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Abstract
We theoretically evaluate the feasibility to formmagnetically-tunable Feshbachmolecules in collisions
between fermionic 6Li atoms and bosonicmetastable 174Yb(3P2) atoms. In contrast to thewell-studied
alkali-metal atom collisions, collisions withmeta-stable atoms are highly anisotropic. Ourfirst-
principle coupled-channel calculation of these collisions reveals the existence of broad Feshbach
resonances due to the combined effect of anisotropic-molecular and atomic–hyperfine interactions.
In order tofit our predictions to the specific positions of experimentally-observed broad resonance
structures (Dowd et al 2014)we optimized the shape of the short-range potentials by direct least-
squarefitting. This allowed us to identify the dominant resonance by its leading angularmomentum
quantumnumbers and describe the role of collisional anisotropy in the creation and broadening of
this and other resonances.

The formation of ultracoldmolecules with a single unpaired electron allowing for coupling of the electron spin
with the rotational angularmomentumof themolecule has received increasing interest [2–4]. For example, the
authors in [2] proposed that such spin-rotational splitting of Σ+2 molecular rotational states canmake the long-
range electric dipole–dipole interaction betweenmolecules spin-dependent. Then, thesemolecules confined in
two-dimensional optical lattices create a class of ultracoldmolecules that can realize spin-latticemodels with
unique topological properties.

Ultracold Σ+2 molecules can be formed from an alkali-metal and an alkaline-earth-like atom in the ground
or even long-livedmetastable states. Experimental efforts toward production of these ground-statemolecules
are in their initial stages [1, 5–9]. The success of these experiments significantly depends on the realization of a
two-step process, when amixed quantumgas of alkali-metal and alkaline-earth-like atoms isfirst optically
associated intoweakly-boundmolecules, which are then transferred into the rovibrational ground state.

Photoassociation for homonuclear alkaline-earth-likemolecules via so-called optical Feshbach tuningwas
pioneered by [10–12]. This photoassociative tuning becomes possible due to the existence of long-lived excited
molecular states near the narrow intercombination lines of the alkaline-earth-like atoms. Recent successful
experiments [13–16] showed that a two-photon optical Feshbach resonance can be used to couple two colliding
atoms to a vibrational level of themolecular ground state. The suppressed excited-state spontaneous decay
makes efficient coherentmolecular formation possible.

An alternativemethod to formultracoldmolecules fromultracold atoms is bymagneto-association.
Magnetic Feshbach resonances have had an enormous impact on thefield of laser-cooled ultra-cold atoms and
molecules [17–21]. These resonances have allowed a tunable, variable interaction strength by simply varying the
strength of an externalmagnetic field (typically on the order of 100 Gor 10 mT). They are nowwidely used to
investigate Efimov physics [22], create ultracoldmolecular gasses [19, 23], and to simulate uniquemany-body
phases [24]. So far, these resonances have been restricted to systemswith ground-state alkali-metal and ground-
state rare-earth species [20, 25–29].Only recently have experiments searching for resonances in collisions with
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electronic excited atoms sprung up. [1, 30] detected the first resonances between ultra-cold ground state Yb or Li

and excited Yb * in themetastable 3P2 state.
The nature of Feshbach resonances in alkali and alkaline-earth-like atomic collisions significantly differs

from that in alkali-metal atom collisions. In alkalimetals the hyperfine interaction between electron and nuclear
spins gives sufficient complexity that leads to the appearance of Feshbach resonances. In alkaline-earth-like
atoms such hyperfine interaction does not exist as the nuclear spin is decoupled from the electronic degree of
freedom.Nevertheless, [31, 32] showed thatmagnetically tunable Feshbach resonances in such systems can
occur and are due to aweakR-dependent behavior of the hyperfine coupling constant of the alkali-metal atom,
whereR is the interatomic separation between the atoms. These resonances are predicted to be narrow, on the
order ofmG, andmost likely appear at largemagnetic field strengths. Hence, they are difficult to observe and
control.

