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Abstract
Spectroscopic measurements are made and obtained for three molecular levels within 50 MHz of the
atomic continuum, along with their variation of magnetic ﬁeld in ultracold 40K Fermi gases. We use
spectroscopic measurements to modify the scattering properties near magnetic Fano–Feshbach resonances with a radio-frequency (RF) ﬁeld by measuring the loss proﬁle versus magnetic ﬁeld. This work
provides the high accuracy locations of ground molecular states near the s-wave Fano–Feshbach resonance, which can be used to study the crossover regime from a Bose–Einstein condensate to a Bardeen–Cooper–Schrieffer superﬂuid in the presence of an RF ﬁeld.
The capability to tune the strength of elastic interparticle interactions has led to explosive progress in using
ultracold atomic gases to create and explore many-body quantum systems [1]. Magnetic-ﬁeld-induced Fano–
Feshbach resonances are among the most powerful tools for this purpose, and have been used widely in atomic
gases of alkali atoms. An alternative technique for tuning interatomic interactions is called optical Feshbach
resonance (OFR) [2, 3], in which free atom pairs are coupled to an electronically excited molecular state by a
laser ﬁeld tuned near a photoassociation resonance [4–7]. The OFR offers more ﬂexible control over interaction
strength with high spatial and temporal resolution. Furthermore, laser light in combination with magnetic
Fano–Feshbach resonances has been developed to modify the interatomic interaction in Bose gases [8–10] and
Fermi gases [11].
Radio-frequency (RF) radiation is an appealing alternative means for manipulating ultracold atoms. Note
that for alkali atoms, magnetic ﬁeld Fano–Feshbach resonances may be difﬁcult to ﬁnd, such as in 87Rb; and that
OFRs are problematic in these species because of large losses due to spontaneous emission. Manipulation of
scattering lengths via RF radiation therefore represents a powerful new tool. In the context of ultracold gases, RF
can be used to couple a two-atom scattering state to a bound molecular state (free-bound coupling) similarly to
the OFR. RF can also drive transitions between bound states (bound–bound coupling). As a probe, RF has been
used extensively to determine the s-wave scattering length near a Feshbach resonance by directly measuring the
RF shift induced by mean-ﬁeld interactions [12], to demonstrate many-body effects and quantum unitarity
[13], and to probe the occupied spectral function of single-particle states and the energy dispersion through
Bose–Einstein condensate (BEC)—Bardeen–Cooper–Schrieffer (BCS) crossover [14]. RF can also be
considered as a means of controlling scattering length in a variety of scenarios. Zhang et al [15] proposed to
independently control different scattering lengths in multicomponent gases using RF dressing. The RF coupling
of magnetic Fano–Feshbach resonances in a 87Rb Bose gas has been studied experimentally and theoretically
[16, 17]. Tscherbul et al [18] performed a theoretical analysis of manipulating Feshbach resonances of 87Rb with
an RF ﬁeld. Papoular et al [19] suggested using a microwave ﬁeld to control collisions in atom gases at zero
magnetic ﬁeld. Further, Avdeenkov [20] applied this same idea to manipulate scattering of polar molecules.
In this paper, we experimentally investigate a magnetic Fano–Feshbach resonance in combination with an
RF ﬁeld in ultracold 40K Fermi gases. We measure the spectrum of the nearby molecular bound states with
© 2015 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft
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Figure 1. Energy spectrum of relevant molecular levels of 40K 2 versus the magnetic ﬁeld in the electronic ground state. The zero of
energy is taken to be that of two separated atoms ∣ 9 2, −9 2〉 + ∣ 9 2, −7 2〉 at each magnetic ﬁeld strength. MT is total angular
momentum projection M F1 + M F2

partial-wave quantum number L = 0 by applying a near-resonant RF ﬁeld. Compared with the s-wave Feshbach
molecular state in Bose gas, the Feshbach molecular state in Fermi gas has a longer life time due to the Pauli
exclusion principle. We can easily measure the bound-to-bound (Feshbach molecular state to deeply bound
molecular states) transitions with an RF ﬁeld . We can also measure the free-to-bound transitions from free
atoms with attractive interaction to these same molecular states. For all three states measured, the binding
energies are in good agreement with a theoretical calculation allowing for unambiguous identiﬁcation of the
resonant states. Further, the loss of atoms versus magnetic ﬁeld is measured, to determine the ability of the RF
ﬁeld to modify scattering. The position of the narrow loss features induced by the RF ﬁeld in the broad loss
proﬁle of magnetic Fano–Feshbach resonances can be changed easily by setting the frequency of the RF ﬁeld,
which represents the modiﬁcation of the scattering properties near a magnetic Fano–Feshbach resonance,
producing resonance features narrower in magnetic ﬁeld than the original resonance.
