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Formation of bosonic 23Na 41K Feshbach molecules
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Ultracold Feshbach molecules are a crucial intermediate step for the creation of quantum degenerate gases
of strongly dipolar molecules. After coherent transfer to the rovibrational ground state, these dimers can realize
stable dipolar gases with strong, tunable long-range interactions. Here, we report the creation of bosonic 23Na 41K
Feshbach molecules by radio-frequency (RF) association. An RF pulse applied on the molecular side of an
interspecies Feshbach resonance at 73.6(1) G associates up to 1.1(1) × 104 molecules from a thermal mixture of
23Na and 41K atoms. Measurements of the binding energy reveal a broad resonance width of 5.1(2) G, facilitating
robust control over interspecies interactions. The molecule lifetime in the presence of background atoms exceeds
2 ms and increases to approximately 7 ms after removal of 23Na. These results constitute a key step toward the
production of ultracold 23Na 41K ground-state molecules and for pursuing shielded evaporative cooling in the
dipolar regime.
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Ultracold dipolar molecules have emerged as a power-
ful platform for quantum science and technology [1–4].
Their large electric dipole moments generate strong, tunable,
and anisotropic long-range interactions, granting access to
many-body phenomena beyond the reach of contact inter-
actions, including dipolar crystals [5], quantum spin liquids
[6], and the quantum simulation of extended Hubbard and
lattice spin models [7,8]. Leveraging their rich internal struc-
ture of vibrational, rotational, and hyperfine states, dipolar
molecules support dipole-mediated quantum information pro-
tocols [9–11] and provide exquisite sensitivity for precision
tests of fundamental symmetries and physics beyond the stan-
dard model [12].

The creation of stable, quantum degenerate gases of
ground-state molecules is the starting point for many of
these applications. The established route proceeds by asso-
ciating weakly bound bialkali dimers near an interspecies
Feshbach resonance, followed by coherent transfer to the rovi-
brational ground state via stimulated Raman adiabatic passage
(STIRAP). Since the first creation of fermionic 40K 87Rb
molecules [13,14], this approach has been successfully ap-
plied to an expanding range of bialkali species [15–24].
Advances in atomic and molecular control have enabled the
creation of a quantum degenerate Fermi gas of 40K 87Rb
molecules [25], while techniques of dipolar shielding and
molecular evaporative cooling have led to the realization of
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a degenerate Fermi gas of 23Na 40K [26] and molecular Bose-
Einstein condensates of 23Na 133Cs [27] and 23Na 87Rb [28].

Among experimentally realized bialkali molecules, NaK
offers several notable advantages. It possesses a substantial
electric dipole moment of about 2.7 D [29], making it a
promising platform for studies of strongly interacting dipolar
systems [30]. NaK molecules in their absolute ground state are
stable against exothermic exchange reactions [17,31], which
can suppress two-body losses and potentially enhances the
stability of the molecular sample, for instance, in doubly
occupied sites of optical lattices or optical tweezers. Further-
more, NaK offers both bosonic and fermionic isotopologues,
allowing the exploration of bosonic and fermionic dipolar
many-body phenomena as well as comparative studies of
how quantum statistics influence ultracold chemical reactions
[32,33]. While bosonic 23Na 39K Feshbach molecules have
been realized [34], the 23Na 41K isotopologue is particularly
promising due to favorable inter- and intraspecies scattering
lengths of 23Na and 41K [35]. These properties enable effi-
cient sympathetic cooling and the creation of large, ultracold
23Na- 41K mixtures, providing an ideal starting point for the
realization of high phase-space density molecular gases.

