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ABSTRACT

Electronic Transport in Graphene

Yuanbo Zhang

This dissertation focuses on the electronic transport properties of graphene, a

single atomic layer of graphite. Graphene is a novel two-dimensional system in which

electron transport is effectively governed by the relativistic quantum theory. We

discover a variety of new phenomenon which stem from the “relativistic” nature of

the electron dynamics in graphene.

An unusual quantum Hall (QH) effect is discovered in graphene at low tem-

peratures and strong magnetic fields. Unlike conventional two-dimensional electron

systems, in graphene the observed quantization condition is characterized by half

integers rather than integers. Our investigation of the magneto-oscillations in resis-

tance reveals a Berry’s phase of π associated with the electron motion in graphene.

The half-integer quantization, as well as the Berry’s phase, is attributed to the pe-

culiar topology of the graphene band structure with a linear dispersion relation and

vanishing mass near the Dirac point, which can be described by relativistic quantum

electrodynamics. This is further confirmed by our measurement of the effective car-

rier mass, m∗, which obeys Einstein’s equation: E = m∗c2
∗ where c∗ ≈ c/300 is the

effective speed of light for electrons in graphene.

The availability of high magnetic fields up to 45 Tesla allows us to study the



magneto-transport in graphene in the extreme quantum limit. Under such condition,

we discover new sets of QH states at filling factors ν = 0,±1,±4, indicating the lifting

of the four-fold degeneracy of the previously observed QH states at ν = ±4(|n|+1/2),

where n is the Landau level index. In particular, the presence of the ν = 0,±1 QH

states indicates that the Landau level at the charge neutral Dirac point splits into four

sub-levels, lifting both sublattice and spin degeneracy, thereby potentially indicating

a many-body correlation in this LL. The QH effect at ν = ±4 is investigated in tilted

magnetic fields and is attributed to lifting of the n = ±1 spin-degeneracy of the

Landau level.

We devote one chapter to the investigation of multi-layer graphene. Strong con-

ductance modulation as a function of gate voltage is observed in the thin crystallite

devices (thickness ∼ 12 nm). The temperature-dependent resistivity data are ana-

lyzed in the frame work of the simple two-band (STB) model. They indicate more

boundary scattering contribution in the thinner graphite samples. Galvanomagnetic

transport study those samples shows strong modulation of the Hall resistance as well

as the magneto-resistance, a phenomena that was not observed before in the bulk,

has been observed as the applied gate voltage changes. The Landau level formation

of electron and hole carriers is also tuned by the gate. The observed phenomenon

can be well described by the STB model, taking into account the carrier density

gradient induced by the gate electrode. By fitting the temperature damping of the

magneto-resistance oscillations, we obtain the effective carrier masses in the meso-

scopic graphite samples.
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1

Chapter 1

Introduction

1.1 What is Graphene?

Graphene is single atomic sheet of carbon atoms that are arranged into a honeycomb

lattice. It can be viewed as a giant two-dimensional (2D) fullerene molecule, an

unrolled single wall carbon nanotube, or simply a single layer of lamellar graphite

crystal. The crystal structure of graphene is shown in Fig. 1.1. The lattice vectors

can be written as:

a1 = a(1/2,
√

3/2) a2 = a(−1/2,
√

3/2) (1.1)

in the (x, y) coordinates with the lattice constant a =
√

3a0. Here a0 = 1.4 Å is the

distance between the nearest neighbors. This set of lattice vectors correspond to a

reciprocal lattice with the base vectors

b1 =
4π√
3a

(
√

3/2, 1/2) b2 =
4π√
3a

(−
√

3/2, 1/2) (1.2)
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Figure 1.1: Graphene and its reciprocal lattice. Left: a1 and a2 are the lattice
vectors. There are two carbon atoms (1 and 2) in one unit cell (shaded area). Right:
the reciprocal lattice of graphene is defined by b1 and b2. The first Brillouin zone is
shown as shaded hexagonal.

as shown in Fig. 1.1.

There are two carbon atoms in one unit cell. Every carbon atom has four valence

electrons, of which three are used for the chemical bonds in the graphene plane. We

refer them as σ bonds. The fourth electron is in a 2pz orbital which is oriented

perpendicular to the plane. Since the σ bonds are extremely localized and does not

contribute to the electronic conduction, we are only concerned with the energy band

structure of the fourth electron (We will refer it as π band). Note that there are two

such electrons in one unit-cell, therefore there should be two π-bands, π and π∗, with

π corresponding to valence band (bonding) and π∗ corresponding to the conduction

band (anti-bonding).

The band structure of graphene can be calculated using tight-banding method.

This was first done by Wallace (1947) [1] (see [2] for an instructive introduction). We
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start with the general form of the Bloch wave function:

ψ =
∑
R

eik·Rφ(r−R) (1.3)

where R is the set of lattice vectors defined by linear combinations of a1 and a2. φ(r)

is the slow-varying envelope function to be calculated. In the framework of the the

tight-binding method, we assume the atomic wave functions are well localized at the

position of the atoms. When the overlap between neighboring atomic wave functions,

though nonzero, is exceedingly small, φ can be approximated by a linear combination

of a set of atomic wave functions. This is why the tight-binding method is sometimes

known as the linear combination of atomic orbitals (LCAO). In the case of graphene,

we consider only the 2pz orbitals. There are two such orbitals per unit cell, which we

shall call φ1 and φ2 with 1 and 2 referring to the two carbon atoms in one unit cell

(Fig. 1.1). The total wave function can be written as

φ = b1φ1 + b2φ2 (1.4)

where b1 and b2 are constant and |b1|2 + |b2|2 = 1. We now consider a single elec-

tron which experiences the atomic potential given by all the carbon atoms. The

Hamiltonian is

H =
52

2m
+

∑
R

(Vatom(r− r1 −R) + Vatom(r− r2 −R)) (1.5)

where r1 and r2 are positions of the two atoms in the unit cell (Fig. 1.1). b1 and b2

can be obtained by solving the Shrodinger equation

Hψ = Eψ (1.6)
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We need two equations for two parameters (b1 and b2). This is done by projecting

Eq. 1.6 onto the two states φ1 and φ2

〈φj|H|ψ〉 = E〈φj|ψ〉 (1.7)

where j = 1, 2. Here we adopt the more compact bra and ket notation.

Let us first calculate 〈φj|ψ〉 by plugging in Eq. 1.3. It is important to note that

only the nearest neighbor products have to be taken into account. Therefore we only

need to consider R = 0, a1, a2 terms in |ψ〉. Two equations are obtained as a result

〈φ1|ψ〉 = b1 + b2〈φ1|φ2〉(1 + e−ik·a1 + e−ik·a2) (1.8)

〈φ2|ψ〉 = b2 + b1〈φ2|φ1〉(1 + eik·a1 + eik·a2) (1.9)

It is easy to see that 〈φ1|φ2〉 = 〈φ2|φ1〉. We will assume that they are real, and denote

them with γ0.

We now turn to 〈φj|H|ψ〉. We first note that the total Hamiltonian H contains

the exact atomic Hamiltonian for atom 1, H1 = 52

2m
+Vatom(r− r1), and the potential

from all other atoms which we simply call ∆H1. Likewise for atom 2. Therefore, we

can write

H = H1 + ∆H1 = H2 + ∆H2 (1.10)

Since φj are eigenfunctions of Hj, we have a simple relation

Hj|φj〉 = εj|φj〉 (1.11)

where εj is the energy of the carbon 2pz orbital. Obviously, ε1 = ε2, so we sill simply

call them ε0. Furthermore, we are free to set the zero energy, so we chose ε0 = 0.
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Now we have

〈φ1|H|ψ〉 = 〈φ1|H1 + ∆H1|ψ〉
= 〈φ1|∆H1|ψ〉 (1.12)

〈φ2|H|ψ〉 = 〈φ2|H2 + ∆H2|ψ〉
= 〈φ2|∆H2|ψ〉 (1.13)

Again, when calculating terms 〈φj|∆Hj|ψ〉, only on-site and the nearest neighbor

overlaps are relevant. After this consideration, there are only a few terms retained

〈φ1|∆H1|ψ〉 = b1β + b2γ1f
∗(k) (1.14)

〈φ2|∆H2|ψ〉 = b2β + b1γ1f(k) (1.15)

Here we used the abbreviations

β = 〈φ1|∆H1|φ1〉 (1.16)

γ1 = 〈φ1|∆H1|φ2〉 = 〈φ2|∆H2|φ1〉 (1.17)

f(k) = 1 + eik·a1 + eik·a2 (1.18)

Putting together Eq. 1.8 and 1.14, the Shrodinger equation 1.7 is transformed

into an eigenvalue equation


 β f ∗(k)(γ1 − γ0E)

f(k)(γ1 − γ0E) β





 b1

b2


 = E


 b1

b2


 (1.19)
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Figure 1.2: Energy band structure of graphene. The valence band (lower band) and
conduction band (upper band) touch at six points, where the Fermi level is located.
In the vicinity of these points, the energy dispersion relation is linear.

from which the dispersion relation E = E(k) can be obtained. Note that by writing

the Shrodinger equation this way, we assume the two basis wavefunctions: ψ(1,2) =
∑

R eik·Rφ(1,2)(r−R). β is the energy variation of the pz atomic orbital induced by

all the other carbon atoms in the graphene plane. It corresponds to a small rigid shift

of the energy band, and can be neglected. Equation 1.19 is further simplified if we

exploit the fact that γ0 is small. Then the dispersion relation is simply

E(k) = ±γ1|f(k)| (1.20)

= ±γ1

√√√√1 + 4 cos

(
ky

√
3a

2

)
cos

(
kxa

2

)
+ 4 cos2

(
kxa

2

)
(1.21)

where kx and ky are the components of k in the (x, y) coordinates shown in Fig. 1.1.

The energy band structure (Eq. 1.20) is plotted in Fig. 1.2. Just as we discussed

before, there are two bands: the valence band (E < 0) and the conduction band

(E > 0). They touch at six points at the corners of the Brillouin zone, of which three
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are equivalent (K points), and so are the other three (K′ points). Since each carbon

atom contributes one electron, the conduction band are completely filled up to those

six points, where the Fermi level resides. For this reason, graphene is known as a

zero-gap semiconductor/semimetal.

As far as the electronic transport is concerned, we are interested in the low

energy region just around the K,K′ points. In this regime, the Hamiltonian can be

approximated by its first order expansion. We first look at K point, around which

we write k = κ + K, and E(k) = ε(κ) + E(K). Expanding f(k) to its first order,

Eq. 1.19 reduces to

−
√

3γ1a

2


 0 κx − iκy

κx + iκy 0





 b1

b2


 = ε(κ)


 b1

b2


 (1.22)

The dispersion relation then becomes very simple

ε(κ) = ∓~vF |κ| (1.23)

where vF is the Fermi velocity given by the constant

vF =

√
3γ1a

2~
(1.24)

So the energy surface is two circular cones touching each other head to head (see Fig.

1.2). In these cones, the 2D energy spectrum is linear, and the electrons always move

at a constant speed vF . This is in perfect analogy to a relativistic massless particle,

such as photons and massless neutrinos. Therefore the electron dynamics in graphene

are effectively relativistic, where the speed of light is substituted by Fermi velocity

vF . Taking the known values for γ1 (2.9 eV) and a (4.26 Å), vF is estimated to be
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≈ 106 m/s. So even through the carriers move at a speed much slower than the speed

of light, it is remarkable to see that they behave as if they are relativistic particles

with zero mass.

It is important to note that, even though we used a simple tight-binding model

with only the nearest neighbors taken into account, the result (Eq. 1.23) is robust

against any approximations regarding wavefunctions and is a result of the symmetry

of graphene with spin-orbital coupling neglected [3].

Now written in a compact form, the Hamiltonian at K is

H = ~− vF κ̂ · σ (1.25)

Here we approximate the wave function with plane waves, and replace the wave

number κ with operators κ̂ = −i∇ = −i(x̂ ∂
∂x

+ ŷ ∂
∂y

). σ’s are the Pauli matrices,

σ = x̂σx + ŷσy. Eq. 1.25 is recognized as a 2D Dirac Hamiltonian for massless

fermions with an extra minus sign. This Hamiltonian is well known for describing

massless neutrinos in particle physics. As we shall discuss in the next section, the

familiar concepts such as helicity can be readily recovered, and they have profound

implications on the electronic transport properties of graphene.

1.2 Massless Dirac Fermion in Graphene

The states for the massless Dirac fermion Hamiltonian 1.25 is given by [3–6]:

|κ〉 =
1√
2
eiκ·r


 −ise−iθκ/2

eiθκ/2


 (1.26)
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where θκ is the angle between κ = (κx, κy) and the y-axis (see Fig. 1.1), and s = −1

and +1 denote the states above and below K, respectively. The corresponding energy

for these states is given by 1.23, and s = −1/ + 1 states have positive/negative

energy respectively. The two components of the state vector give the amplitude of

the electronic wave function on the atoms of the two sublattice, so the angle θκ

determines the character of the underlying atomic orbital mixing.