An interesting approach to induce andmodify the position andwidth of narrow Feshbach resonances was
proposed in [33]. The authors show that intense nonresonant radiation can increase the resonancewidths by
three orders ofmagnitude up to a fewGauss. These ac-field-induced resonances can be used for the production
of ultra-cold ground statemolecules from the colliding atoms. In addition, [34–36] suggested to apply an
external dc-electric fieldwith orwithout amagnetic field to control the interaction between ultra-cold atoms.

Another promisingway to observe broader and strongermagnetic Feshbach resonances and subject of this
study is to consider interactions between one ground and one long-livedmetastable atom. Thesemetastable
Feshbach resonances and its associatedweakly-boundmetastablemoleculemight be used to efficiently transfer
colliding atoms to a vibrational level of the absolutemolecular ground state.

We report onwidening the search for Feshbach resonances in these exotic collisions by investigating
heteronuclear collisions of ground-state alkali-metal 6Li and long-livedmetastable rare-earth 174Yb atoms.We
demonstrate that the existence ofmagnetically-tunable Feshbachmolecules for this system leads to formation of
broad and strong resonances. Furthermore, we show that the origin of these Feshbach resonances is the result of
a combination of exchange interactions and scattering anisotropies, where the interactions depend on the
orientation of the interatomic axis relative to themagnetic field direction. The broadmagnetic Feshbach
resonances have non-zero orbital angularmomentum ℓ ⃗.

Our results confirm earlier predictions by [37] that resonances are strongly suppressed due to inelastic
processes to energetically lower-lying 3P1 and

3P0 states. Nevertheless, a recent experiment [1] on the 6Li+174Yb
(3P2) systemhas shown that resonances exists. Here, we have performed least-square simulations on the shape of
themolecular potentials and reproduced their resonance spectrum. In addition, we identified the strongest and
dominant resonance in terms of itsmixture of partial wavesℓ.

1. Interaction potentials

For the determination of collisional properties of Li(2S1 2) + Yb(3P2) systemwe have (i) determined the short-

range and long-range electronic interaction potentials τ⃗V R( , ) and (ii) setup a close-coupling calculation that
treats the hyperfine andZeeman interaction,molecular rotation,magnetic dipole–dipole (MDD) interaction,
and the electronic interactions on equal footing. Here, ⃗R describes the interatomic separation and orientation
and τ labels other quantumnumbers that uniquely label the electronic potentials.We have calculated the non-
relativistic doublet Σ+2 and Π2 and quartet Σ+4 and Π4 potentials, shown infigure 1, using the configuration-
interactionmethodwithin theMolPro package [38].

We used the aug-cc-pCVTZbasis set for Li [39] and chose a basis set constructed from the (15s 14p 12d 11f
8g)/(8s 8p 7d 7f 5g)wave functions ofDolg andCao [40, 41] for Yb. The ytterbiumbasis relies on a relativistic
pseudopotential that describes the inner orbitals up to the 3d10 shell. Only, the 2s valence electrons of Li and 4f10

and 6s2 valence electrons of Yb are correlated in the ab initio calculation. Our potentials agreewell with the
calculations of [42].However, the potentials are not spectroscopically accurate andwe havemodified their shape
tofit to the experimental loss rate spectrum. For >R a27 0, beyond the Le Roy radiuswhere the electron clouds
of the atoms have negligible overlap, these electronic potentials are smoothly connected to the long-range
isotropic and anisotropic van-der-Waals potentials determined fromatomic polarizabilities [9]. In addition, we
included theMDD interaction.

