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1 Summary
Graphene is the first truly two-dimensional system that can be studied by physicists.
Since its first appearance in 2004 [1], it has attracted the attention of the whole
scientific community, immediately becoming the subject of numerous works, both
at theoretical and experimental level. In 2010 graphene’s popularity has reached
its maximum thanks to the Nobel Prize in Physics awared to A. K. Geim and K.
M. Novoselov for their early fundamental results. In these first six years of frenetic
studying, it has showed a great number of unique properties, that make it suitable for
numerous different future applications [2], apart from still being a really fascinating
system for proof-of-the-concept investigations.
In the first part of this work we will provide an introductory overview on graphene.
A brief historical outlook will be given, focusing on the development of production
techniques. The optical detection of single and multilayer graphene will be then
treated and modeled. As our main investigation interest was represented by the
peculiar electronic properties of graphene, they will be carefully described starting
from a tight-binding model.
Then we will present some relevant experimental results obtained during the five
months spent at Laboratorio de Bajas Temperaturas, Universidad de Salamanca,
under the tutorship of prof. Enrique Diez. We will describe the study performed on
quantum interference corrections to conduction parameters in monolayer graphene.
Furthermore, we will treat the issues we faced while dealing with magnetotransport
in a trilayer graphene sample affected by strong inhomogeneity. In addition to the
magnetotransport studies, we will report the Raman spectroscopy characterization
made by our group’s partners at Università degli Studi Pavia, giving a preliminary
outline on this powerful technique.
1

2 An introduction to graphene
2.1

Graphene-based carbon allotropes

Carbon (Z=6, 1s2 2s2 2p2 configuration) is unique between all chemical elements for
its ability to form strikingly different structures (allotropes). Among them, a central
role is played by the 2-D honeycomb covalent arrangement of sp2 -hybridized carbon
atoms known as graphene, since it constitutes the basis of a whole family of allotropes
(see Figure 2.1).

Figure 2.1: Graphene-based carbon structures: (from left to right) fullerene C60, carbon
nanotube and graphite.

Fullerene [3] is a quasi-zero-dimensional system, which can be (ideally) obtained
from a portion of graphene with the introduction of pentagons, that create positive
curvature defects, hence wrapping up the graphene sheet. Carbon nanotubes [4] are
obtained by rolling graphene along a given direction and reconnecting the carbon
3
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bonds. Therefore they have only hexagons and can be considered as one-dimensional
objects. They can be either metallic or semiconducting, depending on the rollingup direction [5]. Graphite is made out of stacks of parallel graphene layers that are
weakly bounded to each other by van der Waals forces, and thus it is a tridimensional
allotrope of carbon.
It is to say that there’s not a well established limit number of coupled graphene sheets
which marks the transition of the system’s dimensionality from 2 to 3. However, as
our studies focused on samples holding from one up to three graphene layers, one
can state surely that we worked on truly two-dimensional systems.

2.2

History and production

Graphite has been present in our daily life since the invention of pencil (1564). Interestingly, it is an effective writing tool just because of the weakness of van der
Waals force: when one writes with a pencil, pressing it against a sheet of paper, one
is actually breaking plane-to-plane bondings, producing graphene stacks and, possibly, individual graphene layers. So we had been unconsciously creating graphene
for 440 years before it was firstly isolated and recognized by the A. K. Geim and K.
M. Novoselov’s group at Manchester in 2004 [1].
Until then, graphene had been object of only theoretical works, dealing with it just
as a starting point for studies on graphite. Notably, in 1947 P. R. Wallace had
obtained graphene’s peculiar energy dispersion relation (see Section 2.4) by means
of a tight-binding calculation [6]. Nevertheless, it was universally believed that it
would be impossible to create a purely two-dimensional object like the one-atomthick graphene, as it would be completely unstable. A divergent contribution of
thermal fluctuations should indeed prevent it to stand at any finite temperature [7].
The production technique developed by Manchester’s group has demonstrated to
be successful in resolving this issue and also permitted to easily distinguish it from
higher layered graphite’s residuals (see Section 2.3).
Surprisingly, the first two-dimensional material in the history of human science was
obtained making use of a scotch-tape (see Figure 2.2) . Graphene films were indeed
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first obtained by mechanical exfoliation, performing repeated peeling of graphite
crystals with the above-mentioned tape. It was then make adhere to an oxidized Si
wafer (300nm of SiO2 on top of Si) performing a gentle pression, so that the obtained
graphene films were transferred onto an insulating substrate. The interaction with
the substrate make the extracted 2D crystals slightly crumple in the third dimension, giving them intrinsic stability.
Although delicate and time consuming, the handcraft provides high quality graphene
flakes, which can even reach the millimeter size at present [8]. This technique is likely
to remain the best choice for basic research applications, while automated processes
like ultrasonic cleavage could be useful for an eventual production on an industrial
scale. A recent development of the scotch-tape technique consists in a subsequent
chemical etching of part of the underlying bulk substrate in order to obtain suspended graphene’s samples [9], which have shown ultrahigh electron mobility [10].
Comparable results are achieved with the use of Boron Nitride [11], another novel
2D material which is isomorphic to graphene, as insulating substrate.
An alternative route to mechanical exfoliation is represented by the chemical vapor
deposition (CVD) on top of metallic substrate like Ni. During such a 3D growing process, graphene layers remain bound to the substrate and the bond-braking
thermal fluctuation are suppressed [8]. Then the substrate can be removed and
epitaxially grown graphene transferred onto a weakly binding surface (oxidized Si
tipically).

Figure 2.2: All you need to make your own graphene: scotch-tape, graphite crystals and
oxidized Si substrates (kit sold by the american "Graphene Supermarket" for $225).
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Optical detection of graphene

The second great achievement made by Manchester’s group consisted in the development of a straightforward method that allows one to detect graphene on top of
the substrate and even distinguish between monolayer and multilayer flakes using a
simple optical microscope [12]. This is a really surprising fact if one considers that
graphene is a only one atom thick material and that it is transparent. However,
graphene is detectable owing to the fact that it produces a visible optical contrast,
i.e. reflected light has different intensity whether graphene is present or absent.
The optical contrast turns out to depend on specific combination of SiO2 substrate’s
thickness and illuminating light’s wave-length; in addition, it is dependent on flakes’
thickness. A quantitative estimation of this graphene-tracing contrast can be carried
out by performing a calculation based on Fresnel equations, considering normal light
incidence from air onto a trilayer structure consisting of graphene, SiO2 and Si (see
Figure 2.3). The Si stratum is regarded as semi-infinite, while Si02 has a finite thickness d2 and a single graphene layer is assumed to have a thickness d1 =0.034 nm equal
to the extension of the out of plane π orbitals (when dealing with m-layer graphene
one has just to substitute d1 with m×d1 ). The complex refractive indexes are respectively n3 (λ) (e.g. n3 (λ = 400nm) = 5.6 − 0.4i), n2 (λ) (e.g. n2 (λ = 400nm) = 2.47)
and n1 = 2.6 − 1.4i (the same of graphite, independent from light’s wave-length).

