]

_l_

+

+

_|_

+ +

Olhwr = (hw, + hws)]

+

where the energy eigenvalues were evaluated by taking the sum of the energies of the

propagators present in each eigenstate of Hy in Figure 3.4, being hwe is the energy
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Figure 3.5: Three distinct energy configurations for the one-phonon Raman scattering.
In process (a), no real transitions are made during the scattering process. In process (b),
the incident photon has the same energy as the electronic transition ¢* — ¢%. In process
(c), the scattered photon has the same energy as the electronic transition ¢' — ¢2.

necessary for creating the electron-hole pair. Observe that for all processes depicted in
Figure 3.4, the final energy eigenvalue E is equal to the sum Awg + hw,. Therefore, due
to the Dirac delta function properties, the sum has a considerable value only if the energy

conservation condition is satisfied in the scattering process.

If one or more terms in the denominators become zero in equation 3.61, the cross section
diverges, giving rise to strong Raman features in the spectrum. This phenomena is called
resonant Raman scattering. Figure 3.5 shows three distinct energy configurations for the
one-phonon Raman scattering (Stokes). In process (a), no real transitions are made during
the scattering process, and no resonance occurs. In process (b), the incident photon has
the same energy as the electronic transition ¢' — ¢®. In this case, hw; = hwep,, and the
first term in the denominator of the first and second lines in equation 3.61 is null, and
processes (1) and (2) shown in Figure 3.4 are resonant processes for the configuration
shown in Figure 3.5(b). In process (c) depicted in Figure 3.5, the scattered photon has
the same energy as the electronic transition ¢* — ¢% and we have hw; = hwep, + hw,.
In this case, the second term in the denominator for the first and third lines in equation
3.61 is zero. Then, processes (1) and (3) in Figure 3.4 are resonant for the configuration

shown in Figure 3.5(c).

Since the electron dispersion energy in graphite is linear and symmetric with respect to
the Fermi level, the optical absorption or emission can always be resonant for excitation
light in the visible range. Therefore, the Raman scattering of graphite always involves

resonance processes. We will see in section 5.2 that the mechanism giving rise to the D
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band in the Raman spectrum of nanographite involves also double-resonance conditions.
Moreover, a point that was not considered here is the possibility of scattering of holes
by phonons. This subject will be treated in section 5.3, when we discuss the G’ band
in graphite, and we will see that the scattering involving holes can cause unusual triple-

resonance conditions in the Raman cross section.

The results depicted here can be generalized for scattering processes of higher orders,
specially the fourth-order, which can involve the scattering of electrons (or holes) by two
phonons, or one phonon and one defect, as we will see along the text. In order to treat
fourth-order Raman process, we should develop the fourth-order perturbation, and the

resultant cross section is given as [22]:

h/WI 2T
~(F)E

f

S RILACK LA AT i
(E; — Eo)(E; — By)(E: — B)

§(E; — Ey) . (3.62)

a,b,c

3.2.5 Selection rules

The quantum-mechanical approach for the selection rules associated with the Raman
scattering processes is based on the symmetry properties of the matrix elements. In
this section we will give the basis for the understanding of how to use group theoretical

methods to analyze the selection rules involving the Raman scattering cross section.

A Raman scattering process starts with a well defined initial state |i) = |ny, ng,ng, ¢'),
where the electron state function ¢° is an eigenfunction of the electron in the valence band
at a given wavevector ko, that is, ¢* = ¢”(ko). Although the initial and final eigenstates of
Hy are not the same (|i) # |f) = |nr—1,ns+1,1, ¢")), the energy conservation condition
requires that the electron will get back to the initial electronic state after the scattering
process has finished, that is, ¢/ = ¢' = ¢"(ky).

The irreducible representation associated with the symmetry of the intermediate state | a)
must be contained in the direct product between the irreducible representation associated
with the symmetry of the initial state |i) and the irreducible representation associated

with the symmetry of the material-radiation Hamiltonian Hj;g, that is:
|l e (3.63)
Equation 3.63 shows clearly that the symmetry of an allowed intermediate state |a) is
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imposed by the material-radiation Hamiltonian Hj,r and the initial state | i) symmetries.
When the sum ), is evaluated over all eigestates of Hy, the matrix element (a|Hj,z|7)
will be zero for those eigenstates belonging to irreducible representations that are not
contained in the product I'},, ® I'". Following the analysis, we have for the intermediate
state | b):

M"or,®l* >, , I . (3.64)

Finally, the symmetry of the final state |f) is imposed by the relation:
I o @ DI g @ T, @ T p @ T . (3.65)

The initial and final eigenstates of Hy carry the symmetry of the electronic state function
#* (ko). Therefore they belong to the same irreducible representation I'*"(%0)  and equation
3.65 becomes:

1 ®) 51% - ®T, @, @ ¢ k) (3.66)

Equation 3.66 implies that, in order to observe a Raman active mode, the product of
the irreducible representations which transform like the interaction Hamiltonians must

contain the totally symmetric representation, that is:
Mp@l,T5,Cly. (3.67)

This is the selection rule imposed on the Raman scattering process depicted in Figure 3.3.
We have seen that the symmetry of the final eigenstate | f) is imposed by the symmetry of
the initial state (in order to keep the energy conservation condition), and the path followed
by the system must follow the condition 3.67, which determines the allowed symmetries

for the interaction Hamiltonians.

Let us understand now how to manage, in a practical sense, the selection rule given in
equation 3.67. The material-radiation interaction Hamiltonian transforms like the linear
coordinate along the direction of the incident and scattered light polarization, that is,
I, = T™ and I'S;p = '™, where the superscripts m and n refer to the cartesian
coordinates z,y, z (notice that n does not necessarily differ from m). In this case, from the
orthogonality relations between the irreducible representations, equation 3.67 is satisfied
if:

M@l p=I"I™"I™ CT; . (3.68)
Equation 3.68 implies that the irreducible representation associated with the Raman active

phonons should transform as quadratic basis functions.

39



In the case of two-phonon Raman scattering, the process involves one more electron-
phonon interaction Hamiltonian. The phonons either can have the same symmetry or not.
The selection rule is almost the same as for the one-phonon process, given in equation
3.67, differing only by the insertion of one more irreducible representation associated with
the electron-phonon interaction Hamiltonian which connects the intermediate states |b)
and |c) in equation 3.62. However, as pointed in section 3.1.4, since the two-phonon
Raman scattering is a fourth-order quantum process, even bands which are allowed by
symmetry are not necessarily observed in the Raman spectrum, unless they are close to

a maximum in the phonon DOS, or some resonance condition is satisfied.
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Chapter 4

Raman instrumentation

In this chapter, the basis of the Raman instrumentation used in this work will be presented.
We will start with a general explanation about the spectrometer setup, followed by an

analysis of the main parts, with special considerations about the measurement process.

4.1 The Spectrometer general configuration

The Raman spectrometer used in this thesis is a micro-Raman Dilor XY system. It has
two operation options, the single- and triple-monochromator modes, respectively. The
works developed in this thesis were made using the triple-monochromator mode, and we
will focus on it. Figure 4.1 shows the spectrometer schema in the triple-monochromator
mode. In the next sections, we will give a detailed description of the main parts of the

spectrometer system depicted in Figure 4.1.

4.2 The laser sources

Our laboratory is equipped with the following laser sources:

Innova 70C Ion Laser from Coherent: This is an Argon-Krypton laser, with the fol-
lowing emission lines: 647.1 nm, 568.2 nm, 528.7 nm, 520 nm, 514.5 nm, 501.7 nm, 496.5 nm,
488.0nm, 476.5nm, 472.7nm, 465.8 nm, and 457.9 nm.
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Figure 4.1: Dilor XY spectrometer schema in the triple-monochromator mode.
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899-01 Dye Ring Laser from Coherent: This is a tuneable dye laser, with continuous

light emission in the range from 380 nm to 880 nm, depending on the dye.

Innova 90C Ion laser from Coherent: This is an Argon laser, with the following
lines: 528.7nm, 514.5nm, 501.7nm, 496.5nm, 488.0nm, 476.5nm, 472.7nm, 465.8 nm,
457.9nm, and 454.5nm. It is usually used as a pump for the dye laser, operating in the

multiline mode, in which the output power emission can reaches values up to 7W.

4.3 Illumination of the sample and collection of the
scattered light

The sample illumination and the light collection in a back scattering micro-Raman exper-
iment are performed using an objective lens coupled to a microscope system. The Dilor
XY spectrometer is equipped with a confocal microscope Olympus BH-2 and a set of
four objective lenses (10x, 50x, 80x, and 100x). Figure 4.2 shows the collection optics

schema.

In order to determine the main geometrical characteristics of the light collection, one
should know the numerical aperture (N.A.) of the objective lens. This information is
usually provided by the manufactor as a printed value in the objective’s body. The
second column of Table 4.1 gives the numerical aperture values for the four lenses used

in our spectrometer setup.

The half angle of collection # (see Figure 4.2), can be obtained from the numerical aperture

(N.A.) as [24]:
0 = sin~* N4 ) (4.1)
o

where 1) is the refractive index of the medium adjacent to the collection optics, usually air
(o ~1). The solid angle of collection (£2) can be obtained from the half angle of collection

(0), evaluating the following expression [24]:
Q =2m(1—cosb) . (4.2)

The calculated values of # and Q2 are depicted in Table 4.1 for the four objective lenses

(10x, 50x, 80x, and 100x).

In the sample illumination geometry, the size and divergence of the laser beam is often

43



lens

pin hole

beam splitter
focal distancer
slit

L2

incident light

»
\p
VYV 2N sE N~

scattered light

i
T
N
=

S

—

-3
p

‘ laser beam

Ji
d,
L, wﬁ; ,f

Figure 4.2: Collection optics schema.

i4

surface

0

Objective | N.A. (%) Q(sr) &z
10x 0.25 14.5 0.20 62.8
50 x 0.55 33.4 1.04 12.1
80x 0.75 48.60 213 5.9
100x 0.95 71.80 4.32 2.9

Table 4.1: Numerical aperture for the collection optics N.A. (provided by the manufactor)
and calculated values of 8, Q (evaluated using equations 4.1, and 4.2, respectively), and
the ratio 47/ for the four lenses (10x, 50x, 80x, and 100x).
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ANaser | do Ao || Naser | do Ao || Maser | do Ao || MNgser | do Ay
(nm) |(pm)|(pm?)| (nm) |(pm)|(pm?)|| (nm) |(pm)|(pm?)|| (nm) |(m)|(pm?)
10X 50 x 80 x 100 x
647 [2.46| 4.75 | 647 0.98] 0.76 | 647 [0.57] 0.26 | 647 |0.20]0.037
568 |2.16| 3.66 | 568 |0.83]0.59 | 568 |0.50| 0.20 | 568 |0.18|0.026
514.5 |1.96| 3.00 | 514.5 |0.78] 0.48 || 514.5 |0.45| 0.16 || 514.5 | 0.17|0.021
488 [1.85] 2.70 | 488 |0.74| 0.43 || 488 |0.43|0.15 | 488 |0.16|0.019
457.9 | 1.74| 2.38 || 457.9 |0.70| 0.38 || 457.9 | 0.40| 0.13 || 457.9 | 0.15|0.017

Table 4.2: Calculated values of dy and Ag for the 10x, 50x, 80x, and 100x objective
lenses. We present the result for the five main incident laser wavelengths in the visible
range (Agser = 647, 568, 514.5, 488, and 457.9 nm).

limited mostly by diffraction. The cross-sectional profile of the laser beam intensity has a
Gaussian shape (see inset to Figure 4.2). When focused, the minimum diameter d; of the
laser beam at the sample surface is given as the half-height width of the first maximum

diffraction peak, and it is related with the numerical aperture (N.A.) as [24]:

[1
dO = )\laser W -1 ) (43)

where A\ s is the wavelength of the excitation laser line. The area of the laser spot in

2 2
AO — 7Td0 — Tr)‘laser < 1 . 1) ’ (44)

the sample surface is:

4 4 N.A?

where we have considered 7y =1.

Table 4.2 shows the calculated values of dy and Ay for the four objectives lenses (10x, 50,
80x, and 100x) respectively, considering the five most used incident laser wavelengths in

the visible range (A\jgser = 647, 568, 514.5, 488, and 457.9 nm).

4.4 Measurement of the incident light intensity

In order to compare the Raman cross section measured using many excitation laser lines
of different wavelengths, the experimental conditions should be similar for all excitation
laser lines. This means that the superficial power density in the area of the sample surface

covered by the incident laser beam should be the same for all excitation laser lines. Since
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Maser Py Py Py Py
objective 10x 50 x 80 x 100x
647 29.6 4.8 1.6 0.21
568 22.9 3.7 1.3 0.16
514.5 18.8 3 1 0.13
488 16.9 2.7 0.9 0.12
457.9 14.9 2.4 0.8 0.10

Table 4.3: Values of Py for a fixed incident light intensity Iy =6.25x10® mW /cm? for the
five main laser lines (Ajqser =647, 568, 514.5, 488, and 457.9 nm), for the four objective
lenses.

the laser spot area depends on the laser wavelength, the laser power measured in the
power meter (in mW units) should be adjusted in order to obtain the same superficial
power density (in mW /cm?), that is, the same intensity of the incident laser beam Iy, in

experiments using different laser lines (wavelengths), or objective lenses.

Let us start by defining the incident light intensity I as:

-
0 A07

(4.5)

where Py is the measured power of the incident laser beam, and Aq is the laser spot area.
Using equation 4.4, we can put explicitly in Equation 4.5 the dependence of the laser

spot area Ay on Agser, and on the objective lens numerical aperture N.A. used in the

[ AT ( N.A2 ) 46

experiment:

oY 1—N.AZ2

laser

Table 4.3 shows the values of Py for a fixed intensity Io=6.25x10% mW /cm?, for the
five main laser lines (Ajgser =647, 568, 514.5, 488, and 457.9nm), using the 10x, 50x,
80x, and 100x objective lenses. In fact, 6.25x 108 mW /cm? is the value of I referring to
Py~1mW, for a laser beam with wavelength A\ =514.5nm, using a 80x objective lens.
This is a usual incident light intensity used in Raman experiments, since it is small enough
to avoid damage to the samples due to heating. Therefore, we have chosen it as a good

practical reference.
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4.5 The fore-monochromator

scattered
| light

Foremonochromator

Ay A

Spectrograph
&

CCD

Figure 4.3: Fore-monochromator schema.

In a typical Raman experiment in our laboratory, we use a double fore-monochomator
which can work in a subtractive or additive configuration. Figure 4.3 shows schematically
how the fore-monochromator works in the subtractive configuration, which is the one used
in this work. As depicted in the picture, the scattered light beam passes through the slit
Sy and reaches the grating GG;. This grating disperses the light beam by diffraction in
such a way that only the desired range of wavelengths (from A; to A, as depicted in
Figure 4.3) will pass trough the slit S;. In this case, the main role of the slit Sy is to
avoid the Rayleigh line. The range of wavelengths from A; to Ay depends on the position
of the grating relative to the scattered light beam. The selection is made by rotating the
grating using a sine arm. Back to Figure 4.3, the grating GG focuses the light beam in the
slit S3 before it goes to the spectrograph. Finally, the signal is sent to the CCD detector
through the spectrograph.
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4.6 Scattered light detection

A Charge Coupled Device (CCD) is essentially a large area of silicon photodiodes con-
structed in such way that the area is divided into a two dimensional matrix of pixels. It
works by the photoelectric process, that is, it responds to the illumination from photons
by releasing electrons. The Dilor XY spectrometer setup in our laboratory is equipped

with a CCD2000 from Spectrum One.

When illuminated by opening the shutter, each pixel in the CCD integrates a charge
arising from the photoelectric effect. The charges of adjacent pixels are kept separated
by a grid of electrodes that confine the charges by an electrostatic force. At the end of
the signal integration time At, the shutter is closed. Then the electrode grid voltages are
manipulated by control signals from the Detector Interface Unit. This will sequentially
move the charges column by column to the edge of the chip into a read out register. The
signal of the CCD is than processed, amplified and converted to digital datapoints by
electronics in the Interface Detector Unit. The data is passed from the detector Interface
Unit to the memory of the computer. This allows the software running in the host PC to

access it rapidly for further processing and display.

An Analog to Digital Converter (ADC) converts a sample of an analog voltage or current
signal to a digital value. The value may then be communicated, stored and manipulated
mathematically. The value of each conversion is displayed as a datapoint. In fact, the
CCD2000 setup is formed by 1024 columns of 256 pixels, that is, is a net of 1024 x256
pixels. Therefore, the CCD2000 receives from the spectrograph one image which is pro-
jected along 1024 columns of pixels, and the spectrum obtained is formed by a set of 1024

datapoints, each one giving the number of counts coming from a specific column of pixels.

The vertical axes of the displayed spectrum is then scaled by counts. In our system, each
count refers from 1 to 16 photoelectrons. Let us consider the real number as the average
value, that is, 8 photoelectrons are converted into a count unit. The quantum efficiency
of the CCD2000 is about 50%. This means that for each couple of photons releasing the
CCD2000, one photoelectron is created. Therefore, each count in a specific data point
gives the information provided by about sixteen photons released the column of pixels

during the integration time At:
1 Count ~ 16 photons . (4.7)
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This information, although interesting, is far to be exact and, therefore, is not useful for
a intensity calibration process. The CCD efficiency surely caries a dependence on the
wavelength \ of the scattered light which is not considered in relation 4.7 which is just an
average value. The procedures necessary for the intensity calibration process involve the
comparison of the power emission spectrum of a standard light source with the spectrum
measured by using the spectrometer system. This process is reported in Appendix D,
where the spectrometer intensity calibration is performed in order to measure the absolute

Raman cross section of nanographite systems, which is the theme of Chapter 10.

4.7 The spectrograph

S 3 Ce,
\( . ° ary,
)\ light beam ‘y b
() S

Figure 4.4: Spectrograph schema.

The spectrograph is formed by a diffraction grating used to send photons with different
wavelengths to reach different columns of pixels in the CCD. Figure 4.4 shows the spec-
trograph schema. The scattered light with wavelength A passes through the slit S5 at an
angle a()), and is diffracted at an angle (\). The angles o(A) and (F(\) are measured
from the grating normal ng. The diffracted light beam with wavelength A will reach a

column of pixels localized at an angle 2¢ formed by the incident and diffracted beams.
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The angle ¢ is related to a(A) and ((A) as:

5O —aly)

0= 9

(4.8)

Observe that the angle ¢ does not depend on A, since it is determined by the positions
of the silt S3 and of the column of pixels, which are fixed parameters in the spectrometer

setup (see Figure 4.4).

The first maximum of interference for the diffracted light with wavelength A occurs for

the values of a(\) and ((\) which satisfy the relation [25]:
A = a[sina(X) + sin B(N)] (4.9)

where a is the groove spacing in the diffraction grating. Since the Dilor XY system is
equipped with a 1800 grating (1800 lines per millimeter), we have a ~ 555.6 nm. In order
to keep the relation 4.9 for different values of A, the spectrograph changes the relative
position of the grating normal ng with the incident and diffracted light beams, changing
the angles a(\) and S()).

Now we will analyze the spectral range covered by a specific column of pixels. In fact, the
pixels have a finite size b ~ 26 um (see Figure 4.4), and each column of pixels will cover
a spectral range AA(A), located in an angle interval AG()). By differentiating equation

4.9, and using equation 4.8, we have:
AXNA) = a Ap{cos[B(N) — 2¢] + cos B(N)} . (4.10)

Since A is very small, we can write:
b

AR~ ~ .
o (4.11)

where f is the distance from the grating to the CCD, i. e., the spectrometer focal distance
(see Figure 4.4). In the Dilor XY setup, f = 60cm. Finally, combining equations 4.10
and 4.11, we have:

ab

AXA) = T{COS[ﬁ()\) — 2¢| + cos B(N\)} (4.12)

Figure D.2 shows the measurement of the wavelength range AX(\) covered by the central
column of pixels vs the absolute wavelength A. Observe that A\ becomes smaller by
increasing the absolute wavelength of the light beam reaching the CCD. Therefore, for a
given spectrograph’s position, the software associates a specific column of pixels in the

CCD to the correct spectral range AA(\) which that column is covering.
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Figure 4.5: The measurement of the frequency range A\ covered by the central column
of pixels vs the absolute wavelength \.

4.8 Linearity of the measured Raman intensity on
the integration time At

Figure 4.6 shows a test of the linearity of the measured Raman intensity on the integration
time. The vertical scale refers to the integrated area (in count units) of the G band
(centered at ~1580cm™!), present in the Raman spectra of highly oriented pyrolytic
graphite (see Chapter 5). The graphic confirms that, in the measured range (from 10 to

240s), the Raman intensity is linear with the integration time At.

4.9 Linearity of the measured Raman intensity on
the incident light intensity [

Figure 4.7 shows a test of the linearity of the measured Raman intensity on the incident
light intensity. The vertical scale refers to the integrated area (in count units) of the first
order Raman band of silicon (centered at ~ 520cm™"), obtained by using the 514.5 nm laser
line, and the 80x objective lens, vs the incident light intensity I, in photon/s-cm? units
(bottom scale). The top scale shows the laser power at the sample surface in mW units,
obtained for reference from equation 4.6. The graphic confirms that, in the measured
range (from 1.5x107 to 5x10°mW /cm?), the Raman intensity is linear with the incident

light intensity I.
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Figure 4.6: Integrated area (in count units) of the G band (centered at ~1580cm™'),
present in the Raman spectra of highly oriented pyrolytic graphite vs. the integration

time At.
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Figure 4.7: Integrated area (in count units) of the first order Raman band of silicon
(centered at ~520cm™!) vs. the incident light intensity I. The top scale shows the laser
power at the sample surface in mW units, obtained for reference from equation 4.6.
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4.10 Measuring polarization effects

For experiments involving the dependence on the light (incident or scattered) polarization
direction, we use a set of two halfwave plates, hy and hy, and a polarizer p (see Figure
4.1). These are optional parts in the spectrometer setup, and for experiments where

polarization effects will not be considered they are removed.

The laser sources in our lab always emit light polarized in the vertical direction that we
call V. The halfwave plate h; can rotate the incident light polarization by any angle. With
the halfwave plate hy inserted at the microscope entrance, the incident and scattered light
polarizations are rotated by the angles # and —@, respectively. Therefore, we can rotate
the polarization of the incident light on the sample by €, and keep the same polarization
condition for the scattered light. This is an important point, because the spectrometer
detection system has a large dependence on the relative polarization direction of the

scattered light.

In the V'V configuration, the scattered light will be analyzed at the same polarization
direction as the incident light. For experiments using the V'V configuration, the polarizer
p should be put in the vertical position. By rotating the halfwave plate hy by an angle
0, we rotate the polarization direction of the incident light by 6, and we then analyze the
scattered light at 6 also. Therefore, we can make the V'V experiment at any angle 6, that
is, we can make a (6, 0) experiment without worrying about the polarization dependence

of the spectrometer response.

For the HV (or V H) configuration, we should insert the halfwave plate hy at the entrance
of the spectrometer (see Figure 4.1) in order to rotate the polarization of the incident light
by 90°. By keeping the polarizer P in the vertical direction, the scattered light will be
analyzed in a direction perpendicular to the polarization direction of the incident light.
Moreover, by rotating the halfwave plate hy by an angle 6, we rotate the polarization
direction of the incident light by #, and we analyze the scattered light at #4+90°. Therefore,

we can make the HV experiment at any (0,6 + 90°) configuration.
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Chapter 5

Raman spectrum of graphite

The Raman spectrum of graphite is known to be very sensitive to structural changes,
making the Raman spectroscopy as a widely used tool for the characterization of graphitic
materials in the past four decades. Moreover, the physics behind the Raman spectrum
of graphite has intrigued many research groups. This chapter will start with a summary
of the history of the Raman spectroscopy in graphite, followed by an overview of the
double-resonance model, which successfully explains many features in the Raman spectra
of graphite. Finally, we will show that by considering the scattering of holes by phonons,

triple-resonance Raman processes are also predicted for the G’ band scattering.

5.1 The historical survey

In 1969, Tuinstra and Koenig showed that the one-phonon Raman spectrum of crystalline
graphite presents a single strong peak centered at 1580 cm ™!, named the G band [7, 8].
The upper spectrum in Figure 5.1 is a Raman spectrum obtained from a highly oriented
pyrolytic graphite (HOPG) sample, where the presence of the G band can be observed.
Tuinstra and Koenig proposed that the G band originates from the doubly degenerate
vibrational mode I'g (Eq,) that occurs at the crossing of the iLO and iTO phonon branches

at the T" point in the first Brillouin zone of graphite (see Figure 2.2 and Table 2.4).
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Figure 5.1: Upper spectrum: Raman spectrum obtained from a highly oriented py-
rolytic graphite (HOPG) sample, in which the presence of the one- and two-phonon al-
lowed G and G’ bands, respectively, is observed. Bottom spectrum: Raman spectrum
of a nano-structured graphite film with crystallite size L, =35nm, in which the disorder-
induced D and D’ bands are observed, in addition to the allowed G and G’ bands. Both
spectra (upper and bottom) were obtained using the Dilor XY spectrometer with an
excitation laser energy F; =2.18¢€V.

In the Raman spectra obtained from samples with small crystallite size L, (< 0.5 um),
Tuinstra and Koenig observed the presence of an additional peak centered at 1350 cm ™!
(see bottom spectrum in Figure 5.1). Later on, this feature was named as D band, making
an analogy with the fact that it is a disorder-induced band. Tuinstra and Koenig proposed
that this band was caused by a totally symmetric vibration mode occurring at the K point

in the first Brillouin zone of graphite, which “achieves Raman activity at the borders of

the crystallite areas due to a loss of translational symmetry” [7, 8].