2. Relative strength of various interactions

Next, wefind it instructive to analyze the relative strength of the long-range atom–atom interactions with the
Zeeman, hyperfine, and relative rotational interactions. Figure 2 shows the twomajor anisotropic interactions,
theMDD C R3

3 and the anisotropic dispersion ΔC R6
6 (AD) interaction, which can lead to the reorientation of
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the Li andYb* angularmomenta during a collision, as a function ofR. These potentials as well as the isotropic
dispersion C R6

6 (ID) interactionwere drawn, assumingweighted-average values ofC3 andC6, and ΔC6, based
on our previous calculations [9]. In fact, = +Σ ΠC C C( 2 ) 36 6 6 , where ΣC6 and ΣC6 are the dispersion
coefficient of theΣ andΠ potentials, respectively. The ΔC6 coefficient is found from tensor analyses of the
parallel and perpendicular components of the dynamic polarizability, as described in section 2 of [43]. In
addition, themolecule can rotate, here estimated by μ R(2 )r

2 2 with reducedmass μr . Finally, hyperfine splitting
(hs) of the 6Li atom, and the Zeeman interaction atmagnetic field strengthsB=100 and 400 G are shown. At
much shorter separation and larger energies, not shown in the figure, the exchange interaction due to the
exponentially-increasing electron cloud overlap lifts the degeneracy of the double and quartet potentials and
mixes the spin–orbit states of the Yb(3Pj) levels.

Thefigure ismost easily interpreted in the coordinate system and angular-momentumbasis set with
projection quantumnumbers defined along the externalmagnetic field direction. In this coordinate system the
rotational, spin–orbit, and hyperfine, andZeeman interactions aswell as the ID potential shiftmolecular levels,
whereas the exchange interaction, theMDD interaction, and the anisotropic component of the dispersion

Figure 1.The ground and lowest excited non-relativistic potentials of the LiYbmolecule as a function of internuclear separationR.
Here a0 is the Bohr radius of 0.0529 nm. Solid blue and red curves are Σ+2 and Π2 potentials, while dashed blue and red curves are
Σ+4 and Π4 potentials, respectively. Fourmetastable potentials dissociate to the Li(2S 1 2)+Yb(

3P) limit and are used in our coupled-
channelmodeling. The green dashed horizontal line indicates the energy of a Feshbachmolecule near the 2S+3P limit.

Figure 2. Level splitting due to the dominant interactions between 6Li andYb(3P) as a function of interatomic separation.Here ΔZ is
the Zeeman splitting at twomagneticfields, δhs is hyperfine splitting of ground state

6Li,MDD is themagnetic dipole–dipole
interaction C R3

3, ID is the isotropic dispersion interaction C R6
6, andAD is an estimate of anisotropic dispersion interaction

ΔC R6
6. Finally, ROT is the rotational energy μ R(2 )r

2 2 .We used =C E a2694 h6 0
6, Δ =C E a242 h6 0

6, and = × −C E a6.6 10 h3
5

0
3.

Here = −E 4.3610h
18 J is theHartree.
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potential lead to coupling between rotational, hyperfine, andZeeman components. For different interatomic
separations different forces dominate. For example, when the curves for themagnetic dipole or AD interaction
cross the hyperfine, Zeeman and/or rotational energies spin flips combinedwith changes in the rotational state
can occur. In fact, the AD curve crosses theB=100 and 400 GZeeman curves near =R a50 0 and a40 0,
respectively, whereas theMDDcurve crosses δhs and ΔZ atmuch shorterR, where chemical bonding or
exchange interactionwill also play an important role.

3. Close-coupling calculation

Wehave setup a close-couplingmodel for the scattering of fermionic 6Li and themetastable bosonic 174Yb
isotope. The lithium atom is uniquely specified by electron spin =s 1 2Li and nuclear spin =i 1Li . The

metastable Yb * is specified by electron spin =s 1Yb and electron orbital angularmomentum =l 1Yb . It is also

convenient to define total atomic angularmomenta ⃗ = ⃗ + ⃗f s ıLi Li Li and ⃗ = ⃗ + ⃗j s lYb Yb Yb for Li andYb*,
respectively. Their projections along theB-field direction are mLi and mYb. TheHamiltonian for the relative
motion of the two such atoms in amagnetic fieldB along the ẑ direction is