Figure 2.3: Schematic view of the graphene-SiO2 -Si optical system.

Therefore the reflected light intensity is given by:
I(n1 ) = |[r1 ei(φ1 +φ2 ) + r2 e−i(φ1 −φ2 ) + r3 e−i(φ1 +φ2 ) + r1 r2 r3 ei(φ1 −φ2 ) ]×

(2.1)

×[ei(φ1 +φ2 ) + r1 r2 e−i(φ1 −φ2 ) + r1 r3 e−i(φ1 +φ2 ) + r2 r3 ei(φ1 −φ2 ) ]−1 |2
where r1 =
φ1 =

2πn1 d1
λ

n0 −n1
,
n0 +n1

r2 =

and φ2 =

n1 −n2
n1 +n2

2πn2 d2
λ

and r3 =

n2 −n3
n2 +n3

are the relative refractive indexes and

are the phase shifts induced by changes in the optical
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path. The contrast C is defined as the relative intensity of reflected light in the
presence (n1 = 2.6 − 1.4i 6= 1) and in the absence (n1 = n0 = 1) of graphene:
C=

I(n1 = 1) − I(n1 )
I(n1 = 1)

(2.2)

Relation 2.2 is plotted in Figure 2.4 as a function of λ and d2 . One can clearly
see that for the standard Si02 thickness of 300 nm, graphene is perfectly detectable
using a λ . 600 nm yellow light.

Figure 2.4: Color plot of the contrast as a function of wavelength and SiO2 thickness
[12].

In Figure 2.5 (a) and (c) we see how the thickness of the insulating substrate influences the optical contrast. The trace in (b) shows how the contrast changes with
the number of layers. When passing from single layer to multi layer graphene, indeed, the optical path changes as n1 · d1 −→ n1 · (m × d1 ), so does the phase shift
φ1 −→ φm
1 =

2πn1 (m×d1 )
,
λ

and therefore the reflected light’s intensity .The clear quan-

tized plateaus mark regions of single, double and triple layer graphene.

Figure 2.5: (a), (c): visible light imaging of graphene flakes; they’re clearly visible only
on top of the 300nm Si02 substrate. (b): step-like optical contrast identifying single, double
and triple layer regions [12].
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Electronic properties of graphene

We will derive some of the fundamental properties of electrons in graphene starting
from a tight-binding model of this 2D crystal [13]. First of all, the hexagonalhoneycomb arrangement of carbon atom which constitute graphene can be described
as two compenetrating triangular Bravais lattices, i.e. a triangular lattice with base
made of two carbon atoms (named A and B in Figure 2.6, left) [14]. The carboncarbon distance is a ≈ 1.42Å; the two fundamental translation vectors are
a √
a1 = ( 3, 3)
2
a √
a2 = (− 3, 3)
2

(2.3a)
(2.3b)

The two basis atoms are at positions dA =(0,0) and dB =a(0,1).

Figure 2.6: Honeycomb lattice (left) and Brillouin zone (right) of graphene.

The electronic configuration of the carbon atom is 1s2 2s2 2p2 . The 1s orbitals remain
strongly localized near the respective nuclei, so we can consider them as effectively
non interacting. In order to calculate the band structure we will thus work on the
n=2 atomic levels. A good basis set of wave-functions on which diagonalize the
crystal Hamiltonian would be given be the eight Bloch’s sum of type
1 X ik·tm i
e
φ (r − dν − tm )
Φiν (k, r) = √
N tm

(2.4)

where i=2s,2px ,2py ,2pz labels the atomic orbitals φi , ν=A,B denotes the two basis
atoms in the unit cell, tm =m1 a1 +m2 a2 is a generic translational vector of the direct
lattice, k is the Bloch vector ("living" in the reciprocal space), N is the number of
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unit cells. Since there are 8 valence electron for unit cell, we expect four completely
occupied bands, i.e. an half-filled system.
The crystal states originating from the 2s, 2px and 2py orbitals will be even with
respect to the reflection on the graphene plane (xy), while the 2pz will lead to
odd states. Therefore symmetry allows us to separate the 8×8 global problem in
two independent 6×6 and 2×2 problems. The first one gives us the so-called σ
bands, i.e. the 3 lowest energy valence bands (representing the in-plane strong
covalent bonding between the carbon atoms) and the 3 highest energy conduction
bands. Nevertheless, the most intriguing electronic properties come from the upper
valence and lower conduction bands, which are of π type and come from the outof-plane interaction between the 2pz orbitals. Therefore we will concentrate on the
2pz
z
2×2 problem, using Φ2p
A (k, r) and ΦB (k, r) as basis functions. Considering only

nearest-neighbor interaction we get an Hamiltonian of the form

H=

t · F (k)

0
∗

t · F (k)

0




(2.5)

Here the energy of the 2p atomic levels has been put to zero (diagonal elements),
t ≈ −2.8eV is the nearest-neighbor hopping energy [14] and
F (k) =

X
tI

e

ik·tI

√
3
3
= 1 + 2 cos(
kx a)e−i( 2 ky a)
2

(2.6)

(the sum over tI runs over 0, -a1 and -a2 ). We can therefore diagonalize the Hamiltonian in order to extract the energy dispersion E(k) of the upper valence and the
lower conduction energy band. We immediately see that there are two special point
K= 2π
( √2 , 0) and K’= 2π
(− 3√2 3 , 0) (see Figure 2.6, right) in the reciprocal lattice at
a 3 3
a
which F(k)=0 and thus E(k)=0 for both the bands, i.e. there’s punctual degeneracy
at zero energy between them. Most of the unique properties of electrons in graphene
derives from the energy-momentum relation close to these points.
Let’s thus perform an expansion of the function F in terms of q=k-K for |q|≈0, i.e.
for k close to K (or equivalently close to K’), up to first order:
3
F (q) ≈ − a(qx − iqy )
2

