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"Mind, the ruling power,
persuaded necessity to
bring the greater part of
created things to perfection,
and thus and after this
manner in the beginning,
through necessity made
subject to reason, this
universe was created"
Plato, Timaeus (Translated
by Benjamin Jowett [105])
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I N T R O D U C T I O N

Quantization effects are widely used in materials science to
modify the properties of a bulk material, making them size
dependent. This approach has received much attention also
in the graphene field, where graphene nanoribbons or quan-
tum dots are produced by cutting this 2D layered material to
form 1D nanostripes or 0D nanoflakes. Since their experimen-
tal realizations [39], these systems attracted an increasing in-
terest, not only because at variance with graphene they are
semiconductors, but also in view of their tunable band gap
[120, 121, 39, 34, 32, 33, 31]. As detailed in Chapter 1, in ad-
dition to their width another key-feature governs the proper-
ties of these nanostructures, namely their edge morphology: to
fully exploit such tuning potential it is thus important to pro-
duce structurally well-defined systems with atomically precise
edges. In the literature this was efficiently obtained through
bottom-up approaches, where nanoribbons are obtained from
molecular precursors via chemical processes. This operation
can be either cathalized by a metallic substrate [20] or per-
formed by solution-mediated approaches [90, 89].
The latter method, that has the advantage to produce systems
that are suitable for a further processing, opened two issues
that were object of this thesis work: the first one concerns the
role played by π-π coupling of the nanoribbons that are grown
in solution in defining their properties; the second one concerns
their characterization through the Raman and Infrared spectro-
scopies.
In addition to the production of isolated GNRs, one can confine
2D electrons also by periodically combining stripes of graphene
with stripes of other 2D lattices such as hexagonal boron nitride
(h-BN) or transition metal dichalcogenide (TDMC). This idea
represent the 2D analogue of what was done in the past for lay-
ered superlattices of conventional semiconductors [85, 24]. So
far the theoretical studies of such systems are limited only to
their electronic properties [106, 143]: this leaves an opened is-
sue concerning their vibrational properties.
The thesis is structured as follows: in the first part, I provide
a bird eye view concerning the materials involved in this work
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8 INTRODUCTION

as well as on the considered characterization and on the com-
putational techniques, while the second part is devoted to the
presentation of my original results. The first chapter contains
an overview on the electronic and vibrational properties of the
most common 2D lattices, such as graphene, h-BN and TDMC.
In the second chapter, the theoretical background of the Raman
scattering, UV-VIS and IR absorptions is briefly reviewed. The
third chapter, that concludes the background section, is ded-
icated to an overview of the computational methods used in
this thesis work: these include the Hatree-Fock (HF) method ,
as well as ab-initio density functional theory (DFT) and density
functional perturbation theory (DFPT) approaches. In Chapter
4 we present the Raman and IR characterization of the GNRs,
obtained in collaboration with different experimental groups:
we explain the effects of the edge morphology and of the edge
functionalization on the Raman and IR spectra. In chapter 5
we present our analysis of the effects of π-π coupling on the
UV-VIS absorption spectrum for graphene nanoflakes. As we
will show, this long-range interaction allows for the realiza-
tions of macromolecular systems whose optical properties can
be tuned by properly choosing components and stacking. Fi-
nally in Chapter 6 we present the current developments of our
ab-initio investigation on the vibrational properties of 2D su-
perlattices: by now this analysis has been performed on two
systems, composed by graphene and h-BN, that differ by the
morphology of the interface.



Part I.

Background
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1 G R A P H E N E A N D
R E L AT E D M AT E R I A L S :
F U N DA M E N TA L P R O P E R T I E S

The synthesis of 2D materials represents a very important
step for the realization of materials on demand [48, 107, 59, 92,
19, 138]. Among them, the champion role is definitely played
by graphene: this system has been object of a wide number
of researches since 1947 [132] due to its interesting properties
and possible applications [27, 48, 141, 7, 8, 119, 65]. Beside
graphene, other 2D materials have drawn the attention of the
scientific community, such as hexagonal boron-nitride (h-BN)
[98, 138] and transition metal dichalogenides [29, 138]. In order
to manipulate their physical properties, one can also consider
to further reduce their dimensionality from 2D to 1D: this is
the case of nanoribbons [39, 61]. Finally, it is also possible to
combine these 2D lattices either as building block into a layered
system [47], either in to a 2D superlattice where stripes of each
2D materials are combined in the same plane with a defined pe-
riodicity [111, 30]. The goal of the present chapter is to provide
a bird-eye view on these low-dimensional materials: we will be-
gin by presenting the main properties of graphene and related
nanostructures, i.e. graphene nanoribbons and nanoflakes; af-
ter that, we will briefly introduce the main properties of other
types of 2D systems: hexagonal boron nitride (h-BN) and tran-
sition metal dichalcogenides; finally we will review the main
results concerning the coupling of these 2D lattices.

1.1 graphene
Graphene is nothing but a single layer of graphite, a well

known material which is known since the 4th millennium B.C
[38] .The first theoretical investigation of this 2D system was
performed by Wallace [132]; his main focus, however, was the
investigation of the properties of graphite for the realization of
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12 graphene and related materials: fundamental properties

a nuclear reactor. At that time, in fact, it was commonly ac-
cepted that free-standing 2D systems could not exist because
of their unstable structure: a paper wrote by Peierls and Lan-
dau [101, 72, 48] pointed out that, for every 2D material at
any temperature, the vibrational fluctuations are comparable
to interatomic distances, and this makes unstable every 2D lat-
tice; however, in 2004 a single graphene layer was isolated (and
characterized) from graphite by means of mechanical cleavage
[48]. Theoretically it was pointed out that a 2D lattice can be-
come stable in presence of corrugation [102, 41, 48, 64, 27]. It is
worth noting that before 2004 several studies were performed
on substrate supported monolayer graphite (see for example
[5, 4, 88, 45, 97]).

Figure 1.1.: The graphene lattice: a) the honeycomb structure as gen-
erated by the two lattice vectors in Eq. 1.1 b) the BZ of
graphene; c) TEM image of graphene as grown on B4C.
The a) and b) images are taken from [27] while the c)
image is taken from [93]

The geometry of the graphene lattice is illustrated in Fig 1.1 :
its hexagonal lattice, with two atoms for unit cell, can be gener-
ated with the following vectors [27]

a1 “
a

2

´

3,
?
3
¯

a1 “
a

2

´

3,´
?
3
¯

(1.1)



1.1 graphene 13

where a “ 1.42 Å is the interatomic distance; the corresponding
reciprocal lattice vectors are [27]

b1 “
2π

3a

´

1,
?
3
¯

b1 “
2π

3a

´

1,´
?
3
¯

(1.2)

As demonstrated by Wallace, tight binding (TB) calculations
of graphene electronic structure leed to the following relations:
[27, 132]

E˘pkq “ ˘t
a

3` fpkq ´ t 1fpkq (1.3)

where [27, 132]

fpkq “ 2cos
´?
3kya

¯

` 4cos

ˆ

?
3

2
kya

˙

cos
ˆ

3

2
kxa

˙

(1.4)

t is nearest neighbour hopping energy and t 1 the next nearest
neighbour hopping energy. If we consider the BZ region near
K[27]

k “ K` q |q| ăă |K| (1.5)

the expression 1.3 can be simplified as [27]

E˘pqq “ ˘vF|q| `O
”

pq{Kq2
ı

(1.6)

Figure 1.2.: Calculation of the electronic band structure of graphene
according to the TB approach. Image taken from Ref.
[27]

where the Fermi velocity is vf » 1 ¨ 106m{s. A plot for t “ 2.7
eV and t 1 “ ´0.2t [27] is reported in Fig 1.2. The Eq. 1.6
describes a linear dispersion near K and K’ points which forms
the so called Dirac-cones. A similar approach can be used to
analyse the electronic structure of a bilayer and, in general for
a n-layer system: this work was performed by Partoens and
Peeters in [99], and their results are reported in Fig 1.3
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Figure 1.3.: Evolution of the electronic band structure for a single (a),
bilayer (b) and trilayer (c) graphene system (with Bernal
stacking) within the TB formalism. All images are taken
from [99]
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As for the electronic properties, also the vibrational prop-
erties of graphite and graphene have drawn a great interest
[36, 12, 135, 4, 5, 117, 140, 84]

Figure 1.4.: Investigation of the phonon dispersion of graphite as per-
formed by Mohr et al.: the symbols represent the data
obtained with x-ray measurements while the solid lines
is the dispersion obtained through ab-initio calculations
[82]. Image taken from [84]

As it can be noted in Fig 1.4, the dispersion of graphite is
characterized by six phonon branches, 3 acoustic and 3 optical
ones. The acoustic modes at Γ correspond to displacements
in which all atoms move in the same direction; in the opti-
cal modes, adjacent atoms have opposite displacement vectors.
The three acoustic modes are usually classified as logitudinal
acoustic (LA), where the displacement has the same direction
of the wavevector q, transverse acoustic (TA), the direction of the
displacement is perpendicular to the wavevector q, and Z acous-
tic (ZA) where the displacement is perpendicular to the LA-TA
plane; in the same way, the optical modes will be classified as
logitudinal optic LO, transversal optic TO and zeta optic ZO (see
Fig. 1.4).

Looking to the LO bands near Γ , we note that a disconti-
nuity in the curvature is present; a similar behaviour can be
found also around K for TO bands (see Fig 1.6). Those discon-
tinuities are know as Kohn anomalies [66] and can be found
for each vibrational mode with wavevector q which satisfy the



16 graphene and related materials: fundamental properties

Figure 1.5.: The modes of graphene at Γ (panel a), at K (panel b) and
at M (panel c) accompanied by their energy according to
IXS experimental values. Images taken from [84]

relation k2 “ k1 ` q, where k1 and k2 are two points of the
Fermi surface: for these modes, an abrupt variation of the elec-
tron screening is found and this produces the typical kink of a
Kohn anomaly in the phonon dispersion [66, 81]. In graphene,
two equivalent states at K and K’p“ 2Kq lie on Fermi surface
[104]. As a consequence, there are two ways by which one can
connect them: the first one gives q “ Γ (K´K “ 0 “ Γ ) while
the second one gives q “ K (K’´K “ 2K´K “ K). Near these
two q points, as pointed out by Piscanec et al. [104], one can
use a linear fit (see also Fig 1.6) :

 hωq “ αΓq`  hωΓ `Opq
2
q q » 0

 hωq “ αKq`  hωK `Opq
2
q q » K

(1.7)

where αΓ “ 397 cm´1 and αK “ 973 cm´1
A correct evaluation of the slope near K is widely used to

extract the electron-phonon coupling in graphene [104].
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Figure 1.6.: Theoretical calculation of the slope (red lines) near the
Kohn anomalies at Γ and K in graphene. The solid lines
represent the calculated dispersion with DFPT perfomed
by Pisanec et al. [104] while the point are the experimen-
tal data provided by Maultzsch et al. in [82]. Image taken
from [104]
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raman features Raman spectroscopy is one of the most
widely used characterization tools for graphene giving a large
amount of information in a fast and non destructing way [43,
63]. In this paragraph, we briefly overview the origin of the
most relevant Raman peaks of graphene. As shown in Fig. 1.7
only four peaks are present in a defect-free sample. These are
the G, 2D, 2D’, and the D+D” peaks. When defects are intro-
duced, further peaks appear: these are the D peak, the D’ peak
and the D’+D peak.
The G peak („ 1580 cm´1 [42] ) is well known to come from
the LO and TO modes at Γ , as previously discussed; the D peak
(„ 1350 cm´1 [42] ), on the contrary, was object of a very long
debate since 1970 [127, 131]. Among the different proposed
theories, the currently accepted one is that of Thompsen et al.
[126] which attribute this peak to the inter-valley Raman scatter-
ing : in this process, schematically shown in panel I of Fig. 1.8,
an electron, that is excited from the valence band to the con-
duction band by an incoming photon, is scattered to the other
valley through a phonon of momentum K; the presence of de-
fects allows the electron to be scattered back and a photon is
emitted. Concerning the D peak, the involved phonon comes
from the TO band that has a Kohn anomaly in K (see panel II
of Fig 1.8): this explains the strongly dispersive behaviour of
the D peak (see the panel III of Fig. 1.8). On the other hand the
D’ peak („ 1620 cm´1 [21]) is produced by the intra-valley Ra-
man scattering in which the excited electron is scattered within
the same valley: in this case the involved phonon will have
momentum close to Γ . A full description of the different scat-
terings involved in these processes can be found in [130].
In the previously described processes, only one phonon is in-
volved; however, as one considers the two-phonon scattering,
further processes are allowed: this is the case of the 2D („ 2700
cm´1 [42] ) and 2D’ peaks („ 3200 cm´1 [21] ) that are, respec-
tively, the overtones of the D and D’ peaks. The fact that these
last modes are overtones explains why they are present also
in a pure graphene: in fact two phonons of opposite momenta
are involved and no defect is required. On the other hand, the
D+D”(„ 2450 cm´1 [43]) is given by a scattering that involves
a phonon near K from LA and LO branches [43] (see panel II
of Fig. 1.8 ). Finally, in the same process an intervalley and an
intravalley transition can combine together: this is the case of
D+D’ peak („ 2940 cm´1 [21] ) (see panel I of Fig. 1.8).
Once we have briefly reviewed the nature of these peaks, we
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can discuss how they can be used to fingerprint the properties
of the sample. The G peak is a marker of the sp2 carbon hy-
bridization: if a strained system is considered, as done in Ref.
[71], this peak blueshifts or redshfits in the case of a shorter or
larger lattice parameter. Furthermore it is useful to point out
that, for a system with an identical lattice, such as the hexago-
nal boron nitride (h-BN), this peak is still present, although it
has a lower energy ( 1366 cm´1 [55]). The D peak fingerprints
the presence of defects: as the defect concentration increases,
the peak intensity and the broadening increase [79] (see the
panel a) of Fig 1.9 ). In addition to localized defects, the pres-
ence of edge represent another way to break the momentum
conservation rule in graphene; however, in this case the activa-
tion of D peak is strictly dependent on the edge morphology:
as shown in panel b) of Fig. 1.9, the phonon momentum K
is allowed when an armchair edge is considered: as a conse-
quence, the D peak will be present in the Raman spectrum; on
the other hand, when a zig-zag edge is considered, this mo-
mentum is not allowed and so no D peak will be present [22].
This behaviour can thus be used to discriminate between differ-
ent edge orientations [26, 22, 63]. Finally, as shown in panel c)
of Fig 1.9, the 2D peak can be used to fingeprint the number
of graphene sheets in a multi-layer system due to the changes
in the electronic bands structure [42]. An example concern-
ing bilayer graphene is reported in Fig 1.10. We conclude this
paragraph by pointing out that, while the peaks previously dis-
cussed for the characterization of a graphitic sample concern
displacements that involve only a single plane, there are also
other modes that can be used to fingerprint the properties of
multilayers. For example the shear mode (C), whose displace-
ment is reported in Fig. 1.11, produces a Raman peak whose
energy is blueshifted, when the number of graphene layers N
is increased according to the expression [122, 43] :

PospCqN “

d

2α

µ

c

1` cos
π

N
(1.8)

where α “ 12.8ˆ 1018N m´3 is the interlayer coupling and
µ “ 7.6 ˆ 10´27kg A´2 is the graphene mass for unit area
[43, 122].
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Figure 1.7.: Comparison between the Raman spectrum of a pure (up)
and defected (bottom) graphene samples. The image is
taken from [43]
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Figure 1.8.: The diagrams of the processes that produce the Raman
peaks of graphene shown in Fig 1.7 (panel I), compared
with its phonon dispersion (panel II) and with the peaks
behaviour as the energy of the incident beam is changed
(panel III). In this last panel, the solid lines represent the
theoretical dispersion calculated by Venezuela et al. in
[130], while the circle and the triangle refer respectively
to the experimental data of Mafra et al. [80] and Cong
et al.[35]. The blue/red solid lines of panel I) stand re-
spectively for a phonon absorption/emission, while the
dashed lines stand for a phonon absorption from the
branch reported in panel II); the labels marked in orange
in panel I stand for a process that has a lower contribu-
tion to the peak with respect to the ones marked in black.
The image in panel I) is taken from [43], while the images
in panels II and III are taken from [130]
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Figure 1.9.: The evolution of the Raman spectrum of graphene as dif-
ferent conditions of the sample are considered. Panel
a) reports the experimental investigation of Lucchese et
al. of a graphene sheet on a SiO2 substrate submitted to
a Ar` bombardment with different intensities (the num-
ber reported is in units of Ar`/cm´1): as the intensity
of the bombardment increases the D peak grows. Panel
b) reports the Cancado et al. experimental investigation
on the Raman spectrum of a graphene sample near the
edges: as one can see, for the zig-zag edge no D peak
is produced since in the BZ the momentum K is not al-
lowed; on the contrary for an armchair edge this peak is
present due to the different BZ. Panel c) shows the Fer-
rari et al. investigation on the variation of the 2D peak
as a graphene system with a different number of layers
is considered (1LG refers to a monolayer graphene, 2LG
to a bilayer graphene and so on). Image a) is taken from
[79], image b) is taken from [22] and image c) is taken
from [43]
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Figure 1.10.: Intervalley scattering for a monolayer (upper panel) and
a bilayer graphene (lower panel): as the second layer is
introduced the electronic bands split; since the phonon
involved in the intervalley scattering can have a slightly
different momentum four different 2D subpeaks are
produced. The overall effect is a broadening of the 2D
peak. Image taken from [42]
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Figure 1.11.: The analysis of the shear mode displacement of a bi-
layer graphene (upper panel) accompanied the Ferrari
et al. investigation on its Raman peak as a larger num-
ber of layers is considered (lower panel). Image a) is
taken from [122] while imagine b) is taken from [43]
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1.2 graphene nanoribbons

The metallic behaviour of graphene represents a weak point
in view of possible applications for microelectronic and opto-
electronic devices [115, 7]. One option to overcome to this lim-
itation is to use the quantum confinement to induce a band
gap opening: this is the idea of graphene nanoribbons (GNRs)
which are 1D stripes obtained by cutting the 2D lattice along
a given direction. As one can imagine, the physical properties
of these systems are strictly correlated to the cutting direction.
We will first focus on the geometry of these nanostructures, and
then we will review their electronic and vibrational properties;
finally, we will describe some of their most promising fabrica-
tion routes.

geometry The structural properties of the nanoribbons are
fixed by their width and by their edge morphology. Concern-
ing the latter, it is useful to define, in analogy with the carbon
nanotubes, the following vector [113] :

Ch “ ma1 `na2 (1.9)

where a1 and a2 stands for lattice vectors of graphene, while
m and n are integers. The Ch defines an ideal cutting line
that can produce different edges: the pn,nq direction gives an
armchair edge, the pn, 0q direction gives a zig-zag edge and the
pm,nq direction gives an hybrid edge (see Fig. 1.12). Once
defined the edge morphology, in order to unequivocally define
the structure of a nanorribon, it is necessary to fix the distance
between its edges, also called width. Concerning an armchair
nanoribbon, the latter is fixed by the number of dimeric lines
across the ribbon width, while for a zig-zag nanoribbon this
distance is measured in units of zig-zag chains [120]. Moreover,
as shown in Fig 1.13, one can also consider other 1D lattices
which can not be obtained by two lines along high-symmetry
directions.

electronic properties of gnrs As for graphene, the elec-
tronic structure of GNRs can be predicted by using TB ap-
proaches [17]. The starting point is that, within a TB formalism,
the electronic band structures near the K and the K’ reciprocal
lattice points have a linear behaviour; as a consequence, one
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Figure 1.12.: Left panel: The zig-zag line vs the armchair line in the
graphene lattices. Right panel: The GNR generated by
cutting the graphene on these two lines are showed in
the right panel. Image taken from [144]

can write the wave function of graphene near these two points
as eigenstates of the Dirac equation [17]

HΨ “εΨ

H “γa0

¨

˚

˚

˝

0 ´kx ` iky 0 0

´kx ´ iky 0 0 0

0 0 0 kx ` iky
0 0 kx ´ iky 0

˛

‹

‹

‚

γ “
a

p3qt{2

(1.10)

where t is the hopping parameter, as previously illustrated. Ac-
cording to Ref. [37], the wavefunctions at k “ K`κ can be writ-
ten as the superposition of two periodic wavefunctions, which
are respectively localized on one of the two atoms (A,B) of the
unitary cell [37]:

ψ pk, rq “ f1 pκq eiκrφA ` f2 pκq e
iκrφB (1.11)

Finally, the electronic band structures of ZGNRs and AGNRs
are obtained by imposing the appropriate boundary conditions
of the edges (see Fig. 1.14). However, this simple approach
incorrectly predicts that all ZGNRs and some AGNR are metal-
lic. As pointed out by Son et al. in 2006 [121], this is due to
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Figure 1.13.: GNRs which can not be obtained by performing two
parallel cuts as for the ZGNR and AGNR lattices. Image
taken from Ref. [96]

the fact that, in the first case, the spin degree of freedom was
not considered, while, in the second case, the parameters of the
TB for the edge atoms have to be different with respect to the
bulk ones [120]. Here we will briefly review the main results
for these two classes of systems [17, 121, 120].

