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We report on the experimental observation of a novel interorbital Feshbach resonance in ultracold 173Yb
atoms. This opens up the possibility of tuning the interactions between the 1S0 and 3P0 metastable state,
both possessing zero total electronic angular momentum. The resonance is observed at experimentally
accessible magnetic field strengths and occurs universally for all hyperfine state combinations. We
characterize the resonance in the bulk via interorbital cross thermalization as well as in a three-dimensional
lattice using high-resolution clock-line spectroscopy. Our measurements are well described by a
generalized two-channel model of the orbital-exchange interactions.
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Magnetic Feshbach resonances have become an indis-
pensable tool in the study of ultracold quantum gases,
enabling the tuning of interaction strengths over a wide
parameter range [1]. This tunability has given rise to an
impressive set of experimental results, including the reali-
zation of the crossover from Bose-Einstein condensation
to Bardeen-Cooper-Schrieffer pairing in degenerate Fermi
gases [2–5] as well as the discovery of novel few-body
phenomena such as Efimov trimers [6].
Whereas the majority of alkali atomic species feature

Feshbach resonances, this is not the case for alkaline-earth-
like atom states without electronic angular momentum.
In this Letter, we report on the observation of a recently
predicted novel type of Feshbach resonance [7], enabling
the tuning of interorbital interactions based on the Zeeman
shift of different nuclear spin states of the atoms.
In a Feshbach resonance, a bound state of the energetically

inaccessible molecular potential (closed channel) couples
to the scattering continuum of the energetically allowed
entrance channel. This coupling dramatically affects the
atomic scattering propertieswhenever the bound state energy
is close to the open channel energy. In magnetic Feshbach
resonances, an external magnetic field can tune these states
into and out of resonance, as they have different magnetic
moments such as in the prototypical example of singlet
and triplet scattering channels of two alkali atoms [8–10].
In contrast, alkaline-earth-type atoms with two valence

electrons such as ytterbium and strontium possess no
electronic angular momentum in the atomic ground state,
either for the electronic spin singlet 1S0 (denoted jgi) or for
the triplet 3P0 (jei). This and the associated suppression of
hyperfine coupling make these atoms superb candidates for
atomic clocks [11] and for the investigation of new exotic
many-body states with extended SUðNÞ symmetry [12].

However, this also implies that no magnetic Feshbach
resonances are expected within the two orbital states.
Instead, optical Feshbach resonances [13], based on the

coupling to a bound molecular state via a one- or two-
photon process have been investigated [14,15]. Because of
their limited tunability and lifetime, such optical Feshbach
resonances have been difficult to exploit in experiments.
Until now, magnetic Feshbach resonances in ytterbium
have only been observed when atoms are specifically
prepared in the 3P2 state possessing an electronic magnetic
moment and hyperfine coupling [16]. However, recent
measurements [17,18] of the scattering properties of a
1S0-3P0 atom pair in two different nuclear spin states
suggest the existence of a shallow molecular bound state,

FIG. 1 (color online). Illustration of the magnetic field depend-
ence of the scattering potentials in the two-channel orbital
Feshbach resonance. The blue solid lines represent the scattering
potentials at zero magnetic field. The electronic triplet (nuclear
spin singlet) supports a bound state with energy ϵb. A finite
magnetic field induces a deformation of the scattering potential
for large atomic separation (the yellow solid lines), proportional
to the differential magnetic moment. The inset illustrates the
origin of the differential magnetic moment due to different Landé
g-factors of the 1S0 (bright symbols) and 3P0 (dark symbols)
states.
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leading to the prediction of a magnetically accessible
scattering resonance [7].
The scattering resonance is described by interaction

channels possessing both orbital and nuclear degrees of
freedom in 173Yb (I ¼ 5=2). As in Scazza et al. [17],
the interaction can be expressed in the basis consisting
of symmetric and antisymmetric superpositions j�i ¼
1
2
ðjgei � jegiÞðj↑↓i∓j↓↑iÞ of the electronic orbitals