The two-component vector in formula 1.26 can be viewed as a result of a spin-

rotation of θκ from ky axis, given by

R(θ) = exp

(
−i

θ

2
σz

)
=


 e−iθ/2 0

0 e+iθ/2


 (1.27)

from |s〉, the eigenvector for the state with κ in the positive ky direction (i.e. θκ = 0)

|s〉 =
1√
2


 −is

1


 (1.28)

This rotation operation clearly resembles that of a two-component spinor describing

the electron spin. Indeed, the above vector can be regarded as a pseudospin, arising

from the symmetry of underlying honeycomb graphene lattice. The above operation

also implies that the orientation of the pseudospin is tied to the κ vector. This is

completely analogous to the real spin of a massless neutrino which always points

along the propagation. For s = +1, i.e., the lower cone at K in Fig. 1.2, the states

have pseudospin parallel to κ, and thus correspond to right-handed neutrinos. For

s = −1, i.e. the antiparticles in the upper cone, the situation is reversed, just like

anti-neutrinos.

So far our analysis is focused on the K point. It would be interesting to see what
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happens to the K′ point. We apply a similar analysis to K′, and the only difference is

that now we expand the Hamiltonian in Eq. 1.19 around the K′ point: k = κ + K′,

and E(k) = ε(κ) + E(K′). Instead of Eq. 1.22, we obtain a new equation

√
3γ1a

2


 0 κx + iκy

κx − iκy 0





 b1

b2


 = ε(κ)


 b1

b2


 (1.29)

This leads to a Hamiltonian at K′

H = ~vF κ̂ · σ̄ (1.30)

where σ̄ are the complex conjugate of the Pauli matrices σ. This Hamiltonian is

known to describe left-handed massless neutrinos. Therefore at K′ the electron dy-

namics is again characterized by massless Dirac fermions, but with opposite helicity,

as shown in Fig. 1.1.

The chirality of the electrons in graphene has important implications on the

electronic transport in graphene. Following Ando et. al [5], let us consider a scattering

process κ → κ′ due to an potential V (r) with a range larger than the lattice constant

in graphene, so that it does not induce scattering between K and K′ points. The

resulting matrix element between these two states is given by [5, 6]

|〈κ′|V (r)|κ〉|2 = |V (κ− κ′)|2 cos2(θκ,κ′/2) (1.31)

where θκ,κ′ is the angle between κ and κ′, and the cosine term comes from the overlap

of the initial and final spinors. A backscattering process corresponds to κ = −κ′.

In this case, θκ,κ′ = π and the matrix element vanishes. Therefore such backward

scattering is completely suppressed. This is a direct consequence of the fact that an
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electron in graphene, described by Eq. 1.25, has ‘helicity’, i.e. its pseudospin always

points along its wave vector. The direction of the pseudospin is reversed in a backward

scattering, leading to a destructive interference. The experimental significance of

the Berry’s phase of π is demonstrated by McEuen et al. [6] in single-wall carbon

nanotubes (SWCNTs), which are essentially graphene rolled up into cylinders. The

suppression of backscattering in metallic SWCNTs leads to a remarkably long electron

mean free path in the order of micron.

The suppression of backward scattering can also be understood in terms of the

Berry’s phase induced by the pseudospin rotation. It has been demonstrated by Ando

et. al [5] that a rotation in κ by 2π leads to a change of the phase of the wave function

by π. The non-trivial Berry’s phase may lead to non-trivial quantum correction, the

so-called anti-localization, to the conductivity in graphene. Each scattering process

corresponds to a complementary time-reversal process. In a conventional 2D electron

system, the scattering amplitude and associated phase of each process and its com-

plementary time-reversal process is equal. This constructive interference leads to the

enhancement of the backward scattering amplitude and thus the localization of the

electron states. This mechanism is known as weak localization. In graphene, however,

each scattering process induces a rotation of the pseudospin, and results in a corre-

sponding phase change of the wave function. This leads to a destructive interference

for the backward scattering. Therefore the quantum correction to the conductivity

in graphene should have a positive sign, which is yet to be observed experimentally.

However, the Berry’s phase can be observed in the quantum oscillations induced

by a uniform external magnetic field [7, 8]. In a semi-classical picture, the electrons

orbit along a circle in k space when subjected to a magnetic field. The Berry’s phase

of π produced by the 2π rotation of the wave vector manifests itself as a phase shift of
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the quantum oscillations, which will be the focus of the discussion of the next section.

1.3 Electron Dynamics in a Magnetic Field

1.3.1 Quantum Mechanical Description

Let us first consider the simplest case, a free electron moving in 2D subject to an

perpendicular magnetic field, B. Classically, it goes around in a circular orbit with

an angular frequency

ωc = eB/m (1.32)

as a result of the Newton’s Law: mdv/dt = −ev×B. ωc is called cyclotron frequency.

The radius of the orbit is proportional to its velocity, Rc = v/ωc, and it changes

continuously as B varies. Of course, this picture is modified in quantum mechanics,

because first of all the motion of the electron has to be quantized.

A quantum mechanical treatment of the same problem starts with the following

Hamiltonian

H =
1

2m
(P + eA)2 (1.33)

where P is the momentum operator −i~5 and A is the vector potential for the

magnetic field. The solution to this problem is well know (see any quantum mechanics

textbook, such as [9]). By choosing a Landau gauge, i.e. A = −Byx̂, the Shrodinger

equation becomes (
P 2

2m
− eB

m
yPx +

1

2
mω2

cy
2

)
ψ = Eψ (1.34)

where ωc is cyclotron frequency defined previously. After separating the variables

by assuming solutions having the form ψ(x, y) = exp(ikx)χn,k(y), this equation is
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the same as the one describing a harmonic oscillator and the eigenfunctions and

eigenenergies are given by

χn,k(y) = un(η − ηk) (1.35)

En =

(
n +

1

2

)
~ωc, n = 0, 1, 2, ... (1.36)

where

un(η) = exp(−η2/2)Hn(η) (1.37)

η = y
√

mωc/~ and ηk =
√
~mωck/eB (1.38)

with Hn(η) being the nth Hermite polynomial. The discreet energy levels are called

Landau levels (LLs), and they are equally separated by the cyclotron energy ~ωc,

which scales proportionally with the magnetic field. Note that even at the zeroth LL,

there is a finite energy of ~ωc/2.

An inspection of the density of states (DOS) reveals that, in a magnetic field, the

zero-field DOS characterized by a step function

N(E) =
m

π~2
θ(E) (1.39)

splits into evenly spaced peaks

N(E) =
2eB

h

∑
n

δ[E − (n +
1

2
)~ωc] (1.40)

located at each LL, and every LL has the same amount of degenerate states, 2eB/h.

The factor of 2 comes from the degeneracy of spin up and spin down electrons. Ideally,

these peaks are δ functions, but in practice they spread out in energy due to disorder.
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Figure 1.3: Landau level formation in (a) conventional 2D system with parabolic
bands and (b) graphene with linear bands. The broken lines indicate the DOS without
external magnetic field. E > 0 indicates electrons and E < 0 indicates holes. Note
that there is an Landau level exactly at E = 0 for graphene.

This is illustrated in Fig. 1.3. Although the results above are obtained from a free

electron model, the description is generally true for a electron in a crystal lattice where

the energy can be approximated by a parabolic dispersion relation: E = ~2k2/2m∗.

In this case, the free electron mass m is replaced by the effective mass m∗.

We now turn to the massless Dirac fermion described by Hamiltonian 1.25. In a

magnetic field, the Shrodinger equation is given by

−vF (P + eA) · σψ(r) = Eψ(r) (1.41)

where P = −i~5, and ψ(r) is a two-component vector

ψ(r) =


 ψ1(r)

ψ2(r)


 (1.42)
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Then we have two Equations for ψ1(r) and ψ1(r)

−vF (Px − iPy − eBy)ψ2(r) = Eψ1(r) (1.43)

−vF (Px + iPy − eBy)ψ1(r) = Eψ2(r) (1.44)

Here we have again adopted Landau gauge for the vector potential A: A = −Byx̂.

Plugging Eq. 1.43 into 1.44, we obtain the equation for ψ2(r) only

v2
F (P 2 − 2eByPx + e2B2y2 − ~eB)ψ2(r) = E2ψ2(r) (1.45)

An inspection of Eq. 1.45 reveals that it is simply Eq. 1.34, if we make the following

substitution: m → 1/2, ωc → 2eB and E → E2/v2
F , and add a constant −~eB

to the left hand side of Eq. 1.34. Having solved Eq. 1.34, it is trivial to find the

eigenenergies of Eq. 1.45

E2
n = 2n~eBv2

F (1.46)

where n = 1, 2, 3... The constant −~eB shifts the LL’s by half of the equal spacing

between them, and it also guarantees that there is an LL at E = 0, which has the

same degeneracy as the other LLs. Putting them together, the eigenenergy can be

written as [10, 11]

En = sgn(n)
√

2e~v2
F |n|B (1.47)

where n > 0 corresponds to electron-like LLs and n < 0 corresponds to hole-like LLs.

There is a single LL sitting exactly at E = 0, as a result of particle-hole symmetry.

The square root dependence of the Landau level energy on n, En ∝
√

n, can be

understood if we consider the DOS for the relativistic electrons. The linear energy
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spectrum of 2D massless Dirac fermions implies a linear DOS given by

N(E) =
E

2π~2v2
F

(1.48)

In a magnetic field, the linear DOS collapses into LLs, each of which has the same

number of states 2eB/h. As the energy is increased, there are more states available,

so less spacing between the LLs is needed in order to have the same number of state

for each LL. A linear DOS directly results in a square root distribution of the LLs.

This is illustrated in Fig. 1.3(b).

A wealth of information can be obtained by measuring the response of the 2D

electron system in the presence of an magnetic field. One such measurement is done

by passing current through the system and measure the longitudinal resistivity ρxx.

As we vary the magnetic field, the energies of the LLs change. ρxx goes through

one cycle of oscillation as the Fermi level moves from one LL DOS peak to the next.

These are the so called Shubinikov de-Haas (SdH) oscillations. As we noticed in Eq.

1.46, the levels in a 2D massless Dirac fermion system such as graphene are shifted

by one half, which means the SdH oscillations will have a phase shift of π, compared

with the conventional 2D system.

The phase shift of π is a direct consequence of the Berry’s phase associated with

the massless Dirac fermion in graphene. To further elucidate how the chiral nature of

an electron in graphene affects its motion, we resort to a semi-classical model where

familiar concepts, such as the electron trajectory, provide us a more intuitive physical

picture.
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1.3.2 Semi-Classical Model

We consider an electron moving in a plane in a perpendicular magnetic field B. The

basic equation of the semi-classical approach is

~k̇ = −e(v ×B) (1.49)

which simply says that the rate of change of momentum is equal to the Lorentz force.

The velocity v is given by

v =
1

~
5k ε (1.50)

where ε is the energy of the electron. Since Lorentz force is normal to v, no work is

done to the electron and ε is a constant of the motion. It immediately follows that

electrons move along the orbits given by the intersections of constant energy surfaces

with planes perpendicular to the magnetic fields.

Integration of Eq. 1.49 with respect to time yields

k(t)− k(0) =
−eB

~
(R(t)−R(0))× B̂ (1.51)

where R is the position of the electron in real space, and B̂ is the unit vector along

the direction of the magnetic field B. Since the cross product between R and B̂

simply rotates R by 90◦ inside the plane of motion, Eq. 1.51 means that the electron

trajectory in real space is just its k-space orbit, rotated by 90◦ about B and scaled

by ~/eB.

It can be further shown that the angular frequency at which the electron moves
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around the intersection of the constant energy surface is given by

ωc =
2πeB

~2
/

(
∂a

∂ε

)

k

(1.52)

where a is the area of the intersection (There are plenty of texts available on this topic,

see e.g. [12] and [13]). For electrons having effective mass m∗, we have ε = ~2k2/2m∗.

a is given by πk2 = 2πm∗ε/~2. Eq. 1.52 reduces to ωc = eB/m∗, which is the same

as what we obtained previously. Comparing it with Eq. 1.52, we find

m∗ =
~2

2π

(
∂a

∂ε

)

k

(1.53)

which is actually the definition of effective mass for an arbitrary orbit.

The quantization of the electron motion will restrict the available states and

give rise to the quantum oscillations such as SdH oscillations. The Bohr-Sommerfeld

quantization rule for a periodic motion is

∮
p · dq = (n + γ)2π~ (1.54)

where p and q are canonically conjugate variables, n is an integer and integration is

for a complete cycle. γ will be discussed below.

