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Magnetically tunable Feshbach resonances for polar paramagnetic ground-state diatomics are too narrow
to allow for magnetoassociation starting from trapped, ultracold atoms. We show that nonresonant light can
be used to engineer the Feshbach resonances in their position and width. For nonresonant field intensities of
the order of 10° W/cm?, we find the width to be increased by 3 orders of magnitude, reaching a few Gauss.
This opens the way for producing ultracold molecules with sizable electric and magnetic dipole moments
and thus for many-body quantum simulations with such particles.
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Ultracold polar molecules are predicted to probe funda-
mental physics [1] and realize a wealth of many-body
phenomena such as exotic quantum phases [2]. They are
thus attracting significant interest in both the AMO and
condensed matter communities [3]. Polar alkali dimers
have already been produced in their absolute internal
ground state close to quantum degeneracy [4], opening
the way toward ultracold chemistry [5,6] and quantum
simulation [7]. Contrary to ground-state alkali dimers
which are closed-shell, diatomics consisting of an open-
shell and a closed-shell atom possess an unpaired electron,
endowing the molecule with spin structure and a significant
magnetic dipole moment. Since these molecules have both
electric and magnetic dipoles, they are supreme candidates
for creating topologically ordered states [8], investigating
collective spin excitations [9], and realizing lattice-spin
models [7]. While numerous ultracold mixtures of open-
shell alkali and closed-shell Yb or Sr atoms have already
been studied experimentally [10-15], magnetoassociating
the atoms into molecules has remained an elusive goal.

The most successful and widely used routes to producing
ultracold dimers utilize magnetically tunable Feshbach
resonances (FRs) [16,17] where the hyperfine interaction
couples a scattering state to a bound molecular level.
Somewhat unexpectedly, FRs have been predicted for
diatomics with a 2% ground electronic state such as
RbSr and LiYb [18,19]. The resonances are caused by a
modification of the alkali atom’s hyperfine structure due
to the presence of the other atom [18] or by creating a
hyperfine coupling due to the alkali atom polarizing the
nuclear spin density of fermionic Yb [19]. However, the
width of these resonances does not exceed a few milli-
Gauss. This renders their use in magnetoassociation very
difficult, if not impossible. A different kind of FR for a
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closed-shell—open-shell mixture has recently been
observed, with one of the atoms in an electronically excited
state [20,21]. In this case, the FR is induced by the
anisotropy of the interaction between S-state and P-state
atoms. Because of the finite excited state lifetime, such a
FR is not ideally suited for making molecules. It suggests,
however, to harness an anisotropic interaction for
magnetoassociation.

Here we show that nonresonant light, which universally
couples to the polarizability anisotropy of a molecule,
induces FRs and modifies their position and width. This is
due to the nonresonant light changing the background
scattering length and altering the differential magnetic
susceptibility. Our approach is related to dc electric field
control of polar molecules [22-24] but comes with much
more favorable requirements in terms of experimental
feasibility. We find widths of a few Gauss for nonresonant
field intensities of the order 10° W /cm? for a wide range of
polar open-shell molecular species. Widths of a few Gauss
are sufficient for magnetoassociation. Nonresonant field
control thus paves the way to producing ultracold particles
with sizable electric and magnetic dipole moments.

Magnetoassociation can employ an adiabatic ramp of the
magnetic field across the resonance or a time-dependent
magnetic or radio-frequency (rf) field that drives a transi-
tion from a scattering state to a molecular level [17]. These
two routes imply different requirements on the character-
istics of the resonance. In both cases, a broad FR is needed.
Adiabatic passage additionally requires a large product
of width, A, and background scattering length, Qpg- This
is seen in the atom-molecule conversion efficiency, given
by the Landau-Zener formula I — exp [—nn(h/u)|ap, A/ BJ]

with n the atomic number density, B the magnetic field
ramp speed, u the reduced mass, and # a dimensionless
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prefactor [25]. Using Fermi’s golden rule, the resonance
width A can be estimated,

~ |[(v]H|K)?/ (avgdy). (1)

in terms of the coupling (v|H|k) between molecular level
|v) and scattering states |k), the background scattering
length ay,, and the differential magnetic susceptibility, &y
[26]. The latter is simply the difference in slope of the
bound and continuum energies as a function of magnetic
field at resonance. When the background scattering length
apg 1s larger than the mean scattering length a
[a~ 0.48(2uCgy/h)"/* with Cy the dispersion coefficient],
the coupling |(v|H|k)| becomes proportional to a,. The
width is then determined by background scattering length
and differential magnetic susceptibility, A ~ ay, /5y [26].
The key point of our proposal is that both 5y and ay, can
be tuned by applying a nonresonant field. This leads to
significant changes in the resonance width A and the
adiabaticity parameter |ay,Al.

