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Graphene was discovered in 2004 at the Centre for Mesoscopic and Nanotechnology
of the University of Manchester, U.K., directed by A.K. Geim [1,2]. This new material

is a true two-dimensional system made solely of carbon atoms. The carbon atoms form
a two-dimensional honeycomb (hexagonal) lattice, such as that represented in Fig. 1,
where the spheres represent the carbon atoms. One can view the lattice of graphene

as a number of benzene rings glued together.

ow is graphene isolated? The original

method of graphene production is based on

micro-mechanical cleavage of graphite sur-

face - the so called scotch tape method. In
very simple terms, a piece of graphite — the material
from which pencils are made - is gently rubbed on a
piece of ordinary scotch tape. This produces carbon
debris. The scotch tape with the debris is then pressed
against a slab of oxidized silicon (of 300 nm width). As
a consequence the debries move to the oxidized silicon
- see Fig. 2. Using an optical microscope one can iden-
tify small crystallites of graphene on top of the oxidized
silicon. This low-tech procedure induced a revolution in
condensed matter physics.

Chemical bonding

A carbon atom has six electrons distributed in the
atomic orbitals as 1s? 2s* 2p?. The 1s electrons are
essentially inert and do not contribute to the chemi-
cal bond. In graphene, the 2s, 2p, and 2p, orbitals
combine - or ‘hybridize’ - to form three new planar
orbitals called sp” (which will originate the sigma
bonds in the solid), each containing one electron.
These orbitals are directed along lines with angles of
120 degrees, and are responsible for the hexagonal lat-
tice structure of graphene. The chemical bonding of
the carbon atoms in graphene is maintained by these
three orbitals, and the mechanical properties of gra-
phene are determined by the rigidity of the bond.

Article available at http://www.europhysicsnews.org or http://dx.doi.org/10.1051/epn/2009501

AFIG. 2:
Optical-micro-
scope picture
of graphite
debries on top
of oxidized sil-
icon produced
by the scotch
tape method.
Image courtesy
of AKK. Geim
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The reader certainly noticed that one orbital remained,
the p, orbital with one electron. This orbital is perpen-
dicular to the plane formed by the carbon atoms. As in
the case of the 2s, 2p, and 2p, orbitals, the p, orbitals of
different atoms combine to form the pi-bonds. Each p,
orbital contributes with one electron, and therefore gra-
phene is a system with one electron per

]
lattice site (the carbon atoms define the
Graphene offers sites in the lattice). This is called a half-
the pOSSIbIIIty O  filled system. The pi-orbitals are

study relativistic
effects in table-
top experiments

responsible for the unusual electronic
properties of graphene.

It should be noted that graphene can be
considered the raw material for other
existing forms of pure carbon. For exam-
ple, graphite is a stack of graphene planes weakly
coupled; carbon nanotubes are made of rolled-up gra-
phene; and fullerenes are made of wrapped graphene,
by introducing the right amount of pentagons to give
the required curvature [3,4].

Lattice structure and band structure
As already mentioned, graphene is a two-dimensional
hexagonal lattice made of carbon atoms. The hexago-

nal lattice is not a Bravais lattice. Instead it can be

A FIG. 1: Artistic view of the hexagonal lattice of graphene. Notice that the graphene
lattice has two types of edges: zigzag (top and bottom edges) and armchair (right
and left edges). Image obtained from: http://news.thomasnet.com/IMT/archives/.
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viewed as two interpenetrating triangular lattices, each
containing one set of equivalent carbon atom sites —
the A and B carbon sites (see Fig. 3). One should note
that from a chemical point of view the two carbon
atoms are exactly identical. Since the unit cell contains
two carbon atoms, one A and one B, the energy spec-
trum originating from the pi-orbitals has two energy
bands - a valence band (at lower energies) and a
conduction band (at higher energies). As said before,
graphene is a half-filled system and therefore the
valence band is completely filled. In condensed mat-
ter physics, the electronic properties of a system are
determined by the nature of the spectrum close to the
last filled states, the energy of which defines the
Fermi level. Therefore, the physics of graphene is
determined by the nature of the energy spectrum
close to the top of the valence band and to the bottom
of the conduction band. The interaction of the pi-elec-
trons with the hexagonal lattice gives graphene a very
unusual energy spectrum. Both the valence and the
conduction bands are represented in Fig. 4. A number
of very interesting and peculiar features emerge from
this figure. First it is clear that the valence and the
conduction bands touch each other at a number of
finite momentum values. The momentum values at
which the two bands touch are termed Dirac points
(there are two in the Brillouin zone). As a conse-
quence, graphene's spectrum does not have an energy
gap. On the other hand, since the bands only touch at
two momentum points the density of states is zero at
the corresponding energy. Therefore, graphene is
sometimes termed a zero-gap semiconductor with
vanishing density of states at the Fermi energy.

