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Nobel physics prize honors
achievements in graphene
In 2004 the laureates sparked, and then participated in, an explosion of
experimental and theoretical work on the single-layer material.

In his 1996 Nobel lecture on the
discovery of fullerenes, Richard Smal-
ley made a prescient remark: “We are
still in the process of discovering all the
other consequences of the genius that is
wired into carbon atoms.” This year the
Royal Swedish Academy of Sciences
has recognized a new chapter in carbon
research by awarding the Nobel Prize in
Physics to a pair of Russian-born scien-
tists—Andre Geim, director of the Cen-
tre for Mesoscience and Nanotechnol-
ogy at the University of Manchester in
the UK, and his former PhD student
and postdoc Konstantin Novoselov,
now a professor also at the University
of Manchester—“for groundbreaking
experiments regarding the two-
dimensional material graphene.” The
two colleagues will split the prize of
about $1.4 million.

The pair’s first experiments were
published six years ago. Four years ear-
lier, while Geim was at the Radboud

University Nijmegen in the Nether-
lands and Novoselov was a graduate
student there, Geim and Bristol Univer-
sity’s Michael Berry were awarded a
satirical Ig Nobel prize for using a 20-
tesla magnet to levitate a frog by means
of diamagnetism (see PHYSICS TODAY,
September 1998, page 36). Geim stands
alone as the first individual to win both
prizes, and Berry, coincidentally, is
linked to one of graphene’s central fea-
tures—the Berry’s phase, which is at the
heart of the material’s anomalous quan-
tum Hall effect.     

What’s old is new
This year marks the 25th birthday of
Smalley’s buckyballs and nearly the
20th anniversary of Sumio Iijima’s re-
port of finding carbon nanotubes, the
1D allotrope of carbon, in the soot from
an arc discharge used to make fullerene
clusters. Graphene, a one-atom-thick
sheet of carbon arranged in a honey-

comb lattice, can be thought of as an un-
wrapped buckyball or an unrolled
nano tube, though it isn’t normally syn-
thesized from either structure.

Whereas buckyballs and nanotubes
were strikingly new objects—at least
experimentally—when they were first
observed in the laboratory, graphene
has been an object of interest for more
than half a century. It’s been studied
theoretically since 1947, when Philip
Wallace first mapped out its band struc-
ture,1 and experimentally since 1962,
when organic chemist Hanns-Peter
Boehm chemically synthesized graph -
ene from graphite oxide in solution and
observed the atomically thin fragments
by transmission electron microscopy.2

In the 1970s materials scientists
began growing graphene and ultrathin
graphite films on surfaces such as
nickel and silicon carbide. That ap-
proach has now matured, but at the
time the carbon films were thought to
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have little practical value and interest in
them remained minor and purely aca-
demic. Indeed, it wasn’t until 1994 that
Boehm and colleagues officially coined
the word “graphene” as acceptable
parlance in the literature.

In the 1990s, while carbon nanotubes
were gaining rock-star status as a prom-
ising electronic material, a handful of
researchers began pursuing different
tacks to isolate graphene. Rodney Ruoff
(now at the University of Texas at
Austin) pioneered one approach. In
1999 he patterned a graphite surface
into macroscopic pillars that, when
rubbed against a Si wafer, would create
thin multilayer flakes that spread out
like a deck of cards. 

Inspired by that approach, three
years later Columbia University’s Philip
Kim engineered a sophisticated
“nanopencil” by replacing the tip of an
atomic force microscope with a tiny
chunk of graphite. He also found flakes
of graphite, some as thin as 10 monolay-
ers, or about 4 nm. But a single layer re-
mained elusive. At the same time, Walt
de Heer, of the Georgia Institute of
Technology, was also building on an
earlier method, controllably evaporat-
ing away Si from SiC to leave behind

ultrathin graphite; his work aimed
squarely at the development of
graphene electronics.

