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Abstract

This text is an introductory review about graphene, a two dimensional layer of
graphite crystals. The stability of two dimensional crystals is addressed by the
Mermin-Wagner theorem which excludes long range order for two dimensional
systems. However, experiments, simulations and the theory of polymerized
membranes hold the formation of ripples responsible for the stability. From the
tight binding model the dispersion relation is derived, describing massless,
ultra-relativistic particles in the low energy limit. Furthermore, the low energy
expansion is driven to a real QED like description, which is compared to
massless neutrinos. Finally, the integer quantum Hall effect, appearing at a
half-integer sequence and at room temperature shows that the underlying
relativistic structure of the quasi particles is responsible for the unconventional
Hall quantization. Hence, knowledge and methods from high-energy physics like
the Atiyah-Singer index theorem are applicable, showing that graphene is really
a condensed matter realisation of ultra-relativistic particles.
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1 Introduction

Graphene, one layer of graphite is a hot topic in solid state physics which extends
the diversity of two dimensional electron systems. Long time before A. Geim and
K. Novoselov obtained the first graphene flakes at Manchester University with
micro mechanical cleavage it was an object of research. Nevertheless, since its
discovery, graphene invaded the solid state and material science community and
let to some unexpected physics. In conceptual respect, graphene is the start-
ing point of other carbon allotrops like nanotubes and fullerens. Furthermore,
graphene connects high energy particle physics with low energy condensed matter
physics, allowing table top observation of relativistic particles. Electrons at low
energies behave like ultra relativistic massless particles moving with an effective
speed of light vr ~ 10%m/s. Moreover it exhibits a quantum phenomenon which
is still present at room temperatures, namely the quantum Hall effect. Besides
these features graphene may be a possible candidate for a ballistic field effect
transistor which would give perspectives for electronics beyond silicon. Finally,
carbon shows once more that it is possibly the most fascinating element of nature
dominating large parts of science.

1.1 How to get graphene?

Graphene and other two dimensional materials like BN, MoSs, N BSe; and
BiySraCaCus0, are produced by micromechanical cleavage [21], a process of
such a conceptual simplicity, that it almost seems absurd that two dimensional
crystals still were undiscovered until recently. Naivily spoken, micromechanical
cleavage is compareable to “drawing by chalk on a blackboard“ and then seeking
for monolayer flakes. Most of the efforts to gain two dimensional structures, that
were done before Andre Geim and Kostya Novoselov from Manchester University
in the UK discovered graphene in 2004, used chemical exfoliation of strongly lay-
ered materials. For instance graphite, where the in plane bonds are very strong
compared to the weak van der Waal-like coupling between those layers. This type
of a three dimensional crystal, arranged in layers, is necessary as a raw material
for the micromechanical claevage process.

The two dimensional (2D) crystallites (graphene) are extracted by rubbing of
a 3D layered crystal (graphite) onto another surface. There are no bizarre re-
quirements on that surface, it could be any solid surface. The rubbing process
produces thin flakes and we just have to look for monolayers. But the identifica-
tion of single layered structures is exactly the crucial step, that was responsible
for the rather late discovery of graphene [21]. One should mention that monolayer
crystals are a small minority of the flakes gained by cleavage. Secondly, besides
the edges of the flakes, there is no significant structure visible in transmission
electron microscope (TEM) images fig.(3) and hence no difference between single
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and few layer crystals. Furthermore, on most of the common substrates used like
glass or metal, it is not possible to observe monolayer structures. The atomic
force microscope (AFM) is the only tool to detect monolayer films on a substrate
directly, but in practice, it would be impossible to search for graphene by scan-
ning the whole surface.

The trick is to put the flakes on an oxidized St waver, where they become visible
in an conventional optical microscope. Figure(1) shows several graphitic flakes on
Si0, viewed by optical microscopy. The S105 surface reflects the whole “rainbow-
spectrum“ of coulors. In addition, even a monolayer adds up sufficiently to the
optical path of reflected light. Hence, similar to oil films, the interference colour
changes if light is reflected by a flake compered to the colour of light reflected
by the substrate. In this way single layers have an observable contrast on the
surface. Moreover, there are high requirements on the SiOy wavers. If for ex-
ample the thickness varies within 5% ! then single layer graphene is completely
invisible [4].

After a graphene flake has been found one can start further observations with
TEM or AFM.

Figure 1: graphite flakes of different thickness rubbed from graphit onto a SiO,
surface where it is visible for an optical microscope(Physics Today, August 2007,
A. Geim, A.H. MacDonald

To sum up the fabrication of graphene so far, we have seen that two dimensional
crystals are gained by micromechanical cleavage and found on a Si0, substrate
with optical microscopy. This is actually the starting point of every experiment.
Moreover, the two dimensional crystals produced in that way are stable under
ambient conditions and exhibit high crystal quality [21], so they can be used to
study the quantum Hall effect (QHE) and transport properties. Since march 2007,
graphene samples can be bought from a company called graphene industries? at
rather high prices compared with their size. A big flake of 5500um? (£10% de-

Lor the standard 300nm thickness this is equivalent to a deviation within 15nm
http:/ /www.grapheneindustries.com



viation) costs 2500£! Although micromechanical cleavage is a successful method
to obtain graphene, there should be a more effective way of manufacturing large
amounts of graphitic sheets, if one day micro electronics will be made of carbon.

2 Stability of graphene

The honeycomb structure of single graphite layer comes from the strong covalent
binding. Carbon is in the fourth column of the periodic table of the elements
and has six electrons in the groundstate configuration 1s22s%2p?. Plugged in
the lattice, the 2s, 2p electrons form an sp? hybrid orbital, where three electrons
are localised. As one can see in figure(2), these electron clouds are in a plane,
including angles of 120°. By overlapping those sp? orbitals of neighbouring atoms
one gets the strong binding o-orbitals. These orbitals do not contribute to the
conductivity. The last electron becomes the free charge carrier by forming a 7-
orbital which is delocalized and perpendicular to the lattice plane.

Furthermore, graphene can be described by a two dimensional Bravais lattice

sp™ hybrid orbitals

120°

Figure 2: sp? - hybrid orbitals of carbon, origin of the honeycomb structure.
Their overlapp with orbitals of other carbon atoms form the strong ¢ bonds,
including an angle of 120°

with a two atomic basis, but we will pick up that discussion later on, when we
derivate the electronic dispersion relation.

2.1 Instability of Two dimensional Crystals in General

As we have already noted, it can be shown that two dimensional crystals are in
general unstable. This was done in different ways by Landau, Peierls and Mer-
min, just to mention a few, and in the following Mermin’s argument [15] will be
briefly scatched.

The background of all these arguments is the absence of phase transitions in
certain low dimensional systems. For instance, Mermin and Wagner [16] showed
that there is no spontaneous magnetisation in an isotropic Heisenberg model with
finite range interaction. Moreover, for classical systems in one dimension it can
be proven that there are no phase transitions, if only finite range interactions are



considered. Nevertheless, Thouless and Kosterlitz [13] showed that phase transi-
tions in two-dimensional systems where no long-range order of the conventional
type exists are still possible. In that sense, we have to give up long range trans-
lational order and define an other so called topological order.

This formal discussion is of some importance because we will use Bloch’s Theo-
rem later on to calculate the electronic band-structure. That means we assume
long-range translational order. As we will see, this is not obvious. In any case
these arguments appeared on most of the recent publications about graphene,
hence one should have a closer look to them.

The aim of Mermin’s argument is to show that there is no long-range order in
true two dimensional systems. Physically spoken, with increasing number of par-
ticles IV, certain criteria or properties defining a crystals are no longer fulfiled.
In addition, the argument includes only crystals with short-range pair potentials
®(ry — 1) like the Lennard-Jones potential®, but it excludes for example the
hard-sphere potential and the Coulomb potential. So, the first task is to choose
an appropriate criterion for the presence of order.

Our Bravais lattice is spanned by the lattice vectors @; and @, for example the
lattice vectors of the honeycomblattice. Then a point of the Bravais lattice is
discribed by 7= Nid; + Nads, where N = nN1 N, is the number of particles, n is
the number of particles of the basis.

For the density of our crystal particles we write

N
p(r) = Z(S(F— 7i) (1)
=1
[)E — /dT—,’e—zkw[)(F) _ Z 6—zk.ri (2)
i=1

In equation(2) we have introduced the k-th Fourier component of the density.
Furthermore, we need the thermodynamical average of equation(2).

e =N""pp) (3)

Following from these definitions, we are able to construct our criterion for crys-
tallinity:

o limy_.o pp =0, if k is not a reciprocal-lattice vector

o limy_. p; # 0, for at least one nonzero reciprocal lattice vector

One may varify this by using the definition of reciprocal lattice vectors? K. This
is exactly the statement of long-range translational order.

3Lennard-Jones potential: ~ =5

T‘G
47 is a lattice vector ifK - 7= 27



The next step is to estimate pg (X reciprocal lattice vector) from above with the
help of an inequality following from the well-known Schwartz inequality:

(|AF°) = (A - B)/(|BI)
The inequality of Mermin’s theorem is:

12 /{IBT| Z<S01V¢z>|2
(12 wil) = (33 V267 — 7)o — i + kT 3 [Veorl?) Y

Now we have to assign functions to ¢; and ¢;, so that the potential ® and the
Fourier component of the density p; comes in. Furthermore we introduce the
free energy in the inequality. For further estimations, we need the free energy
per particles for the pair potential ¢ to be intensive. This is equivalent to the
condition that the potential has to be integrabel at infinity, repulsive and nonin-
tegrable at the origin, like the Lennard Jones Potential.

O(F) — 1/r*td as 1 — o0
O(7) — const. /r¥Fe as r—0

(5)
In the end we get an estimate for pz, where K is a vector of the reciprocal lattice.

const.
P < T (6)

(In N)1/2
pg — 0 as N — oo. That means in the thermodynamic limit, there is no
positional long-range order. However directional long-range order is still present.
The constant in eq.(6) is proportional to a characteristic energy e devided by the
Temperature:

€
const. x T (7)
Now the length of the biggest graphene samples® is about L = 100um. Typical
experiments are done at very low temperatures. So let us assume that T'= 1K
in equation(7). With L = N - gg,equation (6) and (7) one can estimate a lower
bound for the characteristic energy €. The result is ¢ > 1meV/, a value much
lower than typical bond energies. This would guarantee the stability, long-range
order, of graphene for a finite size of the samples.

It can be shown [20] that the condition (|u|?) < ay < oo for the displacement
implies our condition for cristallinity above, but not vice versa.

Now in which way does this theorem address graphene?

