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Scattering resonances are an essential tool for controlling the interactions of
ultracold atoms and molecules. However, conventional Feshbach scattering
resonances', which have been extensively studied in various platforms'”, are not

expected to exist in most ultracold polar molecules because of the fast loss that
occurs when two molecules approach at a close distance®'°. Here we demonstrate a
new type of scattering resonance that is universal for a wide range of polar molecules.

The so-called field-linked resonances

U occurin the scattering of microwave-dressed

molecules because of stable macroscopic tetramer states in the intermolecular
potential. We identify two resonances between ultracold ground-state sodium-
potassium molecules and use the microwave frequencies and polarizations to tune
theinelastic collision rate by three orders of magnitude, from the unitary limit to well
below the universal regime. The field-linked resonance provides a tuning knob to
independently control the elastic contact interaction and the dipole-dipole interaction,
which we observe as amodification in the thermalization rate. Our result provides a
general strategy for resonant scattering between ultracold polar molecules, which
paves the way for realizing dipolar superfluids® and molecular supersolids', as well
as assembling ultracold polyatomic molecules.

Ultracold polar molecules with tunable dipole moments provide a pow-
erful platform for quantum simulations™®, quantum computation'*?°
and ultracold chemistry?. Scattering resonances are long-sought-after
tools in these systems, which have been essential in ultracold-atom
experiments to control the contactinteraction and for creating strongly
correlated quantum phases?, as well as for producing ultracold dia-
tomic molecules’. Independent control over contact and long-range
interactions in ultracold molecules has been predicted to enable the
realization of new quantum phenomena such as exotic self-bound
droplets and supersolid quantum phases'. Moreover, measurements of
scattering resonances provide an accurate benchmark for calculations
of the molecular potential energy surface** and open a new route in
controlled quantum chemistry?.

Ascattering resonance occurs when the scattering state strongly cou-
ples to a quasibound state. Based on whether the quasibound state is
hosted by the same or a different channel than the scattering channel,
the resonance is categorized as a shape resonance or a Feshbach reso-
nance, respectively. Shape and Feshbach resonances have been observed
inatom-molecule and molecule-molecule collisions by scanning the
collision energy by using molecular beams at kelvin and subkelvin tem-
peratures®?7, In the ultracold (submicrokelvin) regime, scattering
resonances are ofteninduced by anexternal electromagnetic field that
shiftstherelative energy between the quasibound state and the scatter-
ing state'. Magnetically tunable Feshbachresonances have been observed
in collisions between weakly bound Feshbach molecules®* and recently
between NaLi moleculesinthe spin-triplet ground state®. However, the

magnetic tuning scheme essential to Feshbach resonances requires a
non-zero electronic spin, and is, therefore, unlikely to find application
for bialkali molecules in the spin-singlet ground state. The spin-singlet
absolute ground state of bialkaline molecules is of special interest, as it
isthe only long-lived state in which the molecules feature strong electric
dipole-dipole interactions (DDI). Moreover, Feshbach resonances are
notexpected to occur between ground-state moleculesin the presence
ofnearly universalloss, owing to the high density of tetramer states near
the collisional threshold and the loss mechanisms associated with col-
lisional complexes®'°. Ageneral method to realize collisional resonances
of ultracold dipolar molecules, therefore, remains open.

Here we demonstrate ageneral approachto create suchresonances
incollisions between dipolar molecules by coupling them to so-called
field-linked (FL) states™% These weakly bound states are induced
by engineering an attractive well in the long-range intermolecular
potential through microwave dressing'*?. Unlike in conventional reso-
nances, inwhich an external field merely tunes an existing short-range
quasibound state into resonance, the long-range FL states exist only
inthe presence of the microwave field. The sensitivity of the FL states
to the microwave field leads to an unprecedented level of control over
the intermolecular interaction. Here we demonstrate this tunability
by observing two resonance branches in the inelastic scattering rate,
the peak positions of which continuously shift with the microwave
frequency and polarization. We further characterize the change of
the thermalization rate caused by the diverging scattering lengthina
resonant collision channel.
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Fig.1|Interaction potentials and bound states of microwave-dressed
ground-state molecules. a-c, The cut-open three-dimensional surfaces
illustrate the interaction potentials U(r) including the p-wave centrifugal
potential between two moleculesin the x-y plane for different ellipticity
angles, & of the field polarization: §=0° (a), {=12° (b) and £ =37°(c). Below,
aprojectionofthesame potentialis shown. Theinteraction potential along
thezdirectionis always repulsive (not shown). The microwaveis onresonance