The summer after Kim presented his

work at the 2004 March Meeting of the
American Physical Society, he began
hearing rumors that Geim’s Manchester
group was also working on the prob-
lem. “In September, when I read a
preprint of Andre’s article and realized
he had isolated a single graphene layer,
I was deeply shocked and felt scooped,
of course. Then, after a second, closer
read, I realized the technique involved
Scotch tape—another big shock!” 

Geim, Novoselov, and their collabo-
rators had developed an exceedingly
simple, cheap, and quick method for
making high-quality, device-ready
graphene: using tape to repeatedly peel
away weakly bound layers from a
graphite crystal and then gently rub-
bing those layers onto an oxidized sili-
con surface. Most crucially, they de-
scribed how to locate the rare graphene
flakes in the haystack of thicker, multi-
layer flakes using an optical micro-
scope. On a SiO2 surface of just the right
thickness, graphene reveals itself
through interference fringes.3 (See fig-
ure 1 and the article by Geim and Allan
MacDonald in PHYSICS TODAY, August
2007, page 35.)

The method—“essentially creating
in parallel and optically screening mil-
lions of nanopencils,” Kim says—was
efficient and its description was de-
tailed enough to follow. Its utter sim-
plicity, comments Boston University’s
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Figure 1. Different colors in this 300-μm-wide optical micrograph reveal graphite
flakes with differing thicknesses peeled with Scotch tape from bulk graphite and
then rubbed onto an oxidized silicon wafer. Individual atomic planes of graphene
are hidden in the debris but can still be found by zooming in and searching for
flakes with the weakest contrast. Force microscopy is then later used to measure the
thicknesses. (Courtesy of Peter Blake.)
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Antonio Castro Neto, made graphene
“democratic” and spawned a cottage
industry of peeling and rubbing. Any-
one armed with tape and a chunk of
graphite could make samples. 

To date, more than 2200 articles with
“graphene” in the title have appeared
in Applied Physics Letters, Nature, 
Science, and the Physical Review family
of journals. All but 28 of them have
come out since 2005.  

Behind the myth
The Manchester project began as a long-
shot attempt to devise a 2D metallic
transistor. The trick for making samples
emerged from what Geim calls “hit and
run” experiments. “We just try all kinds
of crazy things that probably won’t pan
out,” says Novoselov. “Andre had done
frog levitation as one of those experi-
ments, and we did ‘gecko tape’ to-
gether. The Scotch-tape idea—a totally
routine technique—actually came from
a microscopy postdoc [Oleg Shklyar -
evskii, now at Radboud University 
Nijmegen] in the lab.” 

The team got lucky in another re-
spect as well. The SiO2 sample the pair
used as a substrate for the rubbed
graphite flakes was 300 nm thick. A dif-
ference in thickness of just a few per-
cent, the researchers later realized,
would have made graphene completely
invisible.4 “That saved us months,”
Novoselov recalls. Within a week the
team had painted electrical leads and
fashioned a working FET out of a few
graphite layers, a step that provided an
important proof of concept. 

But getting down to single-layer
graphene took about a year. “It looks
absolutely trivial now that we under-
stand exactly what to look for, but at the
start it wasn’t at all,” he says. Geim
adds, “The common impression of
graphene emerging as if from thin air is
a nice myth.”

A portrait of two dimensions
In 2005 Geim’s Manchester group and
Kim‘s Columbia group published back-
to-back accounts of graphene’s 2D 
electron-gas physics.5,6 The researchers’
independent observations of the mater-
ial’s quantum Hall effect proved it to be
a remarkable conductor with exotic
properties—in particular, that its mo-
bile electrons behave as if they were
massless, relativistic fermions (see
PHYSICS TODAY, January 2006, page 21). 