ZGNR In this case, the TB electronic band structure has the
form reported in Fig. 1.15. As one can note, a degenerate
ground state at Fermi level is present: this situation is very sim-
ilar to the case of a monoatomic linear chain in which the bonds
are all equal. It is well known that in this case the system lowers
its energy by introducing an alternation of the bonds lengths:
with this new configuration the degeneracy is removed. In the
ZGNR the degeneracy is removed, instead of by the bond al-
ternation, by the spin alternation; however in order to see this
effect the spin degree of freedom has to be introduced. This
was done by Son et al. [120, 121]; by considering a spin re-
solved ZGNR, they found that the ground state of this system
is magnetic and then that the antiferromagnetic configuration
is favoured with respect to the ferromagnetic case. This last
consideration could be also achieved by considering the Lieb
theorem which states that a system described by the Hubbard
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Figure 1.14.: A schematic view of the different boundary conditions
which have to be imposed on the wavefuntions of GNRs:
in the ZGNR case the wavefunction φA has to be null
at L while φB has to vanish at 0; in the AGNR the wave
function must be null for φA and φB at 0 and at L`
a0{2

hamiltonian, in which a bipartite lattice is present, has a non-
degerate ground state with total spin given by the following
relationship [76, 124]

Stot “ ||A| ´ |B|| (1.12)

where A and B indicate the number of sublattices of type A
and type B. As reported in Fig. 1.16, since the degeneracy close
to the Fermi energy is removed, a gap is opened whose am-
plitude is inversely proportional to the nanoribbon width [121].
Furthermore, Son et al. [121] showed that the gap of the ZGNRs
can be even closed by applying an electric field in the direction
perpendicular to the GNR axis (see Fig 1.16 ): the electric field
shifts the bands of the two spins in two opposite directions,
making the system half-metallic .



1.2 graphene nanoribbons 29

Figure 1.15.: Tight binding investigation of the electronic bands of
ZGNR a) and AGNR b) and c). Note that accord-
ing to their approach a metallic behaviour is predicted
for ZGNR and for AGNR whose width is equal to
L “ p3M ` 1qa0 where M is an integer. Image taken
from [17]
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Figure 1.16.: Spin polarized investigation on the electronic properties
of a 16ZGNR: a) the band structures b) effect induced
by the application of an electric field. Image taken from
[121]
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AGNR In this case the Brey et al. [17] TB calculations show
that for a AGNR that satisfies the relation Na “ 3p` 2 (being
p an integer) a metallic behaviour is found. Later, Son et al.
in [120] calculated the electronic structure of this system with
DFT and they found that all the AGNR families have a finite
gap: the weak point of the tight binding prediction for AGNR
lies in the fact that the carbon-carbon bonds at the edges are
different with respect to the ones at the core of the GNR (see
1.17). A good agreement with DFT data can be obtained, as
shown in Ref. [120], with a TB hamiltonian in which a different
parametrization for the edge carbon atoms is considered. It is
worth noting that, as shown in Fig 1.17, also in this case the
electronic band gap is inversely proportional to the width, but,
differently to the zig-zag case, an oscillating behaviour within
the three families L1 “ 3Ma0, L2 “ p3M` 1qa0 and L3 “ p3M`

2qa0, is present.

Figure 1.17.: LDA investigation of the electronic properties of the
AGNR systems: a) the band gap of the three different
families of AGNR b) the band structures of a three dif-
ferent GNRs. Images taken from [120]
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vibrational properties of gnrs As for the electronic prop-
erties, the lattice dynamics of a GNR is characterized by the
confined wavefunctions, which will now describe the effect of
the confinement on the motion of the nuclei. For a system con-
fined in a particular direction, the wave-vector of a vibration
must respect the well-know relation of a standing wave [53]

kK,n ¨wribbon “ nπ

kK,n “
π

wribbon
n

(1.13)

where kK is the component of wave-vector k along the confined
direction, and n is an integer. In the realm of GNR vibrations,
there are three classes of modes: the C-H modes, the funda-
mental C-C modes, and the overtone modes. The C-H modes
involve the H atoms that passivate the C atoms of the edge:
these vibrations are independent from the nanoribbon width
but some of them are strongly correlated to the nanoribbon
edge morphology [28]. The fundamental C-C modes, which
can be acoustic or optical, can be seen as the fundamental
modes of a infinite potential well where no nodes are present.
Following this analogy, one can have also the excited states,
which are called the hypertones, in which the nodes are present
(see Fig 1.18); for GNRs, their number is fixed by the width of
the system: for a N-AGNR/ZGNR, 3pN´ 1q acoustic and opti-
cal overtones are expected (the factor 3 is due to the dimension-
ality of the space while the ´1 term is due to the presence of
the fundamental mode).

It can be shown that, in a confined system, the frequency of
a confined mode at Γ is given by the following expression [85]

ωm “ ωbulk pqmq

qm “
mπ

da

(1.14)

where da is the width of system along the confinement direc-
tion, m an integer and qm the wavevector. With this so called
Zone-Folding (ZF) approach, one can in principle reproduce
the whole vibrational spectrum at Γ for a confined system once
the bulk dispersion is known. We have to stress the fact that
here we assume that the confined system is in vacuum: if the
confinement is obtained with other materials (superlattices) this
ZF approach is valid only for optical modes, since, usually, the
acoustic modes are not confined (see [85, 24]).

As one can point out from Fig 1.19, the confinement direc-
tions for AGNRs and ZGNRs are different also in the recipro-
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Figure 1.18.: The fundamental longitudinal and transversal optical
modes (respectivly 0-LO and 0-TO) of 7AGNR accom-
panied by their overtone modes. Note that the number
of the phase changes (nodes) defines the number of the
overtone mode. Image taken from Ref. [53]

cal space: ΓKM for AGNRs and ΓM for ZGNRs. Consequently,
the whole BZ of graphene is needed in order to describe the
vibrational spectrum at q “ 0 for AGNRs, while only the ΓM
direction is required for ZGNRs. In Fig 1.20 the frequencies of
15-AGNRs and of 8-ZGNR calculated from first principles are
folded on the vibrational band structure of graphene: as it can
be noted an excellent agreement is found.

raman features Previously, we showed that the two key
properties of a GNR which shape its electronic band structure
are the edge morphology and the width: we are now going to
discuss how both these features can be fingerprinted through
the Raman spectroscopy.
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Figure 1.19.: The BZ of 10ZGNR (green) and of 10AGNR (green). Im-
age taken from [53]

Figure 1.20.: The frequency of vibrations at Γ of 15AGNR (left panel)
and of 8ZGNR folded on the graphene dispersion as
done by Gillen et al. Images taken from [53]

Width As one expects, in analogy with the levels of an in-
finite quantum well, the frequency of the transverse acoustic
modes reported in Fig 1.18 is strictly connected to the width of
the GNR. Among all the transverse acoustic overtones, the first
one, known as the radial like breathing mode (RLBM) in analogy
with the radial breathing mode of the carbon nanotube [63], has
the highest Raman intensity with respect to the higher trans-
verse acoustic overtones. Now, looking to the shapes of the TA
branches in Fig. 1.21, it can be pointed out that these are linear
near Γ ; moreover the slope of these branches is well known (the
speed of sound in graphene). Since the RLBM folds on these
branches according to the expression 1.14, a linear relation can
be achieved for a GNR with a sufficiently large width (see Fig.
1.21) [52]:

ωRLBM “
aπ

w
(1.15)



1.2 graphene nanoribbons 35

where a is the speed of sound in graphene. This approach, first
proposed by Yamada et a et al. [139] and then by Gillen et
al. in [52, 51], allows to easily fingerprint the width of a GNR
through the frequency of this peak.

Edge morphology In the previous section we showed that the
morphology of graphene edges can be fingerprinted through
the presence of the D peak in the Raman spectrum due to the
different BZ of armchair and zig-zag edges. Here we remark
that this argument can be also applied for the probing of the
edges of a GNR [51] .
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Figure 1.21.: Theoretical investigation on the relation between the
frequency of the RLBM and the width of AGNRs and
ZGNRs: a) the frequency of the RLBM of GNR with dif-
ferent width folded on the linear braches of graphene;
b) the zonefolding relation 1.15 (solid line) vs the RLBM
of AGNRs and ZGNRs with different widths calculated
through ab-initio methods (points); c) the displacement
of the RLBM for an AGNR. All images are taken from
[52]
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fabrication/production techniques Before concluding this
section, we want to mention the most important fabrication
techniques of GNRs. These can be subdivided in two classes:
the top-down approaches, where one obtains the GNR by cut-
ting down another graphitic structure, such as a nanotube or
a graphene sheet, and the bottom-up approaches, in which the
GNRs are chemically grown starting from a molecular seed. In
the realm of top-down methods, an important role is played
by the lithography and by the nanotube unzipping: in the first
case a template is put on a graphene sheet, then the overall
system is etched with plasma[134]; this process leaves only the
portions covered with the template(see Fig 1.22); the nanotube
unzipping, instead of starting from a graphene sheet moves
from a single or a multi walled nanotube [62]: as shown in Fig
1.23, different techniques were considered in the literature to
perform this process [69, 62, 23, 40].

Figure 1.22.: Lithography method to produce GNRs: a) after cover-
ing the sheet with Al lines, the overall system is submit-
ted to the plasma etching; only the parts covered by the
Al lines will remain: these are the GNR nanoribbons; b)
and c) AFM images of the GNR obtained. Image taken
from [134]
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Figure 1.23.: Different methods to obtain a GNR from the unzipping
of a multi walled nanotube: a)the nanotube is treated
with sulphuric acid and potassium permanganate [69]
b) the nanotube is previously embedded in a poly-
mer film and then etched by argon plasma [62] c) the
nanotube is unzipped through alakli-metal atoms [23]
d) the nanotube is opened through a catalitic metal
nanoparticle [40]. Image taken from [125]
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These approaches have the advantage to produce long nanorib-
bons in a relatively simple way. However, there are two impor-
tant drawbacks: first the nanoribbons produced in this way
have a very large width ( > 10 nm [134]) and consequently
they have a gap which is too low for microelectronic and op-
toelectronic applications; moreover their edges are rough and
defected. This can be troublesome as one considers that the
electronic properties of GNR are deeply influenced by the edge
morphology. To overcome these problems, one can follow a
bottom-up approach [75] : in this case one starts from a molec-
ular seed, which is either deposited on a substrate, as done by
Cai et al.[20], or immersed in a solution, as done by Narita et al.
[89]; then this seed, through chemical reactions, is transformed
into a GNR. One important point is that the GNR is fixed by the
geometry of the precursor: for example, as reported by Cai et
al. [20], the chevron-type nanoribbon and the 7-AGNR require
two different molecular precursor (see Fig 1.24). A further ex-
ample of a bottom up approach for the solution based growth
of GNRs is provided in Fig 1.25.
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Figure 1.24.: Cai et al bottom-up approaches to obtain a GNR with
atomically precise edges: in a) and b) panels the paths
from the precursors to the 7-AGNR / chevron-type
nanoribbon are shown, while in c) and d) panels the
a STM images of the GNRs obtained are reported. Note
the different morphology of the precursors. Image
taken from [20]

Figure 1.25.: Narita et al. bottom-up method for the synthesis of
GNRs. Image taken from [89]
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1.3 beyond graphene: h-bn and tmdc
In addition to graphene, there are other layered materials con-

stituted by atomically thin sheets: the most common examples
are the hexagonal BN (h-BN) and the transition metal dichalco-
genides (TMDCs). As we will show in this section, these materi-
als present the same hexagonal lattice of graphene but the two
sublattices are occupied by different atoms. This is sufficient to
open up a gap and have a semiconductor behaviour.

hexagonal-bn Within all possible phases of BN, reported
in Fig 1.26, the hexagonal (h) and the cubic (c) ones are the
most stable [98]. The h-BN is a layered structure composed
by monolayers which have the same lattice of graphene, where
the unitary cell is formed by an atom of boron and by an atom
of nitrogen; furthermore, differently with respect to graphene,
the h-BN sheets present an AA staking (see Fig 1.27 ). As for
graphene, the fabrication of nanoribbon (BNNR) was demon-
strated [98]. The h-BN, as for the other phases of BN, is an
insulator with large gap: ab-initio investigations based on the
GW approximation [14] predict an indirect gap of 5.4 eV for
the bulk system and of 6.0 eV for the monolayer (see Fig 1.28 ).
Concerning the vibrational properties, the phonon bands have
some common features with those of graphite, as discussed in
Refs [116, 87, 83] (see Fig. 1.29), and display the well-known
Raman peak at 1373 cm´1 that is the h-BN analogue to G peak
of graphene previously discussed [46, 55]. This material, due
to its cathodoluminescence emission in deep ultraviolet, is ap-
pealing to produce laser devices for sterilization, ophthalmic
surgery and nanosurgery [98]. Other applications can be ob-
tained by combining it with other layered materials, as we will
show in the last part of this chapter dedicated to the interfaces.
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Figure 1.26.: Schematic of the different phases of BN accompained
by the phase diagram. Image taken from [98]

Figure 1.27.: Comparison between the piling of graphene layers (AB
stacking) and of h-BN layers (AA stacking.). Image
taken from [123]
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Figure 1.28.: Ab-initio investigation of the electronic band structure
of bulk h-BN (left panel) and of a single monolayer
(right panel). Images taken from [14]

Figure 1.29.: Investigation of the phonon dispersion of h-BN as per-
formed by Serrano et al. The red points stands for the
X-ray data, the green and purple diamonds stands for
the Raman and IR data [46, 91, 108] while the solid lines
represent the dispersion calculated from ab-initio prin-
ciples. Image taken from [116]
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transition metal dichalcogenides These materials are la-
belled by the formula MX2 in which M stays for the element
of the transition metal of the 4

th-10
th groups and X stays for

the chalcogen atom (S,Se,Te) (see periodic table in panel a) Fig.
1.30). These atoms, as reported in Fig 1.30, can display two
phases: the trigonal prismatic one or the octahedral one. As
for graphite and for h-BN, TMDC monolayers can be easily ob-
tained with the exfoliation method from their bulk [94]. In the
realm of TMDCs, both metallic and semiconducting behaviour
were found: NbX2 and TaX2 compounds are generally metallic,
while MoX2 and WX2 are generally semiconducting [133]. Con-
sidering the latter, it is interesting to note that, while the bulk
system has an indirect gap, for the monolayer systems a direct
gap is found (see Fig 1.31). As pointed out in different papers
[70, 133, 29], this can be recognized as an effect of quantum
confinement.

Figure 1.30.: a) The elements of the periodic table which can com-
pose the TMDC b) The two possible lattices of a TMDC.
Image taken from [29]
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Figure 1.31.: Monolayer vs bulk electronic structure for two TMDC.
Images taken from [70]
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1.4 heterostructures
The previously presented 2D materials can be coupled in or-

der to obtain a heterostructure, whose overall properties are
different with respect to its single components. This coupling
can be performed in two ways : the first option is to combine
stripes of different 2D material in order to form a 2D superlat-
tice; the second option is to couple the 2D layers via the Van der
Waals interaction in order to form a stack, called Van der Waals
heterostructure [47];

2d superlattices The idea of confining electrons in low di-
mension by coupling different materials was widely applied
in the past for semiconductors. The most important case of
bulk superlattice is the GaAs/AlAs whose properties and char-
acterization were deeply investigated in the literature [85, 24].
Recently, this idea was considered also for 2D systems: for ex-
ample a theoretical study performed by Pruneda et al. [106] in-
vestigated the electronic properties a 2D superlattice composed
by graphene and h-BN. As shown in Fig.1.33, the electronic
properties of this superlattice are strongly dependent on the
width of each subsystem. This type of superlattice has not re-
mained a theoretical speculation: in 2013 Liu et al. [77] were
able to grow such system by first etching a h-BN monolayer
and then filling the etched region with graphene through the
CH4 as carbon source. Their results are reported in Fig 1.32.
2D TMDC superlattices are also promising: a recent theoretical
study performed by Zaho et al. [143] on MoS2/MoSe2 superlat-
tices pointed out the high tunability of electronic bands struc-
ture when the composition of the superlattice is changed (Fig
1.34).
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Figure 1.32.: Experimental realization of a Graphene/h-BN 2D super-
lattice [77]: a) a schematic picture of the method used to
produce the superlattice b) the Raman spectra used to
fingerprint its components c) a SEM image of the whole
system. Images taken from [77]
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Figure 1.33.: Theoretical investigation of the electronic properties of
the h-BN/Gr 2D superlattices: a) an example of a su-
perlattice formed by 5 C zigzag chains and 9 BN zigzag
chains b) electronic direct gap calculated with DFT as
function of the width of the GNR and of the BN nanorib-
bon (BNNR). Images taken from [106]
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Figure 1.34.: Theoretical investigation of TDMC 2D superlattices
[143]: a-d) side view of different MoSWSe superlattice
d) Direct and indirect electronic gaps as function of
the composition of the superlattice. Images taken from
[143]
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van der waals heterostructures Another way to manip-
ulate the electronic properties of 2D materials is the staking
into vertical Van der Waals heterostructures. Since this cou-
pling can modify the properties of the materials involved, one,
can use this approach for instance to manipulate the electronic
structure of graphene. This is the case of the graphene/h-BN
interface, where, as pointed out by Giovanetti et al. in [54], the
presence of the h-BN lattice makes the graphene semiconduct-
ing because its two sublattices are no longer equivalent. In their
paper, Giovanetti et al. calculated with ab-initio methods the
relative stability and the electronic structure of different con-
figuration of the h-BN/Graphene interface: as it can be seen
in Fig 1.35, the width of the gap is highly dependent on the
registry. It is worth noting that the most stable configuration,
according to these calculations, is the one in which a carbon
atom is superimposed onto a boron atom which in turn is su-
perimposed onto a nitrogen atom. Unfortunately, it is quite
difficult by now to experimentally grow perfect lattices such as
the simulated ones: usually the orientation of the graphene lat-
tice on the h-BN substrate is random and this does not change
the metallicity of graphene, since the symmetry of the lattices
is not broken [107]. However, the transport properties of this
interface are very interesting: as pointed out by Dean at al., in
this configuration graphene shows much larger mobilities with
respect to the graphene/SiO2 interface.
More than two lattices can be involved in a heterostructure: a
recent work performed by Withers et al. [136] pointed out the
realization of a layered system in which graphene was com-
bined with h-BN and TMDC in order to form single and multi
quantum-wells. The importance of this type of system, that
can be used as diodes, relies both on their quantum efficiency
(8.4 %) and on their high flexibility.



1.4 heterostructures 51

Figure 1.35.: The main results of the theorical work performed by
Giovannetti et al. on the graphene/h-BN interface: I)
Possible configurations of the interface; II) behaviour of
the electronic gap for the configurations reported in I)
when the distance between the h-BN and graphene is
changed; III) electronic band strucutre for the relaxed
structure c). Images taken from [54]
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Figure 1.36.: The heterostructure proposed by Withers et al.: a) a
schematic view of the piling sequence of the different
materials (h-BN, MoS2 and graphene) used for the real-
ization of a single QW; b) accompanied by a TEM im-
age of the corresponding experimental system; c) and d)
same as a) and b) but for a multiple QW. Images taken
from [136]



2 V I B R AT I O N A L A N D O P T I C A L
S P E C T R O S C O P I E S

In the research of the different growing and engineering pro-
cesses that involve the low dimensional materials, a fundamen-
tal role is played by the characterization techniques. Among the
different methods available, a crucial role is played by the Ra-
man and the absorption spectroscopies, due to the fact that they
provide very useful informations about the sample in a non
destructive way. Concerning the latter, depending on the fre-
quency of the incident radiation, two properties can be probed:
in the IR range the absorbed light excites the vibrational levels,
while in the UV-VIS range the electronic levels are involved. As
already shown in the previous chapter, the Raman spectroscopy
provides useful information about graphene-based low dimen-
sional systems, such as the presence of defects in a graphene
sheet, the number of layer in a multi-layered graphene system,
the diameter of a carbon nanotube, the width and the edge mor-
phology of a GNR. On the other side, the UV-VIS spectroscopy
and infrared (IR) spectroscopy are two efficient techniques for
the investigation, respectively, of the electronic properties of the
sample an on its functional groups. All these techniques pro-
vide a formidable characterization tool for the nanostructures
that are growth in solution through the chemical addition. In
this chapter we are going to briefly review the basic physical
principles of these light-mediated spectroscopies.

2.1 raman scattering

In the Raman effect, the light matter interaction is declined
in an inelastic scattering process where the incident light indi-
rectly interacts with the lattice vibrations of the sample. We
first introduce the description of the Raman process through a
classical approach, as proposed by Cardona in [25], and then
we move to a quantum approach as proposed by Bruesch in
[18].