Here, we report the creation of ultracold gases of weakly
bound 23Na 41K bosonic Feshbach molecules. A radio-
frequency (RF) pulse applied on the molecular side of
an interspecies s-wave Feshbach resonance at 73.6(1) G
associates over 104 dimers from a 23Na- 41K mixture at tem-
peratures as low as 170 nK. The corresponding phase-space
density of the molecular gas is estimated to be 0.03(1). RF
spectroscopy maps the molecular binding energy versus mag-
netic field, precisely characterizing the Feshbach resonance
and revealing a broad width of 5.1(2) G. Near threshold, we
systematically explore the association efficiency as a function
of temperature, pulse duration, and atom number ratio. We
then employ an extended rate-equation model [34], modi-
fied to include molecular losses from collisions with both
23Na and 41K, to interpret the observed association dynamics.
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Remarkably, this extended model quantitatively reproduces
the measured lifetimes without any free parameters, rely-
ing exclusively on coefficients derived from the association
curves. We observe molecular lifetimes exceeding 2 ms over
a range of binding energies, extending to approximately 7 ms
after removal of 23Na. These results demonstrate that high
phase-space density samples of 23Na 41K Feshbach molecules
can be produced and quantitatively characterized, providing
an excellent starting point for creating ultracold gases of
ground-state 23Na 41K molecules.

The experiment begins by preparing ultracold mixtures of
23Na and 41K, as described in Refs. [35,36]. For the work
presented here, the atoms are confined in an oblate, single-
beam 1064 nm optical dipole trap (ODT) in the |F, mF 〉 =
23Na |1, 1〉 + 41K |1, 1〉 hyperfine state combination, where F
and mF denote the total angular momentum and its projec-
tion, respectively. After evaporative cooling in the ODT, the
mixture contains approximately NNa = 1–1.5 × 105 sodium
and NK = 2.5–4 × 105 potassium atoms at temperatures be-
tween 1.2 and 0.2 μK. At the lowest temperature, the
trapping frequencies for sodium are {ωx, ωy, ωz}Na = 2π ×
{18(1), 8(1), 703(16)} Hz. The atom number ratio and tem-
perature are controlled by varying the number of 41K atoms
captured in the magnetic trap and by adjusting the final ODT
depth at the end of evaporative cooling.

To access the interspecies Feshbach resonance previously
identified near 73 G for the 23Na |1, 1〉 + 41K |1, 1〉 collision
channel [35], the magnetic field is first ramped to 40 G. Here,
the differential Zeeman splitting between the |1, 1〉 → |1, 0〉
transitions of 23Na and 41K is sufficiently large to selectively
transfer 41K atoms to the spectator |1, 0〉 state via a Landau-
Zener (LZ) sweep. Then, the magnetic field is ramped to a
final value B on the molecular side of the resonance to perform
RF association (see Appendix A).

Feshbach molecules are created by using RF photons to
coherently couple pairs of colliding atoms to a weakly bound
molecular state near a Feshbach resonance. Starting from the
23Na |1, 1〉 + 41K |1, 0〉 mixture at magnetic field B, we apply
an RF pulse that drives the |1, 0〉 → |1, 1〉 transition of 41K.
When the RF frequency is higher than the atomic transition
by Eb/h, where Eb is the molecular binding energy and h is
Planck’s constant, the RF field transfers atom pairs into the
least-bound molecular state associated with the 23Na |1, 1〉 +
41K |1, 1〉 threshold [see Fig. 1(a)].

Figure 1(b) shows a representative RF spectrum recorded
at B = 72.3 G. To probe the molecular bound state, we apply
a Blackman-shaped RF pulse with a duration of 3.15 ms and
Rabi coupling � = 2π × 9.3 kHz, followed by absorption
imaging of 41K in the |1, 1〉 hyperfine state. Although weakly
bound dimers near threshold can, in principle, be imaged
using their constituent atomic transitions, at fields near 73
G neither 23Na nor 41K in |1, 1〉 possesses a closed opti-
cal cycling transition. We therefore implement a repumping
scheme on 41K to maintain population in a bright manifold
of hyperfine states during imaging, which enhances the ob-
served signal by approximately a factor of 2 (see details in
Appendix B).