The Hamiltonian describing the relative nuclear motion
of an open-shell 28 atom, a, and a closed-shell 'S atom, b,
reads

~ K2 1 d? L2 N N
H= r+ +H,+H,+V(r0), (2
2/4 rdr?

where r is the interatomic separation, L the rotational
angular momentum operator, and 6 the angle between the
molecular axis and the space-fixed Z axis. The atomic
Hamiltonian including Zeeman and hyperfine interactions
is given by

Cj joj (ge:uBs/z +g/:uNl )B (3)
with §; and i ; the electron and nuclear spin operators, g,/;
the electron and nuclear g factors, and up/y the Bohr and
nuclear magnetons. j denotes the hyperfine coupling
constant. For a fermionic closed-shell 'S atom, Eq. (3)
reduces to the nuclear Zeeman term, whereas for a bosonic
one it is zero. The interatomic interaction reads

V(l", 6) = VX22+(r) + Aé’u(r),ia : Sa

— ?IOC [a, (r) + Aa(r)cos?d) 4)

for magnetic and nonresonant laser fields parallel to the
space-fixed Z axis. Vyey+(r) is the potential energy
curve for the X?Z* ground electronic state, and A, (r)
the interaction-induced variation of the hyperfine
coupling [18,19]. The molecular static polarizability with
perpendicular component «, (r) and anisotropy Aa(r)
couples to nonresonant light of intensity /, linearly polar-
ized along the space-fixed Z axis. We omit spin-rotation
couplings as well as the coupling resulting from a nonzero

nuclear spin of a fermionic closed-shell atom since they are
significantly smaller than A, (r).

We focus on RbYb for which spectroscopic and ab initio
data for the interaction potential are available [27]. The
r-dependent isotropic and anisotropic polarizabilities are
calculated using state of the art coupled cluster methods,
small-core energy consistent pseudopotentials, and large
basis sets [28]. They perfectly agree with Silberstein’s
formula [29,30] evaluated for the atomic polarizabilities of
Ref. [31]. The interaction-induced variation of the hyper-
fine coupling, Al,(r), is taken from Ref. [26]. The total
scattering wave function is constructed in an uncoupled
basis set, i, m; 4)|$,. My 4)|L,my) with m; the projection
of angular momentum j on the space-fixed Z axis, assum-
ing the projection of the total angular momentum of
rubidium my = m; , + my , to be conserved. The coupled
channel equations are solved using a renormalized
Numerov propagator [32]. The scattering length and elastic
cross section are obtained from the S matrix for the
entrance channel, a = (1—S;)/(1+ S,;)/(ik) and
6o = x|l — S1,|/k?, with k = \/2uE/h and E the collision
energy, assumed to be 100 nK. The resonance width A is
determined by fitting the scattering length to a(B) =
apg[l — A/ (B — By)] [16,17].

Nonresonant light modifies the energies of rovibrational
levels and scattering states alike [33—36]. The latter implies
control of scattering properties such as the cross sections.
This is illustrated by Fig. 1 which displays a series of
maxima and minima of the elastic cross section as a
function of nonresonant field intensity. The maxima cor-
respond to a large absolute value of @, and occur when a
scattering state becomes bound; the minima indicate
noninteracting atoms. Broad maxima of the elastic cross
section are observed when an s-wave scattering state is
pushed below threshold, whereas the narrow features in
Fig. 1 are caused by higher partial waves. New FRs are
created by the nonresonant light shifting bound levels. This
happens when a bound level crosses the atomic threshold
of a different hyperfine level as indicated by the dots in
Fig. 2(a). New resonances, higher than s wave, may also
be induced by mixing partial waves or by spin-rotation
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FIG. 1 (color online). Nonresonant light control of scattering
properties: Elastic cross section as a function of the nonresonant
light intensity (E/kg = 100 nK, B = 0).
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FIG. 2 (color online). Creating a new FR with nonresonant 5$ 1.2 iy
light: (a) Atomic thresholds (solid black lines) start to cross Q L
molecular levels (dashed lines) as the nonresonant light shifts 1.0 (b) - 4120

the level positions (*’Rb'7°Yb with |m| < i, —1/2). The dots
indicate the position of the new FR. (b) The level shifts are
accompanied by a variation of the differential magnetic suscep-
tibility oy vs magnetic field (m, = —1, I = 0).

coupling between higher partial waves. The nonresonant
field dependence of the background scattering length
observed in Fig. 1 and the creation of a new FR due to
the nonresonant light shown in Fig. 2 together with Eq. (1)
suggest three mechanisms to increase the width of FRs:
(i) 8y = 0, (i) |ape| = 0, and (iii) |apy| — 0. In case
(i), |apyA| becomes large unless it coincides with case (iii),
and large |ap Al is guaranteed in case (ii). Then both
adiabatic ramping across the resonance and rf association
are possible. In contrast, |ap,A| will always stay small in
case (iii), preventing adiabatic passage. Since adiabatic
ramping is the most popular technique for magnetoasso-
ciation, we focus on cases (i) and (ii) here and will report on
case (ii1) elsewhere [28].