For an electron in a magnetic field,

p = ~k− eA q = R (1.55)

so Eq. 1.54 becomes ∮
(~k− eA) · dR = (n + γ)2π~ (1.56)
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Plug in formula 1.51 and make use of Stokes’ theorem, one finds

B ·
∮

R× dR−
∫

S

B · dS = (n + γ)Φ0 (1.57)

where Φ0 = 2π~/e is the magnetic flux quanta. S is any surface in real space which

has the electron orbit as the rim. Therefore the second term on the left hand side

of Eq. 1.57 is just the magnetic flux −Φ penetrating the electron orbit. A closer

inspection of the first term finds that it is 2Φ. Putting them together, Eq. 1.57

reduces to

Φ = (n + γ)Φ0 (1.58)

which simply means that the quantization rule dictates that the flux through the

electron orbit has to be quantized.

Remember that the electron trajectory in real space is just a rotated version of its

trajectory in k-space, scaled by ~/eB (Eq. 1.51). Let a(ε) be the area of the electron

orbit in k-space, Eq. 1.51 becomes

a(εn) = (n + γ)2πeB/~ (1.59)

which is the famous Onsager relation. It implicitly specifies the permitted energy

levels εn (Landau Levels), which in general depends on the band structure ε(k).

The dimensionless parameter 0 ≤ γ < 1 is determined by shape of the energy band

structure. For a parabolic band, ε = ~2k2/2m∗, the nth LL has the energy εn = (n +

1/2)~ωc. Each LL orbit in k-space is a circle with a radius kn =
√

2eB(n + 1/2)/~.

The corresponding area of orbital in k-space for the nth LL is therefore

a(εn) = πk2
n = (n +

1

2
)2πeB/~ (1.60)
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A comparison of this formula with Eq. 1.59 immediately yields

γ =
1

2
(1.61)

For massless Dirac fermion in graphene which has the linear dispersion relation

ε = ~vF k, the nth LL corresponds to a circular orbit with radius kn = εn/~vF =
√

2e|n|B/~. The corresponding area is therefore

a(εn) = πk2
n = |n|2πeB/~ (1.62)

This gives

γ = 0 (1.63)

which differs from the γ for the conventional massive fermion by 1
2
.

The difference of 1
2

in γ is a consequence of the chiral nature of the massless Dirac

fermions in graphene. An electron in graphene always has the pseudospin tied to its

wave vector k. As the electron goes through the orbit for one cycle, k, as well as the

pseudospin attached to it, goes through a rotation of 2π at the same time. Much like

a physical spin, a 2π adiabatic rotation of pesudospin gives a Berry’s phase of π [5].

This is exactly where the 1
2

difference in γ comes from.

The above analysis can be generalized to the systems with arbitrary band struc-

ture. The work of Roth (1966) [14] and Mikitik (1999) [15] shows that the quantity γ

is purely a property of the topology of the energy band structure. In general, γ can

be expressed in terms of the Berry’s phase, φB, for the electron orbit:

γ − 1

2
= − 1

2π
φB (1.64)
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For any electron orbits which surround a disconnected band, as is the case for a

parabolic band, this phase is zero, and we arrive at Eq. 1.61. A non-trivial Berry’s

phase of π results if the orbit surrounds a contact between the bands, and the energies

of the bands separate linearly in k in the vicinity of the band contact. In graphene,

these requirements are fulfilled because the valence band and conduction band are

connected by K and K′, and the energy dispersion is linear around these points. This

again leads to a γ = 0 in graphene (γ = 0 and γ = ±1 are equivalent).

γ can be probed experimentally by measuring the quantum oscillation of the

2D system in the presence of a magnetic field. It is identified as the phase of such

oscillations. This becomes evident when we explicitly write the oscillation part of the

quantum oscillations, e.g., SdH oscillation of resistivity, ∆ρxx [8, 16, 17]

∆ρxx = R(B, T ) cos

[
2π

(
BF

B
− γ

)]
(1.65)

Here we only take account of the first harmonic. R(B, T ) is the amplitude of the SdH

oscillations and BF is the frequency in 1/B, which can be related to the 2D charge

carrier density ns by

BF =
nsh

gse
(1.66)

where gs accounts for the degeneracy of the LLs. γ = 1/2 (for parabolic band) and

γ = 0 (for graphene) produces a phase difference of π between the SdH oscillation

in the two types of 2D systems. In the extreme quantum limit, the SdH oscillations

evolve into quantum Hall effect, a remarkable macroscopic quantum phenomenon

characterized by precisely quantized Hall resistance and zeros in the longitudinal

resistance. The additional Berry’s phase of π manifests itself as an half-integer shift in

the quantization condition, and leads to an unconventional quantum Hall effect. The

experimental observation of the quantum Hall effect and Berry’s phase in graphene
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are reported in detail in Chapter 3 of this dissertation.

To summarize, graphene represents a new type of 2D electron system where the

electrons mimic the behavior of massless, relativistic Dirac particles. The chiral nature

of the electron plays a fundamental role in the transport property of graphene. First,

it cause the cancelation of the backscattered electron wavefunction, and may leads to

anti-localization of electron states in graphene. Second, the rotation of pseudospin in

the presence of a magnetic field causes a phase shift of π in the quantum oscillation

and, in extreme quantum limit, leads to an unconventional quantum Hall effect.

The organization of the this dissertation is the following:

In Chapter 2, we describe our sample preparation procedure. We present a unique

micro-mechanical method (“nano-pencil” method), followed by a remarkably simple

method (Scotch R© tap method). We demonstrate that multi-layer as well as mono-

layer graphene samples can be obtained utilizing those methods.

In Chapter 3, we report our experimental investigation of magneto-transport

in high mobility (µ > 104 cm2/Vs) monolayer graphene samples. Adjusting the

chemical potential using an electric field, we discover an unusual quantum Hall effect

for both electron and hole carriers in graphene. The new type of quantum Hall

effect is distinctively different from the conventional one observed in semiconductor

heterotructures in that the integer quantization condition is shifted by one half. We

find that the half-integer shift comes from the fact that the carriers in graphene mimic

the behavior of relativistic Dirac fermions with zero mass.

The massless Dirac fermions in graphene are further probed by analyzing the

SdH oscillations in graphene. Our data show a phase shift of π in the SdH oscil-

lations, which corresponds to a Berry’s phase of π associated with the energy band

of graphene. This result supports the existence of such massless Dirac fermion in
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graphene. The effect mass of the carriers in graphene, m∗, is measured at different

energies, EF . The result fits very well with Einstein’s equation, EF = m∗v2
F , where

the speed of light is replaced with the constant Fermi velocity in graphene vF , pro-

viding further evidence that the carriers in graphene is indeed effectively relativistic.

In Chapter 4, we report the quantum Hall (QH) effect observed in our graphene

samples in strong magnetic fields up to 45 T. QH states at filling factors ν = 0,±1,±4

are discovered at fields B > 20 T, indicating the lifting of the four-fold degeneracy

of the previously observed QH states at ν = ±4(|n| + 1/2), where n is the Landau

level index. In particular, the presence of the ν = 0,±1 QH states indicates that the

Landau level at the charge neutral Dirac point splits into four sub-levels, lifting both

sublattice and spin degeneracy. We also investigate the QH effect at ν = ±4 in tilted

magnetic fields and conclude that ν = ±4 QH states can be attributed to lifting of

the n = ±1 spin-degeneracy of the Landau level.

In Chapter 5, we study multi-layer graphene with thicknesses ranging from 12

– 90 nm. Strong conductance modulation as a function of gate voltage is reported

in the thinner crystallite devices, owning to the mesoscopic nature of these samples.

The temperature-dependent resistivity data from devices of varying thicknesses are

explained in the framework of a simple two-band model. The reduced mobility in

thinner samples indicates increased boundary scattering contribution in the thinner

graphite samples. The galvanomagnetic transport properties of these mesoscopic

devices are studied in the presence of an external magnetic field. We observe strong

modulation of magneto-resistance and Hall resistance as a function of the gate voltage

as the sample thickness approaches the screening length of graphite. Such strong

modulation allows us to detect the electric field dependent Landau level formation

from Shubnikov-de Haas oscillations. The effective mass of electron and hole carriers
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has been measured from the temperature dependent behavior of these oscillations,

and they agree with the values from the measurement of the bulk graphite very well.

In Chapter 6, we recapitulate the major conclusions of this dissertation.
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Chapter 2

Sample Preparation

2.1 Overview

Generally speaking, various methods that are developed in trying to get single sheets

of graphene fall into two categories: the bottom-up approach and the top-down ap-

proach. Following the bottom-up approach, one starts with carbon atoms and tries

to assemble graphene sheets from those atoms by chemical pathways [18, 19]. This is

best exemplified by work of W. A. de Heer group in Georgia Institute of Technology.

In Ref. [19], they demonstrated that thin graphite films can be grown by thermal

decomposition on the (0001) surface of 6H-SiC. This method opens the way to large

scale integration of nanoelectronics based on graphene, but so far the growth and

identification of monolayer graphene remains an obstacle.

On the other hand, the top-down approach starts with bulk graphite, which is

essentially graphene sheets stacked together, and tries to extract graphene sheets

from the bulk by mechanically. The mechanical extraction of layered material dates

back to the 70s. In his seminal experiment [20], Frindt showed that few layers of
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superconductor NbSe2 can be mechanically cleaved from the bulk crystal fixed on an

insulating surface by epoxy. While it is known for decades that people routinely cleave

graphite using scotch tape when preparing sample surface for Scanning Tunneling

Microscopy (STM) study, the first pointed experiment involving mechanical cleaving

of graphite using scotch tape was carried out by Ohashi et al. [21]. The thinnest

graphite film obtained in this experiment was 10 nm, corresponding to ∼ 30 layers.

It is worth noting that patterning of bulk graphite prior to the mechanical cleaving

can be done with oxygen plasma etching [22]. A patterned graphite surface offers a

better control over the cleaving process.

The past two years saw booming activities on mechanical cleaving of graphite.

Various methods were implemented. However, not until 2004 were few-layer graphene

sheets extracted from bulk graphite, using a remarkably simple method (“Scotch tape

method”), which will be discussed in detail in 2.3.

In this chapter, I will first describe our unique micro-mechanical method (“Nano-

pencil”), with which graphite crystallites with thicknesses down to 12 nm are ob-

tained. The “Scotch tape method” will be discussed in section 2.3.

2.2 Nano-Pencil

While simple mechanical cleaving proved to be a reliable way to get thin graphite crys-

tallites down to ∼ 10 nm [21, 22], one may speculate that a more controlled cleaving

yield thinner, potentially monolayer, crystals. We develop a micro-mechanical cleav-

ing process which exploits the precise force and position controllability of the Atomic

Force Microscope (AFM). The key for such a process is the AFM cantilever with

micron-sized graphite block mounted as the tip. Much like writing with a pencil, by
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operating the AFM in contact mode, the graphite tip scratches the substrate with

precisely controlled force and speed.

The graphite tip is made from bulk Highly Oriented Pyrolytic Graphite (HOPG).

Using a similar technique demonstrated in [22], arrays of graphite micro-pillars (∼
2× 2× 5 µm3) are fabricated on the HOPG surface using micro-patterning followed

by masked anisotropic oxygen plasma etching (Plasma-Therm PK-12 RIE). During

the etching process, oxygen flow rate is maintained at 20 sccm and pressure 50 mTorr.

Once the array is formed (Fig. 2.1(a) inset), an individual block of the pillar is removed

from the surface using a precision micro-manipulator (Newport, 461 Series) above an

inverted optical microscope with 500× resolution. The detached graphite block is

then transferred to a micro-machined silicon cantilever (MikroMasch), where it is

glued down by a small amount of ultra-violet sensitive epoxy (Millennium EN239-2),

as shown in Fig. 2.1(a).

In the next step, we use the mounted graphite block on the cantilever as the

tip of an atomic force microscope (AFM) in order to transfer thin graphite samples

onto a SiO2/Si substrate for subsequent device fabrication. By operating the AFM

(Nanoscope IIIa Multimode, Digital Instruments) in contact mode with load on the

graphite mounted cantilever, very thin layers of HOPG are sheared off onto the sub-

strate (Fig.2.1(b)). This microscopic cleaving process can be controlled by tuning the

normal force between the cantilever and the substrate. The van der Waals binding

energy between the graphene layers in graphite is ∼ 2 eV nm−2 [23]. Assuming the

graphite-substrate friction coefficient is ∼ 1, the required normal force to cleave off

a 1 µm2 graphite sheet from the top of the crystallite is ∼ 300 nN. A normal force

in the range of 10 - 2000 nN can be easily managed by commercially available silicon

cantilevers. In our experiment, by fine tuning the normal force and the scanning
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Figure 2.1: Micro-mechanical cleaving of HOPG using “nano-pencil”. (a) scanning
electron microscope image of an HOPG crystallite mounted on a microcantilever.
Inset: Bulk HOPG surface patterned by masked anisotropic oxygen plasma etching.
(b) Schematic drawing of the micro-cleaving process. (c) Thin graphite samples
cleaved onto the SiO2/Si substrate. (d) A typical mesoscopic device fabricated from
a cleaved graphite sample.
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speed of the cantilever (1-10 µm/sec), square graphite crystallites with lateral size

∼ 2 µm and thicknesses ranging from 10 - 100 nm are easily obtained (Fig.2.1(c)).