53
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classical model We consider an infinite and isotropic medium
interacting with a light beam with electrical field component
[25]:

F pr, tq “ Fipki,ωiqcos pki ¨ r´ωitq (2.1)

whereωi and ki are respectively the frequency and the wavevec-
tor of the incident beam. As consequence, the polarization of
the medium will be [25]

P pr, tq “ Pipki,ωiqcos pki ¨ r´ωitq (2.2)

the incident field F and the polarization P are related by the
following expression [25]

P pki, tq “ χpki,ωiqFi pki,ωiq (2.3)

in which χpk,ωiq is the electric susceptibility, a scalar quantity
since the material is assumed to be isotropic. The electric sus-
ceptibility is modified by the lattice vibrations Q pr, tq. Within
the adiabatic approximation it can be written as χpk,ωi, Qq,
which can be expanded on the atomic displacements: [25]

χpki,ωi, Qq “ χ0 pki,ωiq ` pBχ{BQq0 Q pr, tq ` . . . (2.4)

where
Q pr, tq “ Q pq,ω0q cos pq ¨ r´ω0tq (2.5)

As a consequence, the overall polarization of the system will
consist in two part: one derived by the electric component of
the incident wave P0 and another one Pind which is induced by
the lattice vibrations [25]

P pr, t, Qq “ P0 pr, tq ` Pind pr, t, Qq (2.6)

P0 pr, tq “ χ0 pki,ωiqFi pki,ωiq cos pki ¨ r´ωitq (2.7)

Pind pr, t, Qq “ pBχ{BQq0 Q pr, tqFi pk,ωiq cos pki ¨ r´ωitq (2.8)

By inserting the expressions 2.1 and 2.5 in this last equation one
obtains [25]

Pind pr, t, Qq “
1

2
pBχ{BQq0 Q pq,ω0qFi¨

¨tcos rpki ´ qq ¨ r´ pωi ´ω0q ts
` cos rpki ` qq ¨ r´ pωi `ω0q tsu

(2.9)
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This identity for the induced polarization states that two waves,
with frequencies and wavevectors different with respect to the
incident one, emerge due to the interaction of the incident beam
with the lattice vibrations, represented by a phonon of wavevec-
tor q and energy ω0. The first one has a redshifted frequency
pωi ´ω0q and it is called Stokes wave: in this case part of the
energy of the incident light was converted in vibrational energy;
the second one has a blueshifted frequency pωi `ω0q and it is
called anti-Stokes wave: in this case the vibrational energy of
the lattice was converted in to a part of the outgoing light.

quantum model The Raman scattering can be also described
within a quantum formalism as reviewed, for example, by Bruesch
in [18] : in this approach, the states of the sample are described
by the vibronic levels while the incident light is described by
photons. In such a formalism, the Stokes process is rewritten
in the following way: firstly the incident photon is destroyed
and the energy of the system is increased, then the system re-
laxes into a state which has a higher vibrational energy with
respect to the starting state; during this last process a photon
whose energy is lower with respect to the incident one is pro-
duced (see Fig 2.1). On the other side, in the anti-Stokes pro-
cess, an incident photon is absorbed by the sample that lies
into an excited state, then this system relaxes into a state with
a lower vibrational energy: this last process produces a photon
whose energy is blueshifted with respect to the incoming one.
The predicted intensity of the Raman scattering is given by the
Kramers-Heisemberg-Dirac expression [16] which describes the
interaction of a photon with an atom [18]:

Ikm “
1

c3
pωL `ωkmq

4
| pcρσqkm |

2I0 (2.10)

pcρσqkm “
1
 h

ÿ

r

ˆ

pMσqkr pMρqrm

ωrk ´ωL
`
pMρqkr pMσqrm

ωrm `ωL

˙

(2.11)

where I0 is the intensity of the incident light, ω0 its frequency,
M the transition dipole moment, ρ and σ the polarizations of
the incident and outgoing beams and k,r,m are respectively the
initial, intermediate and final levels (see Fig 2.1) . The quan-
tity pcρσqkm is called Raman tensor. Note that, by now, the di-
rect evaluation of the intensity represents a very difficult task,
since the perfect knowledge of the excited states is required. As
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shown by Placzek [78, 18], the evaluation of the tensor pcρσqkm
is strongly simplified if the frequency of the exciting laser is
lower with respect to the electronic transitions (with the addi-
tional requirements of non-degenerate ground state and valid-
ity of adiabatic approximation), so that the ions can be con-
sidered fixed in to a nuclear coordinate Q during the electronic
transition. Consequently, the dynamic polarizability c, which is
in principle dependent on the electronic and vibrational coordi-
nates, can be replaced with the adiabatic dynamic polarizability
which is dependent only by the nuclear coordinates Q [18]:

`

cρ,σ0n,0n 1
˘

“

ż

ψ˚0n 1pQqαρ,ψpQqψ0n 1pQqdQ “ pαρ,σpQqq0n,0n 1

(2.12)
where ψ0npQq indicates a vibrational wavefunction in an elec-
tronic ground state 0 and in a vibrational state n.This allows to
expand the matrix element pcρσqkm in terms of normal coordi-
nates Q [18]:

pαρσq “ pαρσq
0
ρσ `

ÿ

s

αρσ,sQs `
1

2

ÿ

s,s 1
αρσ,ss 1QsQs 1 ` . . . (2.13)

where

αρ,σ,s “

ˆ

Bαρσ

BQs

˙

0

(2.14)

Within these approximations, the Stokes and anti-Stokes inten-
sities will be described by the following expressions [18]

IStokes9pωL ´ωsq
4

 h

2ωs
α2ρσ,s p1`nq (2.15)

Ianti´Stokes9pωL `ωsq
4

 h

2ωs
α2ρσ,s pnq (2.16)

n “ rexp p hωs{KBTq ´ 1s
´1 (2.17)

If the energy of the exciting laser is close to the gap or if
the system is a metal, the so-called resonant Raman scattering
process occurs and the vibrational and electronic degree of free-
dom cannot be decoupled. The description of the resonant Ra-
man is beyond the aim of this thesis work, a treatment on it,
in which the Herzeberg-Teller vibronic coupling is considered,
will be found in [6, 78]. Finally, it is worth noting that the
previously reviewed classical and quantum Raman scattering
models are limited to one-phonon process: as a consequence,
only the lattice vibration at Γ will be probed; however, one can
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go beyond the first order expansion in the equations 2.4 and
2.13: in this case, since two phonons are involved, the entire
BZ can be probed. The scattering process where more then one
phonon is involved is called overtone.

Figure 2.1.: A schematic view of the transitions involved in the off-
resonance Stokes process according to a quantum de-
scription. The image is taken from [78]
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2.2 optical absorption
Besides Raman spectroscopy, there is another spectroscopic

technique that uses the light to probe the characteristics of the
sample: this is the optical absorption spectroscopy. Differently
from the Raman spectroscopy the incident light in this case is
absorbed by the medium.

light absorption Following the Wooten approach [137] we
start by considering an isotropic medium where the following
relations holds [137]

D “ εE (2.18)

B “ µH (2.19)

J “ σE (2.20)

here E and B are the incident electric and magnetic fields, µ the
magnetic permeability, ε dielectric tensor, J the current density
and σ the conductivity. When an incident radiation impact this
medium a part of it may be absorbed. In this case, the Maxwell
equations have the following form [137]

∇ ¨ E “ 0

∇ˆ E “ ´
µ

c

BH
Bt

∇ ¨H “ 0

∇ˆH “
ε

c

BE
Bt
`
4πσ

c
E

(2.21)

By handling the Maxwell equations, the following form of the
wave-equation can be obtained [137]

∇2E “
εµ

c2
B2E
Bt2

`
4πσµ

c2
BE
Bt

(2.22)

If one considers an incident monocromatic wave [137]

E “ E0 exp pi pq̂r´ωtqq (2.23)

and put this last equation into Eq. 2.22, one obtains [137]

q̂2 “ µ
ω2

c2

ˆ

ε` i
4πσ

ω

˙

(2.24)
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Looking to this last equation, it seems useful to define the com-
plex refractive index n̂ [137]

q̂ “
ω

c
n̂ “

ω

c
pn` ikq (2.25)

Here n is the refractive index and k the extinction coefficient.
Using the complex refractive index, Eq 2.23 can be recast as
[137]

E “ E0exp
´

´
ω

c
k ¨ r

¯

exp
´

i
´ω

c
n ¨ r´ωt

¯¯

(2.26)

The first term on the left side governs the absorption of the in-
cident beam, while the second term describes a travelling wave
with velocity c{n. It is useful to define a new quantity, called
the absorption coefficient, that is defined as [137]:

α “ ´
1

I

dI

dr
(2.27)

where I is the intensity of the electric field [137]

I “
1

2
|E| (2.28)

If we put Eq. 2.26 into Eq. 2.27 the following identity is ob-
tained [137]

α “ 2ωk{c “ 4πk{λ (2.29)

where λ is the wavelength of the incident light in vacuum.
Through Eq. 2.24 and 2.25 one can recast ε and σ in the fol-
lowing form [137]

ε “
´

n2 ´ k2
¯

{µ (2.30)

4πσ{ω “ 2nk{µ (2.31)

Considering ε as a complex function [137]

ε “ εRe ` iεIm (2.32)

one can write the real and imaginary part as [137]

εRe “
´

n2 ´ k2
¯

{µ (2.33)

εIm “ 2nk{µ “ 4πσ{ω (2.34)
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In order to link these theoretical expressions to the absorption
quantities obtained in an experiment, it useful to evalute the
time average power absorbtion per unit volume by the medium.
For this propose we recall that [18]

W̄ “ ¯JE (2.35)

J “ σE (2.36)

σ “
ω

4π
εIm (2.37)

Consequently the power absorbed will be [18]

W̄ pωq “
1

4π
ωεImE20cos

2ωt

“
1

8π
ωεImE20 pωq

(2.38)

The key quantity is the dielectric function: depending on its
frequency the incident radiation can excite the electronic lev-
els (UV-VIS) or vibrational levels (IR absorption). As a conse-
quence, for these two absorption ranges, the dielectric function
will have two different forms that we are now going to review.

2.3 dielectric function: uv-vis range
Following the classical approach described in [137], we start

by considering the atoms as composed by an electron bounded
through an ideal spring to a fixed nucleus [137]:

m
d2r
dt2

`mΓ
dr
dt
`mω20r “ ´eEloc (2.39)

here m labels the electronic mass, e the electronic charge, Γ
the damping factor that accounts the energy loss due to the
internal scatterings and ω0 the oscillating frequency of the elec-
trons in absence of external local field Eloc. This differential
equation has the following solution [137]:

r “
´eEloc{m

ω20 ´ω
2 ´ iΓω

(2.40)
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so the induced dipole moment will be [137]:

p “
e2Eloc
m

1
`

ω20 ´ω
2
˘

´ iΓω
(2.41)

From this last expression we can introduce the atomic polar-
izability α [137]:

p “ αEloc (2.42)

so that [137]:

αpωq “
e2

m

1
`

ω20 ´ω
2
˘

´ iΓω
(2.43)

The macroscopic polarization of a solid composed byN atoms
per unit volume is [137]:

P “ N xpy “ Nα xElocy “ χeE (2.44)

Taking advantage of the isotropic approximation xElocy “ E,
the macroscopic polarization can be rewritten as [137]:

P “ NαE “ χeE (2.45)

where χe is the electronic electric susceptibility. Finally the
dielectric function ε can be obtained using the following iden-
tity [137]

D “ εE “ E` 4πP (2.46)

so that [137]

ε “ 1`
4πNe2

m

1
`

ω20 ´ω
2
˘

´ iΓω
(2.47)

The previous equation can be extended to a many electron
system [137]

ε “ 1`
4πNe2

m

ÿ

j

Nj
´

ω2j ´ω
2
¯

´ iΓjω
(2.48)

where Nj is the density of electron with resonance frequency
ωj. A similar expression can be obtained using a quantum
mechanical model (the details can be found in [137]):

ε “ 1`
4πNe2

m

ÿ

m

fm0
`

ω2m0 ´ω
2
˘

´ iΓω
(2.49)
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where in this case ω is the transition frequency between two
electronic states that differ by  hωm0 and fm0 is the correspond-
ing oscillator strength; this quantity, that measures the proba-
bility of an electronic transition, is defined as [137]

fm0 “
2m hωm0

 h2
|xm0|

2 (2.50)

where xm0 labels the square modulus of the trasition dipole
matrix element.

2.4 dielectric function: ir range
In the case of IR absorption, the lattice vibrations have to

be taken into account. This can be done by considering the
following model, as done by Cardona [25], in which an incident
electromagnetic wave [25]

Epr, tq “ E0exp i pk ¨ r´ωtq (2.51)

crosses a collection of n identical and charged simple hamonic
oscillators (SHO), isotropically distributed in space. Their equa-
tion of motion will be [25] :

M

ˆ

d2u
dt2

˙

“ ´Mω2Tu`QE (2.52)

where M, Q and ωT are respectively the mass, the charge and
the frequency of the SHO. The general solution has the follow-
ing form [25] :

u “ u0exp ri pk ¨ r´ωtqs (2.53)

Replacing this last expression in Eq. 2.52, one obtains [25]:

u0 “
Q E

M
`

ω2T ´ω
2
˘ (2.54)

On the other hand, the polarization will be equal to [25]:

P “ nQu (2.55)

By considering Eq. 2.46, one can obtain the following expres-
sion for the dielectric function of such system [25]:

ε “ 1`
4πnQ2

M
`

ω2T ´ω
2
˘ (2.56)
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By now, we have considered only the contribution due to phonons;
however, also the valence electrons have to be taken in to ac-
count: if an incident radiation with frequency ω such that
Eg "  hω is considered ( Eg labels the electronic gap ampli-
tude), the dielectric function of electrons (see Eq. 2.49) reduces
to εelp0q. Setting [25]:

ε8 “ εelp0q ` 1 (2.57)

the overall dielectric function will be [25]

ε “ ε8 `
4πnQ2

M
`

ω2T ´ω
2
˘ (2.58)

According to the Gauss theorem if no charge excess is present
in the medium: [25]

∇ ¨D “ 0 (2.59)

ε pk ¨ Eq “ 0 (2.60)

There are two ways by which Eq. 2.60 can be satisfied: the
first one is given by ε “ 0 and concern the longitudinal fields.
The second one correspond to pk ¨ Eq “ 0, which means that a
transverse field is considered; here, at the ωT frequency, we
have an IR absorption since the dielectric function diverges.
This model can be generalized for a crystal with n atoms in
the unitary cell (the details of this derivation can be found in
ref. [18]) [128]:

ε pωqRe “ ε8 `
4π

3Ω

ÿ

n

|fn|2

ω2 ´ω2n
(2.61)

ε pωqIm “
4π2

3Ω

ÿ

n

|fn|2

ω2n
δ pω´ωnq (2.62)

where Ω is the volume of the unit cell, χ the dielectric sus-
ceptibility tensor,ωn is the frequency of the n vibrational mode
and fn is the oscillator strength of the n mode whose compo-
nents along the k directions are given by the following expres-
sion [128]:

fnk “
ÿ

I,i

Z˚I,kiu
n
I,i (2.63)

here I labels the nucleus of the system, i the direction of the
displacement u and Z˚ the Born effective charges. These are
defined as [128]:

Z˚I,ij “ Ω
BPeli
BrIj

(2.64)
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where Peli is the electronic polarization along the direction i pro-
duced by a unitary displacement of the atom I in the direction
j.

rule of mutual exclusion We want to conclude this chap-
ter by remarking the fact that Raman and the infrared activities
are mutually exclusive for a system in which a center of a sym-
metry is present: this is due to the fact that a mode must have a
variable dipole moment in order to be infrared active, while it
needs to have a variable polarization in order to be Raman ac-
tive. As shown in Fig 2.2 when a center of symmetry is present
this two conditions are mutually exclusive. This principle is
known in the literature as rule of mutual exclusion [13].

Figure 2.2.: A schematic explanation of the rule of mutual exclusion
for the CO2 molecule. All images are adapted from [3]
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In the previous chapters we reviewed a set of very impor-
tant physical properties of condensed-matter systems, such as
the electronic and vibrational band structure. Furthermore we
showed how the latter can be probed through the Raman and
the IR spectroscopy. Here, we will introduce two computational
techniques, as proposed by Leach [74], Martin [81] and Jensen
[60], by which the previously discussed properties can be pre-
dicted: these are the Hartree-Fock (HF) method and the density
functional theory (DFT) scheme. Furthermore, following the
Martin [81] approach, we are going to review the density func-
tional perturbation theory (DFPT); this technique, developed by
Baroni et al. [10] within the DFT formalism, allows to predict,
in a very efficient way, the vibrational properties of a system.

the many body problem The starting point for the calcu-
lation of the properties of a material is the well known many-
body hamiltonian [81]

Ĥ “´
 h2

2me

ÿ

i

∇2
i ´

ÿ

i,I

Zle
2

|ri ´RI|
`
1

2

ÿ

i‰j

e2
ˇ

ˇri ´ rj
ˇ

ˇ

´
ÿ

I

 h2

2MI
∇2
I `

1

2

ÿ

I‰J

ZIZje
2

|RI ´RJ|

(3.1)

Where ri indicates the coordinate of electron i with mass me,
while RI stands for the coordinates of the nucleus I of mass MI

and charge ZI. This formidable problem can be slightly simpli-
fied if one considers that the mass of the nuclei is very large
with respect to the mass of the electrons: this is the foundation
of the adiabatic or Born-Oppenheimer approximation that allows to
decouple the nuclear degrees of freedom with respect to the
electronic ones [15]. Neglecting the nuclear kinetic energy, one
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can rearrange the previous hamiltonian in the following form
[81]

Ĥ “T̂ ` V̂ext ` V̂int ` EII

T̂ “
ÿ

i

´
1

2
∇2
i

V̂ext “
ÿ

i,I

VI p|ri ´RI|q

V̂int “
1

2

ÿ

i‰j

1
ˇ

ˇri ´ rj
ˇ

ˇ

(3.2)

where the constants  h,me,e and 4π{ε were set equal to one
and EII is the classical electrostatic interaction between the nu-
clei. We are going to review now the two most used methods
to solve this problem.

3.1 hartree-fock approach
basic assumptions The simplest functional form by which
one can write an anti-symmetrical wavefunction for a many
electrons system is the Slater determinant [118, 74] :

Φ “
1

pN!q

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

χ1p1q χ2p1q ... χNp1q

χ1p2q χ2p2q ... χNp2q

χ1p3q χ2p3q ... χNp3q
...

...
...

...
χ1pNq χ2pNq ... χNpNq

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

(3.3)

where χnpmq is a n spin orbital function dependent on the spa-
tial and spin coordinate of the electron m. The main assump-
tion of the HF method is that an electronic wave function of
the many body problem 3.2 can be approximated as the Slater
determinant.

hf equations If the electronic wavefunction is written as Eq.
3.3, the total energy for a closed shell system will be [74]

E “ 2

N{2
ÿ

i“1

Hcoreii `

N{2
ÿ

i“1

N{2
ÿ

j“1

`

2Jij ´Kij
˘

(3.4)

where [74]

Hcoreii “

ż

dτ1χip1q

˜

´
1

2
∇2
i ´

M
ÿ

I“1

ZI
riI

¸

χip1q (3.5)
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Jij “

ż ż

dτ1dτ2χip1qχjp2q

ˆ

1

r12

˙

χip1qχjp2q (3.6)

Kij “

ż ż

dτ1dτ2χip1qχjp2q

ˆ

1

r12

˙

χip2qχjp1q (3.7)

The first term takes into account the kinetic and potential
energy of an electron that interacts with the nuclei of charge ZI;
on the other hand the second term is the Coulomb repulsive
contribution between a pair of electrons; finally the last term is
the exchange interaction which has no classical analogy. Once
the total energy is known, it is possible to minimize it with the
orthogonality constraint [74]

δE` δ
ÿ

i

ÿ

j

λijSij “ 0 (3.8)

where Sij is the overlap integral [74]

Sij “

ż

χiχjdτ “ δij (3.9)

and λij are the Lagrange multipliers. This procedure brings to
the HF equations which, through some algebraical manipula-
tion, can be rewritten as [74]

»

–Hcorep1q `

N
ÿ

j“1

 

Gjp1q ´Kjp1q
(

fi

flχip1q “

N
ÿ

j“1

εijχjp1q (3.10)

where G is the Coulomb operator [74]:

Gjp1q “

ż

dτ2χjp2q
1

r12
χjp2q (3.11)

and K the exchange operator [74]:

Kjp1qχip1q “

„
ż

dτ2χjp2q
1

r12
χip2q



χjp1q (3.12)

The equation 3.10 can be also written in a more compact form
[74]:

Fiχi “
ÿ

j

εijχi (3.13)

where the Fock operator defined as [74]

Fip1q “ H
core

p1q `

N{2
ÿ

j“1

 

2Gjp1q ´Kjp1q
(

(3.14)
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Through a unitary transformation [74, 60], equation 3.13 can be
transformed in to a more useful form [74]

Fiχi “ εiχi (3.15)

These are the HF equations: as one can note the form of the po-
tentials is dependent on the form of the solution; consequently,
this set can not be solved directly but instead have to be solved
with the so called self-consistent field (SCF) method. In this
approach one starts with a test wavefunction which fixes the
form of the potentials and then solves the HF equation; a new
more refined wavefunction will be obtained, which in turn will
give a new form of the potentials. This iterative algorithm is
repeated until the energy of the final wavefunction converges
to the energy of the entering one within a certain threshold. It
is worth noting that the HF equations are not usually solved
in the here presented form; a common strategy to undertake
these equations is to recast them within the linear combination
of atomic orbitals (LCAO) approximation such that the Eq. 3.15

is transformed in to a matrix form; this approach, known as the
Roothan Hall method, is reviewed in the Appendix A.

configuration interaction As previously reviewed in the
HF theory, the main approximation lies in the fact that the
many-electrons wave-function can be approximated with a sin-
gle Slater determinant; unfortunately in this approach the elec-
tronic correlation is not correctly taken in account since the only
correlation considered is the one due to the Pauli exclusion
principle. Different techniques were proposed to go beyond
this limitation: here we are going to focus on the configuration
interaction (CI) approach in which also the excited states of the
many-electron system are considered. In this method the many-
body wavefunction of N electrons in K orbitals is written as the
linear combination of the ground state Ψ0, as calculated with
the HF method, as well as of the excited states Ψ1,Ψ2,... (see Fig
3.1) [60]:

ΨCI “a0ΦHF `
ÿ

S

asΦS `
ÿ

D

aDΦD `
ÿ

T

aTΦT ` ...