We find that case (i) yields the largest widths. This is
illustrated in Fig. 3(a) for ¥ Rb!7®Yb: A pair of resonances
is created when the molecular level crosses an atomic
threshold close to the maximum of its magnetic field
dependence, cf. blue dots in Fig. 2(a). The resonances
come with a very large width A, of the order of a few Gauss,
cf. the left peak in Fig. 3(a), and are separated by several
Gauss (by 6G for example for A = 3G). The large width is
rationalized by the broad pole of 1/8y shown in Fig. 2(b)
which enters Eq. (1). Not only the width A but also the
adiabaticity parameter |ay,A| is found to be large, of the
order of 10 aj-G, whereas the background scattering
length remains comparatively small, of the order of 10 aj.
A second peak of the width A, of the order of 10 G, is
observed in Fig. 3(a), at I =2.88 x 10° W/cm?. It is
caused by ay,, going to zero, which can be inferred from
the corresponding minimum of the blue dashed curve in
Fig. 1. The joint occurrence of y — 0 and ap, — 0 is
a coincidence. As can be seen in Figs. 3(a) and 3(b), such a
coincidence leads to particularly broad resonances for a
range of nonresonant field intensities which at the same
time are separated by several hundred Gauss. However,
due to a,, — 0, the adiabaticity parameter |a,,A| remains
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FIG. 3 (color online). Controlling the width of a FR by
modifying §y (a),(b): Resonance width A and resonance position
B, Vs nonresonant light intensity for *’Rb!7°Yb and the pair
of resonances indicated by blue dots in Fig. 2 (m; = —1,
Bis = 1219G). Controlling the width of a FR by tuning a, to
large values (c),(d): Resonance width A and change in resonance
position B, — B/ vs nonresonant light intensity for 8’Rb!”>Yb
(my =1, BI5? = 1592G).

res

small. The adiabaticity parameter is guaranteed to be large
in case (ii) when the nonresonant field is used to tune the
background scattering length to very large values. This is
illustrated in Figs. 3(c) and 3(d). The maximum width A
which is not limited in theory will depend on the stability of
the nonresonant field intensity in practice. For example, an
increase by 10° requires intensity stabilization of the order
1073 to 10~*. The actual value of A that can be obtained
also depends on the field-free width. But even for very
narrow resonances, with the field-free A below 1 mG, the
engineered width easily reaches 100 mG, as demonstrated
by Fig. 3(c).

We find nonresonant light intensities of the order of
10° W/cm? to be sufficient to create FRs for all isotopo-
logues of RbYb. The smallest intensity is required for
diatomics with a molecular level just above the atomic
threshold since the nonresonant field always lowers the
energy in the electronic ground state [36]. For example, a
pair of broad resonances, as shown in Figs. 3(a) and 3(b),
is also observed for ®Rb!'°Yb (with A >0.5G at
I =1.29 x 10° W/cm?). When only the rubidium isotope
is exchanged, the dependence on the nonresonant light
intensity remains essentially unchanged compared to
Figs. 3(a) and 3(b). Of course, different hyperfine levels
may come into play, e.g., my = —2 or my = —1, which
imply different magnetic fields (B, = 722G and
B..s = 361G, respectively, for 8’Rb!7Yb). The left peak
of A in Fig. 3(a) and the associated increase in |ap,A| is
found for all RbYb isotopologues. The right peak corre-
sponds to a coincidence of case (i) with case (iii) and is
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specific to 3’Rb!7Yb. Case (i) may coincide also with case
(ii). This happens for ’Rb!7*Yb, yielding an adiabaticity
parameter |a,,A| of the order of 100 a, - G. Case (ii), i.e.,
large ay,,, is most easily realized for molecules with a large
and negative field-free background scattering length a;.
For 8Rb'72Yb shown in Figs. 3(c) and 3(d) for example,
a, = —131ay [37]. Another good candidate for case (ii) is
87Rb!73Yb with a, = —431a, [37].