Once the graphite samples are cleaved onto a substrate with predefined alignment

marks, AFM images are acquired for measuring the height of the cleaved crystallites

and registering the position for device design. The measured surface roughness of the

samples are less than 0.5 nm, and we do not observe any appreciable number of step

edges with height larger than 0.5 nm.

In figure 2.1(d) we show a thin graphite device for electronic transport measure-

ments. The electrodes are fabricated using electron beam lithography, followed by

metal thermal evaporation (Cr/Au=3/60nm) and overnight lift-off in acetone.

2.3 The Legend of Scotch Tape

The micro-mechanical cleaving described above is a delicate and sometimes time con-

suming process. Although it provides a reliable way of obtaining graphite crystals

with thickness ∼ 10 nm, its low throughput makes it difficult to get to monolayer

graphene. Most of the pieces that are cleaved onto the SiO2/Si substrate are multiple

layer crystals, therefore a large statistics is needed in order to find a potential mono-

layer crystal. Hence comes the idea of massive, direct cleaving using bulk graphite.

The procedure is remarkably simple, as first reported by Novoselov et al.[7].

We start with graphite flakes(Kish, Toshiba Ceramics), and rub them against a flat

SiO2/Si substrate directly, using a piece of adhesive tape (Stoch R© tape) as a holder.

During cleaving, the graphite flakes make intimate contact with the substrate at many

different locations. At each of those locations, there is one “nano-pencil” at work.

Although the probability of obtaining monolayer graphene for each such “nano-pencil”
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Figure 2.2: Cross-correlation of optical microscope and AFM images of few-layer
graphene samples. (a) An optical microscope image of micro-cleaved graphite samples
deposited on a SiO2/Si substrate. (b) An AFM image of potentially single and double
layer graphene samples discovered in the boxed region of (a). The inset shows a
detailed AFM height profile in the boxed region of the main panel.
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is small, with thousands of them working in parallel, we can always find single layers,

among the great majority of other thicker flakes that are cleaved onto the substrate.

In short, by sacrificing controllability, we gain on statistics.

After cleaving, the key for finding single layers amid thicker flakes is visual iden-

tification using an optical microscope. Graphene monolayers are clearly visible on a

Si wafer with thermally grown SiO2 layer (Fig. 2.2a), due to the interference induced

color shift. The thickness of SiO2 layer significantly affects the visibility of single lay-

ers and the contrast between layers with different thicknesses. We find that ∼ 290 nm

thick thermally grown SiO2 layer yields the best contrast for this purpose.

In order to measure thickness of deposited graphene layers, a cross-correlation

study between optical microscope and AFM images was made. As shown in Fig.

2.2a, there are color contrast changes in the samples with different thicknesses due

to interference induced color shifts. These color shifts are sensitive to the number

of graphene layers on the top of the SiO2/Si substrate. Once the optical images

are taken, the sample profiles are probed using AFMs (MultiMode AFM, Digital

instrument and XE100, PSIA). For example, Fig. 2.2b shows an AFM image of

samples in the boxed region in 2.2a. The detailed AFM height profile analysis (inset)

yields the apparent height of region (I) and (II) are 0.8 nm and 1.2 nm, respectively.

An atomic layer step ( 0.4 nm high) is observed between the region (I) and (II),

indicating the region (II) has just one more layer of graphene. Since a single sheet

of graphene is 0.35 nm thick, the region (I) is comprise of at the most two graphene

layers. However, considering an additional van der Waals (vdW) distance between

graphene and SiO2 surface (0.3 nm) [24], we speculate that the region (I) is most likely

a single layer, unless the AFM tip to graphene interaction is much stronger than that

of the AFM tip to SiO2 interaction. This is highly unlikely, since AFM profile analysis
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has been faithfully used for determining diameter of carbon nanotubes, a material that

share a similarity with graphene, where well established cross-correlation between

AFM determined diameter and Raman spectroscopy determined diameter [25].

In addition, the electronic transport signal from the sample can be used to dis-

tinguish the monolayer from bilayer graphene as they exhibit distinctively different

quantum Hall effects. This will be discussed in Chapter 3.
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Chapter 3

Monolayer Graphene

3.1 Sample Characterization

The monolayer graphene samples used in this study are obtained using the Stoch R©

tape method described in Chapter 2. After single layers of graphene are cleaved

onto SiO2/Si substrate, their position is determined with respect to pre-defined align

marks. A subsequent electron beam lithography process locates the graphene samples

and defines thermally evaporated electrodes (Cr/Au = 3/60 nm) on top, followed by

overnight liftoff in acetone. We have used typical electron beam lithography con-

ditions. Single layer of 950 molecular weight Polymethyl Methacrylate (PMMA) is

spin-coated at 4000 RPM onto the sample, then baked at 180◦C for 2 minutes prior to

exposure to 30 keV electron beam. The electron beam dosage is set at 450 µC/cm2.

The electrodes are typically arranged into a Hall-bar geometry (see the inset of Fig.

3.1a for picture of a typical device). The devices are fabricated on degenerately doped

Si wafers with ∼ 300 nm thermally grown SiO2. The Si underneath serves as a back

gate, which is used to tuned the charge density in the graphene samples.
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Figure 3.1: Resistance, carrier density, and mobility of graphene measured at 1.7 K
at different gate voltages. (a) Resistance changes as a function of gate voltage in
a graphene device shown in the optical microscope image in the right inset. The
position of the resistance peaks varies from device to device, but the peak values are
always of the order of ∼ 4 kΩ, suggesting a potential quantum mechanical origin. The
left inset shows a schematic diagram for the low energy dispersion relation near the
Dirac points in the graphene Brillouin zone. Only two Dirac cones are inequivalent to
each other, producing a two-fold valley degeneracy in the band structure. (b) Charge
carrier density (open circle) and mobility (filled circle) of graphene as a function of
gate voltage. The solid line corresponds to the estimated charge induced by the gate
voltage, ns = CgVg/e, assuming a gate capacitance Cg = 115 µF/m2 obtained from
geometrical consideration.
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Most of our electronic transport measurements are performed in a variable tem-

perature cryostat (Janis VariTemp) with temperatures ranging from 1.6 – 300 K,

where samples are cooled by continuous flowing helium vapor. The temperature con-

trol is achieved by applying heating power to the heater on the sample probe, using

a Lakeshore 340 temperature controller. An external magnetic field perpendicular

to the graphene plane can be applied using a superconducting magnet. The mag-

net is controlled by Model CS4 bipolar power supply from Cryomagnetics, Inc. For

extremely low temperature measurements, we use a dilution refrigerator where tem-

peratures as low as 30 mK can be reached. The magneto-resistance (Rxx) and Hall

resistance (Rxy) of the graphene samples are measured using Lock-in amplifiers with

an excitation current of 10 nA at a frequency ∼ 13 Hz.

Fig.3.1a shows the gate modulation of Rxx at zero magnetic field in a typical

graphene device whose lateral size is ∼ 3 µm. While Rxx remains in the ∼ 100 Ω

range at high carrier density, a sharp peak whose value is on the order of ∼ 4 kΩ

is observed at Vg ≈ 0 V. While different samples show slightly different peak values

and peak positions, similar behaviors were observed in at least 10 other graphene

samples we have measured. The existence of such a sharp peak is consistent with

the reduced carrier density as EF approaches the Dirac point of graphene where the

density of states vanishes. Thus the gate voltage corresponding to the charge neutral

Dirac point, VDirac, can be determined from this peak position.

A separate measurement of Rxy provides a measure for the sheet carrier density,

ns, of the sample. Assuming a simple Drude model, ns can be obtained from the

linear dependence of the Hall resistance Rxy on the magnetic field, B, in the low field

limit, B → 0

ns =

[
e
dRxy

dB

]−1

(3.1)
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Combined with Rxx measurement, the carrier mobility, µ, can be calculated using the

following formula

µ =
1

ensρxx

(3.2)

where

ρxx = Rxx
W

L
(3.3)

with W and L the width and length of the sample respectively.

The sheet carrier density and mobility at different gate voltages are plotted in

Fig. 3.1. The sign of ns changes at Vg = VDirac, indicating EF indeed crosses the charge

neutral point. Mobilities are higher than 104 cm2/Vs for the entire gate voltage range,

considerably exceeding the quality of previously studied graphene samples[19, 24].

3.2 Unconventional Integer Quantum Hall Effect

The exceptionally high mobility graphene samples allow us to investigate transport

phenomena in the extreme magnetic quantum limit, such as the quantum Hall Effect

(QHE) [8].

QHE was discovered by von Klitzing et al. in the 2D electron gas in the inver-

sion layer of a MOSFET (metal-oxide-semiconductor field-effect-transistor) in 1980

[26]. Since then, it has become one of the most active field of research in condensed

matter physics. QHE occurs in 2D electron system at low temperatures and strong

perpendicular magnetic field. It is characterized by plateaus of the Hall conductivity

quantized at integer multiples of the universal constant e2/h

R−1
xy = gsne2/h (3.4)
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accompanied by a vanishing longitudinal resistivity, a signature of a dissipationless

current flow. Here gs is the degeneracy of the LLs, and n is a positive integer.

Graphene, on the other hand, represents a new type of 2D electron system where the

carriers can be treated as massless Dirac fermions. The QHE in such a system will

provide important information about quantum electrodynamics in 2D.

Fig. 3.2a shows Rxy and Rxx of the sample of Fig. 3.1 as a function of magnetic

field B at a fixed gate voltage Vg > VDirac. The overall positive Rxy indicates that

the contribution is mainly from electrons. At high magnetic field, Rxy(B) exhibits

plateaus and Rxx is vanishing, which are the hallmark of the QHE. At least two

well-defined plateaus with values (2e2/h)−1 and (6e2/h)−1, followed by a developing

(10e2/h)−1 plateau, are observed before the QHE features transform into Shubnikov

de Haas (SdH) oscillations at lower magnetic field. The quantization of Rxy for

these first two plateaus is better than 1 part in 104, precise within the instrumental

uncertainty. We observe the equivalent QHE features for holes (Vg < VDirac) with

negative Rxy values (Fig. 3.2a, inset). Alternatively, we can probe the QHE in both

electrons and holes by fixing the magnetic field and changing Vg across the Dirac

point. In this case, as Vg increases, first holes (Vg < VDirac) and later electrons

(Vg > VDirac) are filling successive Landau levels and exhibit the QHE. This yields an

antisymmetric (symmetric) pattern of Rxy (Rxx) in Fig. 3.2b, with Rxy quantization

accordance to

R−1
xy = ±gs(n +

1

2
)e2/h (3.5)

where n is a non-negative integer, +/- stands for electrons and holes respectively.

This quantization condition can be translated to the quantized filling factor, ν, in

the usual QHE language. Here in the case of graphene, gs = 4, accounting for 2

spin degeneracy and 2 sub-lattice degeneracy, i.e K and K′ degeneracy. In addition,
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Figure 3.2: Quantized magnetoresistance and Hall resistance of a graphene device.
(a) Hall resistance (black) and magnetoresistance (red) measured in the device in Fig.
3.1 at T = 30 mK and Vg = 15 V. The vertical arrows and the numbers on them
indicate the values of B and the corresponding filling factor ν of the quantum Hall
states. The horizontal lines correspond to h/νe2 values. The QHE in the electron
gas is demonstrated by at least two quantized plateaus in Rxy with vanishing Rxx in
the corresponding magnetic field regime. The inset shows the QHE for a hole gas
at Vg = −4 V, measured at 1.6 K. The quantized plateau for filling factor ν = 2 is
well-defined and the second and the third plateau with ν = 6 and 10 are also resolved.
(b) The Hall resistance (black) and magnetoresistance (orange) as a function of gate
voltage at fixed magnetic field B = 9 T, measured at 1.6 K. The same convention as
in a is used here. The upper inset shows a detailed view of high filling factor plateaus
measured at 30 mK. (c) A schematic diagram of the Landau level density of states
(DOS) and corresponding quantum Hall conductance (σxy) as a function of energy.
Note that in the quantum Hall states, σxy = −R−1

xy . The LL index n is shown next
to the DOS peak. In our experiment, the Fermi energy EF can be adjusted by the
gate voltage, and R−1

xy changes by an amount of gse
2/h as EF crosses a LL.
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there is an oscillatory structure developed near the Dirac point. This structure is

reproducible, and it is later (Chapter 4) revealed that this is due to a developing

ν = 0 at the Dirac point.

