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mode of cell-to-cell communication to syn-
chronize oscillations. More generally, a way to
entrain or pause the oscillations is often neces-
sary. For example, circadian oscillations must
be entrained by daylight, and the cell-cycle
oscillation must be paused under low-nutrient
conditions. Further advances combining theo-
retical modelling with experimental synthetic
biology will both increase our understanding of
natural networks and allow us to use the cellasa
platform for future developments in biological
engineering. u
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CONDENSED-MATTER PHYSICS

Going with the flow

Jonathan Keeling and Natalia G. Berloff

Observations of superfluid behaviour — flow without friction — of unusual
character in a condensed-matter system pave the way to investigations of
superfluidity in systems that are out of thermal equilibrium.

When in 1937 liquid helium was first observed
to flow with negligible viscosity through a
narrow gap, it was clear that, at low tempera-
tures, helium was different from ordinary
fluids. This prompted Pyotr Kapitza to name
the phenomenon superfluidity' by analogy
with superconductivity. Since then, experi-
ments on liquid helium and cold atoms have
revealed other aspects of superfluidity (Table 1),
including quantized vortices, undisturbed
flow past an obstacle (for example, a structural
defect), and (metastable) persistent flow in a
doughnut-shaped geometry.

Experiments by Amo et al.?, reported on
page 291 of this issue, reveal a new variety of
dissipationless flow in semiconductor micro-
cavity polaritons — entities comprising both
matter and light. The properties of the polari-
ton fluid demonstrated by Amo et al. have
their origin in the way polariton-polariton
interactions modify the propagation of these
quasiparticles, preventing scattering from
structural defects in the microcavity. The

question of how the finite lifetime of polari-
tons distinguishes these systems from previous
examples of superfluidity provokes questions
about the relationships between different
aspects of superfluidity”.

The system studied by Amo et al. is a semi-
conductor microcavity, consisting of a pair of
mirrors (built from layers of semiconductors
with alternating refractive indices) and a semi-
conductor quantum well, placed between these
mirrors. The quantum well confines excitons
(electronic excitations in the semiconductor)
and the mirrors confine light. Because excitons
can recombine and emit light, and light can
create new excitons, repeated interconversion
leads to new quasiparticles: microcavity polari-
tons™’. These quasiparticles inherit properties
from both of their constituents: from light
comes their very small effective mass (about
0.0001 that of the electron); from the exciton
come the polariton—polariton interactions.

Polaritons also have properties that neither
of their constituents has alone. Crucially for
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Aspects of superfluid-like behaviour that have been demonstrated (ticks), shown not to exist (crosses),
or remain to be verified (question marks) in different condensed-matter systems. Amo et al.” add a

new system (red) to the table.
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50 YEARS AGO

In1949 it was found that water
applied to the tongue of the frog
elicited an electrical response
from the glossopharyngeal nerve.
This response was produced by
specific fibres. It was first thought
that these ‘water’ fibres might
serve a particular purpose in water
regulation in amphibians living

in fresh water. These findings

also revived the old problem of
whether warm-blooded animals
and man possess similar specific
taste fibres mediating what we
might call a water taste. The late
Prof. David Katz of Stockholm,
who believed this to be the case,
often asked in his examinations:
What is the taste of water? The
correct answer was ‘wet' ... It
seems to us most likely that water
does not elicit any positive taste
sensation. The action must be of
negative character in that water
abolishes or decreases the resting
activity of taste fibres ... The
specific effect of water on taste in
man can thus be looked upon as
being of the same nature as that of
blackness upon vision.

ALSO:

The world low air temperature
record of =102.1 °F at the South
Pole ... was exceeded in the polar
night of 1958 at the Russian
International Geophysical Year
Antarctic stations Sovetskaya
and Vostok. The Sovetskaya
station recorded —86.7 °C
(=124.1 °F) between 1900 and
2000 L.m.T. on August 9.

From Nature 17 January 1959.

100 YEARS AGO

At the recent conference on the
conservation of resources which
met at the White House at the
invitation of the President of the
United States, notes of warning
were sounded concerning the
coming exhaustion of coal, wood,
ores, and soils. Whether or not
we accept as exact the estimates
furnished by experts on that
impressive occasion, there is no
doubt that we are approaching
the end of our available resources,
and that the near future will have
momentous problems to face.
From Nature 14 January 1909.
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Bend, fold and stretch

Itis tempting to view graphene as
the material of choice for the next
generation of electronic devices. The
fact that it forms strong, bendable
sheets — made from carbon atoms
arranged in a honeycomb lattice

— together with its remarkable
electronic properties makes it a
promising starting point for flexible
electronic applications.

However, the high-performance
electronic graphene devices
reported so far are made from
tiny, micrometre-sized pieces
of graphene, obtained using a
rather cumbersome method that
involves peeling off layers from
alarger graphite substrate. Ina
paper published online in Nature,
Byung Lee Hong and his colleagues
now describe an alternative and

more versatile method to produce
graphene films with excellent
electronic properties and with
large, centimetre-scale areas
(K.S.Kim et al. Nature doi:10.1038/
nature07719; 2009).