(jei,jgi) and the two nuclear spin states (j↑i,j↓i) with
m↓

F;m
↑
F ∈ − 5

2
;…;þ 5

2
. Associated with j�i are the orbital

singlet scattering length a−eg ¼ 219.5ð29Þa0 [17] and the
very large triplet scattering length aþeg > 2000 a0 [17,18],
with a0 denoting the Bohr radius. The two orbitals
exhibit different Landé g-factors, due to a weak hyperfine
coupling of the 3P0 with the 3P1 state, giving rise to a
differential magnetic moment Δμ ¼ ðgem↓

F − ggm
↑
FÞμB,

where μB is the Bohr magneton. The presence of a magnetic
field will therefore mix the singlet and triplet states,
introducing a coupling between the orbital and spin degrees
of freedom. In this case, the noninteracting system has
the eigenbasis joi ¼ ðjg↑; e↓i − je↓; g↑iÞ= ffiffiffi

2
p

and jci ¼
ðje↑; g↓i − jg↓; e↑iÞ= ffiffiffi

2
p

.
Two atoms entering the potential in the open channel

eigenstate joi couple to jci through the orbital-mixing
interaction term. At short distances the molecular inter-
action potentials dominate and are independent of the
magnetic field due to the symmetric nature of the j�i
states. Nevertheless, the entrance channel joi can be
brought into resonance with bound states of the interorbital
molecular potentials by shifting the entrance energy using
the differential Zeeman shift ΔμB as illustrated in Fig. 1.
The resonance occurs when ΔμB comes close to the
binding energy of the bound state in the closed channel
ϵb ≈ −ℏ2=ðma2cÞ, with ac ¼ ðaþeg þ a−egÞ=2.
To determine the magnetic field dependence of

thescattering length,weperformcross-dimensional thermal-
izationmeasurements in a 3D harmonic trap [19]. Amixture
of je↓i and jg↑i is prepared in an out-of-equilibrium
state and rethermalizes with the mean rate of elastic
collisions, which can be derived from Enskog’s equation
[20]. In the limit of low-energy scattering, the collision rate
(and therefore the thermalization rate) is proportional to the
elastic scattering cross section σ.
Our experiments begin by creating a degenerate Fermi

gas via evaporative cooling in a crossed dipole trap [17].
The desired spin mixture is prepared by optical pumping,
resulting in a two-component jg↓ijg↑i gas with typical
temperatures T ≃ 0.2TF and a total atom number of Na ¼
3 × 104 per spin state, where TF is the Fermi temperature.
In order to populate the 3P0 state, the atoms are first

loaded into a one-dimensional, state-independent, i.e.,
magic-wavelength λm ¼ 759.3 nm lattice [21] in the
Lamb-Dicke regime. This lattice is coaligned with
the 579 nm excitation beam used to apply a π pulse on

the jg↓i → je↓i optical clock transition at an applied
magnetic field of Bexc ¼ 1200 G. Next, the atoms are
released adiabatically into a magic-wavelength dipole trap
(see the Supplemental Material [22]). The sample is then
heated along the z direction by repeated Bragg pulses
using a standing wave along this axis, and the subsequent
thermalization of excitation into the orthogonal directions
is observed by measuring the cloud aspect ratio θðtÞ after
13 ms of time of flight. We determine the thermalization
rate Γeg by a single exponential fit to the time dependence
θðtÞ ¼ 1þ α expð−ΓegtÞ [24].
We observe a change in the thermalization rate over 2

orders of magnitude as a function of the magnetic field,
as shown in Fig. 2. In contrast, for a spin mixture in the
ground-state orbital jgi, we find the thermalization rate Γgg
to be independent of the magnetic field. The resulting
B-field dependence of Γeg exhibits the characteristic shape
of a Feshbach resonance with a peak position B0 ¼
55ð8Þ G, and a zero crossing at BΔ ¼ 417ð7Þ G, both
determined by quadratic fits within �15 G (�40 G)
regions around the resonance (zero-crossing) position,
respectively. The excitation process has an efficiency of
approximately 90%, and the thermalization rate in the
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FIG. 2 (color online). Cross-thermalization rate as a function of
the magnetic field B for one- and two-orbital mixtures. Circles
and diamonds mark the thermalization rate of the je↓ijg↑i and
the jg↓ijg↑i mixture, respectively, with ΔmF ¼ 5 (mF ¼ −5=2,
þ5=2). Square symbols show the values for a je↓ijg↑i mixture
with ΔmF ¼ 1 (mF ¼ −5=2, −3=2), rescaled to B → 1

5
ΔmFB.