Scanning the RF frequency reveals two distinct fea-
tures corresponding to the atomic spin-flip and molecule
association [Fig. 1(b)]. The molecular peak exhibits a

FIG. 1. Formation of bosonic 23Na 41K Feshbach molecules.
(a) Schematic illustration of RF association from free atoms to
weakly bound Feshbach molecules. (b) RF association spectroscopy
of Feshbach molecules at B = 72.3 G. Gray circles show the number
of 41K |1, 1〉 atoms; the dashed line marks the atomic spin-flip tran-
sition at 35.686(1) MHz. Blue circles show the associated molecule
number; the dash-dotted line indicates the fitted molecular resonance
at 35.791(1) MHz. The inset shows an absorption image of molecules
taken in trap on the 41K imaging transition. (c) Number of associated
molecules vs RF frequency at B = 72.4 G for mixture temperatures
of 0.26(10), 0.43(21), and 0.73(6) μK. Fits to the asymmetric free-to-
bound line shape yield temperatures of 0.27(3), 0.46(6) and 0.84(12)
μK, respectively. Error bars denote the standard error of the mean
over five independent measurements.

pronounced asymmetry, which arises from the thermal dis-
tribution of relative kinetic energies among the colliding
atom pairs. To accurately extract the binding energy from
the separation between these two features, we fit the molec-
ular spectrum using a free-to-bound transition model that
accounts for the phase-space overlap of the mixture (see de-
tails in Appendix C). This yields a binding energy of Eb/h =
105(1) kHz at B = 72.3 G. As this model explicitly accounts
for the collision energy distribution, we can also extract the
sample temperature from the asymmetric free-to-bound line
shape. Figure 1(c) shows association spectra at B = 72.4 G for
varied temperatures. The fitted temperatures agree well with
independent time-of-flight measurements, and the binding en-
ergies extracted from these fits, Eb/h = 81(1) kHz, remain
consistent across the temperature range.

Since absorption imaging becomes inefficient for more
deeply bound molecules, we determine the binding energy
in this regime using atom-loss spectroscopy. To this end, we
apply a 200 ms square RF pulse to the atomic mixture, during
which Feshbach molecules are formed and subsequently lost
from the trap through inelastic collisions with background
atoms. We then image the remaining 23Na and 41K atoms to
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FIG. 2. Molecular binding energy vs magnetic field. Blue circles
and white squares denote measurements from RF association spec-
troscopy and atom-loss spectroscopy, respectively. The solid line is a
fit to the asymptotic binding energy model weighted by the errors.
The lower right inset shows the RF association spectrum at B =
72.3 G, yielding Eb/h = 105(1) kHz. The upper left inset shows
representative atom-loss spectra for Na (gray squares) and K (white
squares), giving Eb/h = 448(1) kHz.

obtain a loss spectrum, as shown in the upper inset of Fig. 2.
By combining RF association and atom-loss spectroscopy
measurements, we map out the molecular binding energy over
a broad range of magnetic fields (Fig. 2).

We fit the measured binding energies near threshold
with the van der Waals corrected universal relation Eb(B) =
h̄2/[2μ(a(B)−ā)2], where a(B) = abg[1−�/(B−B0)] [37].
Here, a(B) is the interspecies scattering length, ā = 51.1a0

is the mean scattering length fixed by the van der Waals co-
efficient of NaK [38], abg is the background scattering length,
B0 and � are the resonance position and width, and μ is the
reduced mass of the atom pair. The fit yields B0 = 73.6(1)
G, � = 5.1(2) G, and abg = 235(3)a0, in good agreement
with coupled-channel calculations, which predict B0 = 73.35
G, � = 4.59 G, and abg = 261.77a0 [39]. The extracted res-
onance width is substantially larger than the experimentally
measured width via inelastic loss measurement reported in
the previous study [35]. Importantly, the broad width of this
low-field resonance provides a robust and convenient handle
for tuning the interspecies interactions over a wide range in
our experiments.

To optimize the molecule creation efficiency, we charac-
terize the association process as a function of temperature,
RF pulse duration, and atom number ratio. The optimization
is performed near the threshold, where the association effi-
ciency depends only weakly on the molecular binding energy.
First, we examine the temperature dependence of the molecule
number, as shown in Fig. 3(a). By adjusting the ODT depth
at the end of evaporation, we tune the temperature between
1.2 and 0.2 μK, while keeping the atom number ratio of
0.4(1). Although the total atom number decreases as evap-
oration proceeds to lower temperatures, the molecular yield
increases due to improved phase-space overlap between the
two species. The differential gravitational sag between 23Na
and 41K is about 0.15μm, which is negligible compared to the
sample size along the gravitational direction, 1.3μm. At the