We consider potassium 40 atoms in a mixture of hyperﬁne states ∣ F , MF 〉 = ∣ 9 2, −9 2〉 and ∣ 9 2, −7 2〉,
where F and MF are the total (electronic plus nuclear) spin, and its projection on the magnetic ﬁeld axis,
respectively. Atoms in such a mixture are known to have an s-wave Fano–Feshbach resonance at a magnetic ﬁeld
B = 202.2 G [1]. We consider interspecies collisions between these two states, and their nearby molecular bound
states, given in the atom-pair quantum numbers ∣ F 1, MF1 〉∣ F 2, MF2 〉∣ L, ML 〉, as described in Hund’s coupling
case (e). Here L and ML are the quantum numbers of the partial wave angular momentum and its projection. In
an ultracold gas, the atoms start in either free pairs with L = 0, or else in a very weakly bound Feshbach molecular
state with L = 0. Since we consider only RF transitions that cannot change L, we omit this index in what follows.
Figure 1 shows the nearby bound s-wave (L = 0) molecular levels versus magnetic ﬁeld, as calculated by a
coupled channel model. This model has been engineered to ﬁt simultaneously the s-wave and p-wave Fano–
Feshbach resonances reported in [21], and should be a reasonable representation of potassium cold collisions
near B = 200 Gauss. In this ﬁgure the zero of energy corresponds to the threshold energy of the entrance channel
∣ 9 2, −9 2〉 + ∣ 9 2, −7 2〉. The ﬁgure shows two molecular bound states (MT = −8, Up and MT = −8, Lo)
with total angular momentum projection MT ≡ MF1 + MF2 = −8 (blue solid lines), which exhibit an avoided
crossing at the resonance. In the upper curve (MT = −8, Up), the line represents the Feshbach molecule state
for B < B0, whereas it becomes a scattering resonance at B > B0. The lower curve (MT = −8, Lo) remains a
relatively deeply bound (by ∼45 MHz) state in the ﬁeld range shown. These states can be reached by RF radiation
polarized with the magnetic ﬁeld along the quantization axis set by the magnetic ﬁeld, satisfying the selection
rule ΔMT = 0. In addition, the ﬁgure shows two bound states with MT = −7, which can be reached by RF with
perpendicular polarization, with selection rule ΔMT = ±1. The upper (MT = −7, Up) of these bound states is
weakly bound with respect to the ∣ 9 2, −9 2〉 + ∣ 9 2, −5 2〉 threshold, and becomes unbound into this
continuum at B ≈ 220 Gauss. The ﬁgure also shows arrows (labeled a, c, e) indicating the allowed bound-tobound transitions that are measured in the experiment.
The experimental apparatus has been described in our previous work [22–25]. The degenerate Fermi gas of
about N ≃ 2 × 106 40K atoms in the ∣ 9 2, 9 2〉 internal state is obtained with T TF ≃ 0.3 by evaporatively
sympathetic cooling with bosonic 87Rb atoms in the ∣ 2, 2〉 state inside a crossed optical trap. Here T is the
temperature and TF is the Fermi temperature deﬁned by TF = E F k B = (6N )1 3 ω k B with a geometric mean
trapping frequency ω . Then a Fermi gas with equal spin-population in the ∣ 9 2, −9 2〉 and ∣ 9 2, −7 2〉 states is
prepared at about B ≃ 219.4 G. These two hyperﬁne states form the incoming state ∣ 9 2, −9 2〉 + ∣ 9 2, −7 2〉
in the entrance channel for a pair of atoms, as shown in ﬁgure 1. We use a magnetically controlled Fano–
2
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Feshbach resonance at B0 = 202.20 ± 0.02 G to adiabatically convert a pair of atoms into extremely weakly
bound molecules (binding energy <100 kHz).