Interaction potential

Polar molecules possess a permanent dipole moment d, in their
body-fixed frame. Toinduce adipole momentinthe laboratory frame,
externalfields need to be applied to mix different rotational states and
to break the rotational symmetry. Here we use microwave dressing
between the two lowest rotational states of the molecules to polarize
them. The induced dipole moment follows the alternating current
electric field as d(t) = d[e.(t)cosE + e_(¢)sin€], where € describes the
ellipticity of the microwave radiation and e, (¢) are the ¢* polarization
basis vectors. The time-averaged dipole momentd = d, /. 6(1+ a/00%
is tunable via the microwave detuning 4 and the Rabi frequency, Q.
Because the rotational frequency of NaK at 5.643 GHz is much faster
than all other dynamical timescales in the system, we consider the
time-averaged DDI at long range®

-2

Uysg(n) = d73(3c0526 -1+ 3sin2€sin0cos2¢p) (1
81eyr

wherer=(r, 9, p)istherelative position between the moleculesin polar
coordinates defined by the microwave wavevector. The microwave
propagates in the zdirection, and the microwave polarization ellipse
has its major and minor axes in the y and x direction. Remarkably,
the symmetry of the interaction can be manipulated by the microwave
ellipticity, asillustrated in Fig. 1a—c. For €= 0° (circular polarization)
and £=45° (linear polarization), where Uy resembles the typical DDl up
to a constant prefactor®. In between linear and circular polarization,
the interaction breaks the rotational symmetry along all directions.

Asthe molecules approach each other, microwave dressinginduces
ananisotropic van der Waals interaction Uy, < 1/r* (Methods)®. With
blue-detuned microwave dressing, U, 4 is repulsive in all directions,
which protects the molecules from loss processes at short range and
reduces the inelastic cross-sections'*?"*, Such a shielding potential
arises owing to an avoided crossing between the attractive and the
repulsive branch of the DDI. In a semi-classical picture, this avoided
crossing can be understood as the reorientation of colliding dipoles
through DDIP**2, Asimilar flipping of the dipoles occurs between polar
moleculesinadirect current electric field***, between Rydberg atoms™
and between ions and Rydberg atoms>®.

The full interaction potential between two dressed molecules
is the sum of the DDI potential and the van der Waals potential
U(r) = Uyy(r) + U qw(r). We can shape the interaction potential and
control the scattering process, asillustrated in Fig. 1. Along the y axis,
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(4=0).Theshaded areasinband cshow the radial wavefunction of the bound
states. Theinsets visualize the rotatingelectric field vector E, and sketch the
interaction between the rotating dipoles colliding along the x or y direction.
The markersonthe colour bar denote the potential depths for the three cases.
d,e, Coupled-channel calculations of the energy of the bound states as afunction
of Aforvalues of §=19° (d) and £=45° (e). Inall panels the Rabi frequency is set
toQ=2mnx10 MHz.

U(r) resembles a Mie potential™®**® with a characteristic length
of about 10%a,. A deviation from circular polarization breaks the
azimuthal symmetry of the DDl and enhances the depth of the potential
well along the y axis, which becomes deep enough to support one or
more bound states™. These bound states are the FL states, the prop-
erties of which strongly depend on the external fields. By tuning the
binding energy of the FL state across the collisional threshold, for
example, with microwave detuning asshowninFig.1d,e, FL resonances
occur, which drastically alter the scattering properties between the
molecules.

Thelow-energy scatteringin U(r) can be described by the associated
partial-wave phase shifts, which are given by*

Sy (k) = (K@t )*" + Ky A 4g )

Here [and m;are the angular momentum and its projection along
the quantization axis, k is the relative wavevector, a;,, and aqare the
characteristic lengths associated with the contactinteractionand the
DDl respectively, and Cim, denote partial-wave dependent prefactors
forthe dipolar scattering phase shifts. Note that the contactinteraction
is suppressed by the centrifugal barrier for [# 0 ask > O, whereas the
phase shift from the long-range DDl scales linearly with kin all partial
waves,andisproportionaltothedipolarlengtha 4 =y52/4neoh2,where
p=mj/2isthe reduced mass ofthe molecule. The FL resonances provide
atuning knob for Ay, in the resonant channel. By reducing U, 4y, FL
resonances can occur at any desired dipole moment up to dy//6,
thus realizing independent control of the contact interaction and
the DDI.

