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We report on the formation of ultracold weakly bound Feshbach molecules of 23Na40K, the first

fermionic molecule that is chemically stable in its absolute ground state. The lifetime of the nearly

degenerate molecular gas exceeds 100 ms in the vicinity of the Feshbach resonance. The measured

dependence of the molecular binding energy on the magnetic field demonstrates the open-channel

character of the molecules over a wide field range and implies significant singlet admixture. This will

enable efficient transfer into the singlet vibrational ground state, resulting in a stable molecular Fermi gas

with strong dipolar interactions.
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The quest for creating and manipulating ultracold mole-
cules has seen spectacular advances over the past decade
[1,2]. They include the production of cold molecules from
laser cooled atoms [3], the formation of Feshbach mole-
cules from ultracold atomic gases [4,5], the observation of
Bose-Einstein condensates of bosonic Feshbach molecules
[6–10], and the formation of ultracold dipolar ground state
molecules [11]. Chemically stable, fermionic ground state
molecules with large electric dipole moment would allow
access to novel phases of matter in dipolar Fermi gases [2].
So far, 40K87Rb is the only fermionic ground state mole-
cule that has been produced at nearly degenerate tempera-
tures [11]. However, the gas is unstable against the
exchange reaction KRbþ KRb ! K2 þ Rb2 [12].

Here we report on the production of ultracold weakly
bound fermionic molecules of 23Na40K near a broad
Feshbach resonance [13]. The NaK molecule is chemically
stable in its absolute ground state [14]. In addition, it
possesses a large induced electric dipole moment of
2.72 Debye in its singlet ground state [15], compared to
0.57Debye for KRb [11]. Therefore, fermionic ground state
molecules of NaK can form a Fermi sea with strong, long-
range anisotropic dipolar interactions, with an interaction
energy greater than 30% of the Fermi energy. The Feshbach
molecules we create provide an ideal starting point for the
formation of ground state molecules. They are nearly de-
generate and long-lived, with a lifetime exceeding 100 ms.
We demonstrate their largely open-channel character in a
widemagnetic field range. The open channel has significant
admixture of the electronic spin singlet state, thus opening
up a direct pathway towards the singlet rovibrational ground
state using stimulated rapid adiabatic passage (STIRAP) via
a singlet excited molecular state [1,11].

To form Feshbach molecules, we prepare a Bose-Fermi
mixture of 23Na and 40K with 150� 103 atoms each in a
crossed optical dipole trap as has been described previ-
ously [13,16,17]. Sodium is in its absolute hyperfine
ground state jF;mFi ¼ j1; 1i, which forms a stable mixture

with any hyperfine state of 40K in the F ¼ 9=2 lower
hyperfine manifold. Feshbach spectroscopy has revealed
a rich pattern of interspecies Feshbach resonances [13].
One particular resonance stands out due to its exceptional
width of 30 G at 140 G between j1; 1iNa and j9=2;�5=2iK
atoms. Expecting open-channel dominated molecules with
potentially long lifetimes, we use this resonance to form
fermionic Feshbach molecules.
There are several established methods to associate

Feshbach molecules [10]. For wide Feshbach resonances,
where the molecular wave function can have a large extent
and offer good overlap with two unbound atoms, a particu-
larly clean way to form molecules is via radio frequency
(rf) association [18–21]. Our approach is schematically
shown in Fig. 1(a).
Here, 23Na and 40K atoms are initially prepared in the

nonresonant hyperfine states j1; 1iNa and j9=2;�3=2iK. For
optimized phase space overlap between the two species [20],
we choose a temperature T of the mixture that is close to the
critical temperature TC for Bose-Einstein condensation of
sodium, corresponding to T=TF � 0:4 for 40K. Via a radio
frequency pulse [22] near the j9=2;�3=2iK to j9=2;�5=2iK
hyperfine transition, we then transfer the unbound 40K atoms
into the molecular bound state with sodium.
A typical rf spectrum at a magnetic field on the molecu-

lar side of the Feshbach resonance is shown in Fig. 1(a).
Two features are observed: an atomic peak near the un-
perturbed hyperfine transition, and a molecular peak aris-
ing from 40K atoms that have been rf associated into NaK
molecules. The distance between the atomic peak and the
onset of the molecular feature yields the binding energy
Eb. Direct absorption imaging of the large Feshbach mole-
cules is possible using light resonant with the atomic
transition [8,18–21]. We typically detect up to 20� 103

molecules, corresponding to a conversion efficiency of 40K
atoms into molecules of about 15%.
The atomic feature at the hyperfine transition from

j9=2;�3=2iK to j9=2;�5=2iK shows a strong mean-field
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shift towards lower frequencies, which is a direct signature
of the repulsive interactions between j1; 1iNa and
j9=2;�5=2iK atoms on the repulsive branch of the
Feshbach resonance. The free-free spectrum is directly
proportional to the number of fermions that experience a
given density of bosons. The long tail towards lower fre-
quencies is caused by a small fraction of condensed bosons
(about 10%) present in the mixture.