®One can by graphene samples at www.grapheneindustries.com. For example a sample of
about 75um x 75um is sold for 2500 pounds.
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On the one hand interactions are less short ranged than in metals because screen-
ing effects are not so strong due to the smaller charge carrier concentration.
Moreover graphene could be metastable [4], but with such a long lifetime that it
is irrelevant to observe this in an experiment.

On the otherhand, in order to exist, graphene is randomly rippled. We will see
in the next section why corrugations of graphene sheets are related to stability
of graphene.

2.2 Why does Graphene exist?

First attempts to answer the question why graphene exists are surprisingly not
given by solid state theory, but there is a qualitative answer from Soft-Condensed
Matter Theory. With a continuous model of polymerized membranes embedded
in three dimensions P. Le Doussal and Leo Radzihovsky [14] showed by using a
self-consistent screening approximation that flat membranes exist. As a result,
these membranes are not perfectly flat, but they have intrinsic ripples. Indeed,
corrugations of graphene flakes have been observed [17] and they are influenc-
ing some electronic properties like weak localisation® [18]. However, the results
of these theories cannot quantitatively describe the ripples, and only agree with
the simulations [3] within a certain frame. Corrugations are a typical feature of
monolayer graphene while they become smaller in bilayer and vanish in multilayer
graphene.

At first we will have a short look at an experiment [17] which examined freely
suspended graphene flakes for the first time. Graphene becomes visible on a Si0,
surface with an optical microscope and in most of the other experiments done so
far, graphene has always been a part of a three dimensional structure.
The observations done here prove, that freely suspended graphene can exist with-
out a substrate and has random elastic deformations into the third dimension.
After a monolayer of graphene was identified on the SiO, substrate, a metal grid
was deposited on top of the flake by using electron beam lithography. Secondly,
the SiO, support was etched away. Figure(3) shows a bright-field transmission
electron microscope (TEM) image of the suspended graphene flake attached to
the metal grid. The scale bar shows that there is a more than 500nm spacing
between the grid, which is magnitudes larger then the lattice constant. Hence we
are really observing freely suspended graphene.

Furthermore TEM electron diffraction experiments have been done. At first
this may seem useless because a two dimensional crystal only acts as a plane

Sweak localisation (wl) is responsible for quantum interference correction to the conductivity
due to interference between time reversed paths
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Figure 3: A freely suspended graphene flake attached to a micrometer-sized
metallic scaffold. The regions indicated by the arrows are monolayer graphene.
On the righthand side there is a folded part of the sheet visible. The scale bar is
500nm large.

reflecting the electron beam at the position of the atoms”. Therefore only the

direct reflection, the zeroth order diffraction peak is visible independent from the
incident angle. Nevertheless electron diffraction experiments are very useful to
distinguish monolayer from bilayergraphene. Due to the second layer in bilayer-
graphene, one observes a diffraction pattern with maxima and minima at certain
tilt angles in contrast to the monolayer case. This is visualised in figure(4).
This experiment would be less spectacular, if the diffraction pattern of the sin-
glelayer graphene wouldn’t contain some unexpected features.
The first two pictures 1 of figure(4) show a broadening of the diffraction peaks
of singlelayer graphene with increasing tilt angle. This behaviour vanishes for an
increasing number of layers. It is well-known in X-ray diffraction that only the
intensity of the diffraction peaks will be affected by thermal vibrations, not their
extent. The reason for the blurred diffraction spots are random corrugations on
the submicrometer level in graphene.

Diffraction patterns are given by a two-dimensional slice through the three
dimensional Fourier transform of the crystal. For a perfectly flat crystal this
Fourier transform is a set of rods perpendicular to the reciprocal lattice. These
rods wander around their average direction, forming cones when the sheet is
slightly corrugated. Regarding figure(5) the cross-section of the diffraction peaks
under different incident angles is given by the intersection of the cones with the
tilted plane. The tilted planes are related to the incident angles.

Comparisons with simulations of the diffraction patterns give some quantitative

7Actually the graphene sheet acts like a grid, but without another layer, there is no incident
angle dependend interference. Hence, an interference pattern is still visible, but it has no
information about incident angles.
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Figure 4: (1) TEM diffraction pattern of monolayer graphene for two different
incidence angles, 26° (right) 0° (left). The diffraction peaks of the right image
are broadend compered with those from the left. (2) Total intensity as a function
of tilt angle of the two peaks (0 — 110) and (1 — 210) of monolayer (right) and
bilayer (left) graphene.

estimates about the ripples in graphene. The ripples are about 1nm high and
have a spatial extent of 2 — 20nm. In atomic-resolution TEM imaging ripples
have been observed directly in two and more layer graphene®. These observa-
tions support the estimates above. Moreover the fact, that corrugations can be
observed directly with TEM means that it is a static phenomenon.

Of course, the term freely suspended means spanned on a scaffold. And all
the other experiments done so far used supproted graphene. The support gives
boundary condition and may induce stability and translational order. But then
the ripples have to carry some signatures from the boundaries. To my knowledge,
no experiment so far has refered to the observation that ripples have a significant
dependence on the boundaries.

We have already heard that the theory of polymerized membranes gives a partly
explanation of the formation of ripples in flexible membranes [14]. Membranes
of internal dimensionality D with linear size L, embedded in a d dimensional
space, are characterized by a roughness exponent (. In this way transverse dis-

8For monolayer graphene there is not enough contrast to make ripples directly visible. Be-
cause diffraction intensities vary only little with tilt angle
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Figure 5: (1) origin of the peak broadening with increasing tilt angles in the
diffraction images. The continuous rods represent the intensities in reciprocal
space. Intersections with the tilted plain (dotted line) give a peak in the diffrac-
tion pattern. In the case of a corrugated surface the rods become cones. (2)
FWHM of diffraction peaks versus tilt angles

placements scale as L¢, and for flat physical membranes (D = 2, d = 3) they
predict a roughness exponent of ( = 0.590. Furthermore critical parameters for
a transition from the flat to the crumbled phase were analysed.

We will have a brief look at this theory:

A D dimensional membrane with internal coordinates ¥ exhibits both a D com-
ponent in-plane phonon field u, (%), a = 1... D, and out-of-plane displacements
h7) °.

The free energy is a sum of bending and in-plane elastic energy.

- A
F = /de {g(VZh)Q + lngﬁ + §U2Q:| (8)

The coefficient « is the bending rigidity, p is the shear modulus and X is the first
Lamé parameter which is also related to linear elasticity. U,g is the strain tensor

1 (0us Ou, Oh Oh
Uap = 2 <8xa + dug + OTa 8$g> 9)

Here it is important to note that the in-plane stresses and out-of-plane displace-
ments are non-linear coupled, because the strain tensor (9) contributes quadrat-
ically to the free energy (8). By neglecting the last term in the strain tensor

9for physical membranes h = h and Uq, @ = 1,2 has two components
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(9) the bending h and stretching modes u, become decoupled and one is in the
harmonic approximation regime.

In the harmonic approximation, where the last term in eq.(9) is neglected, the
mean square angle between the normals of the membrane (|7i|?) diverges with the
sample size L — oo and for long wavelength phonons, which indicates a tendency
to crumple.

If the anharmonic coupling term is taken into account, the flat phase remains
stable but is corrugated. The curvature fluctuations soften elastic constants and
screen the phonon mediated interaction. As a result the long wavelength fluctua-
tions are suppressed, which eliminates the divergency from above. The roughness
of the membranes is given by L¢ where ¢ ~ 0.6. However, one should deal with
that result carefully. Because it still predicts that these height fluctuations grow
with the sample size and can be anomalously large. Moreover there are other
predictions from Soft-Condensed Matter Theory like spontaneous creation of dis-
locations [3] which are neither observed in experiments [17] nor in simulations [3].

Recently there has been an attempt to explain the origin of ripples [3] by A.
Fasolino, J.H. Los and M.I. Katsnelson. They did atomistic Monte Carlo simula-
tions using an effective many body potential LCBOPII (Long-range Carbon Bond
Order Potential 2) which is said to provide a unified description of the energetics
and elastic constants of all carbon phases with an accuracy compareable to the
experiment. Because of being a long-range potential, we can not apply Mermin’s
Theorem in that case- It requires short-range potentials. Moreover, they used
the normal-normal correlation function and the temperature dependence of the
bending rigidity ~ as observables to oncompare the simulations with the Theory
of polymerized membranes. They conclude that the ability of carbon to form dif-
ferent types of bonding (fig.(6)) is responsible for the difference between graphen
sheets and a generic two-dimensional crystal. In addition, one has to take atomic
properties in onto account because there are properties in graphene which are
not common to a continuum model of flexible membranes.

So far, the problem of the stability of graphene and the origin of its corrugations
has not been solved completely.

3 Electronic properties of Graphene

3.1 The Dispersionrelation of Graphene

The dispersion relation e(/;) is a very important quantity in Solid State Theory.
We can not only extract a lot of information about the charge carriers from it,
but all semi-classical calculations are also based on its knowledge. Moreover, one
of the most important properties of graphene is the massless dirac fermion-like
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Figure 6: Variation of bond length as an explanation of the ripple formation in
graphene.

spectrum, i.e. the linear energy-momentum dependence with zero energy states.
This is also a result of the dispersion relation.

We use the compact and elegant formalism of second quantization and the tight-
binding approximation to derivate e(E) The tight-binding approximation (TBA)
is a model for charge carriers, i.e. electrons, in a periodic lattice. The following
will be a short introduction to the TBA. Electrons are tightly binded to the
Tons at each lattice site, that means their wave functions |t,,) must be somewhat
similar to wavefunctions in the vicinity of the ions. Moreover the periodic lattice

contribution tells us, that an electron state has to fulfil Bloch’s Theorem:
'E." . — =\
Wi, (7) = e ug (7); ug, (74 aoi) = g, (7)

U (74 R) = MRy () (10)

The full Hamiltonian of that problem is the sum of the atomic Hamiltonian H,;
with eigenvalue F, plus a correction AU(7) which takes into account all the
contributions coming from the periodicity of the lattice.

H = Hay + AU(F) (11)

{1} is the set of atomic wavefunctions with eigenvalues E,,. They become small
in the middle between two lattice sites where AU(7) becomes appreciable.

IAU(F)¢ml] <1 (12)

Although, it would be tempting to expand the eigenstates W; (7) of (11) directly

into atomic wavefunctions {¢,,}, it would give eigenvalues ¢, (k) ~ E,, propor-
tional to the atomic eigenenergies which are obviously not depending on k. To
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avoid this deficiency we expand W, our eigenstates of the crystal Hamiltonian
(11), in yet unknown functions ¢(r). These functions ¢ can be expanded in a
small number of atomic wavefunctions ,,.