Even more interesting is the form of the valence and the
conduction bands close to the Dirac points. They show
a conical shape, with negative (valence) and positive
(conduction) energy values. In fact, the energy spec-
trum of graphene close to the Dirac point is well
represented by the relation

E:i'V[:p (1)

where v, is the Fermi velocity, p is the momentum, and
E is the energy. The value of v is ¢/300, where c is the
speed of light. The energy given by equation (1) resem-
bles that of ultra-relativistic particles (sometimes one
says that electrons loose their mass in graphene).

This is a truly amazing result: as a consequence of the
interaction between the lattice and the pi-electrons, an
effective theory emerges where the electrons (or better:
the quasi-particles) are massless Dirac electrons. This is
a good example of complex emergent behavior, in the
spirit of the classic article of PW. Anderson [5].



The result of equation (1) should be contrasted with the
electronic spectrum of an ordinary metal or semicon-
ductor, which is given by E = p?/(2m), where m is the
effective mass of the electrons inside the material (in a
semiconductor m can be different for holes and for elec-
trons, with m being negative for holes). The dependence
of the energy on the square of the momentum is an
indication that the Schrédinger equation is the appro-
priate one to describe the physics of these systems at
low energies.

Note that in graphene the primary quantum problem
is described by the Schréodinger equation with two
terms: the kinetic energy and the periodic potential
produced by the carbon atoms arranged in the hexago-
nal lattice. This formulation describes the physics at all
energy scales (within the pi-bands). However, the
important physics of graphene takes place close to the
Dirac point, where the Fermi energy is located. It can be
formally shown [6] that, close to the Dirac point, the
equation describing the low-energy physics is not the
Schrodinger equation but the massless Dirac equation
in two-dimensions, as one would guess from the fact
that the energy in equation (1) is linear in momentum,
with positive and negative energies. So one moves from
electrons interacting with a periodic potential to free
massless Dirac particles moving at the effective velocity
of light v;. As a consequence, the electronic wave-func-
tion in graphene is not a scalar field" but has a spinorial
nature, where the spinor has two entries, reflecting the
fact that the original lattice has A and B types of car-
bon atoms. Graphene therefore offers the possibility of
studying relativistic effects in table-top experiments.
Since traditional condensed-matter physics knowledge
for describing the electronic properties of materials is
based on the properties of solutions of the Schrodinger
equation, graphene opens a new research frontline,
since the electronic properties of systems described by
spinorial solutions of the Dirac equation is lacking. In
fact, the electronic properties of Dirac electrons are dif-
ferent from those of Schrodinger electrons.

Some properties of Dirac

electrons in graphene

Graphene has a number of fascinating properties from
both elastic and electronic points of view. For example,
the stiffness of graphene has been proved to be extremely
large, with a Young modulus E=1.0 TPa, making it the
strongest material ever measured. This is a consequence
of the sigma-bonds and not of the fact that the low-
energy physics is described by the massless Dirac
equation. Furthermore, the material is chemically stable
and almost impermeable to gases. In addition, the mate-
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rial has high thermal conductivity, can withstand large
current densities [1], has ballistic transport over sub-
micron scales, with very high mobilities in its suspended
form [1] (in the first experiments the electronic proper-
ties of graphene were measured with the material on top
of oxidized silicon; more recently the substrate was
etched away leaving graphene standing free). Finally, it
shows ambipolar (electron and hole) behavior, one of the
first properties to be measured [1]. This latter property is
a direct consequence of the massless Dirac nature of the
pi-electrons in graphene. The density of charge carriers in
graphene can be tuned by the field effect using a backgate
[1]. This setup allows tuning of the Fermi level above or
below the Dirac point. When the Fermi level is tuned
below the Dirac point the valence band is filled with
holes; when the Fermi level is tuned above the Dirac
point the conduction band is filled with electrons. These
two possibilities give graphene its ambipolar nature,
with the Hall effect measurements giving direct evi-
dence on the charge of the carriers.

