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Atoms Oscillate Collectively in Large
Optical Lattice
By coupling atoms in an optical lattice to a thin elastic membrane, researchers have
demonstrated a dynamic instability that is evidence of collective atomic motion.

by Helmut Ritsch∗

O ptical lattices are key elements in the effort to use
ultracold atoms for quantum simulation, quan-
tum computing, and atomic clocks. These lattices
rely on light forces to precisely hold atoms in

space and to individually control their internal states [1]. Re-
searchers strive for nearly perfect periodic lattice structures
using state-of-the-art laser systems, but the atoms can inter-
fere with these efforts by scattering photons that perturb the
light fields that form the lattice. Normally, this backaction
is kept at a minimum, but researchers have realized they can
harness the atoms’ influence on the lattice for something use-
ful: to generate interactions between atoms. To explore this
possibility, Philipp Treutlein from the University of Basel
in Switzerland and colleagues have built a hybrid system
composed of a one-dimensional optical lattice coupled to vi-
brations of a mobile membrane inside an optical resonator
[2]. The combination of membrane and resonator amplifies
the collective motions of the atoms, producing an insta-
bility in the membrane vibrations. This instability, which
would be undesirable in most situations, is evidence of long-
range (phonon-like) interactions between the atoms. Such
interactions could be implemented in cold-atom quantum
simulations, where they would mimic the phonon dynam-
ics of “real” lattices inside solids.

An optical lattice is essentially a standing-wave pattern
generated by two counterpropagating laser beams. The fre-
quency of the beams is tuned below an atomic resonance so
that the atoms are attracted to intensity maxima (antinodes)
of the field. It is inevitable that some fraction of the laser
photons are scattered by the atoms back into the path of the
laser beams. While this backaction is often very small, it can
have a significant effect on the trapping fields of the lattice in
two possible ways [3, 4]. On the one hand, the collective scat-
tering by atoms within the lattice induces the formation of
an optical band gap at the lattice wavelength, which, at first
sight, should hamper lattice stability [3]. However, one finds
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Figure 1: The hybrid optomechanical system developed by
Treutlein and co-workers [2] consists of a thin membrane inside an
optical cavity (left) that is coupled to a one-dimensional optical
lattice containing rubidium atoms (right). The atoms occasionally
scatter photons that can perturb the optical field of the lattice. This
backaction leads to long-range (phonon-like) interactions between
the atoms, depicted here as interconnected springs. The
researchers detect these interactions through an instability in the
vibrations of the membrane. (APS/Alan Stonebraker)

that the lattice adapts its wavelength to cancel this band-
gap effect [5]. On the other hand, the stimulated photon
redistribution provides for the natural appearance of op-
tomechanical coupling in the form of phonons that cause the
atoms to oscillate around their equilibrium positions. Opti-
cal lattices are open systems, so the energy that goes into
phonons can leak out as heat or can drive strong oscilla-
tions that lead to a dynamic instability. Simulations of large
lattices have predicted that the optomechanical coupling of
atoms will lead to dynamic instabilities, but these models
assumed atom numbers that were well above the number
that current experiments can accommodate. Still, it has been
shown theoretically that instabilities can occur for smaller
samples subjected to an asymmetric lattice laser configura-
tion [4].

In their experiment [2], Treutlein and co-workers achieve
such an asymmetric configuration with a conceptually sim-
ple setup that utilizes a thin elastic membrane inside a
high-Q (small bandwidth) optical resonator (see Fig. 1).
The researchers direct laser light into the membrane cav-
ity and use the back-reflected light to create a dynamic
standing-wave optical lattice potential for a large, cold cloud
of roughly 107rubidium atoms. The optical resonator en-
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hances the membrane vibrations and converts them to phase
modulations of the reflected light, which induces collective
oscillations of the atomic lattice potential in position and
depth. The center-of-mass motion of the membrane thus be-
comes directly coupled to the phononic atomic modes.

The atoms here experience a dynamic asymmetric lat-
tice potential with the membrane mimicking a much larger
extension of the lattice. In this way, the authors reach ef-
fective lattice sizes beyond the stability limit. They confirm
collective hybrid atom-membrane coupling through the ap-
pearance of enhanced lattice excitations (or “antidamping”)
despite the presence of extra cooling. In addition, they
identify the emergence of the instability by recording high-
amplitude vibrations in the membrane, and they find a good
fit between their measurements and a model that treats the
atoms like a combination of beam splitters [3, 4]. It is impor-
tant to note that the modeling matches the data only when it
includes collective lattice oscillations beyond the center-of-
mass dynamics, which is evidence of phonons.

In their experiment, the authors have undoubtedly proven
the existence and importance of intrinsic optomechanical
couplings and even instabilities in large optical lattices. The
risk of instabilities might limit the size of optical lattices for
quantum information applications. But the ability to add
long-range couplings and phononic degrees of freedom to
cold-atom lattices could prove useful for fast, efficient en-
ergy transfer, which is needed for sympathetic cooling of
macroscopic objects. If this could be done at several laser
frequencies, researchers might be able to tailor the range and
strength of the atom interactions, opening a new route to
fully connected quantum simulators [6]. In the future, not
just interactions, but the whole lattice itself could emerge
(or “crystallize”) by driving a corresponding instability in
a large Bose-Einstein condensate [7–9]. While this sounds a
bit like science fiction, a recent experiment recorded the first
indications of such spontaneous crystallization [10].

This research is published in Physical Review Letters.
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