Ve, (7) = D e lo(m = RB) = ™y bt (7) (13)
R R n
With H¥ = en(E)W i We get after some calculations the following eigenvalue:

en(k) = e = Y t(R) (14)

n.n.

The sum on the righthand side goes over all nearest neighbours (n.n.) of an ion

—

and over all N ions. ¢(R) is the overlapp integral and it depends on the distance
between two lattice sites. Thus, only the nearest neighbour contributions are

—

relevant because t(R) becomes small if the ions are increasingly far from each
other away. In the limit we have just isolated ions, ¢(R) vanishes and we are
left with the atomic eigenenergies. This is a fact, we would have expected for
self-consitency.

For the sake of simplicity we are only interested in one single band, so we will
drop the bandindex in our formulas.

-,

The eigenenergy €(k) defined above in eq.(14) gives rise to a model Hamiltonian,

M= cap®ao(F) =t >, (af(Fas() + hc) (15)

<7, 7'>n.n.
NG > NS g

~~ N~

HO HHop

where h.c. in the second part of the righthand side means hermitian conjugate,
o accounts for the spin. This part is the so-called hopping Hamiltonian. It de-
scribes the contribution coming from the exchange of an electron from lattice site
at 7 to lattice site at 7. Due to the dependence on ¢ it is clear that we restrict
ourselves only to nearest neighbours (n.n.).

So far we have just briefly reviewed the tight-binding approximation. To become
more concrete, we apply this methode to an infinite or sufficiently large graphene
layer!?.

Figure(7) shows the honeycomb of graphene with the lattice vectors and the two
atomic basis. Once more the lattice vectors are:

we are not interested in effects comming from the edges

10
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Figure 7: Honeycomb structure of graphene (lower right), and the corresponding
Bravais lattice (upper left). In the middle, the lattice vectors @y, dy are shown
together with the two atomic basis. Bond length of carbon atoms 1.42 Angstrém

The vectors éz of the reciprocal lattice are defined by: éz -G = 2m0; ;.

The hole system’s spatial extent is in d; direction L; = Njag and in dy direction
Lo = Nyagy. Furthermore we assume periodic boundary conditions. Plane waves
e’ have to fulfil k; - L; = 27n;, hence the wavevectors are in the intervall

[O,... 2”],i.e. k=-2"n neN.

’ ag Naoag

The hopping Hamiltonian Hpy,, of equation(15) looks slightly different, because
of the two atomic basis of graphene crystals. That means we have to distinguish
between operators acting on the first atom of a site at 7 or on the second one. We
denote this by another index. Which one is the first and which one is the second
atom is shown in figure(7). Below, we consider only the hopping part because
H, is just an energy shift.

Hiagp = 3 (@l (7bol7) + B (7)o (7)) (18)

<7, >n.n.

al (7) creates a state in the site of the sublattice A at vector 7
bl (7) creates a state in the site of the sublattice B at vector 7

These operators have the following Fourier representation, IV is the total number

18



of lattice sites.

??‘1
ﬁl

av

(19)

PT‘l_"

1.B.Z
k

A _ L &= —zkrbT (20)
s ?

The sum is restricted to the first Brillouin zone, hence the components of k are
in the set k; € {0,..., i—g} Moreover, the vectors G; span the reciprocal lattice.
At this point, it is convenient, as a specification of our lattice, to express the
wavevectors k — blC_jl + bgéz in terms of the reciprocal-lattice vectors. Then, the
coefficients b; = n/N; run from 0... to ... 1.

— —

= b1G1 + bQéQ - ;_7(;_ (klél + k262> (21)

In (21) we have gained a representation of the wavevector E where k depends on
its coefficients k; = N On and on the reciprocal lattice vectors.

Thus the two types of annihilation and creation operators respectively can be
written as

1 a . L
(M) =—=> e_zﬁ(kloﬁkgg?)mga
bt (7) = L Z e—igg(klél+k2@2)_FBt
0 k,o
\/N kl,k)g
(22)

Finally, we plug the operators(19) and (20) into the hopping Hamiltonian equation(18).
The Spin index has no influence on the result and will be omitted.

<7F7>n.n.

_ L GE P —ik(F—7) 7
= tﬁ Z Z (e ( q)aEb,;+e ( )bEaE)

<rFr>nan. g

= tz <<eiE51 + e 4 eig‘i’) d%l;,; + (e_“;gl t ey e_igg3> 5%&,;) (23)
k

In the last step we carried out the nearest neighbour (n.n.) summation in the

way shown in figure(8). The k-sum runs over all wavevectors k from the first
Brillouin zone.
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Figure 8: Description of graphene lattice. The two atoms of the Basis are denoted
by 1 and 2. An electron of atom 1 (middle Basis) can hop to the atom 2 at the
same lattice site (8; and to atom 2 of the lower right (03), lower left site (J3)
respectively. The yellow lines indicate the hopping of this lattice site

The full Hamiltonian (15) now has the simplified form (24), but the diagonaliza-
tion procedure is still left.

oy _ ot 7t e o(k)

=t~ M= 3 (ap5}) ( &R e
kel.B.Z.

¢(];) — _teiE51 (1 + 67:;(5‘2—51) + eiE(gg—gl)> (25)

In figure(8) one can easily see that 51 — 0y = @y and 6, — 03 = . Diagonalizing

-,

the matrix yields the dispersionrelation e(k)

e(F) = co £ \/o(E)o* (F)

e(lg) =€ & t\/3 + 2cos(kiag) + 2 cos(kaag) + 2 cos((k1 — ka)ag) (26)

The constant energy shift ¢ is not important for the properties discussed later,
and will be omitted. Figure(9) shows the dispersion relation of graphene. At this
point one should state that the coefficients k; and ky are not given with respect to
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Figure 9: Dispersionrelation of graphene. In the vicinity of the points where the
two bands meet each other the charge carriers behave like massless dirac fermions
in 2 dimensions.

an orthogonal basis, but to a basis spanned by G, and Go. The reciprocal lattice
vectors which are taken as basis vectors in equation(21) are neither orthogonal
nor normalized fig.(10), but they are linearly independent. We will straighten
this deficiency in section(3.3) out when it is necessary.

In the literature, the zeros of equation(26), with ¢y = 0, are often referred to as
the Dirac points or K-points.

Figure 10: The hexagonal Brillouin zone of the honeycomb lattice and the disper-
sion relation (shaded, corrugated region). The first one (1) is represented in the
non orthogonal basis used in equation(26). The corner points are called K-points.
There is always a pair of neighbouring points K+ and K~ which are inequivalent,
i.e. can not be connected by a reciprocal vector.

Figure(10) shows a Brillouin zone with K-points. Some of them can be connected
by a vector of the reciprocal lattice, but not all of them. Therefore, the neigh-
bouring K-points are not equivalent and must be both taken into account, in the
reduced zone scheme.
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Equation(24) already suggested a more compact notation:

VH Y, (k) (27)

=

4 0 ok ag,
H:Ez(agﬂ,bgp)(w@ E)))(,;; ):zm

Ho

In (27) above, we introduced the two component Spinor notation with the sub-
lattice annihilation operators as its entries. Furthermore we reintroduced the
spin ¢ and we omitted €y. This form will help us a little bit in our symmetry
considerations, moreover it is essential in deriving the Dirac like form of the low
energy regime.

3.2 Stability of the K-point

The tight-binding approximation with nearest neighbour hopping used above
may be an oversimplified method to calculate the bandstructure of graphene. As
we will see, this point of view is not totally right. One of the most fascinating
properties of graphene is that the quasi particles exhibit a Dirac like spectrum
of ultra relativistic massless particles in the vicinity of the K points. In the
following, it will be shown that eigenstates with zero energy are robust against
next and third neighbour hopping.

next neighbours

nearest neighbours
third neighbours

Figure 11: nearest neighbours include a distance of §;, next neighbours are con-
nected by a lattice vector and third neighbour hopping

To begin with the next neighbour hopping, we introduce a new term in equation(27).
We denote the distance of neighbouring lattice sites again by 9;.

H = H<TL.7’L.> - tnea:t Z (&jfgpaﬁ-‘r(il—d’g,a + b;r-i’gbﬁ—kdl—&’g,a +.. > (28)

n,0
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Figure(11) shows that next neighbours are connected by a lattice vector. Hence
next neighbours give diagonal contributions which can be absorbed in ¢y and do
not change our spectrum qualitatively.

The third neighbour hopping mixes again creation and annihilation operators of
different sublattices.

H=Hepn>—t Z (d%ai)ﬁ—%ha + &137Ubﬁ—51—62+53, ;Wi? §14+02—83,0 T C-C>
n,0

(29)
Now we use the Fourier decomposition of our operators, equation(22). In the
same way as it was done in equation(27) we write the Hamiltonian above as a
sum of a matrix product of two spinors Y,, Y! with a matrix Hy. This matrix
H, contains again only off-diagonal terms ¢(E), gb*(l;)
In order to show that the K-points are stable against other hopping terms, we
demonstrate in the following that for certain values of the third neighbour hopping
amplitude ¢, gb(k) can still be zero. The modulus of ¢(k ) enters the dispersion
relation as shown in section(3.1) and is responsible for the Dirac points. Next we
evaluate the nearest and third neighbour terms in the Fourier decomposition.

¢(E) — _t (e’iiﬂ'gi _'_ eiEgg _'_ ei]z&;) _t/ (efiQEgl _'_ ei];"((§1752+33) + eiE(51+527g3>> (30)

J/

vV Vv
n.n. next—neigh.

As indicated, the first term comes from nearest neighbour hopping and the second
is due to third neighbour hopping.

For simplicity, we will proof the claim only for the ei2F31 third neighbour hopping
term in eq.(30) and only give a short statement why it works as well with the
others.

- e P T t/ a7
¢(l€) — _t61k51 |:1 + e—zkaz + e—zk’al + ?6—23k51:|
F1gure(11) shows that lattice vectors and vectors between sites are connected by
51—52—CL1 and 51-53—&2

-

- o N t - oo
(b(k) — 01 |:1 _i_efzkaz _i_efzkag (1_|_ gezka2>:| — k6 (b( ) (31>

For a certain proportion of ¢/t there should be k with ¢(k) = 0 in order to have
K-points. We rewrite ¢(k).