In order to illustrate the explanation given by Tuinstra and Koenig about the origin of
the D band, Figures 5.2(a) and 5.2(b) show two confocal Raman images of a HOPG
crystallite deposited on a glass substrate. Figure5.2(a) shows a Raman image of the

crystallite, plotting the spacial dependence of the G band intensity. In Figure 5.2(b),
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the intensity for the disorder-induced D band is shown. Figure 5.2(c) shows two Raman
spectra, one at the interior of the crystallite, and the other at the edge [regions 1 and 2
(white circles) in Figure 5.2(c), respectively]. It is clear from Figures5.2(a-c) that the
G band intensity is uniform in the whole graphite surface, while the D band intensity is
localized at the edges of the crystallite. The edges in the surface of HOPG samples can
work as defects involved in the Raman scattering process giving rise to the D band, as we
have shown in 2004 [26]. We will show in Chapter 7 that the D band spectrum measured
from HOPG edges allows the characterization of the crystallographic orientation of atoms

near the borders, thus making Raman spectroscopy a tool for structural analysis [26].

Intensity

2 O D

1200 1400 1600 1800
Raman shift (cm™)

Figure 5.2: G band (a) and D band (b) confocal (600 nm resolution) Raman images of an
HOPG crystallite deposited on a glass substrate [27]. In (c) the Raman spectra obtained
in regions 1 and 2 (white circles) depicted in panel (b) are shown. The excitation comes
from a HeNe (A = 633 nm) laser. This experiment was performed by Prof. Ado Jorio at
Tuebingen University with the help of Prof. Achim Hitschuh and Ms. Huihong Qian (see
reference [28] for experimental setup description).

Based on the assumption that the D band is a border band, Tuinstra and Koenig proposed
that its intensity should be proportional to the amount of crystallite boundary in the
sample. Supporting this idea, they showed that the ratio between the intensities of the D
and G bands (Ip/Ig) is linearly proportional to the inverse of the crystallite size L, [7, §].
Figure 5.3(a) shows the Raman spectra obtained from nano-structured graphite films with
different crystallite sizes L,. We observe that the relative intensity between the D and G
bands strongly depends on the crystallite size L,. In 1982, Mernagh et al. showed that the
ratio Ip /I depends strongly on the excitation laser energy used in the Raman experiment

[29]. Figure 5.3(b) shows the Raman spectra taken from the disordered carbon sample
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with L, =35nm, obtained using five different excitation laser energies whose respective
values are depicted in the right side of the graphic. The dependence of the ratio Ip/Iq
on the laser energy is clear in Figure 5.3(b). Chapter 8 reports a work where we have
obtained a general equation for the determination of the crystallite size L, by Raman

spectroscopy, taking into account the excitation laser energy used in the experiment [30].
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Figure 5.3: (a) Raman spectra obtained from nano-structured graphite films with dif-
ferent crystallite sizes with values shown in the graphic. All spectra were obtained us-
ing £;=1.92¢V. (b) Raman spectra taken from the nano-structured graphite film with
L,=65nm, obtained using five different excitation laser energies (1.92, 2.18, 2.41, 2.54,
and 2.71 eV, respectively). The dashed lines show the dispersive character of the D and G’
bands. All the spectra in parts (a) and (b) were obtained in the Dilor XY spectrometer.

Intensity |
Intensity

Another Raman feature centered at 1620 cm~! can be observed in Figures 5.1 and 5.3.
This band is called by D’ band, and was reported in 1977 by Tsu et al. [31]. The D’
band is another disorder-induced band, and its relative intensity compared to the G band
intensity also depends on L, and Ej, as can be observed in Figures 5.3(a) and 5.3(b),

respectively.

The second-order Raman spectrum of graphite is marked by the presence of a strong

1

feature centered at 2700 cm™'. This feature is called by G’ band, and was reported by

Nemanich and Solin [32, 33| [see Figures 5.1 and 5.3(b)]. Although the G’ band is the

two-phonon band associated with the D band, it is not a disorder-induced band, since
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the momentum conservation condition in two-phonon Raman processes does not require
that the associated phonon wavevectors must be close to the Brillouin zone center (see
discussion in section 3.1.4). Therefore, as depicted in figure 5.1, the G’ can be observed

in both single crystal and disordered graphite.
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Figure 5.4: Plot of the frequencies (wavenumbers) of the D, D’, and G’ bands vs the
excitation laser energy (F;) for the spectra depicted in Figure 5.3(b).

In 1981, Vidano et al. showed that the D and G’ bands have a dispersive behavior, since
their frequencies change with the incident laser energy [34]. The slope of the dispersion
is about 50 and 100cm™!/eV for the D and G’ bands, respectively [observe the dashed
lines in Figure 5.3(b) showing the dispersive character of the D and G’ bands]. The D’
band is also dispersive, although its dispersion has a lower value (~10cm™!/eV). Figure
5.4 shows a plot of the frequencies (wavenumbers) of the D, D’ and G’ bands vs the
excitation laser energy (F;) for the spectra depicted in Figure 5.3(b).

Baranov et al. (1987) [35], Pécsik et al. (1998) [36], and Matthews et al. (1999) [37] pro-
posed that the dispersive behavior of the D band comes from the fact that the wavevector
q of the phonon involved in the scattering process couples to the electron wavevector kg
near the K point in the Brillouin zone, following the relation ¢ ~ ko (or ¢ ~ 2k as
proposed by Baranov et al.). As the optical transitions are resonant in different electron

wavevectors kg for different excitation laser energies, the phonon wavevector ¢ should also
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be different. Despite the fact that this model qualitatively explains the dispersive be-
haviour of the D band, these works do not explain the physical process coupling g ~ k.

This point was clarified in the double-resonance model, as discussed in the next section.

5.2 The double-resonance model

Although Baranov et al. have mentioned the double-resonance model for the D band [35],
it was Thomsen and Reich in 2000 who explained that the momentum conservation can
be satisfied in the coupling g ~ 2k if the electron is elastically back-scattered by a defect
with momentum d ~ 2k [38]. Figure 5.5 shows the double-resonance model proposed by
Thomsen and Reich [38]. Parts (a), (b), and (c) refer to intermediate states occurring
during the scattering process. The left side of Figures 5.5(a), 5.5(b), and 5.5(c) show the
first Brillouin zone of graphene, while the right side shows the plot of the 7w electrons
dispersion curve along the direction K M K', obtained from the tight-binding method (see
section 1) [2]. The small dark and white circles refer to the electron and hole, respectively.
The process starts in Figure 5.5(a) with the graphene system absorbing an incident photon
with energy E; = hw; from the incident laser beam, creating an electron-hole pair. Since
the valence and conduction bands (7 and 7*, respectively) touch each other at the K (K’)
point in the electron dispersion curve of graphene, the resonant optical transitions occur

between the 7 and 7* bands near the K (K’) point.

In order to keep the momentum conservation, the sum of the electron and hole momenta
should be equal to the incident photon momentum, i.e., ¢, + ¢, = ¢;. However, since
the incident photon momentum is much smaller than the electron momentum near the K
point (||~ |(j'e|_3)7 the electron and hole momenta are equal in modulus, and opposite
in direction, i. e., ¢j ~ —@. (vertical transition). Therefore, as depicted in Figure 5.5(a),
the electron and hole wavevectors are o and —¢p, respectively. In the graphics depicted
on the right side of Figure 5.5, the top scale refers to the component of the electron
wavevector ¢, along the line K M K’, and the bottom scale refers to the component of the
hole wavevector ¢, along the line KMK'. Observe that the bottom scale (referring to
the hole) is inverted in order to clarify the momentum conservation during the scattering

process.

Due to the linearity of the energy dispersion of the 7 electrons around the K (K’) point,
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Figure 5.5: The double-resonance intravalley model proposed by Thomsen and Reich
[38] for the D band which is, in fact, one of the possible processes giving rise to the D’
band. Parts (a), (b), and (c) refer to intermediate states occurring during the scattering
process. The left side of parts (a), (b), and (c¢) show the first Brillouin zone of graphene,
while the right side shows the plot of the 7 electrons dispersion curve along the direction
KMK', obtained from the tight binding method (see section 1) [2]. The small dark and
white circles refer to the electron and hole, respectively. Left panels do not show energy
information.
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Figure 5.6: The Feynman diagram related to the the one-phonon Raman process depicted
in Figures 5.5 and 5.8.

the electron and the hole energies after the absorption of the incident photon are €(q) =
hwr/2 and €’(—qo) = —hwy/2, respectively (we are considering here that the energy is
zero at the Fermi level). The collection of all electrons and holes able to take part in
this process form two circles [left side of Figure 5.5(a)] centered at the K and K’ points?,
respectively, with the same radius given by kg = hw;/2A, where A = v/3vpa/2 is the slope
of the 7 and 7* bands near the K and K’ points (see equation 2.14) [40, 41].

Figure 5.5(b) shows the configuration of the system after the electron has been scattered
by a phonon with wavevector ¢, and energy /w,, to a point belonging to another circle
centered at the K point, in a intravalley process. The electron wavevector is now ¢; = ¢+¢o,

and the radius of the circle is given by ky = ko — hw,/A.

Figure 5.5(c) shows the configuration of the system after the electron is elastically scat-
tered by a defect with wavevector d= —q, to a point belonging the circle of radius ko, in
another intravalley process. The process finishes when the electron recombines with the

hole, and the graphene system emits a photon with energy hwg = hwr — hwy.

Figure 5.6 shows the Feynman diagram associated with the process depicted in Figure
5.5. The process starts with the system in an initial state | i), where the material system

(graphite sheet) is in the ground state, and there is an incident photon with energy hw;

'We are disregarding the trigonal warping effect, which is important when moving away from K (K')
[39].
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and a defect. Next, the graphite sheet absorbs the incident photon, creating the electron-
hole pair. In this stage, the system is in the first intermediate state |a). Next, a phonon
with energy fw, is created, and the system goes to the intermediate state |b). After that,
the electron is elastically scattered by the defect, and the system goes to the intermediate
state |¢). Finally, the electron recombines with the hole, creating a photon with energy
fwg = hwy — hw,. The system is then in the final state | f). Observe that the configuration
of the system depicted in parts (a), (b), and (c) of Figure 5.5 refer to the intermediate
states |a), |b), and |c) in Figure 5.6, respectively.

The one-phonon Raman process depicted in Figures 5.5 and 5.6 is, in fact, a fourth-order
time dependent perturbative quantum process, and the Raman cross section associated
with this process is given by equation 3.62, reproduced here in the form:

hwl 2T
~(T) R

f

2

HMRC CHedb bHepCL (IHMR’i
Z(fl |} (¢l Healb) (bl Hepla) (a Hair]E)

(E; — E,)(E; — Ey)(E; — E,) 6(B; — Ey) . (5.1)

a,b,c

The eigenstates of Hy in equation 5.1 can be written as:

i) = |nr,ns,ng, ¢')

‘&> = |n1_1’n37nq’¢a> )

|b) =|n;—1,ng,n,+1,¢% ,

lc¢) =|nr—1,ns+1,n,+1,¢).

(5.2)

In order to understand why the Raman process depicted in Figures 5.5 and 5.6 is a
double-resonance process, the three terms in the denominator of Equation 5.1 should be
calculated, and the result for two of them should be zero. The eigenvalues F;, E,, Ej,
and FE. can be evaluated by taking the sum of the energies of the propagators present in
each eigenstate of Hy (see details in section 3.2.4) in Figure 5.6, and the results are given,

respectively, as:

Ei = Ephoton = hw[ ) (53)
o hw he
E, = E., = e(q) — () = Tf - (‘TI) = hwy | (5.4)
o he hw
Eb = Eeh+Eph0non = €C(ql)—€ (qo)—l—hwq = (TI — hwq) — (—TI) +hwq = th s (55)
o he huw
Ec = E6h+Eph0non = Ec(qo)—g (qo)—i—hwq = (TI) — (—TI) —|—hwq = hw;—i—hw,z . (56)

It can be seen from Equations 5.3 to 5.6 that the terms (E; — E,) and (E; — Ej) in the

denominator of Equation 5.1 are null, since the eigenvalues FE;, E,, and £}, are equal to
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the incident photon energy hw;.2 Therefore, the process depicted in Figures 5.5 and 5.6
is, in fact, a double-resonance process, and the Raman cross section diverges. As pointed
out in section 3.2.4, in a complete analysis the sum inside the square modulus in Equation
5.1 should take into account all different timing orders in the Raman process. However,
this sum is composed by twenty-four terms in a fourth-order Raman process, and its

evaluation does not give any additional important information.

Let us now understand how the double-resonance process proposed in references [35] and
[38] explains the dispersive behavior of the D band. Figure 5.7 shows in a schematic
way two distinct double-resonance processes involving incident photons with different
frequencies. Let us suppose that one of them belongs to the red range of frequency in the
visible spectrum, and the other belongs to the blue range. Since the energy of the “blue”
photon is larger than the energy of the “red” photon (Aiwp > hwg), the resonant optical
transitions for these two photons will occur for different wavevectors kg = hwp/2A and
kr = hwr/2A. The modulus of the phonon wavevector associated with the two processes

are given by:

hw hwp — hw

QB:kB+(kB— ;B>=—BA i (5.7)
hw hwr — hw

qR:kR—F(kR— ;R):%. (58)

As pointed in section 3.1.3, the phonon energy is usually 10 times smaller then the incident
photon energy, that is hw, ~ hw;/10. Therefore, equations 5.7 and 5.8 can be rewritten,

respectivaly, as:

th
B~ (5.9)
FLUJR

Therefore, the wavevector of the phonons involved in both processes depicted in Figure
5.7 are different, being gg > qg, since the modulus of the phonon wavevector are linearly
proportional to the incident photon energy, as imposed by equations 5.9 and 5.10. In this
case, the experimental value of the D band dispersion (dwp/0E; ~50cm™"'/eV) would

be associated to the slope dw,/dq of a specific branch in the phonon dispersion curve of

2Observe that we have disregarded in equations 5.3 to 5.6 energy related to the defect. In fact, strictly
speaking, since we considered the defect as an entity not belonging the perfect graphite lattice, it should
be added to all eigenvalues of Hy, once the associated propagator is present in all eigenstates of Hy (see
Figure 5.6). However, we consider the defect energy having a constant value all over the process and,
since we are interested in the difference between the eigenvalues, its inclusion can be neglected.
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Figure 5.7: Two distinct double-resonance intravalley processes involving incident photons
with different energies where Aiwpg > hwg. The phonon wavevectors in both processes are
different, being g > qr. The modulus of the phonon wavevector is linearly proportional
to the incident photon energy, as imposed by equations 5.9 and 5.10.

graphite. The relation between dw,/dq and Owp/OE; can be obtained as:
El Ow &uD

~ — E— qNA

A 8q 8E1

At this point, the double-resonance model proposed in reference [38] needs to be gener-

~ 320em /AT (5.11)

alized, because the wavevectors of the phonons involved in the double-resonance process
depicted in Figure 5.5 are close to the I' point in the first Brillouin zone of graphite, where
no phonon branch with such a dispersion (0w,/dq ~ 320cm™!/ Afl) can be observed in

the range of frequency compatible with the D band frequency (Raman shift).

In 2000, Saito et al. published a work explaining that the double-resonance process giving
rise to the D band is an intervalley process, where the electron (or hole) is scattered by the
phonon (or defect) from a point belonging to a circle centered at the K point to another
circle centered at an inequivalent K’ point [40]. Figure 5.8 shows the intervalley process

proposed by Saito et al. giving rise to the D band in the Raman spectrum of graphite.

Figure 5.9(a) shows in the top part the double-resonance mechanism depicted in Figure
5.8, where a phonon with wavevector ., connects two points belonging to the circles
with radii kg and k; centered at K and K’, respectively. If the vector @, is measured
from the I" point in the Brillouin zone, its end is close to the K” point in Figure 5.9(a),
which is equivalent to the K point by symmetry. Therefore, Saito et al. have shown

that the assignment of the D band experimental data in the phonon dispersion curve of
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graphite should be made in the neighborhood of the K point [40]. Figure 5.9(a) also
shows in the bottom part an intravalley process, where the end of the wavevector of the
phonon involved in the double-resonance process (Ginrq) is close to the I' point. Saito
et al. explained that the mechanism associated with the D’ band is a double-resonance
intravalley process, such as that depicted in Figures 5.5 and 5.7, and successfully assigned
the D’ band data to the iLO phonon branch near the I' point in the first Brillouin zone
of graphene (see Figure 2.2 for reference). Moreover, Saito et al. applied the double-
resonance model to identify many weak Raman features in graphite materials, giving
strong support to the double-resonance model and showing that it is possible to obtain
experimental information about the phonon dispersion relation of graphite near the I'" and

K points with light scattering [40].

Saito et al. also explained that the set of all possible phonon wavevectors connecting
any points in the circles around K and K’ in the double-resonance mechanism giving
rise to the D band (measured from the I" point) have ends in the area between the two
circles around K" [see Figure 5.9(b)]. The radii of the inner and outer circle around K"
correspond, respectivelt, to the modulus of the difference and the sum of the radii of the
two circles around K and K’. There is a high density of phonon wavevectors ¢ satisfying
the double-resonance mechanism when the ends of the wavevectors measured from the I"
point are in the inner and outer circles around K” [40, 41]. The phonons associated with
the singularities in the density of ¢ vectors are expected to make a significant contribution
to the double-resonance Raman spectra. The D and G’ bands are associated with the
phonons with ends at the outer circle around K”. On other hand, the D’ band is associated
with the phonons with ends at the outer circle around I', since it comes from an intravalley

scattering.

In 1998, Tan et al. presented experimental data showing that the Raman spectra of
graphite have an anomalous behavior, where there is a shift in the D band frequency in
the Stokes and anti Stokes spectra, and that the frequency of the overtone G’ band is not
twice the D band frequency [42]. In 2002, we showed that there are four possible double-
resonance mechanisms associated with either the Stokes or the anti-Stokes processes (see
Figure 5.10) [41]. We explained that considering these four processes, the D band is
composed of two peaks, D; and D, in the Stokes spectrum, and D, and D3 in the anti-
Stokes spectrum. On the other hand, the G’ band is composed of a single peak, centered

at 2wp, in the Stokes spectrum and at 2wp, in the anti-Stokes spectrum [41].
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Figure 5.8: A double-resonance intervalley process proposed in reference [40] for the D
band. Left panels do not show energy information.
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Figure 5.9: (a): In the top part, an intervalley process where a phonon with wavevector
Jinter connects two points belonging to the circles with radii ky and k; around K and K’,
respectively. If the wavevector i, is measured from the I' point in the Brillouin zone,
its end is close to the K" point, which is equivalent to the K point by symmetry. In the
bottom part, an intravalley process where the end of the wavevector of the phonon (Ginirq)
is close to the I' point. (b): The set of all possible phonon wavevectors connecting any
points in the circles around K and K’ in the double-resonance mechanism giving rise to
the D band (measured from the I" point) have ends in the area between the two circles
around K. The radii of the inner and outer circles around K" correspond, respectively,

to the modulus of the difference and the sum of the radii of the two circles around K and
K'.

We can discuss now how the definitive assignment of the D band experimental data in
the phonon dispersion curve of graphite was made. The iTO phonon branch is totally
symmetric in its whole extension inside the first Brillouin zone of graphene (except at
the I" point), including the K point neighborhood (see Table 2.4). As pointed out in
the beginning of this chapter, Tuinstra and Koenig proposed that the D band would be
generated by the totally symmetric mode, which strongly modulates the susceptibility
|7, 8]. Ferrari and Roberston associated the D band with the iTO phonon branch based
in these symmetry arguments [43, 44]. However, despite these evidences, the assignment
of the D band was a subject of intense discussion [45], because the theoretical calculations
for the iTO phonon branch in the dispersion curve of graphite around the K point usually
does not fit the D band experimental dispersion data [16], and many works associated

the D band experimental data to the iLLO branch dispersion [36, 37, 38, 40, 46].

This discussion was finished in 2004, when Maultzsch et al. determined the il.O and iTO
branches in the phonon dispersion curve of graphite, based in very accurate experimental
data obtained from inelastic X-ray scattering [47], and showed that the experimental value

of the D band dispersion matches the iTO phonon branch determined experimentally by
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Stokes anti-Stokes

7

Figure 5.10: Right side: Four possible double-resonance mechanisms giving rise to the
D band associated with the Stokes processes. The process a is the same as that depicted
in Figure 5.8, where the incident photon is in resonance with the 7 —7* transition, and the
inelastic scattering of the electron occurs before the elastic back-scattering. In the process
b, the scattering from a point around K to a point around K is elastic and occurs before
the inelastic back-scattering, associated with the emission of the phonon. In processes c
and d, the incident photon is not in resonance with the 7—z* transition, and the resonance
occurs only for the scattered photon in the electron-hole recombination. In this case, the
electron-hole pair must have a different momentum compared to processes a and b. In
process c, the inelastic scattering of the electron occurs before the elastic back-scattering,
whereas in process d the elastic scattering occurs before the inelastic scattering process.
Left side: Four possible double-resonance mechanisms associated with the anti-Stokes
scattering, which are equivalent to the Stokes processes a, b, ¢ and d in the right side.
The only difference in this case is that the inelastic scattering, connecting points around
the K and K’ points, is due to the absorption of a phonon with wavevector ¢.
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Figure 5.11: plot of the D band experimental data (Raman shift) on the iTO phonon
branch. The D band data (open stars) were obtained from the spectra depicted in Figure
5.3. The solid squares are the inelastic X-ray scattering data obtained by Maultzsch et
al. (taken from reference [50]). The open circle is the value of the frequency of the iTO
phonon branch at the K point calculated by Piscanec et al. taking into account the Khon
anomaly effect [49].

the inelastic X-ray scattering [48]. Moreover, Maultzsch et al. pointed out that, since the
scattering of electrons by phonons in the double-resonance process connects two points
belonging to the same electron band, the phonon involved must be fully symmetric and,
therefore, it should belong to the iTO branch [48]. Also in 2004, Piscanec et al. [49]
showed that the overbending of the iTO phonon branch near the K point observed in
phonon dispersion curves calculated by first principles is associated with Khon anomaly
effect [49]. The calculations made by the authors taking in account the Khon anomaly

effect successfully explained the experimental data obtained by Maultzsch et al. (2004).

Figure 5.11 shows the plot of our D band experimental data (Raman shift) on the iTO
phonon branch obtained by Maultzsch et al.. The D band data (open starts) were obtained
from the spectra depicted in Figure 5.3. The solid squares are the inelastic X-ray scattering
data obtained by Maultzsch et al. (taken from reference [50]). The open circle is the value
of the frequency of the iTO phonon branch at the K point calculated by Piscanec et al.

taking into account the Khon anomaly effect [49].
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5.3 The triple-resonance condition in the G’ band
scattering

Despite the wide acceptance of the double-resonance model, the discussion has been re-
stricted to the scattering of electrons by phonons (or defects, in the case of the D and
D’ bands scattering). No emphasis has been given to the scattering of holes, although
it is also a possible Raman process. We will show now that by considering the scat-
tering of holes in the Raman process giving rise to the G’ band, the occurrence of the
triple-resonance is also possible. The prediction of a triple-resonance condition among all
processes giving rise to the G’ band is confirmed by the fact that this two-phonon band is
usually as strong as the allowed one-phonon GG band in the Raman spectrum of graphite

(see Figure 5.1).

Figure 5.12 shows a two-phonon Stokes Raman scattering giving rise to the G’ band.
The process starts with the graphene system absorbing an incident photon with energy
hwr creating the electron-hole pair, where the electron and hole wavevectors are ¢, and
—qo, respectively, belonging to two circles of radii kg = hw;/2 A. In Figure 5.12(b), the
electron is scattered by a phonon with wavevector ¢, and energy hw,, to a point belonging
to a circle centered at an adjacent K’ point. The electron wavevector is now ¢; =7 + o,
and the radius of the circle centered at the K’ point is given by ky = ko — hw,/A. In the
double-resonance models for the G’ band considering only the scattering of electrons by
phonons, the next step would be the electron being scattered back to the circle with radius
ko by a phonon with wavevector —¢. However, Figure 5.12(c) shows a different situation
in which the hole is scattered by another phonon with wavevector —¢, and energy Aw,, to
a point belonging to a circle centered at an adjacent K point, in an intervalley process.
The hole wavevector is now —¢; = —¢ — ¢y, and the radius of the circle centered at the K’
point is also given by ky = kg — hw,/A. The process finishes when the electron recombines

with the hole, and the graphene system emits a photon with energy hwg = hw; — 2hw,.

Figure 5.13 shows the Feynman diagram associated with the process depicted in Figure

5.12. The Raman cross section in this case can be written as:

th 2w
~(5)E

f

2

5(E; — Ef), (5.12)

3 (f1Hnrl|c){(c|Hnp|b) (0| Hep|a) (a| Harrli)
(Ei — Eo)(Ei — Ey)(E; — E)

a,b,c

where Hj, is the hole-phonon interaction hamiltonian. Based on Figure 5.13, we can
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Figure 5.12: A triple-resonance intervalley process giving rise to the G’ band. Left panels

do not show energy information.
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Figure 5.13: The Feynman diagram related to the the two-phonon triple-resonance Raman
process depicted in Figure 5.12.

calculate the eigenvalues F;, E,, Ey, E. as:

Ei = Ephoton = FLLU] ) (513)
o hw hw
Eo = Eo = (@) — (@) = TI - (‘TI) = hwr (5.14)
o hew hw
Ey = Eep + EphonOn = 50(@1) — € (QO) + hwq = (TI - hwq) - <_TI) + m}q = hwy )
5.15)
I, hw
E. = E,+2Ephonon = €(q1)—€"(q1)+2hw, = (TI — hwq) — <_TI + hwq> +2hw, = hwy .