“
ÿ

i“0

aiΦi
(3.16)

whereΦS,ΦD,ΦT represented the determinants that are singly,
doubly and triply excited with respect to the HF configuration.
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Figure 3.1.: Jensen schematic representation of excited Slater deter-
minants which contribute to the CI wavefunction. Image
taken from [60]

In principle one has to consider all the possible excited states
(full configuration interaction) but this makes huge the com-
putational effort. A first option to make this problem computa-
tionally solvable is to consider only the configurations in which
the excited state differs from the ground state, only by a single
spin orbital (CIS) ; furthermore one can consider only the dou-
ble substitutions (CID) or perhaps the single substitution com-
bined with the double substitution (CISD). Once chosen the
suitable approximation, the energy will be obtained through
the variational method [60]:

L “ xΨCI|H|ΨCIy ´ λ pxΨCI|ΨCIy ´ 1q (3.17)

BL

Bai
“ 0 (3.18)

ai pEi ´ λq `
ÿ

j‰0

aj xΨCI|H|ΨCIy “ 0 (3.19)

These expressions can be recast into a matrix form [60]:

pH´ EIq a “ 0 (3.20)

Ha “ Ea (3.21)
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Figure 3.2.: The CI matrix as reported by Jensen. Note that up to the
single excitation the matrix is block diagonal so there will
be no change in the ground state energy. Image taken
from [60]

H “

¨

˚

˚

˚

˚

˚

˚

˝

H00 ´ E E01 ... H0j ...
E10 H11 ´ E ... H1j ...

...
... . . . ... ...

Ej0
... ... Hjj ´ E ...

...
... ...

... . . .

˛

‹

‹

‹

‹

‹

‹

‚

(3.22)

a “

¨

˚

˚

˚

˚

˚

˚

˝

a0
a1
...
aj
...

˛

‹

‹

‹

‹

‹

‹

‚

(3.23)

It is worth noting, that due to the Brillouin theorem [60, 74]
the energy of the ground state will not change if only the single
excitations (CIS) are considered (see Fig 3.2); however, through
this approach, the energies of the single excited states will be
obtained. This point is useful as one is interested in the predic-
tion of the absorption spectrum.
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3.2 density functional theory
Beside the HF method there is a different way to attack the

many electron Hamiltonian in Eq. 3.2: while in the HF method
the approximation is performed at the beginning on the wave-
function (which, as shown, neglects the correlation effects), the
density functional theory (DFT) rearranges the Hamiltonian 3.2
in to a different form where the exchange and correlation ef-
fects are isolated in to a single integral; this term will be then
evaluated through some approximations. So, while in the HF
method the equations obtained are not exact because they were
derived using an approximated wavefunction, in the DFT the
final equations are exact but their resolution requires an ap-
proximation.

electron density and hohenberg-kohn theorems While
in the HF formalism the key quantity was the Slater determi-
nant, in the DFT this role is played by the electronic density.
This last quantity is defined as [81]:

n prq “
ÿ

σ

n pr,σq “
ÿ

σ

Nσ
ÿ

i“1

|ψσi prq|
2 (3.24)

where σ labels the spin. The possibility to recast the many-body
hamiltonian through the density is guaranteed by the Hohen-
berg and Kohn (HK) theorems [57, 81]:

Theorem I: there is a one-to-one correspondence between the external
potential Vext and the electron density n0prq

Theorem II: For any Vext it is possible to define a universal function
of the energy E[n]; the density and the energy of the ground state can

be calculated through a variational method

The advantage of this approach is that we replaced a quantity
that involves 3N degrees of freedom with another one in which
only three of them are used.

kohn and sham equations The HK theorems only proof
that the electron density can be used in order to solve exactly
the many-electron hamiltonian of Eq. 3.2; nothing was stated
about the way by which the many-body problem can be rewrit-
ten using the density. This work was performed by Kohn and
Sham[67] : they proposed to use an auxiliary system of non-
interacting particles where the exchange and correlation effects
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of the many body system are described by a single functional.
The hamiltonian of the auxiliary system is defined as [81]

Ĥσaux “ ´
1

2
∇2
` Vσ prq (3.25)

Vσ prq is an appropriate potential for the single particle sys-
tem 3.25 which will produce the same density of the interacting
system. This can be performed as consequence of the first HK
theorem. The energy of the interacting system 3.2 is [81]

EKS “
@

T̂
D

`
@

V̂int
D

`

ż

drVext prqn prq ` EII (3.26)

This equation can be rearranged in the following form [81]

EKS “ TS `

ż

drVext prqn prq ` EHartree ` EII ` Exc (3.27)

where [81]

EHartree rns “
1

2

ż

d3rd3r 1
n prqn pr’q
|r´ r’|

(3.28)

Exc rns “
@

T̂
D

´ TS ` xVinty ´ EHartree (3.29)

TS “ ´
1

2

ÿ

σ

Nσ
ÿ

i“1

A

ψσi |∇2
|ψσi

E

“
1

2

ÿ

σ

Nσ
ÿ

i“1

ż

d3r|∇ψσi prq |2 (3.30)

The expression 3.27 has to be minimized with respect to the
density and by imposing the constraint of the orthonormaliza-
ton in order to obtain the potential of the Hamiltonian 3.25: this
will give the correct ground state density of the many particles
system [81]

δEKS

δψσ
˚

i prq
“

δTs

δψσ
˚

i

`

„

δEext

δn pr,σq
`
δEHartree
δn pr,σq

`
δExc

δn pr,σq



δn pr,σq
δψσ

˚

i prq
“ 0

(3.31)

HσKS prq “´
1

2
∇2
` VσKS prq

VσKS prq “Vext prq `
δEHartree
δn pr,σq

`
δEex

δn pr,σq
“Vext prq ` Vhartree prq ` Vσxc prq

(3.32)
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Eq. 3.32 are know as the Kohn and Sham equations: they
connect the independent particle system with the interacting
one. It is worth to stress that the problem is not solved, but
instead, is only rewritten in a way that all our ignorance con-
cerning the many-body problem is put in the Exc term. As for
the HF equations, the KS equations have to be resolved in a
self-consistent way, but in this case, the problem scales as N2

instead of N4. One can ask why the HF equations are still used
although they are more computationally expensive: the answer
lies in the fact that in the DFT the exchange effect is not dis-
tinguished with respect to the correlation effect. In the HF the
exchange term exactly cancels the self interacting term, while
in the KS equation, since the Exc is approximated, the self inter-
acting term is not exactly suppressed. This is one of the most
important drawback in the use of the DFT.

functionals Due to the fact that an exact analytical expres-
sion for the Exc functional is not known, different approxima-
tions were proposed: the first one is to use the same exchange-
correlation energy of an homogeneous electron gas [74]

ELDAxc “

ż

drn prq εhomxc pn prqq (3.33)

This approximation is known in the literature as the local
density approximation (LDA) and it was first proposed by Kohn
and Sham. Beside the LDA approximation, which provides
good results despite it simplicity; other Exc forms were pro-
posed: in the generalized gradient approximation, proposed by
Becke [11], the exchange correlation functional does not depend
only on the density but also on its gradient [74]:

EGGAxc “

ż

drn prq εxcpn prq ,∇n prqq (3.34)

Further proposed improvements introduce an exact exchange
term, from HF theory, together with a DFT correlation term.
Such methods are called hybrid functional and a review about
them can be find in [74, 81].

plane wave expansion For a periodic system, it is very use-
ful to expand the wavefunction in plane waves according to the
Bloch theorem [74]:

ψk
i prq “

ÿ

G

ai,k`Ge
pipk`Gq¨rq (3.35)
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With this expansion the KS equation will have the following
form [74]

ÿ

G 1

t
 h2

2m
|k`G| δGG 1 ` Vion pG´G’q`

`Velec pG´G’q ` Vxc pG´G’quai,k`G’ “ εiai,k`G’

(3.36)

in which Velec and Vion represent respectively the electron-
electron and the electron-nuclei interaction, while VXC stands
for the exchange correlation functional. In principle, an infi-
nite number of G reciprocal lattice vectors are involved in this
expression; however, the most important quantities can be ob-
tained using plane wave functions with kinetic energy up to
limited cut-off. This is defined as [74]

Ecutoff “
h2

2m
|k`G|2 (3.37)

This quantity is strongly dependent on the chemical elements
involved. In principle, also the number of the reciprocal lattice
vectors k has to be infinite in order to produce a continuous
grid: in practice, a discrete sampling is sufficient; the most used
approach for the choice of k is the Monkhorst-Pack scheme [86]
in which a uniform grid is used. Usually, a dense grid is re-
quired for a small real-space cell, on contrary, for the larger
ones, only a small number of k points is necessary. If the uni-
tary cell is large enough only the Γ point can be used: this is
the so called molecular approximation.

pseudopotentials A common strategy to reduce the com-
putational cost is to consider only the valence electrons instead
of performing an all-electrons calculation. These electrons are
the most involved ones in the chemical bonding, however their
wavefunctions have rapid oscillations near the nucleus due to
the constraint of the orthogonality. Consequently, a very high
cutoff is usually required: this increases the required computa-
tional resources. A common strategy used to reduce this effort
is to replace the true potential with a pseudopential, that gives
a wavefunction that is identical to the real one out of the so-
called core radius rc; on the other hand the pseudopotential
replaces the real wavefunction with a smoother one within the
rc (see Fig 3.3). If the norm is conserved inside the core region
the potential is norm-conserving (NC); otherwise, as proposed
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by Vanderbilt [129], the norm conservation constraint can be re-
laxed in order to improve the smoothness of the wavefunction
and consequently the computational cost required: this is the
case of ultrasoft (US) pseudopotentials. Further details can be
found in the Payne et al. review [100]

Figure 3.3.: A schematic representation of a pseudoptential as pro-
posed by Payne et al.: out of the rc region the wavefunc-
tion is identical to the real one while inside the rc region
the real wavefunction is replaced with a smoother one .
Image taken from [100]
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3.3 vibrational properties through
ab-initio methods

In the previous sections different techniques were presented
which can be used to predict the electronic properties of a ma-
terial: now we are going to review how its vibrational prop-
erties can be also predicted within a first principles approach.
The starting point is the following eigenvalue problem that de-
scribes the motion of the nuclei [81]:

det

ˇ

ˇ

ˇ

ˇ

ˇ

1
a

MIMJ

Ds,α;s 1;α 1pqq ´ω2i pqq

ˇ

ˇ

ˇ

ˇ

ˇ

“ 0 (3.38)

whereMI is the mass of the I nucleus, ωi pqq is the frequency
of the mode iwith wavevector q, and D is the dynamical matrix
defined as [81]

Ds,α;s 1,α 1pqq “
B2E prq

Bus,αpqqBus 1,α 1pqq
(3.39)

In the last expression, α labels the cartesian components and
u stands for the displacement of the atom s . First we are going
to review the two most common ab-initio techniques by which
the matrix elements 3.39 are evaluated; then we are going to
expose the Lazzeri et al. method [73] for the prediction of the
Raman spectrum in off-resonance conditions .

frozen phonons One of the oldest approach used for the
evaluation of the dynamical matrix elements (Eq. 3.39) is the
frozen phonon method [142]. In this case the derivatives [81]

CI,α,J,β » ´
δFI,α

δRJ,β
(3.40)

are obtained numerically by calculating the forces that are pro-
duced when a single atom is slightly displaced, keeping fixed
the others. Then the dynamical matrix is evaluated through the
Fourier transform [2] :

Dpqq “
ÿ

l

CpRlqe´iqRl (3.41)

This methods is very simple to implement, but it has the weak-
ness to be computationally expensive if one wants to study the
vibrational modes with q close to Γ because, in this case, large
supercells have to be used [114]. In order to overcome this
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point, Baroni et al. [10] developed a different method to eval-
uate the dynamical matrix: the density functional perturbation
theory (DFPT).

density functional perturbation theory Instead of be-
ing calculated numerically, as in the frozen phonon method,
the dynamical matrix elements of Eq. 3.39 can be evaluated by
taking advantage of the linear response theory [49] . According
to the Hellmann-Feynman theorem [44, 60] the derivative of the
total energy with respect to the atom position λ is [81, 10]:

BE

Bλi
“
BEII
Bλi

`

ż

BVextprq
Bλi

nprqdr (3.42)

Where EII is the interaction between the nuclei and Vext the
electron-nucleus interactions (see Eq. 3.2) This expression can
be used to rewrite the dynamical matrix elements 3.39 in a dif-
ferent form [81, 10]:

B2E

BλiBλj
“
B2EII
BλiBλj

`

ż

B2Vextprq
BλiBλj

nprqdr`
ż

Bnprq
Bλi

BVextprq
Bλj

dr

(3.43)
This last integral, in which the derivative of density is in-

volved, can be recast in a more interesting fashion [10, 81] :

ż

BVextpr 1q
Bλi

Bnprq
BVextpr 1q

BVextprq
Bλj

drdr’ “
ż

BVextpr’q
Bλi

χpr, r 1q
BVextprq
Bλj

drdr’

(3.44)
where χ is the density response function, that is related to

the dielectric function by the following relation [10, 81]

ε´1 “1` VCχ

VCpqq “
4πe2

q2

(3.45)

A first possible approach consists in the evaluation of χ through
the calculation of the inverse of the dielectric function: this
method provides the response to all possible perturbations; how-
ever this strategy turns out to be too computational expen-
sive. The DFPT, instead, provides a set of self-consistent equa-
tions that allow to calculate the response of the system for a
monochromatic perturbation. The first equation of this set is
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obtained from the linearisation of the density, as defined in 3.24,
with respect to the wavefunction [10, 81]:

∆nprq “ 4Re
N{2
ÿ

n“1

ψ˚nprq∆ψnprq (3.46)

Where ∆ is defined as [10, 81]:

∆λF “
ÿ

i

BFλ
Bλi

∆λi (3.47)

On the other hand ∆ψnprq can be evaluated through the first-
order perturbation theory [10, 81] :

pHKS ´ εnq |∆ψny “ ´p∆VKS ´∆εnq |ψny (3.48)

∆VKSprq “ ∆Vextprq ` e2
ż

dr’
∆npr 1q
|r´ r’|

`

ż

dr’
dVxc

dnpr 1q
∆nprq

(3.49)
The operator on the left side in the Eq. 3.48 is singular for the

eigenvector ψn; however, as shown by Baroni et al. in [10], this
problem can be solved using the projectors Pv and Pc defined
as [81]

Pv “

N
ÿ

i“1

|ψiy xψi|

Pc “1´ Pv

(3.50)

so that the eq 3.48 becomes [10]

pHKS `αPv ´ εnq |∆ψny “ ´Pcp∆VKSq |ψny (3.51)

As for the KS and HF equations, Eq. 3.47,3.51 and 3.49 have
to be solved in self-consistent way (see Fig 3.4 ) . Finally it
is worth noting that in this approach, contrary to the frozen
phonon, no supercell is required.
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Figure 3.4.: A schematic representation of the main passages of the
DFT and of the DFPT as proposed by Baroni. Image
taken from [9]
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off-resonance raman intensity from ab-initio princi-
ples In this final paragraph we are going to briefly review
the method proposed by Lazzeri et al. [73] to evaluate from
first principles the Raman intensity in off-resonance conditions.
Using the Plackzec approximations [18, 78] shown in Chapter
2, the Raman intensity of a mode ωv is [73]:

Iv9
ˇ

ˇ

ˇ
ei ¨ ~Aves

ˇ

ˇ

ˇ

2 1

ωv
pnv ` 1q (3.52)

where ei and es are the incident and outgoing polarization,n
the phonon population and A the Raman tensor defined as [73]:

Av
lm “

ÿ

kγ

B3E

BElBEmBukγ

wνkγ
a

Mγ
(3.53)

in which E is the electronic energy of the system, wvkγ is the
eigenvector of the mode v, ukγ is the displacement of the atom
γ in the k direction, Mγ the atomic mass and El the l carte-
sian component of the electric field. According to the Hellman-
Feynman theorem [44, 60], the derivative of the energy with re-
spect to the displacement ukγ can be calculated as follows [73]:

BEel

Bukγ
“ 2Tr

"

ρ
Bvext

ukγ

*

(3.54)

where vext is the external ionic potential. Taking advantage
of this last expression, the derivative in the Eq. 3.53 can be
rewritten as follows [73] :

B3E

BElBEmBukγ
“ 2Tr

"ˆ

B2ρ

BElBEm

˙

Bvext

Bukγ

*

(3.55)

The evaluation of this last expression is well defined for molecules;
however, it is non-trivial for periodic systems, due to the fact
that in this last case the position operator, required by the elec-
tric field perturbation, is not well defined [49, 81]. A first ten-
tative to overcome this problem was proposed by Nunes and
Gonze [95] using the Berry phase; however, this approach was
used only to a one- dimensional system. Lazzeri et al., on the
contrary proposed to evaluate the second order derivative in
3.55 with the following expression [73]:

B2ρ

BλBµ
“
ÿ

ν

p|Pηλ,µ
v y xψv|` |P

Bψv

Bλ
y x
Bψv

Bµ
P|´

ÿ

v 1

|ψv 1y x
Bψv 1

Bλ
P| |P

Bψv

Bµ
y xψv|` c.c

(3.56)
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in which v and v 1 run over the occupied states, P is the
projector on to the empty states P “ p1´ ρq and |ηλ,µ

ν y is the
second derivative of the KS occupied orbitals. Using this ap-
proach, Lazzeri et al. obtained the following expressions for
the derivatives[73]:

|P
Bψv

Bλ
y “ Gv

„

BVKS

Bλ
, ρ


|ψvy (3.57)

|Pη
pλ,µq
v y “ Gv

"

B2VKS

BλBµ
`

„

BVKS

Bλ
;
Bρ

Bµ



`

„

BVKS

Bµ
;
Bρ

Bλ

*

|ψvy

(3.58)

Gv “
ÿ

c

|ψcy xψc|

εv ´ εc
(3.59)

Bρ

Bµ
“
ÿ

v

|P
Bψv

Bµ
y xψv| ` c.c. (3.60)

where the commutators rBV
KS

Bλ , ρs and
”

BVKS

Bλ , Bρ{Bµ
ı

appear:
these ensure that all quantities involved are well defined in a pe-
riodic system. Finally it is worth noting that also in this case a
set of self-consisted equations were obtained (Eq . 3.56,3.57,3.58,3.58),
due to the fact that BVKS{Bλ and B2VKS{Bλµ depend on Bρ{Bλ,
Bρ{Bµ and Bρ2{BµBλ.
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4 R A M A N A N D I R F I N G E R P R I N T S
O F ATO M I C A L LY P R E C I S E G N R S

As reviewed in Chapter 1, the growth of atomically controlled
nanoribbons represents a very important step for the applica-
tion of these nanostructures in micro and optoelectronics. Among
the different characterization techniques, Raman spectroscopy
is currently one of the most suitable non destructive methods
to characterize the main features of these systems. However,
such characterization has been so far limited only to the obser-
vation of the D an G peaks [90, 89] hallmarks of the sp2 hy-
brization. Furthermore, solution processed GNRs may present
different functionalization configurations: even thought Raman
spectroscopy provides very useful information about the width
and the edge morphology of these carbon nanostructures, it
is insensitive to their functionalization configuration: in both
cases the effect of the alkyl chains on the spectrum is mostly a
broadening of the radial-like-breathing-mode (RLBM). A more
suitable technique for the investigation of this feature is the in-
frared spectroscopy. Our investigation of the Raman and IR
spectra of GNR with different widths and edge morphologies
was performed in collaboration with different experimental re-
search group: in this thesis, the Raman results are presented by
including the related paper, that is already under review, while
the IR results are here exposed in detail (see paragraphs 4.1-4.2)
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Bottom-up approaches have opened the way to the production of ultra-narrow and atomically 

precise graphene nanoribbons (GNRs), with electronic and optical properties controlled by the 

specific atomic structure. Combining Raman spectroscopy and ab-initio simulations, we show 

that width, edge geometry and functional groups strongly influence the Raman spectrum. The 

low-energy region (well below 1000 cm
-1

) is particularly sensitive to edge morphology and 

functionalization, while the D peak dispersion can be used to uniquely fingerprint the presence 

of GNRs, and differentiates them from other sp
2
 carbon nanostructures.  

