
chemical synthesis has so far yielded only tiny platelets some
10 benzene rings across, containing up to 222 carbon atoms.
Conventional crystal growth techniques are also of little help,
since thermal fluctuations at growth temperatures tend to
twist otherwise flat nanometer-scale graphene crystallites into
the third dimension. The nascent 2D crystallites try to mini-
mize their surface energy and inevitably morph into one of
the rich variety of stable 3D structures that occur in soot.

But there is a way around the problem. Interactions with
3D structures stabilize 2D crystals during growth. So one can
make 2D crystals sandwiched between or placed on top of
the atomic planes of a bulk crystal. In that respect, graphene
already exists within graphite, which can be viewed as a stack
of graphene layers stuck together by van der Waals–like at-
traction. One can then hope to fool Nature and extract single-
atom-thick crystallites at a low enough temperature that they
remain in the quenched state prescribed by the original
higher-temperature 3D growth. Unfortunately, no one has in-
vented tweezers small enough to pull individual atomic
planes from bulk crystals.

It turns out that graphene sheets, like fullerenes and car-
bon nanotubes, have always been around. Right before our
eyes, in fact. In the simple trace of a pencil is debris com-
posed mostly of readily visible, thick graphite flakes rubbed
from the bulk crystal. But thinner, very nearly transparent
crystallites—some a single layer thick—are also present. The
hard part is not making graphene but finding it in the
haystack of thicker flakes.

Typically, a few micron-sized graphene crystallites exist
in a graphite debris field covering an area of 1 cm2. Scanning
electron microscopy is of little help in the search because it
cannot distinguish monolayers from nanometer-thick flakes.
Atomic-force and scanning-tunneling microscopes provide
the required atomic resolution but can usually detect the step
between a substrate and a monolayer only when the substrate
is atomically smooth. Even more forbidding is the need to
scan the entire area of a pencil trace with atomic resolution. 

The serendipitous choice in the Manchester lab for find-
ing graphene was to use not paper, or any other writing sur-
face, but an oxidized Si wafer—the same material widely
used by the semiconductor industry. The oxide surface re-
flects a rainbow of colors, and the interference pattern pro-
duced by layers of graphene on the oxide provides a faint but
visible contrast, much like the fringes in an oily puddle (see
figure 1). Fortunately, the human eye and brain are a team
powerful enough to distinguish even that weak contrast in
rapid optical microscope inspections of graphite debris. With
a little experience, finding those few graphene crystallites
takes only a couple of hours. 

No one really uses pencils to make graphene. Instead, to
make graphene crystals suitable for experiments, bulk
graphite is gently pushed along a Si wafer, a “drawing” tech-
nique that several laboratories have now refined to the level
of art. Graphene crystallites as large as 100 µm across can be
formed this way and also obtained commercially (see http://
www.grapheneindustries.com).
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The honeycomb lattice of graphene, pictured below, consists of
two interpenetrating triangular sublattices: The sites of one
sublattice (green) are at the centers of triangles defined by the
other (orange). The lattice thus has two carbon atoms, desig-
nated A and B, per unit cell, and is invariant under 120° rota-
tions around any lattice site. Each atom has one s and three p
orbitals. The s orbital and two in-plane p orbitals are tied up
in graphene’s strong covalent bonding and do not contribute
to its conductivity. The remaining p orbital, oriented perpen-
dicular to the molecular plane, is odd under inversion in the
plane and hybridizes to form π (valence) and π* (conduction)
bands, as shown at right. 

In the Bloch band description of graphene’s electronic struc-
ture, orbital energies depend on the momentum of charge car-
riers in the crystal Brillouin zone (inset, right). The π and π*

bands (blue in the electronic structure plot) are decoupled from
the σ and σ* bands (red) because of inversion symmetry and
are closer to the Fermi energy because they participate less in
bonding. The Fermi energy separates occupied and empty
states. In a neutral graphene sheet, this is the energy where
valence and conduction bands meet (zero energy above, often
referred to as the neutrality point). The bands form conical val-
leys that touch at two of the high-symmetry points, convention-
ally labeled K and K’, in the Brillouin zone. Near these points
the energy varies linearly with the magnitude of momentum
measured from the Brillouin-zone corners. The four other
Brillouin-zone corners are related to K and K’ by reciprocal
lattice vectors and do not represent distinct electronic states.
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Box 1. Crystal and electronic structures of graphene

mp
Geim et al., Phys Today 2007