FIG. 3. Characterization of molecule association. (a) Number of
molecules as a function of temperature. The gray-shaded area indi-
cates the temperature range below the critical temperature of 41K.
The temperatures are extracted from the thermal wings of the 41K
clouds. (b) Molecule number vs RF pulse duration. The maximum
number is reached at 3.4 ms, after which the loss becomes dominant
over the molecule association. (c) Number of molecules created at
various mixture ratios. To ensure an adequate dynamic range for
these measurements, the atom numbers are varied over a range
of NNa = 0.5–3.1 × 105 and NK = 1.4–5.6 × 105 while the typical
temperature is kept at ∼0.5 μK. The solid lines represent numerical
solutions of the rate equations fitted to the experimental data. The
dashed lines are ±1σ confidence intervals. The RF pulse power is
kept constant for all measurements.

lowest temperatures, we infer a peak molecular phase-space
density of 0.03(1). This estimate assumes that the molecules
are thermalized to the atomic mixture temperature and trapped
with frequencies scaled by their polarizability and mass. How-
ever, below 150 nK, no Feshbach molecules are detected in
the absorption images. This disappearance coincides with the
onset of 41K Bose-Einstein condensation, and is consistent
with enhanced molecular loss due to the high atomic density.

The dependence of the molecule number on RF pulse dura-
tion and mixture ratio further reflects a competition between
association and inelastic loss due to collisions with residual
atoms. To facilitate a quantitative analysis of these kinetics,
we employ square RF pulses of constant amplitude rather
than the Blackman pulses used for spectroscopy, ensuring
a time-independent association rate that simplifies the mod-
eling. The resulting yields of the molecules are shown in
Figs. 3(b) and 3(c), where we vary the RF pulse duration at
a controlled atom number ratio of 0.4(1) and the atom number
ratio at a fixed pulse duration of 3.15 ms, respectively. To
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interpret these observations, we use a rate-equation model
adapted from Ref. [34] and extend it to distinguish between
molecule loss channels driven by collisions with 23Na and
41K. The dynamics are described by coupled equations for
the molecular population Nmol and the atomic populations NNa

and NK:

dNmol

dt
= + kmolgNa,KNNaNK − �Nagmol,NaNmolNNa

− �Kgmol,KNmolNK,

dNNa

dt
= − kmolgNa,KNNaNK − �Nagmol,NaNmolNNa,

dNK

dt
= − kmolgNa,KNNaNK − �Kgmol,KNmolNK. (1)

Here, kmol is the molecule association coefficient, which
depends on the RF pulse parameters, while �Na and �K

are two-body inelastic loss coefficients for Na-NaK and
K-NaK collisions, respectively. The geometric overlap fac-
tors gi, j = ∫

ni(�r)n j (�r)d3r/NiNj account for spatial mode
matching, including the differential gravitational sag between
Na and K, and are evaluated assuming Gaussian density
profiles determined by the known trap parameters. We fit
the solutions of Eq. (1) simultaneously to the measured
molecule numbers as functions of pulse duration [Fig. 3(b)]
and atom number ratio [Fig. 3(c)]. The model parameters
are optimized by minimizing the combined least-squares er-
ror, yielding kmol = 1.3(2) × 10−10 cm3/s, �Na = 3.3(7) ×
10−9 cm3/s, and �K = 7.4(43) × 10−11 cm3/s. The model re-
produces the observed data well and shows that the inelastic
loss coefficient for Na-NaK collisions is about 45 times larger
than that for K-NaK collisions, consistent with the resonant
character of the collisions involving 23Na near the Feshbach
resonance. The maximum molecule number, Nmol = 1.1(1) ×
104, occurs at an optimal atom number ratio of NNa/NK ≈
0.27. The corresponding association efficiency is about 10%,
normalized to the minority 23Na atoms. For larger ratios
(NNa/NK � 1.5), the data begin to deviate from the model pre-
diction. This discrepancy suggests the onset of higher-order
loss processes not included in our two-body description, such
as three-body recombination involving two sodium atoms that
become increasingly significant at high 23Na densities.