For accurate extraction of the molecular binding energy
Eb, the functional form of the molecular association spec-
trum is required. The line shape can be modeled via
Fermi’s golden rule as

�molð�Þ / F ðh�� EbÞpðh�� EbÞ; (1)

where F ð�Þ / ð1þ �=EbÞ�2 is the Franck-Condon factor
between the wave functions of an unbound Na-K atom pair
and a bound Feshbach molecule of binding energy Eb [24],
and pð�Þ is the probability density to find a pair of potas-
sium and sodium atoms with relative kinetic energy �.

For thermal clouds, pð�Þ ¼ �ð�Þ�3
Me

�ð�=MÞð�=kBTÞ, where
�ð�Þ is the density of states with relative kinetic energy �,

�M ¼
ffiffiffiffiffiffiffiffiffiffi
2�@2

MkBT

q
is the thermal de Broglie wavelength for an

atom pair, and M ¼ mNa þmK and � ¼ mNamK

mNaþmK
are the

total and reduced mass, respectively. The inset in Fig. 1(a)
shows a fit of this line shape, convoluted with the experi-
mental resolution, to the molecular feature, giving a bind-
ing energy of Eb ¼ h� 84ð6Þ kHz at a magnetic field of
B ¼ 129:4 G. The width reflects the initial distribution
of relative momenta between bosons and fermions and,
indeed, is found to be compatible with the temperature of
the sodium and potassium clouds.
A complementary demonstration of molecule formation

is the observation of a dissociation spectrum [25], as
shown in Fig. 1(b). To dissociate molecules, we drive the
j9=2;�5=2iK to j9=2;�7=2iK transition after rf associa-
tion of molecules. The onset of transfer is observed at
Eb=h ¼ 85ð8Þ kHz, in good agreement with the associa-
tion threshold in Fig. 1(a). We make use of molecule
dissociation in the lifetime measurements discussed below
to ensure the exclusive detection of molecules.
We have studied the molecular binding energies as a

function of magnetic field [see Fig. 2(a)]. The approxi-
mately quadratic dependence of the binding energy on
magnetic field reflects the open-channel character of the
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FIG. 1 (color online). (a) Association of fermionic Feshbach molecules. Starting with a mixture of j1; 1iNa and j9=2;�3=2iK atoms,
rf spectroscopy near the j9=2;�3=2iK to j9=2;�5=2iK hyperfine transition reveals free 40K atoms repulsively interacting with the 23Na
bath (near zero rf offset), as well as associated molecules (near 85 kHz rf offset). A fit to the molecular association spectrum yields a
binding energy of Eb ¼ h� 84ð6Þ kHz. The magnetic field corresponding to the atomic transition at 34.975 MHz was 129.4 G.
(b) Dissociation of Feshbach molecules. Driving the j9=2;�5=2iK to j9=2;�7=2iK transition yields the molecular dissociation
spectrum, showing a sharp onset at an rf frequency shifted by Eb=h from the atomic transition. The solid line shows the fit of a
model / �ð�� �bÞ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�� �b
p

=�2 [10], yielding �b ¼ Eb=h ¼ 85ð8Þ kHz.
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molecular state over a wide field range, where the binding

energy follows the law Eb � @
2

2�ða� �aÞ2 , with �a ¼ 51a0 the

mean scattering length for NaK and aðBÞ � abgð1þ �B
B�B0

Þ
the dependence of the scattering length on magnetic field
near the resonance [5]. Since the background scattering
length abg ¼ �690þ90

�130a0 is large and negative [13,26],

the closed-channel molecular state is predominantly

coupled to a virtual state [28,29] of energy Evs ¼
@
2

2�ðabg� �aÞ ¼ kB � 11ð3Þ �K. In this case, the binding en-

ergy Eb is given by solving

Eb þ EcðBÞ �
1
2Avs

Evsð1þ
ffiffiffiffiffi
Eb

Evs

q
Þ
¼ 0: (2)

Here, EcðBÞ is the magnetic field dependent energy of the
closed-channel molecule relative to the scattering thresh-
old, known from the asymptotic bound state model [13],
and Avs is the squared magnitude of the coupling matrix
element between the closed-channel molecular state and
the virtual state [28,29]. With Avs as the only fit parameter,

we obtain excellent agreement with the data, finding Avs ¼
½h� 5:2ð6Þ MHz�2. The uncertainty in the background
scattering length translates into the shaded uncertainty
region in Fig. 2(a). The Feshbach resonance position is
found to be B0 ¼ 139:7þ2:1�1:4 G, its width (distance from
resonance to the zero crossing of the scattering length) is
�B ¼ 29ð2Þ G.
From the change of the binding energy with magnetic

field we can directly deduce the closed-channel fraction

Z ¼ @Eb

@Ec
� 1

��
@Eb

@B [5], where �� ¼ 2:4�B is the differ-

ence between the magnetic moments of the closed-channel
molecular state and the two free atoms near resonance. In
Fig. 2(b), we show the open-channel fraction 1� Z along
with the singlet admixture of the molecular state. Although
the closed-channel molecular state is a bound state in the
að1Þ3�þ triplet potential, the strong coupling to the en-
trance channel, which is 14% singlet, gives the Feshbach
molecules a mixed singlet-triplet character. This will allow
for direct two-photon coupling to the v ¼ 0, Xð1Þ1�þ
singlet rovibrational ground state via the singlet excited
Bð1Þ1� state.
To obtain an estimate for the temperature of the mole-