We place the coil just outside the glass cell and the oscillating magnetic ﬁeld generated by the RF coil may be
parallel (or perpendicular by changing the positions of the RF coil) to the magnetic bias ﬁeld of the Fano–
Feshbach resonance. The RF ﬁeld is produced by a signal generator (33250A, Agilent). Then the RF radiation
passes through an RF switch (ZFSWHA-1-20, Mini-Circuits), is ampliﬁed up to 3 W by a power ampliﬁer (ZHL5W-1, Mini-Circuits) and at last delivered to atoms by a three-turn coil. We apply the RF pulse in a rectangular
temporal shape, with variable time that depends on the measurement being made. Near resonance with one of
the bound-to-bound transitions, the RF ﬁeld induces loss in the population of Feshbach molecules due to the
excitation to the other molecular states. In order to determine the number of remaining Feshbach molecules in
the trap, after turning off the RF, another gaussian-shape RF pulse with duration about 400 μs is applied to
dissociate the remaining molecules into free atoms in the state ∣ 9 2, −9 2〉 + ∣ 9 2, − 5 2〉. The frequency of the
RF pulse used to dissociate Feshbach molecules is ﬁxed to a value that is about Eb larger than the Zeeman
splitting between the hyperﬁne states ∣ 9 2, −7 2〉 and ∣ 9 2, −5 2〉 for the certain magnetic ﬁeld, which
corresponds to the transition from the bound molecules to the free atom state ∣ 9 2, −9 2〉 + ∣ 9 2, − 5 2〉. After
the dissociation RF pulse, we abruptly turn off the optical trap and magnetic ﬁeld, and let the atoms ballistically
expand for 12 ms in a magnetic ﬁeld gradient applied along the ŷ axis and then take an absorption image along
the ẑ direction. The atoms in different hyperﬁne states Nσ (σ = ∣−7 2〉, ∣−5 2〉…)are spatially separated and
analyzed, from which we determine the fraction of molecules N−5 2 (N−5 2 + N−7 2 )4 for different RF
frequencies to obtain the spectrum of the bound molecular states.
Figure 2 reports the results of the spectroscopic measurements for the transitions described in ﬁgure 1.
Figure 2(a) shows the bound-to-bound transition (labeled as ‘a’ in ﬁgure 1) near 45 MHz for different magnetic
ﬁelds corresponding to different binding energies Eb of the Feshbach molecules. Here the bound molecules are
illuminated with the RF pulse duration time of 5 ms and the RF ﬁeld is parallel to the direction of the magnetic
bias ﬁeld. The lifetimes of Feshbach molecules in the presence of the RF ﬁeld are measured to be less than 2 ms at
Eb = 30 kHz, which are much shorter than that without the RF ﬁeld. When the RF ﬁeld is perpendicular to the
direction of the magnetic bias ﬁeld, we do not observe any loss of the Feshbach molecules, conﬁrming that the
bound state is a state of MT = −8. It is also possible to measure this state starting from a pair of free atoms at
B > B0, as shown in ﬁgure 2(b), in which we plot the number of atoms remaining after the 50 ms RF pulse. From
ﬁgures 2(a) and (b), we can know that the larger the binding energy Eb of the Feshbach molecules (on the BEC
side) is, the larger the Franck–Condon overlap factor of bound-to-bound transition is. On the other hand, the
more the magnetic ﬁeld keeps away from the Feshbach resonance (on the BCS side), the smaller the Franck–
Condon overlap factor of free-to-bound transition is. From these data, we reproduce the binding energy of this
state versus magnetic ﬁeld, which is plotted as the lower data set in ﬁgure 2(f), and compared directly to the
theoretical calculation (blue line).