Error bars denote the 1σ uncertainty of the fit to the cloud aspect
ratio. The inset shows a conversion of the thermalization rate to
scattering length ae↓g↑, based on the reference provided by the
ground state agg ¼ 199.4a0 [25] (the dashed line). In the inset,
the offset due to the residual ground-state thermalization rate
Γgg;res ¼ 2.17 s−1 has been subtracted (see the text).
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zero-crossing regime of ae↓g↑ is therefore bounded from
below by the thermalization of the jg↑i atoms with the
residual jg↓i atoms.
A unique property of this new type of Feshbach

resonance is that it involves only two channels, which
additionally are fully SUðNÞ symmetric in the absence of a
magnetic field, making the coupling universal with respect
to the choice ofmF states. We demonstrate this by repeating
the measurement with another spin mixture with a different
value of the differential magnetic moment Δμ. When Δμ
is taken into account by rescaling the magnetic field axis,
correspondingly, the data sets collapse onto a single curve
without further adjustments (see Fig. 2), demonstrating
the universal behavior with respect to different mF-state
combinations.
In order to characterize the loss channel of the resonance,

we use the same preparation protocol as for the cross
thermalization, omitting the heating procedure. After a
fixed hold time of 150 ms, the remaining ground-state
atoms are imaged spin selectively using an optical Stern-
Gerlach technique [26]. As shown in Fig. 3(a), when
reducing the holding field we observe a magnetic field-
dependent loss of the jg↑i population starting close to the
position of the resonance. However, the minimum of the
loss feature does not occur until the field approachesB ¼ 0.
Below 50 G, we observe a significant repopulation of the
jg↓i state since orbital exchange becomes energetically
favorable at low fields [17,18]. Accounting for this
exchange, the loss feature still remains strongly shifted
towards lower magnetic fields compared to the resonance
position in the elastic channel [Fig. 3(b)]. This is in fact
similar to observations in other mixtures of fermions
[27–30], but the shift is possibly enhanced due to the
intrinsically large size of the shallow bound state.
At the resonance position, we extract a lifetime of

τ1=e ¼ 386ð9Þ ms at a temperature T=TF ≃ 0.3 and an
initial peak density of n0≃5×1013 atoms=cm3. Assuming
three-body decay for the je↓ijg↑imixture, we obtain a loss
rate coefficient of K3 ¼ 7.5 × 10−27 cm6=s. The observed
loss is comparable to previously reported values in alkali
Fermi gases, e.g., 40K mixtures [29]. This realization of a
stable strongly interacting Fermi gas appears favorable
for exploring novel superfluidity phenomena with this
Feshbach resonance in 173Yb [7].
In a third experiment, we directly probe the two-particle

interaction on individual sites of a deep, 3D magic-
wavelength lattice, as described in Ref. [17]. This offers
the advantage of determining the interaction shift of the atom
pair with high resolution using clock-line spectroscopy.
Furthermore, in such a setting the two-particle problem
canbe separated frompossiblemany-bodyeffects andallows
for precise determination of the interaction energies. The
energies of the two-particle states that can be excited on
the open-channel transition at varying magnetic fields are
shown in Fig. 4. The energy is given relative to that of

two noninteracting spatially separated atoms, ϵ0. The data
points correspond to resonance positions obtained in an
mF ¼ �5=2 spin mixture for an isotropic lattice depth of
~V ¼ 29.8Er, whereEr is the recoil energy of the lattice light.
The lowest observed branch (circles) has negative

interaction energy for B≲ 400 G. For low fields, this state
corresponds to the molecular branch of jþi. Extrapolating
the measurements to B ¼ 0, we find an on-site bound state
energy of EB=h ¼ 32ð2Þ kHz .
The next higher-lying energy branch was used in

Ref. [17] to determine the value of a−eg ¼ 219.5ð29Þa0.
We verify with spin-sensitive measurements that this state
evolves from the antisymmetric superposition state j−i to
the (band-excited) open channel state joi with increasing
magnetic fields. Using spin-exchange oscillations at low
fields, an indirect measurement of aþeg ¼ 3300ð300Þa0 was
also performed [18].