 



 Raman spectroscopy is one of the most used characterization techniques in carbon science 

and technology
1–7

. In the last decade, the rise of graphene have triggered extensive Raman studies to 

understand not only phonons, but also electron-phonon, magneto-phonon and electron-electron 

interactions, as well as the influence of the number and orientation of the layers in few-layer graphene 

(FLG), electric or magnetic fields, strain, doping, disorder, quality and type of edges, and functional 

groups
1
. The Raman spectrum of single-layer graphene (SLG) and FLG consists of two sets of peaks: 

the so-called G and D peaks, which originate from in-plane vibrations and dominate the optical region 

of graphene and other sp
2
 bonded materials

8,9
; the low-energy peaks resulting from  the relative 

motion of the planes, such as the shear
10

 (C) and the layer-breathing modes
11–13

 (LBMs), which can 

be used as a direct probe of the number of layers. 

The low-energy region, where the C and LBMs are located, is particularly interesting because 

specific fingerprints have been observed for a variety of carbon allotropes. Most notably, in the case 

of carbon nanotubes (CNTs), a characteristic peak at low energy, associated to the radial breathing 

mode (RBM) of all the atoms of the structure, has been widely exploited to determine the tube 

diameter
14

. Polycyclic aromatic hydrocarbons (PAHs) are also characterized by breathing-like low-

energy modes that can be related to their lateral size
15,16

. GNRs –of interest for emerging digital 

nanoelectronics, optoelectronics and spintronics
17,18

— are also expected to show characteristic 

Raman features in this spectral region due to their finite width and low symmetry 
19–24

.  

Recently, techniques based on surface-assisted
25

 or solution-based
26–28

 cyclo-

dehydrogenation of tailor-made aromatic polymer precursors have enabled the production of well-

defined GNRs, with lateral width well below 10nm and precise structural pattern at the edges
25–30

. 

Moreover, in the case of GNRs prepared by solution-based processing, the edges are typically 

functionalized by alkyl chains to improve solubility
28

. Thus, those types of  GNRs provide a unique 

opportunity to study the combined effect of finite width and edge patterns, and to get insights into the 

evolution of the vibrational properties with lateral dimension. At the same time, such GNRs call for the 

identification of specific Raman fingerprints, which could be extremely relevant for their 

characterization and design, similar to what happened in the case of CNTs.  

In this respect, experiments on GNRs mostly targeted peaks in the D/G energy region
26,30–32

. 

However, these features are usually just discussed as a hallmark of sp
2
 hybridization, and no further 

analysis exists so far. A few groups have reported studies on the low-energy GNR Raman bands. Cai 



et al.
25

 reported a sharp (20-30 cm
-1

) low-energy peak peak at ~400 cm
-1

, and assigned it to a Radial-

Like Breathing Mode
19

 (RLBM), where all the atoms of the ribbon move in-plane along to the ribbon 

width direction, in analogy to the RBM in CNTs. Because of that, the position of this peak is 

determined by the GNR width only
19–24

. A similar feature was reported in Refs. 
28,29

 for other GNRs 

produced by solution-based processing, but much broader (~100 cm
-1

 in width) when compared to 

Ref. 
25

, and with several sub-components. More importantly, the peak position is downshifted of ~50 

cm
-1

 compared to the position expected from the inverse dependence of the RLBM frequency with the 

GNR width
19–24

. This may indicate a more complex dependence of the RLBM on GNR width and edge 

type then previously reported
19–24

, and call for further investigations. 

Here, we report a combined experimental and theoretical study of the Raman spectrum of 

ultra-narrow (<2nm) GNRs with well-defined edge structures, produced by solution-based methods. 

By investigating four GNRs with different width, edge-pattern and location of the alkyl groups, we 

provide a general understanding of their Raman spectra. We demonstrate that the RLBM can be 

influenced by the edge termination, and not just by the width. Most notably, we also demonstrate that 

the D peak dispersion with excitation energy is a further fingerprint of these GNRs, and uniquely 

differentiates them from other sp
2
 carbon systems, such as graphene or CNTs. 

Results 

We investigated four GNRs, which are functionalized with long alkyl chains (–C12H25) to favor 

their solubility in solvents
29

. The structures in Figure 1a-c represent a series of “cove-shaped” GNRs 

with the same edge pattern and increasing width, where a benzo ring periodically decorates the 

zigzag (ZZ) edge. Following Ref. 
33

, these structures are labeled nCNRs, where n indicates the width 

of the ZZ GNR core (here n = 4, 6, 8). In addition to those samples, we also investigate a GNR based 

on the chiral-edged (4,1)-GNR with periodically fused benzo rings. This is called m-ANR in Ref. 
33

 and 

here shown in Figure 1d. The m-ANR has the same width as the 8CNR, but its “chirality” leads to 

slightly different edge pattern. Note also that the 6CNR has intermediate width between 4CNR and 

8CNR, with the same edge pattern, but the alkyl groups are placed in a different location at the edge: 

4- and 8CNR are substituted at the outer positions on the benzo rings, while the 6CNR is substituted 

at the inner position inside the cove-type edge.  

Low-energy region of the Raman spectra and radial-like breathing mode. Figure 2a 

shows the low-energy Raman spectrum of the GNRs in Figure 1. In the case of 4CNR, one broad 



peak appears at about 230 cm
-1

 (Full Width at Half Maximum, FWHM ~100 cm
-1

), which comprises at 

least three contributions. For 6CNR, 8CNR and m-ANR, the most intense peak is located around 130-

150 cm
-1

, and its width is sharp for m-ANR (~30 cm
-1

), while it is larger for 8CNR and 6CNR (~80-100 

cm
-1

). Furthermore, depending on the exact structure of the ribbon, the peak disappears at certain 

excitation energies. For instance, the peak is not seen at energies above 1.96 eV for 4CNR, while for 

8CNR it is seen at 1.96 eV. Other peaks with small intensity are also seen in the spectral range 400-

700 cm
-1

, as shown in Figure 2a. This is different from the case of CNTs and armchair GNRs grown 

on substrate
25

, where the low energy region is dominated by a sharp breathing mode, whose 

frequency is uniquely determined by the CNT/GNR lateral size and described by the zone-folding 

approximation
23,24

.  

In order to gain further insights into the origin of the GNRs Raman peaks at low energy, we 

have computed from first principles the Raman spectra of several GNRs (see Methods), by increasing 

the structure complexity in a stepwise manner. We first consider perfect ZZ-GNRs, corresponding to 

the cores of the cove-shaped ribbons studied here (indicated by the shaded areas in Figure 1a-c). We 

then study cove-shaped GNRs with hydrogen-terminated edges. Finally, we compare the above 

systems with the case where the edges are functionalized by alkyl chains, as in the real samples, 

though shorter (–C4H9 instead of –C12H25) to make the calculations more affordable. Figure 3a shows 

the simulated Raman spectrum of the 8CNR. Let us first focus on the H-passivated 8CNR, hereafter 

labeled 8CNR+H. The spectrum is characterized by a dominant peak at 183 cm
-1

, which falls in 

between the RLBMs of the ZZ-GNRs corresponding to the minimum and maximum width of this cove-

shaped GNR, i.e. 209 and 164 cm
-1

 for the 8- and 10-ZZ GNRs, respectively. This behavior, which is 

common to all the GNRs studied here, can be understood in terms of an effective width model. 

Indeed, these cove-shaped GNRs present a modulated structure, with variable width (e.g. 4CNR core 

width is between 0.69nm and 1.13nm). However, we can define an effective width as the weighted 

average of the different GNR widths (see Supplementary Information), and compare our first 

principles simulations with the results obtained by using the zone-folding approximation for this 

effective width. Figure 3b shows that the agreement is within less than 10 cm
-1

 for GNRs wider than 

15 Å, as expected for this approximation
23,24

. Besides the RLBM, there are higher frequency modes 

(470-680 cm
-1

), combining longitudinal and transverse components: these modes, which are not 



present in ZZ-GNRs, appear in cove-shaped GNRs in view of the different periodicity along the ribbon 

axis introduced by the additional benzo rings at the edge.  

We next functionalize the edges with short alkyl chains (8CNR + C4H9). We observe a further 

considerable red-shift of the RLBM peak, which moves from 183 to 156 cm
-1

. This value almost 

agrees with that obtained for the larger ZZ component of the 8CNR, i.e. 10-ZZ GNR, even though the 

origin of the shift is rather different, as clarified by our analysis. The breathing does not involve the 

ribbon only, but also part of the chain that moves in phase with the ribbon atoms (see Supplementary 

Information). This causes a redshift of the RLBM frequency as a result of an increase in the effective 

width of the system. We further check the effect of the chains by varying the chain length, as shown in 

Figure 3d. In addition to the effect explained above, with a redshift that depends on the chain length, 

we find that, depending on both the chain length and the GNR width, the RLBM can be coupled with 

several modes of the chain, giving rise to different sub-peaks (see e.g. the case of C8H17, Figure 3d). 

This result can explain the broadening of the low frequency peak observed experimentally, which is 

indeed different for GNRs of different width. The functionalization with alkyl chains also induces a 

relaxation of the system symmetry, therefore allowing for both a mixing of longitudinal (L), transverse 

(T) and normal (Z) modes, and the activation of modes otherwise forbidden. 

High-energy region of the Raman spectra: D and G peaks, overtones and combination 

modes. Figure 2b shows the first order Raman spectrum of the ribbons measured at 2.41 eV, with D 

and G peaks typical of C sp
2
 materials

1–6
. However, the G peak, which corresponds to the high 

frequency E2g phonon at , is up-shifted (~1605 cm
-1

) and broader if compared to pristine graphene 

(FWHM ~ 25 cm
-1

). Similar results were observed in small graphite domains
34

 and PAH
6
 due to the 

relaxation of the momentum conservation induced by finite size. Moreover, we do not observe any 

splitting of the G peak, as usually found instead for CNTs
4,5

, where this mode, which is doubly 

degenerate in graphene
35

, splits into a longitudinal-optical (LO) and a transverse-optical (TO) 

component. Our first principles simulations show that the G peak, located at 1618 cm
-1

 for the 8CNR 

(Figure 3c), is mainly due to the TO mode, with smaller contributions due to TO overtones (within 10 

cm
-1

); the LO mode is instead inactive in backscattering configuration, as expected in purely ZZ-

GNRs
23

. The presence of the side chains do not alter significantly the nature and the energy position 

of the main features in the high-energy region of the spectrum, which are mostly dictated by the edge 

morphology, as seen by comparing the curves in Figure 3c. 



Figure 2b also shows a prominent D peak which is characterized by a dominant component at 

about 1310-1330cm
-1

, with an intensity comparable to that of the G peak, and by one or more 

shoulders at lower wavenumbers. These features are in agreement with first principles simulations, 

which show a structured peak in this region, with two main components (at 1336 and 1357 cm
-1

 for 

the 8CNR, Figure 3c) corresponding to the breathing modes of six-atom rings. This behavior makes 

the spectrum to resemble that of defective graphene
36–40

. However, there are notable differences that 

allow us to clearly distinguish our GNRs from defective graphene: the most striking one is found by 

analyzing the energy dependence of the D peak. In graphene, the D peak –coming from TO phonons 

around the Brillouin Zone (BZ) edge K— is activated by an inter-valley double resonance process
41

 in 

presence of defects, and it is strongly dispersive with excitation energy due to a Kohn Anomaly at K
42

. 

The typical D peak dispersion of graphene is ~50 cm
-1

/eV
43,44

. In the case of GNRs, we measured 

different D-peak dispersions for the different GNRs investigated (see Supporting Information). In 

particular, the 8CNR, due to its low band-gap (~1.2 eV
29

), allows performing Raman spectroscopy in a 

wide range of energies (from 1.3 to 2.54 eV) without any photoluminescence background hiding the 

Raman peaks (Figure 2c).  If we fit the dispersion with two slopes, we get about 7 and 35 cm
-1

/eV for 

the low (< 1.8 eV) and high (> 1.8 eV) excitation energy region, respectively. A considerable 

dispersion is found also for the RLBM (Figure 2c, bottom panel), while the G peak shows a very small 

dispersion, at the limit of the spectrometer resolution (Figure 2c, top panel). In addition to this, we 

observe the G+D combination mode and the 2G mode, which are not observed in defective graphene. 

A systematic comparison between defective graphene and our GNRs is reported in the Supporting 

Information. 

To fully understand these experimental observations, one needs to consider that several 

factors come into play when we move from graphene to ultra-narrow atomically-precise GNRs. First of 

all, we have neither Kohn anomalies (see calculated phonon dispersion in Supplementary 

Information) nor linear electronic dispersion in such GNRs, which have semiconducting character, 

with an optical response dominated by excitonic effects
45,46

, especially for excitation energies close to 

the optical gap. Second, and more importantly, the K point folds on the Γ point in these cove-shaped 

GNRs
33

: as such, we do not need a double-resonance process to activate this mode, but just a first-

order process like in armchair GNRs, where the D peak is also observed
25

. For the same reason, we 

are also able to observe the G+D mode. In addition, one would expect a non-dispersive behavior for 



the D peak, similar to the G peak in graphene. The observed dispersion has thus to be related to 

some other phenomenon, e.g. disorder induced scattering introduced by the side chains.  

Conclusions 

We combined experimental and theoretical analysis of the Raman spectra of ultra-narrow, 

and structurally well-defined graphene nanoribbons with cove-type edges. The low-energy (< 1000 

cm-1) region of the GNR Raman spectrum contains the main fingerprints of these materials. By 

analyzing the differences with respect to other systems, such as an ideal ZZGNR and the same  

GNR without lateral chains (H passivated), ab-initio simulations show that the number of Raman 

peaks and their position are crucially affected by edge modifications. The full description of cove-type 

edge and alkyl chains is fundamental to get an agreement with experiments, since both contribute to 

the shift and splitting of the peaks as well as to a re-distribution of the Raman intensity. The RLBM is 

especially sensitive, not simply to the width, but also to the edge modulation and functionalization, 

making it very different from the ideal cases studied till now, where the RLBM does not show 

significant dependence on the edge type. As far as the optical region is concerned, the Raman 

spectra of these GNRs could appear at a first sight similar to those of defective graphene, with D and 

G peaks of comparable intensity. However, the presence of the D+G combination mode and the 

observation of a strikingly different D-peak dispersion, as evidenced by a detailed multi-wavelength 

analysis, allow us to clearly distinguish these GNRs from defected graphene and other graphitic 

materials.  

Methods 

Experimental details. Details on the preparation of 4CNR, 8CNR and m-ANR are described 

in Refs. 
27–29

. The synthesis of 6CNR will be reported elsewhere. Raman measurements are 

performed with a combination of different spectrometers (Witec confocal spectrometer, Renishaw 

InVia and TK64000 by Horiba). A 100x objective was used and the power on the sample was below 

0.1 mW to avoid damage. The samples were measured as powder.  

Computational approach. Simulations were performed using a first-principle plane-wave 

pseudopotential implementation of Density-Functional Theory (DFT) and Density-Functional 

Perturbation Theory (DFPT)
47

, as available in the Quantum ESPRESSO package
48

. The local density 

approximation for the exchange-correlation functional was used. Raman intensities were calculated 



using the second-order response method in Ref. 
49

, within the Placzek approximation. Norm-

conserving pseudopotentials were employed, with a plane-wave cutoff energy of 70 Ry. A vacuum 

region of 12 Å in the non-periodic directions was introduced to prevent interaction between periodic 

images. The atomic positions were fully relaxed until forces were less than 5  10
-4

 a.u. Phonon 

frequencies and Raman tensor were calculated using a 1611 k-point grid. 
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Figure 1 | Structural model of the GNRs. a-d, Ball-and-stick representation of the atomic structure 

of the cove-shaped GNRs investigate here, that is 4CNR (a), 6CNR (b), 8CNR (c), and m-ANR (d). 

The schematics show the characteristic variable width of these GNRs and the location of the alkyl 

side chains in each case. The shaded areas indicate the corresponding zigzag GNRs.  

  

Figure 2 | Raman spectra of cove-shaped GNRs. a, Acoustic and b, optical region of the Raman 

spectrum for the cove-shaped GNRs in Figure 1. The 4CNR and 6CNR were excited at ~2.4 eV, while 

8CNR and m-ANR at ~1.9 eV. c, Peak dispersion of 8CNR as a function of excitation energy for the G 

(top) and D peaks (middle), as well as for the RLBM (bottom). 

 
 



 

Figure 3 | Simulated vibrational properties of cove-shaped GNRs. a, Acoustic and c, optical 

region of the Raman spectrum of 8CNR. The spectrum is shown for both the hydrogen-terminated 

(+H, green) and the GNR functionalized with short alkyl chains (+C4H9, dark green). The dashed lines 

indicate the position of the RLBM for 8- and 10-ZGNRs (labeled 8ZZ and 10 ZZ, respectively, light 

green) and the position of the G peak for 8-ZGNR. b, First-principles calculated frequency of the 

RLBM for a number of different GNRs. This is compared to the result obtained within the zone-folding 

approximation by using an effective width, as described in the text. d, The acoustic region of the 

Raman spectrum of the 8CNR is shown at varying the chain length, by focusing on the RLBM. The 

dashed line indicates the frequency of the RLBM for the hydrogen-terminated system. 
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S1. Laser power effects  

The Raman spectra of GNRs are extremely sensitive to the laser power, especially for the m-ANR ribbon. 

In this case the D peak strongly changes its shape with increasing laser power, so very low laser powers 

(<< 0.5 mW) need to be used. Note that the downshift of the G peak position with increasing temperature 

is in agreement with temperature dependence studies of PAHs and graphene1. Using the average value 

of the G peak dependence on temperature found for PAHs (−0.015 cm-1/⁰C)1, one could estimate an 

increase of up to 270 ⁰C by increasing the laser power from 0.02 to 0.6 mW. 

Figure S1 | (left panel) Raman spectra of m-ANR measured for increasing laser power; (right 
panel) G peak position and FWHM as a function of the laser power.  
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S2. Multi-wavelength Raman spectroscpy of GNRs vs defective graphene 

Although the Raman spectrum of our GNRs looks at a first sight very similar to defective graphene 

(Figure S2), it shows several unique features that can be used for GNRs identification. 

Figure S2 | (top panel) Raman spectrum of 4CNR cove-shaped ribbon and defective graphene, 

obtained by using hydrogenation; (Bottom panel) Zoom of the high energy region. 

 

In the first order spectrum, the D peak of cove-shape GNRs is typically structured (i.e. composed by at 

least two components). The G peak is slightly asymmetric and shifted at higher position, compared to 

defective graphene. Moving to the high order region, because the D peak is structured, the spectrum 

shows the overtone and combination modes between the different components of the D peak (called 2D 

and D+D in Figure S2). The spectrum also shows the D+G and 2G peaks, which are not observed in 

defective graphene (Figure S2).  
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Figure S3 | First order and acoustic region of 4CNR (top panels) and 8CNR (bottom panels).  
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The differences between defective graphene and our GNRs become even more evident when performing 

multi-wavelength Raman spectroscopy. Figure S3 shows some representative multi-wavelength Raman 

spectra of 4CNR (top panel) and 8CNR (bottom panel).  

The D peak is known to change its position with the excitation energy: the typical D peak dispersion in 

graphene is ~50 cm-1/eV2,3. The D peak of our GNRs is much smaller: this is evident for the 8CNR 

ribbons (see main text). Figure S4 shows the D peak dispersions measured in all the ribbons investigated 

in this work: the D peak dispersion changes from 30 to 10 cm-1/eV, depending on the ribbon type. The 

RLBM shows also considerable dispersion in some of the ribbons (~30 cm-1/eV for 8CNR), as shown in 

Figure S3. 