~ o o t I o,
¢(k) -1 4+ efzkag +r (?) ezka2+upefzka1 (32>

with (¢ /) = \/1+2 (¥) cos(kay) + (&)

If we fix k@, and let ka, vary, then equation(32) has a geometrical interpretation
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+eikaz, | skay
®(k)

¢ +e—ik32

\

Re

Figure 12: shows equation(32) in geometrical way. We get Dirac points when the
energy is zero, i.e. when |¢(k)| = 0.

as a circle of radius r (%) with center 1+ e~k (figure(12)). When the circle hits

the origin then Dirac points are possible, i.e. the modulus of &(lg) can be zero.
This is guaranteed for

/
% = —cos(kady) + \/cosz(k:c_[g) + 14 2cos(kay) (33)

Therefore ¢/t is either 1 or —1 — 2cos(kds). For kay € (—m, ) the latter yields

t/
-3 < n <1 (34)
In the case of the remaining two hopping possibilities in equation(30) one gets
similar terms leading to the same condition on t'/t. If we would have taken the
last term of the third neighbours part in equation(30) instead of the first, we
would have gotten

- e e e t, . = N
QS(]{,’) — _tezk(h (1 + e—zk’ag + e—zkal + ?ezk(az—al))
Just to complete the discussion we give the result with the second term:
- o o e [
¢(k) — _tezkél (1 + e—zkag + e—zkal + ?ezk(al—ag))

Obviously these equations lead to the same constrain(34) for ¢'/t. As a conclu-
sion of this discussion we found that the Dirac point is stable against additional
hopping terms. The hopping amplitude is proportional to the overlapp of wave-
functions between two lattice sites, hence we showed that Dirac points are robust
with respect to slight deformations of the lattice. Finally, this part showed, that
the honeycomb lattice itself is not solely responsible for massless Dirac fermions
but rather a generic class of two dimensional lattices with two atomic basis [8].

Besides hopping terms with certain amplitudes ¢, vanishing Dirac points come
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along with generation of a finite Dirac mass. For instance, a differnce of the
sublattices A and B is represented by an additional diagonal term:

. + =, g . ma 0
H =Hy +ZTU(19)H1TU(I€), H, = ( 0 ma > (35)
k,o
Hvl
‘H; can be rewritten in terms of Pauli matrices'! 7, 75 and the masses
my = (ma+mp)/2 and m_ = (ma —mg)/2.
Hi= > YLE) (myry —m_m) Yo (k) (36)
ko

The m, term can be absorbed in ¢, and does not change anything, the second
term m_ has a different sign for A and B sublattice and changes the spectrum
from massless particles to particles with finite masses: (k) = ++/m? + |¢[%.
The two dimensional crystal boron nitride exhibits such a sublattice difference
because of the distinguishable atoms in the basis B and N. Hence the dispersion
relation of BN has no Dirac point and no massless quasiparticles. But the low
energy regime of BN is still governed by ultra relativistic quasi particles, in this

case, with finite masses.

3.3 QFEDy.; - Massless Dirac Particles in Graphene

Starting from the tight-binding Hamiltonian in equation(24) we will develop the
low-energy approximation in the following part. One might have already noticed
that in figure(9) the dispersion relation is linear near the points where the two
bands touch each other and momenta are small.

At first, it is important to express the coefficients k; and k9 in an orthonormal

basis
(1 (1
61 - O 9 62 - O

In this basis the coeflicients become

3 3Ky —

_ Ve ViR (37)
2 2

According to eq.(37) our dispersion relation changes and gains the full hexagonal

symmetry as shown in figure)10:

- 3 3K —
e(k) = |3+ 2cos (aow> + 2 cos <a0m> + 2 cos(kaag) (38)

ki

2 2

no (L ON (01 (0 =i (10
=V 1 )=V 1 0 )= 0o )BT L0 -1
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The K-points where (38) is zero are the six points:

o5 () E(R) £ e

"~ 3ap \ 1 3ag \ —1/2 3ap \ —1/2
gr=2m (0 A (V32 Ar (=32
30,0 -1 ’ 3&0 1/2 ’ 3CL0 1/2
We take two neighbouring inequivalent K-points and denote them with Kt and
K~ in the following (figure(13)). Furthermore we expand the tight-binding
Hamiltonian eq.(27) to the first order in & or shrink the lattice spacing ay — 0

which is a continuum approximation. The k - dependence of the tight-binding
Hamiltonian is represented by the 2x2-matrix Hy which depends in turn on ¢(k).

o(F) = —t (61"%%2 1 ian(5/6r2—V3/261) | e—iao(\/g/2m—1/6n2)> (40)
N AT ~ + 81¢(E) . (Pl )
o) = O(R* +7) = o(K >+<82¢(E)> n

= ¢r+(p) = £hop(pr Fips2)

In the last line of equation(41) we introduced the Fermi velocity vgp ~ tag/h =~
1092 [?] [19]. According to [?] the hopping amplitude is ¢ = 2.3eV" and the lattice
spacing ag = 2.46 Angstroem.

1. Brillouin Zone ' Y

Figure 13: Two equivalent first Brillouin zones (upper right-left), both contain-
ing the same area. The left has two K-points K+ and K~ lying in the interior.
(lower right) linearized dispersion relation in the first Brillouine Zone.
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Due to the small momenta expansion we replace the sum over wavevectors in
eq.(27) of the first Brillouine zone (1.BZ) by an integral over the Dirac cone

(DC).
(20 [ &
2 g / (2r)?

S = \/gaz—g is the area of a unit cell.

At this step there are two crucial points. The first one is that in contrast to
the real dispersionrelation the effective one grows up to infinity. Hence we need
a proper energy cutoff which preserves the number of states, that is according

to [8]:
by &0 /S \/E~233t

Moreover we have to take both K-points into account. Figure(13) shows the two
cones in the first Brillouine zone. A low energy expansion hits of course both.
Finally we are able to build the low energy Hamiltonian of graphene

d?k .
XL (k) Ho Y, (k)
BZ
d*p - 0 hvp(p1 — ip2) =
~ YK+ . FARL 20 )y (K + 41
S ﬁ)\( part iy Ty ) TR | )
Hc\ (7)

0 —hUF< 1—|—i 2) b 2
+Z/ 2 (K- +ﬁ)(—ﬁvp(p1—ip2) b )TU(K +p)

-~

Hg ()

J

In view of a QED like description we introduce the four component spinor ¥, (p).

v = (1l ) -

In (42), the sublattice dependence of the 2-spinor Vg-, of the K~ point is
swapped, compared to that of W+ , at K. But this is a small price compared to

. (42)

q@> qQ~'>Q®'>@>
e
+ +
!
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the easier notation that we gain for the 2 x 2 matrices in equation(42): Hg4(p) =
+hvp(Tipy + 72p;). The 7¢ denote the Pauli matrices. Moreover the fact that
the two distinguishable K-points give another quantum number additional to the
sublattice. Now we rewrite Hy with equation(42)

0 P1— P2 0 0
d*p p1L+ip 0 0 0
=h i ! 2 . U,
O O —pl—ipg 0
H (5)

(43)
The matrix Hy(p) in equation(43) almost looks like one of the oz matrices which

we define as'?
ai:7~'3®ri:(g 0 ) (44)

_TZ

The tilde 73 indicates the action upon the K-point degree of freedom whereas 7
are responsible for the sublattice pseudospin. The o matrices fulfil the Clifford
algebra

{a', 0’} = 261 (45)
The introduction of o matrices allows a real compact notation for Hy(p) (43):
Hy(p) = alp; + a?py
However we have not yet reached our goal of a QED description of graphene.
Thus we will spend more time in changing our notation for Hamiltonians. The
reader should not be confused, everything is just for the purpose of getting as
near as possible to relativistic quantum theory.
Hence, we introduce once more new matrices, the so called y-matrices.

0o __ _~1 . 0 12 a a O Ta
7_6—7— ®12_(12 O 9 7 —/605 - _7_(1 0

. 1, 0
V=i y'yyP = 2 (46)
0 —1,

This is also known as the Weyl or chiral representation'® of v matrices. The
vP-matrix will be important for us because spinors with a definite chirality in
relativistic quantum mechanics are eigenstates of 4°. In the next section we will
discuss similarities and differences between the low energy threoy of graphene

I2These are not the o matrices from the usual Dirac operator. In books on relativistic
. 0 1 0
quantum mechanics one would find o = ( o g ) and 8 = ( 0 -1 )
13This is a commonly used representation in the case of massless fermions. It differs with the

1 0 ; 0 o 0 1
tiane A0 — i . 5
usual definition: ~° = ( 0 1 ), = ( i 0 ) and v° = ( 10 )
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and the high energy description of neutrinos.
The v matrices fulfil the usual anti-commutation relations

{,}/M’,-YV} = 29/“/147 g/“/ = diag(17_17_17_1>7 M;V:0717273 (47>
The Dirac equation exhibits not adjoint spinors " but slashed spinors \I/S,-gma =

Ul (D)
Finally, the Hamiltonian has the form:

e

U, (p) hup(y! Pty “p2) a(ﬁ)Z—Z/

DC (27T)
HY (p)= WOH(“)

g

(48)
0 0 0 —p1 +ip2
_ — 0 0 —pP1 — ipz 0
- th Z/ ﬁj 0 P1— Zpg 0 0 \Ija(m
p1 +ip2 0 0 0

To complete our journey from condensed matter to relativistic quantum mechan-
ics we will couple our quasi particles to electromagnetic fields and derive the
Lagrangian £. Furthermore we transform equation(48) back to 7-space and use
the canonical representation of wavevectors py — —i0; and energy E — 10;:

= U, (t,7) [—ihwp(y' 01 + 7°0)] Ue(t,7) = ih Yy U, 00 (49)

Where the Fourier transform of spinors was used:

[ o = [ G [ e =ve 6o

The electromagnetic field can be introduced by minimal coupling to the momen-
tum:

F—p-<A=—ih (&w EE) = —ihD
c he
Here and through out the whole text, the convention is used where e = —1.6 -

10719 As, A is the vector potential. In the last step we defined the covariant
derivativ.

From quantum electrodynamics, we know how to get from the Lagrangian £ to
the Hamiltonian H [25]. Starting from L, the conjugated momenta to ¥, are
Ty = aa\i:_ﬁa = iWl. By applying a Legendre transform to £ one gets H. We do it
here the other way round. The Langrangian of quasi-particles in graphene which
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do not interact with each other but do interact with the electromagnetic field has
the form:

L= Z\IJ ,7) [i7° (hOy — ipte) — ithopy* Dy W, (t, ) (51)

Because we are still in the non-relativistic regime, only the description looks like
a relativistic one, the Zeeman term p, must be included in (51). Apart from the
Zeeman term equation(51) looks like the QED Lagrangian for massless fermions
in an electromagnetic field:

L=V(in"D,)¥ (52)

Besides graphene, there is another condensed matter system with a QE Do
description, a d-wave superconductor. But that model has a different coupling
to the magnetic field due to supercurrents [8].