In ordinary semiconductors, an elec-
tron can be modeled as a particle that
obeys Newton’s laws of motion, pro-
vided it is ascribed an effective mass
that accounts for the electron’s interac-
tions with the crystal lattice. The elec-

tron’s energy thus depends quadrati-
cally on its momentum, and its quan-
tum mechanical behavior can be de-
scribed by the Schrödinger equation. 

Thanks to the symmetry of the hon-
eycomb lattice, graphene’s electrons 
behave differently. They experience a
linear dependence of energy on 
momentum and therefore have the
same quantum dynamics as elementary
particles described by the Dirac equa-
tion. The material’s valence and con-
duction bands meet and cross at the so-
called Dirac point, which looks like the
tip of two inverted cones in momentum
space. Electrons fly through the mate-
rial as if they were photons or neutrinos
but with an energy-independent veloc-
ity some 300 times smaller than the
speed of light. 

Geim’s and Kim’s groups mapped
out the unusual dispersion curve by
measuring the response of graphene’s
electrons to electric and magnetic fields.
One of their first experiments was to
measure the conductivity by systemat-
ically tuning the position of the Fermi
level, the highest energy level occupied
by electrons, as shown in figure 2. Elec-
trons and holes conduct continually
through the material, even at the point
between bands where no charge carri-
ers should exist.

The connection to relativistic
physics is even deeper. Dirac’s theory
explains why electrons have spin. But
when applied to graphene, the theory

endows the electrons with a so-called
pseudospin, again due to peculiar sym-
metries of the honeycomb lattice. Inter-
esting physics shows up in graphene’s
quantum Hall effect. When an electron
completes a full cyclotron orbit in a
magnetic field, the rotation of the pseu-
dospin introduces a 180° phase shift in
the electron’s wavefunction. That mod-
ification (the Berry’s phase) changes the
pattern of allowed quantized energies. 

The pseudospin has other conse-
quences: It protects graphene electrons
against backscattering off defects and
impurities. As the University of Mary-
land’s Michael Fuhrer explains, “For an
electron to backscatter as it conducts, it
would have to reverse not just its mo-
mentum but also its pseudospin, which
is forbidden.” The effect is to enhance
the conduction, and it explains why
charge carriers in graphene tend not to
localize.

In graphene, experimentalists have a
material whose dynamics they can di-
rectly access with various scanning
probes at room temperature and be-
yond—up to its melting point, in princi-
ple—because the electrons are forced to
live in a strictly 2D plane. In 2007 Geim,
Novoselov, and their colleagues ob-
served graphene’s quantum Hall effect
at room temperature, a measurement
that in traditional 2D systems requires
ultralow temperatures, often below the
4-K boiling point of liquid helium.

A simple tight-binding, noninteract-
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Figure 2. The ambipolar electric field effect in graphene. (a) By attaching a gate
electrode to the back of a silicon dioxide substrate on which a graphene crystal
sits, the University of Manchester group formed a metallic FET; the gold pads pro-
vide electrical access to the graphene. (b) The carrier density in graphene can be
adjusted by simply tuning the gate voltage. The conductivity is measured by
sweeping the Fermi level EF across a range of low energies, where graphene’s 
energy dispersion as a function of wave vector k is linear. (Adapted from ref. 5.)
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ing-electron model describes graphene
remarkably well.1 But last year re-
searchers found intriguing results sug-
gesting that the material also exhibits a
fractional quantum Hall effect, evi-
dence that electrons can, in fact,
strongly interact to form a collective
state with fractional charge. The meas-
urements raise interesting questions
about what exactly happens at the Dirac
point when a strong magnetic field is
applied—whether graphene remains
conducting or ever makes a transition
to an insulating state (see PHYSICS
TODAY, January 2010, page 11).

Graphene’s simplicity for theorists
and experimentalists alike makes it a
valuable testbed for concepts relevant
to more complicated or fragile materi-
als, such as topological insulators or d-
wave superconductors. 

