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Viewpoint
From atoms to molecules (and back)
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Atoms colliding in a magnetic field can form weakly bound states called Feshbach molecules. These states have
now been used in combination with advanced laser techniques to create tightly bound ground-state molecules

close to quantum degeneracy.
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The quest for the creation of ultracold and quantum
degenerate molecular gases is currently of paramount
interest within the atomic and molecular physics and
physical chemistry communities. The richness of molec-
ular physics coupled with the remarkable control af-
forded by ultracold systems offers enormous scope for
applications in fields ranging from precision measure-
ment and high-resolution spectroscopy [1-3] to ultra-
cold chemistry [4] and quantum information processing
[5]. Now, E Lang, K. Winkler, C. Strauss, R. Grimm, and
J. Hecker Denschlag at the University of Innsbruck re-
port in Physical Review Letters their successful creation
of an ultracold gas of ground-state Rb, molecules close
to quantum degeneracy [6]. In the same issue, J. Dei-
glmayr, A. Grochola, M. Repp, K. Mortlbauer, C. Gliick,
J. Lange, O. Dulieu, R. Wester, and M. Weidemidiller
at the University of Freiburg report formation of ul-
tracold LiCs molecules [7], and recently researchers at
JILA have reported creating ultracold KRb molecules
[8]. These results herald a new era for experiments in
cold quantum matter.

The advent of laser cooling revolutionized atomic
physics and precipitated the realization of quantum de-
generate gases in the form of Bose-Einstein condensates
(BEC) and Fermi-degenerate gases. These dilute atomic
gases have proved surprisingly rich and are now rou-
tinely studied throughout the world. However, the laser
cooling techniques at the heart of all these experiments
do not work for molecules due to their complex inter-
nal rotational and vibrational structure. This prompted
an exciting race to develop an alternative approach to
create ultracold molecular gases with a wide range of
techniques being pursued, including Stark deceleration,
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buffer gas cooling, electrostatic velocity selection, opti-
cal Stark deceleration, Zeeman deceleration, and colli-
sional cooling in crossed molecular beams [9]. Recently,
however, researchers have managed to exploit the huge
advances in laser cooling, trapping, and manipulation
of atomic gases by carefully assembling molecules from
ultracold atoms.

Two atoms can be fused together to form a molecule
through the absorption of a photon from an applied
laser field during an atomic collision—a process known
as photoassociation [10]. In this case, however, the
molecule is electronically excited and will subsequently
decay either back to a pair of free atoms or to a ground-
state molecule (for bi-alkali molecules the bound states
are described by a singlet and a triplet potential, with
the singlet potential being typically an order of mag-
nitude deeper). The downward decay process gener-
ally leads to a range of ground rovibrational states be-
ing populated (rovibrational states correspond to simul-
taneous rotation and vibration of the molecule). In
more elaborate approaches a second photon of differ-
ent energy can be used to steer the downward step in
a “pump-dump” scheme. Application of these schemes
to atoms held in a magneto-optical trap can produce
tightly bound ultracold molecules [11], although the
production rate is often low and the state selectivity
can be poor. Nevertheless, recent advances in this
field have produced molecules in the absolute (singlet)
rovibrational ground state in a variety of atomic gases
[7,12,13].

Over the last five years, the quantum degenerate gas
community has mastered an alternative technique to as-
sociate atoms into molecules. The approach relies upon
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the existence of scattering resonances in the collisions
between ultracold atoms that result from a coupling be-
tween the free atoms and a quasibound molecular state
known as a Feshbach resonance. The simple applica-
tion of an appropriate magnetic field ramp in the vicin-
ity of a Feshbach resonance results in the highly efficient
conversion of atoms to molecules whilst preserving the
phase-space density of the original atomic sample [14].
The creation of such Feshbach molecules proved an ex-
citing milestone and has been at the heart of many recent
advances in the field. However, Feshbach molecules
can be extremely fragile—existing in very weakly bound
states close to the dissociation threshold they are gener-
ally unstable when colliding with each other.

The key to the success of the experiment by Lang et al.
is to combine optical transfer techniques with the pro-
duction of Feshbach molecules. Starting from an atomic
87Rb Bose-Einstein condensate they create a pure sam-
ple of Rb, Feshbach molecules using a resonance at a
magnetic field of around 1000 G. The magic of their
experiment is then to coherently transfer the Feshbach
molecules to a single quantum level in the rovibrational
ground state of the triplet potential. The technique they
use is known as stimulated Raman adiabatic passage or
STIRAP [15] and requires the application of two laser
fields that couple the initial and final molecular states
to a common electronically excited state (Fig. 1). In
essence, STIRAP converts the initial Feshbach molecu-
lar state into the final ground molecular state upon the
application of the appropriate sequence of laser pulses.
The technique can be extremely efficient (Lang et al. re-
port about 90

STIRAP was first applied to Feshbach molecules by
the Innsbruck group almost two years ago. In a proof
of principle experiment [16] they coherently transferred
the Feshbach molecule to the second-to-last bound vi-
brational level, increasing the molecular binding energy
to around 600 MHz x & (roughly just 0.01

In all of these experiments the molecular fraction is
detected by simply repeating the STIRAP process in
reverse and then dissociating the Feshbach molecules.
This is the beauty of the STIRAP-Feshbach molecule
approach—one can coherently couple from atoms to
molecules and back without significantly heating the
sample. This allows sensitive atomic imaging tech-
niques to be used to indirectly probe the molecular
fraction, negating the need for complicated detection
schemes based upon photoionisation. Lang et al. per-
formed their experiment in a 3D optical lattice formed
by the interference of several laser beams. They demon-
strate that not only does the lattice confine a sizeable
fraction of the molecules, but also that the dynamics of
the molecules in the lattice potential are also detectable.
This reveals that both the internal and external degrees
of freedom of the molecules are precisely defined af-
ter the transfer and illustrates the exquisite control with
which we are now able to manipulate ultracold quan-
tum systems.
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FIG. 1: The scheme used for the production of molecules in
the rovibrational ground-state of the triplet potential (for clar-
ity the deeper singlet potential is not shown). Free atoms
are first converted into weakly bound Feshbach molecules us-
ing a magnetic field ramp. Using a counterintuitive pulse se-
quence [15] in which laser L2 is applied before laser L1, the
molecules then undergo STIRAP transfer to the rovibrational
ground state. The process can then be reversed to convert the
tightly bound molecules back into free atoms for detection. (I1-
lustration: Alan Stonebraker/stonebrakerdesignworks.com)

Clearly this is a very exciting time in the race to pro-
duce degenerate molecular gases, but where do we go
next? Already the production of ground-state triplet
molecules provides a new arena for studies of ultra-
cold collision processes central to the study of ultracold
chemistry [4]. There is an immediate need to extend the
transfer process to the absolute singlet ground state of
the molecule, which is intrinsically stable when under-
going cold collisions. This stability should allow the for-
mation of long-lived molecular Bose-Einstein conden-
sates. The extension of the technique to other species
is similarly important. In particular, there is great in-
terest in the production of heteronuclear ground-state
molecules, which would open the door to the world
of strongly interacting dipolar quantum gases. Great
strides in this direction have already been made by the
JILA group [8]. It remains a great challenge, of course,
to cool and trap more complex molecules. Nevertheless,
Lang et al. and Deiglmayer ef al. demonstrate that we
are perfecting the tools to master the control of quantum
systems to the level required to meet these challenges
head on.
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