(5.16)

It can be seen from Equations 5.13 to 5.16 that the three terms in the denominator of
Equation 5.12 are null, since the eigenvalues E;, E,, E,, E. are all equal to the incident
photon energy Aw;. Therefore, the process depicted in Figures 5.12 and 5.13 is, in fact, a

triple-resonance process.

The G’ band is a special case of two-phonon Raman scattering, since it is not associated
with any maximum in the phonon density of states, and its intensity is comparable with

the allowed one-phonon G band, as can be seen in Figure 5.1.

Finally, it is worth to noticing that the 7 electron dispersion energy near to the K and
K’ points in the first Brillouin zone of graphene, which are linear and symmetric with
respect to the Fermi level, makes possible the occurrence of triple-resonance processes, a

very unusual case in the optical spectroscopy of crystals.
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Chapter 6

Raman Spectra of Nanographite
Ribbons

Graphite-related materials have been the object of many studies[1] in the last decades
including, and in particular, carbon nanotubes that can be obtained by rolling up a
graphene sheet into a tube of nanometric diameter [2]. This large interest in carbon nan-
otubes is due to the fact that they are quasi-one dimensional (1D) systems and have many
properties related to quantum confinement [2]. Another form of a 1D carbon system is a
strip of a graphene sheet, which is called a nanographite ribbon in the literature [51, 52].
Previous works have shown the existence of 1D graphite nanostructures in polyperinaph-
thalene (PPN) [53, 54] and in fibers obtained from carbon nanotubes subjected to high
temperature and pressure [55]. The synthesis of nanographite ribbons grown from a SiC
arc-discharge has been reported, including the observation of a ribbon bifurcated along
the c-axis, forming a nano Y-junction [56]. This is a promising structure in the field of

nano-electronic devices because of its interesting transport properties [57].

In this Chapter, a Raman study of nanographite ribbons on an HOPG substrate is re-
ported. We found a way to differentiate the Raman signal of the ribbon from that of the
substrate, the Raman signal of the ribbon having the same order of magnitude as that
of the substrate, despite the much smaller number of illuminated carbon atoms (~1073).
The Raman peak of the nanographite ribbons also exhibits an intensity dependence on
the light polarization direction relative to the nanographite ribbon axis. These results
are explained by the quantum confinement of the electrons in the 1D band structure of
the nanographite ribbons, combined with the anisotropy of the light absorption in 2D
graphite.
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Figure 6.1: General structure of a zigzag [part (a)] and an armchair [part (b)] nanographite
ribbon with N dimer lines. Parts (¢) and (d) show the Brillouin zone of zigzag and
armchair nanographite ribbons (cutting lines), respectively, inside the first Brillouin zone
of 2D graphite.

6.1 Electronic properties of nanographite ribbons

There are two basic types of nanographite ribbons: zigzag and armchair, defined according
to the form of the edge. Figures 6.1(a) and 6.1(b) show the general structure of zigzag
and armchair nanographite ribbons, respectively. The longitudinal (E) and transversal
(f) vectors define the unit cells in real space. In both cases, the unit cell has 2N atoms,

where N is the number of dimer lines.

The Brillouin zone of the nanographite ribbon can be obtained by the zone folding tech-
nique [51, 52]. Due to the translational symmetry of the vector E, we have a continuum
of wave vectors along the direction of K, for a ribbon of infinite length. On the other
hand, because of the finite size of nanographite ribbon in the transversal direction, we
have N possible discrete k values separated by |Kr|. Figures 6.1(c) and 6.1(d) show the
Brillouin zone (cutting lines) of zigzag and armchair nanographite ribbons respectively,
inside the first Brillouin zone of 2D graphite. Table 6.1 shows the vectors f/, f, K ., and

Ky for zigzag and armchair ribbons with N dimer lines.
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Table 6.1: Vectors E, f, K 1, and K for zigzag and armchair ribbons with N dimer lines.

— —

L T K Kr

L3 3<N‘”] 7, (N odd 2 (N odd

V3 [ 2  ( ) ) = B e ( )
zigzag ay %ﬂ k,

a 3N A 27 I

7L 1, (Neven — 1 ka, (N even

\/3 |: 2 :| ( ) %[%71] ( )
armchair aV/33 w g 2 k, = A - k,

The electronic structure of nanographite ribbons is formed by 1D sub-bands due to the
quantization of k£ space in the transversal ribbon direction. These 1D sub-bands are
obtained by the projection of the dispersion curves of 2D graphite along the cutting lines
[51, 52, 58]. The electronic density of states (DOS) exhibits one-dimensional van Hove
singularities [51, 52, 59, 60, 61].

An armchair nanographite ribbon can be either metallic! semiconductor, depending on
their width. They are metallic if N=3M — 1, where M is an integer number, and semi-
conductor otherwise. The metallic types exhibit linear energy bands next to the Fermi
level, like in a graphite bulk. On the other hand, semiconductors poss an energy gap
that decreases as the ribbon width increases. Figures 6.2(a), 6.2(b), and 6.2(c) show the
calculated band structure for armchair ribbons with N=4, N=5 and N =6, respectively.

Observe that the armchair ribbon with N =5 is metallic.

The zigzag nanographite ribbons are always metallic. They present a flat band at the
Fermi level associated with states localized in the vicinity of the edge (called edge states).
Therefore, there is a sharp peak in the electronic DOS of zigzag nanographite ribbons at
the Fermi level associated with these flat bands. The origin of the edge states in zigzag

edges is discussed in detail in Appendix C. Figures 6.3(a), 6.3(b), and 6.3(c) show the

'We are calling here as metallic those nanographite ribbons for which the valence and conduction
bands touch each other at the Fermi level. Using the same arguments as those presented in section , we
can conclude that they are, in fact, zero gap semiconductors.
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Figure 6.2: Calculated band structures for armchair ribbons with N=4 (a), N=5 (b),
and N=6 (c). The horizontal scales are given in 1/ av/3 units. The vertical scale refers
to the energy value in eV units divided by 7 =3.033eV. Taken from reference [52].
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Figure 6.3: Calculated band structures for zigzag ribbons with N=4 (a), N=5 (b), and
N=6 (c). The horizontal scales are given in 1/a units. The vertical scale refers to the
energy value in eV units divided by vy =3.033eV. Taken from reference [52].

calculated band structure for zigzag ribbons with N=4, N=5, and N =6, respectively.

6.2 Production and identification of nanographite rib-
bons

The sample used in the experiment was prepared by the electrophoretic deposition (EPD)
of diamond nano-particles on a highly oriented pyrolytic graphite (HOPG) substrate
[62]. At a heat-treatment temperature (HTT) of 1600° C, the diamond nano-particles

are graphitized, forming nano-graphite sheets [63].
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Figure 6.4: (a): AFM image of many ribbons parallel to each other. (b): Zoom image
taken from the white square in part (a). (c): The averaged height profile obtained along
the ribbons of part (b). (d): STM image with atomic resolution of a nanographite ribbon
with a width of approximately 3nm. (e): Zoom image of the substrate taken from the
white square in part(d). (f): AFM image of a nanographite ribbon near a step. The
arrow indicates the position of the ribbon for reference. (g): The height profile obtained
through the dotted line on part (f). The sample was produced by Dr. Y. Kobayashi at
the Enoki-Fukui Laboratoty, Tokyo Institute of Technology (Japan). STM measurements
were performed at the Laboratério Nacional de Luz Sincrontron (Campinas-Brazil) with
the help of Dr. Gilberto Medeiros.

Atomic Force Microscopy (AFM) images of the sample were acquired using a Nanoscope
IV MultiMode microscope from Veeco Instruments, operating in the intermittent contact
(tapping) mode, at room temperature, using standard Si cantilevers. Figure 6.4(a) shows
an AFM image, where many ribbons parallel to each other are observed. Figure 6.4(b)
shows the zoom image taken from the white square in part (a). The average width of
the ribbons is 8nm and the length can be as large as 1 um. Figure 6.4(c) shows the
averaged height profile obtained along the ribbons of part (b). Figure 6.4(d) shows an
STM image with atomic resolution of a nanographite ribbon with a width of approximately
3nm. Figure 6.4(e) shows a zoom image of the substrate taken from the white square in
part(d). Figure 6.4(e) shows an AFM image where the presence of a ribbon near a step
of the HOPG substrate is evident. The ribbon is larger than 500 nm in length. The
height profile [Figure 6.4(g)] shows a height of 0.35nm, which corresponds exactly to
the interlayer distance of bulk graphite, indicating that the ribbon has only one layer of

atoms.
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6.3 The Raman spectra of nanographite ribbons

Back-scattering micro Raman spectra were taken at room temperature using the DILOR
XY triple-monochromator. The laser energy, spot area and power density on the sample
were 2.41eV, 1078 cm? and 3x 105 W/cm?, respectively. A half-wave plate was coupled
with the microscope in order to rotate the polarization of the incident and the scattered
light, allowing measurements of the angular dependence of the polarized Raman spectra
(see the spectrometer setup schema in Figure 4.1). The spectra were taken in the region

of the sample where the ribbons depicted in Figure 6.4(a) were observed.

Figure 6.5(a) shows the Raman spectra obtained with different polarization directions
for the incident light. The propagation of the incident light is perpendicular to the
graphite plane and 6 is the angle between the longitudinal direction of the ribbon and
the light polarization (P) [see inset to Figure 6.5(a)]. The information about the ribbon
direction was obtained by AFM [Figure 6.4(a)]. Note that the Raman band is composed
of two peaks, centered at 1568 cm™! and 1579 cm™!, that will be called the G; and G5
peaks, respectively. By increasing the angle 6, the intensity of the G; peak decreases
gradually, while the intensity of the G2 peak remains constant. Figure 6.5(b) shows
the angular dependence of the G peak intensity fitted by a cos®# curve. Figure 6.5(c)
shows the dependence of the G; and (G5 peak frequencies on the laser power used in the
experiment, as discussed below. The angular dependence of the Raman spectra shown
in Figures 6.5(a) and 6.5(b) can be explained by considering the selection rules for light
absorption in graphite and the quantum confinement in 1D nanographite ribbon. The
Raman efficiency is related to the absorption coefficient since the one-phonon Raman
scattering is a third-order process which involves the absorption of an incident photon, the
creation (or annihilation) of a phonon, and the emission of a scattered photon. According
to theoretical calculations for 2D graphite, the probability of light absorption W(lg) per

unit time is associated with the polarization vector of incident light P= (pz, py) and with

the wavevector k = (ks k,) of the electron by [64, 65]:

(6.1)

where k is measured from the K point situated at the corner of the first Brillouin zone.

As previously shown, for points k£ near the K point, the energy dispersion of 7 electrons
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Figure 6.5: (a): Raman spectra obtained for light incident with different polarization
angles () with respect to the ribbon direction. The inset shows a schematic figure of the
sample showing the direction between the ribbon axis and the light polarization vector
(P) for reference. (b): Intensity of the G, peak versus 6. The dotted line is a cos® 6
theoretical curve. The error bars are associated with baseline corrections. (c): Raman
frequencies of the Gy (triangles) and G (squares) peaks as a function of the laser power
density.

is symmetric around K and is linearly proportional to k, that is,
E(k)=+Ak, (6.2)

where A = v/3ypa/2 is the slope of the 7 and 7* bands near the K and K’ points (see
equation 2.14) [40, 41]. In the light absorption process with a fixed laser energy (E;), the
energy separation between the valence and conduction bands is E; = 2|E(k)|. Therefore,
the wavevector of electrons involved in the light absorption process forms a circle around
the K point with radius ks = E;/2A. We are disregarding here the trigonal warping

effect [2], considering that optical transitions occur sufficiently near to the K point.
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Equation 6.1 shows that the light absorption has a maximum for electrons with a k
vector perpendicular to the polarization of the incident light (]3) and is zero for electrons
with & parallel to P. This fact is not measurable in 2D crystalline graphite because the
density of electrons involved in the absorption process is isotropic in the graphene plane,
and no changes in the Raman intensity can be observed by rotating the incident light
polarization [64, 65]. Therefore, based on the fact that the observed Gy peak frequency is
not affected in the angular dependence depicted in Figure 6.5(a), it can be concluded that
Gy is associated with the Iy (Eg,) vibrational mode of the HOPG substrate (G band)

7, §].

The situation is different for nanographite ribbons because, in this case, the & dependence
on the light absorption process is very important. Figure 6.6(a) shows the network of a
zigzag nanographite ribbon with N =8, where N is the number of dimer lines. As pointed
out in section 6.1, the unit cell has 2N atoms, and is defined by the longitudinal (L)
and transverse (T) vectors. The Brillouin zone, depicted in Figure 6.6(b), is formed by
N cutting lines parallel to the direction of the K, vector and separated by |Kr| [51,
52]. The optical absorption process in nanographite ribbons is associated with electronic
transitions between the valence (7) and conduction (7*) 1D sub-bands [66, 67]. The
quantum confinement of the electrons in a 1D structure restricts the wave vector (E) of the
electrons involved in the absorption process that are associated with transitions between
van Hove singularities in the valence and conduction bands. The optical transition energies
between van Hove singularities are different for nanographite ribbons with different widths
or crystalline directions of the L vector [see Figure 6.6(a)]. By scanning the sample, the
Raman signal from a particular nanographite ribbon is obtained when the light spot
reaches a ribbon that is in resonance with E;=2.41eV. The observation of Raman signal
from a nanographite ribbon with an intensity similar to the Raman signal from the HOPG
substrate is possible when considering the quantum confinement of the electronic states

in the ribbon. Note that the number of C atoms from the HOPG substrate under the

laser spot is at least 100 times larger than the number of C atoms from the ribbon.

A van Hove singularity in the electronic DOS occurs when a cutting line is tangential
to the circle of radius k,ps. This condition is obtained for electrons with a wavevector
along the K7 direction. When the photon energy of the incident laser is resonant with an
allowed transition between singularities in the 1D density of electronic states, the Raman

scattering cross section diverges, and the intensity of the Raman peak is enhanced. This
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Figure 6.6: (a): A zigzag nanographite ribbon network with N=8. L and T are the
longitudinal and transverse vectors that define the unit cell. (b): The reciprocal lattice
of the zigzag nanographite ribbon shown in part (a). K 1 and IZ'T represent reciprocal
lattice vectors. (¢): The k dependence for the probability of absorption [W(k)] near to
a K point, for the four different values of . The dark region gives a large absorption
coefficient. The arrow indicates the Kp vector, that coincides with a maximum in the
optical absorption for # = 0°, and with a node in the optical absorption for § =90° [64, 65].

resonant mechanism selects the k vector of electrons and only those along the Ky direction

are involved in the absorption process, that is, k I Kr.

According to Equation 6.1, the light absorption probability is proportional to the square of
the projection of the polarization vector (ﬁ) in the direction perpendicular to the vector
Kr, that is the longitudinal ribbon direction. Figure 6.6(c) shows that the vector Ky
coincides with a maximum in the optical absorption for # =0°, and with a node in the
optical absorption for # =90°. As 0 is the angle between P and the longitudinal ribbon
direction, we expect that W(g) o cos?f. Since the Raman intensity is proportional to
the number of absorbed photons, it must be also proportional to cos?6. As shown in
Figures 6.5(a) and 6.5(b), the intensity of the G; peak has a maximum value for the
incident light polarized parallel to the longitudinal ribbon direction (0 =0°), decreases

according to cos? #, and is null when Pis perpendicular to the longitudinal ribbon direction
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(0 =90°). The experimental results shown in Figures 6.5(a) and 6.5(b) are in excellent
agreement with theoretical predictions and allow us to conclude that the GGy peak is indeed
associated with the I'§ (Eq,) vibrational mode of the nanographite ribbon. It is important
to emphasize that the analysis above is valid not only for zigzag type ribbons, but also

for ribbons with any type of edge form.

Finally, it is worth analyzing the frequency shift of the two peaks, G; and G4, depicted on
Figure 6.5(c). In fact, this shift is due to a thermal effect. Using a low laser power density,
one just observes a single peak for the G band at 1580 cm™!. The G band splits into two
peaks when the laser power is increased. The frequencies of these two peaks decrease with
increasing the laser power, owing to the increase in the local temperature. However, the
(51 frequency decreases nonlinearly, whereas the G5 frequency only exhibits a small laser
power dependence. This is expected, since the Raman frequency of nanosized graphite
systems exhibit a stronger thermal dependence compared to bulk graphite [68, 69, 70].
The high thermal conduction coefficient in the graphene plane avoids the excessive heating
with an increase of the laser power density, keeping the lattice parameters almost constant.
However, in finite size systems, the heat dissipation is less efficient, and therefore the force
constants are more affected, providing a strong dependence of the Raman frequency on
laser power density, as shown in Figure 6.5(c). It is interesting to emphasize that this
thermal effect makes it possible to observe a Raman signal from a nanographite ribbon

sitting on a graphite bulk substrate.

6.4 Conclusion

In summary, this Chapter presents a Raman study of nanographite ribbons which shows
evidence for the anisotropic character of light-scattering in this system. The results give
experimental evidence for the predicted existence of a node in the optical absorption
in graphite and the presence of van Hove singularities in the DOS of the nanographite
ribbons. A more complete characterization of the DOS profile could be performed using a
tunable laser. This is a challenging experiment that requires a tunable laser system with
high laser power to separate the Raman signal from nanographite ribbons and the HOPG

substrate.
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Chapter 7

Influence of the Atomic Structure on
the Raman spectra of Graphite
Edges

In this Chapter, we present combined micro-Raman spectroscopy and scanning probe
microscopy experiments, showing that micro-Raman spectroscopy can be used to give
information about the local arrangement of carbon atoms in a graphite edge. Specifically,
the intensity of a disorder-induced Raman peak is used to define the orientation of the
carbon hexagons with respect to the graphite edge, in the so-called armchair or zigzag
arrangements, as well as to define the local degree of order for the atomic structure at
the edge. The physics leading to this structurally selective effect is explained on the basis
of the well-established double-resonance effect [38, 40| that is here applied to a semi-
infinite crystal limited by a one-dimensional defect. The work developed in this Chapter
represents an effort to improve the understanding of the influence of the defect structure
on the Raman spectra of graphite-like systems, which may be very useful to characterize

defects in nanographite-based devices.

7.1 Raman spectra of graphite edges

Figure 7.1 shows three Raman spectra obtained at different locations of a highly oriented
pyrolytic graphite (HOPG). The inset to Figure 7.1 shows an optical image of the sam-
ple, obtained by a CCD camera coupled to the microscope of the micro-Raman system.

Locations 1 and 2 are at HOPG edges, while location 3 is on the flat HOPG surface.
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Figure 7.1: Raman spectra obtained in three different regions of the HOPG sample. The
spectra were taken at room temperature using a Spectronics monochromator system. The
laser power density on the sample was 3x10° W /cm? and the laser energy was 1.96¢V.
The inset shows an optical image of the step and the regions where spectra 1, 2 and 3
were taken (open circles).

The light propagation is perpendicular to the HOPG basal plane. The polarization of the
incident light is parallel to the edge direction in spectra 1 and 2. The G band is present

in the three spectra with the same intensity (there is no normalization in Figure 7.1).

As explained in Chapter 5, the disorder-induced D and D’ bands are observed in defective
graphite structures. The mechanism giving rise to these bands, the double-resonance
process, involves a resonant optical absorption or emission, and another resonance for
an electron or hole scattering by a defect or a phonon in the interior of the Brillouin
zone. For the observation of the D and D’ bands, therefore, the existence of a defect with
a specific wavevector is necessary to satisfy the momentum conservation. In fact, the
disorder-induced D and D’ bands are observed in spectra 1 and 2, but not in spectrum 3.
Spectrum 3 was taken in a flat region of the HOPG sample with a perfect crystalline order
[see Figure 7.1]. The edge, on other hand, behaves as a defect necessary for momentum

conservation in the double-resonance Raman process. However, the most striking result
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Figure 7.2: (a): AFM image of the step on the HOPG substrate where Raman spectra
shown in Figure 7.1 were taken. (b): AFM image of edge 2. (c): Atomic resolution
STM image of the region marked by the white X in part (b). The STM measurements
were performed under ambient conditions in the constant-height mode. (d): FFT filtered
image from the region marked by a white square in part (c).

shown in Figure 7.1 is the fact that the D band is about four times less intense in spectrum
2 compared to spectrum 1, whereas the D’ band intensity remains almost constant in both
spectra. The different intensities observed for the D band in spectra 1 and 2, but not for
the D’ band, indicate an intrinsic structural property of the scattering process in graphite

edges.

7.2 Structural characterization of the edges

In order to structurally characterize the sample, scanning probe microscopy measurements
were performed using a Nanoscope IV MultiMode microscope from Veeco Instruments.
Atomic force microscopy (AFM) data were obtained in the intermittent contact mode,
at room temperature, using standard Si cantilevers. Figure 7.2(a) shows an AFM image
of the step on the HOPG substrate where the Raman measurements in Figure 7.1 were
performed. This structure is a common defect in HOPG surfaces and it is easily formed

during the cleavage of graphite planes [71]. The step is composed of two edges, forming
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an angle of 150°. The step height is about 230 nm, which corresponds to ~ 700 graphene
sheets. The spikes along the edges [see white arrow in Figure 7.2(a)] are probably caused
by agglomeration of dust deposited on the HOPG surface due to laser heating. Figure
7.2(b) shows another AFM image of the edge 2 and scanning tunneling microscopy (STM)
measurements were performed in the region marked by the white X in Figure 7.2(b). The
raw STM data [Figure 7.2(c)] exhibit atomic spacing resolution, allowing a structural
analysis of the edges. Figure 7.2(d) shows a FFT-filtered zoom image of the region
marked by a white square in Figure 7.2(c). There are two inequivalent atoms in the
graphite unit cell, A and B, and STM measurements performed in the basal plane of
graphite are normally able to distinguish one of them (B atoms) [72], which correspond
to the dark regions in Figure 7.2(d). The positions of A atoms are also indicated by small
black squares in Figure 7.2(d). A zigzag line connects A and B neighbor atoms and,
following the white dashed line in Figure 7.2, it can be concluded that edge 2 has a zigzag
structure. Therefore, edge 1 must have an armchair structure since, as shown in Figures

7.1 and 7.2(a), edges 1 and 2 form an angle of 150° to each other [see Figure 7.3(b)].

7.3 Influence of the atomic structure in the Raman
spectra of the edges

Knowing the edge structures, the Raman scattering events shown in Figure 7.1 can be
discussed. Figure 7.3(a) shows one possible inter-valley double resonance process that
gives rise to the D band in the Stokes spectra, where an electron of wavevector Eo (mea-
sured from the K point) absorbs a photon of energy E;, and is inelastically scattered by
a phonon of wavevector ¢ and energy E, to a point belonging to a circle around the K’
point, with radius ]121] After that, the electron is scattered back to ko by a defect with
wavevector d = — ¢. Finally, the electron-hole recombination occurs at /;0, giving rise to
the scattered photon with energy E; — E,. The double resonance process that gives rise
the D’ band is an intra-valley process [not shown in Figure 7.3(a)|, since it connects two

points belonging to the same circle around the K point (or the K’ point) [40].

The most common case of disorder-induced bands in the Raman spectra of graphite-
related materials occurs in samples formed by aggregates of small crystallites. In this
case, the crystallite borders form defects in the real space. Since the crystallites have

different sizes and their boundaries are randomly oriented, the defect wavevectors exhibit
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Figure 7.3: (a): Representation of a double resonance Raman process that gives rise to
the D band in the Stokes spectra of disordered graphite materials [40, 41]. (b): Schematic
illustration of the atomic structure of the step shown in Figures 7.1 and 7.2. (c): First
Brillouin zone of 2D graphite, showing the double resonance mechanism for an armchair
graphite edge and the density of phonons (inset) associated with this process.

all possible directions and values. Therefore, the existence of a defect with momentum ex-
actly opposite to the phonon momentum is always possible, giving rise to double-resonance
processes connecting any pair of points in the circles around the K and K’ points. In
this case, the intensity of the D band is isotropic and does not depend on the light po-
larization direction. However, in the case of edges, the D band intensity is anisotropic
because the double-resonance process cannot occur for any pair of points. Since, in real
space, the edge defect is well localized in the direction perpendicular to the edge, it is
completely delocalized in this direction in reciprocal space and, therefore, the wavevector

of such defect assumes all possible values perpendicular to the step edge. Consequently,
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the defect associated with a step edge has a one-dimensional character and it is only able

to transfer momentum in the direction perpendicular to the edge.

Figure 7.3(b) shows the structure of the two kinds of edges shown in Figures 7.1 and
7.2(a). The bold lines show the edge structures, armchair for edge 1 and zigzag for edge
2. The wavevectors of the defects associated with these edges are represented by d,, for
armchair and d; for the zigzag edge. Figure 7.3(c) shows the first Brillouin zone of 2D
graphite oriented according to the lattice in the real space shown in Figure 7.3(b). Note
that only the armchair d,, vector is able to connect points belonging to circles centered
at two inequivalent K and K’ points. Considering the laser energy used in this work
(2.54eV), the radii of the circles around K’ and K points are not large enough to allow
the connection of any k1 and /Zo states by a zigzag d, vector. As a result, the inter-valley
double-resonance process associated with this defect cannot occur for a perfect zigzag
edge. The mechanism depicted in Figure 7.3(c) can thus explain the results shown in
Figure 7.1. The D band is much less intense in the spectra obtained in edge 2, which has

a zigzag structure.