3.4 (QFED,,.; quasi-particles versus (QF/ D3, neutrinos

So far we have tried to work out similarities to quantum electrodynamics(QED),
now we will see what differences there are.
At first, we introduce the helicity operator
- 3 k
h(k) = Y = ( ) (53)
3} acts on the spin degrees of freedom, & is an array of Pauli matrices and k is the
wavevector. Helicity is the projection of the spin onto the direction of motion.

k|
Because of (67)2 = 1, h(k)2 = 1 and the eigenvalues of the helicity operator are
+1. One distinguishes the eigenstates by:

o Q
QL ©

e +1 right handed particles, spin is parallel to the momentum k

e —1 left handed particles, spin points in the opposite direction of k

Secondly, we will derivate a proper form of the Dirac equation with zero restmass,
where helicity directly appears.

kW =0 (54)

The tilde above the Dirac matrices 4* indicates, that we are using the standard
notation of the gamma matrices.

r(A) e(2D)
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Later we will introduce the chiral representation to compare it to the low energy
theory of graphene. We multiply (54) with 7°4% = —iy'y2~3 from the right. By
using the anti commutation properties of the Dirac matrices {y*,~"} = 2¢g"'1 we
get

(Yko — kX)W =0 (56)
= 3 kU = k7°U

Next we plug in plane waves for positive and negative energies respectively in

eq.(b7):

\IJE_,_(I'a) _ e—z‘k"‘xa‘p(ka) _ e—i(komo—lza?)\l,(k,a) (57)

\I’E_(.Clﬁa) _ 6ik"‘ra\p<ka) _ ei(koxo—ﬁf)\l,(ka) (58)

Because of equation(54) and 3"k, "k, ¥ = 0, k*k, = 0. Hence k* = E = k| and
in equation(57) the helicity operator appears

>k

||
The 4° operator is called chirality operator. The last equation shows that eigen-
states of the helicity operator are states with a definite chirality. Instead of solving

equation(59) we switch our Dirac matrices from the standard representation to
the chiral representation.

(k) = W)U () = £57 0 (k) (59)

1
U defines a unitary transformation to the chiral representation:
U — U =Utw;,  # =UWU (61)

N
I

0 -1
Och _ _x _ k _
At = —5 (_1 0 ) v

7=

S(AT)

(05

The +° matrix is diagonal in this representation, this suggests itself the name,
chiral representation. Therefore we can split the spinor ¥ into two subspinors of

definite chirality.
\chh — ¢1 63
(0 (63)

We use these relations to transform the Dirac equation into the chiral represen-
tation:

N

(—ihA*0, + m)¥ = 0 (64)
Ut (—ih3*0, + m)UUT = 0
(ihy "0y — ihy* 0, ) U — m1, U =0
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If the mass term in the last line of (65) is zero, then the Dirac equation decays
into two decoupled equations.

(—i0y + i0* 0 )by = 0 (65)
(—i0y — ic"Op)1h1 = 0 (66)

These two equations are known as the Weyl equations for neutrinos. Only one
of the two equations on its own is not parity invariant [24]. To the common
knowledge, there are no right handed neutrinos in nature and only eigenstates
with negative chirality exist, hence the first equation(65) is the relevant one.
We plug in the first equation plane wave solutions of positive and negative energy
g = €¢k%“¢(ka)3 L ~

3 ko(k) = FE¢(k) (67)

This equation tells us that states of positive energy, i.e. neutrinos v, exhibit
negative chirality and states of negative energy, anti-neutrinos fi, have positive
helicity. Because massless particles move with the speed of light, we cannot go
to a rest frame and change the spin direction as it would be possible for massive
particles like electrons. A parity transformation P changes the direction of mo-
mentum k — —k leaving the spin unchanged. In this way we can transform a
neutrino with negative helicity into one with positive helicity which does not fulfil
equation(65) but the, in nature, absent equation(66). Therefore we have no par-
ity invariance for neutrinos. Charge conjugation C operation connects states with
positive and negative chirality [24] and changes the sign of the charge e — —e.
Because states with positive chirality are absent in nature, equation(65) on its
own violates charge conjugation symmetry. It is known that the combined CP
transformation is preserved.

Until now we have not talked about graphene so we need to catch up that topic.
One should not be confused with the fact that we used the second quantized pic-
ture in the graphene part and the first quantized picture in the neutrino part. We
compare only the structure of the equations. Second and first quantization are
just two ways of describing the same thing. HY (p) = hvp(y'p: + v?p2) = E(p)
in equation(49) is similar to the last line in (65), but without the mass term.
Above it was mentioned that for general honeycomb 2D-crystals like BN and
even for graphene there are mass generating mechanisms like differences of the
two sublattices.

We have seen that without the mass term, the Dirac equation in the chiral repre-
sentation decays into two equation that are formulated in the subspace of definite
chirality. This is nothing new for us because we constructed the hamiltonian in
equation(49) by unifying two 2-component spinors in the subspace of definite
valley index to a 4-component spinor:

v = (406 ) o
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In that sense, we can introduce chirality to low energy graphene by talking about
the valley index. Positive chirality refers to the K ™-valley and negative chirality
to the K~ valley.

The real difference is that we have no 73 Pauli matrix in the case of graphene!4.
Therefore lies in a plane and 7 = (71, 72) does not have the meaning of the usual
spin operator. Moreover, since 73 is the only generator of angular momentum
there is no non-abelian Lie algebra that can restrict its possible eigenvalues [8].
All in all we can not construct a helicity operator in the sense of, massless ultra
relativistic particles. Of course we can define a pseudo helicity operator

h2D(§):%ﬁ, z:(g 2) (69)

Furthermore for graphene both Weyl equations (65) and (66) are present. States
with positive energy hvp|p] are electrons and states with negative energy are
holes. Hence equation(67) describes electrons(e) and holes(h) at the K~ valley.

hopS - s (5) = Fhop|plv s (5) (70)
= 1P (B)U-(B) = — Y- (D)
= 2P (P (B) = Y} (P)

At the Kt - point these relations are just inverted for electron and holes. In total
these relations tell us that at a given K= point, the direction of momentum for
electrons and holes with the same energy is opposite.

Finally, the conservation of chirality exhibits a nice physical meaning. If transfer
of quasiparticles between valleys is suppressed then backward scattering is absent
in our system [8]. This is visualised in figure(14). It depends on the type of
impurities in the sample [7] whether valley mixing is present or not.

147 and ¢ both are Pauli matrices but the former refers to pseudo spin, i.e. sublattice index,
whereas the latter refers to real spin
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Figure 14: The two Dirac cones at the K~ point (left) and the Kt point (right).
The arrows indicate the direction of motion of electrons and holes respectively.
Electrons and holes at each valley have opposite helicity. Conservation of chirality
means that states have a definite valley index.

4 The Quantum Hall Effect in Graphene

The rise of micro electronics in the 70ies and 80ies led to a great interest in ex-
aminig the two dimension like structures of field effect transistors. In 1980 Klaus
von Klitzing and collaborators [12] investigated two dimensional structures in
high magnetic fields and discovered a quantized Hall resistance. The quantiza-
tion of the Hall conductivity in integer multiples of the squared electron charge
divided by Planck’s constant

Opy = — "N (71)

is an absolutely extraordinary phenomenon and from the common sense’s point of
view, an unexpected feature. Usually, one has to take several material dependent
parameters into account in order to calculate transport properties. For instance
the effective mass, the density of charge carriers, the dispersion relation, electron
interactions or the concentration of impurities heavily influence the conductivity.
On the one hand some of these are less relevant for a real two dimensional gas of
free fermions appearing in quantum wells or on top of MOSFETs (Metal-oxidized
Silicon Field Effect Transistors), but on the other hand it is still amazing in which
way these effects play together and reduce just to two fundamental constants, the
electroncharge e = —1.6 - 107 As and Planck’s constant h = 6.626 - 1073*Js.

There are various types of phenomena referred to as the quantum Hall effect
(QHE). They exhibit the common observation of Hall conductance quantization
Ozy = %g where p, g are integers. From the theoretical point of view there are two
different quantum Hall effects. Namely, the integer (IQHE) and the fractional
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Figure 15: Quantum Hall effect measurements of Klaus von Klitzing,G. Dorda
and M. Pepper, PRL Vol.45 No.6 (1980) [12]. (on the left) Hall voltage Uy
and longitudinal Voltage Upp as a function of the backgate potential V. V,
is proportional to the charge carrier concentration. Inset on the left shows the
device with length L = 400pm and width W = 50um. The two diagramms on
the right show the longitudinal resistance (upper right) and the Hall resistance
Ry (lower right) at B = 137. One can see the Hall plateau of Ry and the
vanishing longitudinal resistance.

quantum Hall effect. The prior can be explained within a framework of non
interacting particles whereas the latter can not be explained without electron-
electron interactions, in a single particle framework. In the following part only the
IQHE will be discussed. First of all, this restriction is because QHE experiments
with graphene have not yet advanced to the region where fractional effects become
visible and secondly because the fractional quantum Hall effect requires much
more advanced methods and tools which would lie clearly out of the scope of
this text. Nevertheless, the fractional quantum Hall effect had great influence
on theoretical solid state physics and led for example to the theory of composite
fermions [9)].

4.1 The Hall Effect and Electrons in magnetic Fields

To begin with, we consider the experimental setup given in figure(16). To reca-
pitulate the classical Hall effect, imagine a current density j = en,U injected from
the right, e is the charge, n. the charge carrier density and ¢ the velocity. There
is a potential difference V' between 1 and 2 in figure(16) and a perpendicular
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Figure 16: Geometry of a typical "Hall Crocodile” used to investigate the QHE.
The current flows in the positive x-direction from one lead to the other, a constant
magnetic field points in the z-direction. The longitudinal resistance/conductivity
is obtained by Vo the Hall resistance/conductivity by Vi3

magnetic field of strength B applied on the sample. Due to the Lorentz force
.
FL:e(E—I——-[UxB}) (72)
c

the current will be forced in the y-direction until there is a counter voltage Vi3
between point 1 and 3 in (16), strong enough to compensate the force of the
magnetic field.

Vis v

Ey=-2=_-.B
13 I p

Hence, with Ohm’s law j = oE the Hall resistivity pg, is

E B B
Pzy = ﬁ -7 - (73)

J eNU  eneC

This is the classical Hall effect, the Hall resistivity depends on the magnetic field,
the carrier density and on the sign of the charge. Therefore it can be used to
determine the type of charge carrier, electrons or holes.

To prepare a quantum mechanical description of the Hall effect, we will have a
look at the electon motion in a magnetic field at first.

We consider a two dimensional problem, we will see later how two dimensional
systems are realized. In the case of graphene it is already known, but the materials
used here have a purely non-relativistic description.

The Hamiltonian of an electron confined in a plane with a magnetic field has the
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following form ( [27]p.20).

