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We report on the creation of an ultracold dipolar gas of fermionic 23Na40K molecules in their absolute
rovibrational and hyperfine ground state. Starting from weakly bound Feshbach molecules, we demonstrate
hyperfine resolved two-photon transfer into the singlet X 1Σþjv ¼ 0; J ¼ 0i ground state, coherently
bridging a binding energy difference of 0.65 eV via stimulated rapid adiabatic passage. The spin-polarized,
nearly quantum degenerate molecular gas displays a lifetime longer than 2.5 s, highlighting NaK’s stability
against two-body chemical reactions. A homogeneous electric field is applied to induce a dipole moment of
up to 0.8 D. With these advances, the exploration of many-body physics with strongly dipolar Fermi gases
of 23Na40K molecules is within experimental reach.
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Quantum gases of dipolar molecules promise to become
a platform for precision measurements, quantum informa-
tion processing, high-speed quantum simulation, and the
creation of novelmany-body systems [1–3]. The long-range,
anisotropic nature of electric dipolar interactions between
molecules is expected to yield novel types of order, such as
topological superfluidity with fermionic molecules [4–6],
interlayer pairing between two-dimensional systems [7,8],
and the formation of dipolar quantum crystals [9]. The
necessary prerequisite is the full control over the molecules’
translational, electronic, vibrational, rotational, and nuclear
spin degrees of freedom [10]. In pioneering work on
40K87Rb and nondipolar 133Cs2, weakly bound molecules
were associated from ultracold atoms via Feshbach reso-
nances and were subsequently coherently transferred into
the absolute rovibrational ground state via a two-photon
stimulated rapid adiabatic passage (STIRAP) [11–15].
Hyperfine control of the KRb molecules was demonstrated
using microwave radiation [16]. Ground state KRb mole-
cules are chemically unstable against two-body collisions,
as the reaction KRbþ KRb → K2 þ Rb2 is energetically
allowed. This enabled studies of quantum-state controlled
chemical reactions [17,18], but it also led to loss and heating
of the trapped molecules. Loading of KRb molecules into
optical lattice potentials efficiently suppressed the reactions
and enhanced the lifetime of molecular samples [19–21].
For the study of collisionally dense molecular gases in

the quantum regime, molecules that are stable against
two-body collisions are of great interest. Possible choices
among the alkali-metal dimers were summarized in
Ref. [22], for example RbCs and NaK. Recently, ultracold
bosonic RbCs molecules were successfully coherently
transferred into the rovibrational ground state [23,24].
For fermionic molecules, the only chemically stable
alkali-metal dimers are 23Na40K and 40K133Cs, with NaK
possessing the larger electric dipole moment of d ¼ 2.72 D

[25,26]. Feshbach molecules of 23Na40K have been pro-
duced in earlier work by our group [27,28]. Here, we report
on the creation of an ultracold dipolar gas of fermionic
23Na40K ground state molecules. Using STIRAP, we
demonstrate efficient transfer between the Feshbach
molecular state and the rovibrational ground state, coher-
ently bridging the molecular binding energy difference of
0.65 eV. Applying a static electric field, Stark shifts of the
molecular ground state of up to 400 MHz are observed,
corresponding to an induced dipole moment of d ¼ 0.8 D,
significantly larger than the maximal dipole moment
achieved in previous studies [24]. At d ¼ 0.8 D, the
characteristic range of dipolar interactions ad ¼
mNaKd2=ð4πϵ0ℏ2Þ (mNaK denotes the molecular mass)
reaches 0.6 μm, comparable to the interparticle spacing
of 1.6 μm for the realized peak densities of
n0 ¼ 2.5 × 1011 cm−3. The corresponding dipolar interac-
tion energy Ed ¼ d2n0=ð4πϵ0Þ approaches 5% of the
local Fermi energy and should therefore dominate the
many-body physics of the gas.
Our starting point is a gas of about 7 × 103 Feshbach