 

Figure S4 | D peak dispersion for cove-shaped GNRs investigated.  

  



Figure S5 shows a systematic comparison of the D and G peak dispersion of 8CNR with the D and G 

peak dispersion of defective graphene, with different inter-defect distance (LD). All the data for defected 

graphene are taken from Ref.4. 

The effect of an increasing amount of defects on the Raman spectrum of graphene can be described with 

a phenomenological three-stage model4,5. In stage 1) starting from pristine graphene, the Raman 

spectrum evolves as follows: the D peak appears and the intensity ratio between the D and G peaks 

[I(D)/I(G)] increases; the D' and D+D' peaks appear; all the peaks broaden and G and D' begin to overlap. 

In this stage, I(D)/I(G) can be used to estimate the amount of defects4. At the end of Stage 1), when the 

distance between defects LD ~ 4nm, the G and D' peaks are no more distinguishable and I(D)/I(G) starts 

decreasing. As the number of defects keeps increasing (hence LD decreases), the Raman spectrum 

enters Stage 2), showing a marked decrease in Pos(G); I(D)/I(G) sharply decreases towards zero and 

second-order peaks are no more well defined. Stage 3) describes amorphous materials with increasing 

sp3 content. In this stage the Raman spectrum shows an increase in Pos(G), I(D)/I(G) ratio is close to 

zero and the G peak becomes dispersive with the excitation energy. 

Unlike the case of graphene, where the D peak requires a defect for its activation, in PAHs the vibrations 

corresponding to the D peak are Raman active and do not require any defect to be seen6. The energy 

dependence of both D and G peak uniquely fingerprints the presence of 1-D GNRs and it is clearly 

different from the one of defective graphene and PAHs (Figure S5). Note that as representative PAHs we 

have used C78H26, having D2h symmetry (ie elongated geometry, similar to a very short GNRs). All the 

Raman data related to the C78H26 molecule have been taken from Ref.1. The Raman spectrum of this 

molecule is characterized by several D peaks, Figure S5 showing only one of the components. The same 

applied to the G peak, which has two components in C78H26
1.  

Note that the G peak also shows a very small dispersion, Figure S5. A closer look at the G peak shows 

that the peak is also asymmetric and the asymmetry is increasing for increasing laser energy, Figure S6. 

  



Figure S5 | (Left panel) D peak dispersion of 8CNR, defective graphene with different inter-defect 

distance and C78H26.  (Right panel) G peak dispersion of 8CNR, defective graphene with different 

inter-defect distance and C78H26.   

Figure S6 | G peak of 8CNR measured at different excitation wavelengths. 
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S3. DFPT simulations: width dependence of the RLBM and phonon dispersion of the D peak 

Similarly to the case of CNTs7,8, Pos(RLBM) in armchair and zigzag GNRs is predicted to show an 

inverse dependence on the GNR width ݓ, which can be formulated as:  ܲ(ܯܤܮܴ)ݏ݋ = 	 ଷଶଶଶ	Å	௖௠షభ௪   (1) 

within the zone-folding (ZF) approximation9. In the case of cove-shaped graphene GNRs, the width is 

however not well-defined due to the modulated structure (see Figure S7). The ZF approximation works 

also for our cove-shaped GNRs, if we define an effective width ݓ௘௙௙ as the weighted average of the 

different widths composing the unit cell: 

௘௙௙ݓ = ∑ ௪೔௔೔೔ಿసభ∑ ௔೔೔ಿసభ ,   (2) 

where ݓ௜ is the width of the i-th component and ܽ௜ is its multiplicity (i.e. number of GNR unit cells with the 

same width, see Figure S7). The comparison of such a ZF approach with DFPT simulations is reported in 

Figure 3b of the main text, while Figure S7b shows the absolute difference of Pos(RLBM) between DFPT 

calculations and ZF results, which are obtained by setting the ݓ in Eqn. 1 equal to the minimal (ݓ௠௜௡), 

maximal (ݓ௠௔௫), or effective width (	ݓ௘௙௙, Eqn. 2) of the GNR. 

Figure S8 reports the phonon dispersion for the smaller GNR, i.e. the 4CNR, in the region around the D 

mode (indicated by a red arrow).   

 



 

Figure S7 | Defining an effective width for the ZF approximation. a, Ball-and-stick model of the 

8CNR, where the width and multiplicity of the different components is highlighted. b, Comparison of DFPT 

and ZF results for Pos(RLBM), as obtained by using the minimal (ݓ௠௜௡), maximal (ݓ௠௔௫), or effective 

width (ݓ௘௙௙). ∆Pos(RLBM) is the absolute difference between DFPT and ZF Pos(RLBM).  

 

 

Figure S8 | Phonon dispersion for 4CNR in the D-peak energy region. 
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4.1 background: ir fingerprint of
pah edges

Among the IR modes of a sp2 carbon system [112, 58, 103],
a particular set of them involves the collective wagging of the
functionalizating hydrogen atoms: such set of modes is called
out of plane (OPLA) [28]. The peculiarity of the OPLA modes
lies in the fact that their frequencies are strongly correlated to
the edge morphology. The four possible edges of a polycyclic
aromatic hydrocarbons (PAH) are classified according to the
number of hydrogen atoms attached to a single benzene ring
(see Fig. 4.1): depending on this number, the OPLA mode
will have a different energy in the IR spectrum. As a conse-
quence, one can obtain useful information about the edge mor-
phology of a carbon sp2 system by investigating the intensity
of the peaks localized in the SOLO, DUO, TRIO and QUATRO
ranges. This idea was used, for example, by Centrone et al. in
Ref. [28] where the relative intensities of the peaks were em-
ployed to characterize the distribution of the edge terminations

Figure 4.1.: The possible edges of a PAH vs the energy of the IR peak
associated to the wagging of H atoms. Image adapted
from [28]
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Figure 4.2.: Centrone et al. IR analysis of a PAH: the different edge
morphologies give IR peaks, connected to the wagging of
H atoms, in different energies ranges.Image taken from
[28]
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4.2 ir fingerprints of solution pro-
cessed functionalizated gnrs

We adopt the approach described in Ref. [28] to discriminate
between different edge functionalizations also in the case of the
solution processed GNR described in the previous section. The
ball-and-stick models of these different GNR are reported in
Fig 4.3 for clarity. According to the nomenclature used for PAH
[28], we see (Fig. 4.3) that the configuration of H edge atoms is
of SOLO type for the 4CNR and 8CNR samples, while it is of
TRIO type for the 6CNR . This is related to the different func-
tionalization with alkyl chains, which are attached to the outer
C-rings for 4 and 8 CNR, and to the cove for 6CNR samples. As
a consequence, we would expect an intense peak in the SOLO
range ( 860´910 cm´1) for 4 and 8 CNR while for the 6CNR the
most intense peak should be at lower frequencies (TRIO range,
750´ 800 cm´1). However, the available experimental data (see
Fig. 4.7) show several peaks in the 700´ 860 cm´1 range for
all the other systems, making the interpretation less straightfor-
ward than expected. To gain further insights into this issue, we
simulated the IR spectra of these systems from first principles.

Figure 4.3.: Ball-and-stick representation of the atomic structure of
the cove-shaped GNRs investigate here, that is 4CNR (a),
6CNR (b), 8CNR (c). Note the different location of the
alkyl side chains
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computational details Simulations were performed using
a first-principle plane-wave pseudopotential implementation of
Density Functional Theory (DFT) and Density Functional Per-
turbation Theory (DFPT) [10], as available in the Quantum ESPRESSO
[50]. The local density approximation for the exchange correla-
tion functional was adopted. Norm conserving pseudopoten-
tials were employed, with a plane-wave cutoff energy of 70

Ry. A vacuum region of 12 Å in the non periodic directions
was introduced to prevent interaction between periodic images.
The atomic positions were fully relaxed until forces were less
than 5 ˆ 10´4 a.u. Phonon frequencies were calculated using
a 16 ˆ 1 ˆ 1 k-point grid. As done in our previous paper on
Raman, we simulated GNRs with shorter alkyl chains (C4H9),
with respect to experimental ones (C12H25), in order to reduce
the computational effort: as shown in Fig. 4.4 this approxima-
tion is justified since no change in the major features of the
spectrum is observed for alkyl chains longer than C4H9.
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Figure 4.4.: Effects of the length of the alkyl chains on the IR absorp-
tion spectrum of 8CNR: starting from the 8CNR+C4H9
the major features of the spectrum are converged
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results Fig. 4.5 reports our ab-initio analysis of the IR spec-
tra for the GNR shown in Fig 4.3. Furthermore we also con-
sidered the case of the 6CNR`C4H9 (edge) to directly com-
pare the two different functionalizations for the same system.
We labelled with B the modes in which the GNR backbone is
mostly involved, to clearly distinguish them from those involv-
ing only the functional atoms or groups. Most of the IR peaks
are indeed connected to the displacement of the GNR. How-
ever, for each GNR system, there are two peaks connected to
the functionalization: the first one is related to the rocking of
the alkyl chains, while the second one concerns the wagging
of the hydrogen atoms, as expected for the SOLO and TRIO
modes. The displacements of these modes are reported in Fig
4.6. Let us first focus on the rocking mode: for the systems in
which the alkyl chains are attached in the edge configuration
(see Fig. 4.3), this mode is about 710 cm´1, while this mode has
a lower frequency (682 cm´1) in the cove configuration. Com-
paring this prediction with the experimental spectra in Fig. 4.7,
it can be seen that, while in the 4CNR(edge) and 8CNR(edge)
systems the first most intense peak lies at 718´ 720 cm´1, in
the case of the 6CNR(cove) the first peak has a lower energy
(700 cm´1), in agreement with our predictions. As a conse-
quence we can attribute this experimental peak to the rocking
of the alkyl chains. Now, we can move to the analysis of the
SOLO and TRIO modes: as it can be seen from our simulated
spectra, the wagging of the hydrogen atoms has a higher en-
ergy in the case of edge configuration (860´ 862 cm´1), while
in the cove configuration the energy of this mode is redshifted
to 762 cm´1, in agreement with the expected values for SOLO
and TRIO configuration. However, in the case of 6CNR(cove),
a peak connected to a backbone mode is present at 863 cm´1,
i.e at the same frequency of the SOLO mode. At the same time,
low intensity backbone modes are present for the edge config-
uration at about 750´ 700 cm´1. All this makes the characteri-
zation rather complicated without knowing the displacements.
The comparison with experiments indeed indicates a higher in-
tensity for the TRIO peak in cove configuration for the 6CNR,
while the situation is reversed (higher intensity for the SOLO
peak) in the 4CNR. In the case of the 8CNR, the intensities are
comparable, leaving the attribution less certain.
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Figure 4.5.: The infrared intensities of the 4CNR(edge), 6CNR(edge),
6CNR(cove) and 8CNR(edge) systems, as calculated from
ab-initio principles: the B labels stand for a mode which
involves mainly the backbone of the nanoribbon, the
Chain, SOLO and TRIO labels indicate the modes shown
in Fig 4.6, while the C-H refers to a mode connected to
an OPLA mode but with a slightly lower energy with re-
spect to the range reported in the literature (see Fig. 4.1)

Figure 4.6.: The displacements of the chain, SOLO and TRIO modes.
The images were obtained through the visualization soft-
ware XCrySDen [68]
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Figure 4.7.: Experimental data on the IR absorption spectra of the
4CNR(edge), 6CNR(cove) and 8CNR(edge) systems. Im-
ages are from a private communication: Narita et al.
(2015)



5 O P T I C A L P R O P E R T I E S O F B I -
L AY E R G R A P H E N E N A N O F L A K E S

As introduced in Chapter 1, the electronic and optical prop-
erties of GNRs are highly sensitive to the details of the atomic
structure: the peculiar edge shape (armchair vs. zigzag) im-
plies different electronic and magnetic properties, and even
slight ribbon width variations induce striking variation in the
electronic and optical properties [39, 109]. Moreover, the GNR
properties can be further modulated by means of organic edge
functionalization [34, 32, 33, 31]. Most previous studies were
limited to isolated graphene nanostructures (see Chapter 1).
However, it is well-known that π-π interaction is often very rele-
vant. For instance it is a driving mechanism to spontaneous ag-
gregation for such structures. We here focus on the effect of π-π
coupling on the optical properties of finite graphene nanorib-
bons. Our study comprises many different bilayered graphene
flakes: we study both homogeneous stacking (different geome-
tries for the staking of two identical nanostructures) and het-
erogeneous stacking (stacking of two different nanostructures).
Our investigation confirms that π-π coupling provides an effi-
cient strategy to shape the optical properties of such low dimen-
sional nanostructures.

117



Optical Properties of Bilayer Graphene Nanoflakes
Marzio De Corato,*,†,‡ Caterina Cocchi,‡,∥ Deborah Prezzi,‡ Marilia J. Caldas,§ Elisa Molinari,†,‡

and Alice Ruini*,†,‡

†Dipartimento di Scienze Fisiche, Informatiche, Matematiche, Universita ̀ di Modena e Reggio Emilia, I-41125 Modena, Italy
‡Centro S3, CNR-Istituto Nanoscienze, I-41125 Modena, Italy
§Instituto de Física, Universidade de Saõ Paulo, 05508-900 Saõ Paulo, SP, Brazil
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ABSTRACT: The optical properties of coupled graphene nanoflakes are investigated theoretically
within the framework of Hartree−Fock based semiempirical methods, with the aim of unraveling
the role of π−π interactions. Two different types of π-stacking are considered, obtained either by
coupling two identical flakes with different relative displacement or by coupling flakes having
different width or edge functionalization, i.e., with different electronic gap or ionization potential.
Our results indicate that a systematic red shift and broadening of lowest excitations occur: an
overall widening of the optical absorption range can therefore be expected in an ensemble of flakes.
However, the coupling prevents a strong enhancement of the absorption intensity. In the case of a
heterogeneous ensemble of flakes, the possibility of introducing low-energy excitations with
considerable charge transfer character is also demonstrated by properly exploiting the chemical
edge functionalization.

■ INTRODUCTION

Strong noncovalent interactions between π-conjugated systems
are strategic in biochemistry, supramolecular chemistry, and
materials science. In fact, they typically show up spontaneously
and control such diverse phenomena as the vertical base−base
interactions which stabilize the double helical structure of
DNA,1 the tertiary structures of proteins,2,3 the aggregation of
polycyclic aromatic hydrocarbons (PAHs),4,5 and the aromatic
molecules in organic crystals6,7 and in discotic liquid crystals.8,9

Because of their intriguing photoluminescence phenomena,10,11

supramolecular π-stacked structures have particular techno-
logical relevance for optoelectronic applications.
More recently, the relevance of π-stacking emerged also in

graphene12−15 and its nanostructures,16−18 such as graphene
nanoribbons. The electronic and optical properties of isolated
ribbons have been shown to be highly sensitive to the details of
the atomic structure: the specific edge shape (armchair vs
zigzag) implies different electronic and magnetic proper-
ties,19−21 and even slight ribbon width variations induce
striking modifications in the electronic and optical proper-
ties.22−24 In addition, edge functionalization can also be
exploited to modulate their properties even further.25−29

While most previous studies were limited to isolated graphene
nanostructures, the effect of π−π interactions should be
considered in view of the fact that they spontaneously occur
(e.g., when graphene nanostructures are obtained in solution30

or by unrolling multiwall carbon nanotubes16,17) and with the
idea to intentionally exploit the layer stacking as an additional
parameter to tune their electronic31−36 and optical proper-
ties.36,37

We here focus on the effect of π−π coupling on the optical
properties of finite ribbons, i.e., elongated graphene nanoflakes

(GNFs). Our study comprises several bilayer graphene
nanoflakes (BGNFs), including both homogeneous stacking
(different geometries for the π-stacking between two identical
nanostructures) and heterogeneous stacking (π-stacking
between two different nanostructures, namely, with different
width or with different edge functionalization). For all
considered coupled systems, we find that the low-energy
optical excitations are red-shifted and broadened with respect
to their isolated counterparts. A proper choice of edge
functionalization is also demonstrated to give rise to charge-
transfer excitations. Our whole analysis confirms that the π−π
coupling impacts the optical properties of GNFs, and it can also
provide an efficient strategy to shape the optical properties of
such low-dimensional nanostructures.

■ COMPUTATIONAL DETAILS

We investigate a number of bilayer structures, composed of
elongated GNFs with armchair edges along the length; the flake
ends are shaped to minimize the zigzag region and thus to
avoid spin-related effects.38,39 The bilayer systems are built by
stacking two identical flakes (homogeneous stacking), as shown
in Figure 1, or two flakes differing from each other by either
width or edge functionalization (heterogeneous stacking); see
Figure 3. In the following, single and bilayer systems are labeled
according to both their width parameter N,40 which indicates
the number of dimers along the zigzag direction (y axis in
Figure 1), and their edge terminations. According to this
notation, we consider the homogeneously stacked 7H-7H
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BGNF, which is obtained by coupling two hydrogen terminated
GNFs with N = 7, hereafter labeled 7H; the heterogeneously
stacked 7H-8H and 7H-7F BGNFs, which are obtained by
coupling the 7H GNF with the hydrogenated N = 8 one (8H)
and with the edge-fluorinated N = 7 one (7F).41

The optical properties are computed within the framework of
the Hartree−Fock based semiempirical ZINDO method,42

which is well-tested and reliable for the study of C-conjugated
low-dimensional systems43−48 also in nonbonded π−π
intermolecular conformations.49 The AM1 model,50 usually
adopted for structural optimization of covalently bonded
molecular systems, is however not designed to capture the
effect of intermolecular (van der Waals) interactions. Hence,
we performed geometry optimizations by means of first-
principles density-functional theory (DFT) calculations by
using plane-waves basis set, ultrasoft pseudopotentials, the
Perdew−Burke−Ernzerhof exchange correlation functional,51

and van der Waals interactions through the semiempirical DFT-
D2 approach by Grimme,52 as implemented in the Quantum
ESPRESSO package.53 This approach has proven successful for
the description of several C-based materials54 and is employed
here for both single and bilayer systems.55 The plane-wave
kinetic-energy cutoff was set to 30 Ry for the wave functions
and 240 Ry for the charge density for hydrogen-terminated
GNFs and increased to 48 and 384 Ry, respectively, for systems

including F. Structures were relaxed using a threshold for the
forces on atoms of 10−4 Ry/au.
Starting from the DFT-D2 geometries, optical spectra are

evaluated by employing the semiempirical ZINDO/S approach
with single excitation configuration interaction (CIS).56 Our
convergence tests over the number of occupied and virtual
molecular orbitals (MOs) indicate that a CI energy window of
at least 4.5 eV below the HOMO and 3.5 eV above the LUMO
is required for a reliable characterization of the low-energy
optical excitations.
To further analyze the nature of the main optical excitations,

we compute the spatial distribution of their electron (e) and
hole (h) components, as described in ref 57. Starting from the
MOs in the standard LCAO expansion58

∑ϕ χ= ar r( ) ( )i
j

ji j
(1)

where χj(r) are Slater-type orbital basis functions and aji are the
projection coefficients, the probability density of h and e for the
Ith excited state can be expressed as

∑ρ ϕ= | · |
αβ

αβ αcr r( ) ( )I I
h

2

(2)

∑ρ ϕ= | · |
αβ

αβ βcr r( ) ( )I I
e

2

(3)

Here cαβ
I are CI coefficients weighting the contribution to the

Ith excitation of each transition α → β from occupied (ϕα) to
virtual (ϕβ) MOs. The spatial localization of the excitation can
then be quantified by integrating ρe/h

I (r) over a selected region
of the total system.57

■ RESULTS AND DISCUSSION
Homogeneous Stacking. We first consider a system

composed of two identical hydrogenated N = 7 (7H) GNFs. As
shown in Figure 1, two different arrangements of the 7H flakes
can be identified as compatible with the Bernal stacking typical
of graphite, which we label as 7H-7H(α) and 7H-7H(β),
following the notation of refs 36 and 59. In the α stacking
(Figure 1, upper left panel), one flake is shifted with respect to
the other by a single C−C bond length along the x direction; in
the β stacking the same displacement is applied along a
direction forming an angle of π/3 with the x axis (Figure 1,
upper right panel). The interlayer distance is almost identical
for the α and β arrangements (3.310 and 3.312 Å, as evaluated
at the flake center), and the α configuration is slightly more
stable than the β one (by 0.01 eV). The different packing
conformations result mostly in different alignments of the flake
edges (see Figure 1), which give rise to different combinations
for the molecular orbitals of the BGNFs.
The absorption spectra of the 7H-7H BGNFs for both α and

β stackings are shown in Figure 2a, as compared to the
spectrum of the single 7H GNF. The interlayer coupling clearly
produces a red shift of the first absorption peak of about 0.30
eV for the α stacking and 0.15 eV for the β stacking. Analyzing
the one-electron level structure (Figure 1), we see that in both
cases the HOMO and LUMO of the bilayer are related to a
level splitting that is connected, respectively, to the HOMO
and LUMO of the individual flakes. However, while the α
stacking preserves the yz reflection symmetry, this is not the
case for the β stacking. The different symmetry results in
different energy splittings for α and β, similar to the case of

Figure 1. Ball-and-stick models of the 7H GNF and the 7H-7H
BGNFs (upper panel), with their related frontier orbitals. The bilayer
structures are obtained by combining two N = 7 GNFs in Bernal
stacking with different displacements, i.e., α (left panel) and β (right
panel); see text. C atoms of the top (bottom) layer are in gray (blue);
H atoms are in white. The frontier orbitals are also shown for the
single GNF (central panel): for the α stacking the derivation of the
BGNF orbitals from the ones belonging to the individual GNF is
evident and highlighted with arrows.
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infinite bilayer nanoribbons of the 3p + 1 family.36 The first
optically active excitation (P1) for both α and β configurations
is mainly composed of the HOMO → LUMO transition (H →
L; see Table 1) and is thus directly derived from that of the

single 7H flake. As the HOMO and LUMO orbitals of the
BGNFs are homogeneously distributed over the single flakes
(see Supporting Information and Figure 1, left panel), the e and
h probability densities for this excitation are equally distributed
over the two flakes (see Figure 2 for the α stacking).
For both configurations, dark excitations are detected below

the first optically active peak, as indicated by triangles in Figure
2a. Again, as for the isolated 7H GNF, they are mainly
composed of H − 1 → L and H→ L + 1 transitions (see Table
1 for the α stacking and Table S1 in Supporting Information for
the β stacking). Indeed, the HOMO − 1 and LUMO + 1 states
of the BGNFs are directly related to the splitting of the HOMO
− 1 and LUMO + 1 levels of the single flake (see Figure 1).
However, while for the α stacking we see only one dark state in
this energy region (red triangles in Figure 2), in the case of β
stacking three dark states (blue empty triangles) are found, as a
consequence of the lower symmetry and different level
splittings.