Although chemical-processing
techniques already exist for
producing large-area graphene
material, the electronic properties
of such materials have been
disappointing. But Hong et al. have
perfected an approach known as
chemical-vapour deposition. In
this technique, a gaseous mixture
of hydrocarbons flows over heated
nickel foils and breaks down into
atomic carbon, which in turn
rearranges into graphene. Rapid
cooling of the substrate then ensures
that films just a few layers thick are

formed. These ultrathin films are
optically transparent and have
high electrical conductivity, similar
to that of mechanically cleaved
graphene.

The main promise of Hong
and colleagues’' method lies in
large-area applications, notably
transparent, flexible electrodes
such as that pictured. Hong et al.
show that the graphene films can be
radically bent and stretched without
affecting their optical and electronic
properties. And crucially, with this
fabrication method the graphene
can be easily transferred to other
materials, because the underlying
nickel can simply be etched away
and the graphene film picked up
and placed elsewhere. In addition,
nanoscale patterns can be made in
the graphene films by pre-patterning
the nickel substrate with standard
lithography techniques.

This combination of

straightforward processing
techniques and desirable

properties increases the prospects
of inexpensive, flexible and

reliable electronic devices. Future
applications, such as in photovoltaics,
or as sensors and displays that are
wearable or foldable, suddenly don't
seem to require such a stretch of the
imagination.

Liesbeth Venema

Amo and colleagues’ experiment, the polariton
dispersion relation (the dependence of energy
on momentum) does not take the simple quad-
ratic form that a free particle takes. This means
that a pair of polaritons injected at one energy
is able to scatter to one high-energy polariton
state and one low-energy state, in a process
known as parametric scattering®. The rate of
scattering depends on the type of quantum
statistics particles obey. Because polaritons
behave as bosons and thus obey Bose-Einstein
statistics, the rate of scattering goes up as the
populations of the final states increase. Amo
et al. used this property to create a small seed
population in the high-energy state. This, in
turn, triggered parametric scattering of polari-
tons from the injected energy (pump state) to
alower-energy and a higher-energy state, pro-
ducing a pulse of low-energy polaritons that
travelled through the microcavity, continually
fed by the parametric scattering.

Previous experiments on microcavity
polaritons, in which polaritons were injected
(incoherently) in a range of high-energy states
instead of by parametric scattering, showed
that they can form a Bose-Einstein condensate’
(BEC): a form of matter that emerges when
particles obeying Bose—Einstein statistics are
cooled to very low temperatures and collapse
into the same lowest-energy state, behaving as
a single, coherent whole. Recently, quantized
vortices have also been seen® in these systems,
a feature associated with superfluidity.

The phenomenon of superfluidity is closely
related, but not equivalent, to Bose-Einstein
condensation’. In an interacting BEC, the
occupation of a single quantum state by a
large fraction of bosons means that the system
is described by a single quantum wavefunction

274

that satisfies a nonlinear equation for classical
waves. Ubiquitous in nonlinear physics,
this equation is known as the nonlinear
Schrédinger equation’. This equation, writ-
ten in terms of the density and velocity of the
condensate, has a form almost equivalent to
the usual Euler equation for the dynamics of a
non-viscous fluid. Thus, one has the ingredi-
ents necessary to produce many of the aspects
of superfluidity, such as frictionless flow below
the Landau critical velocity (Table 1).

Frictionless flow has been observed in liquid
helium using moving ions as probes'’, and
in BECs of dilute atoms using laser beams'.
At subcritical velocities, the superfluid flow
around such an obstacle is symmetrical fore
and aft of the direction of motion, so there is no
drag. This absence of drag on moving objects
is known as d’Alembert’s paradox. In a clas-
sical fluid, drag does arise, because viscosity
breaks the fore-aft symmetry. In their experi-
ments, Amo and co-workers observed that
a cloud of polaritons passed an obstacle — a
structural defect in the microcavity — with-
out any detectable drag, realizing d’Alembert’s
paradox in a condensate out of thermal equilib-
rium. In superfluid helium and atomic BECs,
the drag above the critical velocity has been
attributed to the shedding of vortices around
the obstacle'’. Although no such vortices have
been directly observed in the polariton experi-
ments of Amo et al., it remains plausible that
drag at speeds between the critical and sound
velocities could arise from vortex formation in
polariton fluids.

Amo and colleagues’ experiments differ
from previous investigations of superfluids
in several ways. Most obviously, the polari-
tons have a finite lifetime. But this alone need
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not preclude many of the regular signatures
of superfluidity. Perhaps most remarkably,
the linearization of the relevant part of the
polariton’s dispersion relation, and thus the
quasiparticle’s immunity to scattering from
structural microcavity defects, results from
the nonlinear interactions of the low-energy
polaritons with the pump polaritons as well as
interactions among the low-energy polaritons.
By contrast, for liquid helium or cold atoms,
such linearization arises entirely as a result of
interactions between the low-energy particles.
The question of whether such polariton fluids
can be called superfluid is, to us, less interest-
ing than investigating the properties that these
out-of-thermal-equilibrium polariton fluids
possess. While experiments continue apace to
explore these properties, it seems better to go
with the flow. ]
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