μ
ℓ
μ

= − +
⃗

+ + + + ⃗ ( )H
R R

H H H U R
2

d

d 2
, (1)

r r

Z

2 2

2

2

2 SO hf

where the rotationalHamiltonian is ℓ μ⃗ R(2 )2 2 2 , the spin–orbit interaction of Yb * is = ⃗ ⃗H a l s·SO SO Yb Yb, the
hyperfine interaction of 6Li is Hhf = ⃗ ⃗a s ı·hf Li Li, and the Zeeman interaction

μ= + + +H g s g i l g s B( )Z e z N z z e z B,Li Li, ,Li Li, Yb, ,Yb Yb, , with Bohrmagneton μB and projection operators s zLi, etc.
The strengths aSO and ahf are taken from [44, 45]. The ge,Li, ge,Yb, and gN ,Li are the electronic and nuclear g-

factors of Li andYb* from [45, 46]. Finally, ⃗U R( )describes theMDD interaction and the non-relativistic
electronic potentials, which are reexpressed in terms of (tensor) coupling operators between electron spins ⃗sLi

and ⃗sYb, and the angularmomenta ⃗lYb and ℓ ⃗. For → ∞R the interaction ⃗ →U R( ) 0.

There are four contributions to ⃗U R( ): a spin-independent isotropic potentialV R( )iso , which is proportional

to an attractive R1 6 potential for large separations, a short-range isotropic exchange interaction
⃗ ⨂ ⃗ = − ⃗ ⃗Σ Π Σ ΠV R s s V R s s( )[ ] ( ) · 3exc

,
Li Yb 00 exc

,
Li Yb , which splits doublet fromquartetΣ andΠ potentials and falls

of exponentially for largeR, and an anisotropic quadrupole-like interaction ⨂ ⃗ ⨂ ⃗V R C R l l( )[ ˆ ( ˆ) [ ] ]ani 2 Yb Yb 2 00,

which lifts the degeneracy of theΣ andΠ potentials and ∝V R R( ) 1ani
6 for largeR. Here, C Rˆ ( ˆ)kq is a spherical

harmonic. The four interaction strengthsV R( )iso , Σ ΠV R( )exc
, , andV R( )ani are constructed such that in the body-

fixed framewith projections along the internuclear axis the sumof the interactions closely reproduces our four
non-relativistic potentials.

TheHamiltonian is constructed in the atomic basis or channels θ ϕ α α∣ 〉∣ 〉ℓ ℓY ( , )m Li Yb , where θ ϕℓ ℓY ( , )m is a
spherical harmonic and angles θ andϕ give the orientation of the internuclear axis relative to themagnetic field
direction.Hence, the rotationalHamiltonian is diagonal in this basis. The kets α∣ 〉Li are eigen states of the atomic
Zeeman plus hyperfineHamiltonian of 6Li. For fields >B 100 G, of interest in this paper andwhere the
Paschen–Back limit holds, we denote states by α = m m,s iLi , wherems andmi are the projections of ⃗sLi and ⃗ıLi,
respectively (and = +m m ms iLi ). The kets α∣ 〉Yb are eigen states of the atomic spin–orbit andZeeman
Hamiltonian of 174Yb in the 3P term. As the spin–orbit interaction is orders ofmagnitude larger than the
Zeeman interactionwe denote the states by α = j mYb Yb Yb. Coupling between the basis states is due to τ⃗U R( , ).
TheHamiltonian conserves = + + ℓM m m mtot Li Yb and only even (odd)ℓ are coupled.

In the experiment of [1] the 6Li atoms are prepared in the energetically-lowest hyperfine state with
=m 1 2Li while the Yb atoms are prepared in the 3P2 (∣ 〉 = ∣ − 〉j m 2, 1Yb Yb ) sublevel. For ultra-cold gasses with

temperatures near 1 μKwe can focus on so-called s-wave or ℓ = 0 scattering. Theoretically, this corresponds to
calculations including channels with = −M 1 2tot and even partial wavesℓ.Wewill also present results for

ultra-cold scatteringwith Yb* prepared in the state ∣ 〉 = ∣ − 〉j m 2, 2Yb Yb . This corresponds to calculations for
= −M 3 2tot .