1 /. N2
H= 7 (p - e/cA(f’))JnguBsB (74)

~~
72

The last term in equation(74) is the Zeeman term, s = j:% is the Spin quantum
number, g ~ 2 is the Landé factor and pup = Qiz’c is the Bohr magneton. This
term induces only a spin dependent splitting and will be omitted in the following
discussion.

We have a certain freedom to choose the vector potential and there are two
convenient ways. The first is the symmetric gauge /Y(F') = Z(—y,z,0) which
is appropriate in an isometric problem. The second one is helpful in a, in one
direction, translation invariant system, A(7) = B(0, z,0), it is called the Landau
gauge. One may check that both choices give the same magnetic field B=VxA.
In our case of an infinite plane the symmetric gauge will be used due to rotational
invariance. Due to the vector potential ff(f’), the canonical momentum operator
p does not commute with the Hamiltonian although the system is translational
invariant. From the Heisenberg equation of motion we get for the velocity oper-
ator.

§ == 2[H,7 = (7~ e/cA(7) (75)

So we can define a dynamical momentum operator 7 = (5 —e/cA(7)). The y and
x component of © do not commute with each other:

2

[T, 7] = ihe/c(0, A, — 0,A,) = ihe/cB = —z‘% (76)

2 = % is called magnetic length or Larmor radius. As we will see later, this
quantity is related to the radius of the cyclotron orbit of the lowest Landau level.
Thus, we can treat the two dynamical momenta 7, and 7, as conjugated variables.

The Hamiltonian eq.(74) is similar to the well-known harmonic oscillator

1
H= E(Wi + 75) (77)

We can define creation and annihilation operators

ot #(m +im) (78)
z

E(% — imy)

a =

and plug them into the Hamiltonian (77). The result is the famous harmonic
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oscillator, which allows us to write down all necessary properties immediately.

1 B
H = hw, (dTa+§), wc:ﬂ (79)

mc

1
En:hwc(n+§>, ne0,1,2,..}

Next we will write out the whole hamiltonian in the symmetric gauge to derive
the total set of eigenstates.

1 _ eBy 2 , eBr\?
H = % [(—zh@x + 75) + (—zhéy — Tg) (80)
We introduce dimensionless quantities
. E
x,y—>£:§, E—>E:hwc (81)
Rewriting equation(80) gives
1 7\ 7\ 2
H = 5 [(—z’@i — 5) + (—i(‘?g + 5) (82)

We make use of the rotational symmetry and represent the variables x,y in the

complex plane:
r=F—ij=re® = Z=%4ij=re? (83)

z and z are as independent as x and y, so the Hamiltonian becomes:

H = % (—4@@ + }lzz + 205 — zaz> (84)

In this way the creation and annihilation operators defined in equation(79) be-
come

ot = = <—¢af — Y9+ ¢f> - (2= 282) (85)

BZ%@JFQ@Z), iﬁ:%(%_z(w

In the last line we defined another possible linear combination of coordinates and
derivatives. This new linear combination does not appear in the Hamiltonian(80).
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The additional operators b, bf will be necessary to express the angular momentum
operator in creation and annihilation operators.

L. = (7% p), = —ih(x8, — yd,) (86)
— h(20: — 20.) = h(afa — bTb)

a and b operators commute with each other. For a and l;, the following commu-
tation relations are valid

[a,a'] =1, [b,01] =1 (87)

Because of [H, L] = 0 the angular momentum and the Hamiltonoperator have
the same eigenstates

Hln,m) = hw, (n + %) |n, m) (88)

Lin,m) = h(n —m)|n, m) (89)

) = @ (90)

—m+n)! Val

The eigenvalue n of a'd is called the Landau level. From a|0,0) = 0 and 5|0,0) = 0
the lowest Landau level can be constructed.
T [z
4]0, 0 :—<—+2ag> 0,0) = 0 91
0.0) == (5 +20:) 10.0) (o1)
1 _
10,0) = —¢ 3% (92)
2
By raising the m quantum number with bl we can successively create further
lowest Landau levels.

(BT)m Zme—%zz

0,m) =-—-"*=0,0) = ——
| ) \/m!‘ ) V21 2mm)|

In the same way higher Landau levels n > 0 can be produced by applying a'. In
figure(17) a lowest Landau level in the x-y plane is shown.

(93)

Now, since we have calculated the quantum mechanical motion of electrons in a

magnetic field we apply an additional homogeneous electric field E in x-direction.

In order to obtain some nice demonstrative parallels with the classical electron
motion, we transform our coordinates back to x = Zl.
(z+ay)™ 1

0,m) = —————e 22 94

| ) V2m2mmli (949

Here 72 is the radial distance in the plane. One can easily see that the ring

in figure(17) and in equation(94) has a width of Ar = [. In the classical case
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Figure 17: Interpretation of the quantum mechanical Landau state(right) in terms
of a classical picture (left). The Landau state is a superposition of cyclotron orbits
of radius [ with centers around the ”ring” of radius v/2ml of maximal probability
of the Landau level

an electron in a magnetic field moves on a circle with cyclotron frequency w,. =
le| B/mc

7= Ry + ro(cos(wet), sin(wet), 0) (95)
U = rowe(— sin(wet), cos(w.t), 0)
The kinetic energy of a moving electron is Fy;, = %vz = %mw?r% . Comparing

this with the quantum mechanical energy of the lowest Landau level Ey = %hwc
we obtain an estimate for the average radius of a cyclotron orbit of a lowest Lan-
dau level: rq = L.
Hence not the ring in figure(17) itself depicts the cyclotron motion, it is rather a
superposition of orbits as shown on the left-hand side of figure(17). The expec-
tation value of

(0, m|r?|0,m) = 2(m + 1)I? (96)

gives the radius of the maximum of the ring: r,,4, = V2ml.
At the beginning of this section we discussed the Hall effect. A typical hallbar
like that in figure(16) is of course only of a finite size. Equation(96) tells us that
the radius of the ring increases as the quantum number m is increased. There is
a maximal size of the ring, and therfore a maximal m, due to the finite geometry.
Let’s assume that the hallbar has a rotational symmetry and a size of S = 7 R%.
The largest value for m is m = %, and this is also the degeneracy in our system.
Related to a unit area, the degeneracy is # That means there is one electron
state for each area 2m(?. The magnetic flux which is penetrating the area of an
electron is given by

® = 27l’°B = %Cl = @ (97)
which says that there is one electronstate per flux quantum ®,. These considera-
tions are also valid for higher Landau levels [27]. It can happen that an electron
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shares more than one single flux quantum, and this goes in the direction of the
fractional quantum Hall effect.

Furthermore, there is an important quantity in the theory of the quantum Hall
effect called the filling factor v. It relates the two dimensional density of electrons
to the degeneracy per unit area.

Te Te
v =

T 1/(2n%)  B/%,

(98)

The filling factor is equal to the number of occupied Landau levels at a given
magnetic field. When the magnetic field is increased, more and more electrons can
be accumulated in one Landau level, hence fewer Landau levels will be occupied.
At last, we will apply an electric field in the x-direction in addition to the magnetic
field in the z-direction. This corresponds to the situation in a Hall experiment.
Now, that the rotational symmetry is broken by the electric field, the symmetric
gauge is no longer useful. Instead of the symmetric, we will use the Landau gauge
for the vector potential A.

A() = (0, Bz,0) (99)
The Hamiltonian of this problem is
H— L 2+( —fo)Q _eEx (100)
- 2m pm py c

The mass m in the denominator in front of the momentum should not be confused
with the radial quantum number from above. In the following this quantum
number does not appear so there is no source for mistakes. Obviously, we have
translational symmetry in the y-direction, so we state the following ansatz:

r) = ——=e""(x 101

o(7) T () (101)

W is the length of the system in y direction, i.e. the width of the Hall bar in
fig(16). We plug (101) into equation(100) and get the Schrodinger equation for

().

1
(% [pi + (hk, — ZBx)Q] - eEx) () = ey (102)
Moreover, we introduce the center coordinate X
eEmlt
X = —k,*+ 2 (103)

This allows us to write the Schrodinger equation in the harmonic oscillator form.

2
€, + ek X — m (cg)

d(x)  (104)

(gt + 2 = X)) o) - e
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This time we will give the solution in terms of Hermite polynomials
H,(z) = (1) L =2

dx™

0= () () e (U m () o

Furthermore, the eigenenergies are given by equation(104):

1 m [ E\’
—_—— Epot —_——
Ecyclotron Ekin

The first part of the eigenenergy(106) Eeyciotron is the cyclotron energy, the second
one, F, is the potinetial energy in the electric field and the last one Ej;, is the
kinetic energy of the drift motion in y-direction with velocity v = c%. Because
the crossed fields B, in the z-direction and E, in the x-direction force the electron
in the y-direction, just like in the classical case.

From equation(105) we are able to calculate the expectation value of the velocity
in x- and y-direction( [27]p.29) < ¢(7)|vs|e(7) >= 0 and < @(7)|v,|e(F) >=
—F/B.

Combining these results, j = enev and ohm’s law j = UE, we evaluate the
coefficients of the conductivity tensor o.

jaf = ENeUy = 0 (107)
Jy = en.v, = —en.cE/B
= Ogy = —Oyg = —é—y = 67;@6

All other coefficients of the two dimensional conductivity tensor are zero. This
Hall conductivity, equation (108), does not show any tendency to quantization.
If we assume that all Landau levels ¢, from n = 0,....,n — 1 are completely filled
up to the (n-1)th level, then the electron density is n. = n/(2w{?). The Hall
conductivity (108) now becomes

enc 62

O'my:mzﬁn n e {0,1,2,} (108)

Although this is exactly the observed value for the Hall conductivity, up to this
point we are still far away from understanding the Hall quantization. This is no

explanation because important questions remain open, in particular those which
will be summerised in the beginning of the next subsection:

e Why are Landau levels always completely filled?

42



e Why is there ballistic transport in x-direction in the plateau regime whereas
there is Joule heating and a finite resistance at the transition of two Hall
plateaus?

e What kind of role do the always present impurities play?

4.2 The Hall Effect and Electrons in electric and magnetic
Fields

To begin with, we consider the experimental setup given in figure(16). To reca-
pitulate the classical Hall effect, imagine a current density j = en,v injected from
the right, e is the charge, n. the charge carrier density and ¢ the velocity. There
is a potential difference V' between 1 and 2 in figure(16) and a perpendicular
magnetic field of strength B applied on the sample, due to the Lorentz force

4.3 The Integer Quantum Hall Effect

To start with an explanation of the quantum Hall effect, we first summerize some
experimental facts whose explanation will be the aim of this subsection.
In figure(15) the first experimental Hall measurements can be seen. One can
clearly see the plateaus of o,, appearing at integer multiples of the conductance
quantum e?/h. Throughout the Hall plateaus the longitudinal resistivity p..
remains zero, whereas at the transition there is a finite Joule heating and therefore
a finite resistivity. At this point one should point out that the resistivity is a
tensorial quantity.

j=cE o=p"! (109)

In this sense, it should be explicitly said that zero resistivity by no means implies
a perfect conductance o = co. This follows from a simple calculation. o,, = gy
and o,y = —0y,.

