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Radio-frequency spectroscopy of weakly bound molecules in
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We create weakly bound Feshbach molecules in ultracold Fermi gas 40K by sweeping a magnetic field across a broad
Feshbach resonance point 202.2 G with a rate of 20 ms/G and perform the dissociation process using radio-frequency (RF)
technology. From RF spectroscopy, we obtain the binding energy of the weakly bound molecules in the vicinity of Feshbach
resonance. Our measurement also shows that the number of atoms generated from the dissociation process is different at
various magnetic fields with the same RF amplitude, which gives us a deeper understanding of weakly bound Feshbach
molecules.
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1. Introduction
Ultracold Fermi gas is a versatile and flexible platform

to study strongly interacting fermionic systems with regard to
artificial optical potential and Feshbach resonance. Since the
Feshbach resonance was first explored in the Bose–Einstein
condensate (BEC) of 23Na[1] and 85Rb[2] atoms in 1998, this
technique has become an important tool to control the in-
teraction between atoms in ultracold quantum gases. There-
fore, an effective way to produce the weakly bound Feshbach
molecules is linearly sweeping a magnetic field across a Fes-
hbach scattering resonance in ultracold atomic gas.[3] Scatter-
ing resonance, known as Feshbach resonance, occurs when the
collision energy of two free atoms in an open channel equals
that of a bound molecular state in one closed channel. By vary-
ing the strength of an external magnetic field, we can tune the
relative atom–molecule energy through the Zeeman effect and
arbitrarily controlling the strength of interactions between two
atoms.[4–6] On the BEC side of the Feshbach resonance, the in-
teraction is strong and repulsive (a > 0), and there is a weakly
bound molecular state. On the Bardeen–Cooper–Schreiffer
(BCS) side of the resonance, the gas has strongly attractive
interaction (a < 0), where no two-body bound molecular state
exists and many-body effects can give rise to pairing.[7] Close
to the Feshbach resonance, the interaction can be described by
a simple expression,[4] in which the s-wave scattering length
varies dispersively as a function of the external magnetic field
B

a(B) = abg(1−
∆

B−B0
), (1)

where ∆ is the resonance width which is determined by the
strength of coupling between the quasi-bound state and the
free-particle state of the incoming atoms, abg is the back-
ground scattering length away from the resonance, and B0

is the resonance position. The scattering length diverges, in
the vicinity of which the two channels are strongly coupled
and the scattering length goes to infinite. The other physi-
cal quality of interest here is the binding energy of Feshbach
molecules near the resonance. It is well approximated by[8]

Eb =
h̄2

m(a− r0)2 , (2)

where r0 ≈ 60a0 is the range of the van der Waals potential in
our experiment,[7] and m is the mass of the 40K atom.

The condensations of molecules on the BEC side of
the Feshbach resonance and pairs on the BCS side of reso-
nance have been observed in gas of 40K and 6Li atoms.[9–11]

The binding energy is an important parameter for the weakly
bound molecules associated via magnetically tunable Fesh-
bach resonances. To precisely calibrate this parameter, many
methods have been developed to dissociate the molecules
and probe the properties of converted atoms, for example,
through a powerful and effective tool of RF technology,
which is similar to angle-resolved photoemission spectroscopy
(ARPES).[12] In 2003, Jin’s group measured the dissociation
spectra and binding energies of weakly bound molecules by
RF spectroscopy.[5,13] In this dissociation process, the RF-
stimulated photoemission drives a vertical transition where
the momentum is essentially unchanged. In 2012, our group
successfully used momentum-resolved Raman spectroscopy
to measure the binding energy of Feshbach molecules 40K2.
In the Raman dissociation process, the dissociated atoms
are transferred into another internal state with a different
momentum.[14,15] By running one single experiment, we ob-
tained the signals of unpaired (free) atoms and the bound
molecules, and directly determined the binding energy.[16,17]