New electronics
Most materials cannot exist as 2D films.
Below a certain thickness, they coagu-
late, oxidize, or break into islands. But
carbon’s strongly covalent bonds stabi-
lize graphene. Its mechanical, optical,
and electronic properties, many of
which were long anticipated by anal-
ogy with known properties of nano -
tubes and graphite, are part of
graphene’s natural appeal. It exhibits
record strength and thermal conductiv-
ity, is impermeable to gases, is stretch-
able by as much as 20%, and is nearly
transparent at optical frequencies.
Graphene’s electrons travel hundreds
of microns without scattering and sus-
tain current densities orders of magni-
tude greater than copper can—at least
at room temperature.7

Harnessing those useful proper-
ties—for example, in a tough, flexible
solar cell, touch screen, or molecular
sensor—requires a graphene sheet
large and conductive enough for the
job. Exfoliating graphene flakes isn’t a
scalable technique—at least for making
high-quality sheets. 

One promising approach is to grow
a monolayer film atop a metal using
chemical vapor deposition. Once the
metal has cooled, it can be chemically
etched away and the graphene trans-
ferred to some other substrate. This past
year researchers sponsored by Sam-
sung have refined the method to create
rectangular graphene sheets nearly a
meter long diagonally (see PHYSICS
TODAY, August 2010, page 15). 

Another promising approach, par-
ticularly for high-frequency electronics,
is to grow graphene epitaxially on SiC
at high temperature, the technique 
de Heer and colleagues were pursuing
early on.8 The principal advantage, says

de Heer, is that the graphene layer is de-
fect free, does not need to be transferred
to another surface, and can be grown to
cover the entire SiC crystal. The
graphene layer can also be naturally in-
tegrated into circuits patterned on the
SiC, which is an important semiconduc-
tor itself, with properties that exceed
the performance of Si.

Scientists and engineers are working
on several fronts—for instance, modify-
ing graphene chemically, straining the
material, or stripping it into narrow rib-
bons. Such strategies alter its reactivity
or open a gap between valence and con-
duction bands. All of that is likely to
sustain the graphene explosion.

“We wouldn’t have gotten this
prize—at least not within six years—
without everyone’s contributions to the
field,” says Geim. “Maybe we started
this research, but others proved that
graphene has the ability to deliver. I
would love to share credit with all of
them.” Jokingly, he adds “but not the
money!” 

More about the men
Andre Geim resides in the UK, carries
Dutch citizenship, and was born to 
German parents in the southwestern
Russian city of Sochi in 1958. He earned
his PhD in metal physics from the Insti-
tute of Solid State Physics in Moscow in
1987. After postdoctoral positions in
Nottingham and Bath in the UK and
then in Copenhagen, he became an as-
sociate professor at Radboud Univer-
sity Nijmegen, where he worked on
mesoscopic superconductivity from
1994 to 2000. He has been at the Univer-
sity of Manchester ever since.

Konstantin Novoselov was born in
Nizhny Tagil, Russia, in 1974 and car-
ries British and Russian citizenship. He
earned his PhD from the Radboud Uni-
versity Nijmegen, where he met and
studied under Geim. Before finishing
his thesis, he followed Geim to the Uni-
versity of Manchester in 2001, became a
postdoc there in 2004, and has since
joined the faculty. 
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References
1. P. R. Wallace, Phys. Rev. 71, 622 (1947).
2. H. P. Boehm et al., Z. Naturforsch. 17b, 150

(1962); for historical perspective, see 
Y. Zhu et al., Adv. Mater. 22, 3906 (2010).

3. K. S. Novoselov et al., Science 306, 666
(2004).  

4. A. K. Geim, K. S. Novoselov, Nat. Mater.
6, 183 (2007). 

5. K. S. Novoselov et al., Nature 438, 197
(2005). 

6. Y. Zhang et al., Nature 438, 201 (2005). 
7. A. K. Geim, Science 324, 1530 (2009).
8. C. Berger et al., J. Phys. Chem. B 108, 19912

(2004).