cules we study their time-of-flight expansion right after
association at Eb ¼ h� 84 kHz. We measure an effective
temperature (average kinetic energy) of 500 nK (see Fig. 3)
for the molecules. From their number and trapping fre-
quencies, this corresponds to a degeneracy factor of
T=TF;mol � 1:7. The molecular gas is more energetic than

the sodium and potassium bath, which has a temperature of
220 nK. This partially reflects the broader momentum
distribution of the 40K Fermi gas at T=TF � 0:4 due to
Pauli pressure. Indeed, the momentum distribution of
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FIG. 2 (color online). (a) Binding energy of NaK Feshbach
molecules at the wide Feshbach resonance between j1; 1iNa and
j9=2;�5=2iK. Binding energies smaller than 200 kHz (circles)
are obtained by direct detection of molecules [see Fig. 1(a)],
while larger binding energies (diamonds) with weaker free-
bound coupling are measured by detecting simultaneous atom
loss in j1; 1iNa and j9=2;�3=2iK. The solid line is a one-
parameter fit to the model described in the text, and the shaded
region displays the uncertainty. (b) Open-channel fraction
(dashed line) and singlet admixture of the molecular state (solid
line), derived from the binding energy curve in (a), and singlet
admixture of unbound pairs (dotted line).
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FIG. 3 (color online). Time-of-flight expansion of leftover
40K atoms and associated molecules at 129.4 G (binding energy
h� 84 kHz) right after rf association. Assuming a classical gas
model, the width of the cloud corresponds to an average kinetic
energy of 340 nK for the 40K cloud and 500 nK for the molecular
cloud. Free atoms are transferred and detected in the mF ¼
�1=2 state, while potassium atoms bound in NaK molecules
are imaged in the mF ¼ �5=2 state. The insets show an average
of 20 absorption images for K atoms (NaK molecules) after
4.5 ms (4.0 ms) time of flight.
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molecules after rf association is a convolution of the mo-
mentum distributions of the bosonic and fermionic clouds.
At zero temperature, with bosons condensed and fermions
fully occupying the Fermi sea, molecules would inherit the
broad momentum distribution of the atomic Fermi gas. We
also observe heating of the molecular cloud in the presence
of sodium, likely due to three-body losses, that can occur
already during the association pulse.

Figure 4 shows the lifetime of molecules close to the
Feshbach resonance at a binding energy of h� 32 kHz.
With the bosonic species still present, the lifetime is about
8 ms. Considering that the bosons can resonantly scatter
with the fermions bound in the NaK molecules, this is
already an impressive lifetime. However, the bosons can
be selectively removed from the optical trap as its depth is
species selective, being more confining for NaK molecules
and 40K atoms than for 23Na. With bosons removed, the
lifetime increases significantly to 54(13) ms, and further up
to 140(40) ms at a binding energy of h� 25 kHz (see inset
in Fig. 4). The lifetime � is likely limited by the presence of
leftover 40K atoms in the j9=2;�3=2iK state. Their average
density is nA ¼ 1

N

R
n2d3r ¼ 1� 1012 cm�3, yielding a

loss rate of 	 ¼ 1
nA�

¼ 8ð2Þ � 10�12 cm3=s. As was

studied in Ref. [19], the loss rate strongly depends on
whether the collision partner is distinguishable or indistin-
guishable from the constituents of the molecule. For our
case of distinguishable fermions as the collision partners,
the above loss rate is 1 order of magnitude lower than the
corresponding rate in KRb. In fact, it is still 3 times lower
than the lowest rate measured in KRb for any collision
partner [19]. Our loss rate even rivals that found for
bosonic Feshbach molecules formed in a heteronuclear
Fermi-Fermi mixture of LiK [30].

For collisions with distinguishable atoms, the molecular
loss rate is expected to decrease like 	 / 1=a due to the
reduced wave function overlap with lower-lying vibra-
tional states [31]. While we observe a dramatic increase
in the lifetime with scattering length for a & 2300a0 (bind-
ing energies Eb * h� 25 kHz), the lifetime decreases
again for even larger scattering lengths, possibly due to
thermal dissociation when the binding energy becomes
comparable to the temperature.
In conclusion, we have created ultracold fermionic

Feshbach molecules of 23Na40K, a molecule that is chemi-
cally stable in its absolute vibrational ground state. The
molecular gas is formed close to degeneracy and is found
to be long-lived near the Feshbach resonance. As revealed
by the binding energy measurements, the Feshbach mole-
cules are open-channel dominated over a wide magnetic
field range, where they possess significant singlet charac-
ter. These are ideal starting conditions for a two-photon
transfer into the singlet rovibrational ground state [11].
Combined with the large induced dipole moment of
2.72 Debye, NaK presents us with a unique opportunity
to create a stable, strongly dipolar Fermi gas with domi-
nating long-range anisotropic interactions.
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