molecules of 23Na40K, trapped in a crossed optical dipole
trap at a temperature of T ≈ 500 nK, corresponding to
T=TF;mol ≈ 2.0, where TF;mol is the Fermi temperature of
trapped molecules [27–29]. The molecules are created via
radio-frequency association at a field of 85.7 G, near an
s-wave Feshbach resonance that couples pairs of Na and
K atoms in their lowest hyperfine states jfNa; mfNai ¼ j1; 1i
and jfK; mfKi ¼ j9=2;−9=2i to the triplet molecular state
a3Σþjv¼ 19;J¼ 1;F¼ 9=2;mF ¼−7=2i [27]. Here, the
quantum numbers J and F refer to the molecule’s total
angular momentum ~J and ~F excluding and including
nuclear spins, respectively, mF describes the projection
of ~F along the quantization axis, and v denotes the
vibrational state. The molecular binding energy is
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h × 80ð5Þ kHz, small enough to allow for direct absorption
imaging of Feshbach molecules with light resonant with the
atomic cycling transition of 40K [28].
Raman lasers connect the initial Feshbach molecular

state with dominant spin triplet character to the rovibra-
tional singlet ground state via an excited state with strongly
mixed singlet and triplet spin character (see Fig. 1) [30–32].
In contrast to KRb [12] and RbCs [33], where a range
of electronically excited vibrational states have a mixed

spin character, NaK offers only a few such states due to
comparatively weak spin-orbit coupling [31,32,34]. In this
work we use two specific hyperfine states of the resonantly
mixed complex c3Σþjv¼ 35;J¼ 1i∼B1Πjv¼ 12;J¼ 1i,
labeled jE1i and jE2i in Fig. 1(c), which give access to
different hyperfine states in the rovibrational ground state
[35]. The detuning between the two Raman lasers is
determined by the binding energy of the absolute ground
state X 1Σþjv ¼ 0; J ¼ 0i. We measure the binding energy
by performing dark resonance spectroscopy [as in Fig. 2(a)],
precisely calibrating the laser frequencies ω1 andω2 with an
optical frequency comb and iodine spectroscopy, respec-

tively. We obtain a value ofDðXÞ
0 ¼ h×156.253169ð3Þ THz

[32], relative to the hyperfine center of mass of the constitu-
ent atoms. This represents a thousandfold improvement in
accuracy compared to previous determinations [37].
A crucial requirement for efficient STIRAP is a high

degree of phase coherence between the Raman lasers.
In our setup, a titanium-sapphire laser (laser 1 in Fig. 1)
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FIG. 2 (color online). Creation of 23Na40K ground state
molecules. (a) Observation of the rovibrational ground state
using two-photon dark resonance spectroscopy. The solid line is
obtained by fitting a three-level master equation model using an
excited state linewidth of Γ ¼ 2π × 9 MHz. (b) The STIRAP
sequence realizes coherent transfer from the Feshbach state to
the rovibrational ground state and back via sinusoidal ramping of
the laser intensities. (c) Evolution of the number of Feshbach
molecules during the STIRAP sequence. The solid line is
obtained from the master equation model using the Rabi
couplings Ω1=Γ ¼ 0.15 and Ω2=Γ ¼ 0.37. The inset shows a
background-free absorption image of about 4 × 103 Feshbach
molecules after a STIRAP round trip.
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FIG. 1 (color online). Two-photon pathway to the absolute
ground state of 23Na40K. (a) Relevant molecular potentials for the
STIRAP transfer to the rovibrational ground state jv ¼ 0; J ¼ 0i
in the X 1Σþ potential. Rabi frequencies of the Raman lasers are
denoted by Ω1 and Ω2. (b) The initial Feshbach molecular state
is associated with the highest vibrational state jv ¼ 19i of the
a 3Σþ potential. In the excited state, spin-orbit coupling reso-
nantly mixes the vibrational states c 3Σþjv ¼ 35; J ¼ 1i and
B 1Πjv ¼ 12; J ¼ 1i with 64% triplet and 36% singlet character
[32]. δ2 denotes the two-photon detuning of the Raman lasers.
(c) Single-photon spectra via laser 1 resolving hyperfine states
jE1i and jE2i of the electronically excited state. In the upper
(lower) panel, the linear polarization of laser 1 is chosen to be
horizontal (vertical), which is perpendicular (parallel) to the
quantization axis set by a vertical magnetic field. The bars above
the upper (lower) panel indicate the expected relative spectral
weight of the contributing hyperfine states with mF ¼ −5=2
(mF ¼ −7=2) [32].
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couples the Feshbach molecular state to the excited state at
a wavelength of 804.7 nm; that state in turn is coupled to
the absolute singlet ground state with a dye laser (laser 2)
using rhodamine 6G dye at 566.9 nm. In order to maintain
phase coherence, the Raman lasers are locked to a passively
stable optical cavity made from ultralow expansion glass.
At both wavelengths, the finesse of the cavity is about
15 000 and laser linewidths on the kilohertz level are
achieved via the Pound-Drever-Hall technique. For the
dye laser, fast frequency correction is achieved via an
intracavity electro-optic modulator [38].
Figure 2(c) shows the STIRAP transfer of 23Na40K