At large magnetic fields another amazing consequence
of Dirac electrons in graphene kicks in: the chiral quan-
tum Hall effect [7,8], where the origin of the name
stems again from the fact that electrons in graphene
are described by the massless Dirac equation. Contrary
to the traditional quantum Hall effect observed in the
two-dimensional electron gas, the quantization rule of
the Hall conductivity is given by

Ot = +4e*(n+1/2)/h,n =0,1,2, ... ()

where e is the electron charge and h the Planck constant.

AFIG. 3:
Graphene
hexagonal lat-
tice made of
two interpen-
etrating
triangular lat-
tices. The
nodes of each
triangular lat-
tice define the
carbon atoms
of type A (red)
and B (blue).
Also repre-
sented are the
unit cell vec-
tors a; and a,.

note

' We are not
considering

the electron's
real spin
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V FIG. 4:
Band struc-
ture of
graphene as
a function of
the momen-
tum k, and k,.
One notices
the valence
band (at lower
energy) and
the conduc-
tion band (at
higher energy).
A zoom-in
shows the
bands close
to the point
where they
touch each
other.
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How can we interpret equation (2)? The number four in
front of the equation is in fact the result of a factor two
due to the spin degeneracy and another factor two due to
the two Dirac points. The integer number n determines
which energy levels are contributing to the charge trans-
port in the system. Finally, the term ¥ is the signature of
the presence of Dirac electrons in the system [9],and does
not show up in the case of Schrodinger electrons.
Another noticeable effect of Dirac electrons in graphene
is the transparency of the material to light [10]. It is
found experimentally and explained theoretically that
the transmissivity T (percentage of light passing through
the material) of graphene is given by the simple relation

T = 1-tac = 98% (3)

where a is the fine-structure constant. That is, the trans-
missivity of graphene depends only on fundamental
constants, with no reference to any of the material para-
meters. This is a rare situation in condensed matter
physics, with parallels only in the quantum Hall effect,
the flux quantization in superconductors or vorticity
quantization in superfluids, and conductance quantiza-
tion. Again this result is a consequence of equation (1).
The high transmissivity of graphene (98%) and its
metallic behavior opens the possibility of using gra-
phene in the solar cell industry and in gateable displays
as transparent metallic electrode.

Since the original work of Klein [11] it became clear
that Dirac electrons respond differently from Schro-
dinger electrons to electrostatic potentials. In fact,
massless Dirac electrons pass through a potential bar-
rier with probability one at normal incidence, at odds
with its Schrodinger counterpart. This result became
known as Klein tunneling. In technical terms, this can
be explained using the concept of chirality. This
concept introduces a new quantum number that is
conserved in massless Dirac particles. The head-on col-
lision of the Dirac electron with the potential barrier

E] epn4os3

has to conserve this quantum number and this implies
tunneling with probability unity [12]. This, in turn, has
observable consequences in the transport properties of
electrons in graphene [13].

Conclusions

We have surveyed only some of the many interesting pro-
perties of graphene. There are many more fascinating
aspects of graphene that can not be covered in such a
short space and the interested reader can pursue his/her
readings in some of the reviews listed in the references list
[4,6,12]. A physicist working in graphene is required to
have notions of condensed matter, elasticity, high-energy
physics, and material science. Therefore, graphene physics
is an interdisciplinary research field with new fundamen-
tal physics and several promising applications [4], making
it a truly exciting research area.m
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