(2.7)
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By substituting 2.7 into 2.5, one gets the approximated Hamiltonian


0
~vf (qx − iqy )

HK = 
~vf (qx + iqy )
0
where vf = − ~1 32 at '

c
300

(2.8)

is the so-called Fermi velocity. Close to the other spe-

cial point K’, the same procedure gives HK’ = −HK . The Hamiltonian 2.8 ca be
rewritten as
HK = vf σ · p

(2.9)

where p is the momentum operator and σ = (σx , σy ) (σx and σy are the first two
Pauli’s matrix). Here σ does not represent the electron’s spin; it is in fact a formal
way of taking into account the presence of two compenetrating sublattices (A, B) in
graphene and we will call it pseudospin [15]. Within the performed approximation,
the Schrödinger equation for electrons in graphene is thus formally substituted by a
2D Dirac equation for massless particles with velocity vf instead of c. Therefore we
expect electrons in graphene to behave in a strikingly different way with respect to
usual condensed-matter systems.
The energy eigenvalues of HK are
E = ±vf ~|q|

(2.10)

namely the dispersion is linear close to K and K’ (we will call them Dirac points),
with the same conical shape for both positive and negative energy states (see Figure 2.7). Therefore electrons and holes in graphene thus exhibit QED’s chargeconjugation symmetry [16]. This symmetry can be experimentally proved by per-

Figure 2.7: 3D plot of the dispersion relation obtained from the complete Hamiltonian
2.5. The double-cone structure at the Dirac point is evidenced.
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forming electric field effect’s measurements. Namely, one can continuously tune the
Fermi level by applying a back-gate potential (it is possible taking advantage of the
presence of the SiO2 insulating layer below standard graphene samples), in order
to sweep up the double cone structure. Graphene exhibits a pronounced ambipolar
conductivity. Figure 2.8 shows a perfectly symmetric plot, which means that the
same transport properties are provided by electrons (Vg > 0) and holes (Vg < 0).
At Vg = 0 the Fermi level is exactly at the degeneration point: no charge carriers
should be excited and thus an infinite resistivity is expected (charge neutrality point,
CNP). As we see in Figure 2.8, there’s an evident resistivity peak at null gate potential; nevertheless, its maximum value is finite. That means that a finite number
of charge carriers is always present even at the CNP. Moreover, near the CNP, the
hole and electron’s regime are mixed, i.e. current is provided by both positive and
negative carriers simultaneously. This is due to irregularities and corrugations which
affects real graphene samples, which make the applied gate potential non-uniform
across the whole sample, thus producing the so-called electron-hole puddles [17].

Figure 2.8: Electric field effect in graphene.

The eigenfunctions of HK are two-component spinors. As a consequence, the electronic wave-function has to change its sign when the electron moves along a closed
contour in the reciprocal space which includes one of the Dirac points, i.e. it acquires a π Berry phase. The presence of a non-zero Berry phase can be detected

12
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performing a detailed study of the Shubnikov-de Haas oscillations [18], as it introduces a half-period shift in the phase of quantum oscillation. From a complementary
of view, we can observe that the eigenfunction of HK must be eigenfunction of the
elicity operator h =

~
σ ·~
p
,
|~
p|

i.e. charge carriers are chiral. The corresponding eigenval-

ues can be ±1, whether the pseudospin is parallel or antiparallel with respect to the
momentum. The chiral nature of electrons in graphene implies that they can perform Klein tunneling (see Section 3.1), i.e. at normal incidence they are transmitted
with unitary probability through any potential barrier. This phenomenon has been
recently proved in graphene p-n junctions [19]
One of the most studied consequences of the described QED-like spectrum is the
arising of an anomalous quantum Hall effect. It is usually called semi-integer, since
it is a QHE of integer kind, but the sequence of quantized plateaus is shifted by a
factor 1/2 with respect to the standard one (see Figure 2.9), so that
σxy = ±4

e2
1
(N + )
h
2

(2.11)

where the factor 4 accounts for the double spin and valley degeneracy. The sequence
2.11 directly comes from the QED-like quantization of electronic levels in non-zero
magnetic field (Landau levels), which reads
√
EN = ±vf 2e~BN

(2.12)

Figure 2.9: Hall conducivity (red) and longitudinal resistivity (blue) plotted as a function
of charge density, showing the anomalous QH sequence due to the zero-energy Landau
Level.
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where signs + refers to electron and - to holes. Relation 2.12 implies the presence
of a zero-energy level equally shared by electrons and holes, which gives rise to the
anomalous sequence. Equivalently, it can be seen as a manifestation of the semiperiod shift induced by the π Berry phase.

3 Magnetotransport experiments
In this chapter we will expose the experimental work carried out at Laboratorio
de Bajas Temperaturas, Universidad de Salamanca. There we had at our disposal
an He4 -He3 cryostat constructed by Oxford Instrumentsr (referenced as HelioxSalamanca), which allowed us to perform measurements at temperatures down
to T=250 mK. The magnetic field was provided by a superconductive magnet,
which could in principle reach B=12T. However it showed some problems (repeated
quenches) in approaching fields &3T, so that we were forced to restrict our studies
to a low-field regime (|B| < 2T ). Nevertheless, we could observe some important
physical phenomena in our graphene samples.