The observed QHE in graphene is distinctively different from those ‘conventional’

QHEs because of the additional half-integer in the quantization condition (Eq. 3.5).

This unusual quantization condition is a result of the topologically exceptional elec-

tronic structure of graphene, which we shall discuss in the next section. The sequence

of half-integer multiples of quantum Hall plateaus has been predicted by several the-

ories which combine ‘relativistic’ Landau levels with the particle-hole symmetry of

graphene [27–29]. This can be easily understood from the calculated LL spectrum

(Eq. 1.47) as shown in Fig. 3.5c. Here we plot the density of states (DOS) of the

gs-fold degenerate (spin and sublattice) LLs and the corresponding Hall conductance

(σxy = −R−1
xy , for Rxx → 0) in the quantum Hall regime as a function of energy.

σxy exhibits QHE plateaus when EF (tuned by Vg) falls between LLs, and jumps

by an amount of gse
2/h when EF crosses a LL. Time reversal invariance guarantees

particle-hole symmetry and thus σxy is an odd function in energy across the Dirac

point[11]. However, in graphene, the n = 0 LL is robust, i.e., E0 = 0 regardless of

the magnetic field, provided that the sublattice symmetry is preserved[11]. Thus the

first plateau of R−1
xy for electron (n = 1) and hole (n = −1) are situated exactly at

gse
2/2h. As EF crosses the next electron (hole) LL, R−1

xy increases (decreases) by an

amount of gse
2/h, which yields the quantization condition in Eq. 3.5.

We also note that graphene bilayer exhibits a different QHE, as shown in Fig. 3.3.

In contrast to monolayer graphene, the Hall resistance graphene bilayer is quantized

according to R−1
xy = gsne2/h, accompanied by vanishing Rxx. This distinctive quan-

tization condition can be used to differentiate graphene monolayer and bilayer. A
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Figure 3.3: Magnetoresistance and Hall resistance of a bilayer graphene sample as a
function of gate voltage. Hall resistance (black) and magnetoresistance (orange) are
measured at T = 1.7 K and B = 14 T. While hole carrier side (Vg < 20 V) does not
show the QHE, the electron carriers (Vg > 20 V) do exhibit the QHE, with the filling
factor is expressed by integer ν = gsn, where n = 1, 2, 3 ..., unlike the half-integer
QHE observed in single layer graphene. The vertical arrows and numbers on them
indicate the values of B and the corresponding filling factor. The horizontal lines
correspond to h/νe2.
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close investigation [30, 31] shows that a graphene bilayer itself represents another

new 2D system in which coupling between two graphene monolayer transform the

massless Dirac fermions into massive chiral fermions. Unlike Dirac fermions, the chi-

ral fermions in graphene bilayer have a Berry’s phase of 2π upon a 2π rotation in k

space. This corresponds to a eight-fold degenerate LL at zero energy, and all other

LLs have a degeneracy of 4.

3.3 Measurement of Berry’s Phase

As discussed in Chapter 1, a consequence of the combination of time reversal sym-

metry with the novel Dirac point structure can be viewed in terms of Berry’s phase

arising from the band degeneracy point[15, 32]. A direct implication of Berry’s phase

in graphene is discussed in the context of the quantum phase of a spin-1/2 pseudo-

spinor that describes the sublattice symmetry [5, 16]. This phase is already implicit

in the half-integer shifted quantization rules of the QHE. It can further be probed in

the magnetic field regime where a semi-classical magneto-oscillation description holds

[17, 33]. Reproducing Eq. 1.65, the first harmonic of SdH can be written as

∆ρxx = R(B, T ) cos

[
2π

(
BF

B
+

1

2
+ β

)]
(3.6)

Here R(B, T ) is the SdH oscillation amplitude, BF is the frequency of the SdH oscil-

lation in 1/B, and β = 1
2
− γ is the associated Berry’s phase (divided by 2π) of value

−1/2 < β ≤ 1/2. Berry’s phase β = 0 corresponds to the trivial case. A deviation

from this value is indicative of interesting new physics with β = 1/2 (or equivalently

β = −1/2 implying the existence of Dirac particles [15].

Experimentally, this phase shift in the semi-classical regime can be obtained from
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Figure 3.4: An example of the SdH fan diagram. (a) The oscillatory part of the
longitudinal resistance, ∆Rxx, plotted as a function of 1/B. The peaks and valleys
are indicated by solid and open circles, respectively. (b) The Landau index of each
oscillation plotted against its location in terms of 1/B in (a). The slope of the linear
fit (broken line) yields the oscillation frequency, BF , and the y-axis intercept yields
the Berry’s phase, β, in the unit of π.

an analysis of the SdH fan diagram. An example of the SdH fan diagram is given

in Fig. 3.4. We first locate the peaks and valleys of the SdH oscillations in terms

of 1/B, then plot them against their Landau index n. The slope of a linear fit to

the data points gives the SdH oscillation frequency, BF , which is related to the sheet

carrier density (Eq. 1.66). The intercept of the linear fit with the n-index axis yields

Berry’s phase, β, in the unit of π, modulo an integer.

Fig. 3.5 shows SdH fan diagram for graphene at different gate voltages. Re-

markably, the resulting β is very close to 0.5 (upper inset to Fig. 3.5) for all the gate

voltages, providing further manifestation for the existence of a non-zero Berry’s phase

in graphene and the presence of Dirac particles. Such a non-zero Berry’s phase was

not observed in the previous few layer graphite specimens [24, 33, 34], although there

have been claims of hints of a phase shift in earlier measurements on bulk graphite[17].
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β

Figure 3.5: Measurement of Berry’s Phase in Graphene. Landau fan diagrams are
shown for SdH oscillations at different gate voltages. The location of 1/B for the nth
minimum of Rxx counting from B = BF is plotted against n. The lines correspond
to a linear fit, where the slope (lower inset) indicates BF and the n-axis intercept
(upper inset) provides a direct probe of Berry’s phase in the magneto-oscillation in
graphene.



3.4. “Relativistic” Effective Carrier Mass 44

Our data for graphene provide indisputable evidence for such an effect in a solid state

system.

3.4 “Relativistic” Effective Carrier Mass

The non-zero Berry’s phase observed in the SdH fan diagram is related to the van-

ishing mass at the Dirac point. We can extract this effective carrier mass mc from

the temperature dependence of the well developed SdH oscillations at low B-field

(Fig. 3.6 left inset) using the standard SdH formalism[13]. Indeed, the analysis at

different gate voltages yields a strong suppression of mc near the Dirac point. While

the high density (ns ∼ 5×1012 cm−2) carrier gas shows mc ≈ 0.04me, the mass drops

to mc ≈ 0.007me near the Dirac point (ns ∼ 2 × 1011 cm−2), where me is the free

electron mass. Overall, the observed gate voltage-dependent effective mass can be fit

to the ‘relativistic’ mass:

mc =
E

v2
F

=
√

π~2ns/v2
F (3.7)

using vF as the only fitting parameter (Fig. 3.6 right inset). In accordance with the

Berry’s phase argument, this procedure extrapolates to a vanishing mass at the Dirac

point.

3.5 Conclusion

In conclusion, we have experimentally discovered an unusual QHE in high qual-

ity graphene samples. Unlike conventional 2D systems, the observed quantization

condition in graphene is described by half-integer rather than integer values. The

half-integer quantization condition, as well as the measured phase shift in magneto-
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Figure 3.6: Effective mass measurement from the temperature dependence depen-
dence of the Shubnikov de Haas oscillations in graphene. Main panel: Temperature
dependence of the SdH oscillations at Vg = −2.5 V. Each curve represents Rxx(B)
normalized to Rxx(0) at a fixed temperature. The curves are in order of decreasing
temperature starting from the top as indicated by the vertical arrow. The corre-
sponding temperatures are listed in the left inset. The left inset represents the SdH
oscillation amplitude divided by temperature measured at a fixed magnetic field. The
standard SdH fit yields the effective mass. The right inset is a plot of the effective
mass obtained at different gate voltages. The solid line is a fit to the single parameter
model described in the text, which yields vF = 1.1×106 m/s, in reasonable agreement
with the literature values.
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oscillation, can be attributed to the peculiar topology of the graphene band struc-

ture, specifically the linear dispersion relation and the implied vanishing mass near

the Dirac point. The electron dynamics due to this band structure can be described

in terms of “relativistic” carriers. The unique behavior of electrons in this newly

discovered (2 + 1)-dimensional quantum electrodynamics system not only opens up

many interesting questions in mesoscopic transport in electronic systems with non-

zero Berry’s phase but may also provides the basis for novel carbon based electric and

magnetic field effect device applications, such as ballistic metallic/semiconducting

graphene ribbon devices and electric field effective spin transport devices utilizing

spin-polarized edge state[35].
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Chapter 4

Magneto-transport in Graphene in

High Magnetic Field

In this Chapter, we report the quantum Hall (QH) effect in two-dimensional (2D)

electrons and holes in high quality graphene samples in strong magnetic fields up to

45 T [36]. QH states at filling factors ν = 0,±1,±4 are discovered at fields B > 20 T,

indicating the lifting of the four-fold degeneracy of the previously observed QH states

at ν = ±4(|n|+1/2), where n is the Landau level index. In particular, the presence of

the ν = 0,±1 QH states indicates that the Landau level at the charge neutral Dirac

point splits into four sub-levels, lifting both sublattice and spin degeneracy. The QH

effect at ν = ±4 is investigated in tilted magnetic field and can be attributed to lifting

spin-degeneracy of the n = ±1 Landau level.
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4.1 Landau Level Splitting in Graphene

The experiment is performed in Nation High Magnetic Field Laboratory (NHMFL)

in Tallahassee, Florida. The sample is measured in a 3He cryostat. A total magnetic

field up to 45 T can be generated using a combination of superconducting and resistive

magnet. A rotator stage allows for 180◦ continuous rotaion in the magnetic field.

The magneto-resistance (Rxx) and Hall resistance (Rxy) of the graphene sample are

measured using Lock-in amplifiers at an excitation current of 10 nA.

Figure 4.1 displays Rxx and Rxy measured simultaneously as a function of Vg

at B = 45 T and at a temperature of T = 1.4 K. A series of fully developed QH

states, i.e., zeros in Rxx and plateaus in Rxy quantized to values h/e2ν with an

integer filling factor ν, are observed. Well-defined ν = ±2 QH states and a ν = −6

state are visible in these traces, in accordance with the previous low-magnetic field

measurement (B < 9 T)[8, 37]. In addition to these QH states, new QH states at

ν = ±1 and ±4 are clearly resolved in the high magnetic field data.

We also note that both Rxx and Rxy fluctuate but remain at finite values (of the

order of 100 kΩ, see Fig. 4.1 right inset) near the Dirac point where the carrier density

is low. The detailed traces of Rxx and Rxy vary near the Dirac point for different gate

sweeps in magnetic field B > 25 T. We speculate that this irreproducibility is caused

by the detailed trapped charge configuration in the gate dielectric, whose Coulomb

potential is not screened due to the low carrier density in graphene near the Dirac

point.

In order to investigate the development of the new QH states in high magnetic

fields, we carried out magneto-transport measurements in various magnetic fields

between 9 T and 45 T at T = 1.4 K. The Hall conductivity, σxy, deduced from Rxx

and Rxy using formula σxy = Rxy/(R
2
xy +W 2R2

xx/L
2), is plotted as a function of Vg in
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Figure 4.1: Rxx and Rxy measured in the device shown in the left inset, as a function
of Vg at B = 45 T and T = 1.4 K. −Rxy is plotted for Vg > 0. The numbers with
the vertical arrows indicate the corresponding filling factor ν. Gray arrows indicate
developing quantum Hall states at ν = ±3. ns is the sheet carrier density derived
from the geometrical consideration. Right inset: Rxx (dark solid lines) and Rxy (light
solid lines) for another device measured at B = 30 T and T = 1.4 K in the region
close to the Dirac point. The two sets of data are taken at different times under the
same conditions. Left inset: an optical microscope image of a graphene device used
in this experiment.
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Fig. 4.2. Here, W and L are the width and length of the channel between the voltage

probes respectively. In addition to the QH plateaus at ν = ±4(|n|+ 1/2) observed in

lower magnetic field (B < 9 T), new QH plateaus appear at higher magnetic fields.

Specifically, ν = 0 QH plateau is resolved at B > 11 T, and ν = ±1,±4 plateaus

start to appear at similar field B ∼ 17 T. The fact that the ν = ±1 and ±4 plateaus

are resolved at similar magnetic fields suggests that the LL splitting responsible for

these QH states may have the same origin.