It is also important to note the observation of a weak D band in spectrum 2, where it
should be absent. This weak D band can be described to imperfections in the atomic
structure of the edge, allowing the scattering of the electron by phonons and defects with
wavevectors not perpendicular to the edge. Similar measurements performed on different
closely related armchair and zigzag graphite edges (similar to Figure 7.2) show different D
band intensity ratios, indicating different degrees of order for the local atomic arrangement

at the different edges.

On the other hand, the D’ band, around 1620 cm™?, is given by an intra-valley process,
which connects points belonging to the same circle around the K (or K’) point. In this
case, momentum conservation can be satisfied by both d; and d: vectors and, therefore, the
observation of the D’ band must be independent on the edge structure. This conclusion
is confirmed by the experimental result shown in Figure 7.1, where the D’ band has the
same intensity in both spectra 1 and 2, with armchair and zigzag structures, respectively.
The different intensity behavior for the D and D’ bands shown in Figure 7.1 can be,
therefore, understood in terms of the one-dimensional character of the defect and the

atomic structure of the edge for inter-valley and intra-valley double resonance processes.

The inter-valley double-resonance mechanism in armchair edges can now be discussed in
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detail to fully characterize the one-dimensional character of the defect. The arrow starting
from the open dot in Figure 7.3(c) represents a possible phonon that can be associated
with the D band in an armchair edge, since its wavevector has the same direction as d,.
In principle all phonons with wavevectors in this direction, connecting circles centered at
K and K’, satisfy the double resonance condition. An important point to be analyzed
is the density of such phonons, which is given by the relation |dq/d3|™' o |sec 3|, where
(3 is an arbitrary angle measured from the armchair edge direction [see Figure 7.3(c)].
As shown in the inset of Figure 7.3(c), the density of phonons exhibits a singularity for
£6=090°. Thus, it can be concluded that the D band is mainly associated with the phonon
represented by the bold arrow starting from the black dot in Figure 7.3(c), connecting

the electronic states whose wavevectors k(| and k] have the same direction as d,.

7.4 Polarization effects

Figure 7.4 shows the dependence of the D band intensity on the polarization of both the
incident and scattered light. The spectra were obtained at the armchair edge (edge 1), and
6 is the angle between the polarization vector of the incident light and the edge direction
[see inset of Figure 7.4, where the dotted line represents the armchair edge direction].
For spectra obtained in VV (VH) configuration, the scattered light was analyzed parallel
(perpendicular) to the polarization direction of the incident light (see section 4.10). As
shown in Figure 7.4, the D band intensity in the VV configuration [Ip(VV)] decreases
gradually with increasing value of € (filled squares), while in the VH configuration, Ip(VH)

exhibits a maximum value for § =45° (open squares).

In order to explain these results, it is first necessary to consider the polarization de-
pendence of the optical transitions in graphite. Theoretical calculations predicted the

anisotropy in the optical absorption (emission) coefficient of 2D graphite given by [64, 65]:
Wabs,ems X |-F_5 X E|2 ) (71)

where P is the polarization of the incident (scattered) light for the absorption (emission)
process, and k is the wavevector of the electron measured from the K point. The thick-
ness of the gray region around the circle shown in the inset to Figure 7.4 illustrates the
anisotropy in the optical absorption relative to P (the thicker the stronger), given by

equation 7.1. Note that the light absorption (emission) has a maximum for electrons with

89



wavevector k perpendicular to ]3, and it is null for electrons with wavevector parallel to
P. For the mechanism discussed in Figure 7.3(c), the existence of a singularity in the
density of phonons that participate in the one-dimensional double resonance inter-valley
process restricts the wavevector k of the electron to the direction perpendicular to the
armchair edge (k = k}). In the VV configuration, P has the same direction for the in-
cident and scattered light, and since E{) is perpendicular to the armchair edge direction,
the coefficients of absorption Wy, and emission W.,,,s are both proportional to cos?.
In VH configuration, the polarization of the incident and scattered light are perpendic-
ular to each other and, therefore, Wy, and W,,,s are proportional to cos*§ and sin?0,
respectively. Since the Raman scattering involves absorption and emission of photons,
the D band intensity depicted in Figure 7.4 is expected to be given by Ip(VV) o cos*d
and Ip(VH) o sin®0cos*). The fit of the experimental data according to these expres-
sions are also shown in Figure 7.4, where solid and dashed lines are the curves obtained
for Ip(VV) and Ip(VH), respectively. It is interesting to observe in Figure 7.4 that the
minimum values obtained for both Ip(VV) and Ip(VH) are not zero, but correspond in
fact to the D band intensity in the Raman spectrum of the zigzag edge 2 (see Figure
7.1). In this way, the angular dependence of Ip(VV) and Ip(VH) were fit considering an
intensity background which is related to the double-resonance Raman process associated
with imperfections in the edge structure, that also contributes to the D band intensity.
As pointed out earlier, the intensity background is different for different graphite edges,
giving a measure of the local order of the C atoms arrangement at the different edges.
Furthermore, similar measurements on the zigzag edges show that the polarization de-
pendence of the weak D band in spectrum 2 is anisotropic, with minimum intensity when

the light polarization is perpendicular to the armchair edge.

Finally, it is worth observing that the anisotropy in the optical transitions of graphitic
systems can only be detected in one-dimensional systems, where the wavevectors of the
involved electrons are restricted to only one direction. For example, this anisotropy has
been detected in the Raman spectra of nanotubes [73] and nanographite ribbons [74],
where the electrons are confined in van Hove singularities. In the case of Raman scattering
in graphite edges, no quantum confinement occurs but the one-dimensional character of
the defect gives rise to a singularity in the density of phonon states associated with the
D band double-resonance mechanism, restricting the wavevector of the electrons involved

in this process to only one direction.
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Figure 7.4: Dependence of the D band intensity on the polarization direction of incident
and scattered light. The spectra were taken in region 1 (armchair edge) at room tem-
perature using a Dilor XY triple-monochromator system. The laser power density on the
sample was 3x10° W /cm? and the laser energy was 2.41eV. The inset shows a schematic
illustration of the optical anisotropy around the K point of 2D graphite, where the thick-
ness of the gray shadow indicates the absorption strength. 6 is the angle between light
polarization P and the armchair edge direction.

7.5 Analysis of the spacial extension of the D band
intensity near to the edge

Figure 7.5(a) shows the Raman spectra of the D and G bands obtained by scanning the
armchair edge shown in Figure 7.2(a). The scan was performed in steps of 0.2 um along
a straight line (perpendicular to the edge) with a length of 2 um [see inset to Figure
7.5(a)]. It is clear in Figure 7.5(a) that the D band intensity increases when the laser
spot approaches the edge, and decreases when the laser spot moves way from the edge.

On the other hand, the GG band intensity does not exhibit significant changes.

Figure 7.5(b) shows the plot of the D band intensity vs. the laser spot position. It is
clear in the graphic that the spacial dependence of the D band intensity has a Gaussian

profile with a full width of half-maximum of ~ 400 nm. In fact, the Gaussian profile shown
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in Figure 7.5(b) is due to the laser spot intensity profile (see discussion in section 4.3),
showing that the Raman process giving rise to the D band happens in a small region

localized near the edges, smaller than the light wavelength in the visible range.
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Figure 7.5: (a): Raman spectra of the D and G bands obtained by scanning the armchair
edge shown in Figure 7.2(a). The scan was performed along a straight line of 2 u (bold
line indicated in the inset), in steps of 0.2 um. (b): Plot of D band intensity vs. the laser
spot position.

7.6 Final remarks

In summary, this Chapter presents a detailed study of graphite edges with different atomic
structures, combining the use of Raman spectroscopy and scanning probe microscopy.
This one-dimensional defect selects the direction of the electron and phonon associated
with the disorder-induced Raman process, and causes a dependence of the Raman D band
intensity on the atomic structure of the edge (strong for armchair and weak for zigzag

edge).
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Chapter 8

Measuring the crystallite size of
nanographites by Raman
spectroscopy

8.1 Introduction

In 1969, Tuinstra and Koenig [7, 8] performed systematic Raman and X-ray diffraction
studies of many graphitic samples with different in-plane crystallite sizes L,, and con-
cluded that the ratio of the D and G bands intensities (Ip/Is) was inversely proportional
to the crystallite sizes L,, which were obtained from the width of the X-ray diffraction
peaks. Later, Knight and White summarized the Raman spectra of various graphite sys-
tems measured using the \; =514.5nm (F; =2.41¢eV) laser line and derived an empirical
expression which allows the determination of L, from the (Ip/I¢) ratio [75]. Afterwards,
Mernagh et al. [29] showed that the ratio Ip/I; depends strongly on the excitation
laser energy (F£;) used in the Raman experiment, revealing that the Knight and White
empirical formula was only valid when the experiment was done using the \; =514.5nm
(E;=2.41eV) laser line. Despite the fact that the empirical relation relating L, and
Ip/1s has been widely applied to characterize the nano-graphitic structures, there is no
report until now generalizing this relation for Raman experiments performed with differ-
ent excitation laser energies. In this Chapter, a general formula that gives the crystallite
size L, of nano-graphitic systems for any excitation laser energy in the visible range is

presented.
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8.2 Experimental Details

The samples used in the experiment were prepared from diamond-like carbon (DLC)
films with thicknesses of several microns, heat treated at different temperatures and,
thus, giving rise to nanographites with different L, values. The films were prepared by a
pulsed laser deposition method using a highly oriented pyrolytic graphite target in vacuum
conditions (5 x 107® Torr). The heat treatment was made using an electrical furnace
setup, at heat treatment temperatures (HTT) of 1800°C, 2000°C, 2200°C, 2300°C, 2400°C,
2600°C and 2700°C. During the heat treatment process, the samples were kept inside a
closed graphite tube, within an inert gas atmosphere (Argon with 99.999% of purity)
flowing at 1 liter/min. Before the heat treatment, the sp® and sp? carbon phases coexist
in the samples, but the sp® phase completely disappears for heat treatment temperatures
above 1600°C [76]. Therefore, the samples used in this work correspond to aggregates of

nanographite crystals.

Raman scattering experiments were performed at room temperature using the triple
monochromator micro-Raman spectrometer (DILOR XY) for the following laser ener-
gies (wavelengths): Krypton 1.92eV (647nm) and 2.18eV (568 nm), and Argon 2.41eV
(514.5nm), 2.54eV (488nm) and 2.71eV (457.9nm). The laser power density was al-

2. The X-ray diffraction measurements were performed in the

ways less than 10° W /cm
transmission (6/26) geometry. The energy of the synchrotron radiation used was 10.0keV
(A=0.120nm). The transmission geometry was used since the (100) direction lies on the
sample surface. Scanning tunneling microscopy (STM) measurements were performed

using a Nanoscope II MultiMode microscope from Digital Instruments.

8.3 Dependence of the ratio Ip/I; on the crystallite
size and excitation laser energy

Figure 8.1 shows the STM images of the samples obtained at different heat treatment
temperatures. The evolution of the crystallite sizes with increasing heat treatment tem-
perature can be clearly observed in the STM images. The grain boundaries are very clear,
and the samples present good structural homogeneity. A high resolution STM analysis

shows that the ¢ axis is always perpendicular to the sample surface.
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Figure 8.1: (a): STM images of the sample heat treated at different temperatures. All im-
ages are shown in the same scale (1 um x 1 um). (b): X-ray diffraction profile of the (100)
peak for samples heat treated at different temperatures. The X-ray diffraction measure-
ments were performed at the Laboratério Nacional de Luz Sincrontron (Campinas-Brazil)
with the help of Prof. Rogério Paniago and Ms. Leticia Coelho.

Figure 8.2 shows the evolution of the (100) X-ray diffraction peak obtained using syn-
chrotron radiation, for the samples heat treated at different temperatures. The crystallite
size L, was obtained by evaluating the Scherer relation L, = 1.84\/(cosf, where A is the
synchrotron radiation wavelength (0.120 nm), 6 is the position of the (100) peak, and £ is
the half-height width of the (100) peak of graphite in 26(rad) units [77]. In order to avoid
the intrinsic instrumental broadening, the § parameter was corrected using the equation
b = \/m, where 3, is the half-height width of the measured (100) peak of the
samples, and fs; is the half-height width of the (220) peak of a standard silicon sample

obtained experimentally.

The analysis of X-ray diffraction profiles is the usual and standard way to measure the

crystallite size of nanocrystals. However, this is an indirect measurement and the results
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HTT (°C) L, (nm) L, (nm)

(X-ray) (STM)
2700 490 550
2600 340 300
2400 190 220
2300 150 120
2200 65 60
2000 35 40
1800 20 20

Table 8.1: L, values of the heat treated samples obtained by X-ray diffraction analysis
and from the STM images.

can be modified by different factors, such as the asymmetric profile of the peak and the
low resolution of the X-ray diffraction setup. In the present case, we have used a high
resolution synchrotron X-ray apparatus, and the diffraction peaks are quite symmetric.
The mean crystallite sizes were also obtained directly from the STM images and are in

good agreement with the L, parameter obtained by X-ray diffraction (see Table 8.1).

Figure 8.2(a) shows the Raman spectra obtained from graphite films with different crystal-
lite sizes L, (different heat treatment temperatures), obtained using £; = 1.92eV. Observe
that the relative intensity between the D and G bands strongly depends on the crystallite
size L,. In fact, the ratio Ip/Ig decreases with increasing the L, parameter, in agreement
with the results reported by Tuinstra and Koenig [7, 8]. Figure 8.2(b) shows the Raman
spectra of the D, G, and D’ bands of the sample heat treated at 2000°C (L, =35nm), for
five different laser energy values (1.92eV, 2.18 eV, 2.41eV, 2.54eV, and 2.71eV). Notice
that the ratio (Ip/I) is strongly dependent on the excitation laser energy, in accordance
with the results reported by Mernagh et al. [29]. Therefore, it is clear that the empirical
formula proposed by Knight and White [75] for the determination of L, from the Ip/Is
ratio must be generalized for other excitation laser energies. The ratio between the D’ and
GG bands intensities also exhibits an interesting and particular laser energy dependency,

which will be discussed in Chapter 10.

Figure 8.3(a) shows the plot of the integrated intensities of the D and G bands (Ip/Is)
vs 1/L, for all samples and laser energies used in the experiment. In order to collapse the

different straight lines with a single one, the experimental values I, /I were multiplied by
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Figure 8.2: (a): Raman spectra obtained from graphite films with different crystallite
sizes L, (different heat treatment temperatures) for a fixed E;=1.92eV. Observe that
the ratio Ip/Is decreases with increasing the L, parameter. (b): Raman spectra of the
sample heat treated at 2000°C (L, =35nm), for five different laser energy values (1.92¢V,
2.18eV, 2.41eV, 2.54eV, and 2.71eV). All spectra depicted in parts (a) and (b) where
normalized in a such way that the G band intensity has the same value for all of them.

different powers of Fj, and the best result was obtained when we multiplied Ip/Ig by the
fourth power of the excitation laser energy (E}). Figure 8.3(b) shows that all experimental
points collapse in the same straight line in the (Ip/Ig) * E;' vs 1/L, plot. By fitting the
data depicted in Figure 8.3(b), a general expression that gives the L, crystallite size from
the integrated intensity ratio Ip/Ig by using any laser line in the visible range can be

obtained and is given by:
560 (Ip\ "
Ly(nm) = — | — , 8.1
o) =51 (1) .1
where E; is the excitation laser energy used in the Raman experiment in eV units. Con-

sidering the laser line wavelength (};) in nm units, equation 8.1 can be rewritten as:

Lo(nm) = (2.4 x 107 19)\} G—z) B : (8.2)

The constant of proportionality between L, and (Ip/Ig)™!

and 8.2 by using £; =2.54eV (13.5nm) is higher than that reported by Knight and White

obtained from equations 8.1
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Figure 8.3: (a): Plot of the ratio of the integrated intensities of the D and G bands
(Ip/Ig) vs 1/L, for all spectra obtained with the five different excitation laser energies.
(b): All experimental results shown in part (a) collapse in the same straight line in the
(Ip/Ig) * E}f vs 1/L, plot. The values of L, used here were those obtained from X-Ray
diffraction measurements depicted in Table 8.1.

(4.4nm) [75]. First, we have considered here the integrated intensities (areas) of the D
and G bands instead of using the ratio of the peak amplitudes, as in References [7] and [8].
On the other hand, different values of the proportionality constant can be also ascribed
to the instrumental width of the X-ray diffraction peaks obtained from different X-ray
sources or to a broad distribution of crystallite sizes in different samples. In the present
study, the width of the Raman D band is very narrow, reflecting the narrow distribution
of crystallite sizes. It must be stressed that equations 8.1 and 8.2 are certainly valid in

the range of laser energies used in this work (visible range).

8.4 Final remarks

In summary, a systematic analysis of the dependence of the ratio between the integrated
intensities of the D and G bands (Ip/ls) on the crystallite size and on the excitation
laser energy is presented. The crystallite sizes L, of nanographite samples were obtained
by X-ray diffraction using synchrotron radiation and directly from scanning tunneling
microscopy images. Resonant Raman spectroscopy was performed using five excitation
laser energies in the visible range. From the analysis of the experimental results, a general

formula that allows the determination of the crystallite size L, by Raman spectroscopy
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using any excitation laser energy Ej in the visible range is obtained. We also show that,

for a given sample, Ip/I¢ is inversely proportional to E}.
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Chapter 9

Measuring the degree of stacking
order in graphite by Raman
spectroscopy

This Chapter reports the analysis of the G’ band profile in the Raman spectra of nanographites
with different degrees of stacking order. Since the G’ band scattering coming from the
2D and 3D phases coexisting in the same sample can be nicely distinguished, the relative
volumes of 3D and 2D graphite phases present in the samples can be estimated from
their Raman spectra. The comparison between Raman scattering and X-Ray diffraction
data shows that Raman spectroscopy can be used as an alternative tool for measuring the

degree of stacking order of graphitic systems.

9.1 Introduction

Raman spectroscopy plays an important role in the structural characterization of graphitic
materials. The ratio between the intensities of the disorder-induced D band (at ~ 1350 cm™1)
and the first-order allowed G band (at ~ 1580 cm™?) Ip /I is inversely proportional to the
in-plane crystallite size L, [7, 8, 75, 30]. On the other hand, the second harmonic of the
D band, the G’ band (at ~ 2700 cm™') is very sensitive to structural changes along the ¢
axes, since its profile changes from a single peak to two peaks in the Raman spectra ob-
tained from turbostratic to crystalline graphite [32, 33, 9]. Wilhelm et al. suggested that
the origin of the double structure of the G’ band in crystalline graphite was associated

with the stacking order occurring along the ¢ axes [10]. Recent works have reported the
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evolution of the G’ band in the Raman spectra obtained from one to a multilayer graphene
structure [78, 79, 80]. These works show that the G’ band of a monolayer graphene is
composed by a single peak, whereas a two-peaks profile is observed for samples formed by
a large number of graphene layers, giving the definite proof for the hypothesis of Wilhelm
et al. [10].

This Chapter reports a study of Raman scattering in nanographite samples with different
degrees of graphitization. It will be shown that the changes in the G’ band from a one-
peak to a two-peak profile allow us to distinguish the relative volumes of the 3D and
2D graphitic phases coexisting in the same sample. The comparison between the Raman
scattering and X-Ray diffraction data shows that the out-of-plane lattice parameter ¢ and
the crystallite thickness L. can be quantitatively determined from the ratio between the

G’ band scattering intensities obtained from the 2D and 3D graphite phases.

9.2 Experimental details

The samples used in the experiment are disordered graphite films heat-treated at different
temperatures, giving rise to nanographites with different crystallinity degrees. The films
were prepared by a pulsed laser deposition method. The heat-treatment was made using
an electrical furnace setup, at heat-treatment temperatures (HTT) of 2200°C, 2300°C,
2500°C and 2700°C (see Chapter 8 for details). Previous scanning tunneling microscopy
(STM) measurements of the samples show that the crystallites have planar structure
and well defined boundaries (see Chapters 8 and 10). Raman scattering measurements
were performed using a triple monochromator micro-Raman spectrometer (DILOR XY)
using the following laser wavelengths (energies): Krypton 647nm (1.92eV) and 568 nm
(2.18€eV), and Argon 514.5nm (2.41eV), 488 nm (2.54eV) and 457.9nm (2.71eV).! X-
ray diffraction measurements where performed using a Rigaku setup, in (0/260) geometry,

using a copper X-ray emission tube.

'Tt is important to characterize the G’ band intensity behavior with different excitation laser lines,
since the G’ band scattering is known to exhibit a resonance behavior, as explained in Chapter 5 [41].
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Figure 9.1: (a): G’ band Raman spectra of partially disordered graphite samples heat-
treated at different temperatures, performed using the excitation laser wavelength of
514.5nm (2.41eV). The G’ band changes from a one-peak to a two-peak profile with
increasing heat-treatment temperature. (b): X-ray diffraction profile of the (006) peak of
the heat-treated samples. The heat-treatment temperature is indicated at the right side
of the respective curve.

9.3 Measuring the out-of-plane parameters L. and c
by Raman spectroscopy

Figure 9.1(a) shows the G’ band spectra of partially disordered graphite samples heat-
treated at different temperatures, obtained using the 514.5nm excitation laser wave-
length.? The Raman spectrum of the sample heat-treated at 2200°C (bottom part) can
be fit using only one single peak centered at 2707cm™', called here G4,. This is the
typical profile of the G’ band in Raman spectra of two-dimensional graphite samples
[10, 78, 79, 80]. At the top, the spectrum of the sample heat-treated at 2700°C presents
a two-peaks shape, which is the typical profile for the G’ band in 3D graphite samples
[10, 78, 79, 80]. Notice that this band can be fit using two Lorentzians (G4, and G5, 5)
centered at 2687cm~! and 2727cm~! respectively. The Raman spectra of the samples

heat-treated at intermediate temperature values (2300°C, and 2500°C) show the evolu-

2The other Raman features present in the one-phonon Raman spectra (D, G, and D’ bands) obtained
from the samples used here have been analyzed in Chapters 8 and 10.
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tion of the G’ band from a one-peak to a two-peak profile. Three Lorentzian peaks are
needed to fit the Raman spectra of these samples. The relative intensity (integrated area)
of the G3p, and G3pp peaks (Ig; . and Ig;  respectively) increases while the relative
intensity of the G5, peak ([GQ'D) decreases with increasing heat-treatment temperature.
Furthermore, for all spectra depicted in Fig. 9.1(a), the intensity ratio of the peaks G4, 4
and G3pp s constant, being I, /Ig; . ~ 2. The same result was obtained for the other

four excitation laser wavelengths used in the experiment (not shown in Fig. 9.1(a)).

The two-peak profile of the G’ band in the Raman spectrum obtained from the sample
heat-treated at 2700°C is caused by a splitting in the 7 electrons dispersion occurring
for the 3D graphite lattice [78]. For the sample heat-treated at 2200°C, the G’ band is
composed by a single peak, indicating that the interaction between the basal planes is
weak enough so that the splitting in the 7 electrons dispersion energies does not occurs,

being the sample composed by a turbostratic structure.

The coexistence of the doublet G5, 4 and G355 with the G, peak in the Raman spectra
of the samples heat-treated at 2300°C and 2500°C indicates the simultaneous presence
of the 3D and 2D graphite phases in these samples. Considering V' as the volume of the
sample which is illuminated by the incident laser beam, there is a fraction of V' composed
by only the 3D graphite phase (V3p), and another one (V2p) composed by the turbostratic
graphite, being V' = V5p + V5p. Since the Raman intensity is proportional to the volume
of the sample illuminated from the incident laser beam, and the contribution to the G’
band from the 3D and 2D phases coexisting in the same sample can be distinguished [83],
the relative volumes vsp = V3p/V and vyp = Vop/V can be estimated from the ratio R

given by:

lay,,

R—
+]G2/D

, (9.1)

Ic

3DB

being v3p = R, and vop =1 — R.

In an early work, Franklin has shown that, in a sample were the 2D and 3D graphitic
phases coexist, the intermediate value of the out-of-plane lattice parameters measured
from the X-Ray diffraction profiles is, in fact, an average value determined by the relative
amount of the 2D and 3D phases composing the sample [84]. In this case, since the Raman
spectrum of such samples can estimate the relative volumes of the 2D and 3D phases, the

average value of the lattice parameter can be obtained from the ratio R.
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In order to check this assumption, we performed an X-ray diffraction analysis of the
samples. Figure 9.1(b) shows the X-ray diffraction profile of the (006) peak of the samples
heat-treated at different temperatures. The profiles are composed of two peaks, related
to the k4, and k,, lines from the copper X-ray tube emission. From the X-ray diffraction
peaks, the interlayer spacing [d(os)] can be obtained as dosy = A /2 sin 6, where A is the
wavelength of the copper k,, X-ray line (A = 0.154nm), and 6 is the diffraction angle of
the (006) peak [77]. To avoid the intrinsic instrumental error, the diffraction angle 6 was
corrected from the value of the diffraction angle of the (422) peak of the standard silicon
sample (shown in Figure 9.1(b)).