The three mechanisms are generally applicable due to
the universal coupling to nonresonant light. Notably, we
find the characteristics of controlling the resonance width
by tuning the background scattering length, as shown in
Figs. 3(c) and 3(d), to be common to all > molecules.
When considering closed-shell—open-shell mixtures other
than RbYDb, different strengths of both magnetic field
and nonresonant light might, however, be required. For
example, LiYb has a smaller reduced mass than RbYb and
Li a smaller polarizability than Rb which implies a larger
nonresonant field intensity. The magnetic field strength
for which a molecular level crosses the atomic threshold
close to the maximum of its magnetic field dependence,
relevant for case (i), is determined by the hyperfine splitting
[26]. It is thus smaller for mixtures involving Li, Na or K
and larger for those involving Cs instead of Rb. Prospects
are best for RbSr and CsYb [28] for which the interaction
induced variation of the hyperfine structure and the
polarizabilities are largest. Together with the tunability of
the field-free background scattering length by choice of
the Yb isotope, this makes CsYb in particular another very
promising candidate.

When tuning nonresonant light and magnetic field for
interspecies magnetoassociation, undesired losses may occur
due to accidentally hitting an intraspecies FR or shape
resonance. For example, for RbYb, depending on the isotope,
one to three shape resonances are observed for Yb, at
nonresonant field intensities of the order of 10° W/cm?.
The shape resonance found for 7°Yb, at I =3.05x
10° W/cm? is sufficiently far from /=2.83x10° W /cm?,
for which the width of the ’Rb!7®Yb FR is increased to
several Gauss, cf. Fig. 3(a). The separation is even slightly
larger for '7*Yb,. Alkali intraspecies FRs are found to be
shifted in position by the nonresonant field. If, as the result,
an intraspecies FR is moved too close to the interspecies
one, a different Yb isotope should be selected. Similarly,
selection of the hyperfine level provides a solution, if a
shape resonance approaches the interspecies FR too closely,
for example for CsYb. Perturbations due to intraspecies
resonances can thus be avoided. Such losses do not
occur altogether when working in a double-species Mott
insulator state [38].

Our proposal for nonresonant light controlled magneto-
association requires intensities of the order of 10° W/cm?
and magnetic fields of the order of 1000 G. These requi-
rements are within current experimental capabilities.
Intensities of the order 10° W/cm? can be achieved using

intracavity beams with spot sizes of about 10 ym and
powers of the order of 1 kW. Such spot sizes could be
desirable for creating an additional trap. Larger spot sizes,
up to 100 um, are possible when using an optical buildup
cavity [39,40]. The required intensity can be stabilized at a
level of 0.001, but even 10~ should be reachable with
refined feedback techniques. Magnetic fields can be sta-
bilized at the level 107>-107% [41] such that magnetic field
stability is not a concern for the resonance widths and
separations discussed here. Losses due to photon scattering
can be kept minimal by choosing light, such as that of a
CO, laser, that is far off resonance with any molecular
transition. Estimating the heating rates for / = 10° W/cm?
in terms of the atomic photon scattering rates [42], we
find the largest heating rate, that of the alkali atom, to be
only of the order of 1 nK/s for a wavelength of 10 um.
Wavelengths in the near infrared, e.g., 1064 nm or
1550 nm, could also be employed. For the telecom wave-
length, we find a heating rate of the order of 10 xK/s. This
should be sufficiently low to allow for adiabatic ramps
whereas for 1064 nm with heating rates below 1 mK/s, the
experiment needs to be conducted within 1 ms, better
adapted to rf magnetoassociation [17]. The actually
required intensities and associated heating rates for these
wavelengths might, however, be lower due to the dynamic
instead of the static polarizabilities coming into play. This
will be studied in detail elsewhere [28].

Compared to electric field control of FRs for polar
molecules [22-24], our proposal corresponds to more
favorable experimental conditions. For diatomics consist-
ing of an alkali atom and Sr or Yb, we find electric fields
of several hundreds kV/cm to be required. This clearly
exceeds current experimental capabilities. Compared to the
permanent electric dipole moment coupling to a dc electric
field, the interaction of Eq. (4) contains diagonal in addition
to off-diagonal matrix elements in the basis of field-free
rotational eigenstates. This explains the large shifts in level
positions which allow in particular for mechanism (i), i.e.,
oy — 0. Moreover, the permanent dipole moment vanishes
as 1/r” compared to the asymptotic 1/r° behavior of
the polarizability. These facts together explain the much
better prospects in terms of experimental feasibility of our
approach.

In conclusion, we have shown that nonresonant light can
be used to control FRs of mixtures of open-shell—closed-
shell atoms, engineering their widths to reach up to a few
Gauss. Such resonances are sufficiently broad for magneto-
association. The required field strengths and control are
all within current experimental capabilities. Our proposal
opens the way for producing ultracold molecules with
sizable electric and magnetic dipole moments and thus for
many-body quantum simulations with such particles.
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