3.1

Weak localization in graphene

WL in ordinary metals
In the well-known classical Drude model of electronic transport in metals, conductivity is given by σ0 = nµe =

ne2 τ
m

gs gv e2 kf l
,
2h
1/2

=

µ is their mobility, kf = (4πn/gs gv )

where n is the charge carriers’ density,

is the Fermi wavevector, gs and gv are respec-

tively the spin and valley degeneration (gs = gv = 2 in graphene), τ is the relaxation
time characterizing the diffusive electronic motion, l = vf τ the mean free path (vf
is the Fermi velocity); all these quantities, together with the diffusion coefficient
D = vf l/2, will be used in the following analysis. We will treat the effective quantum nature of conduction in the framework of the Feynman’s paths formalism [20].
Consider first a closed clockwise trajectory, bringing one electron from the point
P to P’ and back to P again (see Figure 3.1), of given length L, covered by the
15

16

CHAPTER 3. MAGNETOTRANSPORT EXPERIMENTS

Figure 3.1: Sketch picture of two P’-backscattered time-reversed Feynman’ s paths (blue
and red arrows) of length L, enclosing a surface S.

electron in a given time T = vf L. We associate to this loop a probability amplitude
+

2

A+ = aeiϕ ; as usual, p+ = |A+ | = a2 is interpreted as the probability of the electron to cover this path. If we now consider an equivalent counterclockwise trajectory
−

(with associated amplitude A− = aeiϕ ) and apply the superposition principle, we
immediately see that the probability becomes:
+ −ϕ− )

p = |A+ + A− |2 = 2a2 + 2a2 ei(ϕ

= 4a2

(3.1)

The last equal in 3.1 holds as far as ϕ+ = ϕ− , i.e. as far as the electron remains selfcoherent and time reversal symmetry holds. Thanks to the interference term, this
2

value is exactly twice the classically calculated probability pc = p+ + p− = |A+ | +
2

|A− | = 2a2 : that means that the electron has a double probability to go back to the
starting point P when scattered in P’ ; this way, the diffusion constant and, hence,
the conductivity are effectively reduced. This argument can be straightforwardly
extended to all the infinite trajectories PP’ P, providing the correct total probability
P
− 2
by means of a sum p = i |A+
i + Ai | .
In real systems, electrons are subjected to inelastic scattering processes and therefore
are not able to keep their phase unchanged while propagating. This is usually
taken into account by introducing the so-called phase relaxation (or dephasing)
time τφ (or, equivalently, thinking in terms of lengths, lφ = (Dτφ )1/2 ), which is the
characteristic time-scale (length-scale) over which phase-coherence decays. τφ turns
out to be a temperature-dependent parameter and is believed to be mainly due to
electron-electron interactions at low temperatures [15]. Naively, we can argue that
only electronic paths of lengths L < lφ (covered in times T < τφ ) can effectively
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contribute to enhance the backscattering probability p. Indeed, for paths of L > lφ
(T > τφ ), the quantum interference term in 3.1 tends to average to zero as phase
coherence is lost, restoring the classical result. The resulting negative correction to
conductivity for a two-dimensional system [20] is
δσW L = gs gv

e2
τφ
ln(1 + )
2
4π ~
τ

(3.2)

The described effect, called weak localization (WL) can be suppressed by applying
a (low) magnet field B perpendicular to the sample, owing to the fact that it breaks
time-reversal invariance. Namely, in a non-zero magnetic field a phase difference
develops between A+ and A− (Aharonov-Bohm effect), which is given by δϕ ≈ π φφ0 ,
where φ = BS is the flux of magnetic field trough the closed Feynman’s path of enclosed area S, while φ0 = h/e is the elementary quantum flux. The applied magnetic
1

2
field introduces a new length-scale lm = (~/eB) 2 and a new time-scale τB = lm
/2D,

which interpretation is straightforward. We can say, indeed, that loops with enclosed area S > lm 2 can no longer contribute to constructive interference, so that,
rising the magnetic field from zero to a finite value implies reducing the number
of constructive-interfering paths, with a progressive restoring of the classical Drude
value of conductivity. This effect becomes significant when τB become the dominant
time scale, i.e. when B approach a critical value Bc ≈ ~/elφ 2 at which τB ≈ τφ .
That said, one can then understand why WL is usually experimentally studied by
means of magnetoconductivity σ(B) or magnetoresistivity ρ(B) measurements.
An other well-known manifestation of quantum interference in metallic samples is
represented by the so-called Universal Conductance Fluctuations. In magnetoconductance G(B) measures, reproducible fluctuations with the order of magnitude of
e2 /h can be observed; the complete expression for UCF amplitude at finite temperature [20] is given by
e2 lφ 3
δG = (gs gv /2β )C ( ) 2
(3.3)
h X
√
where X is the sample’s length, C = 12 in the case of short phase-breaking length
1
2

lφ  X, and β = 2 in non-zero magnetic field. By evaluating the UCF amplitude,
one can thus estimate the phase-breaking length lφ (and all the related quantities)
in a complementary way with respect to the WL measurements.

18
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Graphene’ s peculiarities and quantum interference behavior
As seen in Section2.4, electrons in graphene are of chiral nature, namely have an
additional chirality quantum number, which conservation strongly affects the transport properties. In K valley electron (holes) have positive (negative) chirality, while
in K’ the opposite case holds. A backscattering process in real space corresponds
to a ~k → −~k shift in momentum space. If this happens within a unique valley (we
can arbitrary focus on K, see Figure 3.2), this would lead to a shift 1 → −1 in
chirality, and that is prohibited, as h is a constant of motion. Thus an extinction of
backscattering probability is produced. This is just the well-known QED-effect called

Figure 3.2: Intravalley (black arrow) and intervalley (red arrow) scattering process
sketched in momentum space.

Klein tunneling, owing to which massless Dirac particles have unitary probability of
transmission trough any potential barrier (the backscattering probability 3.1 falls to
zero). This phenomenon obviously leads to an increase of the diffusion coefficient
D, and so does the conductivity. Therefore, we expect chiral nature of electrons to
give rise to a positive correction to σ0 , i.e. a so-called weak antilocalozation (WAL)
effect. This fact can be equivalently explained with a Berry phase argument (we
will refer again to the A+ and A− closed path considered above). In graphene, a
phase difference δϕ = π necessary develops between the two time-reversed loops,
leading to destructive interference between them. If we refer to Relation 3.1, it is
straightforward to prove that the interference term exactly cancel the classic one,
thus producing the null backscattering probability predicted by the Klein tunneling.
However, as we go far from the degeneration point K (or K’) increasing the Fermi
level, the energy dispersion begins to be deformed with respect to a perfect conical
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shape (trigonal warping). That implies that chirality ceases to be a good quantum
number. Thus some amount of intravalley backscattering is allowed and antilocalization is consequently suppressed.
Let’ s now focus on an intervalley scattering process. We immediately see that, as
electrons (and holes) have opposite chirality in K and K’ valley, a ~k → −~k shift is
compatible with chirality quantum number conservation and thus backscattering is
permitted as in an ordinary metal. Therefore, when we consider intervalley events,
we can refer to the model depicted in section 1 and then weak localization corrections are expected in graphene too.
Intravalley processes in graphene are believed to be caused by long-range scatterers
such as ripples, dislocations and charged impurities [15]. Intervalley scatterers, such
as adatoms, adsorbed hydrocarbons and vacancies, are instead of very short-range
nature. We associate to the first ones a mean scattering time τs , to the second
ones τi , and to the trigonal warping processes τw . The relative magnitude of this
scattering times (rates are given by τx −1 ), together with τφ (and τB in the presence
of a magnetic field), determines the conductivity’s behavior one can experimentally
observe.