Figure 9.2 shows the plot of the average out-of-plane lattice parameter ¢ = 6 - d(gog) of the
heat-treated samples obtained from the X-ray diffraction data depicted in Figure 9.1(b)
vs the ratio R for the five excitation laser energies. It is clear in Fig. 9.2 that there is
a linear dependence between the parameters R and c. The solid line in Fig. 9.2 is the

linear linear fit of the data given by:

c(nm)=0.682—-0.11R . (9.2)

Equation (9.2) provides a formula which allow us to evaluate the out-of-plane lattice
parameter of partially disordered graphites from Raman scattering experiments using
any excitation laser energy in the visible range. The value for the out-of-plane lattice
parameter obtained for the sample heat-treated at 2700°C (¢=0.671nm) is in excellent
agreement with the value of ¢ for crystalline graphite [84]. However, the value of the out-of-
plane lattice parameter obtained here for the sample heat-treated at 2200°C (¢ =0.682nm)
is lower than that established for turbostratic samples (¢=0.688nm) [84]. In fact, for
samples with values of ¢ ranging around 0.688nm, Babu and Seehra have pointed out
that these systems are no longer purely graphitic [82]. Instead, these samples are formed
not only by sp? bonds, but also by sp?, which presence causes a considerable expansion
in the interlayer distance due to lattice deformations [76]. As previously reported in
Chapter 8 (see also Reference [76]), the nanographite samples used here do not contain
sp3 bounds, explaining why this relatively high value for the out-of-plane lattice parameter
was not detected in our X-Ray analysis. This conclusion is also supported by the fact
that the G5, peak present in the Raman spectrum of the sample heat-treated at 2200° C
shown in Fig. 9.1(a) has a considerable narrow linewidth if compared with samples

composed by amorphous carbon (see for example Reference [82]). This is an indication of
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Figure 9.2: Plot of the average out-of-plane lattice parameter ¢ = 6 - d(yog) of the heat-
treated samples obtained from the X-ray diffraction data depicted in Figure 9.1(b) vs the
ratio R for the five excitation laser energies used in the experiment. The solid line is the
linear fit giving according to Equation 9.2.

a large in-plane phonon lifetime, occurring for purely graphitic samples with good in-plane

crystallinity degree (see section 10.7 and Reference [81]).

Another important factor in the analysis of the stacking order of graphite is the crystallite
thickness L.. Raman spectroscopy is known to be an useful tool for measuring the in-
plane crystallite size L, in nano-sized graphite materials [7, 8, 75, 30]. We show here
that the dependence of the G’ band profile of graphitic samples with different degrees of
stacking order shown in Figure 9.1(a) can also give a quantitative information about their
average crystallite thickness L.. Figure 9.3 shows the plot of the L. values obtained from
the X-ray data depicted in Figure 9.1(b) vs the ratio R taken from the Raman spectra
obtained for the five different excitation laser energies. The L. parameter was evaluated
from the Scherrer equation L. = 0.91\/(f - cos), where (3 is the half-height width of
the (006) diffraction peak in 26 (rad) units [77]. To avoid the intrinsic instrumental
broadening, the 3 parameter was corrected using the equation 3 = m , where
Bm is the half-height width of the measured (006) peak of the samples, and [g; is the
half-height width of the (422) peak of the standard silicon sample. The plot in Figure 9.3
shows that L. increases with increasing R in the same way for the five excitation laser
energies, indicating that the heat-treatment process performed in these samples increases

the crystallite thickness L. which can be detected by the Raman spectra. The solid line

105



200 = 192eV
e 218eV
fffff A 241eV
v 2546V /
E 150 4 o 2716V /
S /
'
w 100
~
.
50
0 :
0.0 0.2 0.4 0.6 0.8 1.0

Figure 9.3: Plot of the average out-of-plane crystallite thickness L. of the heat-treated
samples obtained from the X-ray diffraction data depicted in Figure 9.1(b) vs the ratio
R for the five excitation laser energies used in the experiment.

is a fit of the experimental data giving the empirical formula:

10
1.05—- R’

relating the average crystallite thickness L. and the ratio R for any excitation laser energy

Lc(nm) =10 + (9.3)

in the visible range.

It should be noticed that the full width at half maximum I' of the G, peak depends
on the average in-plane size L, of the nanographite crystallites, as will be shown in
Chapter 10. In fact, the G, peak becomes narrower by increasing the in-plane crystallite
size, as a consequence from the enlargement of the mean-free path of phonons inside
of the crystallites (see section 10.7). This fact presents an extra complication for the
determination of the values of I in the Raman spectra obtained from samples where the
G’ band have contributions from the 2D and 3D phases. In order to fit the experimental
data depicted in Figure 9.1(a), we fixed the value of I' for the G5 peak in the Raman
spectra obtained from the samples heat-treated at 2300°C and 2500°C, using the same
value (I'~40cm™') obtained from the sample heat-treated at 2200°C. However, since
the in-plane crystallite size L, of nanographite samples increases by increasing the heat-
treatment temperature, we have an estimated uncertainty of about 10% on the value of
the ratio R obtained from the samples heat-treated at 2300°C and 2500°C. Therefore, the
error bars depicted in Figures 9.2 and 9.3 are related with the uncertainty imposed by the

determination of the full width at half maximum of the G, peak in the Raman spectra
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obtained from the samples where the 2D and 3D graphite phases coexist.

Finally, it is worth to emphasized here that although the parameters ¢ and L. can be
obtained directly from the X-Ray diffraction, Equations (9.2) and (9.3) provide a valuable
alternative way for measure them, since Raman spectroscopy is a versatile non-destructive
technique for which special sample preparation procedures are not necessary, and the data

acquisition time is relatively short.

9.4 Conclusion

In summary, this work shows that the analysis of the G’ band profile in the Raman
spectra of partially disordered graphites give the information about the relative volumes
of 3D and 2D graphite phases present in the samples. Since the average value of the
lattice parameter c is determined by the fraction of 3D and 2D phases coexisting in the
same sample, we show that Raman spectroscopy can be used as an alternative tool for
measuring the out-of-plane lattice parameter of nanographitic systems. An empirical
formula relating the ratio R obtained from Raman scattering and the crystallite thickness

L. of nanographites is determined for any excitation laser energy used in the experiment.
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Chapter 10

Measuring the absolute Raman cross
section of nanographites as a
function of laser energy and
crystallite size

In this Chapter, the dependence of the differential Raman cross section ( of the D,
G, D’, and G’ bands of nanographites on the excitation laser energy and also on the
crystallite size is reported. We show that (s is proportional to the fourth power of the
excitation laser energy (), as predicted by the Raman scattering theory. For the bands
which arise from the double-resonance mechanism (D, D', and G’) the differential cross
section does not depend on Ej, explaining the strong dependence of the ratio I/l on
the excitation laser energy Ej used in the Raman experiment. The L, dependence of D
and D’ bands differential cross sections is measured, confirming that the proportionality
Ip/Ig o< L;* originates from the strong dependence of Sp on the inverse of the crystallite
size. In the G’ band case, the data show that its differential cross section increases with
the increasing crystallite size L, following an opposite behavior when compared with the
disorder induced D and D’ bands. An analysis on the dependence of the full width at half
maximum (') of the D, G, D', and G’ bands on the crystallite size L, of nanographites

is performed, showing that the phonon lifetime is proportional to the crystallite size.
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10.1 Introduction

Despite the large amount of experimental data available in the literature concerning to
values of the the ratio Ip/Ig [29, 75, 43, 44, 85, 30], the experimental study of the
absolute intensities of the D and G Raman bands of nanographite systems is still missing.
In this Chapter, an experimental study of the absolute Raman cross section of the main
features in the Raman spectrum of nanographite samples with different crystallite sizes
L,, and using different values of excitation laser energies (in the visible range) is presented.
The samples have no stacking order and present well defined crystallite borders, being
considered as prototypes of two-dimensional nanographite systems. The Raman data
obtained reveal the dependence of the absolute intensities Sp and Bg on the crystallite
size and excitation laser energy E; for nanographites, showing that the dependence of the
ratio Ip/Ig on Ej reported in Chapter 8 is caused by a deviation of the D band intensity
from the w'-dependence predicted by the Raman scattering theory [21, 86, 87, 88, 89,
90, 91, 92, 93]. The absolute differential cross section for the G’ band is also obtained,
giving support to the analysis of the D band intensity dependence on the excitation
laser energy, and indicating that such a deviation from the w*-dependence occurs for
those bands which originate from the double-resonance process. The L, dependence of D
and D’ bands differential cross sections is measured, confirming that the proportionality
Ip/Ig o< L' originates from the strong dependence of 8p on the inverse of the crystallite
size. The data allow us to establish a general equation giving the dependence of the
ratio Ip//Ig on the excitation laser energy and crystallite size L,. In contrast with the
disorder-induced D and D’ bands, the results show that the differential cross section of the
G' band increases with the increasing crystallite size L,. An analysis of the dependence
on the full width at half maximum (T") of the D, G, D’, and G’ bands on the crystallite
size L, of nanographites is performed, showing that the phonon lifetime is proportional

to the crystallite size.

10.2 Experimental details

The Raman spectra of nanographites were measured in a Dilor XY spectrometer setup,
using five excitation laser energies, F; =1.92eV, 2.18eV, 2.41eV, 2.54eV, and 2.71eV.

The samples were nanographite films with average in-plane crystallite sizes L, =20, 35,
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and 65nm, (for details about the synthesis of the samples and measurement of the crys-
tallite sizes, see Chapter 8). As reported in Chapter 9, X-ray diffraction and Raman
spectroscopy analysis show that these samples do not present stacking order, having a
turbostratic structure. The spectrometer intensity calibration was performed using a
standard LS-1-CAL-INT tungsten halogen Calibrated Light Source provided by NIST.
The absolute values of the differential Raman cross section were obtained by comparison
with those obtained from the Raman bands of the cyclohexane liquid (CgHi2), for which
the dependence of the absolute Raman cross sections are known from the literature [94].
Appendix D shows a detailed description of the procedures necessary for the spectrome-
ter intensity calibration. The Raman spectra of the nanographite samples were obtained
under the same conditions with a fixed incident laser intensity Iy =6.25x10® mW /cm?

and accumulation time ¢ = 60 s.

10.3 Excitation laser energy dependence for the ab-
solute Raman cross section of nanographites

Figure 10.1 shows the calibrated Raman spectra (spectral differential cross section (') of
the nanographite sample with L, = 35nm, obtained using the five distinct values of Fj,
after applying the procedure necessary for the intensity calibration process (for details, see
Appendix D). The graphic shows an increase on the G band intensity with the excitation
laser energy. For the D, D', and G’ bands, the spectral differential cross section is roughly

constant.

Figure 10.2(a-c) shows the differential cross section 3 (integrated area) for D, G and D’
bands vs the excitation laser energy Fj, obtained from the samples with L, =20nm [part
(a)], L, =35nm [part (b)], and L, =65nm [part (c)]. It is clear in Figure 10.2 that the
differential cross sections of the disorder induced D and D’ bands do not depend consid-
erably on the excitation laser energy. On the other hand, the differential cross section of
the G band increases with increasing excitation laser energy. Considering that the differ-

ential Raman cross section is predicted to follows the proportionality 8 o« Ej}! |W|2, Lin

In fact, the theory of Raman scattering predicts that the Raman cross section is proportional to
the third power of the frequency of the scattered light (ws), times the frequency of the excitation laser
beam (w;), that is 3 < w3w;. However, since the frequency of the phonon is about 10 times smaller than
the frequencies of the excitation laser and scattered light beams, we consider that the absolute Raman
intensity is proportional to the fourth power of the excitation laser frequency (energy).
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Figure 10.1: The spectral differential cross section of the D, G, D’ and G’ bands for
the nanographite sample with L, =35nm, using five different values of E; (indicated at
the top of each spectrum). The same vertical scale was used for the five spectra for
comparison.

the so-called w*-dependence, where W is the microscopic amplitude probability obtained
from the time dependent perturbation theory [21, 86, 87, 83, 89, 90, 91, 92, 93], the solid
curves in Figures 10.2(a-c) are the fits for the G band (8g) data, 8g o< E}, in agreement

with the theory of Raman scattering.

In contrast to the G band data, the experimental data for the D and D’ bands in Figures
10.2(a-c) indicate that 8p and Bp: do not follow the w?-dependence. In fact, deviation
from the w*-dependence occurs for bands originated from resonance processes in which
the matrix elements composing the amplitude probability W carry some dependence on

E; [95]. These results show that the dependence of the ratio Ip/I on the excitation
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Figure 10.2: The differential cross section of the D, G and D’ bands vs the excitation
laser energy FEj, obtained from the samples with L, =20nm [part (a)], L, =35nm [part
(b)], and L, =65nm [part (c)]. (d) The differential cross section of the G’ band vs the
excitation laser energy, for the samples with crystallite sizes L, =20 nm, 35 nm, and 65 nm.

laser energy observed by many authors [29, 30, 85] comes from the fact that the G band
differential cross section is proportional to E}, and the D band differential cross section

does not changes with the excitation laser energy.

As explained in Chapter 5, the mechanism giving rise to the GG band is quite different
from that giving rise to the D and D’ bands. The G band is a first-order allowed band
originated from the double degenerated vibrational mode I'§ (Es,) that occurs at the
crossing of the iLO and iTO phonon branches at the I' point in the 1% Brillouin zone of
graphite [7, 8]. The D and D’ scattering are defect-induced double-resonance processes
which become Raman active at the borders of the graphite crystallites due to loss of
translational symmetry [7, 8, 38, 40]. Therefore the differential Raman cross section for

the D and D’ bands includes an additional matrix element term associated with the
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electron-defect interaction Hamiltonian, absent in the G band differential cross section
(see equation 5.1 in Chapter 5) [38, 40]. In order to check if the deviation from the
w*-dependence observed for the the D and D’ bands absolute intensities is associated
with the electron-defect interaction matrix element, we have also measured the G’ band
absolute intensity. The G’ band is the overtone of the D band, and it does not require a
disorder-induced process to become active, since momentum conservation is guaranteed
in two-phonon Raman processes. Figure 10.2(d) shows the measured values of g vs the
excitation laser energy for the samples with crystallite sizes L, =20 nm, 35 nm, and 65 nm.
As depicted in Figure 10.2(d), G is affected by the crystallite size L,, but it does not
depend on the excitation laser energy, similarly to the case of the D and D’ bands. This
result indicates that the deviation of the D and D’ intensities from the w*-dependence is

not associated with the electron-defect interaction matrix elements.

These results are in agreement with the recent work where the square modulus of the
transition probability |VV|2 is predicted to be proportional to w; * for the D band scat-
tering [96]. Therefore, the square modulus of the transition probability cancels the w?-
dependence for the D band cross section. It is also shown in this work that the depen-
dence of the square modulus of the transition rate for the D band scattering on w;, 4
comes from the electron-radiation coupling matrix element in the double-resonance pro-
cess of spatially confined nanographites. Since the D’ and G’ bands are also generated

by a double-resonance mechanism, this result should also apply, in agreement with the

observations reported in this section.

10.4 Crystallite size L, dependence for the differen-
tial cross sections of the disorder-induced D and
D’ bands

As shown in Chapters 5 and 7, the borders of the crystallites work as defects involved
in the double-resonance process giving rise to the D and D’ bands in the Raman spectra
of nanographites [26]. Therefore, the D and D’ bands differential cross sections are
expected to be proportional to the amount of crystallite boundary in the nanographite
sample, which means that they should be inversely proportional to the the crystallite size
L,. Figure 10.3(a) shows the plot of the D (filled symbols) and D’ (open symbols) bands

differential cross sections vs the inverse of the crystallite size L,, using the five values of
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E;. The plot shows that both §p and (p, are linearly proportional to 1/L,, as predicted
by Tuinstra and Koenig for the D band scattering [7, 8]. The dependencies of Gp and (Gp
on 1/L, were quantified from the linear fits depicted in Figure 10.3(a) (solid line for the
D band data, and dashed line for the D" data) giving fp = 405/L, and fBp = 115/L,,

respectively, where and  are given in 10739 ¢m?/sr units, and L, is given in nm
p Y, D D ; a

units.

Although the ratio Ip/Is in nanographitic systems has been measured previously by
many groups [29, 75, 43, 44, 85, 30], our measurement of the the D band differential cross
section shows that the proportionality Ip /I o< L, 'originates from the strong dependence

of Bp on the inverse of the crystallite size.

10.5 L, and E; dependence of the ratios (p/Gs; and
Bp+/Ba

Figure 10.4 shows the plot of the ratios fp/f¢ (solid squares) and Bp/ /B¢ (empty squares)
vs the inverse of the product E7} - L,, for the data depicted in Figures 10.2(a)-(c). The
lines (solid and dashed lines for the D and D’ bands data, respectively) are linear plots
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Figure 10.3: Plot of the D (filled symbols) and D’ (open symbols) band differential cross
sections vs the inverse of the crystallite size L,, obtained using the five values of Ej.
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giving the following relations:

Bp 560

ﬂ_G - I/a-—Elzl ; (101)
and,

Bp 160

T I (10.2)

where L, and E; are in nm and eV units, respectively. While equation (10.1) confirms our
result previously reported in Chapter 5, equation (10.2) gives an expression associating
the crystallite size L, with the ratio Sp//Gqg, for experiments using any excitation laser

energy in the visible range.
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Figure 10.4: Plot of the ratios Sp/f¢ (solid squares) and (p//fBc (empty squares) vs
the inverse of the product E7 - L,, for the whole data obtained in the experiment. The
lines (solid and dashed lines for the D and D’ bands data, respectively) are the linear fit
originating equations 10.1 and 10.2.

10.6 Crystallite size L, dependence of the G’ band
differential cross section

Figure 10.5(a) shows the the plot of the differential cross section of the G’ band vs the
crystallite size L,. As shown in Figure 10.5(a), the absolute intensity of the G’ band
has the opposite direction from that followed by the D and D’ bands, since g becomes

stronger with increasing L,. These results should not be associated with the amount of

115



carbon material under illumination, since the sample completely fill the laser focus in all

cases.

Figure 10.5(b), shows the plot of the ratio [g/B¢ with the inverse of the crystallite
size L,, for the data obtained using five different values of E;. The extrapolation of the
experimental data for an infinite graphene crystal [dashed lines in Figure 10.5(b)], shows
that the absolute intensity of the G’ band is larger than the absolute intensity of the G
band, being the value of the ratio ¢/ estimated to be about 2.5 and 5 for experiments
using the 2.41eV and 1.92eV excitation laser lines, respectively. These values are in good
agreement with the results obtained from References [78, 79, 80] for micron-sized graphene
samples, showing that the strong dependence of the G’ band on the crystallite size L,

originates the relative high values of the ratio S /g observed in these systems.
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Figure 10.5: (a) The differential cross section of the G’ band vs the crystallite size L,.
(b) The ratio ¢ /Ba vs the inverse of the crystallite size L,, for the data obtained using
five different values of Ej.

10.7 Crystallite size L, dependence of the full width
at half maximum

Figure 10.6 shows the plot of the full width at half maximum (FWHM) T for the D, D',
G, G’ bands [parts (a), (b), (c), and (d), respectively| vs the crystallite size observed

in the Raman spectra taken from the samples with L,=20, 35, and 65nm, using five
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Figure 10.6: The full width at half maximum T for the D, D', G, G’ bands [parts (a),
(b), (c), and (d), respectively] vs the crystallite size observed in the Raman spectra taken
from the samples with L,= 20, 35, and 65 nm, using five different values for the excitation
laser energy L.

different values for the excitation laser energy Fj. The linear fits [dashed lines in Figures
10.6(a)-(d)] show that I" is proportional to 1/L, for the D, D', G, G’ bands, and does
not depend siginificantly on FE;. The linear fit parameters A and B are given in Table
10.1, where the notation ' = A + BL_! has been used. It is interesting to notice that
the slope parameter B is similar for the the one-phonon process bands (~ 550 cm™!- nm),

and approximately twice for the two phonon G’ band process (1000 cm ™! nm).

The proportionality between I and 1/L, observed in Figure 10.6 can be discussed in the
following terms: if the crystallite size is smaller than the phonon mean free path, the
phonon lifetime 7 will be proportional to the crystallite size L,. Since the FWHM is
determined by lifetime effects in Raman bands involving resonance conditions [97], we

have that I oc 1/7 and, consequently, I' o< 1/L,.
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Table 10.1: The linear fit parameters A and B, where the notation I' = A + BL;! was
used, obtained from the plot of the full width at half maximum I' for the D, D', G, G’
bands depicted in Figures 10.6(a)-(d), respectively.

A B
(em™!) (cm™! - nm)
I'p 19 500
I'e 11 560
I'p 2 250
e 26 1000

Figure 10.7: Scanning tunneling microscopy (STM) images with atomic resolution ob-
tained from the surface of a crystallite of the sample with L,=65nm. (a) A Moire pattern
at the crystallite surface is observed. (b) Magnification of the region delimitated by the
white square in part (a), where the carbon atom positions in the graphite lattice can
be observed. The STM measurements were performed using a Nanoscope II MultiMode
microscope from Digital Instruments. For more details, see Chapter 8

We must consider that the phonon lifetime can be shorter for samples with small L, due
to the presence of defects in the crystallites, increasing the probability for the phonon-
defect scattering. However, it does not seem to occur in the present case. First, the
relatively small linewidth of the Raman bands obtained from the samples used in this
experiment, when compared with those obtained from samples with similar values of the
ratio Ip/Ig reported in other works (see linewidths for spectra at Refs. [7, 8] for compar-
ison), gives an evidence that the samples used here exhibit a low density of defects inside

the crystallites. Moreover, Figure 10.7 shows two scanning tunneling microscopy (STM)
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images with atomic resolution obtained from the surface of a crystallite at the sample
with L,=65nm. The atomic arrangement of the carbon atoms observed in these pictures
indicates that the samples are actually formed by nanographitic crystallites, instead of
disordered carbon. Finally, another strong evidence that the size of the crystallites actu-
ally defines the phonon lifetime is the value of the parameter A in Table 10.1. Considering
that the FWHM obtained here is due to the finite size of the crystallites, the parameter
A corresponds to the extrapolation for the value of the FWHM of the respective band
obtained from the Raman spectrum of a sample with an infinite L,. In fact, the values
of A obtained here are very close to the FWHM values recently reported in References

(78, 79, 80] for the Raman bands obtained from micron-sized graphene samples.

10.8 Final remarks

In summary, we have reported in this Chapter the dependence of the absolute differential
cross section 3 of the D, G, D', and G’ bands on the excitation laser energy (in the
visible range) and also on the crystallite size. We show that (s is proportional to the
fourth power of the excitation laser energy, as predicted by the Raman scattering theory.
For the bands which arise from the double-resonance mechanism (D, D', and G') the
absolute differential cross section does not depend on FE;. The results show that the
dependence of the ratio Ip/Ilz on E; is caused by a deviation of the D band intensity
from the w*-dependence predicted by the Raman scattering theory. The L, dependence
of D and D’ bands absolute differential cross sections is measured, confirming that the
proportionality Ip/Ig oc L ! originates from the strong dependence of 3p on the inverse
of the crystallite size. The same treatment shows a strong enhancement of the absolute
differential cross section of the G’ band with increasing the crystallite size L,. An analysis
on the dependence of the full width at half maximum (I") of the D, G, D', and G’ bands
on L, of nanographites is performed, showing that the phonon lifetime is proportional to

the crystallite size.
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Chapter 11

Conclusion

This thesis presented the study of Raman spectroscopy in nanographite systems. We
reported the experimental observation of the Raman spectra of nanographite ribbons on
a highly oriented pyrolitic graphite (HOPG) substrate, where the Raman signal from the
ribbon is as intense as that of the HOPG substrate and has a strong dependence on the
light polarization. The results give experimental evidence for the predicted existence of a
node in the optical absorption in graphite and the presence of van Hove singularities in

the DOS of the nanographite ribbons.

We also have shown a study of graphite edges with different atomic structures, combining
the use of Raman spectroscopy and scanning probe microscopy. The one-dimensional
defect selects the direction of the electron and phonon associated with the disorder-induced
Raman process, and causes a dependence of the Raman D band intensity on the atomic
structure of the edge. We showed that the D band is strong for armchair edges, and weak
for zigzag edges. The physics leading to this structurally selective effect was explained
on the basis of the well-established double-resonance effect which was applied to a semi-

infinite crystal limited by a one-dimensional defect.

A systematic analysis of the dependence of the ratio between the integrated intensities
of the D and G bands (Ip/Ig) on the crystallite size and on the excitation laser energy
was presented. The crystallite sizes L, of nanographite samples were obtained by X-ray
diffraction using synchrotron radiation and directly from scanning tunneling microscopy
images. Resonant Raman spectroscopy was performed using five excitation laser energies
in the visible range. From the analysis of the experimental results, a general formula

that allows the determination of the crystallite size L, by Raman spectroscopy using any
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excitation laser energy F; in the visible range was obtained. We have also shown that,

for a given sample, the ratio Ip/I¢ is inversely proportional to Ej.

We have reported the analysis of the G’ band profile in the Raman spectra of nanographites
with different stacking order. Since the G’ band scattering coming from the 2D and 3D
phases coexisting in the same sample can be nicely distinguished, the we have shown that
the relative volumes of 3D and 2D graphite phases present in the samples can be estimated
from their Raman spectra. The comparison between the Raman scattering and X-Ray
diffraction data shows that the out-of plane lattice parameter ¢, and also the crystallite
thickness L., can be determined from the ratio between the G’ band scattering intensities

obtained from the 2D and 3D graphite phases.