From different dissociation processes, it is easy to see that the
RF spectroscopy is a special case of Raman.
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In this letter, we report on the production of the homonu-
clear, weakly bound Feshbach molecules of 40K2 near an
s-wave broad Feshbach resonance by ramping the magnetic
field from the BCS side to pass the Feshbach resonance
point B0 = 202.2 G at a rate of 20 ms/G. The experiment
is performed with a balanced two component mixture of a
quantum Fermi gas of 40K. First, the atoms are prepared
in two magnetic sublevels |1〉 = |F = 9/2,mF =−9/2〉 and
|2〉 = |F = 9/2,mF =−7/2〉 states. When producing Fesh-
bach molecules in the highest vibrational state, we apply a
Gaussian-shaped RF pulse to dissociate Feshbach molecules
into free atom states |1〉 and |3〉= |F = 9/2,mF =−5/2〉. Fi-
nally, we obtain the RF spectroscopy by recording the atomic
number of |3〉 versus the RF frequency. Two features are ob-
served in the spectroscopy: a symmetric atomic peak near the
hyperfine transition of free atoms, and an asymmetric molec-
ular peak, which means that the RF pulse dissociates 40K2
molecules. The distance between the atomic peak and the
onset of the molecular peak corresponds to the binding en-
ergy Eb. Furthermore, we compare the number of Feshbach
molecules at different external magnetic fields using identical
RF amplitudes.

2. Experimental setup and sequence
In our experiment, the mixture of 87Rb atoms (∼ 1×107)

at the spin state |F = 2,mF = 2〉 and 40K atoms (∼ 4×106) at
the spin state |F = 9/2,mF = 9/2〉 are precooled to 1.5 µK by
radio-frequency evaporation cooling in configuration (QUIC)
trap,[18–21] and then are transported to the center of the glass
cell[22,23] to enable optical observation, where F is the quan-
tum number of atomic total angular momentum, and mF is
the projection along the magnetic direction. Both species are
loaded into the optical dipole trap, and we obtain the degen-
erate Fermi gas of 2× 106 40K atoms in the lowest hyper-
fine Zeeman state |9/2,9/2〉 by decreasing the depth of the
optical trap. The optical dipole trap is created by two far-
resonance laser beams, at a wavelength of 1064 nm, cross-
ing in the horizontal plane. The temperature of the Fermi
gas is 0.3TF–0.4TF, where the Fermi temperature is defined

by TF = h̄ϖ(6N)1/3/kB. Here ϖ = (ωxωyωz)
1/3 is the geo-

metric mean of the optical trap frequency, N is the number
of 40K atoms, and kB is the Boltzmann constant. In the re-
gion of degenerate Fermi gas, the optical trap frequency is
2π × (116,116,164) Hz along the (𝑥,𝑦,𝑧) direction. At the
same time, we use a resonant laser beam for 30 µs to remove
the 87Rb atoms without losing and heating 40K atoms.[14,15]

Finally, we transfer 40K atoms from the |F = 9/2,mF = 9/2〉
state to the |1〉 = |F = 9/2,mF =−9/2〉 state in a rapid adia-
batic passage induced by sweeping an RF field across all the
magnetic Zeeman states in F = 9/2 manifold in 50 ms, where
the horizontal external magnetic field is about 19.6 G.[24]

To create the bound molecules, the atoms in |1〉 state are
transferred to a 50/50 mixture of |1〉 and |2〉 in higher mag-
netic field B = 203.6 G by RF of π/2 pulse. Then, we adia-
batically ramp the external magnetic field from B1 = 204 G
at the BCS side to various final magnetic field values B2
(201.1–201.6 G) at the BEC side of the resonance in 20 ms,
and associate two free atoms into Feshbach molecules (see
Fig. 1(a)). To measure the binding energy, after a waiting time
tw = 30 ms we apply an RF pulse with Gaussian amplitude
envelop and width of 50 µs or 500 µs at the center frequency
about νRF ≈ 47 MHz close to the hyperfine transition of |2〉
and |3〉 states, which will transfer free atoms in state |2〉 or
dissociate bound molecules to the free atom states |3〉 and |1〉,
as shown in Fig. 1(c). In this process, we assumed that the
|3〉 state is an ideal probe state which is empty and has weak
interactions with atoms in |1〉 and |2〉 states. The two-body
s-wave scattering lengths a13 = 250a0 and a23 = 170a0 are
much smaller than the scattering length a12 ≈ 2000a0,[25] so
the interaction effect of atoms in |3〉 state in probe process can
be neglected, as shown in Fig. 1(b). Subsequently, we imme-
diately turn off the optical trap and the magnetic field, let the
atoms ballistically expand in 12 ms and take the time-of-flight
(TOF) absorption image. For the final readout, we apply a
magnetic field gradient in the first 10 ms during free expan-
sion, which creates a spatial separation of different Zeeman
states in a Stern–Gerlach effect. Then the number of atoms in
each state is independently measured from the TOF image, as
shown in Fig. 1(a).
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Fig. 1. (color online) (a) Time sequence of the external magnetic field to associate free atoms into Feshbach molecules, where B1 = 204 G
and B2 are the initial and final external magnetic field, and B0 = 202.2 G is the resonant point, respectively. Inset is a typical absorption image
of three hyperfine states after 12-ms TOF. (b) Plot of the scattering lengths a12 (solid red line), a13 (dashed black line), and a23 (dash-dotted
blue line) as functions of magnetic field. In the range of magnetic field (vertical dotted thick line), a12 is much bigger than the other two. (c)
Schematic of the RF spectra measurement. We apply an RF pulse to transfer free atomic state |2〉 to the empty state |3〉 or dissociate molecular
state (dashed red line) into free atom states |3〉 and |1〉.
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3. Experimental results
Typical RF spectra at magnetic field on the BEC side of