Feshbach molecules into the singlet rovibrational ground
state, followed by the reverse transfer back into Feshbach
molecules. The intensities of the lasers (proportional to
Ω2

1;2) are ramped sinusoidally to adiabatically convert the
dark state ∝ Ω2jFi −Ω1jGi of the coupled three-level
system from the Feshbach state jFi into the rovibrational
ground state jGi and back [39]. We obtain a single-pass
conversion efficiency of 75%. About 5 × 103 ground
state molecules are created; based on the in situ size of
the molecular cloud, we estimate a peak density of
n0 ¼ 2.5 × 1011 cm−3. In order to record background-free
images of molecules, we perform STIRAP into the ground

state and subsequently remove all remaining atoms and
Feshbach molecules with resonant laser light. An exem-
plary image of a molecular cloud after a STIRAP round trip
is shown in the inset of Fig. 2(c).
Controlled population of ground state hyperfine levels is

achieved by choosing distinct intermediate excited states
and laser polarizations (see Fig. 3). With the quantization
axis defined by the vertical magnetic field, polarizations are
chosen to be vertical or horizontal, corresponding to π
or ðσþ þ σ−Þ= ffiffiffi

2
p

light, respectively. The initial Feshbach
state has the total angular momentum projection mF ¼
−7=2. Accordingly, horizontal polarization of laser 1 and
vertical polarization of laser 2 can access ground state
hyperfine levels with mF ¼ −9=2 and −5=2. Using the
intermediate state jE1i, which hasmF ¼ −5=2, we observe
dominant STIRAP transfer into the lowest hyperfine state
jG1i [see Fig. 3(a)]. Similarly, vertical polarization for
both laser 1 and laser 2 leaves mF¼−7=2 unchanged and
allows dominant coupling into the excited hyperfine state
jG2i via the electronically excited state jE2i [see Fig. 3(b)].
From the experimental data, we obtain a splitting between
jG1i and jG2i of 120(30) kHz, in agreement with the
prediction based on the dominant nuclear Zeeman effect and
the weak scalar nuclear spin-spin interaction [see Fig. 3(c)].

23Na40K presents us with the opportunity to study the
collisional properties of a gas of fermionicmolecules that are
chemically stable against two-body collisions [22]. To this
end, we measure the lifetime of 23Na40K molecules in the
absolute lowest hyperfine state jG1i as well as in the
hyperfine state jG2i by varying the hold time between
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FIG. 4 (color online). Lifetime of 23Na40K in the rovibrational
ground state. (a) Molecules in the absolute lowest hyperfine state
jG1i are created using STIRAP transfer via jE1i and (b) in the
hyperfine state jG2i via jE2i. Solid lines show exponential fits
Aþ Be−t=τ and yield lifetimes τ of 2.5(5) and 2.7(8) s, respec-
tively. Data points show the average of three experimental runs;
the error bars denote the standard deviation of the mean. The
insets show the respective STIRAP resonances, sufficiently
narrow to address individual hyperfine states.
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the STIRAP transfer into and out of these states (see Fig. 4).
To ensure a high degree of purity in the preparation of
individual hyperfine states, the width of the STIRAP
resonance is narrowed to less than 100 kHz (see the
insets of Fig. 4). In each hyperfine state jG1i and jG2i,
1=e lifetimes of about 2.5 s are observed. It is interesting to
compare our datawith a decaymodel that assumes unity loss
for every short-range encounter of two molecules,
as would be the case for chemically reactive molecules
[17,42]. Spin-polarized fermionic molecules that domi-
nantly undergo p-wave collisions need to tunnel through
a p-wave barrier to meet at short range. The temperature-
dependent rate of close-range encounters is given by β ∝
T=E3=2