Finally, the dependence of the absolute differential Raman cross section ( of the D, G, D',
and G’ bands of nanographites on the excitation laser energy and also on the crystallite
size was reported. We have show that (s is proportional to the fourth power of the
excitation laser energy (), as predicted by the Raman scattering theory. For the bands
which arise from the double-resonance mechanism (D, D', and G’) the differential cross
section does not depend on Ej, explaining the strong dependence of the ratio I/l on
the excitation laser energy E; used in the Raman experiment. The L, dependence of D
and D’ bands differential cross sections is measured, confirming that the proportionality
Ip/Ig o< L, is originated by the strong dependence of 3p on the inverse of the crystallite
size. In the G’ band case, the data show that its differential cross section increases with
the increasing crystallite size L, following an opposite behavior when compared with the
disorder induced D and D’ bands. An analysis on the dependence of the full width at half
maximum (I') of the D, G, D', and G’ bands on the crystallite size L, of nanographites

is performed, showing that the phonon lifetime is proportional to the crystallite size.

121



Appendix A

Group theory in graphite

In this Appendix, the procedure to obtain the symmetry of phonons and electrons in
graphite by group theory will be presented. The two- and three-dimensional graphite are

treated separately in sections A.1 and A.2, respectively.

A.1 2D graphite

A.1.1 Irreducible representations for the I' point

As pointed out in Chapter 2, 2D graphite belongs to the space group Dg, (P6/mmm)
[12]. This is a symmorphic space group since there are no translations associated with

any symmetry operation.

Table A.1 shows the transformation matrices for the 24 symmetry operations associated
with the 2D graphite lattice. Figure A.1 shows the top view of the unit cell of the 2D
graphite, with the directions of the horizontal rotation axes (C} and C¥) and the directions

of the vertical mirrors (¢4 and o,), for reference.

With the transformation matrices listed in Table A.1, we can construct all the irreducible
representations for the I' point using the orthogonality rules. The irreducible representa-

tions obtained are depicted in Table A.2.
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Figure A.1: Top view of the unit cell of the 2D graphite, with the directions of the
horizontal rotation axes (C and C%) and the directions of the vertical mirrors (o4 and

Ty).

Table A.1: Transformation matrices for the 24 symmetry operations associated with the
2D graphite lattice, in the cartesian system (x,y, z).

1 0 0 —1/2 —=v3/2 0 -1/2  V3/2 0
E=|0 1 0 cy=| v3/2 -1/2 0 cy=| —-v3/2 -1/2 0
0 0 1 0 0 1 0 0 1
-1 0 o0 1/2 V3/2 0 1/2  —Vv3/2 0
Co=| 0 -1 o0 Cg=| —v3/2 1/2 o0 cg=| v3/2 1/2 0
0 0o 1 0 0 1 0 0 1
, -1 0 o0 , 1/2  V3/2 0 , 1/2 —-V3/2 0
Coh=| 0o 1 o0 c,P =1 v3/2 -1/2 o0 C,l = | —V3/2  —1/2 0
o o0 -1 0 0 -1 0 0 -1
. 0 0 . —-1/2 —-V3/2 0 . —-1/2 V/3/2 0
Cod=|0 -1 o0 Cy B =1 —v3/2 1/2 0 Cy =1 V32 1/2 0
o o -1 0 0 -1 0 0 -1 |
-1 0 0 [ 1/2 V3/2 0 ] [ 1/2 —V3/2 0
i=| 0o -1 o0 S§y=| —v3/2 172 0 Sg = | v3/2 1/2 0
0 0o -1 0 0 -1 | .l o 0 -1 |
1 0 0 [ —1/2 —v/3/2 0 [ —1/2 V3/2 0
oh=|0 1 sy =| V32 -1/2 0 sy =| —v3/2 -1/2 o0
0 0 -1 0 0 -1 | L 0 0 -1 |
1 0o 0 [ —1/2 —V3/2 0 ] [ —1/2 V3/2 0
of=]0 -1 o0 o =| —v3/2 1/2 0 o =| Vv3/2 1/2 0
0o o 1 0 0 1 | o 0 1
-1 0 0 [ 1/2 V3/2 0 [ 1/2 —V3/2 0
=] 0 1 o oB=| v3/2 -1/2 o0 ol =| —v3/2 -1/2 o0
0o o 0 0 1 I 0 0 1
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Table A.2: Irreducible representations for the I' point.

[ = o3 A s s Cq
rr 1 1 1 1 1 1
ry 1 1 1 1 1 1
i 1 1 1 -1 -1 -1
ry 1 1 1 -1 -1 -1
- 1 0 —-1/2  —+/3/2 —1/2 V3/2 -1 0 1/2 V3/2 1/2 —V/3/2
5 0o 1 V3/2 —1/2 —V3/2  —1/2 0 -1 —V3/2 1/2 V3/2 1/2
oF 1 0 —-1/2  V3/4 —-1/2  —3/4 1 0 —-1/2  V3/4 -1/2  —/3/4
6 0 1 -3  —1/2 -3 —1/2 0 1 V3 —1/2 V3 —1/2
ry 1 1 1 1 1 1
ry 1 1 1 1 1 1
ry 1 1 1 -1 -1 -1
ry 1 1 1 -1 -1 -1
- 1 0 -1/2  —V3/2 —1/2 V3/2 -1 0 1/2 V3/2 1/2 —/3/2
5 0o 1 V3/2 —1/2 —V3/2 —1/2 0 -1 —V/3/2 1/2 V3/2 1/2
- 1 0 —-1/2  V/3/4 —-1/2  —+/3/4 1 0 —-1/2  /3/4 —-1/2 —+/3/4
6 0 1 -3  —1/2 -3  —1/2 0 1 V3 —1/2 V3 —1/2
- %P e g7 G 70
rr 1 1 1 1 1 1
ry -1 -1 -1 -1 -1 -1
i -1 -1 -1 1 1 1
ry 1 1 1 -1 -1 -1
- -1 0 1/2 V3/2 1/2 —V/3/2 1 0 —1/2 —V/3/2 —-1/2  /3/2
5 0 1 V3/2  —1/2 —V3/2 —1/2 0 -1 —V/3/2 1/2 V3/2 1/2
oF 1 0 —-1/2  V3/4 —-1/2  —/3/4 1 0 —-1/2  V3/4 —-1/2  —/3/4
6 0o -1 V3 1/2 -3 1/2 0 -1 V3 1/2 -3 1/2
ry 1 1 1 1 1 1
ry -1 -1 -1 -1 -1 -1
ry -1 -1 -1 1 1 1
ry 1 1 1 -1 -1 -1
- -1 0 1/2 V3/2 1/2 —V/3/2 1 0 —1/2 —V/3/2 —-1/2  /3/2
5 0 1 V3/2  —1/2 —V3/2 —1/2 0 -1 —V3/2 1/2 V3/2 1/2
- 1 0 —-1/2  V/3/4 —-1/2  —+/3/4 1 0 —-1/2  /3/4 —-1/2 —+/3/4
6 0 -1 V3 1/2 -3 1/2 0o -1 V3 1/2 -3 1/2
[ Sg Sg on Sy i
r 1 1 1 1 1 1
ry 1 1 1 1 1 1
ry 1 1 1 -1 -1 -1
ry 1 1 1 -1 -1 -1
—t 1 0 -1/2  —V3/2 —1/2 V3/2 -1 0 1/2 V3/2 1/2 —/3/2
5 0o 1 V3/2 —1/2 —V3/2 —1/2 0 -1 —V3/2 1/2 V3/2 1/2
r+ 1 0 —-1/2  V3/4 —-1/2  —/3/4 1 0 —-1/2  V3/4 —-1/2  —/3/4
6 0 1 -3  —1/2 V3 —1/2 0 1 -V3  —1/2 V3 —1/2
ry -1 -1 -1 -1 -1 -1
ry -1 -1 -1 -1 -1 -1
ry -1 -1 -1 1 1 1
ry -1 -1 -1 1 1 1
- -1 0 1/2 V3/2 1/2 —V/3/2 1 0 —-1/2  —V3/2 —1/2 V3/2
5 0o -1 —V3/2 1/2 V3/2 1/2 0 1 V3/2 —1/2 —V3/2  —1/2
- -1 0 1/2  —/3/4 1/2  V/3/4 -1 0 1/2  —+/3/4 1/2  V/3/4
6 0o -1 V3 1/2 V3 1/2 0o -1 V3 1/2 V3 1/2
“ 0':14 O'dB 0‘5 0‘{14 (TE 0‘5
T 1 1 1 1 1 1
T -1 -1 -1 -1 -1 -1
ry -1 -1 -1 1 1 1
ry 1 1 1 -1 -1 -1
— -1 0 1/2 V3/2 1/2 —/3/2 1 0 —1/2 —/3/2 —-1/2  /3/2
5 0 1 V3/2  —1/2 —V3/2 —1/2 0o -1 —V3/2 1/2 V3/2 1/2
oF 1 0 —-1/2  V/3/4 —-1/2  —+/3/4 1 0 —-1/2  /3/4 —-1/2  —+/3/4
6 0o -1 V3 1/2 V3 1/2 0o -1 V3 1/2 -3 1/2
ry -1 -1 -1 -1 -1 -1
ry 1 1 1 1 1 1
ry 1 1 1 -1 -1 -1
ry -1 -1 -1 1 1 1
- 1 -1/2 —V/3/2 —-1/2  /3/2 -1 0 1/2 V3/2 1/2 —/3/2
5 -1 —/3/2 1/2 V3/2 12 0o 1 V3/2  —1/2 —V3/2 —1/2
- -1 0 1/2 —/3/4 1/2  V/3/4 -1 0 1/2 —+/3/4 1/2  /3/4
6 0 1 V3 —1/2 V3 —1/2 0o 1 V3 —1/2 V3 —1/2
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A.1.2 Character tables

In this section, the character tables for all points inside the first Brillouin zone of 2D
graphite will be introduced. We start constructing the character table for the I' point,
which can be obtained from the irreducible representations depicted in Table A.2. For
that, we can group the symmetry elements in their respective classes, and take the value
of the one-dimensional representations or the value of the trace of the matrices of the two-
dimensional representations for each class. The character table for the I" point is depicted
in Table A.3. Observe that the two columns at the right side of the Table A.3 give the

one- and two-dimensional basis functions, respectively, for each irreducible representation.

In order to construct the character tables for the other points inside the first Brillouin
zone, we should select the symmetry elements which bring the point in consideration to
an equivalent one. In other words, we should select those symmetry operations which
leave the star of k invariant. Then, using the character table for the I" point (Table A.3),
and the orthogonality relations, we can construct the character tables for the other points
inside the Brillouin zone. Tables A.3, A.4, A.5, A.6, A.7, and A.8 show the character
tables for the I, K, M, ¥, T(T’), and u points in the first Brillouin zone of 2D graphite,

respectively.
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Table A.3: Character table for the ' point (D¢, P6/mmm, No. 191).

Cyt Oy A o ol

cf gy ePeyB St Sy ol ol

ECy Cy Cf C° €3¢ i S5 o S 0§ of
rfryr1r11 1 1 111111 w2 +y?, 22
r;y 11 -1 -1 11 11--1
ry (11 -1-1-1 1 11-1--11
rrftr1t-1-1 1 -1 11-1-11-1
rd 2 -1 2 1 2-1-21 00 (rz,y2)
Iy |2 -1 2 -1 2 -1 2-10 0 (22 — 2, 2y)
rr 111 1 1 -1-1-1-1-1-1
r, 1t 111 -1 -1 -1-1-1-11 1} =
r; It 1-1-1-1 1-1-1111-1
ry |t 1+ -1-1 1 -1 -1-111-1
ry |12 -1 21 21 2 -1 0 0|z
Iy |12 -1 2 -1 212100
2200 0 200222 o0fre] Tfaer;
xeeterffs 00-1 02 -1 -1 30 1 -2 1 1| TIes r; ol
X2Vl 000 0 200 242 0f|MEVIferfel,ol;
¥ It 111 -1 -1 -1-1-1-11 1|71 Iy
X" 12200 0 200-2-22 0T Iy el

Table A.4: Character table for the K point (D3,, P62m, No. 189).

! o)
cf Cf Sy ob
E Cy CF oy, S of
K, |lt 1 1 111 2?4+ y?, 22
Ky |11 -1 1 1 -1
Ks [[2 -1 0 2 -1 0] (z,y) (2% — y*, zy)
K, |[1 1 -1 -1 -1
Ks |[1 1 -1 -1-1 1| =2
K¢ [|2-1 0 21 0 (r2,y2)
21 0 21 of v | K
yveetor|| 3 -1 1 -2 1 |[pvector K;® K5
X7V oll6 0 2 2 0 TH |KioKy®Ksd Kg
x* |11 -1 -1-1 1] r® Ks
X" 121 0 21 0 I~ Kg

126



Table A.5: Character table for the M point (D3}, Cmmm, No. 65).

HE Cy A Cy A i oy, oi ol

v

|

Mffr1 1 1 1111 x? Y%, 22
Myt 1 -1 -1 11-1-1 Ty

M lt-1 1 -1 1-11 -1 T2
MP|1-1 -1 1 1-1-11 yz

My 111 1 -1-1-1-1

My |11 -1 -1 -1-11 1| =z

My |[1-1 1 -1-11-11} y

My [[1-1 -1 1 -11 1 -1 =

x? 20 0 2 022 of re | M & M,
Xvectm‘ 3 -1 -1 -1 _3 1 1 1 Fvectm‘ M2— EBMg_ EBMAI_
XVleo 0 -2 02 2 0T |MfeM oM oMy @My oM
X (It 1 -1 -1 -1-11 1| I* My

X© |20 0 -2 0-22 0f I7 M & My

Table A.6: Character table for the 3 point (C2, C'm, No. 8).

[Ecitonad] |

2ot o] oa | oa?2, 22
Yo |11 -1 -1 2y

Y3 1 -1 1 -1] w Y

Y4 |1 -1 11 zx

x [2 2 2 2f re | 25,
xvector|3 -1 1 1 ||Tvector] B N B Ny
YEV 6 -2 2 2| IV |28, @255 @ 2%,
X* |1 -1 -1 1| r® 24

X© 2 -2 2 2| 7 2%
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Table A.7: Character table for T and T’ points (C2, Cm, No. 8).

[ectonat] |

7y |1 1 1 1 Y 22 y? 22

T 1 1 -1-1 Tz

T35 |1 -1 1 -1 x Ty

T 1 -1 -11 z Yz

x 2 0 2 of re | T ®Ts
Xvector 3 -1 1 1 ||Tvector TeT; T,
XEVl6 0 2 0 T Ty T,®2T3@ Ty

x* |1 -1 -1 1 T* T,

X |2 0 20| 7 Ty ® Ty

Table A.8: Character table for the u point (C!, Pm, No. 6).

[Eo] |

ut |1 1| a2,y |22,9%, 22,2y

u” |1 -1 z 2y, 2T

o 2 2] ree | 20t
yveetor||3 1 [[pvector| oyt @y

XV U6 2| TEY | 4ut @ 2u~

x* ||l -1} I'* u”

xX* |2 2| T™ 2u~
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A.1.3 The characters of the equivalence representations

In order to obtain the representations associated with phonons and electrons in a crystal,
it is necessary to know the equivalence representations. Therefore, it is necessary to

calculate the equivalence matrices.

We will start our analysis by introducing the matrix of the atomic sites Még), with elements
defined as a;;, where the subscripts ¢ and j describe the atoms and the atomic sites [1
2 (see Figure 2.1)], respectively. The value of the matrix element a;; is one (a;; =1), if
the atom 7 goes to the atomic site j, by applying the symmetry operation D™ and 0
otherwise. In fact, by performing the 24 symmetry operations, it can be concluded that
only two cases for the matrices of the atomic sites are possible for the 2D graphite lattice.
The first case occurs for those operations in which the two atoms of the unit cell remain in
their original (or equivalent) sites. In this case, the atomic site matrix is a 2 x 2 identity

matrix. In the second case, the atoms 1 and 2 change their respective sites. In this case,

01
(01} "

Next, we define the phase factor matrix MZE;L), which is a diagonal matrix whose elements

the matrix of the atomic site is:

are the exponential factors elik , where k is the coordinate of the point (in the reciprocal
space ) under consideration, and t; is the vector which brings the i atom back to its

original position after the application of the symmetry operation D that is:

-k
(n) . e 0
(1), s

Finally, the equivalence matrix is defined as the product between the atomic site and

phase factor matrices, that is:
MO = M x MY (A.3)

In order to calculate the phase factors, we have to calculate the position of the i"* atom

(n))

after application of the n'* symmetry operation (7, "), for the 24 symmetry operations

(2

of 2D graphite. Such coordinates can be obtained as:

7" =D, (A.4)

7
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where wj; is the original position of the i atom, given in equations 2.3 and 2.4 for atoms

1 and 2, respectively. Then, we can calculate the ¢; ™ vectors for all operations, by

evaluating the relation 7" )

=w; — 7, . Table A.9 shows the 7; and t; vectors associated

with the 24 symmetry operations of 2D graphite.

Table A.9: 7 and #; vectors associated with the 24 symmetry operations of 2D graphite.

Operation 1 Iy ﬂ 7?2

E s mT+ 80 |-t + 59 0 0

Cy — et |5t = 50| st 5 ag

Cy S4=b— 4 N ag) — 25+ 5y
Co | =558 — 59| 3558 — 59 | HE+ay |—%i+ag
Cy N sml+ 50 |~ 5y —%d
Cs |35t +50 —d N 5=+ 57
Cy' =550+ 59| 55T + 59 N —
CiP N 55t — 59 || = 525% + 59| — KT +ay
Oy |—3mt -5 —% Gt ay | Fi 5y
C3t | 3558 — 59 |—5550 — 59 ay ay
CcyB — %t | =5l + 50| okt + 59 0
C39 | i+ 29 N 0 — i+ 5y
i —5258 — 59| 3%t = 5y || Hit+ay |—%i+ay
S N sml+ 50 |~ 5y —%d

s gttt —% Yt SO+ 4
on 2B+ 80 |-t + 59 0 0

" — 5t =3t — 5| 2mT+ 59 aj)

Sy sS4k — & N ag) — 250+ 5y
ol 558 = 50 |~ 557 — 59 aj) aj)

ol — %t |5l + 50| okt + 59 0

0§ sS40+ 2 N 0 -0+ %y
o) | -5t + 59| 35T+ 59 N —
ol N 53T — 59 || =355 % + 59| KT +ay
of |3t -5 —%E Gt ay | g+ 5
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Tables A.10 and A.11 show the products ¢; - lg, and the phase factors eli’F for all points
inside of the first Brillouin zone of 2D graphite, for all symmetry operations associated
with each respective point. The penultimate column of Tables A.10 and A.11 shows the
respective characters of the atomic site representations ( x**), obtained from the traces of
the atomic site matrices. The last column of Tables A.10 and A.11 shows the characters
of the equivalence representations (x°?), obtained from the traces of the equivalence
matrices. Tables A.3 to A.8 show the equivalence representations for all points inside

the first Brillouin zone of 2D graphite.

Table A.10: The products t; - E, and the phase factors e’i";, for all points inside of the
first Brillouin zone of 2D graphite for all symmetry operations associated with each re-
spective point. The penultimate, and the last columns show the characters of the atomic
site representations ( x*®), and the characters of the equivalence representations (x°?),
respectively.

I Ht_i . F‘{Q - ei(ﬂ<1‘)

B e

E| o] o0 1 1 2 | 2
cill oo 1 1 2 | 2
cyll oo 1 1 2 | 2
Ca |l 0| 0 1 1 01| o0
Co|l o] o 1 1 01| o0
el oo 1 1 010
cAll o | o 1 1 01 o0
cEll o | o 1 1 01 o0
cefl o | o 1 1 0] o

ciAll o | o 1 1 2 | 2

CcyBll o | 0 1 1 21 2

cyel o | o 1 1 21 2

i| 0] o0 1 1 010
Sl o] o 1 1 01| o0
Sgll o] o 1 1 01| o0
on || 0] 0 1 1 2 | 2
Syl o] o 1 1 2 | 2
Syl oo 1 1 2| 2
adll o] o 1 1 2 || 2
oBl o] o 1 1 2 || 2
of ] o] o0 1 1 2 | 2
gt 0| 0 1 1 0|l o0
Bl 0o | o0 1 1 0|l o0
a$ ]l 0| o0 1 1 0|0
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Table A.11: Table A.10 continuing.

N R A e R P
E 0 0 1 1 2 | 2
il Z | & |-30-iv3)|-301+iv3)| 2 || -1
Cy |l 22 | & ||-310+iv3)|-2(1—ivB3)|| 2 || -1
Al o 0 1 1 0
ciBll Z | A |-t —ivB3)|-3(1+iv3)| o
el A | ZE -1 +ivB) -1 —ivB3)|| 0
on || O 0 1 1 2
Sy || = | = |-ia—ivB)|-ia+iva)|| 2 || 1
Syl A= | & ||-s(+iv3)|—3(1—ivB)|| 2 || -1
ol |l o 0 1 1 01| o
B | Z | & L1 —ivB)|-2(1+ivB)|| 0| 0
ol || AE | & ||-fa+ivB3)|-2@—ivB)| 0 || 0
M Hgl -M‘t} ; MH ei(t1-M) ‘ eita-M) Hxas x©4
E 0 0 1 1 2| 2
Co|| & | -2 |21 —ivB3)|-2(1+ivB)|| 0 | 0
el |- -1 -ivB)|—-s(1+iv3)| 0 || O
cyAll o 0 1 1 2 2
i || ZE |- |-s0—ivB) |-t +ivB)|| 0 || 0
on || O 0 1 1 2 | 2
at |l o 0 1 1 2| 2
o || 2 | -2 L —wB)| -1 +ivB)| 0 || 0
T Hgl T‘&'TH ei(t1°T) ‘ ei(t2-T) Hxas xe4
E 0 0 1 1 2 | 2
cll o 0 1 1 0|0
on || O 0 1 1 2 | 2
ol |l o 0 1 1 01| o0
» Hfl 2‘52 EH ci(t1-3) ci(t2-3) Hxaa x©4
E 0 0 1 1 2 | 2
cyAll o 0 1 1 2 | 2
on || O 0 1 1 2 | 2
o |l o 0 1 1 2 || 2
il R ' e I
E 0 0 1 1 2 | 2
el | -ZE |-t -iv3)|-s+iv3)| 0|l 0
on || © 0 1 1 2 | 2
ol || I | -2 -1 —ivB)|-L+ivB)[| 0 || 0
TN R i el i
E 0 1 1 2
on || 0 1 1
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A.1.4 Lattice vibrations representations

Since the lattice vibrations are caused by atomic displacements, the lattice vibration

FLV

representation is obtained by the direct product between the representations which

transform as the vector coordinates (I'*“) and the equivalence representation (I'°?).
IV —pveegre (A.5)

We consider the equivalence representation because it carries out the action of the sym-
metry operations on the atoms inside the unit cell, and also the phase factor associated

with the point inside the Brillouin zone to be analyzed.

The vector representation is the sum of those representations which have as basis functions

the cartesian coordinates z, y, and z, that is:
r«“=relvel*. (A.6)

If the basis functions x and y are partners in a two-dimensional irreducible representation,

equation A.6 should be written as:
re=r*vor’=. (A.7)

Tables A.3 to A.8 show the lattice vibration representations for all points inside the first

Brillouin zone of 2D graphite.

A.1.5 7 electron representation

The p, orbital of the 7 electrons is perpendicular to the basal plane of graphite (parallel
to the ¢ axes). Therefore, the m electron representation I'" is obtained by the direct
product between the representation which transforms as the cartesian coordinate z and

the equivalence representation, that is:
[M=r@l<. (A.8)

Tables A.3 to A.8 show the 7 electron representations for all points inside of the first

Brillouin zone of 2D graphite.
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A.1.6 Determination of the phonon eigenvectors at the I' point

The eigenvectors of the vibrational normal modes at the I" point can be evaluated by the
projection of each irreducible representation I in a set of orthogonal vectors, forming a

basis for a random displacement ¢, applied to one of the two atoms in the unit cell. The

T = Zﬁi,j ) (A.Q)

where the subscript ¢ = x, ¥y, z indices refer to the cartesian coordinates, subscript j refers

displacement is defined here as:

to the two atoms in the unit cell (1 and 2), and 1, ; is an unitary vector along the direction
1 centered at the atom j. The eigenvector resulting from the projection of the irreducible
representations of the random displacement vector associated with one of the two atoms

of the unit cell can be evaluated as:
Vi = ZX%L) (D ZX [DWa,;] (A.10)
(n)

Equation A.10 works well for the eigenvectors associated with one-dimensional irreducible
representations. In the case of two-dimensional irreducible representations, we should
separate the x and y parts of the eigenvectors in order to understand each part of the

doubly degenerate modes. In this case, instead of using the character of the irreducible

representations Xy(ﬁ), we should use the diagonal elements of the representation matrices,

defined as I'7,(n) and I';; (n) (depicted in Table A.2), that is:
= Ti(n) DRG] | (A.11)
(n)
Vil =2 _Ty,(n) [DIVg] -
(n)

Finally, applying the definitions presented above for all irreducible representations be-

longing to the lattice vibration representations, we will have the eigenvectors in the form:

Vi = 11 i1 + voy Giag 4 vsy Gy + (A.12)

+ V12 Uiz + Vo2 Usz + U3z U3z

disregarding the orthonormality constants. The results are shown in Table 2.2, giving the

coefficients v;;, following the notation:
(vir, va1, v31) (Vi2, Va2, U32) . (A.13)
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A.2 3D graphite

A.2.1 Symmetry operations and character tables

As pointed out in Chapter 1, 3D graphite belongs to the space group Dg, (P63/mmc),
which is a non-symmorphic space group. The transformation operators associated with

the 24 symmetry operations of 3D graphite are defined as:
D" = {R™|r} | (A.14)

where R are the transformation matrices, and 7 is the column vector which defines
the translation. The superscript (n) indices refer to the 24 symmetry operations of the

P63/mmec group.