Experimental results
In order to study the WL effect in graphene, we performed magnetotransport measurements in temperatures ranging from 0.3K up to 15K and perpendicular magnetic field both positively and negatively oriented, with |B| < 1T . The sample used
(named S2601) is a monolayer graphene Hall bar of 5.1µmx10.6µm, deposited on
a Si substrate with a 300 nm SiO2 top layer; it was processed at ISOM with the
e-beam nanolithography deposition of eight 50/500Ȧ-thick Ti/Au electric contact.
As a preliminary step, we produced zero-field measurements of longitudinal resistance Rxx as a function of backgate potential Vg at base temperature (Tbase . 0.3K),
obtaining a plot of the so-called Dirac peak of the sample (Figure 3.3). We then
performed a fit of the Dirac peak following the standard procedure described in [21].
This way, we estimated the position of the charge neutrality point at VD w 4.66V
and the presence of a high residual charge density nres w 2 × 1011 cm−2 , these two
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Figure 3.3: Plot of the Dirac peak for the S2601 sample.

facts suggesting the presence of a large number of doping impurities in the sample.
Trough the empirical relation nres w 0.2 × nimp we got an estimation of impurities’
concentration at SiO2 -graphene interface, with value nimp w 1012 cm−2 .
Then we proceeded to non-zero magnetic field measurements of the Hall resistance
Rxy (B), performed in the hole region (Vg < VD ) at Tbase , in order to evaluate both
the bi-dimensional density of charge carriers n and mobility µ. We made use of the
standard formulas n =

1
es

(where the slope s = dRxy /dB is obtained by performing

−1
(Hall mobility),
a linear fit to the Rxy vs B plot, Figure 3.4) and µ = (neρ
xx )
11
−2
where ρ
xx is the longitudinal resistivity at zero field. We obtained n = 7 × 10 cm

and n = 2 × 1012 cm−2 respectively at Vg = 0V and Vg = −10V (these being the
two gate potential regions where we decided to study the details of WL, see below),
2

2

while the motilities were µ(0V ) = 4038 cm
and µ(−10V ) = 3657 cm
. These low
Vs
Vs

Figure 3.4: Hall resistence at low field and base temperature (∼ 0.3K) at Vg = −10V .
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values of mobility represented to us another evidence of the strong presence of impurities acting as scattering center in our graphene sample, a characteristic that we
obviously expected to strongly affect WL. Therefore we could calculate the Drude
2

2

conductivities: σ0 = 11.9 eh and 30.2 eh for the two gate potential above. We then
extracted the conduction parameters τ , l and D, which resulted: τ = 4.01 × 10−14 s
sand 6.02 × 10−14 s; l = 40.1nm and 60.2nm ; D = 0.02m2 /s and 0.03m2 /s.
The first objective in our WL study was getting an outline of our sample’ s behavior
as the gate potential was tuned. In Figure 3.5 one can clearly see two Vg -driven
effects. First of all, focusing on the near-zero-field region, we noticed that the WL
peak’ s height decreases as the gate potential’s modulus increases. Vg drives the
Fermi level far from the charge neutrality point, adding charge carriers to the sample. Accordingly, h-h scattering rate is increased and therefore τφ decreases, so that
the number of constructively-interfering closed paths that contribute to the enhancement of backscattering probability is lowered. Secondly, looking at the whole x-axis
scale, one can see that, besides the WL peak, the sample shows WAL evidence too.
That’s noticeable at Vg = 0V (black line), while tends to disappear with increasing
gate potential’s modulus (dashed green and blue lines), until is totally absent at
Vg = −10V (red line). The interpretation we give, in agreement with the abovedescribed scenario, is that, as the Fermi level is driven far from the CNP, the trigonal
warping effect grows, suppressing the chirality conservation-induced Klein tunneling.

Figure 3.5: WL-WAL corrections to resistivity at Tbase for different Vg values.
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Thus the sample is switched from a regime in which τs−1 > τw−1 (Vg = 0V , intravalley scattering is not affected by trigonal warping) to a trigonal warping-dominated
regime (Vg = −10V ), where τs−1 < τw−1 .
The following experimental step consisted in a characterization at different temperatures of the WL corrections to conductivity in the two regimes above described.
In Figure 3.6 we show the low-field trends. In both the panels one can clearly see
how at increasing temperatures the WL negative peaks become fainter, i.e. the
quantum interference corrections tend to be suppressed, as the electrons become
more and more likely to lose phase coherence. In the low charge carriers’ density
regime, once again WAL is observable, while there are no trace of such a behavior at
Vg = −10V . The transition from WL to WAL observable at Vg = 0V is obtained by
means of increasing the magnetic field, i.e. by lowering the characteristic magnetic
time scale τB . We expect it to take place at a characteristic magnetic field Bi at
which τB ≈ τi [22]; since that point δσ(B) is expected to start to decrease with
increasing magnetic field. We found it to be Bi w 0.06T (see for clarity the arrows
in Figure 3.6, left panel), with no evidence of temperature dependence; from this
value, we could estimate the intervalley scattering rate τi−1 w 3.8 × 1012 s−1 . As the
intravalley scattering-induced WAL survives at much higher fields (i.e. lower time
scales), we can argue that τs−1  τi−1 , namely long-range scatter centers (such as
charged impurities) dominate over short-range ones.

Figure 3.6: Temperature scaling of WL at Vg = 0V (left panel) and Vg = −10V (right
panel).