Figure 2(c) shows the bound-to-bound transition (labeled as ‘c’ in ﬁgure 1) near 43 MHz for different
magnetic ﬁelds, corresponding to the transition from Feshbach molecular state to the upper branch molecular
state (MT = −7, Up). Again this transition is identiﬁed by the energetics of the transition and the slope of
transition energy with respect to magnetic ﬁeld, as computed in the model. The transition can be driven, as
expected, by RF radiation of perpendicular polarization, exploiting the selection rule ΔMT = −1. We also note,
to our surprise, that resonant features appear at the same transition frequencies for parallel polarization, with
selection rule ΔMT = 0. The model is unable to identify such a state in the spectrum, and the appearance of these
lines in parallel polarization remains a mystery. This state can also be identiﬁed in free-to-bound spectroscopy
for magnetic ﬁelds above B0 = 202.2 G, ﬁgure 2(d). Comparing with the theoretical calculation, the measured
bound-to-bound (free-to-bound) transition corresponds to the transitions near 43 MHz from the Feshbach
molecular state (free atoms) to the upper branch molecular state (MT = −7, Up) as shown in the upper data set
in ﬁgure 2(f). Note that the resonant position (43.35 MHz) of the free-to-bound spectra for the magnetic bias
ﬁeld 202.5 G in ﬁgure 2(d) corresponds to the narrow dip in ﬁgure 2(b) with the same magnetic bias ﬁeld, since
both transitions are nearly degenerate at this ﬁeld.
We have also identiﬁed the lower branch molecular state (MT = −7, Lo). However, we cannot observe this
state via loss of the Feshbach molecules, even when applying the maximum power of the RF ﬁeld in our
experimental setup, either in perpendicular or parallel polarization. This is presumably because of a
comparatively small Franck–Condon overlap between the states. However, one can use a pair of laser beams to
coherently couple two bound molecular states via a common electronically excited molecular state (two-color
4

Here, the fraction of molecules Fmol is deﬁned as 2Nmol (N−7 2 + N−9 2 + 2Nmol ). Since N−7 2 is equal to N−9 2 , the fraction of molecules
becomes Fmol = Nmol (N−7 2 + Nmol ). We use the RF dissociation technology (from the bound molecules to the free atom state
mea
= N−5 2 = η*Nmol , where η is
∣ 9 2, −9 2〉 + ∣ 9 2, −5 2〉) to measure bound molecular number. The measured bound molecular is Nmol
′ = N−5 2 (N−7 2 + N−5 2 ).
the detection efﬁciency of bound molecular. Thus the fraction of molecules can be redeﬁned Fmol
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Figure 2. Bound-to-bound and free-to-bound spectroscopy of ground 40K 2 molecules for different magnetic ﬁelds. (a) The boundto-bound spectroscopy from the Feshbach molecular state to the deeply bound molecular state (MT = −8, Lo ). (b) The free-tobound spectroscopy from the free atom to the deeply bound molecular state (MT = −8, Lo ). The narrow loss dip inside a circle
corresponds to the narrow dip in (d) with the same magnetic bias ﬁeld 202.5 G. (c) The bound-to-bound spectroscopy from the
Feshbach molecular state to the deeply bound molecular state (MT = −7, Up ). (d) The free-to-bound spectroscopy from the free
atom to the deeply bound molecular state (MT = −7, Up ). (e) The bound-to-bound spectroscopy of deeply bound molecular state
(MT = −7, Lo ) for different magnetic ﬁelds, which is obtained by a two-color stimulated Raman process. (f) The energies of the
deeply bound molecular state as the function of the magnetic ﬁeld are obtained from (a)–(e). The dot points are the experimental data
and the solid lines are obtained from theoretical calculation. The binding energies Eb of 16, 30, 45, 60, and 75 kHz correspond to the
magnetic ﬁelds of 201.63, 201.45, 201.24. 201.1, and 200.95 G, respectively.