p [42], where Ep ∝ ðm3
NaKC6Þ−1=2 is the height of the

barrier. For NaK ground state molecules, the C6 coefficient
is dominated by virtual transitions to the nearby rotational
states, C6 ≈ d4=ð6BÞ ¼ 5.1ð5Þ × 105 a:u: [43,44], with the
rotational constantB ¼ 2.83 GHz [45]. For our temperature
of T ¼ 500 nK and the barrier height of Ep ¼ 12 μK, we
find β ≈ 6 × 10−11 cm−3=s and, taking the average density
of n̄ ¼ 0.4 × 1011cm−3, a characteristic time scale for the
decrease of the total molecule number of 1=ðβn̄Þ ¼ 0.4 s
[46]. By fitting a two-body decay curve to the data, one
obtains a significantly slower characteristic time scale of
1.7 s, indicating an enhanced stability due to the absence of
two-body chemical reactions. At this point, technical rea-
sons, such as imperfect polarization of theRaman lasers, off-
resonant light scattering or collisions with a small number of
remaining atoms, may still constitute a limit to the observed
lifetime, in addition to potentially enhanced three-body loss
from long-lived binary complexes [47]. The nature of the
molecular loss process will be investigated in future work.
When ground state molecules are not prepared in a pure
hyperfine state, but in a mixture of states due to Fourier or
power broadening of the STIRAP resonance, lifetimes are
significantly reduced by typically more than an order of
magnitude. The much longer lifetimes in spin-polarized
samples are likely due to the suppression of s-wave
collisions as a consequence of the Pauli principle [17,18].

23Na40K ground state molecules can interact via long-
range interactions when their dipole moments are aligned
in the laboratory frame. We demonstrate the alignment of
the molecular dipoles by measuring the Stark shift of the
ground state in the presence of a homogeneous electric field
(see Fig. 5). Electric field strengths of up to 2 kV=cm are
reached at the location of the molecules using indium tin
oxide coated glass electrodes that are positioned outside
of the ultrahigh vacuum chamber. For field strengths up to
0.6 kV=cm, we use the Stark shift of the STIRAP reso-
nance to characterize the influence of the electric field.
The STIRAP transfer creates molecular samples with
dipole moments of up to 0.3 D. For larger fields, the
Stark effect is observed in two-photon dark resonance
spectra. At the maximal field, a Stark shift of about

400 MHz is observed, corresponding to a dipole moment
of about d ¼ 0.8 D.
In conclusion, we have created an ultracold gas of dipolar

fermionic 23Na40K molecules. Using STIRAP, we have
demonstrated comprehensive control over all molecular
quantum states, preparing the molecules in their absolute
electronic, vibrational, rotational, and hyperfine ground state.
In particular, following the preparation in a defined hyperfine
state, lifetimes longer than 2.5 s are observed. By applying
STIRAP in the presence of strong electric fields, we have
createdmolecularsampleswithdipolemomentsofupto0.3D.
Employing the tunability and strength of the electric dipole
moment, ultracold samples of 23Na40K should allow entering
the strongly interacting regime of dipolar quantum
matter, raising prospects for the creation of novel quantum
phases.
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FIG. 5 (color online). Creation of a strongly dipolar gas of
23Na40K molecules. The Stark shift in the presence of a
homogeneous electric field is measured via STIRAP resonances
(circles) and dark resonance spectroscopy (squares). Error bars
are smaller than the point size. In a STIRAP transfer at finite
electric field, strongly dipolar ground state molecules are created
(see inset). The solid line corresponds to the Stark shift expected
for the known permanent dipole moment d and the rotational
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uncertainty. The Stark shift is used to calibrate the electric field
strength.
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