Table A.12 shows the 24 transformation operators for the 3D graphite lattice, in the
cartesian system. Notice that the two possible translations are the null vector (that
is, no translation), or half of the ¢ lattice parameter along the 2 direction (7=1/2¢2).

Therefore, we use the notation 0 for operations with no translation, and 7 otherwise.

Figure A.2 shows the top view of the unit cell of 3D graphite, with the directions of the
horizontal rotation axes (C and C¥) and the directions of the vertical mirrors (o4 and
0y), for reference. The vertical coordinates of the horizontal rotation axes CY are not
at z=0, but at z = . Another important observation is that the inversion center in
operations oy, Sy, and S5 is not localized at the origin, but displaced by 3 2, that is, it

is located at the atomic site 2 in the unit cell (see Figures 2.5 and 2.6, for reference ).

The irreducible representations for the I' point in the first Brillouin zone of 3D graphite
are the same as those for the 2D graphite lattice (see Table A.2). Tables A.13, A.14, A.15,
A.16, A.17, and A.18 show the character tables for the I', K, M, ¥, T(T), and u points,

respectively.
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Figure A.2: Top view of the unit cell of the 3D graphite, with the directions of the
horizontal rotation axes (CY and C¥) and the directions of the vertical mirrors (o4 and
Ty).

Table A.12: Transformation operators associated with the 24 symmetry operations in the
cartesian system.

0 010 -1/2 —+v3/2 0|0 -1/2 v3/2 010
{Elo}=] 0 1 o]0 {csﬂo} =| V32 -1/2 oo {cyloy=| —v3/2 -1/2 oo
0o 0o 10 0 0 1|0 0 0 110

-1 0 o] o 1/2 V3/2 o] o /2 —v3/2 ol o
{Cal73=| 0o -1 ol o {cg\T} =| —v3/2 12 ol o {cgh} =| V32 12 o] o
0o 0 1] 1/2¢ 0 0 1| 1/2¢ 0 0 1] 1/2¢
, -1 0 0 , 1/2 v3/2 0 |0 , 1/2 —V3/2 0 |0
{C{‘\O} = [ o 1 o0 |o {023\0} = [ V3/2 —1/2 0 |0 } {CQC|O} = [ —V3/2 —1/2 0o |o }
o —1]o0 0 0 -1]o0 0 0 -1]o0
. 0 0 . —1/2 —V3/2 o |o . —-1/2  /3/2 0 | 0]
{02A|0} = [ 0 -1 0 |0 {CQB|0} = [ —V/3/2 1/2 0o |o } {CQC|0} = { V3/2  1/2 0
o 0o -1]o0 0 0 -1]o0 0 0 -1]o0 |
-1 0 0o |o [ 1/2 V3/2 0 |0 [ 1/2 —V3/2 0 | o]
Gloy=| o -1 o |o {Sg’\o} =| —v3/2 12 o0 |o {56‘\0} =| v3/2 1/2 o |o
o 0o -1]0 .l o 0 -1]o0 | . o 0 -1]o0 |
1 0 0o |o [ —1/2 —v/3/2 0 0 [ —1/2 V3/2 0o | o]
{onl0}=] 0 1 o0 |oO {S;|0} =| V32 -1/2 o |o {5;{\0} =| —v3/2 -1/2 o0 |o0
0o 0o -1]0 0 0 -1]o0 | ) 0 —1|o0 |
1 0 o01]o0 [ —1/2 —V3/2 0] 0 ] [ —1/2 V3/2 00
{edlo} =1 0 -1 o]0 {cB10}=| —vB/2 172 o]0 {eGl0} =] vB/2 12 o]0
o o 1]|o0 l o 0 1]0 | | o 0 1]o0
-1 0 0 0 [ 1/2  V3/2 0 0o [ 1/2 —V3/2 0 0
{eir} =] o 1 of o {oB1r} =| VB2 —1/2 o o {oSi1r} =| =vB/2 172 0| o
0 0 1|1/2¢ 0 0 1] 1/2¢ | ) 0 1] 1/2¢
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Table A.13: Character table for the I' point (Dg,, P63/mmec, No. 194).

{ciA10} {cF 40} {od10} {oti7}
{cd 10} {cair} {C;Bw} {c;'B\o} {sd10} {s510} {oF10} {oBIr}
(Bl0} {c7 1o} {Calry {cdir} {010} {cF 10} filoy {5510} {onlo} {5510} {+F10} {oTIr}
1 1 1 1 1 1 1 1 1 1 1 1 22 4+ 42, 22
1 1 1 1 -1 -1 1 1 1 1 -1 -1
1 1 -1 1 -1 1 1 1 -1 -1 -1 1
1 1 -1 1 1 1 1 1 -1 -1 1 -1
2 -1 -2 1 0 0 2 -1 -2 1 0 0 (zz,yz)
2 -1 2 1 0 0 2 -1 2 -1 0 0 (22 — 42, zy)
1 1 1 1 1 1 1 -1 -1 -1 -1 -1
1 1 1 1 -1 1 1 -1 -1 -1 1 1 z
1 1 -1 1 -1 1 1 -1 1 1 1 -1
1 1 -1 -1 1 -1 1 -1 1 1 -1 1
2 -1 -2 1 0 0 -2 1 2 -1 0 o ||@w
2 -1 2 1 0 0 2 1 -2 1 0 0
4 4 0 0 0 4 0 0 4 4 4 o [ree] or| @or;
3 0 -1 2 -1 1 3 0 1 -2 1 1 rvee FQ_ @FS_
12 0 0 0 0 4 0 0 4 -8 4 0 riVier] eorg @2r, gor,
1 1 1 1 -1 1 1 -1 -1 -1 1 1 r# ry
4 4 0 0 0 4 0 0 -4 -4 4 0 rT 2rf @ 2ry
Table A.14: Character table for the K point (Dj3,, P62c, No. 190).
A0 {ot|7}
{CF10} G710 {8510} {o7'I7}
{E10} {C5710} 1 G710 {onl0} {S5710} {o} |7}
K| 1 1 1 1 1 1 22 492, 22
Ky 1 1 -1 1 1 -1
K3 2 -1 0 2 -1 0 (xvy) (I’2 - y27l’y)
Ky 1 1 -1 -1 -1
K 1 1 -1 -1 -1 1 z
Kg|| 2 -1 0 -2 1 0 (xz,y2)
x| 4 1 0 4 1 0 | re| K, @® Ky ® Ky
Xl 3 0 -1 -2 0 rvee K3 @ K5
VI 12 0 0 4 -2 0 'V K @Ky ®3Ks & K, K5 & Kg
X 1 1 -1 -1 -1 1 = K5
X" 4 1 0 -4 -1 0 r Ky ® Ks @ Kg
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Table A.15: Character table for the M point (D37, Cmcm, No. 63).

(&0} {calr} {510} {c5 410} {ilo} {onlo} {oflo} {otir}] |

M| 1 1 1 1 1 1 1 1 xz? Y2, 22
M| 1 1 -1 -1 1 1 -1 -1 zy

MF| 1 -1 1 -1 1 -1 1 -1 zz

MF| 1 -1 -1 1 1A -1 1 yz

M| 1 1 1 1 R | -1 -1

Myl 1 1 -1 -1 S | 1 1 z

Mgl 1 -1 1 -1 11 -1 1 Yy

Myl 1 -1 -1 1 11 1 -1 T

x| 4 0 0 4 0o 4 4 0 [[re oMt @ 2M;
x|l 3 -1 -1 -1 3001 1 1 ||rvee My & My & My
XEV|| 12 0 0 -4 0 4 4 0 ||PLVieMmt @ 2M)t @2MS @ 2My © 2M; @ 2M)
x| 1 1 -1 -1 -1 -1 1 1 r> My

X" || 4 0 0 -4 0 -4 4 0o | r" oM & 2My

Table A.16: Character table for the 3 point (C3, C'm, No. 8).

{5/0} {3410} {onl0} {odlo}
3 1 1 1 1 x 2, y?, 22
Yo 1 1 -1 -1 2y
X3 1 -1 1 -1 Y Yy
Y4 1 -1 -1 1 z 2T
x| 4 4 4 4 |re 4%,
x| 3 -1 VN I ACE D PG SED I
XEVI 12 -4 4 4 |TEV|4E, @ 433 @ 4%y
ol 1 -1 -1 1 = T4
X || 4 -4 -4 4 |7 43,
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Table A.17: Character table for T and T’ points (C2, Cm, No. 8).

[E/0} { €510} {on]0} {o]7)

T 1 1 1 1 Y 22, y?, 22

TS 1 1 -1 -1 Tz

T3 1 -1 1 -1 z Ty

T 1 -1 -1 1 z Yz

x| 4 0 4 0 |[[re 2Ty & 2T

xUeell 3 -1 1 ||Dvee Ty Ty ® Ty
VI 12 0 4 0 |[TMVATy @ 2T, @ 4T & 2T
Il 1 -1 -1 1 = Ty

XTIl 4 0 -4 0 " 2T, @© 2T}

Table A.18: Character table for the u point (C!, Pm, No. 6).

[{E10} {onlo}] ]
ut 1 1 |z, ylz?,y?, 22, zy
u” 1 -1 z 2Y , 2T

| 4 4 [re dut
E 1 rvee]  out @u-
XEVI 12 4 ||TEV] Sut @4u~
1 a |re u=
4 4 [ du—
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A.2.2 The characters of the equivalence representations

Only two cases for the matrices of the atomic sites are possible for the 3D graphite lattice.
The first case occurs for those operations in which the four atoms of the unit cell remain
in their original (or equivalent) sites. In this case, the atomic site matrix is a 4 x 4 identity
matrix. In the second case, the pairs of atoms (1,2 ), and (3,4 ), change their respective

sites. In this case, the matrix of atomic site is:

0100
1000

M, = (A.15)
0001
0010

The position of the i*" atom after application of the n* symmetry operation (Fi(n)) for

the 24 symmetry operations of 3D graphite can be obtained as:

P {R(n)|7.} W = R, + 7 (A.16)

)

where ; is the original position of the i* atom, given in Equations 2.19, 2.20, 2.21,
and 2.22 for atoms 1, 2, 3, and 4 respectively. Table A.19 shows the 7; and t; vectors

associated with the 24 symmetry operations on 3D graphite.
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Table A.19: The 7, and t; vectors associated with the 24 symmetry operations on 3D
graphite.

OperationH [a} ‘7?2‘ T3 ‘ 4 H t1 ‘ fg‘ {3 ‘ 1
3cz cz a_ s a s 3cs |__a_p a cz
{E|0} T2 G2 | omgt+ 90+ 2 |5zt + 30+ 32| O 0 0 0
T 3cz | ¢z _a s 3cy __a s _ap . Cs 3a_ 45 4 ag 0
{03 |D} 12| 32 \/§I+ T2 NG 59+ 72| O 0 2\/§:c+ 59 ay
— 3c cz a_ s a 3c 2 _a_ s cz3 - _3a_x azs
{03 \0} T2 Q2| st 50+ g2 N 0 0 ajy 5/3L T 20
S5¢cs | 3¢z a2 a » 5c 3 a 2 a s 3cs||l_cs|_cz _a_ A ~__C3 _a_z s Cs
{C2|7} TE|TE|—gimt— 50+ LR gzt — S0+ 2|58 —-52 =2 +af — 52 =& +af — 52
{Cg\r} ey | 3ep %i+%2 Qj/ga“:+gg+%2 —52|—5%| —5lsd+ 50— 52| — i - 52
+ S5cs | 3cz|__a 44 apny Scs _a s 3cs _csl_c3 a s _ cz a_s a5 Cz
{06|T} 12| %% 2\/§x+2y+4z \/§x+4z 52|—5% \/ga: 5% 23x+2y 5%
1A _3czl_czl__a sy an 3¢zl _a s a5 cz|3cs| cs a &4 3¢ _a s cs
{C5210} S W AR A S v i L S | 27 s+ 52 T+ 3
!B _3czl_cs a s _ 3cs a_s_ap_cz||3cs| cs|__a s oapny 3¢y a g G4+ C3
{02 |O} 12|~ 3% 5T T2 3v3L — 29— 4% 52| 5% 5 3:L‘+2y+ 5 Z 3x+ay+2z
{C10} || —%¢2| - 525|528 — 59— 52| —HE-§2 Yzl 52| Sdtait+ Y | L@+ 5o+ 52
{CA10} || —52| 52 | 322 — 80— §2 |59 — 30+ 55| 2| O ajj + c2 aj)
/1B _cz| ¢z _az_cz __a s a5 cz 5 3a 54 a
{02 |0} 1 s = 12 2\/§Jz+2y+4z cz | 0 2\/§J1+2y+cz 0
{C5Cl0} || —52| §2 | %52+ 50— 52 i+ 52 cz | 0 cz — 2%+ 50
; 3csl_cs a_s __ap 3¢z _a s  apn  Cs |l 3cs| cs _a s L 3¢z _a_ s i+ S35
{i]|0} G RV i L A S vt i e ad ST +aj+ 52 ST +aj+ 52
+ 3csl_cs a5 _ 3¢y a_ sy an cz|[3cs| cs | __a & apny 3cs _ a4y C3
{56|0} —T2—32 N vl T 30— 42 || 52| 52 |—5 a0+ 52 NER
— 3c s cz a2 a 3c s a s cz 3cz| czs _a_ s 3cz a 2 a s Ccz
{56 \0} —TE i ozt 50 - %2 -5t 42 52| 52 N AL T 59+ 52
op|0 —£z| £z LT+ 2y— <2 |—2=2+ 25+ £2|| 2 0 cz 0
1 1 2v/3 2 1 23 2¥ T 3%
— csl| cz a_ s cz a2 a c3 5 3a_ a -~
{53 \0} -3 17 — 5 4% ~5v3E— s+ 72| 2 0 2\/33,’-"- 59+ c2 ay
SFjob || —<c2| €2 | 2@ — 25— <3 R ez | 0 ag + ¢z —3a g4 2y
3 17| 1 23 2Y 1 N Y 23 2
A 3cz | ¢z a_as__apn 4 3Cy |__a s apny Co 0 0
{cZ'|0} 17| 1% | 5t — 50+ T2 |—5 st — 30+ 42 0 0 ay ay
B 3cz | ¢z _a s 3¢y __a s ap5 4 Cs 3a_ 45 4 ag
{O’d \0} 12| 32 =&+ T2 szt + U+ 42 0 0 55t + 50 0
C 3csy | c3 a_s any 3cp a_ sy C3 _3a 54 apn
{c5 0} 12| i | Rt U+ fE =&+ 72 0 0 0 S5t + 5
A bcgy | 3cs|__a_ sy apn Bcg|_a_ a4 an 3cs||_cszl_c3 a_ s __ C3 _ 4 s __ C3
{odtl} I WV R L S BV R ek 3L~ 3% 3L 7 3
B S5cz | 3cz a &4 5cs a_s_ap 3¢l _csl_cyl __a s 4an  cz| a s q— 3
{U,UIT} T2\ T2 3J:+4z 3 2y+4z 532|—5% 23x+2y 5% 3ac+ay 5%
C S5cgy | 3cy|__a s _ apy 5cs _a s 3cs _czl_cs| a4 §— <3 |92 s a5_ c3
{O',U \7’} A 2\/5;10 SY+ T2 Sx—l- 1z 32|—5% 3:v+ay 3% 5 3:v+ 35y — 5%
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Tables A.20 and A.21 show the products ;- %, and the phase factors elick , for all points in-
side the central horizontal plane in the first Brillouin zone of 3D graphite for all symmetry
operations associated with each respective point. The penultimate column of Tables A.20
and A.21 show the respective characters of the atomic site representations ( x**) obtained
from the traces of the atomic site matrices. The last column of Tables A.20 and A.21
show the characters of the equivalence representations ( x“?) obtained from the traces of

the equivalence matrices.

Table A.20: The products t_;l;, and the phase factors elik , for all points inside of the central
plane of the first Brillouin zone of 3D graphite for all symmetry operations associated with
each respective point. The penultimate, and the last columns show the characters of the
atomic site representations ( x**), and the characters of the equivalence representations
(x°9), respectively.

T H{l . F[{‘Z .r[{a . F[f4 . r“ei(tl'l") [ei(t?r)[Ei(ta'r)[ei(t4-F) “X“HXeq
{El0} ] 0 ] o] o] o 1 1 1 1 1[4
{cgop[[ o Jo[o]o 1 1 1 1 4| 4
{cgiof[[ o] o] oo 1 1 1 1 44
{Calvy || 0 [0 [0 | o 1 1 1 1 oo
{csir} o [ o] oo 1 1 1 1 ollo
{cdirf][ o [ o[o]o 1 1 1 1 ollo
{50} o [ o[ oo 1 1 1 1 oo
{csP}] o [ o [ oo 1 1 1 1 ol o
{csC0f[[ o [ oo [o 1 1 1 1 oo
{cg%0}]] o [ 0o [ oo 1 1 1 1 4| 4
{cgPo}[ o [ o Jo[o 1 1 1 1 a [ a
{cs%0}] o [ 0o [ oo 1 1 1 1 4| 4
{ilo} o | o | o] o 1 1 1 1 oo
{sﬁﬂo} o] o o] o 1 1 1 1 ollo
{sslo} [ o [ o] oo 1 1 1 1 ollo
{onl0} || 0 | 0 | 0 | o 1 1 1 1 4|«
{ss10} [ o [ o] oo 1 1 1 1 44
{s;m} o] o o] o 1 1 1 1 4 || 4
{edio} ] 0o [ o] o] o 1 1 1 1 1] a
{oZ10} ] o [ o] oo 1 1 1 1 a4
{oG0} | 0 [ o ] o] o 1 1 1 1 1| a
{edir} [ 0 [ oo o 1 1 1 1 oo
{ofir} [ 0 [ o] o] o 1 1 1 1 oo
{oCir} [ 0 [ o] o] o 1 1 1 1 oo
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Table A.21: Continuing Table A.20.

K “{1AK[{QAKlt‘g.K[{4.Kllei(tl'K)lei(tz’K)[ ci(t3-K) [ eilty K) HXGSHXW
{E[0} 0 0 0 0 1 1 1 1 4] 4
{cgﬂo} 0 0 2x | 4x 1 1 [—la—avB)|-la+avd 4 || 1
{c;\o} 0 0 am 1 2 1 1 [“la+av®|-ta-iv3| 4 [[ 1
{cs* o} o 0 0 0 1 1 1 1 ol o
{C§B|O} 0 0 2z | 4x 1 1 [—ia-iv®|-ta+ivd|[ o [ o
{c§0|o} 0 0 4z | 2@ 1 1 —la+aB)|-La—aB] o [[ o
{on]0} 0 0 0 0 1 1 1 1 1 |[ 4
{S;\o} 0 0 2z | 4x 1 1 [—la—avB|-la+avd 4 || 1
{Sgﬂo} 0 0 iz | 2x 1 1 [“la+avd|-ta-awv3| 4 [[ 1
{od1} ][ 0 0 0 0 1 1 1 1 ol o
{afh} 0 0 PR 1 1 [—ia-av|-ta+ivd|[ o [ o
{afh} 0 0 ir | 2z 1 1 -1 +iv3)|-3a-iv3)| o | o
M [ M- M - M M[[e M i AT o3 M) T il M) Tlyas[lyea
{E|0} 0 0 0 0 1 1 1 1 1| 4
{Ca|T} 0 0 2z | -2z 1 1 -2 -iv3)|-ta+iv3)| o] 0
{CéA\O} 0 0 2z [ _2x 1 1 —la-a|-ta+ivd| o || o
{cgo}]] o 0 0 0 1 1 1 1 4 [ a
{i|0} 0 0 i | -2z 1 1 -1 -ivB)|-20+ivB)|[ 0 | 0
{on |0} 0 0 0 0 1 1 1 1 4 || 4
{od10} || o 0 0 0 1 1 1 1 4 a
{a;‘\f} 0 0 2z |2 1 1 [—ia-ivd|-ta+ivd|[ o [ o
T “ T [ T T [ T T [ 0T “ (1 T) [ gi(E2-T) [ oi(t3-T) [ ci(tg T) Hxas [Xeq
{E0} 0 0 0 0 1 1 1 1 4] a
{csto} ][ o 0 0 0 1 1 1 1 oo
{0710} 0 0 0 0 1 1 1 1 4 || 4
{edir} || o 0 0 0 1 1 1 1 oo
s [ -=]6-o[6 s[h s[dOD @] ilsD) il =) Tlxaslxea
{E[0} 0 0 0 0 1 1 1 1 4] 4
{cgio}]] o 0 0 0 1 1 1 1 a4
{on]0} 0 0 0 0 1 1 1 1 1 |[ 4
{od10} || o 0 0 0 1 1 1 1 4 4
T/ H{’l -T'[t} . T’[{’S . T'[tl . T’[[ei(Fl'T,) it T )[ ci(t3-T7) [ oi(F4-TT) HXG'S x°4
{E[0} 0 0 0 0 1 1 1 1 2 4
{cy‘\o} 0 0 2z | _2x 1 1 [—la-aB|-la+aB] o [[ o
{or|0} 0 0 0 0 1 1 1 1 1 || 4
{gf\f} 0 0 2z |2 1 1 [—la-aB-la+aa] o [[ o
u “ i [ To - u [ i3 u [ Ty u [ et(t1-u) | gi(ta u) [ et(t3-u) [ eilta-u) “X‘“ €4
{E|0} 0 0 0 0 1 1 1 1 1| 4
{on |0} 0 0 0 0 1 1 1 1 4 || 4

Tables A.13 to A.18 show the characters of the equivalence representations for all points

inside the central horizontal plane in the first Brillouin zone of 3D graphite.

A.2.3 Calculus of the phonon eigenvectors at the I' point

We have seen in section A.1.6 that the vector resulting from the projection of the irre-

ducible representations of a random displacement vector associated with one of the four
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atoms of the unit cell can be evaluated as:
Vi = Zng) [ m q.] ZX aZJ:| : (A.17)
(n)

However, as discussed before, the action of the symmetry operations of 3D graphite can
leave atom 1 in atom 2 (vice versa), or atom 3 in atom 4 (vice versa), but never mix
these two subsets of atoms. Therefore, we should choose two atoms belonging to each of

these subsets (for example atoms 1 and atom 3), and evaluate Equation A.17 for both:

Th Z Xm m ql ) (Alg)
b= Z X
(n)

As a result, we will have two solutions, and we should take the linear combination of both

in order to obtain the two eigenvectors associated with the irreducible representation I':

Vi=gdi+gB (A.19)
Vi =T, =7,

It should be noticed that all of the irreducible representations forming the lattice vibra-
tions representations at the I' point appear at least twice. This is a direct consequence of
the existence of these two subsets of atoms inside of the unit cell which never mix under

application of the symmetry operations.

The phonon eigenvectors at the I' point in the first Brillouin zone of 3D graphite are

shown in the Table 2.8, giving the coefficients v;;, following the notation:

(7111, V21, 1)31) (U12> Va2, 1132) (013, V23, 033)(01,47 V24, U34) . (A-QO)
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Appendix B

Radiation by the Stokes polarization

This Appendix presents the detailed description of the procedures necessary to calculate
the intensity of the radiation by the Stokes polarization (equation 3.23 in Chapter 3).
From starting point, we recall the Maxwell’s equations for a dielectric, non-magnetic, and

electrically neutral medium:

. OH
. - 9D
V-D=0, (B.3)
V-H=0. (B.4)

Grouping equations B.1 and B.2, we have the wave equation for the scattered field inside

of the sample:
0?Dg

6X§XE'S:—M 02

(B.5)

It should be noticed that the wavevector K. s can of the scattered light (whose frequency
is necessarily w;) can, in principle, take any direction and magnitude for which the wave
equation B.5 is satisfied. These possibilities include even the wavevector Eg associated
with free electromagnetic waves (occurring in the absence of any Stokes polarization)
of frequency w,, whose magnitude is given as kg =mnsws/c. Therefore, the solution for

equation B.5 can be written as the sum of two contributions:

ES — Eh e’i(’;g-f"fwst) + E_:z ei(}?g-f“ft.ugt)’ (B6)
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where the subscripts h and i refer to the homogeneous and inhomogeneous parts of the
scattered field inside of the sample, respectively. Let us start our analysis from the

homogeneous part, for with the vector D is written as:
Dy, = eo(1+ }?O)E_:h gilhs Towst) (B.7)
and the insertion of the relation n% = 1+ ;0 into equation B.7 gives:
D), = eonéﬁ_ﬁh eilks Twst) (B.8)

The inhomogeneous part, for which the Stokes polarization acts on the scattered field,

has the vector li on the form:

—

— > pay I N
D; = e [1+ Xo+ X X*(7ws)| B eiRsm=wst) (B.9)
Now, we write the relation:
Dg = Dy, + D; , (B.10)

and the substitution of equations B.8, B.9, B.10 in the wave equation B.5 gives:

V XV x [Eh ¢ilks mwst) | i e"(RS'F—WS”] - (B.11)

82 — e —/ . — I SN
= —pieos {3 B 5 1[4 N X (qwg)| B Forresh ]
The next step is to perform the second order time derivative at the right hand side of
equation B.11, and take in account only the spacial dependence of the the amplitude of

the electric field, obtainig:

2,.,2 2
- - = e = iR NgWs , = ik i S wg = = R i
VXVX(EhQZST—l-Ei@l ST)— 2 (Eh lSr‘FEZeZ S’”)ZEPS(KS,wS)el ST,
0

(B.12)
— — ! —
where we have used the relations poeg=1/c?, and Ps(Kg,ws) = €g X X*(,w,)E;. From

here on, we will use the shorthand notation Bs for ]35(}? S, Ws)-

In order to obtain separately the two contributions for the scattered field, equation B.12

can be uncoupled, giving rise to the following pair of equations:

2. .2
— — — .7 — w — -7 —
V x V x (Ehe“fS"") — S, R T =, (B.13)
C
and ,
= - o> .2 Wws = .2 o w T
V xV x E;efs7 USC2SE1' s T — 2 ‘;Ps efs T (B.14)
0
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where equations B.13 and B.14 correspond to the homogeneous and inhomogeneous parts
of the scattered field, respectively. Now, we can use the relations V x V x =V (V) — V2,

and ks =nswg/c, in order to the develop the homogeneous part (equation B.13) as:

Lo o 2,2
V (V- B ) = v (B esr) = B E e

c2

v (ﬁ B, eiES'F) - (B.15)

ks E,=0.
The result I;S CEp=0 implies that the homogenous part Ej, is a transverse wave.