the Feshbach resonance are shown in Fig. 2. Analyzing the
RF spectrum, we can obtain the binding energy of the weakly
bound molecules by recording the atomic number peaks in the
probe state as a function of the RF frequency νRF and extract-
ing the RF line-shapes in Fig. 2. Two features are apparent:
the left narrow and symmetrical peak at low frequency cor-
responds to the Zeeman transition from state |2〉 to state |3〉,
which can be used to precisely determine the magnetic field
and noise using the Breit–Rabi formula.[26] The second right
broader and asymmetrical peak at higher frequency is ascribed
to the Feshbach molecules. The distance between the atomic
peak and the onset of the molecular feature yields the binding
energy Eb. In Fig. 2 the dots are experimental data and the
solid line is the combination of Gaussian fitting for the atomic
feature and analytic formula fitting for the molecular tail,[27]

I(νrf) ∝
√

hνrf−Eb/(hνrf)
2, (3)

where νrf indicates νRF− νatom and νatom is the resonant fre-
quency between the spin states |2〉 and |3〉. Recently, there
is a new deep understanding of the bound-free spectrum: the
tail is determined by the overlap between the wave functions
of the initial molecular state and the free atomic final state in
the trap.[28,29] In the RF-induced dissociation of weakly bound
molecules, there is no net transferred momentum to the sys-
tem, just an effect on the relative motion of the two atoms. In
Ref. [28], Zürn et al. resolved the discrete trap levels in the
radio-frequency dissociation spectra.
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Fig. 2. (color online) Comparison of the experimental spectroscopy on
the BEC side of the Feshbach resonance (a > 0). The dots are the ex-
perimental results, and the solid line is the fitting curve of an analytic
formula (Eq. 3).

Comparing the four cases under different final magnetic
fields B2 in Fig. 2, we can see that with the external magnetic
field decreasing, the distances between the two peaks (consid-
ered as the binding energy of molecules) becomes larger, re-
vealing that the binding energy is dependent on the detuning of

magnetic field from the Feshbach resonance. In Fig. 3, we plot
the binding energy values versus the external field in the four
measurements. The measurement results (blue points) is in
good agreement with the theoretical ones using Eq. (2) (solid
red line).

Having insight into the spectra in Fig. 2, we can also find
that the magnitude of the tail varies at different magnetic field
values, and the amplitude decreases as the magnetic field devi-
ates more and more from the Feshbach resonance point. This
is mostly attributable to the difference of transition strength
between the bound molecules’ states and free atoms’ states in
different external magnetic fields.
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Fig. 3. (color online) Binding energy of weakly bound molecules
versus the external magnetic field. The blue error bars are the bind-
ing energies of the molecules in experiment, and the red solid line
is the theoretical calculation.

4. Conclusions
In conclusion, we have created weakly bound ultracold

Feshbach molecules from two spin components of Fermi gas
by ramping the external magnetic field across the resonance,
slowly enough to follow the avoided crossing adiabatically and
convert pairs of trapped atoms into trapped molecules. In the
association process, there is essentially no kinetic energy cre-
ated, and the molecules have the same energy as the converted
atoms. We also used RF technology to obtain RF spectra,
which can be used to measure and investigate the magnetic
field-dependent binding energy of weakly bound molecules.
The results are in good agreement with the theoretical func-
tion. Moreover, the dependence of transition strength on ex-
ternal magnetic field has also been observed. In the future, RF
dissociation spectroscopy of weakly bound molecules could
be used to study ultracold molecule–molecule or molecule–
atom collisions or used in the presence of spin-orbit coupling.
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