stimulated Raman process) to enhance the coupling between two ground bound–bound molecular states. Here,
we carefully choose the one photon detuning of the Raman lasers (wavelength 772.4 nm) to avoid loss due to a
Feshbach resonance induced by the laser between the ground Feshbach molecular state and the electronically
excited molecular state [11, 26]. The conﬁguration of the two Raman lasers has been described in our previous
work [27]. Using these Raman lasers we measure bound-to-bound spectroscopy for ground 40K 2 molecules near
36 MHz for different magnetic ﬁelds, as shown in ﬁgure 2(e). These binding energies compare with the
theoretical model, as shown by the red line in ﬁgure 2(f).
We now consider how the Fano–Feshbach resonance is modiﬁed in the presence of the RF ﬁeld. We do this
by measuring the loss proﬁle versus magnetic ﬁeld, for various RF couplings. Two spin mixture states
4
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Figure 3. Atom loss from the entrance channel ∣ 9 2, −9 2〉, ∣ 9 2, −7 2〉 in the vicinity of the Feshbach resonance 202.2 G for different
frequencies of the RF ﬁeld. (a) The frequency of the RF ﬁeld is 43.485 MHz. (b) 43.585 MHz. (c) 44.080 MHz.

∣ 9 2, −9 2〉 and ∣ 9 2, −7 2〉 are initially prepared at the magnetic ﬁeld of 210 G and then the ﬁeld is ramped
quickly to its ﬁnal value within 3 ms. Then the atoms are illuminated with the RF pulse for 50 ms with the RF
ﬁeld polarized parallel to the direction of the magnetic bias ﬁeld. After this, the remaining atom number is
counted by absorption image.
The resulting loss proﬁles as functions of the magnetic ﬁeld for the different RF frequencies are shown in
ﬁgure 3. The broad s-wave Fano–Feshbach resonance of two spin mixture states ∣ 9 2, −9 2〉 and ∣ 9 2, −7 2〉 is
at B0 = 202.2 G with a width of 7.04 G [21], as shown in ﬁgure 3 for the broad loss proﬁle. The maximum atom
loss is not centered on this resonance, but rather occurs at lower-ﬁeld regions of the spectrum (the BEC side of
resonance). The main loss occurs where the Feshbach molecular state is already quite deeply bound [28–30] in
sharp contrast with the bosonic case, where maximum loss is observed primarily on the resonance [31–33].
The narrow loss features appear in the broad loss proﬁle when the RF ﬁeld is applied, which we attribute to
transitions ‘a’ and ‘c’ in ﬁgure 1, namely, transitions to the bound states (MT = −8, Lo) and (MT = −7, Up).
The former moves to a lower magnetic ﬁeld as the RF frequency is increased, while the latter moves to a higher
magnetic ﬁeld, as described by the energies of these resonances. At the RF frequency of 44.080 MHz, the ‘a’
resonant transition coincides in the magnetic ﬁeld at B = 202.2 G. In this case the naturally occurring magnetic
Fano–Feshbach resonance and the RF-coupled bound state can interfere with one another, which can lead, in
principle, to a dark state where the atom loss is minimized. These easily discernible features in the loss spectrum
are connected with additional resonance scattering, implying that the scattering length is changing [17]. The
ability to move these RF resonances with respect to the Fano–Feshbach resonance implies the possibility of
creating resonant scattering lengths with a controlled background. Thus this shows that RF radiation may be
used to place narrow resonances at any desired magnetic ﬁeld (which means to locate on a desired position on a
broad magnetic Fano–Feshbach resonance), opening new prospects for control of collisions.
In conclusion, we perform the spectroscopic measurement of the Feshbach molecular state to deeply bound
molecular states with an RF ﬁeld in ultracold 40K Fermi gases. This measurement can be used for controlling a
magnetic-ﬁeld Fano–Feshbach resonance by an RF ﬁeld in ultracold atomic Fermi gases. In the future, when
further improving the stability of magnetic ﬁelds, we may measure the Rabi oscillation between the Feshbach
molecular state and the deeply bound molecular state for the precise control of the scattering length. Since RF
radiation is easily manipulated, this technology could be used to switch scattering lengths rapidly and precisely.
The tunability of interatomic interactions, as demonstrated in this work, provides a new way to explore the
fascinating quantum many-body system of strongly interacting Fermi gases.
5
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