FIG. 3 (color online). Atom loss in a je↓ijg↑i mixture held at a
magnetic field B near the orbital Feshbach resonance. (a) Number
of atoms in the state jg↑i with mF ¼ þ5=2 (the circles) and the
residual jg↓i fraction with mF ¼ −5=2 (the diamonds). All data
points represent averages of at least eight individual measurements
and points less than 2.5 G apart are binned to reduce visual clutter.
Error bars indicating the standard error of the mean are smaller
than the marker size. (b) Relative population of jg↑i, i.e., the
number of atoms in jg↑i normalized to ~Ng↑ðBÞ ¼ N̄g − Ng↓ðBÞ,
where N̄g is theground-state atomnumberwithout losses, averaged
for fields B > 120 G, and Ng↓ðBÞ is the residual atom number
in jg↓i. The inset shows the time trace of the total atom number
decay close to the Feshbach resonance.
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To model the on-site jei-jgi interaction, we generalize
the two-channel description of Ref. [7] to the case of
isotropic confinement and energy-dependent collisions.
In the absence of a magnetic field, the interactions in
the singlet and triplet channels decouple. Consequently,
the energy shift E is determined by the condition
ffiffiffiffiffiffiffiffiffiffiffiffiffi

Eþ ϵ0
p

cot½δ�egðEþ ϵ0Þ� þ ΠðEÞ ¼ 0, which depends on
the singlet and triplet scattering phase shifts, δ�eg, and the
renormalized pair propagator in the lattice site, ΠðEÞ
[31,32]. However, in general we need to take into account
the coupling introduced by the magnetic field, and this
converts the problem into a matrix equation. Thus, the
condition for the interaction energy becomes

det½τ−1ðE − ΔμB=2þ ε0Þ þΠðEÞ� ¼ 0; ð1Þ

withΠðEÞ¼ΠðEÞjoihojþΠðE−ΔμBÞjcihcj and τ−1ðEÞ ¼
ffiffiffiffi

E
p ½cotδ−egðEÞj−ih−j þ cotδþegðEÞjþihþj�. For details of
the derivation, see Ref. [22]. Note that our model goes
beyond the usual solution of the two-body problem in a
harmonic trap [31] and accounts for how both open and
closed channels are modified under confinement. We apply
a low-energy expansion of the phase shifts up to and
including the effective range. The magnetic field depend-
ence of all measured interaction shifts is very well
reproduced by our model (the solid lines in Fig. 4). A
best fit of the model with aþeg as a free parameter yields
aþeg ¼ 1878a0. The corresponding effective range rþeff ¼
216a0 is calculated analytically [33,34], assuming a long-
range van der Waals potential with C6 ¼ 2561 a:u: [35].
The fit uncertainty on aþeg is 37a0, but we expect that the
uncertainty from model simplifications such as the lattice
and scattering phase expansions are comparable to or larger
than this. To indicate the variability, we plot a range
corresponding to�10% variation of both scattering lengths
as the shaded areas in Fig. 4. The value for a−eg ¼ 219.7�
2.2a0 obtained applying the model to the B ¼ 0 data from
Ref. [17] is consistent with the one reported there, and
it has been used in this work with the effective range
r−eff ¼ 126a0.
The spectroscopy results also enable us to derive a

Feshbach resonance position B0 ¼ 50117 G and the zero
crossing BΔ ¼ 3278662 G for the bulk at T ¼ 290 nK. Both
values are in good agreement with the results obtained
from the independent cross-thermalization measurements.
In conclusion, we have observed a new type of scattering

resonance between different atomic orbitals of 173Yb
arising from strong interorbital spin-exchange interactions.
Because of the SUðNÞ-symmetric nature of the exchange
interaction [17], the resonance occurs universally for any
spin combination. We have precisely characterized this
Feshbach resonance using a new model of the on-site atom
pair interaction energy shift that incorporates the effect of
confinement on both open and closed channels. Even in the

degenerate, strongly interacting quantum gas on resonance,
we observe a long lifetime, making our system promising
for observing two-orbital Fermi gases with exotic order
parameters [7]. Furthermore, the tunability of the jei-jgi
interaction strength suggests novel avenues for the exper-
imental implementation of two-orbital many-body lattice
models [36].
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