Understanding the collisional stability of 23Na 41K Fes-
hbach molecules is essential for efficient transfer to the
rovibrational ground state. We therefore measure their lifetime
in the presence and absence of background 23Na atoms, which
dominate the inelastic loss. With 23Na present, the 1/e lifetime
of the molecular gas is 2.1(8) ms [Fig. 4(a)]. To selectively
remove the residual 23Na atoms without significantly affecting
the Feshbach molecules, we transfer the sodium atoms to the
|1, 0〉 state using a 120 μs RF LZ sweep, followed by a 30
μs resonant optical clean-out pulse. After this purification, the
1/e lifetime extends to 6.9(10) ms.

The solid curves in Fig. 4(a) are parameter-free simulations
of the molecular lifetimes rather than fits. They are obtained
by numerically integrating the coupled rate equations using
the association and loss coefficients kmol, �Na, and �K inde-
pendently determined from the association efficiency analysis.
The simulations incorporate both molecule formation and loss
during the 3.15 ms association pulse, followed by purely

FIG. 4. Lifetime measurement of 23Na 41K Feshbach molecules.
(a) Gray circles show the number of molecules as a function of hold
time with 23Na prepared in the |1, 1〉 state. Blue squares show the
number of molecules with 23Na removed. The solid lines are sim-
ulations obtained from the rate-equation model using the extracted
loss coefficients. (b) Molecular lifetime with 23Na atoms transferred
to the |1, 0〉 state. Error bars in panels (a) and (b) represent the
standard error of the mean. (c) Measured molecular lifetimes as a
function of magnetic field. The error bars of the lifetimes represent
95% confidence intervals.

inelastic decay after the RF field is switched off. The excellent
agreement between the measured data and these simulations
quantitatively validates the coupled rate-equation model and
confirms that the extracted rate coefficients are predictive
across different experimental conditions.

We also measure the molecular lifetime when background
23Na is prepared in the spectator |1, 0〉 state [Fig. 4(b)],
obtaining a 1/e lifetime of 3.8(2) ms. Fitting the model to
these data yields a Na-NaK loss coefficient of 3.5(12) ×
10−10 cm3/s, roughly an order of magnitude smaller than
in the resonant |1, 1〉 state. We further observe that these
lifetimes remain nearly constant across the experimentally
accessed magnetic field range [Fig. 4(c)]. This weak depen-
dence on the scattering length reflects the broad, open-channel
dominated nature of the resonance.

Notably, the observed 6.9(10) ms lifetime is more than
an order of magnitude longer than that reported for bosonic
23Na 39K Feshbach molecules [34]. We expect this lifetime
to be further extended by removing the remaining 41K atoms
[40]. This enhanced stability, combined with the fact that
typical STIRAP transfer times are on the order of 20–100
μs, provides a robust platform for the production of 23Na 41K
ground-state molecules.
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In conclusion, we have established a robust protocol for
creating ultracold bosonic 23Na 41K Feshbach molecules via
RF association. By performing binding energy measurements,
we have pinned down the interspecies scattering properties,
identifying a broad low-field resonance centered at B0 =
73.6(1) G with a width of � = 5.1(2) G. This large width
is particularly advantageous, offering a stable handle for tun-
ing interactions to further optimize sympathetic cooling. In
the present implementation that relies on background scatter-
ing, our experiment yields samples of 1.1(1) × 104 Feshbach
molecules with an estimated phase-space density of 0.03(1),
comparable to starting conditions of molecular species that
have been successfully condensed after ground-state transfer
[27,28].

Our quantitative analysis of association and loss dynam-
ics establishes predictive control of molecule formation and
decay. Using collision parameters derived directly from the
association spectroscopy, our extended rate-equation model
quantitatively reproduces the observed molecular lifetimes
without additional fitting. Importantly, this analysis reveals
that the present molecular yield is primarily creation rate
limited. Since the association coefficient kmol scales with
the square of the effective Rabi coupling in the perturbative
regime, increasing the RF power provides a direct route to
larger molecule numbers. Furthermore, improving the spatial
density overlap via a tailored potential could further enhance
the association efficiency.