Figure 3 shows a sample of themedium- to long-range adiabatic potentials, obtained by diagonalizingH

excluding the radial kinetic energy operator, as a function of interatomic separationRnear the Yb*(3P2)
dissociation limit at amagnetic field ofB=300 G.Only potentials dissociating to the =f 1 2Li or 3 2 and

=j 2Yb , = − −m 0, 1, 2Yb limits are visible in the figure. Inelastic collisional losses to energetically lower-lying

Yb*(3P, =j 0, 1Yb ) states do nevertheless exist. Feshbach resonances occur in channels with a dissociation
energy above that of the entrance channel.
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Figure 4 shows the experimental inelastic rate coefficient [1] at a temperature of μ1.6 K in the collision

between 6Li and 174 Yb* atoms and our best-fit theoretical inelastic rate coefficient at a collision energy of
μ=E k 1.6 K.We include channels with = −M 1 2tot and evenℓ up to 8 leading to a close-coupling calculation

with 99 channels. A thermal average of the theoretical inelastic rate coefficient is not required aswe are in the
Wigner threshold limit where this rate is independent of collision energy.We observe at least one clear
resonance atB=450 G and possibly threeweaker resonances. From calculations that include fewer partial waves
wefind that the resonances can not be labeled by a single partial wave. Their locations shift significantly and only
converge towithin a fewGausswhen ℓ = 8 channels are included. Including channels with ℓ ⩽ 10 shifts
resonance by nomore than 0.1 G. This is well within thewidth of the resonances for bothfigures 4 and 5.
Consequently, we conclude that it is sufficient to include channels up to ℓ ⩽ 8.

Our bound-state calculation allows us to identify the dominant closed channel that couples to the s-wave
entrance channel atB= 450 G.We identify this channel with theℓ=4partial wave and projection =ℓm 1.
This coupling is due to anisotropic interactions, such as the AD forces at large separations.Moreover, this
channel dissociates to the atomic limit 6Li(ms=1/2,mi=−1) + 174Yb(3P, j=2,m=−1), which lies above the
entrance channel (see figure 3).

Figure 3.Adiabatic potentials of colliding 6Li(2S 1 2) and
174Yb(3P) near the 3P2 dissociation limit at amagneticfield ofB=300 G and

= −M 1 2tot as a function of interatomic separationR. Channels with even partial waveℓ up to 6 are included. Curves approaching
the same dissociation limit correspond to different partial waves. The collision starts in the s-wave =m 1 2Li and =j 2Yb , = −m 1Yb

channel indicated by the dashed horizontal line. A resonance occurwhen the energy a bound state of a closed channel, which are
schematically shown as dark-green horizontal solid lines close to the entrance-channel energy.Here = × −k 1.38065 10 23 J K−1 is
the Boltzmann constant.

Figure 4.Upper panel: loss rate coefficient in the 6Li ( = − =m m1 2, 1s i )+174Yb( = = −j mP , 2, 13
2 ) collision as a function of

magnetic fieldB. The experimental data (blue dots with one standard-deviation uncertainties) is obtained at a temperature of
T=1.6 μK. The theoretical simulation (solid red curve) with optimized short-range potentials is obtained for the same temperature.
Lower panel: scattering length as a function ofB at collision energy =E k 1.6 μK.The short-range potentials are as the same as for the
rate in upper panel. Two dashed line indicates the van derWaals lengthwith average value ofC6 = 2694 a.u..
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Figure 4 also provides evidence that the inelastic rate of the strong resonance is close to the universal rate, as
shownby the dashed line infigure 4. This is a clear indication that the collisional system is close to the universal
regime for losses on the dominant resonance and lies well below for othermagnetic fields [43, 47].