The ν = 0 QH plateau right at the Dirac point (Vg ≈ 3.7 V) is intriguing. While

σxy exhibits a clearly resolved ν = 0 plateau for B > 11 T (Fig. 4.2), Rxx shows a

finite peak (Rxx ∼ 40 kΩ as Rxy → 0 at B = 25 T, see Fig. 4.2, upper inset). This

new type of QH state does not conform to the standard QH observation (i.e., zeros

in Rxx), and certainly deserves further study.

The new set of QH states, ν = 0,±1 and ±4, are only observed at high magnetic

fields. They can be attributed to the magnetic field induced splitting of the n = 0

and n = 1 LLs. In lower B-fields, each LL at energy En is assumed to be four-fold

degenerate due to a two-fold spin degeneracy and a two-fold sublattice symmetry (i.e.

K and K′ degeneracy)[16]. The observed filling factor sequence ν = 0 (B > 11 T)

and ν = ±1 (B > 17 T) implies that the degeneracy of n = 0 is fully lifted in high

magnetic fields, such that σxy increases in steps of e2/h as the Fermi energy passes

through the Landau Levels (LLs), whose substructure is now resolved. While the

n = 0 LL is totally resolved into ν = 0,±1 plateaus, the four-fold degeneracy in the

n = ±1 LLs is only partially resolved into ν = ±4, leaving a two-fold degeneracy in

each of these LLs. Although a close examination of Rxx and Rxy hints at developing

QH states corresponding to ν = 3 (Fig. 4.1, gray arrows), their relatively weaker

features strongly indicate that there exists a hierarchy of degeneracy lifting in these
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Figure 4.2: σxy, as a function of Vg at different magnetic fields: 9 T (circle), 25 T
(square), 30 T (diamond), 37 T (up triangle), 42 T (down triangle), and 45 T (star).
All the data sets are taken at T = 1.4 K, except for the B = 9 T curve, which is
taken at T = 30 mK. Left upper inset: Rxx and Rxy for the same device measured
at B = 25 T. Left lower inset: a schematic drawing of the LLs in low (left) and high
(right) magnetic field. Right inset: detailed data near the Dirac point for B = 9 T
(circle), 11.5 T (pentagon) and 17.5 T (hexagon).
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LLs, as shown schematically in the lower inset of Fig. 4.2.

We can map out the sequence of the LL splitting when the magnetic field in-

creases. The ν = 0 state appears at a rather low field (B ≈ 11 T). Then comes

ν = ±1 and ν = ±4 states at about the same field (B ≈ 17). The fact that ν = ±1

and ν = ±4 start to develop at the same field suggests that they may have the same

origin. Since ν = ±4 has been found to originate from spin-splitting, so ν = ±1 is

very likely due to spin-splitting, too. Armed with this knowledge, we speculate that

ν = 0 is from the sublattice splitting.

Considering that the presence of a magnetic field alone does not break the in-

version symmetry of graphene lattice, the broken sublattice symmetry in graphene

in high magnetic fields is rather surprising. The observed LL splitting bears a re-

semblance to the valley degeneracy splitting observed in the 2D electron gas in Si

inversion layers [4] and AlAs quantum wells [38], where the lifting of the valley de-

generacy occurs due to uniaxial strain or due to a many-body induced correlation

effect such as “valley skyrmions”[39]. Since the sublattice symmetry is protected by

inversion symmetry in graphene, simple uniaxial strain does not lift the graphene

sublattice degeneracy. This leaves many-body electron correlation within the LL as

a possible origin for the lifting of the degeneracy at the Dirac point. We point out

that a high magnetic field anomaly has been observed in bulk graphite[40], possibly

originating from the formation of a charge density wave (CDW) due to Fermi surface

nesting of the electron and hole LLs. In addition, a recent theoretical study suggests

that CDW order may open up a gap at the Dirac point in high magnetic fields [41],

further substantiating the possibility of a many-body origin of our observation of fully

lifted LL degeneracies. We also note that very recent theoretical studies suggest other

many body effects [42, 43].
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Figure 4.3: Inset: Rmin
xx at ν = −4 (upper inset) and ν = +4 (lower inset) for

Btot = 30 T (diamond), 37 T (down triangle) and 45 T (up triangle), applied to
normal to graphene plane. The straight lines are linear fits to the data. The main
figure: the activation energy, ∆E, as a function of Btot for filling factor ν = −4 (filled
circle) and ν = +4 (open circle). The straight lines are linear fits to the data.

4.2 The ν = 4 Quantum Hall State

We now turn our attention to ν = ±4 QHE states and study the origin of the lifting

of this degeneracy in the n = ±1 LLs. We determine the energy gap, ∆E, between

LLs by measuring the temperature dependence of the associated Rxx minimum, Rmin
xx .

The inset of Fig. 4.3 shows Arrhenius plots of Rmin
xx which reveal thermally activated

behavior, Rmin
xx ∼ exp(∆E/2kBT ) (kB is the Boltzmann constant). We find that ∆E,
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derived from linear fits to these data depends linearly on total magnetic field, Btot,

applied normal to the graphene plane, as shown in the main section of Fig. 4.3.

The energy gap at ν = ±4 could be the result of two possible scenarios: (i) Spin

splitting whose energy scales as ∆ES = g∗µBBtot, where g∗ is the effective g-factor

and µB is the Bohr magneton; or alternatively, (ii) sublattice symmetry breaking

and gap formation due to many-body correlations. In order to distinguish these two

different mechanisms, we performed transport measurements in a tilted magnetic field.

Since the electron system in graphene is only 3 Å thick, a total magnetic field, Btot,

applied at tilt angle, θ, with respect to the direction normal to the graphene plane

(Fig. 4.4a inset) affects in-plane motion relevant to electron-electron correlation only

via the perpendicular field Bp = Btot cos(θ). The electron spin, on the other hand,

experiences the full Btot, and hence spin splitting is independent of θ. Fig. 4.4a shows

the minima in Rxx corresponding to the ν = −4 QH state at identical Bp but different

Btot: Btot = 30 T (θ = 0◦) and Btot = 45 T (θ = 49.0◦). At fixed Bp, Rmin
xx depends

on Btot. This strongly suggests that ν = −4 originates from spin splitting of the LL

but not from any in-plane electron correlation. Following this argument, the energy

gap of these spin-split LLs can now be written as [4]:

∆E = ∆ES − 2Γ (4.1)

where Γ is the half-width of the LL broadening at half maximum. Assuming that Γ

is a constant, then g∗ and Γ can be extracted from the slope and y-intercept of linear

fit: g∗ = 2.0 and Γ = 18.2 K are obtained from Fig. 4.3 for ν = −4 QH state and

g∗ = 1.7 and Γ = 15.8 K for ν = 4 QH state from a similar analysis (not shown). The

fact that these measured g-factors are very close to that of the bare electron (g∗ = 2)

further substantiates the spin-splitting origin of the ν = ±4 QH states. We also note
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that these Γ values are in good agreement with the estimation, ~/τ , where τ = 100 fs

is the relaxation time deduced from the carrier mobility in the zero magnetic field

limit.

Finally, we discuss our measurement of Rxx at ν = ±4 at T = 1.4 K in a tilted

magnetic field. Here we kept Btot fixed at 45 T, and varied θ to change Bp. As shown

in Fig. 4.4b, the minima display pronounced changes as θ increases, seemingly contra-

dicting our previous conclusion that ν = −4 QH state originates from spin polarized

LLs whose energy level separation (∆ES) only depends on Btot. This contradiction

is resolved if we relax our previous assumption regarding a constant Γ, and take into

account the Bp dependence of the Landau level width Γ(Bp). Indeed, a phenomeno-

logical linear relation for Γ(Bp) can be obtained from the exponential dependence of

Rmin
xx on Bp (inset to Fig. 4.4b). From the linear fit (solid line in the inset to Fig.

4.4b), we obtain Γ(Bp) = Γ0− 0.14Bp up to a constant, Γ0, the LL broadening at the

zero field limit. Here Γ0 is in the unit of Kelvin and Bp is in Tesla. Combining this

functional form of Γ(Bp) with Eq. 4.1, the experimentally observed linear relation of

∆E(Btot = Bp) (Fig. 4.3) now yields slightly reduced g-factors: g∗ = 1.8 for ν = −4

and g∗ = 1.4 for ν = +4.

4.3 Conclusion and Discussions

In conclusion, we observe the splitting of LLs under high magnetic field up to 45

T. We discover that the n = 0 LL splits into four sublevels, lifting both spin and

sublattice degeneracy, potentially indicating a many-body correlation in this LL.

In the n = ±1 LL, only two-fold degeneracy seems to be lifted within experimen-

tally accessible high magnetic field, leaving the sublevels still two-fold degenerate.
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Figure 4.4: (a) Rxx measured as a function of gate voltage around ν = −4 at
Bp = 30 T at two different total magnetic fields, Btot = 45 T (light solid line)
and Btot = 30 T (dark solid line). Numbers with vertical arrow indicates filling
factors. Inset: a schematic drawing of the measurement configuration. (b) Rxx mea-
sured as a function of Vg. Data are taken at Btot = 45 T at six different tilt angles:
0◦, 18.1◦, 18.8◦, 35.5◦, 49.0◦, 58.4◦ (ascending order from bottom at ν = −4). Inset:
Rmin

xx at ν = −4 plotted on natural logarithmic scale as a function of Bp. The
straight line is a linear fit to the data.
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Measurements at ν = −4 indicate that the splitting is function of the total magnetic

field, when the perpendicular field is fixed. This observation strongly suggests that

ν = ±4 QH state originates from spin-splitting. The effective g-factors are deter-

mined by the linear dependence of the energy gap at ν = ±4 on the total magnetic

field and they are found to be close to the bare electron g-factor.
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Chapter 5

Multilayer Graphene

5.1 Background – Band Structure of Graphite

Graphite is a three-dimensional crystal, in which graphene layers are stacked in the

ABAB sequence with van der Waals interactions. The resulting hexagonal lattice,

shown in Fig. 5.1, has each successive layer displaced horizontally so that half of the

carbon atoms (full circles) are immediately above (or under) atoms in the neighbor-

ing layers and the other half (open circles) are exactly above (or under) centers of

hexagons. The in-plane bonding length is the same as that in graphene, a0 = 1.42 Å,

and the distance between the neighboring layers is c0 = 3.35 Å. In an rectangular

coordinates (x, y, z), the three fundamental translation vectors are

a1 = a(1/2,
√

3/2) a2 = a(−1/2,
√

3/2) a3 = c(1, 0, 0) (5.1)

as indicated in Fig. 5.1. The in-plane lattice constant is a =
√

3a0 = 2.46 Å, and

the out-of-plane lattice constant is double the spacing between two adjacent layers,
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Figure 5.1: The crystal structure (a) and Brillouin zone (b) of graphite.

c = 2c0 = 6.71 Å. The translation vector in graphite lattice can thus be defined as

R = n1a1 + n2a2 + n3a3, where n1, n2, and n3 are integers. The translation vectors

a1, a2, and a3 correspond to a reciprocal lattice with the following basis vectors:

b1 =
4π√
3a

(
√

3/2, 1/2) b2 =
4π√
3a

(−
√

3/2, 1/2) b3 =
2π

c
(0, 0, 1) (5.2)

The first Brillouin zone for the hexagonal lattice of graphite is a hexagonal prism,

shown in Fig. 5.1. The corners are H,H′, and the centers of the side edges are K,K′.

In addition to the hexagonal lattice described above, another less frequent form

of graphite is a rhombohedral lattice. The in-plane lattice parameters and inter-

layer spacing remain the same for the rhombohedral graphite. It only differs from the

hexagonal graphite in that the graphene layers are stacked in the sequence ABCABC,

instead of ABAB. In a rhombohedral lattice, the center of a carbon hexagon in the A

layer is directly below a corner of a hexagon in the B layer, which is in turn directly

below an inequivalent corner of a hexagon in the C layer. The influence of various

layer stacking in graphite has been investigated by Haering (1958) [44], McClure
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(1969) [45], Samuelson et al. (1980) [46]. They have shown that different types of

stacking significantly modifies the band structure, especially around the Fermi level.

Bulk graphite has been the subject of extensive theoretical and experimental

studies since 1950s. A generally accepted energy band model, commonly referred

to as the SWMC-model, has been developed by Slonzewski, Weiss and McClure in

1960s. SWMC-model concentrates only on the energy states in the vicinity of the

vertical edges of the Brillouin zone HKH and H′K′H′, where the electron and hole

Fermi surfaces reside. The variation of energy along the zone edge is found by a

rapidly convergent Fourier expansion. In the basal plane, the energy dependence

on wavevector κ = (κx, κy), measured from the zone edge, is found by using k · p
perturbation theory, taking zero-order wave-function as those at the vertical edge

HKH of the Brillouin zone. In essence, the SWMC-model extends the linear dispersion

relation in graphene to the three-dimensional case in graphite, using the k ·p method.