Making use of Relation 3.2, we estimated the phase-breaking time τφ and related
parameters from the peak-to-valley value of the WL conductance minima. They
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displayed strong temperature dependence; as showed in Figure 3.7, the vs T plots
follow the expected trends [23] for both Vg values. The WL correction to resistivity ∆ρ resulted proportional to ln(T ), which is distinctive for quantum interference
phenomena in 2D systems. The phase-breaking rate τφ−1 grows almost linearly with
temperature and resulted always higher in the high charge carrier density regime then
in the low one. The T −1/2 dependence of lφ , (clearly indicated by the linearity of the
Bc vs T plot, as Bc ≈ ~/elφ 2 ) is in accordance with the relation lφ ≈ (Ef /2KT )1/2 .

Figure 3.7: Temperature dependence of resistivity correction (upper left), phase-braking
rate (upper right), critical field (lower left) and phase-braking length (lower right).

The phase-braking lengths experimentally obtained resulted quite lower with respect to the ones reported in previous analogous studies [24]. In order to give
more evidence to our values, we thus made an estimation of lφ from the UCFs’ amplitude (Figure 3.8). We performed an arithmetic average among the most clear
UCF-features we could observe, obtaining lφ (T = 0.3K, Vg = 0V ) w 50nm and
lφ (T = 0.3K, Vg = 10V ) w 26nm , thus finding a very good agreement with the
WL-based results.
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Figure 3.8: Universal conductance fluctuations for Vg=-10V, measured at different temperatures below 3K.

3.2

Magnetotransport in inhomogeneous trilayer
graphene

A very interesting issue we had to face while performing magnetotransport measurements with our "N33" trilayer graphene Hall bar (see Figure 3.9, left) was dealing
with the great inhomogeneity it was affected by. The resistances data previously obtained with this sample at Laboratoire National des Champs Magnétiques Intenses
(Grenoble) showed us peculiar behaviors. In particular, a kind of inversion symmetry between longitudinal resistances measured with the top (1-2) and bottom (3-4)
contacts of the Hall bar was observed (see Figure 3.9 right):
t,b
b,t
Rxx
(B) = Rxx
(−B)

(3.4)

i.e., changing the polarity of the magnetic field maps the top and bottom longitudinal
resistances into each other:
t
b
b
t
, Rxx
,
B → −B =⇒ Rxx
, Rxx
→ Rxx

(3.5)

It is to say that relation 3.4 was verified in a rigorous way only by low magnetic
field data (|B|<5T), while the accordance was of qualitative kind at higher values
of B. Nevertheless, given the problem experienced by our experimental equipment
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in Salamanca, we limited our analysis to |B|<2T.
Moreover the Hall resistance showed different slopes when measured on the left
side (contact 1-3) or on the right (2-4) side of the sample, this fact suggesting us
that carriers density had a non-zero gradient along the Hall bar. We estimated the
2D carriers densities at the opposite sides of the sample with standard procedure,
obtaining nr2D = 2.04 × 1012 cm−2 and nl2D = 6.43 × 1012 cm−2 , namely nl2D ∼ 3nr2D .

Figure 3.9: Image of the N33 trilayer Hall bar (left). Longitudinal top and bottom
resistivities measured at Grenoble at different temperatures (right); note the (qualitative)
accordance with 3.4 and 3.5.

We were thus induced to think that the symmetry expressed by relations 3.4 and
3.5 was a consequence of our sample’s inhomogeneity, as previously observed for 2D
electron gases in semiconductor heterostructures [25]. In order to prove it and try
to estimate the genuine values (i.e. the values we would find in an homogeneous
sample) of the longitudinal and Hall resistivities, we analyzed our data within the
framework of a model proposed by Karmakar and collaborators in 2004 [26]. It
is based on ordinary electrodynamc calculations (Maxwell’s equation), performed
assuming a 2D charge density which has a linear dependence on spatial coordinates.
Eventual non-linearities are shown to be relevant only at magnetic field higher than
our experimental range, and therefore we can refer to the above-mentioned linear
approximation. In accordance with the model, the perpendicular magnetic field
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would induce a non uniform accumulation of charge carriers at the boundaries of
the sample, which causes current density to be spatially varying:
jx = jx0 (1 + ay y)

(3.6a)

jy = 0

(3.6b)

(ay is a phenomenological parameter of the model). Relations 3.6a and 3.6b imply that the resistances measured with our contacts’ geometry are a mixing of the
genuine ones, namely:
W
)
2
L
= ρ0xy (1 ∓ β )
2

t,b
= (ρ0xx ± ρ0xy β
Rxx
l,r
Rxy

(3.7a)
(3.7b)

Here ρ0xx and ρ0xy represent the genuine longitudinal and Hall resistivities (which are
respectively even and odd with respect to the magnetic field), β is a phenomenological parameter (even with respect to B) that can depend on magnetic field and
temperature, while W and L are width and length of the sample.
We immediately see that the longitudinal resistances have a symmetric and an antisymmetric part with respect to the magnetic field, which can be separated through
standard procedure:
R(B) + R(−B)
2
R(B) − R(−B)
=
2

Rsym =
Rantisym

(3.8a)
(3.8b)

0 L
0
The symmetric parts of Rt,b
xx have to be equal, giving us ρxx W = Rxx ; an alterna-

tive way is to calculate it by means of an arithmetic average. Their antisymmetric parts have to be opposite in sign and both proportional to ρ0xy . On the other
hand, the expected Hall resistances turn out to be totally antisymmetric, so that a
symmetrization-antisymmetrization procedure can separate the left and right Hall
resistances from eventual contributions originating from contacts’ misalignments.
Just as above, an arithmetic average would provide an estimation of ρ0xy . It is important to notice, however, that keeping Rlxy and Rrxy separate would be useful if
we had the possibility to study the quantum Hall regime. The QHE plateaus would
indeed appear at different values of B for the two side of the sample, as a consequence of the difference in charge density (i.e. the right low-density side would reach
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Figure 3.10: Verification of relation 3.9 with data recollected at Salamanca (left panel)
and Grenoble (right panel).

the quantum limit before the left high-density one). We could thus give an intuitive
view of our case, saying that we can effectively deal with "two independent samples",
with different charge density (and therefore different Hall resistances) and the same
effective longitudinal resistivity ρ0xx .
As the mixing of ρ0xx and ρ0xy in 3.7a takes place with opposite sign for the bottom
and the top longitudinal resistance, the observed inversion symmetry 3.4 arises. In
addition, relations 3.7a and 3.7b imply that
t
b
r
l
Rxx
− Rxx
= Rxy
− Rxx