Together, these results provide an excellent starting point
for STIRAP transfer to the rovibrational ground state and
subsequent evaporative cooling. A large initial number and
high phase-space density are key prerequisites for efficient
evaporation, and recent demonstrations of dipolar shielding
and evaporation outline a realistic pathway for extending the
present work toward quantum degenerate gases of bosonic
23Na 41K, opening access to strongly dipolar many-body
regimes. Combined with the creation of fermionic 23Na 40K
molecules within the same experimental apparatus [36], this
work establishes NaK as a versatile platform for complemen-
tary studies of bosonic and fermionic dipolar physics.
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APPENDIX A: EXPERIMENTAL SEQUENCE

To prepare ultracold mixtures of 23Na and 41K, 23Na atoms
from a Zeeman slower and 41K atoms from a 2D+ MOT are
sequentially captured in a 3D MOT and optically pumped into
their stretched |2, 2〉 states. Both species are then transferred
into an optically plugged magnetic trap, where RF-induced
evaporative cooling of 23Na sympathetically cools 41K. After
RF evaporation, the mixture reaches a temperature of 11.2(1)
µK, with NNa = 1.7(1)×107 and NK = 1.1(1)×107.

The sample is subsequently loaded into a single-beam
1064 nm ODT for final evaporative cooling. At a bias field
of 2 G, the atoms are transferred to the |1, 1〉 state via RF LZ
sweeps with a duration of 150 ms to suppress dipolar and spin-
exchange inelastic collisions. Subsequently, the trap depth is
lowered to enable evaporative cooling in the ODT. To selec-
tively prepare 41K atoms in the |1, 0〉 state, the magnetic field
is rapidly ramped to an intermediate value of 40 G within 1
ms. At this field, the differential Zeeman splitting between the
|1, 1〉 → |1, 0〉 transitions of 23Na and 41K is approximately
3.7 MHz, which is sufficiently large for selective transfer of
41K to |1, 0〉. After a short hold time for field stabilization, a
60 ms RF LZ sweep on the 41K mF transition is performed.
Finally, the magnetic field is ramped to the target field B near
the 73.6 G resonance in 15 ms and stabilized for 200 ms before
RF association. A diagram of this final sequence is shown in
Fig. 5.

APPENDIX B: IMAGING OF FESHBACH MOLECULES

Feshbach molecules near threshold can be imaged using
the atomic transition, as their binding energy is smaller than
the atomic linewidth. However, standard absorption imag-
ing of both 23Na and 41K is challenging at B ∼ 73 G. At
this field, atoms in the electronic ground S1/2 state have not
yet reached the hyperfine Paschen-Back regime, and neither
{F, mF } nor {J, I, mJ , mI} constitutes a good set of quantum
numbers. Here, J and I are the total electronic angular mo-
mentum and nuclear spin quantum numbers, respectively, and
mJ and mI denote their projections onto the quantization axis.
Consequently, the |1, 1〉 state lacks a closed optical cycling
transition.

To address this issue, we employ a repumping scheme
similar to that described in Ref. [41]. Our scheme uses a
σ−-polarized imaging beam to drive the primary transition
S1/2|1, 1〉 → P3/2|0, 0〉 (Fig. 6). During this process, excited
atoms can spontaneously decay to a dark state, with dominant
S1/2|2, 1〉 contribution. To close this leakage channel, we si-
multaneously apply a σ+-polarized repumping beam, which
excites atoms from the S1/2|2, 1〉 state to the P3/2|3, 2〉 state,
allowing them to decay back to the S1/2|1, 1〉 state. Using this
technique, the imaging efficiency of 41K atoms is increased
from approximately 35% to 60%. The same scheme is used to
image near-threshold Feshbach molecules.
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FIG. 5. Schematic diagram of the experimental sequence. BPrep denotes the magnetic field where the mixture is initially prepared before
the ramp. BInt is the intermediate magnetic field for the LZ sweep of 41K atoms. B represents the magnetic field at which molecules are RF
associated, set below the Feshbach resonance position B0 = 73.6(1) G. The diagram is not to scale.