We thus see that a very small difference in the stacking
configuration can produce a significant difference in the optical
properties. Going further in this investigation, we found that,
preserving the symmetry of the α stacking but imparting larger
shifts between the GNFs in the x direction, the interlayer
coupling weakens and finally vanishes because of insufficient π-
overlap area (see Figure S2). In other words, the π-stacking in a
realistic ensemble of identical flakes is expected to produce a
significant broadening of the low-energy absorption peak,
which can be about 0.4 eV for such subnanometer narrow flakes
(as evaluated from the energy spread of the lowest peaks in the
absorption spectra of differently coupled 7H flakes; see Figure
2).
On the other hand, even if one could expect a strong

enhancement of the absorption intensity as compared to the
single flakes, this is not the case because of the specific
character of the transition dipole moment μ⃗ in these GNFs:
while μ⃗ gains a small intensity in the direction normal to the
flakes in the bilayer structures, there is a “ring-by-ring”
cancellation in the parallel direction that compensates for the
presence of two flakes.

Heterogeneous Stacking. After the homogeneous stack-
ing of identical hydrogenated flakes, we now analyze the
coupling of two hydrogenated flakes of different width, namely,
N = 7 and N = 8, resulting in the 7H-8H BGNF displayed in
Figure 3a. In Figure 3b we show the AM1 electron affinities and

ionization potentials calculated for the isolated flakes. The
smaller gap associated with the 8H flake, as expected from the
3p + m modulated electronic properties of GNFs,57,60 suggests
that the low-energy optical activity of the bilayer structure will
be dominated by the excitations of the 8H flake, as we will
confirm in the following.
The frontier orbitals of the 7H-8H BGNF (see Figure S1,

central panel) are consistent with the level alignment displayed
in Figure 3b: we find that the HOMO and LUMO states are
mainly localized on the 8H flake, while HOMO − 1 and
LUMO + 1 are more localized on the 7H flake. The optical
spectrum of the 7H-8H BGNF, shown in Figure 4a, reflects this
spatial separation of the frontier orbitals: at first sight, it indeed
looks like a simple superposition of the spectra of the individual
7H and 8H GNFs. In fact, the first active excitation P1 derives
from the first excited state of the 8H flake, since it is mainly
composed of the H → L transition and therefore prevalently
localized on the 8H flake, as also shown by the corresponding
e/h densities in Figure 4b. Furthermore, the second most
prominent peak P3, mainly involving the H − 1 → L + 1
transition, is accordingly more localized on the 7H GNF, thus

Figure 2. Optical properties of the 7H-7H BGNFs. (a) Absorption
spectra for the α (solid red) and β (dashed blue) stacking
configurations, compared to the spectrum of the isolated N = 7
GNF (gray area). Triangles indicate optically inactive states. For the
spectra we use a Lorentzian broadening of 100 meV. (b) Probability
densities of the electrons (red) and holes (blue) for the first dark (D)
and the first optically active (P1) excitation of the 7H-7H (α) BGNF
(D and P1 are also indicated as I1 and I2, according to the notation in
Table 1).

Table 1. Low Energy Optical Excitations (I) of the 7H-7H
(α) BGNFa

I E OS cαβ
2 μ∥ μ⊥

1 2.28 0.00 (0.52) H − 1 → L 0.00 0.00
(0.25) H → L+1

2 2.37 1.22 (0.83) H → L 11.46 1.95
3 2.44 0.00 (0.14) H − 4 → L 0.40 0.01

(0.22) H − 1 → L + 2
(0.33) H → L + 3

4 2.54 0.00 (0.35) H − 2 → L 0.00 0.00
(0.52) H → L + 2

20 3.37 2.97 (0.51) H − 2 → L + 2 15.15 1.71
(0.23) H − 1 → L + 1

aEnergy (E, in eV), oscillator strength (OS), squared CI coefficients
(cαβ

2) of relevant transitions (cαβ
2 ≥ 0.1), and the projections of the

transition dipole moment (μ in D) in the GNF plane (xy plane, μ∥)
and perpendicular to it (z direction, μ⊥).

Figure 3. (a) Ball-and-stick model of the 7H-8H and 7H-7F BGNFs.
C atoms of the 7H GNF are in gray, and C atoms of the 8H and 7F
GNFs are in blue. H atoms are in white and F atoms in light blue. (b)
Scheme for the electron affinity (EA) and ionization potential (IP) of
the single GNFs considered here, calculated using the AM1 method
(see text).
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retaining the character of the first peak of the 7H GNF, as
shown by the e/h densities in Figure 4b. Nonetheless, some
subtle features can be directly related to the π−π coupling
between the two flakes, such as the lowering of the oscillator
strengths (dipole effect), the slight energy shifts of the main
peaks (interaction splitting), and the appearance of other low-
energy excitations, such as the new peak P2 at intermediate
energy in Figure 4 (corresponding to the I3 excitation in Table
2), for which the e/h density is in fact almost equally

distributed over the two flakes, as shown in Figure S3.
Combining the results of homogeneous and heterogeneous
stacking of hydrogenated flakes, we confirm the conclusion that
in a more disordered medium, the optical absorption range is
expected to be expanded by over 1 eV.
We next consider the case of a heterogeneous bilayer

structure obtained by means of different edge functionalization
of the components, namely, the 7H-7F BGNF. Here we focus
only on the α configuration, since we find that the differences
between α and β alignment are very similar to those discussed
for the fully hydrogenated case. As found for single fluorinated
GNFs,60 distortion effects appear also in the bilayer structure:
they are mainly localized at the fluorinated edges and are even
reduced compared to the isolated system, stating the relevance
of intermolecular interactions.

From the scheme of the electron affinity and ionization
potential of the individual flakes in Figure 3b, one could expect
a corresponding sizable reduction of the optical gap in the
BGNF with respect to the single flakes. Indeed, the energies of
the first excited states (dark and active, D and P1, respectively)
are downshifted by about 0.3 eV with respect to the 7H GNF
(see Figure 5a). However, these excitation energies are almost

unchanged if compared to the homogeneous 7H-7H(α)
stacking (Table 3 and Table 1). This is also the case for the
β stacking, as detailed in the Supporting Information.
Apparently, the interaction splitting leading to the gap closure
in the fully hydrogenated BGNF equals the level alignment
effect, which should dominate in the case of the heterogeneous
7H-7F stacking. Analyzing the localization of the frontier
orbitals (see Figure S1, right panel), we find that although the
LUMO and the LUMO + 1 are mainly localized on the 7F
flake, the HOMO and the HOMO − 1 spread over both flakes
(the latter to a smaller extent), indicating a sizable
rehybridization of the states. This means that the reduction
of the optical gap in the 7H-7F case is not only due to the type
II level alignment but also due to interaction splitting effects.
Furthermore, we can analyze the charge-transfer character of
the lowest energy excitations. To this end, we compute the
electron spatial localization of the Ith excitation Le

I , integrating
ρe
I over a box containing each of the flakes composing the

bilayer structure, and analogously for the hole spatial
localization Lh

I (see Table 3). We quantify the charge-transfer
character of the excitation by computing the difference between
electron and hole localization on the same flake. This analysis
clearly highlights the difference between the 7H-7H and the
7H-7F systems: in the latter case the hole is mostly localized in
the hydrogenated and the electron in the fluorinated flake for
the lowest-energy excitations, which present a considerable
charge transfer character (see Table 3 and Figure 5b). These
results imply that in the case of a mixed ensemble of π-stacked
flakes with different width and edge termination, the red shift
and widening of the optical absorption range will be
accompanied by additional charge transfer effects (similar
effects were suggested for different π-coupled systems, e.g., like
nanopeapods61).

■ CONCLUSIONS
We studied the effect of π-stacking on the optical properties of
elongated graphene nanoflakes with armchair edges. Our study

Figure 4. (a) UV−vis spectrum of the 7H-8H BGNF (solid dark
green) compared to the spectra of the isolated 7H (gray area) and 8H
GNFs (dashed light green). The spectra are obtained by using a
Lorentzian broadening of 100 meV. (b) Electron (red) and hole
(blue) probability densities for the two main low-energy peaks P1 and
P3, indicated in (a) and labeled as I1 and I9 in Table 2.

Table 2. Low Energy Optical Excitations (I) of the 7H-8H
BGNFa

I E OS cαβ
2 μ∥ μ⊥

1 1.66 1.49 (0.89) H → L 15.36 0.92
2 2.06 0.02 (0.20) H − 2 → L 1.55 0.06

(0.31) H − 1 → L
(0.11) H → L + 1
(0.10) H → L + 3

3 2.17 0.17 (0.11) H − 2 → L 4.16 1.74
(0.45) H − 1 → L
(0.32) H → L + 1

9 2.66 0.64 (0.44) H − 1 → L + 1 7.96 0.30
(0.12) H → L + 2

28 3.32 2.18 (0.10) H − 2 → L + 1 13.12 0.90
(0.10) H − 1 → L + 3

aEnergy (E, in eV), oscillator strength (OS), squared CI coefficients
(cαβ

2) of relevant transitions (cαβ
2 ≥ 0.1), and the projections of the

transition dipole moment (μ, in D) in the GNF plane (xy plane, μ∥)
and perpendicular to it (z direction, μ⊥).

Figure 5. (a) UV−vis spectrum of the 7H-7F BGNF in α alignment
(solid red) compared to the spectra of the isolated 7H (gray area) and
7F (dashed light blue) GNFs and of the 7H-7H BGNF (solid blue).
For the spectra we use a Lorentzian broadening of 100 meV. The
triangles indicate the position of dark states. (b) Electron (red) and
hole (blue) probability densities of the first two excitations D and P1
(labeled as I1 and I2 in Table 3 for the 7H-7F(α) BGNF).
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covered two different types of stacking, namely, the coupling
between identical flakes with different relative displacement
(homogeneous stacking) and the coupling between different
flakes, carrying different electronic properties in terms of
electronic gap or ionization potential (heterogeneous stacking).
Our findings indicate that in a disordered ensemble of
interacting graphene nanoflakes, with different width and
edge termination, a significant increase of the optical absorpion
range is to be expected. On the other hand, our analysis of the
optical excitations and the transition dipole moments allows us
to clarify that one should not expect a considerable enhance-
ment of the absorption intensity. Instead, charge transfer
excitonic phenomena relevant in optoelectronic applications
can be designed by appropriately choosing the chemical
functionalization and the layering procedure.
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(34) Gonzaĺez, J. W.; Santos, H.; Pacheco, M.; Chico, L.; Brey, L.
Electronic Transport through Bilayer Graphene Flakes. Phys. Rev. B
2010, 81, 195406.

(35) Sahu, B.; Min, H.; Banerjee, S. K. Effects of Magnetism and
Electric Field on the Energy Gap of Bilayer Graphene Nanoflakes.
Phys. Rev. B 2010, 81, 045414.
(36) Gundra, K.; Shukla, A. Band Structure and Optical Absorption
in Multilayer Armchair Graphene Nanoribbons: A Pariser−Parr−
Pople Model Study. Phys. Rev. B 2011, 84, 075442.
(37) Wright, A. R.; Cao, J. C.; Zhang, C. Enhanced Optical
Conductivity of Bilayer Graphene Nanoribbons in the Terahertz
Regime. Phys. Rev. Lett. 2009, 103, 207401.
(38) Shemella, P.; Zhang, Y.; Mailman, M.; Ajayan, P.; Nayak, S.
Energy Gaps in Zero-Dimensional Graphene Nanoribbons. Appl. Phys.
Lett. 2007, 91, 042101.
(39) Hod, O.; Barone, V.; Scuseria, G. E. Half-Metallic Graphene
Nanodots: A Comprehensive First-Principles Theoretical Study. Phys.
Rev. B 2008, 77, 035411.
(40) Nakada, K.; Fujita, M.; Dresselhaus, G.; Dresselhaus, M. S. Edge
State in Graphene Ribbons: Nanometer Size Effect and Edge Shape
Dependence. Phys. Rev. B 1996, 54, 17954.
(41) The structures considered here are approximately 24 Å long and
less than 10 Å wide.
(42) Ridley, J.; Zerner, M. An Intermediate Neglect of Differential
Overlap Techinique for Spectroscopy: Pyrrole and the Azines. Theor.
Chem. Acta 1973, 32, 111−134.
(43) Kwasniewski, S. P.; Deleuze, M. S.; Francois, J. P. Optical
Properties of trans-Stilbene Using Semi-Empirical and Time-Depend-
ent Density Functional Theory: A Comparative Study. Int. J. Quantum
Chem. 2000, 80, 672.
(44) Lopata, K.; Reslan, R.; Kowalska, M.; Neuhauser, D.; Govind,
N.; Kowalski, K. Excited-State Studies of Polyacenes: A Comparative
Picture Using EOMCCSD, CR-EOMCCSD(T), Range-Separated
(LR/RT)-TDDFT, TD-PM3, and TD-ZINDO. J. Chem. Theory
Comput. 2011, 7, 3686.
(45) Wetmore, S. D.; Boyd, R. J.; Eriksson, L. A. Electron Affinities
and Ionization Potentials of Nucleotide Bases. Chem. Phys. Lett. 2000,
322, 129−135.
(46) Caldas, M. J.; Pettenati, E.; Goldoni, G.; Molinari, E. Tailoring
of Light Emission Properties of Functionalized Oligothiophenes. Appl.
Phys. Lett. 2001, 79, 2505−2507.
(47) Dav́ila, L. Y. A.; Caldas, M. J. Applicability of MNDO
Techniques AM1 and PM3 to Ring-Structured Polymers. J. Comput.
Chem. 2002, 23, 1135.
(48) Kubatkin, S.; Danilov, A.; Hjort, M.; Cornil, J.; Bred́as, J.; Stuhr-
Hansen, N.; Hedegård, P.; Bjørnholm, T. Single-Electron Transistor of
a Single Organic Molecule with Access to Several Redox States. Nature
(London) 2002, 32, 567−569.
(49) Machado, A.; Munaro, M.; Martins, T.; Davila, L.; Giro, R.;
Caldas, M.; Atvars, T.; Akcelrud, L. Photoluminescence Studies of
Phenanthrene−Azomethyne Conjugated−Nonconjugated Multiblock
Copolymer. Macromolecules 2006, 39, 3398−3407.
(50) Dewar, M. J. S.; Zoebish, E. G.; Healy, E. F.; Stewart, J. J. P. A
New General Purpose Quantum Mechanical Molecular Model. J. Am.
Chem. Soc. 1985, 107, 3902−3909.
(51) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865−3868.
(52) Grimme, S. Semiempirical GGA-Type Density Functional
Constructed with a Long-Range Dispersion Correction. J. Comput.
Chem. 2006, 27, 1787−1799.
(53) Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.;
Cavazzoni, C.; Ceresoli, D.; Charotti, G. L.; Cococcioni, M.; Dabo, I.;
et al. Quantum ESPRESSO: A Modular and Open-Source Software
Project for Quantum Simulations of Materials. J. Phys.: Condens. Matter
2009, 21, 395502. See also http://www.quantum-espresso.org.
(54) Barone, V.; Casarin, M.; Forrer, D.; Pavone, M.; Sambi, M.;
Vittadini, A. Role and Effective Treatment of Dispersive Forces in
Materials: Polyethylene and Graphite Crystals as Test Cases. J.
Comput. Chem. 2009, 30, 934−939.
(55) By comparing PBE-D2 and AM1 optimized geometries for the
single GNFs, we find small differences in bond lengths (the largest

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp504222m | J. Phys. Chem. C 2014, 118, 23219−2322523224



difference being 0.025 Å) that induce a slight lowering of optical
excitation energies,60 which however does not affect the overall results.
(56) ZINDO/S calculations are performed using a LCAO basis set,
the INDO/1 Hamiltonian, and the Mataga−Nishimoto scheme to
evaluate Coulomb integrals, as implemented in the VAMP module
included in the Accelrys Materials Studio software, version 6.0 (http://
accelrys.com/products/materials-studio). The validation of the
ZINDO scheme with respect to ab initio approaches was presented
in many previous works (e.g., see refs 43 and 44), while it was
discussed in ref 62 for the specific graphene flakes addressed here.
(57) Cocchi, C.; Prezzi, D.; Ruini, A.; Caldas, M.; Molinari, E. Optical
Properties and Charge-Transfer Excitations in Edge-Functionalized
All-Graphene Nanojunctions. J. Phys. Chem. Lett. 2011, 2, 1315−1319.
(58) Jensen, F. Introduction to Computational Chemistry, 2nd ed.;
Wiley: Hoboken, NJ, 2007.
(59) Sahu, B.; Min, H.; MacDonald, A. H.; Banerjee, S. K. Energy
Gaps, Magnetism, and Electric-Field Effects in Bilayer Graphene
Nanoribbons. Phys. Rev. B 2008, 78, 045404.
(60) Cocchi, C.; Prezzi, D.; Ruini, A.; Caldas, M. J.; Molinari, E.
Electronics and Optics of Graphene Nanoflakes: Edge Functionaliza-
tion and Structural Distortions. J. Phys. Chem. C 2012, 116, 17328−
17335.
(61) Milko, M.; Puschnig, P.; Blondeau, P.; Menna, E.; Gao, J.; Loi,
M. A.; Draxl, C. Evidence of Hybrid Excitons in Weakly Interacting
Nanopeapods. J. Phys. Chem. Lett. 2013, 4, 2664−2667.
(62) Cocchi, C.; Prezzi, D.; Ruini, A.; Benassi, E.; Caldas, M. J.;
Corni, S.; Molinari, E. Optical Excitations and Field Enhancement in
Short Graphene Nanoribbons. J. Phys. Chem. Lett. 2012, 3, 924−929.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp504222m | J. Phys. Chem. C 2014, 118, 23219−2322523225



Marzio De Corato,∗,†,‡ Caterina Cocchi,‡ Alice Ruini,∗,†,‡ Deborah Prezzi,‡ Marilia

J. Caldas,¶ and Elisa Molinari†,‡

Dipartimento di Scienze Fisiche, Informatiche, Matematiche, Università di Modena e Reggio

Emilia, I-41125 Modena, Italy, Centro S3, CNR-Istituto Nanoscienze, I-41125 Modena, Italy, and

Instituto de Física, Universidade de São Paulo, 05508-900 São Paulo, SP, Brazil

E-mail: marzio.decorato@unimore.it; alice.ruini@unimore.it

∗To whom correspondence should be addressed
†Dipartimento di Scienze Fisiche, Informatiche, Matematiche, Università di Modena e Reggio Emilia, I-41125

Modena, Italy
‡Centro S3, CNR-Istituto Nanoscienze, I-41125 Modena, Italy
¶Instituto de Física, Universidade de São Paulo, 05508-900 São Paulo, SP, Brazil

1



Abstract

Keywords: ZINDO, AM1, substitution, UV-vis spectrum, graphene nanoribbons, configura-

tion interaction

2



This Supporting Info is organized as follows: the first section provides the optical absorption

results for additional biflake structures, that are obtained by stacking two 7H flakes wih different

relative shifts along their main axis; the frontier orbitals for all the GNFs that are employed to

build the biflake configurations investigated in this paper are shown in the second section; the last

section reports the details of the UV-VIS spectra which are not provided in the main text.