The agreement between the experimental [1] and our theoretical spectrum is only obtained by allowing the
coefficientsV R( )iso , Σ ΠV R( )exc

, , andV R( )ani to vary such that the depth of the four non-relativistic potential curves
is changed.We can not exclude the existence of other shapes of potentials whichwill lead to a loss rates that is
consistent with the experimental data.

The lower panel offigure 4 shows the scattering length a as a function of themagnetic field strength for the
collisions between 6Li( = − =m m1 2, 1s i ) and 174Yb( = = −j mP , 2, 13

2 Yb Yb ) atoms at a collisional energy of
1.6 μK.Here the scattering length is defined through = − −S k a bexp( 2i [ i ])elastic , where Selastic is the elastic S-

matrix element for the s-wave scattering channel, wavenumber k is given by μ= E k (2 )r
2 2 , and positive length

b can be related to the inelastic loss rate coefficient. The resonance features of a correspond to those for the
inelastic rate infigure 4. The Feshbach resonance centered at 450 Ghas awell resolved Fano profile with a
background value close to a75 0.

We have also studied the role of the Yb spin–orbit interaction and anisotropy of the electronic potentials on
the Feshbach resonance structure. Our analyses indicate that formostmagnetic fields the resonance features are
broadened by the losses energetically lower collision channels with non-zero orbital angularmomentumℓ. This
confirmes our predictions about the importance of anisotropic coupling between the short-range potentials.
Moreover, we also observe that, except for smallfields,more than one half of the loss goes into 3P

= = −j m, 2, 22 channels. In addition, a significant fraction of the population ends up in the Yb(3P1) spin–
orbit state (see figure 4(b) in [1]).

4. Conclusion

Wediscussed advances in the understanding of scattering properties of high-spin open-shell atomic systems. In
particular, our attentionwas directed towards collisions between fermionic lithium atoms in their absolute
ground state with bosonic ytterbium in itsmeta-stable 3P2 state. Both species, either with their bosonic or
fermionic isotopes, have been successfully cooled to quantumdegeneracy and confined in optical dipole traps or
optical lattices, allowing the study of their collisions at the quantum level.We observedmagnetic Feshbach
resonances in collisions with themeta-stable 174Yb atoms even though this atomwas prepared in the = −m 1Yb

magnetic sub level, which is not the energetically-lowest 3P2 Zeeman state.With couple-channels calculations
we have elucidated the role of anisotropies in the creation of these resonances and by optimizing the shape of the
short-range potentials reproduced themeasured loss rate formagnetic fields up to 500 G.

Initially, collisions between ground state Li andmetastable Yb in the 3P2 state seemed to be a good system in
which to form strong Feshbach resonances, since the Yb life time is 15s and interactions with Li atoms is highly
anisotropic. Our calculations, however, show thatwhenYb atoms are not prepared in the energetically-lowest
magnetic sublevel the resonances have large inelastic losses (on the order of 10−10 cm3 s−1). This large rate
coefficientmight be an obstacle to use them in stimulated Raman adiabatic passage schemes to create the ground
statemolecules. On the other hand, we also found that inelastic loss for the resonances in collisions with the

Figure 5.Predicted theoretical loss rate coefficient in the 6Li ( = = −m m1 2, 1s i )+174Yb( = = −j mP , 2, 23
2 Yb Yb ) collisionwith

= −M 3 2tot and collision energy of =E k 1.6 μKas a function ofmagneticfieldB. The simulation is performedwith optimized
short-range potentials as infigure 4.
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energetically-lowestmagnetic sublevel of Yb is an order ofmagnitude smaller. These resonances if
experimentally confirmed can be promising candidates for Raman transfer. Infigure 5we present a prediction
for the Feshbach spectrum for the collision between 6Li and 174Yb ( = = −j mP , 2, 23

2 ) based on the optimized
potentials.
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