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Polar molecules in topological
order
Quantum states of matter with topological order are of great fundamental — and
potential practical — interest. Polar molecules stored in optical lattices could offer
a platform for realizing such ‘exotic’ states.

Figure 1 Atoms and molecules
can be placed in a desired
arrangement by creating
optical lattices with the
required geometry. Depicted
here is a trimerized Kagomé
lattice10. Colours indicate the
strength of the optical potential:
minima are shown in black.
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ltracold atomic and molecular gases in
optical lattices allow for experimental studies
of strongly correlated quantum states of
matter. When appropriately designed, they may
serve as nearly perfect realizations of spin models,
arrangements that are simple in structure, but
complex in behaviour. Such models have been
intensively studied by condensed-matter physicists
over the last 30 years. Often they show quantum phase
transitions that do not fit into the standard Landau
theory of phase transitions, leading to previously
unknown ‘exotic’ quantum states of matter. So far,
most of the proposals to realize such models with
ultracold atoms or molecules have been extremely
demanding experimentally, and rather restricted with
regard to controlling the effective couplings between
the constituent spins. In this issue, Micheli, Brennen
and Zoller1 kill two birds with one stone: they propose
to combine microwave excitations with dipole–dipole
interactions and spin–rotation couplings in polar
molecules, to realize effective spin models with
both the desired form of two-spin interactions and
coupling strengths that allow them to reach the
so-called ‘low-temperature limit’ at experimentally
accessible temperatures.
The Landau theory of second-order phase
transitions associates with every transition
a symmetry-breaking mechanism, and with
every ordered phase an appearance of a local
order parameter. This is particularly true for
quantum phase transitions that occur at ultralow
temperatures and are driven by quantum
fluctuations. In recent decades, condensed-matter
theorists have been fascinated by quantum phase
transition and ‘exotic’ quantum phases that do not
follow this standard pattern. Such exotic phases
happen to occur in some highly idealized spin
models in two dimensions, but so far have hardly
been observed in solid-state experiments.
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In a recent review, Fisher2 introduced two classes
of exotic phase: topological and critical spin liquids. A
topologically ordered spin liquid behaves peculiarly as
the topology of the system changes. The ground state
in such a system is degenerate, and the degeneracy
depends on the topology of the surface on which the
states live. To illustrate such behaviour, it helps to
associate the appearance of spin liquids with frustration
in antiferromagnetic systems, a view that Lhuillier and
her collaborators introduced3. The simplest example is
the Heisenberg antiferromagnet in a triangular lattice,
where neighbouring spins cannot attain the standard
antiferromagnetic Néel order (that is, an alternating
sequence of up and down spins). A more complex
example is given by a Heisenberg antiferromagnet in
the so-called trimerized Kagomé lattice10 (Fig. 1). The
spins organize themselves in nearest-neighbour pairs,
where they form singlets or valence bonds. There are
numerous coverings of the Kagomé lattice by valence
bonds, and the true ground state and low-energy
excitations are built as superpositions of various
coverings. The resulting state is the famed ‘resonatingvalence-bond state’, introduced by Anderson2.
Spin models that have topological order
are interesting for applications, in particular
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Figure 2 Towards phases with topological order. a The optical honeycomb lattice9 allows the
realization of a topologically protected quantum memory5. b In this model, couplings between spins
depend on the direction of the bonds between them. Reprinted with permission from ref. 9. Copyright
2003 American Physical Society.

of order t2/U, corresponding to (extremely low)
temperatures of around 10 nanokelvins.
The proposal of Micheli et al.1 overcomes
these difficulties: by using the gas of ultracold
heteronuclear polar molecules in the lattice, and by
using appropriately designed microwave excitation
to the first excited rotation states, they achieve a
universal ‘toolbox’ for effective spin models, with
designable range and spatial anisotropy of dipole–
dipole couplings. And, importantly, the strength of
these couplings is quite sizeable, owing to the large
dipole moment of heteronuclear molecules, allowing
operation in a regime of higher temperatures. The
precondition for realization of this proposal, though,
is the creation of an ultracold gas of heteronuclear
molecules. This has not been achieved so far.
Experimental progress in this direction in recent
years, however, has been so rapid11 that it seems safe to
assume that in a few years the proposal by Micheli et
al. will be realized, and polar molecules in topological
order will no longer be just a dream.
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