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The electronic properties of graphene allow a population inversion to be established within the duration of a 35-femtosecond light pulse.
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Graphene—a carbon sheet only one atom
thick—provides physicists with a playground to explore exotic quantum phenomena, and engineers with
a material with which they may be able to miniaturize
electronic devices and catch up with Moore’s law [1, 2].
New results reported in Physical Review Letters by
Tianqi Li and colleagues at Ames Laboratory and Iowa
State University suggest that graphene has also earned
its place in the arsenal of promising photonic materials
[3]. Li et al. established two necessary conditions for
possible lasing applications—a population inversion of
charge carriers and optical gain—by exciting graphene
with very short pulses of light.
Graphene’s unique mechanical, transport, chemical,
and linear optical properties are fairly well established.
Up to now, however, the effects of exciting graphene
with femtosecond (1 fs = 10−15 s) pulses of light that
create nonequilibrium charge states—a highly nonlinear
process—haven’t been well studied. Yet, nonlinear properties are often the basis of functional optical devices, as
they enable functions such as ultrafast modulation and
control, and gain. For example, lasing can occur through
a process where first an external light source creates an
excess of excited states (population inversion) and then
a spontaneously emitted photon stimulates these states
to emit radiation via a coherent cascade. The coherent
light emitted in this way is many times more powerful
than the original photon that triggers it. This is why
this nonlinear phenomenon is called optical gain.
In their experiment, Li et al. excited an epitaxial
graphene monolayer sample with 1.55−eV pump laser
pulses of 35-fs duration. With a “probe” pulse of light
tuned to 1.55 eV or just below that, they then recorded
the difference in reflectivity with or without the pump—a
quantity called the ultrafast differential reflectivity. In
metals, the relationship between how much light is reDOI: 10.1103/Physics.5.43
URL: http://link.aps.org/doi/10.1103/Physics.5.43

flected and absorbed is complex, but because graphene
is exceptionally thin and the optical conductivity doesn’t
depend on frequency, the reflectivity provides a measure
of the absorbed light, which in turn depends on the optical conductivity. The experimental criterion for identifying optical gain in any pumped state is a negative
optical conductivity, or negative absorption. This means
that there are more photons coming out than coming
in. So, when Li et al. observed a negative optical conductivity above a certain pump intensity threshold, they
interpreted this as evidence of optical gain.
The fact that Li et al. are able to observe this behavior
in graphene relates to this material’s unique properties.
When the electrons in a material are excited by light
on time scales of the order of femtoseconds, they occupy
highly nonequilibrium states. In most materials, the excited electron states are coherent during or immediately
after the pulse duration τp , but as the charges collide with
themselves and with phonons, this coherence is lost. After a characteristic time interval τth , the charges can be
described by a quasithermal transient distribution. Studies of semiconductors and two-dimensional semiconductor quantum wells have shown that when these materials are excited by 10-fs pulses, τth is much longer than
τp [4, 5]. Such a relaxation parameter regime gives rise
to excited states that are most likely to lie within a narrow range of energies around the photon energy (top left,
Fig.1). However, since the Pauli exclusion principle prevents more than one charge from occupying each state,
this situation results in a small population inversion and
limits the light that could be emitted to a small range of
frequencies.
Li et al. show that, in graphene, the excited states
thermalize on a time scale that is less than the duration
of the optical pulse, i.e., τth is less than τp even for a
pulse duration that is only ∼ 10 fs. Their measurements
c 2012 American Physical Society

Physics 5, 43 (2012)

FIG. 1: Li et al. used short (35-fs) laser pulses to excite
electrons and holes in doped graphene monolayers. The figure shows the distribution of electron and hole states in a
graphene-like material (that is, one with a linear dispersion)
for (left) the case where the optically excited charge carriers
don’t thermalize within the time scale of the optical pulse, so
that an optical “pump” source (grey) can only excite charges
into a narrow band of states, and (right) for the case in
graphene, where the thermalization time is much less than
the pulse time, so the pump light source (blue) can set up a
broadband, population-inverted quantum state of extremely
dense fermions. Stimulated emission from this state (red arrow) offsets the absorption loss, which leads to optical gain.
(Credit: Adapted from [3])

provide evidence that femtosecond laser excitations almost instantaneously produce a broadband population
inversion in graphene. The population inversion, where
the electronic states are described by an hourglass-type
distribution, is broadband and in quasiequilibrium after
a mere 10 fs (top right, Fig.1).
The group found that broadband optical gain emerges
over a wide energy window, up to hundreds of meV’s below the pump photon energy. They observed for the first
time femtosecond stimulated emission and gain above a
threshold photoexcited carrier density of ∼ 1013 –1014
per cm2 for 1.55-eV pump photons, which is close to a
complete nonlinear absorption saturation of the pump
field. Though this is not the first ultrafast spectroscopy
study of graphene, earlier experiments used relatively
weak laser intensities to excite the charge carriers, so
they did not see these nonlinear effects [6–11].
Li et al.’s current study opens exciting opportunities
to explore optical gain from terahertz to ultraviolet frequencies, a much wider range of frequencies than what is
seen in conventional lasing materials. This broad optical
gain is a special feature of graphene because, due to its
characteristic linear energy dispersion, the photoexcited
carriers scatter extremely fast among themselves and relax into a wide band of excited states. Another distinct
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feature in Li et al.’s work is that it takes less than 35
fs for them to build up the broadband gain. This result
is quite impressive, as what normally happens in materials when electrons are excited by short pulses is that
the states fill up and the Pauli exclusion principle blocks
more carriers from being excited. In graphene, however,
an ultrabroadband gain ranging from the conical point
to the excitation energy can be established within∼ 10
fs. In the context of nonlinear materials and ultrafast
materials science, this is a unique result.
Li et al.’s result that a pronounced population inversion can be created in graphene and can lead to optical
gain in the infrared spectrum makes it possible to explore
optical applications of graphene in laser technology and
telecommunications that might surpass the present performance of semiconductor quantum wells. Such applications include extremely fast modulators, better absorbers
that saturate at high intensities, broadband gain media,
and lasing from the visible to the terahertz. Although
the unique nonlinear optical properties in graphene, revealed by Li et al., set the stage for using this material as
an emerging gain medium, there is still a long way to go
before we can fully use it. For example, the short lifetime
and high pumping rate for the gain states in graphene will
require some clever engineering for novel optical functionalities, and it will be necessary to develop reliable ways to
fabricate high-quality monolayer and few-layer graphene
with a large surface area.
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