A complete description of the Fermi surface requires seven parameters, which are

determined by experimental data. Fig. 5.2 displays the Fermi surface along one of

the Brillouin zone edges. There are three majority pockets, two of which are at the

corner (H) containing holes and one of which is in the center (K) containing electrons.

It is worth noting that the designation of electron and hole pockets was reversed

in the literature published before 1968. That mistake was subsequently corrected

through the effort of Schroeder et al. (1968), McClure (1970), Mrozowski (1971), and

Toy et al. (1977). An electron pocket at the center of Brillouin zone edge is also

found consistent with our experimental results.

Various degrees of approximations have been utilized in the past based on SWMC-

model. Here we briefly discuss the Simple Two-band (STB) model [47], which which

has been successful in explaining electron transport in bulk graphite [48, 49]. The
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Figure 5.2: Energy band structure of graphite. Left: Fermi surface model of graphite
(M. S. Dresselhaus et al., 1964). The electron pocket is located at K and hole pocket
is located at H. Right: A simple two-band model of the energy band structure of
graphite. The electron and hole pockets are simplified as parabolic bands with a
overlap energy E0.

STB model neglects, in the first order approximation, the energy variation along the

edges of the Brillouin zone, and approximates the Fermi surfaces in graphite with

cylinders. This approximation results in a parabolic two-band system described by

Ee =
~2κ2

2m∗
e

(5.3)

Eh = 2E0 − ~
2κ2

2m∗
h

(5.4)

Here e and h refer to the electrons and holes. m∗
e and m∗

h denote the effective mass

of electrons and holes, respectively. 2E0 is the energy overlap between electron band

and hole band, and κ = |κ| is the horizontal distance from the nearest Brillouin zone

edge (see Fig. 5.1). In the framework of STB model, familiar concepts such as carrier

densities (ne, nh), and mobilities (µe, µh) can be readily recovered to account for the

electronic transport in graphite.
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In this chapter, we present results from the electronic transport measurement in

mesoscopic graphite crystallites with thicknesses ranging from 12 nm to 90 nm. The

samples are fabricated using the “Nano-pencil” method described in section 2.2. The

mesoscopic nature of such samples allows us to tune the Fermi level continuously,

utilizing a back gate electrode. This is a unique experimental advantage only present

in mesoscopic samples, as previous experiments have demonstrated that gate electric

field has little effect in bulk graphite [50].

The conduction through such graphite crystallites as a function of gate electric

field and temperature without the presence of external magnetic field will be described

in section 5.2. In the following section 5.3, we report galvanomagnetic transport,

which is strongly modulated by the gate electric field, in magnetic fields up to 9

Tesla. Electric field effect (EFE) dependent Shubnikov de Hass (SdH) oscillations,

signatures of Landau level formation of electrons and holes, have been observed at

low temperatures. In addition, the effective mass of electrons and holes are measured

by investigating the temperature damping of SdH amplitudes for each type of carrier.

5.2 Electric-Field-Dependent Conduction

Fig. 5.3 shows the conductance, G, versus the gate voltage, Vg, at temperature T =

1.7 K for samples with varying thicknesses. The curves are normalized with their

minimum values Gmin = G(V min
g ), where V min

g ≈ −40 V. As ∆Vg = Vg − V min
g

moves away from zero, G(Vg) increases, increasing more rapidly for thinner samples.

Specifically, at ∆Vg = 100 V, G/Gmin is 1.47 and 1.12 for the samples with thickness

12 and 42 nm respectively, while no appreciable change is observed in the 95 nm

sample. This observation implies a larger electric field effect in thinner samples, as
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expected.

Considering the electrostatic coupling between the samples and the gate, the

observed behavior of G(Vg) at low temperatures can be understood quantitatively as

discussed below. When the gate voltage is applied, the electrostatic potential at the

surface of the sample rises to φ0, and a charge density nind(z) is induced in the sample,

where z is measured from the interface of the sample and the substrate. Following

the Thomas-Fermi approximation, the electrostatic potential in the sample is given

by φ(z) = φ0e
−z/λs , where φ0 is a constant (determined below) and λs is the screening

length. λs can be inferred from φ/λ2
s = −enind/ε0, where e and ε0 are the electron

charge and vacuum permittivity, respectively. The total amount of induced charge

in the sample with thickness d is related to the capacitance of the sample to gate

per unit area, Cg, by Cg(Vg − φ0) = − ∫ d

0
enind(z)dz. By evaluating this integral, we

obtain φ0 = Vg/(1 + CQ/Cg), where the sample dependent quantum capacitance per

unit area is CQ = ε0(1− e−d/λs)/λs.

In order to estimate the enhanced conductance in the presence of an induced

charge density gradient, we use Einstein’s relation for local conductivity σ(z) =

e2N(EF )D(EF ), where N(EF ) and D(EF ) are the density of states and the elec-

tron diffusion coefficient at Fermi energy EF , respectively. In graphite both of these

quantities are sensitive to changes in EF , thus it should be accounted for in the de-

termination of local conductivity in the presence of an electric field. Assuming our

samples retain the band structure of bulk graphite, the functional form of N(ε) can

be obtained from graphite band structure calculations (Fig. 5.3 inset) [1, 51]. Here ε

is measured from the charge neutral point, where N(ε) has its minimum value. For

the energy range |ε| < 300 meV, we can approximate N(ε) ≈ N0(1 + β|ε|), where

N0 = 5.2×1020 cm−3eV−1 and β = 4.8 ev−1. A further assumption is required to
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Figure 5.3: Gate electric field modulation of conductance of mesoscopic graphite
sample. Conductance (normalized to its minimum value) is measured in samples of
varying thickness as a function of gate voltage at T =1.7 K. The broken lines are the
fit to a model. Inset: Calculated density of states for bulk graphite.
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estimate D(EF ) in the presence of an electrostatic potential. Here we adopt the STB

model. Assuming the scattering time, τ , and effective mass of carriers are relatively

insensitive to change of EF , the STB model yields D(ε) ∝ v2
F τ ∝ |ε+E0|, where vF is

the Fermi velocity and E0 half the band overlap between the electron and hole bands.

With these assumptions, the normalized conductance of the sample is given by

G(Vg)/Gmin =

∫ d

0

dzN(ε)|ε + E0|/N0E0d (5.5)

where ε(z) = −eφ0e
−z/λs . In order to compare this equation to our experimental

observations, the values of λs and E0 are needed. We use λs = 0.4 nm, a value

obtained from the literature [52], and E0 = 16 meV and 19 meV for the 12 nm

and 42 nm samples respectively, which are obtained from temperature dependent re-

sistance measurement discussed below. Employing these values, we estimate Cg by

comparing Eq. (5.5) to the experimentally observed values (Fig. 5.3). The estimated

Cg are 36 aFµm−2 and 30 aFµm−2 for the 12 nm and 42 nm thick graphite devices,

respectively. Assuming a parallel plate capacitance model, the geometrical considera-

tions yield capacitance value 75 aFµm−2 for our devices. The factor of two difference

between these values most probably originates from the partial electrostatic screening

by the contacts [53].

We now turn our attention to the temperature dependence of the electrical con-

ductance in samples with varying thickness. Fig. 5.4 shows the resistivity normalized

to its room temperature value, ρ(T )/ρ(300K), as a function of temperature, T , for d

ranging from 12 – 95 nm at Vg = 0. While the thicker samples show a metallic be-

havior (dρ/dT > 0), thinner samples develop a more complicated behavior in T . This

behavior can be understood by considering two competing factors as the temperature

varies. Assuming the mobility, µ, is similar for the compensating electrons and holes
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Figure 5.4: Resistivity (normalized to its 300 K value) as a function of temperature for
different thicknesses. Broken lines are fits with the STB model. Inset: The mobility
due to static disorder, as a result of fits to the STB model. The dotted line is an
empirical fit.
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in the samples, the sample resistivity is given by ρ = 1/(|e|µn), with the total charge

carrier density n = ne + nh, where ne and nh are the carrier densities of electrons

and holes, respectively. In the STB model, for completely compensated samples (i.e.,

∆Vg = 0), n/2 = ne = nh = C0kBT ln
(
1+exp E0

kBT
), where kB is Boltzmann constant

and C0 a constant independent of T [54]. We further assume that the mobility can be

expressed as µ−1 = µ−1
i + A0T , where µ−1

i is the contribution from static scattering

centers and A0 is a constant depending on electron-phonon scattering in graphite.

Then, as T increases, µ decreases due to increasing electron-phonon scattering, while

n increases rapidly due to the thermal excitation of charge carriers around EF . Us-

ing E0 and A0µi as fitting parameters, this model fits well with our experimental

observations over a large temperature range and samples with varying thicknesses

(broken lines in Fig. 5.4). As a result of the fit, we obtain E0 ∼ 10 - 20 meV, which

is in reasonable agreement with the values found in the literature [55]. In addition,

we obtain A0µi from the same fit. The constant A0, which strongly depends on the

electron-phonon interaction strength in graphite, is less sensitive to the change of d

than µi. Assuming A0 is similar for all measured samples, the µi for different sam-

ples can be compared. The inset of Fig. 5.4 suggests a tendency of decreasing µi as

sample thickness is reduced. Therefore, these measurements provide an evidence that

boundary scattering is stronger in thinner samples. We note, however, that the zero

thickness extrapolation of µi is finite. In addition, our galvanomagnetic measurements

in these samples, discussed in the next section, showed that the quantum oscillations

in electron transport can be readily observed at high magnetic fields. Both observa-

tions suggest that the quality of the sample has not degraded significantly after our

micromechanical extraction from the bulk.
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5.3 Galvanomagnetic Properties

Fig. 5.5 displays the Hall resistance (Rxy) and the MR (Rxx) as a function of ap-

plied magnetic field, B, measured in a 12 nm thick graphite sample at temperature

T = 1.7 K. The excitation current is kept at 0.5 µA for both Rxy and Rxx mea-

surements. The magnetic field is applied perpendicularly to the graphite basal plane.

Both quantities exhibit oscillatory features on top of smooth backgrounds as B varies.

Near Vg ≈ 0 V, the MR and Hall resistance exhibit similar behavior to that observed

in high quality bulk graphite [56]: The positive MR background is ascribed to the

general nature of magnetotransport in materials with coexisting nearly compensated

electron and hole carriers [57], while the oscillations on top of the background are re-

lated to the Shubnikov de Haas (SdH) effect, the quantum oscillations due to Landau

level formation [12]. Remarkably, as we vary the gate voltage, Vg, the behavior of

Rxx and Rxy changes dramatically. The background in the MR is most prominent at

V max
g ≈ −15 V. As Vg moves away from this value, the slope of the MR background

becomes much smaller. The change of Hall measurement is even more drastic: Rxy(B)

changes its sign of overall slope as ∆Vg = Vg −V max
g swings from negative to positive

values, indicating that ∆Vg changes the dominant majority charge carriers from holes

to electrons. This is a somewhat surprising result at first sight, since the thickness of

the sample (12 nm) is still an order of magnitude larger than the screening length of

graphite (λs ≈ 0.4 nm [52]), and thus only a relatively small portion of the sample is

affected by the gate electric field. We will discuss this point quantitatively below.

The aforementioned electric field effect (EFE) in mesoscopic graphite samples is

clearly presented by observing Rxx as a function of gate voltage at a fixed magnetic

field. Fig. 5.6 shows Rxx as a function of Vg at a large magnetic field (Bm = 8.5 T) for

two samples (d = 12 and 42 nm). As expected from Fig. 5.5, Rxx has a peak near a
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Figure 5.5: Gate electric field modulation of galvanomagnetic transport in mesoscopic
graphite. The inset shows an AFM image of a 12 nm thick mesoscopic graphite sample
with four electrodes at the corners for galvanomagnetic measurements. The left and
right panel show the Hall resistance (Rxy) and magneto-resistance (Rxx) respectively
as a function of magnetic field measured at T = 1.7 K in this device. Numbers near
each curve indicate the applied gate voltages. In the right panel, curves are shifted
for clarity and the dashed lines correspond to the zero lines of each curve.
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gate voltage where ∆Vg ≈ 0, falling slowly as |∆Vg| becomes large. We found that this

gate dependence strongly depends on d. For the 12 nm sample, Rxx is suppressed to

∼ 10% of its peak value, while it is still ∼ 60% for the 42 nm sample at ∆Vg = 80 V.

Such a sensitive dependence of Rxx(Vg)|Bm on d is indicative of the reduced EFE by

screening of induced charge near the sample surface.

We measured 6 mesoscopic graphite samples with thicknesses ranging from 12 -

95 nm. Similar results were found samples with similar geometries. It was found,

however, that V max
g is slightly different from sample to sample and also depends on

sample preparation history.

In order to elucidate the dependence of Rxx on Vg, we employ the STB model.