(3.9)

should hold. As shown in Figure 3.10, this relation is perfectly verified by our data.
This is sufficient to us to state that our sample’s peculiar behavior originates from inhomogeneity and we will therefore continue our analysis referring to the Karmakar’s
model.
We thus proceeded to treat the data (all collected at T=3K, temperature dependence
was negligible) as described above. The main results concerning the longitudinal resistance are shown in Figure 3.11. There we see that top and bottom resistances
show inversion symmetry even in the low magnetic field range (left up). Nevertheless there’s not a quantitative accordance with 3.4, as Rtxx and Rbxx , although
having the same shape, are shifted with respect to each other by a constant value of
w 40Ω. We interpreted it as due to a (slight) difference in contacts’ resistances. The
antisymmetric parts (left down) are of opposite sign and with a Hall-like linear dependance with respect to B, as expected from 3.7a. The top and bottom symmetric
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Figure 3.11: Raw data (left up) and antisymmetric parts (left down) of top and bottom
longitudinal resistances. R0xx (right panel) estimated by means of symmetrization and
arithmetic average of Rtxx and Rbxx .

parts show exactly the same dependance with respect to the magnetic field, with a
(quasi) monotone behavior (one can see a slight WL positive correction at Bw0T);
the above-mentioned B-independent shift is still present. In accordance with the
model, the arithmetic average reproduces the symmetric parts’ shape; we assumed
it as the best estimation of the genuine value of longitudinal resistance R0xx . We can
thus state that the non-monotone trend observable in the range 0T<|B|<3T (see
Figure 3.9, right) is due to the inhomogeneity-induced mixing of longitudinal and
Hall resistances.

Figure 3.12: Raw data (left panel) and antisymmetric parts (right panel) of left and right
Hall resistances.
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Figure 3.12 summarizes the analysis made on the Hall resistances. The raw data’s
plot show non zero values of Rlxy and Rrxy at zero magnetic field, which is physically
unacceptable for a Hall resistance (at B=0, charge carriers are not accumulated at
the edges of the sample; so there can’t be a fall of electrostatic potential in transversal direction, and therefore the Hall resistivity must be null). The antisymmetric
parts (right panel) show instead a perfect crossing at zero magnetic field, and thus
represent to us the best estimation of Rxy for the two sides of the sample. Note that
have different slopes, as they refer to zones of the sample
and Rr,antisym
Rl,antisym
xy
xy
with different charge density.
In addition to the above described analysis, it is to say that, studying the low-density
right part of this sample at high magnetic field, our group was able to obtain the
first reported detection of QHE in trilayer graphene. In particular, as shown in
Figure 3.13, the ν=-6 plateau was detected.

Figure 3.13: Hall resistivity (upper panel) and conductivity (lower panel) measured at
different temperatures. The ν=-6 quantum Hall plateau is clearly visible for T<70K.

4 Raman spectroscopy on graphene
4.1

Basic concepts on Raman spectroscopy

Raman spectroscopy is a spectroscopic technique that allows to study vibrational,
rotational and other low-energy excitations of a physical system. It is based on
the so-called Raman effect, which consists in inelastic scattering of photons. When
light is scattered by a sample, it can indeed maintain its frequency (Rayleigh elastic
processes) or undergo a shift to lower (Stokes processes) or upper (anti-Stokes processes) frequencies. An elementary model of the effect is sketched in Figure 4.1. The
incident photon raises the system to a so-called virtual excited state (dashed line).
Then the system can relax down to its initial state so that the photon does not vary
its frequency, giving rise to the Rayleigh component of scattered light. Otherwise
the final state of the system can be of upper or lower energy with respect to the
initial state and therefore the photon respectively lowers or rises its frequency. The
frequency shift of the photon is directly related to the energy of the excitation that

Figure 4.1: From left to right: Rayleigh, Stokes and anti-Stokes light-scattering processes.
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is produced in the system as a consequence of the energy conservation’s principle:
Eexc = ±h(ν0 − ν1 )

(4.1)

The plus (minus) sign holds in the case of Stokes (anti-Stokes) processes, in which an
elementary excitation such as a phonon is created (annihilated). A Raman spectrum
consist in a plot of the intensity of light scattered by a sample (i.e. number of
scattered photons) as a function of the frequency shift with respect to the exciting
incident light. Usually it is in reported in wavenumber as
∆w = (

1
1
− )
λ0 λ1

(4.2)

Relevant informations about the sample can be obtained by looking at the number,
position, height and width of peaks and bands in the spectra. Usually, Raman spectra are used as fingerprints for the detection of a given material, as each and every
structure has got its own specific excitations which can couple with photons. Moreover, Raman spectroscopy can be a powerful tool for investigating sample’s quality
(i.e. presence and concentration of defects, impurities, doping).
Raman events could be confused with fluorescence processes, as in both these phenomena one observes emission of light from the sample at a different wavelength
with respect to the exciting source. Nevertheless, the physical mechanism of fluorescence is strikingly different with respect to that of Raman effect. First of all,
Raman effect is a two-photons scattering process (taking place on a time scale of
about 10−15 s), while fluorescence is a one-photon, two-step process. The ν0 exciting
photon is absorbed, rising the system to a discrete (not virtual) energy level; after
a time of ∼ 10−9 ÷ 10−12 s the system relaxes and the ν1 photon is emitted. In fluorescence processes one always observes emitted light at ν1 < ν0 , i.e. it is impossible
to generate an anti-Stokes component like in Raman effect. Moreover the frequency
ν1 of the fluorescence-emitted photon is independent from the exciting frequency ν0 .
In Raman scattering, on the other hand, a variation of ν0 always implies a variation
of ν1 , as it’s the shift (ν0 − ν1 ) that has to remain constant (see 4.1).
Rayleigh elastic scattering takes place with a probability 105 ÷ 108 times higher than
Stokes and anti-Stokes inelastic processes; as we have seen, only the two latters can
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provide significant informations about the system. Therefore one needs to sample a
great number of photons’ scattering events, i.e. use a very intense light source such
as a laser beam. Laser light is also employed for its being monochromatic, highly
collimated and polarized. A typical experimental set-up for Raman spectroscopy
also includes:
• a focusing optic, providing laser spots of micrometer size (therefore really small
areas can be studied separately)
• a collecting optic
• a notch filter, which does not transmit the high intensity Rayleigh component
• a monocromator, selecting the scattered light’s wavelengths
• a light intensity detector, usually a charge-coupled device (CCD)
The Raman spectrometer used by our group to carry out measurements on graphene
is an Hariba Jobin-Yvon apparatus placed at Dipartimento di Fisica Alessandro
Volta (Pavia). It works with an excitation wavelength of 632.8nm produced by a
He-Ne laser. A 100× objective produces laser spots as small as ∼ 1µm2 at the focal
distance. The collection of scattered light is made with confocal geometry, namely
backscattered light is collected by the same objective that focuses the exciting laser
beam.