Oxzx Ozy
g g - 02, +02 o2,+o2
0= ( oo ) p=ol=| Tisn Tt (110)

—Ogzy Oz 2 p) p) 2
Y O +ny Oz +011/

The longitudinal resistance vanishes if the diagonal conductance o, is zero. In
the case of our Hall plateaus both the longitudinal resistivity and conductivity
are zero. By the way, the conductance and the conductivity have the same phys-
ical units in real two dimensional systems.

Two dimensional structures for an observation of the quantum Hall effect are

usually given by heterostructures or quantum wells. We will not get deep into
the certain realisations because in the case of graphene we already know how two
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dimensional structures are produced. So far, all usual systems are semi-conductor
sandwich structures where electrons live in a small layer at an interface. The de-
gree of freedom in the z direction is frozen because the excitation gap is too large
to become overwhelmed. Just think of an infinite potential well with very tiny
extent in the z direction. Furthermore the electrons do not feel the lattice of the
semi-conductor which makes them really a free two dimensional electron gas.

So far we considered the fundament of the quantum Hall effect. In particular the
motion of a single electron in constant magnetic and electric fields. This suffices
already because the quantum Hall effect can be explained in a single particle
framework. We do not need to take into account interactions between electrons,
although they are present. They might alter quantitatively some features but not
qualitatively.

Now the more important question is what kind of role do the edge and impuri-
ties in the bulk of the sample play in an explanation of the quantum Hall effect.
Because of the fundamental quantities e and h appearing in the quantized conduc-
tivity one might tend to say that impurities and edges play the role of corrections.
But surprisingly, they lie at the heart of the quantum Hall effect.

4.3.1 The Effect of weak Disorder and magnetic Fields in the Bulk

We consider a Hall bar of a finite size spangled with impurities creating a whole
mountain range on the sample. This influence on the Landau level structure is
given in equation(111), below:

€n = (n + %) hwe + V(R) (111)

Thus, the degeneracy of the Landau levels is lifted. There are eigenstates with
energies between the Landau level, blurring up the sharp lines, fig.(18). The
mountains and valleys in the sample are visualized on the lower right and left in
figure(19).

Without any magnetic field electrons and holes in two dimensions experience
Anderson localization. That means although the charge carriers seem to be free
on atomic scales, they are localized on a greater scale due to interference effects
of the wave function. As the size of the system becomes macroscopic the wave
function of a charge carrier does not extent from one end to the other. Hence in
two dimensions the conductance should be zero.

What changes in the case where a large magnetic field is switched on?

In the last subsection we introduced the magnetic length /2 = %. The magnetic
length [ resambles the radius of cyclotron motion of a classical particle in a
magnetic field. As the magnetic field increases, [ becomes smaller and smaller.
Thus, at a certain field strength B, the magnetic length becomes small compared
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to the disordered impurity potential. Consequently, this random potential has
a smooth behaviour on the scale of [. From a semi-classical point of view, the
electron experiences a crossed magnetic field B and electric field F = a‘gff), V(r)
is the random potential. As a result the electron moves on an equipotential line.
In view of figure(19), if an electron has an energy which falls into the region of
valleys or hills respectively, then the motion is closed and the state belonging to
this energy is localized.

Intuitively we can compare the filling of levels denoted by the energy(111) with
filling of a landscape with water!>. This is visualised in figure(19). At first,
there is only a formation of small unconnected lakes due to the filling of valleys.
These states are localized and do not contribute to the current. After a while the
lakes become connected and small rivers carrier water from one end to the other.
This is the percolation threshold, at which the states contribute to the current.
A further filling just occupies the states on the hill which do not contribute as
stated above. This procedure repeats with the next Landau level.

A more sophisticated investigation is given by numerical calculations ( [9] p.97)
and ( [27] p.34). From these calculations the localization length &, i.e. the extent
of the electronic wave function in such a random potential, as a function of the
energy € can be obtained and compared with the size of the sample L. The
localization length of the lowest Landau level is given by:

E(e) ox |e — €77, a=23+0.1 (112)

€. denotes the energy at the center of a Landau level. As long as L < £(¢), the
electronic wave function extents over the whole sample and connects both ends.
So far we obtained an arrangement of two kinds of states, localized states and a
very narrow region of extended states. The energy gap created by the formation
of Landau levels vanished, leaving behind a mobility gap, fig.(18). This model
explains somewhat the formation of Hall plateaus in an intuitive way but it fails
to explain Hall conductivity. Because of the very narrow energy band of localized
states, there are only very few electrons negsenqg contributing to the current. The
Hall conductance behaves like 0., = ecneytend/B and the density of extended
states Nezrang 1 quite far away from the total number of occupied Landau levels
per sample size n/(27l?). This model would only work if we introduce a certain
mechanism that tells the hallbar to behave like a disorder free sample in the
mobility gap. Hence, the electrons occupying the Landau levels crossed so far
contribute to the current. Whereas it puts all additional electrons in localized
states, which do not contribute to the current ¢ = const., until the next Landau
level is crossed and all the states below that energy begin to behave like disorder
free extended one.

The next part treats the effect of edges. It is known as the Landauer-type expla-
nation( [9]p.83) or Biittiker’s Theory( [27]p.41) and will give us a more satisfying

15Here we consider the magnetic field B to be constant and we vary the electron density with
the back gate voltage
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Figure 18: (right) Structure of Landau levels in a system with weak disorder.
Extended states at fuw.(n + 1/2) and localized states between. (left) Landau
levels of a sample with edges. Due to the confining potential of the sample, edge
current states can be occupied between the energies of the bulk. The dotted line
indicate the different occupation of states of the left and the right edge due to a
difference in chemical potential Ap at the leads

explanation. That does not mean that this part was unnecessary, because parts
of this disscussion are also implemented in other explanations.

4.3.2 The Effect of the Edges

The electrons inside the Hall bar are confined in the y-direction because the sam-
ple has finite size. Thus the potential raises at the edges, just as indicated in
figure(18).

Once more we go back to classical physics to get an idea of what happens at the
edges. We have seen that in a magnetic field, an electron denotes a circle when
it moves in the bulk. If it comes too near to the edges, the strong ascent of the
confining potential acts like an infinitely high wall and the electron bounces off,
doing another half circle till it touches the wall again. This can be seen in fig-
ure(19) on the top. In this way we get two currents moving in opposite directions
at the two edges. Furthermore, this effect suppresses backscattering at the edges
giving rise to ballistic transport.

Going back to quantum mechanics, we see in figure(19) schematically that the
weak disorder heavily effects the bulk but has no effect on the edges because of
the much higher confining potential. The equipotential lines are hardly altered
by the random potential and still connect one end of the sample with the other.
Namely, edge states are extended states.
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Figure 19: (top) classical motion of edge state and bulk state electrons in a
magnetic field. (lower r,l) potential energy landscape of a weakly disordered
sample with edges. The z-axis is the energy

However, we are now able to explain the origin of the ballistic transport at the
plateaus of o,, and the finite resistivity at the transitions.

For symplicity we consider here a constant magnetic field, strong enough to ob-
serve the quantum Hall effect and vary rather the electron density. In this sense
we just raise and lower the Fermi energy bar in figure(18) on the energy axis,
and effect the occupation of energy eigenstates. We start in the middle of two
Landau levels. The bulk states of (n-1)th Landau level are fully occupied. That
means due to the Pauli principle, which excludes fermions to be in the same state,
scattering is not possible and the resistivity is zero in this regime. Due to the
difference in the chemical potential Ap, i.e. the applied voltage in x-direction,
one edge current is favoured and an edge current is flowing in one direction. As
we said in the beginning of this subsection, edge currents are a ballistic transport
phenomena and feel no backward scattering. We can calculate this current:

The current density is expressed as

J = ene(P)i(7) (113)

where #(7) is the velocity and n.(7) = >, 0¥ (¥ — ) is the density of electrons.
The current density is uniform in the x direction due to translational symmetry'®.

16We consider only the edges where disorder has small effects
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The current in the x direction is

L= [30) S (114)

In this way we define our current operator as
~ e R
I=-+ ;vm (115)

Later, we will replace the sum by an integal: ), — f gﬁ%

In order to obtain an expression for the current we recall equation(100) where we
calculated the motion of an electron in electric and magnetic fields. This time we
consider the confining edge potential U(y) which is uniform in the x direction.
The magnetic field is introduced by the vector potential in the Landau gauge
A= (=By,0,0).

The Hamiltonian with the confining potential is given by

H = % {(pw—l—%ByY—l—pi] + Ul(y) (116)

From this Hamiltonian we can immediately extract an expression for the velocity
operator:

mi, = py + ZBy (117)

Moreover we replace the summation in eq.(115) by an integral over the momen-
tum in x-direction p,. This kind of counting states is valid, because the center
coordinate of the wavefunction depends on p,, see eq.(105). Consequantly, the

current in x direction is given by
dps
I, = —e/ Pz i5.) (118)

2mh
1 e

= - /dpx_<pz + _By>
m C

e OH
= _E/dpx<8_m>

Instead of evaluating the expectation value of the derivative of the Hamiltonian
with respect to the momentum we take the derivative of the expectation value.

> o

e OF e e
= r =1 / Y (119)
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The difference in the chemical potential Ap can be expressed by the Hall voltage
Ap = eVy = eE,W. Then, the current density is:

. e

Jo = EEy (120)
62

ny = E

Finally we obtained the current density and conductivity if we settle our fermi
energy above the lowest Landau level but still below the next Landau level.
Now imagine, that we raise the fermi energy bar to the point where half of the
states of the next Landau level are occupied. Because there are empty states
available without any gap, scattering is possible and we have a finite resistivity
and Joule heating. We lift the bar further all states become occupied and scat-
tering is not possible because the gap to the next Landau level is too large to be
overcome by thermal excitation. Moreover in figure(18) we can see that now the
edge states of this next Landau level also contribute to the current. If we have
n-1 Landau levels'” below the Fermi energy then we have n times the current of
equation(121) and n times its conductivity

62

Oy = 210 (121)

This is the observed Hall conductivity, and we have finished a somehow intuitive
explanation of the interger qunatum Hall effect. However the quantum Hall effect
is, except for graphene, only observable at rather low temperatures. when the
temperature becomes compareable with the distance of Landau levels kg1 ~ hw,,
the QHE will be destroyed.