APPENDIX C: RF ASSOCIATION LINESHAPE MODEL

In the measured molecular spectra, a simple Gaussian fit
does not accurately extract the binding energies, as the line-
shape is an asymmetric convolution of the thermal energy
distribution and the RF pulse spectrum. Instead, we use a
model based on a perturbative approach analogous to Fermi’s
golden rule [42,43]. The number of associated molecules Nmol

at a given RF frequency ν and temperature T is obtained by
integrating over the relative kinetic energy εr of the unbound
atom pairs:

Nmol(ν, Eb, T ) ∝
∫ ∞

0
dεrF (εr, Eb)h(εr, T )|B(td, ω)|2. (C1)

Here, h(εr, T ) is the thermal distribution of free atom pairs
available for association, given by the Boltzmann distribu-
tion h(εr, T ) = A(ω̄i, T )exp(−εr/kBT ), where A(ω̄i, T ) is
a coefficient that depends on the mean trap frequency ω̄i.
F (εr, Eb) is the Franck-Condon factor, which describes the
spatial overlap between the initial free-atom wave function

FIG. 6. (a) Hyperfine structure of the 2S1/2 ground state and the
2P3/2 excited state of 41K. The arrows in 73 G regime denote the σ−

imaging and σ+ repumping beams. (b) The diagram represents the
corresponding repumping scheme. The amplitudes a ≈ 0.974 and
b ≈ 0.229 are obtained via the hyperfine Zeeman effect at 73 G.
Although the low-field |F, mF 〉 states are not good quantum numbers,
we use this basis to label the involved hyperfine components.

and the final bound molecular wave function, where Eb is
the molecular binding energy. We use the simplified form
F ∼ 2

π
εr

1/2E−3/2
b (1 + εr/Eb)−2, which is valid in the uni-

versal limit [44]. B(td, ω) is the lineshape function given
by the Fourier transform of the RF pulse. We use a Black-
man pulse of duration td to suppress spectral sidelobes. The
Fourier-transformed spectrum of this pulse profile is given by

B(td, ω) = ω sin
ωtd
2

(
0.84

ω2
− 1

ω2 − (2π/td)2

+ 0.16

ω2 − (4π/td)2

)
, (C2)

where the detuning ω is defined as ω = 2π (ν − εr/h − νA −
Eb/h). Here, νA is the bare atomic transition frequency.

FIG. 7. (a) Coupled-channel calculation of the molecular energy
as a function of magnetic field. The black line shows the binding
energy of the molecular state associated with the s-wave Feshbach
resonance at 73.6 G for 23Na |1, 1〉 + 41K|1, 1〉 collisions. The cal-
culation is performed independently of the experimental data and
is in good agreement with the measurements (squares: atom-loss
spectroscopy; triangles: RF association spectroscopy). (b) Closed-
channel fraction of the molecular bound state as a function of
magnetic field. The small closed-channel fraction over the plotted
range reflects the strong influence of the near-threshold open-channel
state.
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APPENDIX D: OPEN- AND CLOSED-CHANNEL
FRACTION

The 23Na − 41K resonance studied in this work is unusual
because the relevant entrance channel has a large positive
background scattering length [39]. For this resonance, the
open-channel potential supports a near-threshold bound state
that resonantly couples to the closed-channel bound state
associated with the Feshbach resonance [37]. This coupling
strongly influences the nature of the dressed molecular state
near resonance, giving it substantial open-channel character
over a broad magnetic field range. As a result, a simple
estimate of the closed-channel fraction is not quantitatively
reliable.

To understand this behavior in more detail, we per-
formed coupled-channel calculations using the latest NaK
ground state potentials [45]. The Feshbach molecular state
is dominated by the least-bound state of the open-channel,
corresponding to the n = −1 vibrational state of the
a3
+ potential with quantum numbers |ν = 20, J = 1, F =
2, mF = 2〉 [Fig. 7(a)]. Here ν denotes the vibrational state, J
(F ) is the quantum number the total angular momentum of the
molecule without (with) nuclear spins, and mF is the projec-
tion of �F onto the quantization axis set by the magnetic field.
The extracted closed-channel fraction is shown in Fig. 7(b),
confirming that the molecular state remains strongly open-
channel dominated throughout the experimentally explored
field range.
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