—

Once again, by using the relations V x V x =V(V-) — V2, and kg =nsws/c, we can de-

velop the inhomogeneous part (equation B.14) as:

D e o p o I Lo k2 L L
V (VB m) = 02 (B eom) = KRB, s 7 5 Byl
€07

— —

, . Lo N R
1Kg (zKS - B elKS'T> 4 KL%Ei s T — k?qEZ s 4 —52 Pg etBsT

€oTlg
R X 2
(K2 — K2)E, eifs™ = 55 B oifs 7 _ iRy (iKS B, 61K5> . (B.16)
€oMs

Now, by multiplying both sides of equation B.16 by €73, and by summing and subtracting
the term z'l?s (ZIZ'S . 155 GU?S> on the right-hand side, we obtain:

con (K2 — k2)E, s = k% Ps eRs ™ 4K <iﬁs . P 6”?5) B
—Z'I?S |:’L[?S : <6(ﬂ]§~EZ’ GU?S'F + ﬁs eiks'ﬁ>] . (Bl?)

The last term in equation B.17 is null, because i K g - (eongﬁi eils T | Py ¢iks: F) =V-D; =
0. Finally, we have [19]:

. k%ﬁg—ﬁs <K5ﬁ5>
Ei —
607% (Kg_ k%)

We should notice that, according to equation B.18, neither 135 nor EZ are necessarily

(B.18)

perpendicular to K s, as predicted above in the text.

Figure B.1 shows the geometry of the Raman experiment which will be considered in order

to evaluate the intensity of the scattered light. The scattering process takes place in a
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region of the sample illuminated by the incident light. We will assume, for simplicity, that
this region is a slab of thickness L, with faces perpendicular to the observation direction
of the scattered light, taken as the z direction. Although the scattered light is emitted in
all directions, we will ignore all contributions except that for which K s is oriented in the

positive z direction (backscattering geometry).

=
@

z=L

Fs X, j
X

z=0

Figure B.1: Region of the sample illuminated by the incident light. We will assume,
for simplicity, that this region is a slab of thickness L, with faces perpendicular to the
observation direction of the scattered light, taken as the z direction.

The & component of the scattered electric field grows from zero intensity in the bottom
of the illuminated area (z=0), and its generation ceases at the top of the region at z =L,
where the scattered light passes into the medium in which it will be analyzed. Outside
iks-7

of the slab, the polarization Ps is zero, and the electric field has the form Ege , where

Eg-k,=0.

The shape of the slab forces all the vectors to lie in the plane defined by Kg and 135, taken

as the zz plane. Since the intensity of the scattered light is zero at z=0, we have:
Efy+FE'=0. (B.19)

At z= L, the boundary conditions require the tangential components of the electric field

to be continuous as the boundary is crossed:
Eiethsl = prethsh o preilsh (B.20)
Finally, grouping equations B.18, B.19, and B.20, we have the amplitude of the electric

148



field of the Stokes component of the scattered light [19]:

k2 (és : 135)

Eo =
5 e (K% — k)

[e!Kshs)l ] (B.21)
where £g is a unit vector parallel to ES.

The total cycle-averaged intensity of the scattered field is integrated over its frequency

spectrum wg, and summed over all K s vectors present in the Stokes polarization:
TS = QEOCZ/T]SE;ES de . (B22)

Inserting equation B.21 into equation B.22, and taking the average value of the fluctua-

tions in the amplitude of the Stokes polarization, we have:

k&( P K Ps(Kg))e,

Z/ €S S S) €S S( S)> s }6 i(Ks—ks)L 1| dUJS (B23)
ng (K3 k?q)

We can now take the product and ratio of the term (Kg — kg)* within the right-hand side

of equation B.23, in order to take the limit:

’ei(KS—kS)L o 1‘2

Lim =2nwLd (KS — /{ZS) s (B24)
L—oo (KS — kS)Q
and equation B.23 becomes:!
- el kA ( Ps(k
e Z/ S 55 ) Skz)S( S)>ws (KS . kS)Q(S(KS o kS) de ) (B25)

Next, the wavevector summation will be converted to an integration as:

4 2
Z = Gy dKg d§) (B.26)
S
and we can evaluate the integration:
K% (Ks — ks)® 1
s (s 52) §(Kg—kg)dKg =~ . (B.27)
(K3 — k%) 4

Finally, using the relation kg =nswg/c, the scattered intensity becomes [19]:

L o
T 8126y //ﬁswﬁv(e?s - Pg(ks) és - Ps(ks))ws dws dS) . (B.28)

'For small crystals, the limit B.24 is not valid, and the delta function is replaced by a broader function,
whose value is small unless Kg differs from kg by an amount less than 27 /L [19].
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Appendix C

The origin of localized states in
zigzag edges

In order to understand the origin of the localized states at the zigzag edges, we should
evaluate the charge density p for lattice points near the edge. Let us consider firstly the
atoms belonging to the edge. Figure C.1 shows three A atomic sites belonging to a zigzag
edge (white circles), denoted by 1, 2, and 3. The wave function components of the 2,(32)

orbital of these edge sites can be written, using the Bloch theorem as follows:

n) = G0y (C.1)

where the coefficients C,, are the phase factors /™) being || = na (see Figure C.1).
Therefore, considering that the atomic sites 1, 2, and 3 in Figure C.1 are in the positions

Tn_1, Tn, and 7,41, respectively, we can write:
1) = oDyl (C2)

12) = etk |y | (C.3)

Figure C.1: The atomic sites near a zigzag edge.
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|3> _ €ika(n+1)|¢§;)> ] (04)

The necessary condition for the wave function to be exact for £ = 0 is that the total sum
of the coefficients of the complex wave functions over the neighbor sites should vanish
[51, 52]. In this way, for the atomic sites 1, 2, 3, 4, 5, and 6 depicted in Figure C.1, we

can construct the system of equations:

Ci+Cy+Cy =0, (C.5)
02—|—03+C5:O, (C6)
Ci+Cs+Cs=0. (C.7)

By solving equations C.5, C.6 and C.7, the wave function components |4), |5), and |6),

are found to be:

|4) = —2cos (%kya) eika(n= )ng) ; (C.8)
|5) = —2cos <%kya) eik“(”+%))]w§;)> : (C.9)
6) = 4cos® ( k. a) etkalm) |1Z)(Z)> : (C.10)

The charge density p related to the edge state in a specific nodal site is proportional to the
probability for finding the edge state in that specific site. This probability is obtained by
evaluating the square modulus of the Bloch coefficients of the wave function components

associated with each specific site, that is:

o [eat =D = 1 | (C.11)

;»mkmmle, (C.12)

Pz X }e’k“ ”+1)| =1, (C.13)
1 raln1) | 1

P4 X ‘—2005 <§kya) eka(r=2)| = 4cos? <§kya) , (C.14)
1 (et 1

p5 X ’—2003 <§kya) eka(mt3)| = 4eos? <§kya) , (C.15)

1 o | 1
pe  |4cos <§kya) el = 16cos <§kya> : (C.16)

From relations C.11 to C.16, we conclude that the charge density is proportional to
[20052 (%kya)]Qm at a nodal site belonging to the m-th zigzag chain from the edge (see
Figure C.1). Thus, in the range 27/3a < k, < 7/a, the charge density shows the profile
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of an exponential decay. Here, it should be observed that the convergence condition
| — 2cos(3kya)| < 1 is required, otherwise the wave function will diverge in a semi-infinite
graphene sheet. This condition defines the region (27/3a < k, < m/a) where the flat

band exist.

Table C.1 shows the values of the charge density calculated at k,=27/3a, 77 /9a, 87/9a,
and 7/a, for the zigzag lines m = 0, 1,2,3. We can see from Table C.1 that for k, = 7/a
the charge density is 1 for m = 0, and 0 for all zigzag lines inside of the graphite plane.
This confirms the fact that for k, = m/a the edge states are completely localized. On the
other hand, it can be seen that for k, = 27/3a the edge state is completely delocalized.
This is reasonable, because in this region the solution of the energy eigenvalues for the
edge states should be coupled with the energy eigenvalues of 1D sub-bands obtained by
the projection of the dispersion curves of 2D graphite along the cutting lines (see Figure
6.3). Since 7 electrons are completely delocalized in the 2D graphite lattice, the edge
states should also be completely delocalized at k, = 27/3a. For the intermediate region
21/3a < k, < 7/a, the evolution between the two extremes can be clearly observed.
Figure C.2 (taken from reference [59]) shows the charge density of the edge state for the
k, values used in Table C.1, where the radius of the circles means the magnitude of the

charge density.

Table C.1: Values of the charge density calculated for some £, values for atoms belonging
to the zigzag lines m = 0, 1,2, 3.

k, |2m/3a|Tm/9a| 8m/9a |m/a
m =0 1 1 1 1
m=1 0.21 0.01 0
m =2 1 10.04 0.001 0
m=3 1 10.002|0.00000003 | 0

A zigzag graphite edge has peculiar magnetic properties due to the appearance of the edge
states, unlike graphene, which is not magnetic [59]. This can be understood as follows:
for electrons with wave number k, = 7/a, the valence and conduction bands touch each
other (see Figure 6.3). Considering that the electron spin can assume two values for each
band, we have four possible electron states appearing at the Fermi level. Therefore, a
local magnetic moment is possible, if we have one electron in the valence band and one

electron in the conduction band, both with the same spin [98]. However, such a situation
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(a) (b)

Figure C.2: The charge density of the edge state at (a) k, = 7/a, (b) k, = 87/9a, (c)
k, = 7r/9a, and (d) k, = 27/3a, where the radius of the circles corresponds to the
magnitude of the charge density (taken from reference [59]).

(@) (b)

Figure C.3: (a): Zigzag edge with Ny = 7 and Ng = 8 (S = 1). (b): Armchair edge
with Ny = Ny = 4 (S = 0).

can occur only if the number of spins in the system is odd, that is, the number of total

spins is non null. In fact, this is the case of zigzag edges.

According to the Lieb’s Theorem [99], for a lattice with two inequivalent atomic sites A
and B, the number of total spins is given by the modulus of the difference between the
number of atoms of each type, that is, S = |[N4 — Np|. Let us consider, for example,
the situation depicted in Figure C.3. In part (a), we have a zigzag edge chain where the
number of A and B atoms are Ny = 7 and N = 8, respectively. Therefore, S =1, and a
resultant magnetic moment is possible in zigzag edges. In the case of part (b), where an
armchair edge chain is shown, Ny = 4 and N = 4. Therefore, S = 0, and the resultant

magnetic moment is zero for armchair edges.

It should be noticed that, although the localized states cause the existence of a magnetic
structure in zigzag edges, the total magnetization in a zigzag ribbon is null, since the

zigzag edge atoms are inequivalent to each other on opposite sites [98].
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Appendix D

The spectrometer intensity
calibration

In Chapter 10, we report the measurement of the absolute Raman cross section of nanogra-
phites using a micro-Raman Dilor XY system operating in a triple-monochromator mode.
The intensity calibration process is a necessary procedure for this type of system since
the spectrometer response strongly depends on the wavelength of the scattered light. The
calibration process basically consists of the comparison of the power emission spectrum of
a standard light source with the spectrum measured by the spectrometer. This procedure

requires many practical considerations which will be exposed in this Appendix.

D.1 The standard lamp

The lamp used in the spectrometer calibration process was the LS-1-CAL-INT tungsten
halogen Calibrated Light Source, coupled to an Ocean Optics FOIS-1 Fiber Optic Inte-
grating Sphere, provided by the National Institute of Standards and Technology (NIST),
and specifically designed for calibrating the absolute spectral response. Figure D.1 shows

the LS-1-CAL-INT lamp power spectral density p;(A) (in W /nm units), provided by NIST.

The first step in the intensity calibration process is to convert the lamp power spec-
tral density curve (in W/nm unit) shown in Figure D.1, to a photon spectral curve (in

photons/pixel units), suitable for the spectrometer calibration.

The spectrograph is formed by a diffraction grating used to send photons with different
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Figure D.1: Lamp’s power spectral density [p;(A\)]. Data provided by the standard lamp’s
manufactory and certified by NIST.

wavelengths to reach different columns of pixels into the CCD (see Chapter ?7 for details).
Since each pixel has a finite size (~ 26 um), each collum of pixels (given rise to each
datapoint in the collected spectrum) covers a specific wavelength interval AX. Due to the

geometry of the diffraction grating, the interval A\ depends on lambda.
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Figure D.2: The measurement of the interval A\ covered by the central column of pixels
vs the absolute wavelength A.

Figure D.2 shows the measurement of the wavelength range AX(\) covered by the central
column of pixels in the CCD system vs the absolute wavelength A. Observe that A\

becomes smaller by increasing the absolute wavelength of the light beam reaching the
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CCD.

Now, backing to the lamp spectral function, we define the quantity AP,()\) as the total
power emitted by the lamp in the spectral range A\:

AP(N) = p(A) - AN . (D.1)

The total energy AFE;(A) emitted by the lamp in the spectral range AX and in a time

interval At can be obtained as:
AE (N AL) ~ AP(X) - At ~ p(A) - AN - At . (D.2)
The energy of a photon (in Joules unit) with associated wavelength A is:
B =5, (D.3)

where ¢ = 3x10'" nm/s is the light speed, and h = 6.626 x 10734 J-s is the Planck’s

constant.

3.0x10%
2.5x102°-
2.0x1020—.
1.5x102°-

1.0x10%°

n; ( photon / pixel )

5.0x10"

0.0

T T T T
500 600 700 800 900
A (nm)

Figure D.3: Curve n; vs the wavelength A for the standard lamp, obtained from equation
D.5, using the power spectral density p;(A) depicted in Figure D.1, and for an integration
time At=10s.

The number of photons n;(A, At) which should reach the specific CCD’s column of pixels
under consideration, in the time interval At¢, can be obtained as:

AE/(\, At)

7’Ll<)\, At) ~ Ep()\)

(D.4)
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Grouping Equations D.2, D.3, and D.4, we obtain:
pr(A) - A AN At
he '

Figure D.3 shows the curve n; vs the wavelength A for the standard lamp, obtained from

nl()\, At) ~

(D.5)

equation D.5, using the power spectral density p;(A) depicted in Figure D.1, and the curve
AMX(X) depicted in Figure D.2 for an integration time At =10s.

D.2 The measured spectrum of the standard lamp

The measurement of the spectrum of the standard lamp was obtained by focusing the
end of the fiber optics (coupled to the standard lamp) in the spectrometer microscope
objective lens. The integration time was At =10s. The number of counts were taken in
the central pixel for all spectra obtained at different values of absolute wavenumbers 1.
Figure D.4 shows the lamp spectrum measured curve m; (in units of count/pixel) vs the

absolute wavenumbers 9.

500

400+

300+ "

200 - -

m, (count/ pixel)

1004 u .

12600 14600 16600 18600 20600
-1
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Figure D.4: Lamp spectrum measured curve m; (in units of count/pixel) vs the absolute
wavenumber 9.

In order to obtain the response curve (next section) we should transform the horizontal
scale into wavelength, and multiply the vertical scale by 16 (see equation ??), so that we
obtain the measured curve m; in units of photon/pixel vs the absolute wavelength A\ (see
Figure D.5). It should be noticed that the m; curve is not a spectral function, since the
horizontal scale is just an index relating the central pixel with the associated wavelength

A or wavenumber 9.
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m; ( photon/ pixel)

Figure D.5: Measured curve
(in nm units).
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D.3 The shape of the spectrometer response curve

The spectrometer response curve R(A) can be obtained by evaluating the ratio between

the lamp measured curve [m;(\)] and the lamp spectral photon emission [n;(\)], depicted

in Figures D.5 and D.3, respectively:

R(\) = . (D.6)

Figure D.6(a) shows the spectrometer response curve R(\) vs the absolute wavelength A,

( a) 7.0x10" (b) 7.0x10"
6.0x10"4 6.0x10" 4
5.0x10"4 5.0x10"4
2 4.0x10" @ 4.0x10™"
; 3.0x10"" 4 g 3.0x10" 4
2.0x10"74 2.0x10" 4
1.0x10"" 1.0x10™"
0.0 : ; : ; : 0.0 : : : : :
400 500 600 700 800 900 12000 14000 16000 18000 20000 22000

A (nm)

¥ (em’)

Figure D.6: (a): Spectrometer response curve R(A) vs the absolute wavelength A. (b):

Spectrometer response curve

R(?) vs the absolute wavenumber 9.

obtained by evaluating equation D.6. Since the wavenumber scale is used in most of the
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1

Raman experiments, we have to change the horizontal scale for cm™, in order to obtain

the spectrometer response curve R(1)) vs the absolute wavenumber ¥ [see Figure D.6(b)].

The response curve depicted in Figure D.6 is a good correction for the analysis of the rela-
tive Raman intensities (integrated areas) of Raman bands centered at different wavenum-
bers 9, or for the relative Raman intensities of the same Raman band obtained using
different excitation laser wavelengths. The calibrated intensity /4(9) of a specific Raman
mode ¢, centered at the absolute wavenumber 19, can be obtained from:
_ 1L(0)

1) = B

(D.7)

where 4 (0) is the integrated area of the measured curve and R(¥) is the value of the

response curve for the absolute wavenumber 1J.

D.4 Measuring the absolute differential Raman cross
section

In this section, we will calibrate the vertical scale of R(1)), by comparing the corrected
integrated area (using Equation D.7) of Raman bands obtained from standard samples

with well known values of the differential Raman cross sections taken from the literature.

Our standard sample is the cyclohexane liquid (CgHis), with 99 % of purity. We will an-
alyze the intensity of the cyclohexane Raman bands centered at 802 cm ™! and 2900 cm ™.
The 802cm™! mode is a totally symmetric vibration involving C-C stretching and CH,
deformation. The 2900 cm™! band is, in fact, a set of 4 strong peaks related to the C-
H stretching.[94] We have measured the spectra with a constant incident light intensity
of Iy=6.25x10* mW /cm?, integration time At=60s, and using the 80x objective lens
(AQ2=2.13sr). The spectra were taken using five excitation laser lines, with the following
wavelengths: Ajgser = 647, 568, 514.5, 488, and 457.9nm. The integrated areas of the
measured bands [, are depicted in Table D.1, in count units. We start the analysis by
calculating the differential integrated area in units of count /s-sr:

A
T AQAL

(D.8)
The values obtained for i,, by evaluating Equation D.8 are depicted in Table D.1, and
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Figure D.7: (a): Values of i, obtained by evaluating Equation D.8. (b) Fit of the
absolute differential cross section 3z of the 802cm™! and 2900 cm~!' Raman bands of
the cyclohexane vs. the excitation laser wavenumber, obtained from literature data in
reference [94]. The horizontal scale is the excitation laser wavenumber used in the Raman
experiment (Yjqser). (¢): The dots are the plot of the values of i,,/3;, in function of the
absolute wavenumber ¥ of the 802cm™! (dark triangles) and 2900 cm™! (open triangles)
bands, respectively, for the data obtained by using the five excitation laser lines. The solid
line is the (1)) response curve. (d): Plot of the corrected differential cross section values
B¢ obtained from equation D.11 for the 802cm™ and 2900 cm™! bands (also depicted in
Table D.1), under the absolute differential cross section curve obtained by Trulson and
Mathies [94], for reference.

plotted in Figure D.7(a) as a function of the excitation laser wavenumber (¥45,) for the

802 cm~! and 2900 cm™! bands.

The absolute differential cross section of the 802 cm ™! and 2900 cm~* Raman bands of the
cyclohexane were measured by Trulson and Mathies for many excitation laser wavelengths,
using an integrator cavity.[94] Figure D.7(b) shows the fit made by the authors in the range

of excitation laser wavenumbers which will interest us (from 14000 to 23000 cm™"). The
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Alaser v I, im im/BL Be
(nm)  |(cm™') (count) (€2unt) (1030<ount) (10*30%>
802 cm™!
647 14654 2574 20 8.4 2.2
568 16799 6355 50 11.6 4.5
514.5 18636 8771 69 9.9 9.3
488 19692 4648 36 4.2 8.5
457.9 21039 686 5} 0.5 12.2
2900 cm !
647 12554 4158 32.5 1.6 12.9
568 14700 36830 288.2 7 31.2
514.5 16536 120200 940.5 13.8 85.5
488 17592 102231 800 8.9 2.7
457.9 18939 91348 714 5.7 108.3

Table D.1: Values of 9, I,,,, iy, im/Br, and S for the 802 cm ™! and 2900 cm ™! cyclohexane
Raman peaks, for the five laser lines used in the experiment.

vertical scale gives the differential cross section of the 802cm™! and 2900 cm~! bands
Br, where the subscript L refers to the literature data obtained from reference [94]. The

horizontal scale is the excitation laser wavenumber used in the Raman experiment (45, ).

Now, we can estimate the response factor r, associated with each of our data 7,,, in order
to obtain the reference value of the differential cross section provided by the literature

(Br). This value can be obtained from:
r=n (D.9)
where r has the units of count/s-cm?.

The values of the ratio i,/ obtained by evaluating Equation D.9, using the i,, and |,
data associated with all excitation laser lines used in our experiment, are depicted in Table
D.7. Figure D.7(c) shows the plot of the values of i,,/3; as a function of the absolute
wavenumber 9 of the 802cm™! (dark triangles) and 2900 cm™! (open triangles) bands,
respectively, for the data obtained by using the five excitation laser lines (the absolute

wavenumber ¥ is depicted in the second column of Table D.7).

161



There is a curve r(¢) which fits the data points i,/ plotted in Figure D.7(c) (dark and
open triangles). This curve has the same profile as the response curve R(¢) obtained in
the last section (see Figure D.6). Therefore, we can multiply the response curve R(1)) by

a specific number «, in order to obtain (1), that is:
r(¥) =a- R(V) . (D.10)

The solid line in Figure D.7(c) shows the () curve obtained from the product between
R(¥9) depicted in Figure D.6, and the proportionality constant o =1.9x10'". Notice that
« is an empirical parameter which transforms R(d) in r(«#). Now we have the curve (1)
which can be used to obtain the calibrated value for the absolute differential cross section

of the measured data (-, that is: .
Zm
Oo = — . (D.11)

The values of 8¢ obtained from equation D.11 for the 802 cm ™! and 2900 cm~! bands are
depicted in Table D.1, and plotted in Figure D.7(d) under the absolute differential cross
section curves obtained by Trulson and Mathies [94], for reference. The graphic shows
that the response curve r(1) provides a good absolute intensity calibration, since the data
points are in good agreement with the absolute differential cross section values from the

literature.

D.5 Final remarks

The response curve r(d) depicted in Figure D.7(c) is valid only for spectra obtained
in the same conditions as the standard spectra, that is, Iy =6.25x10°mW /cm?. The
integration time and the solid angle should also be corrected for 1s and 1 sr respectively,
using Equation D.8. The R(¥) curve carries the shape of the spectrometer response and
its profile can be always used satisfactorily in order to analyze the relative intensities of
Raman bands centered in different absolute wavenumbers ¢, or for measuring the relative
intensity of the same Raman band obtained using different excitation laser wavelengths.
This is due to the fact that the profile of the response curve depends basically on fixed
parameters, such as the efficiency dependence of mirrors, gratings, or CCD detector on the
scattered light wavelength. However, in the case of an absolute Raman intensity analysis,
the optical alignment of the spectrometer setup has a strong influence on the results.

Unfortunately, the optical alignment is naturally changed in systems where experiments
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using different excitation laser lines are performed with daily frequency. Therefore, if one
wishes to analyze the absolute Raman cross section, the standard sample spectrum should
be performed during each experiment (at least one spectrum for each laser line). In order
to obtain the correct r(¢#) curve referent to the actual status of the spectrometer’s optical
alignment, the procedure explained in section D.4 should be performed again, using the

data collected during the actual experiment.
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