In the next section we will treat the integer quantum Hall effect in graphene,
which behaves similar but has some strange unexpected or so to speak uncon-
ventional features.

4.4 The unconventional Quantum Hall Effect in Graphene

In the last section we discussed the behaviour of charge carriers confined on a two
dimensional plane under the influence of a crossed electric and magnetic field. The
quantum Hall effect appears in the strong magnetic field limit. Since graphene
is a real two dimensional electron system, it certainly shows the quantum Hall
effect. Therefore the explanation, which was based on semi-conductor devices
should hold here, too.

The charge carriers in graphene exhibit a four fold degeneracy. Since the Zeeman
splitting is low compared to the energy between two adjacent Landau level'® all

1"The Landau levels start at zero 0,1,2, ...
18For B = 30T the Zeeman splitting energy is 2up B ~ 1meV , whereas the difference between
the lowest Landau level Ey = 0 and the first is E1 = \/2hv%|e| B ~ leV.
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states are two fold degenerate. Secondly, we have another factor of two emerging
from the equal contributions of the K-valleys K™ and K~. Consequently, we
expect the Hall conductivity quantized in multiples of

e
axy:élﬁ-n ne{...,—101,...} (122)
aw(4ezlh)
4
3
2
10—-‘} —?1 n (10'2cm?)
— 5 ria
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P (KO

n (102cm?)
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Figure 20: (left) Measurements of the Hall conductivity o, in graphene recorded
by K.S. Novoselov, A.K. Geim, et al. [19]. The Hall conductivity and the lon-
gitudinal resistivity are plotted against the charge carrier density which can be
tuned by the back gate voltage. One can clearly see that the stair like Hall
conductivity exhibits plateaus at half-integer multiples of the degenerated con-
ductance quantum 4e®/h. The Inset on the upper left shows the same graphs
for a bilayer sample, where o,, increases in integer steps. The right picture was
measured by [5]. The Hall conductivity as a function of the magnetic field at
4.2K (solid line) and at room temperature(RT) (dotted line). The step at filling
factor v = —2 is present even at room temperature.

Nevertheless, in experiments fig.(20), a Hall conductivity of

2 1 2 1
a$y:4% <n—|—§> :I/%, 1/24(71—1—5) (123)

is observed and not eq.(122). Namely, the integer quantum Hall effect (IQHE)
appears at half-integers.

Like most of the usual qunatum phenomena, the IQHE appears at very low tem-
peratures. In conventional semi-conductor heterostructures, no QHE has ever
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been observed above T" = 30K since localisation will be fully destroyed if the
temperature is further increased. Unlike those materials the IQHE in graphene
appears at room temperature. This is demonstrated in the diagramm on the
right hand side of figure(20), where the Hall conductivity has a still visible step
at room temperature.

Beside this half-integer QHE regime [10] reported Hall plateaus at filling factors
v = 0,£1 in addition to the v = 4(n + 1/2). These new quantum Hall(QH)
states are observalble at very high magnetic fields (B > 207") and appear only in
samples of the highest quality with mobilities larger than 15000cm?/V s.

All these observations which deviate from the QHE in semi-conductors have orig-
inate from the ultra relativistic massless charge carriers. In order to explain the
phenomena listed above, we will derivate an expression for the energy of Landau
levels.

In section(3) we obtained an expression for the Langrangian, equation(51), of the
low energy quasi particles. In the following we will omit the spin dependance,
keeping in mind the spin degeneracy in the Hall conductivity. Hence the Zeeman
term in eq.(51) will be neglected. Furthermore, from the Langrangian(51) we
derivate the equation of motion for the field operators. In the following we will
work in the first quantized picture and deal with wavefunctions and not with field
operators. However, this procedure gives us two equation for the wavefunction
at Kt and K~ points.

[i7°h0, + ihvpT' Dy + ihopT®Do| Wiy (8, 7) = 0 (124)
[iT°h0, — ihvpT' Dy — ihwpT* Da] Wi (,7) = 0 (125)

Here, we used the covariant derivative D, = 0, + ;—ZAO[. Next, we multiply the
first equation(124) by 73 and the second equation(125) by —73 and get almost
the same equation for both K-points:

[+64°h0, + ihvpd Dy + ihopd? D) W s (¢, 7) (126)

The 4 matrices in (126) are:

o (10 a0 1 o [0 —i
P00 b)) =(Ga) =N ) o

Now we will solve the equation for the K+ point, the solution of K~ will differ
by a sign. We split the 2-spinor into its sublattice parts:

Ut = ( z ) (128)

We plug this 2-spinor into equation(126) and obtain the following system of

equations: |
(2)-(25)(7) 12
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with
e . 1e
W = —vp (83; + %Am) +vp <8y + h_cAy) (130)
e

. e
7 = VfF (@ + FLCAQ:) + wp <8y + h_CAy)

Instead of first order differential equations we solve a second order differential
equation for ¢ and :

o=W2Z¢ (131)
= ZWy

We make an ansatz for the time dependance of psi:
b(t,7) = e P (7) (132)

If we plug this ansatz into the differential equation for ¥ eq.(132) and use the
symmetric gauge for the vector potential A = B/2(—y, z,0):

N i v\’ iz\? 1
Vg <T>:”%[‘(aw+z—z§> ~(0-73) 2

In equation(133) we introduced the magnetic length i? = hc/(|e| B). We multiply
equation(133) by h?, introduce dimensionless coordinates z — z/l and play a
little bit with the righthand side:

o) (133)

hzlz_zv {(—i&p - %)2 + (—z'ay + g)g | (134)

2

= hﬂ;—g K—Mzag + izi — 20, + zag> -1

2 1 7
:hz% [2-<ﬁ+§>—1

2
v
= h2l—§ [2n]

In the second line of equation(135) we introduced a complex notation z = y —
1x, similar to the last section. In the same sense we introduced creation and
annihilation operators and the occupation number operator n. All in all, we gain
an expression for the energy of the Landau levels of relativistic massless particles.

E, = sgn(n)\/v%&hle|B2n/c (135)
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Moreover, we can easily obtain the energy for ¢: E,, = sgn(n)\/vihle|B2(n +1)/c.
At the K~ points these relations are inverted because the different definition of
the 2-spinor Wy where the sublattice entries are swapped (eq.(42)). Suppose
n is positiv, then we are in the electron regime and F,, is positiv. Now we can
use the energy of Landau levels for an explanation of the half-integer QHE. The
lowest Landau level Ej is zero for equation(135) but for ¢, Ey = /vihle|B2/c
is nonzero. Hence the lowest Landau level exhibits half the degeneracy of the
other levels and gives only half of the contribution of the other Landau levels.
One can also say that the lowest Landau level is equally shared by electrons and
holes. Calculations of the Hall conductivity, using the linear response theory and
the Kubo formular [6] also show that the unusual Hall conductivity pattern is
caused by the lowest landau level which exhibits half the degeneracy of the higher
Landau levels.

The high-temperature QHE can be explained by the large energy gap between
the lowest and the first Landau level:

\/2hv%eB & 0.2¢V (136)

The electrons in a typical GaAs sample have an effective mass of m* = 0.067m..
The difference between two Landau level is constant: hw. =~ 1meV. The QHE
is destroyed when the tempeature becomes compareable to this value. At room
temperature we have an energy of about 20meV which explains the vanishing
QHE in semiconductors.

The zero energy Landau level Fy = 0 can also be examined by the Atiyah-
Singer index theorem [23]. This theorem is used in quantum field theory to relate
functional integrals with the difference between right- and left-handed zero modes
of an operator, namely the index of that operator. In this way calculations depend
only on topological properties and can often be simplified. In our case the gauge
field is the vector potential ff(f’) and the operator is the Dirac operator D from
section(3) (for example eq.(48)). D is an elliptic operator over a two dimensional
manifold M, where M is the graphene sheet. For even dimensional manifolds,
the spinor space is reducible and can be splitted in two irreducible ones. Namely,
the two K* contributions in equation(42). The kernel kern(D) of an operator is
the set of states with zero energy. The index ind(D is the difference between the
number of zero states at K~ and K valleys. The Atiyah-Singer index theorem
says:

ind(D) = dim(kern(D |g+))—dim(kern(D |k-)) = %//B(x,y)da:dy (137)

B(z,y) is the magnetic field, pointing in the z-direction. We can easily carry out
the integration on the right hand side (® = 2¢

%€ is the flux quantum):
h
//da:dyB(w,y) - ;C(N te) O<e<l (138)
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In [1] there two nice theorems derivated from (137) and (138).

o If N 4+ ¢ > 1, then there are exactly N-1 zero-energy states whose spin has
the same sign as the flux.

e All nonzero energy eigenstates are degenerate with respect to spin flip

Consequently, the zero-energy states in graphene are protected by topological
arguments. The narrow Fy = 0 Landau level, staying sharp even at high tem-
peratures, which was observed in [5] can be seen as a direct manifestation of
the Atiyah-Singer index theorem. Moreover, these results are important in the
case of corrugated graphene layers because it guarantees the robustness of the
zero-energy Landau states. The analysis of weak localization measurements [18]
have shown that the ripples cause a random gauge field and that graphene should
behave as if it were exposed to a random magnetic field from approximately 0.17
to 17

Further analysis of the integer quantum Hall effect with more sophisticated meth-
ods like the nonlinear sigma model, as done by [22], relate the non-standard
quantization to some special symmetry that is preserved by the disorder. For
example, they found out that a smooth random potential does not lead to cou-
pled K-valleys, thus suppressing inter-valley scattering. Mechanisms, like electron
scattering due to charged impurities lead to inter valley scattering and to the or-
dinary QHE. However, the theory of the IQHE in graphene is said to be not
established yet [22].

Finally, this shows that results from section(2) and (3), ripples and chirality
become important in an explanation of the quantum Hall effect.

5 Conclusion

To conclude, we have seen why graphene was found so late, although the cleavage
technic at first may seem rather simple. The discussion about the stability of
graphene pointed out that the material is corrugated, and that even the stability
of graphene can be a tricky question. Furthermore, the low energy expansion
of the dispersion relation has shown that the quasi-particles form a real two
dimensional gas of massless, ultra-relativistic particles with the same structure
as massless neutrinos. Finally, the analysis of the unconventional quantum Hall
effect in graphene combined parts from all previous sections showing that effective
ultra-relativistic systems exhibit a clearly distinct behaviour compared to the
well known two dimensional electron gas in semi-conductors. Although most of
these problems are still not completely solved, studying graphene is certainly
rewarding.
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