4.2

Detection and characterization of graphene

As we have seen in Section2.3, optical microscopy easily allows to detect graphene
and distinguish between single and multi-layered structures on the basis of optical
contrast. Nevertheless, it depends on the presence and thickness of a dielectric layer
between graphene and the substrate, i.e. this technique is not suitable for graphene
fabricated on an arbitrary substrate. This limitation can be overcome with Raman
spectroscopy. Furthermore, Raman spectra can provide information about graphene
edges, doping and defects.
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The interpretation of graphene’s Raman spectra is achieved by focusing on the socalled G, D and 2D bands, which are approximately placed at shifts of 1580, 1300
and 2700 cm−1 and are the three main features in Raman spectra of carbon allotropes [27]. The G band corresponds to the excitation of the E2g phonon at the
center of the first Brillouin zone (stretching of the C-C bonds). The intensity of
its peak has been shown to increase linearly with the number of stacked graphene
layers. The D band is provoked by collective breathing modes of rings within the
graphene plane. It appears when defects are present in graphene or when armchair
chirality or defects are found at the borders, with integrated intensity proportional
to their amount. The 2D band is nothing but the second order of the D band.
In graphene the 2D band is a single sharp Lorentzian peak, while it consist in the
convolution of 4 lorentzian component for bilayer graphene and 6 for trilayer. So a
multilorentzian fit of the 2D band allows one to distinguish between single, double
and triple layer structure (see Figure 4.2, left) . Moreover, it is possible to distinguish between ABAB and ABCA stacking in trilayer (Figure 4.2, right).

Figure 4.2: 2D band for single, double and triple layer graphene with multilorentzian fit
(left). Comparison between 2D band for ABAB and ABCA stacking in trilayer (right).

The most convenient application of these properties consists in imaging samples
through Raman spectroscopy. Raman spectra at different points are obtained, mapping the sample with high spatial resolution (∼ 0.5µm). The parameters of interest
of the three bands (namely the ones that allows to characterize the sample as exposed above) are then associated as a color scale to each point of the sample, thus
producing images. In Figure 4.3 this typical procedure is shown. The final image
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Figure 4.3: Raman imaging of a graphene sample. Intensity of G band (upper left), D
band (upper right), 2D band (lower left) and combined image (lower right).

(lower right), obtained combining the information coming from the three bands of
the spectra, clearly shows the presence of a monolayer area (green) with defect zones
(blue) next to a trilayer region (orange). The black boundaries represent uncharacterized zones where the laser spot is incident simultaneously on different regions.
This kind of procedure can be developed into an algorithm that can lead to automatization of detection and characterization of graphene samples, which represents a
fundamental goal for future industrial application of graphene [28].
Combining atomic force microscopy (AFM) and Raman measurements, our group
was able to verify that the interaction with the (usual) dielectric substrate plays a
major role in graphene doping, while particle contamination does not lead to significant doping levels [29]. This result was possible owing to the fact that doping level
is in correlation with position and width of the G band. These two parameters were
thus used in order to image selected areas of graphene samples. On the other hand,
the AFM technique allowed to measure the distance between the graphene layer and
the substrate, that was found to be not uniform across the sample. It was found

36

CHAPTER 4. RAMAN SPECTROSCOPY ON GRAPHENE

that graphene zones more raised from the substrate are less doped and vice-versa.
The main results are shown in Figure 4.4.

Figure 4.4: Raman (upper left) and AFM image (upper right) of a graphene sample.
Intensity of G band (lower left) and doping level concentration (lower right) as a function
of the graphene-dielectric distance.

5 Conclusions
Graphene represents an incredible system on which to make experimental studies. Its
low dimensionality and unique electronic properties offer the chance to face physical
issues which are really new and still not completely understood. Magnetotransport
experiments, in particular, has proved to be an extremely powerful mean of investigation on such a system. Even though we couldn’t reach the high magnetic fields
characteristic of the so-called deep quantum limit, at which electrons show their
most exotic and fascinating behaviors, our study revealed many interesting features.
For instance, the observed weak antilocalization is a direct consequence of the chiral
nature of charge carriers in graphene. Thus we realized that is not necessary to measure the semi-integer quantum Hall sequence in order to get aware of the non-trivial
Berry phase of electrons in graphene. The role of impurity and inhomogeneities
then represents a fundamental topic as one has to deal with real solid state systems
and devices. We have shown that quantum interference in graphene remains strong
and visible even when the system is affected by high impurities’ concentration and
unintentional doping. Dishomegeneity in charge carriers’ density, which could be induced by a non uniform graphene-dielectric distance, was shown to cause anomalous
and unexpected trends in measured conduction parameters. Nevertheless, once the
origin of such a behavior is understood, the data can be handled in a quite simple
way, and genuine values obtained. The combination of magnetotransport studies
with characterization technique such as Raman spectroscopy proved to be of great
importance. From Raman analysis, indeed, one can get informations such as the
number of graphene layers covering a given area and their stacking sequence, or
estimate the doping level, defects and impurities’ concentration. Therefore one can
get a preliminary idea of which kind of behavior is expected to emerge when electric
37
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transport in magnetic field is performed.
From the point of view of a fifth year student with some theoretical basis on these
topics, but almost zero practical experience, working on those issues has been extremely formative and challenging. I can undoubtedly state that I learned a lot both
on graphene and experimental physics in general by means of making attempts, clash
against errors, reflect on them and start again with new attempts while working in
the laboratory. It is a way of learning that I now consider fundamental and would
advice to anyone who’s affected by curiosity and interest on solid state physics.
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