The STB model assumes that the bottom of the electron band and the top of the hole

band overlap with a small band overlap 2E0 near the Fermi energy EF . The resistivity

of a sample, ρ, in the presence of a magnetic field can be expressed by [12, 57]:

∆ρ

ρ0

=
4µ2B2nenh/(ne + nh)

2

1 + [µB(ne − nh)/(ne + nh)]2
(5.6)

where ρ0 = ρ(B = 0), ∆ρ = ρ(B)−ρ0, µ is the average carrier mobility, and ne and nh

are the carrier concentrations of electrons and holes, respectively. Generally, ∆ρ varies

the most as a function of B when electrons and holes are nearly compensated (i.e.,

ne ≈ nh). From Fig. 5.6, we infer that this condition is met at Vg ≈ V max
g where

the growth of the MR background as a function of B is strongest in our samples

(see the curves for Vg = −10 V and Vg = −20 V in Fig. 5.5). As ∆Vg increases

from zero, the induced charge in the sample screens the gate electric field and the

electrostatic potential in the sample is given by φ(z) = φ0e
−z/λs , where z is measured

from the interface between the sample and the substrate. The constant φ0 can be

determined from the electrostatic gate coupling to the sample. By integrating over
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Figure 5.6: Magneto-resistance measured in 12 nm (solid square) and 42 nm (open
circle) thick sample at various gate voltages. The dashed and dotted lines are fits to a
model described in text. The lower inset shows a schematic STB diagram for electron
(εe(k)) and hole (εh(k)) in the presence of electrostatic potential induced by the gate.
The electron band and hole band are displaced in k for a better view. Upper inset
represents the local magneto-resistivity across the sample, assuming φ0 = 8E0/|e| as
an example. Symbols are defined in text.
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the induced charge in the sample, we obtain φ0 = α∆Vg with the constant α−1 =

1 + ε0(1− e−d/λs)/λsCg, where Cg is the gate capacitance per unit area of the sample

and ε0 is the vacuum permittivity.

We incorporate this local electrostatic potential to the STB model by considering

a gradient in ne and nh. Suppose ∆Vg > 0, the local electrostatic potential will pull

down the electron and hole bands by |e|φ(z) (Fig. 5.6 lower inset). For a sufficiently

large gate voltage, such that |e|φ0 > E0, the sample can be divided into three regions

by introducing a hole depletion depth, tdp = λs log(|e|φ0/E0): (I) 0 < z < tdp, where

nh ' 0; (II) tdp < z . tdp + λs, where 0 < nh < ne; and (III) z > tdp + λs, where

nh ≈ ne. In region (I), only electrons participate in the transport, and ρ(z) increases

as z approaches zero, owing to the electric field induced accumulation of ne near

the surface. In region (II), the MR is described by Eq. 5.6, so a steep increase of

ρ(z) is expected as ne − nh becomes small. In region (III), the gate electric field

is completely screened, so ne ≈ nh and ρ(z) ≈ ρmax = Rxx(∆Vg = 0)d. The exact

opposite argument works for a sufficiently large negative gate voltage, where electrons

are depleted. Note that for small |∆Vg|, where |eφ0| < E0, region (I) disappears (i.e.,

tdp = 0). From the above discussion, we now build a quantitative model to describe

ρ(z). According to the STB model ne(ε), nh(ε) ∝ ε3/2, where ε is measured from

the bottom of the respective band edge, and ρ(z)/ρmax is obtained from Eq. 5.6

(Fig. 5.6 upper inset). Then the resistance of the sample can be evaluated from

R−1
xx =

∫ d

0
ρ−1(z)dz for fixed B and Vg. Following in this way, a reasonable fit is

obtained for both the 12 nm (dashed line) and 42 nm (dotted line) samples as shown

in Fig. 5.6. In this fit, we use E0 = 15 meV, a value quoted in [55], and obtain

Cg = 26 aF/µm2 (12 nm sample) and 24 aF/µm2 (42 nm sample) as a result of the

fit. These capacitance values are in reasonable agreement with our previous estimates

using different analysis on the same samples in section 5.2. It is noteworthy that for
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a large Vg such that |e|φ0 À E0, ρ(z) ¿ ρmax in region (I), and thus a significant

portion of the total current flows in this region. Furthermore, as ∆Vg increases, tdp

grows only logarithmically. Even at ∆Vg ≈ 100 V, the largest gate voltage applied,

tdp ≈ 1 nm, which corresponds to only ∼ 3 bottom layers. Therefore, only a few of

the bottom layers of the sample are responsible for the observed EFE modulation of

the galvanomagnetic transport quantities.

We now turn our attention to the quantum oscillations observed in our mesoscopic

graphite samples. The strong EFE modulation of the carrier density in the bottom

layers allows us to probe the quantum oscillations in these layers with a continuously

tunable carrier concentration. Fig. 5.7(a) redisplays the separated SdH oscillations

as a function of B−1, obtained from the MR data shown in Fig. 5.5 after subtracting

out the smooth background. The SdH oscillations indicate the oscillatory density of

states at EF as a quantized Landau level passes through EF . The frequency of SdH

oscillations, fs, is related to the extremal area of the electron and hole pockets of

the Fermi surface by fs = ~cAe,h
k /2π|e|, where Ae

k and Ah
k are the areas of extremal

electron and hole pockets [12]. Since ne and nh are modulated by Vg, the observed

variation of fs can be explained by the change of Ae,h
k .

In order to demonstrate the change of fs quantitatively, we first locate the major

peaks (solid symbols) and valleys (open symbols) in the SdH oscillations after low

pass filtering of the data. The value of B−1 for a peak (valley), B−1
m , is indexed by ν,

an integer (a half integer) number that corresponds to the Landau level responsible for

the particular oscillation. Fig. 5.7(b) shows that each set of points (B−1
m , ν) at a given

Vg are on a straight line that intercepts the origin, implying that the period of the

SdH oscillations is regular. From the slope of these lines we obtain fs at different Vg

(Fig. 5.7(b) inset). The obtained fs’s are increasing with |∆Vg|. Therefore, we believe
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Figure 5.7: (a) The SdH Oscillations observed in Fig. 5.5, after subtraction of smooth
backgrounds. Solid (open) symbols correspond to peak (valley) of the oscillations
found after passing the curve through a low pass filter (dotted line). Curves are
displaced for clarity. (b) Landau plots (see text) obtained from (a). Negative indices
are assigned to the hole branch for clarity. Lines are linear fits to each set of points
at different Vg. Inset: the frequency of the SdH oscillations obtained from the slopes
of the line fits in (b) as a function of gate voltage.
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that the obtained fs corresponds to Ae
k for ∆Vg > 0 and to Ah

k for ∆Vg < 0. This

conclusion allows us to compare the experimentally observed fs with the expected

value from the STB model. Assuming the Fermi surface of graphite is described by

the overlap of electron and hole bands in the STB model, Ae
k ∝ (α∆Vg + E0) and

Ah
k ∝ (−α∆Vg + E0). This relationship leads to fs(|∆Vg|)/f 0

s = 1 + α|∆Vg|/E0,

where f 0
s = fs(∆Vg = 0). From the values of α and E0, determined separately above,

we estimate f(∆Vg = 50V )/f0 ≈ 4.8, which is in reasonable agreement with the

experimentally observed ratio 4.3.

Finally, we discuss the temperature dependence of the SdH oscillations. Fig. 5.8

shows the oscillatory MR at two extreme gate voltages, Vg = +40 V and Vg = −60 V,

at various temperatures. At these extreme gate voltages, the transport in the sample

is dominated by only one type of carrier in a few bottom layers. Thus, the SdH

oscillations in the upper (lower) panel of the figure correspond to electron (hole)

Landau levels in the sample. In both cases, the observed SdH oscillation amplitude

is gradually damped away as the temperature increases. The temperature dependent

SdH oscillation amplitude has been used to extract the effective mass of the charge

carriers [13]. At a fixed magnetic field, the temperature damping factor of the SdH

oscillation amplitude is given by:

RT =
2π2kBTm∗/e~B

sinh(2π2kBTm∗/e~B)
(5.7)

where m∗ is the effective mass of the carriers. We find that Eq. 5.7 fits the observed

amplitude damping very well (Fig. 5.8 insets). As a result from the fittings, the effec-

tive electron mass m∗
e = (0.052 ± 0.002)me and hole mass m∗

h = (0.038 ± 0.002)me

are obtained, where me is the bare electron mass. These values agree well with

0.057me and 0.039me, reported effective mass of electrons and holes in high quality
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Figure 5.8: Normalized magneto-resistance of the sample in Fig 5.5 at Vg = 40 V
(upper panel) and Vg = − 60 V (lower panel). For the upper panel data are taken
at temperatures 1.7, 4, 10, 13, 15, 20, 25, and 30 K. For the lower panel, data are
taken at temperatures 1.7, 4, 10, 13, 15, and 20 K. Insets: SdH oscillation amplitudes
divided by temperature, T , at a fixed magnetic field at above temperatures. The
solid lines are fits to a model (see text).
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bulk graphite crystal [55].

5.4 Conclusion

In summary, we have developed a unique micromechanical method to extract ex-

tremely thin graphite samples from the bulk material. Graphite crystallites with

thicknesses ranging from 10 to 100 nm and lateral size similar to 2 µm are ex-

tracted from bulk. Mesoscopic graphite devices are fabricated from these samples

for electric field-dependent conductance measurements. Strong conductance modula-

tion as a function of gate voltage is observed in the thinner crystallite devices. The

temperature-dependent resistivity data are analyzed in the frame work of STB model.

They indicate more boundary scattering contribution in the thinner graphite samples.

Galvanomagnetic transport in those mesoscopic graphite samples are reported.

Strong modulation of the Hall resistance as well as the magneto-resistance, a phe-

nomena that was not observed before in the bulk, has been observed as the applied

gate voltage changes. The Landau level formation of electron and hole carriers is

also tuned by the gate. The observed phenomenon can be well described by the STB

model, taking into account the carrier density gradient induced by the gate electrode.

By fitting the temperature damping of the SdH oscillations, we obtain the effective

carrier mass in mesoscopic graphite.
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Chapter 6

Conclusions

Graphene is a novel two-dimensional system in which electron transport is governed

by the relativistic quantum theory. In the past two years, graphene has arose much

attention ever since its availability in isolated form. We investigate the electron

transport in graphene, and discover a variety of new phenomena which stem from the

effectively relativistic nature of the electron dynamics in graphene.

We have experimentally discovered an unusual Quantum Hall effect in high qual-

ity graphene samples. Different from conventional 2D systems, the observed quantiza-

tion condition in graphene is described by half integer rather than integer values. The

half-integer quantization, as well as the measured phase shift in magneto-oscillation,

can be attributed to the peculiar topology of the graphene band structure with a lin-

ear dispersion relation and vanishing mass near the Dirac point, which is described in

terms of fictitious ’relativistic’ carriers. The unique behavior of electrons in this newly

discovered (2 + 1)-dimensional quantum electrodynamics system not only opens up

many interesting questions in mesoscopic transport in electronic systems with non-

zero Berry’s phase but may also provides the basis for novel carbon based electric and
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magnetic field effect device applications, such as ballistic metallic/semiconducting

graphene ribbon devices and electric field effective spin transport devices utilizing

spin-polarized edge state[35].

The accessibility of high magnetic fields up to 45 Tesla allows us to study the

magneto-transport in graphene in the extreme quantum limit. Under such condition,

we discover new set of QH states at filling factors ν = 0,±1,±4, indicating the lifting

of the four-fold degeneracy of the previously observed QH states at ν = ±4(|n|+1/2),

where nis the Landau level index. In particular, the presence of the ν = 0,±1 QH

states indicates that the Landau level at the charge neutral Dirac point splits into

four sub-levels, lifting both sublattice and spin degeneracy, potentially indicating a

many-body correlation in this LL. The QH effect at ν = ±4 is investigated in tilted

magnetic field and is attributed to lifting of the n = ±1 spin-degeneracy of the Landau

level.

We devote one chapter to investigation of multi-layer graphene. Strong conduc-

tance modulation as a function of gate voltage is observed in the thin crystallite de-

vices (thickness ∼ 12 nm). The temperature-dependent resistivity data are analyzed

in the frame work of STB model. They indicate more boundary scattering contribu-

tion in the thinner graphite samples. Galvanomagnetic transport study those samples

shows strong modulation of the Hall resistance as well as the magneto-resistance, a

phenomena that was not observed before in the bulk, has been observed as the applied

gate voltage changes. The Landau level formation of electron and hole carriers is also

tuned by the gate. The observed phenomenon can be well described by the STB

model, taking into account the carrier density gradient induced by the gate electrode.

By fitting the temperature damping of the SdH oscillations, we obtain the effective

carrier mass in mesoscopic graphite.
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