PhysiCs

Physics 4, 71 (2011)

Viewpoint

Excited atoms spin out of equilibrium
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Excited cold atoms in Rydberg states behave similarly to certain spin systems, providing us with a
versatile toolbox with which to study nonequilibrium phenomena.
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A promising approach towards probing matter far from
equilibrium, a fundamental challenge in physics, calls for
the usage of cold atoms. Gases of such atoms possess
temperatures of a few microkelvin, or even lower, and
can be almost perfectly isolated from the environment.
Furthermore, the interaction strength, as well as their
external trapping potential, can be controlled to an out-
standingly high precision [I]. They provide a platform
not only for studying the dynamics of closed quantum
systems but also for detailed exploration of the compe-
tition between coherent and dissipative dynamics within
open systems with tailor-made properties [2].

In a paper in Physical Review A[3], Tony Lee at the
California Institute of Technology, Pasadena, and col-
leagues theoretically investigate such an open quantum
system. Their setting is a gas of alkali metal atoms
confined to a regular lattice with exactly one atom per
site—a setup that can be achieved experimentally with
appropriately shaped laser beams or magnetic fields.

What makes the setting different from traditional ex-
periments with cold atoms, and therefore particularly in-
teresting, is the use of atoms in highly excited states—so-
called Rydberg states [4]. An alkali-metal atom, with
its single active electron, shares many properties with
the hydrogen atom. Excited states form a Rydberg se-
ries whose states can be labeled, just like in hydrogen,
by the principal quantum number n. Interesting physics
emerges in the presence of more than one Rydberg atom,
as the large distance between the nucleus and the valence
electron renders these atoms into electric dipoles. De-
pending on the particular Rydberg state, the interaction
between two such atoms is then either determined by a
van der Waals or a dipole-dipole potential. The authors
consider the former potential, which is, in principle, also
present between ground-state atoms. The striking differ-
ence, however, is that the interaction between atoms in
Rydberg states is enhanced by a factor of up to n'!. For
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values of the principal quantum number typically used
in experiments, n = 40...80, this means an increase of
10 orders of magnitude, i.e., the interaction affects even
atoms that are separated by several micrometers. This
is in contrast to the contact potential usually present be-
tween ground-state atoms. In the most extreme case,
interaction-induced level shifts are so huge that a simul-
taneous excitation of two nearby atoms to Rydberg states
is virtually impossible [for an illustration see Fig. [[fa)].
This so-called Rydberg blockade mechanism [5] lies be-
hind a number of exciting phenomena that make Rydberg
atoms useful for applications ranging from quantum in-
formation processing and quantum simulation to nonlin-
ear quantum optics and ultracold chemistry.

A recent development is the use of Rydberg atoms to
realize and explore the physics of strongly correlated spin
systems, a direction that is also pursued by Lee et al.
They evoke a scenario in which atoms are modeled by
only two internal states, which is a huge simplification
because an atom has infinitely many electronic levels.
This two-level approximation is valid if the frequency of
the laser used to excite Rydberg levels is closely resonant
with only a single electronic transition. In this situation,
the electronic ground state can be regarded as the down
state and the Rydberg level as the up state of a pseu-
dospin. Shifts in electronic levels caused by the presence
of two or more Rydberg atoms then directly translate to
a spin-spin interaction. The coupling to the excitation
laser produces an effective magnetic field. Recent work
has shown that these Rydberg pseudospin systems form
a versatile toolbox for the study of critical phenomena
[6], exotic quantum phases [7], dynamical crystallization
[8], order-disorder phase transitions [9], as well as the
thermalization of closed quantum systems [10].

Lee et al. include a final but important ingredi-
ent—dissipation. Like all excited states, Rydberg states
are prone to spontaneous emission of photons. This
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FIG. 1: (a) The rich dynamical behavior of the atoms in the
lattice is determined by a competition between the coherent
excitation of Rydberg states, the interaction among excited
atoms, and dissipation caused by radiative decay. (b)-(d) Ex-
aggerated sketch of the three phases that can be assumed.
The stationary fixed-point solutions of the nonlinear mean
field equations either (b) exhibit a uniform density of Rydberg
atoms or (c) a checkered density distribution that breaks the
sublattice symmetry. (d) A Hopf bifurcation can lead to an in-
stability that gives rise to an oscillatory steady-state solution
in which the density difference between the two sublattices
oscillates in time. (APS/Alan Stonebraker)

aspect is often disregarded, as the lifetime of Rydberg
states can be about 100 us, longer than the typical du-
ration of an experiment. Here, however, dissipation is
rendered into a feature rather than a problem, which to-
gether with the involved coherent processes, i.e., the laser
excitation and the interaction between Rydberg atoms
[see Fig. [[[a)], produces an intricate dynamical behav-
ior.

Mathematically, the dynamics of this open spin system
is governed by a Lindblad master equation. This equa-
tion captures the coherent quantum mechanical evolution
and at the same time permits the inclusion of incoherent
processes. Lee et al. solve it with a mean-field approach,
where each spin experiences a fictitious averaged interac-
tion potential—the mean-field—produced by the spins on
the remaining lattice sites. In a first attempt, all lattices
sites are assumed to be equivalent. This ansatz leads to
a system of coupled equations that are similar to the op-
tical Bloch equations but contain a nonlinearity due to
the Rydberg-Rydberg interaction. Lee et al. perform an
analysis of the steady state of these equations. Such a
steady state always exists but here turns out to be un-
stable for certain combinations of the laser parameters
and the interaction strength. A closer look reveals that,
in particular, perturbations with a wavelength twice the
lattice spacing trigger these instabilities.

This decisive hint guides the authors to an augmented
mean-field ansatz in which they break the system into
two sublattices, each of which is described by its own
mean field. Subsequent analysis of the resulting coupled
equations reveals the existence of two stable fixed points,
i.e., time-independent, steady-state solutions. One type
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of fixed point corresponds to a spatially uniform exci-
tation of Rydberg atoms, while the other one shows an
unequal population of the two sublattices. The broken
sublattice symmetry of the system is reminiscent of an
antiferromagnetic state.

Lee and his colleagues continue by exploring the struc-
ture of the fixed points as a function of the laser detuning
parameter A, which tells one how far off resonance the ex-
citation laser frequency is with respect to the electronic
transition from the ground state to the Rydberg state.
For very large and negative A, the nonlinear equations
have just one fixed point that corresponds to a uniform
density. This uniform fixed point becomes unstable with
increasing A and stable nonuniform fixed points emerge
from it. In an experiment, this should become visible
in a continuous transition from a uniform density to an
unequal occupation of the two sublattices.

In their numerical treatment, Lee et al. also observe
that the nonuniform fixed points can become unstable via
what is known in the theory of nonlinear dynamical sys-
tems as a Hopf bifurcation. Here the system undergoes a
transition to a stable limit cycle in which the population
of the two sublattices oscillates periodically in time. In
total, the system therefore exhibits three distinct phases
[see the densities sketched in Fig. [[[b)-(d)]: a uniform
phase, a nonuniform or antiferromagnetic phase, and an
oscillatory phase.

These findings provide a glimpse of the rich physics
that should be accessible with Rydberg states of ultracold
atoms. Experiments are about to catch up with the type
of theoretical advance outlined in this paper; recently a
first experimental implementation of a spin lattice system
with Rydberg atoms was achieved [I1].
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