Effects of the overlap area on the optical properties

In order to understand the relationship between the π-coupling effect and the area the overlap re-

gion, we investigated additional configurations for the homogeneous stacking of the 7H flakes,

where the symmetry is maintained (α-like stacking) but different relative displacements are con-

sidered; we therefore address the 7H-7H α ′ and 7H-7H α ′′ configurations (see Fig. Figure 1a-b),

where the flakes are displaced by four and eight C-C bond lengths, respectively, along the x direc-

tion. In Fig. Figure 1c we compare the absorption spectra of α , α ′ and α ′′ BGNFs. For the α ′

system, we observe that the peak position is only slightly blueshifted compared to the considerable

reduction of overlap area. By further increasing the displacement (α ′′), we find that the energy

position of the first peak tends to blueshift back toward the value of the isolated 7H GNF and

the oscillator strenght increases toward two times the value of the isolated 7H GNF, both effects

indicating an almost negligible coupling in this latter case.
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Figure 1: (a,b) Ball-and-stick model of the 7H-7H BGNFs obtained by combining two N = 7
GNFs in Bernal stacking, in the α configuration, and shifting one flake by four C-C bond lengths
along the x axis with respect to the other one (α ′) and by eight bond lengths along the x axis with
respect to the other one (α ′′). (c) The absorption spectra obtained for different relative shifts of the
flakes composing the α configuration, namely α ′ (dashed magenta) and α ′′ (dot-dashed violet).
The spectra were obtained by using a Lorentzian broadening of 50 meV.
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Frontier orbitals

The frontier orbitals of the biflakes investigated in this work (see main text) are shown in Fig. Fig-

ure 2. In the case of the homogeneos stacking, the charge density is equally distributed on the two

(identical) flakes, while in the case of the heterogeneous stacking this is not the case: according to

the picture emerging from the calculation of electron affinity and ionization potential, we find that

for the 7H-8H BGNF both HOMO (HOMO-1) and LUMO (LUMO+1) states are more localized

on the 8H (7H) flake, while the electron distribution associated to HOMO and HOMO-1 (LUMO

and LUMO+1) is more pronounced on the 7H (7F) flake in the case of the 7H-7F BGNF.

Figure 2: Frontier orbitals for the 7H-7H α , 7H-8H and 7H-7F α bilayer graphene nanoflakes.
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Details of the UV-VIS spectra

We report in Table Table 1 the contribution to the most prominent low-energy optical excitations

for the 7H-7H β BGNF.

Table 1: Low energy optical excitations (I) of the 7H-7H (β ) BGNF: energy (E, in eV), oscilla-
tor strength (OS), CI coefficients (Cαβ ) of relevant transitions (Cαβ ≥ 0.1), and the projections
of the transition dipole moment (µ , in D) in the GNF plane (xy plane, µ‖), and perpendicular
to it (z direction, µ⊥).

I E OS Cαβ µ‖ µ⊥

1 2.31 0.00
(0.32) H-1→ L

0.00 0.00
(0.27) H→ L+1

2 2.44 0.04
(0.19) H-2→ L+1

1.99 -0.47(0.19) H-1→ L+2
(0.20) H→ L+3

3 2.45 0.00
(0.33) H-1→ L

0.00 0.00
(0.44) H→ L+1

4 2.51 0.73
(0.13) H-1→ L+1

8.65 -1.41
(0.63) H→ L

19 3.29 4.14
(0.31) H-2→ L+1

18.11 1.74
(0.28) H-1→ L+2

The optical absorption spectrum for the 7H-7F β BGNFs is reported in Fig. Table 2 and the

details of the corresponding excitations are provided in Table Table 2. As for the 7H-7H β BGNF„

a redshift can be recognized also for the 7H-7F β BGNF. This shift, however, is less pronounced

with respect to the α case reported in the main text. It is worth noting that in both cases the first

active peak is preceded by three dark excitations. Finally, as for the α case, the functionalization

with -F seems to enhance the charge transfer character of the excitations.
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Figure 3: Properties the β configuration: (a) absorption spectra for the 7H-7F and 7H-7H BGNFs
in the β (dashed blue) configuration compared to the one of the isolated 7H (grey area) and 7F
(dashed light blue) GNF . (b) probability densities of the electrons (red) and holes (blue) for the
two first excitations (D1,D2) of 7H-7F (β ) BGNF. For the spectra we use a Lorentzian broadening
of 50 meV.

Table 2: Low energy optical excitations (I) of the 7H-7F (β ) BGNF: energy (E, in eV), oscilla-
tor strength (OS), CI coefficients (Cαβ ) of relevant transitions (Cαβ ≥ 0.1), and the projections
of the transition dipole moment (µ , in D) in the GNF plane (xy plane, µ‖), and perpendicular
to it (z direction, µ⊥).

I E OS Cαβ µ‖ µ⊥ L7F
e L7F

h CT

1 2.23 0.02
(0.15) H-1→L

1.58 -0.45 0.79 0.34 0.45
(0.44) H→L

2 2.41 0.06
(0.15) H-1→L

2.62 0.34 0.57 0.41 0.16(0.11) H-1→L+2
(0.16) H→L+4

3 2.43 0.02

(0.11) H-2→L

1.47 0.24 0.70 0.45 0.25
(0.15) H-1→L
(0.15) H-1→L+1
(0.13) H→L+2

4 2.49 0.52
(0.32) H-1→L

7.28 1.39 0.72 0.33 0.39(0.14) H→L
(0.30) H→L+1

5 2.58 0.11
(0.24) H→L

3.38 0.59 0.68 0.24 0.44
(0.30) H→L+1

34 3.60 2.90 (0.18) H-2→L+4 14.55 0.21 0.48 0.41 0.09
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6 L AT T I C E DY N A M I C S O F 2 D
G R A P H E N E / H - B N S U P E R L AT-
T I C E S

The superlattices represent one of the oldest and well-know
technique for the realization of quantum confinement. This ap-
proach was widely exploited in the past for several bulk semi-
conductors [85, 24]. As reviewed in Section 1.4 this method was
recently re-proposed for 2D systems; however, although many
theoretical studies were dedicated to the investigation of the
electronic structure of 2D superlattices, little is known about
their vibrational properties. In this chapter we are going to
present the main results of our theoretical investigation (still in
progress) concerning the lattice dynamics of h-BN/Gr superlat-
tices, where we consider both armchair and zig-zag interfaces
as shown in Fig. 6.1 .

6.1 computational methods and sys-
tem description

Calculations were performed within the density functional
theory (DFT) and the density functional perturbation theory
[10] (DFPT), as described in Chapter 3 and implemented in the
Quantum-Espresso suite of codes [50]. The local density ap-
proximation (LDA) was choosen for the exchange-correlation
functional. Norm conserving pseudopotentials were employed,
with a plane-wave cutoff energy of 80 Ry. A vacuum region
of 12 Å in the non periodic directions was introduced to pre-
vent interaction between periodic images. The atomic posi-
tions were fully relaxed until forces were less than 5 ˆ 10´4

a.u. The BZ of the heterojunctions was sampled with a 2ˆ16ˆ1

k-point Monkhorst-Pack grid [86]. We characterize the vibra-
tional properties of two types of superlattices where the inter-
face is along the zig-zag or armchair direction, respectively: the
first superlattice is formed by the junction of a 6ZGNR and a
6ZBNNR; the second is composed by the repetition of a 6AGNR
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134 lattice dynamics of 2d graphene/h-bn superlattices

Figure 6.1.: The heterojunctions investigated in this paper: such
2D superlattices can be seen as a combination of two
armchair/zig-zag nanoribbons composed by graphene
and by h-BN. The respective unitary cells are highlighted
with a dashed red line.

and a 6ABNNR. The systems under investigation are shown in
Fig. 6.1.

6.2 results

6zgnr/6zbnnr We start our discussion from the longitudi-
nal (L) modes: as shown in Figure 6.2, the LO branches of
graphene and h-BN present two gaps. However, these cover
two different frequency ranges that do not overlap: as a conse-
quence, no longitudinal interface modes are present in the het-
erojunction [24, 85]. Some localized modes are instead present
in the frequency range 1574´ 1654 cm´1 where three non dis-
persive bands appear in the graphene region (LO1: 1604 cm´1;
LO2: 1624 cm´1; LO3: 1626 cm´1), in view of the different
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ranges spanned by the LO branches in the two materials. All
the other longitudinal modes are extended over the whole het-
erojunction.
The situation for the transverse polarization is rather different:
as shown in Fig 6.3, the TO branches of graphene and of h-
BN cover two different regions that are not overlapping (h-BN:
1282´ 1385 cm´1 ; Gr: 1445´ 1611 cm´1). This implies that all
the optical modes are localized either on the h-BN component
or on the graphene component. However only the highest two
ones (TO3: 1433 cm´1; TO2: 1421 cm´1) have displacements
typical of interfaces modes [24, 85], while the lowest one (TO1:
1405 cm´1) is unequivocally localized on h-BN. This behaviour
is due to the fact that the lattice parameter of h-BN in the het-
erostructure is smaller with respect to the bulk material [1] .
Consequently, the transversal bands of the h-BN are slightly
blue-shifted (see solid vs dashed lines for the dispersion com-
puted with the ideal lattice parameter and the lattice parameter
obtained in the junction, respectively) and this reduces the gap
enough to exclude the mode TO1. For graphene no significant
modifications of the band are instead found.
As we move to the z polarization, we note that the graphene
and h-BN branches have partially overlapping gaps which can
again give rise to interface modes. As reported in Fig 6.4 only
one interface mode is present in this region (ZO1: 609 cm´1)
that involves the B-C bond. One would expect in principle to
find also an interface mode related to the N-C bond at a differ-
ent frequency, being the two interfaces inequivalent. However,
the frequency of the latter is expected to be lower since the
mass M of N atom is larger with respect to the B one: a first
evaluation of the difference between the frequencies ν of these
two bonds can be obtained using the relation:

νC´N
νC´B

»

?
MB

?
MN

(6.1)

According to this evaluation the frequency of the N-C bond is
about 500 cm´1, value that is close to the lower limit of the
vibrational gap.
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Figure 6.2.: The highest energy part of the longitudinal branches of
graphene and of h-BN compared with the longitudinal
phonon dispersion of the 6ZGNR/6ZBNNR heterojunc-
tion: despite the presence of vibrational gaps in the
branches of the bulk materials, no interface mode can
be present due to the fact that the gaps are not over-
lapping; however three localized modes are present (two
of them are very close in energy), since the 1574´ 1654
cm´1 interval is covered only by the graphene disper-
sion: this produces the non-dispersive mode LO1,LO2
and LO3 that are localized in the graphene region (see
the lowest panel). The dashed lines represent the longi-
tudinal branches of strained graphene and of strained h-
BN, obtained with bulk calculations where we imposed
the lattice parameter of the heterostructure components
[1]



6.2 results 137

Figure 6.3.: The highest energy part of the transverse branches of
graphene and of h-BN compared with the transverse
phonon dispersion of the 6ZGNR/6ZBNNR heterostruc-
ture: in this case the bands of graphene and of h-
BN cover two different frequency intervals (respectively
1445 ´ 1611 cm´1 and 1282 ´ 1385 cm´1) that are not
overlapping; as a consequence there is a forbidden fre-
quency range where the interface modes can be present .
Concerning the 6ZGNR/6ZBNNR heterojunction, three
modes lie within this interval TO1, TO2 and TO3(their
displacements are reported in the lower panels): while
the TO2 and TO3 modes have displacements that are typ-
ical of an interface mode, the TO1 mode is clearly a local-
ized mode in the h-BN lattice. This localized behaviour
is explained if one considers the phonon dispersion of a
strained h-BN (dashed lines) [1] . As for the longitudinal
modes, this effect is negligible for the graphene disper-
sion.
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Figure 6.4.: The z branches of graphene and of the h-BN compared
with the z phonon dispersion of the 6ZGNR/6ZBNNR
heterostructure: in this case the vibrational gap of
graphene and of h-BN are overlapping: one interface
mode (ZO1) of the heterostructure in this overlap region,
whose displacement is reported in the lower panel.
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Figure 6.5.: The phonon dispersion polarized along the Z axis for
graphene, h-BN and 6AGNR/6ABNNR. Note that, since
no gap is present in the phonon disperison of graphene,
no interface mode is allowed.

6agnr/6abnnr In Figure 6.6 the longitudinal and transverse
phonon bands dispersions of graphene and h-BN are reported
along the ΓKM path corresponding to the armchair interface.
While no overlapping gaps are present for the LO and ZO
branches, one appears in the TO case ( 1008´ 1200 cm´1). As
a consequence, one expects some transverse interface modes
in this region. However, looking to the phonon dispersion of
the heterostructure, no flat bands are found in the overlapping
range, as confirmed also by the analysis of the displacements.
The explanation of this behaviour lies on the fact that the gap
modes are located close to the K point, where they have an hy-
brid longitudinal/transverse character. Since the longitudinal
component is allowed for any frequency in graphene, the lon-
gitudinal component of the hybrid gap modes can propagate
in graphene: this excludes the presence of the transverse inter-
face modes which are thus not present at all in the armchair
junction.

Raman spectrum of 6AGNR/6ABNNR Contrary to the zig-zag
heterostructure, we are able to calculate the Raman spectrum
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Figure 6.6.: The longitudinal (dashed line) and transverse (solid line)
phonon band structure of graphene and of h-BN com-
pared to the phonon dispersion of the heterostructure
6AGNR/6ABNNR: due to the fact near K the vibrational
modes are not purely longitudinal or transversal and no
gap is present in the longitudinal branches of graphene
no interface mode is allowed

from first principles for the armchair system (see Fig 6.7): at a
first sight we note the presence of the Dc and Gc peaks which
are characteristic of a carbon armchair system (see Chapter 1)
together with the GBN peak of h-BN [46, 55]; these peaks cor-
respond to longitudinal optical displacements localized respec-
tively in the carbon and in h-BN components without any node
(0-LO) . In addition to these peaks, which are characteristic
of the bulk materials, further ones appears as result of the h-
BN/graphene coupling: the Gext peak, in which the whole het-
erostructure has a displacement close to the 0-LO mode, and
then a peak close to the Dext peak, whose displacement resem-
bles the ring-stretching mode.
Moving to the lower part of the spectrum (inset of Fig 6.7), we
can see a very intense peak at 451 cm´1: from its displacement
we can attribute it to the radial-like breathing mode (RLBM)
of both nanoribbons, which in this case have almost the same
width. As shown in Chapter 1, the frequency of this mode can
be used to predict the width for each component of the junction:



6.2 results 141

Figure 6.7.: The optical (upper panel) and acoustical (lower panel) ra-
man spectrum of the heterostructure 6AGNR/6ABNNR
accompained by the displacement and the energy of the
most important peaks

in our case, according to Eq. 1.15, we find a width of 7.14 Å
which differs only by 0.21Å with respect to the carbon compo-
nent and only by 0.26 Å with respect to the h-BN component.
It is worth noting that also for the 6ZGNR/6ZBNNR system
this mode is present: in this case the predicted width is 11.89 Å
value which differs by 0.89 Å with respect to the carbon com-
ponent and by 1.06 Å with respect to the h-BN component. A
detailed analysis of the RLBM of these heterostructure will be
the subject of further investigations.
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6.3 summary
We investigate with ab-initio techniques the vibrational prop-

erties of h-BN/graphene superlattices with both armchair and
zig-zag interfaces: we find that, while for the zigzag case three
interface modes are allowed (T: 1434 and 1421 cm´1; Z: 609
cm´1), for the armchair case they are not present. The analysis
of the Raman spectrum of the armchair heterostructure showed
that this is not only composed by the modes connected to the
armchair bulk lattice (Dc and Gc for graphene and GBN for h-
BN) but it is also formed by two modes which are produced by
the coupling of these 2D lattices ( Dext and Gext ). It is worth
stressing that the presence of the D peak is the easiest marker
of the presence of an armchair junction, since it is not allowed
in the zig-zag case. Furthermore a prediction of the width of
the heterostructure components can be obtained using the fre-
quency of the RLBM as for isolated nanoribbons. We plan to
continue this work by investigating the phonon band disper-
sion and the Raman spectrum of other 2D superlattices such as
those composed by different TMDCs.



C O N C L U S I O N S

This thesis work was devoted to the computational study of
different graphene-based nanostructures. Specifically, the fol-
lowing open issues were addressed: a) the interpretation of the
Raman and infrared spectra of GNRs with different edge mor-
phologies, b) the effects of π-π coupling on the UV-VIS spec-
tra for elongated armchair graphene nanoflakes, c) the lattice
dynamics of 2D superlattices composed by the alternation of
h-BN and graphene stripes. Concerning the point b) different
coupled systems were considered: these included two identical
nanoflakes staked in different configurations, two nanoflakes
with different widths and two identical nanoflakes with differ-
ent functionalizations. From our calculations, based on the HF
semi-empirical methods, we point out that the UV-VIS absorp-
tion spectrum as well as the charge transfer excitonic phenom-
ena can be tuned by properly choosing the nanoflakes that com-
pose the macromolecular system. As, for issue (a) the Raman
and IR vibrational spectra of GNRs were investigated in col-
laboration with different experimental groups. Our ab-initio
calculations on the Raman spectra of GNRs obtained by our
experimental collaborators show that the different low energy
peaks, especially the radial-like breathing mode (RLBM), are
very sensitive to the edge morphology as well as to the edge
functionalization. For these nanostructures the well known ZF
method that links the width of a purely zig-zag or armchair
GNR with the frequency of RLBM does not hold anymore. We
then proposed a model through which we are able to correctly
consider the role of the edge morphology as well as of the alkyl
chains attached at the edges. Through different ab-initio calcu-
lations, we also interpret the experimental IR spectra of the
same GNRs. Finally, concerning the current work (c) on 2D su-
perlattices, we find that the interface modes are allowed only
for the zig-zag junction.
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A P P E N D I X A : T H E R O O H T H A A N -
H A L L E Q U AT I O N S

The HF equation 3.15 are in a integro-differential form: con-
sequently, in order to be solved with the standard techniques,
a matrix form is highly suitable. This task was performed inde-
pendently by Roothaan [110] and by Haal [56] in 1951. For this
purpose the spin-orbitals are developed in to a basis of atomic
orbitals φν according to the linear combination of atomic or-
bitals (LCAO) approach [74]:

fip1q

K
ÿ

ν“1

cνiφνp1q “ εi

K
ÿ

ν“1

cνiφνp1q (A.1)

Through some manipulations this last expression can be rewrit-
ten as [74]

K
ÿ

ν“1

cν1

ż

dν1φµp1qfip1qφνp1q “ εi

K
ÿ

ν“1

cν1

ż

dν1φµp1qφνp1q

(A.2)
where the Fock matrix element [74]

Fµν “

ż

dν1φµp1qfip1qφνp1q (A.3)

can be recast as [74]

Fµν “ H
core
µν `

K
ÿ

λ“1

K
ÿ

λ“1

Pλσ

„

pµν|λσq ´
1

2
pµλ|νσq



(A.4)

in which [74]

Pµν “ 2

N{2
ÿ

i“1

cµicνi (A.5)

is the charge density polarization matrix. Once defined these
quantities the Eq. A.2 can be written as [74]

FC “ SCE (A.6)
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146 appendix a: the roohthaan-hall equations

where [74]

C “

¨

˚

˚

˚

˝

c1,1 c1,2 ... c1,K
c2,1 c2,2 ... c1,K

...
...

...
cK,1 cK,2 ... cK,K

˛

‹

‹

‹

‚

(A.7)

E “

¨

˚

˚

˚

˝

ε1 0 ... 0

0 ε1 ... 0
...

...
...

0 0 ... εK

˛

‹

‹

‹

‚

(A.8)

Sµν “
ż

dν1φµp1qφνp1q (A.9)

Since the usual diagonalization techniques require the stan-
dard form FC “ CE a further manipulation is needed: this goal
can be achieved if the quantities in the Eq. A.6 are rearranged
as follows [74] :

F’C’ “C’E

F’ “S´1{2FS1{2

C’ “S1{2C

(A.10)

semi-empirical methods The evaluation of all the matrix
elements in Eq. A.4 is very demanding from a computational
viewpoint; a common strategy to reduce this price is first to ne-
glect some of them (especially the ones in which many centers
are involved), then to parametrize the remaining ones using, for
example, the atomic spectroscopic data. This is the idea of the
semiempirical methods. The toll paid in this parametrization
is that they can be used only for a restricted class of solid/-
molecules. It is worth noting that some common approxima-
tions for these methods are introduced: first only the valence
electrons are taken in to account and second, the overlap matrix
S is put equal to the identity matrix. This last approximation
makes Eq. A.6 ready for the diagonalization. A full review on
these methods can be found in [60, 74]
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