Resonance map

We map out the resonances by measuring the inelastic rate coeffi-
cient S,, of collisions between the dressed molecules. The optically
trapped ground-state *Na*’K molecules with nuclear spin projections
(m; no, M) = (3/2, —4) are formed from an ultracold atomic mixture by
means of magnetoassociation and subsequent stimulated Raman adi-
abatic passage (STIRAP) at amagnetic offset field of 72.35 G (ref. *°). For
most measurements, the temperature 7 of the molecular ensemble is
230 nK and theinitial average density n, is about 5 x 10" cm™. Next, the
microwaveisrampedonin100 psto dress the molecules. After a vari-
able hold time, the remaining molecules are released from the optical
trap and we determine the number of molecules and the temperature
from the time-of-flight images.
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Fig.2|FLresonances. a, Inelastic collision rate coefficient 8, between
microwave-dressed NaK molecules as a function of the microwave detuning 4
for various microwave polarizations with the ellipticity angle £= 6(2)° (green),
19(2)° (blue) and 37(2)° (orange) at the Rabi frequency Q =~ 2m x 10 MHz. The
solid lines show the corresponding theory calculations. The shaded regions
show the calculations within the uncertainty of §. The grey dashed line denotes
thetheoretical universal value of 8,,and the grey dotted line denotes the

Aswe tunetheellipticity of the microwave fromcircular tolinear, up
to two FL states emerge from the dressed potential. Figure 2a shows
exemplary loss rate coefficients for three different ellipticities. At
&£=6(2)°, the potential is too shallow to support a bound state, thus
noresonance is observed. In this regime, the inelastic collision is sup-
pressed by the shielding potential at small detunings®. For §=19(2)°, the
interaction potential supports asingle bound state near zero microwave
detuning, leading to enhanced inelastic scattering at A = 2w x 10 MHz.
For §=37(2)°, the potential becomes deep enough to support two
bound states, leading to two resonance peaks.

Onespecial feature of the FL resonancesiis their sensitivity to external
fields. We show that the resonance position continuously changes with
the microwave parameters by mapping out the two resonance branches
while varying the microwave detuning and polarization. Figure 2b
shows two branches of FL resonances, starting at §=10° and = 32°.
As the polarization ellipticity £ increases, less DDl is needed to sup-
port the bound states and the resonances, therefore, shift to larger
detuning. However, the global inelastic rate coefficient increases as
the polarization becomes more elliptical, because of the increased
couplingto the other dressed states?. Overall our measurements show
good agreement with our theory predictions (Fig. 2c). We attribute the
broadening and shift of the resonance peaks compared to the theory to
anincrease of the Rabi frequency as we scan the detuning (Methods).
These systematic errors affect mostly the FL resonances near linear
polarization, where the potential depth is more sensitive to the rela-
tive detuning.

Temperature dependence of the inelastic scattering

The temperature dependence of the inelastic scattering rate varies
with the detuning. At large detuning where the DDl is reduced, the
inelastic scattering rate is universal* and scales for identical fermions
linearly with temperature. At small detuning, the scattering enters
the semi-classical regime for which §,,isindependent of the tempera-
ture*’. Onthe scattering resonance, the collision rate has atemperature
dependence that is reminiscent of the unitarity limit>*?, whereas the
loss remains substantially smaller than this limit because of shielding.
Meanwhile, the width of the resonance feature isbroadened by thermal
averaging. As a consequence, for temperatures as high as 700 nK, the
resonance becomes less visible as shown in Fig. 3. When the collision
energy becomes lower than the centrifugal barrier of the interaction
potential, the resonance peak would be further narrowed owing to
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single-channel unitarity limit. The coloured error bars show the standard
deviationofthe fit results and the black error bar illustrates the exemplary
common systematic uncertainty. b,c, Colour density map of the experiment
data (b) and the theory calculation (c) of the inelastic rate coefficientasa
function of microwave detuning and ellipticity. The triangles on the right axis
of bmarkellipticity for the datashownina.

the increased lifetime of the quasibound state. Therefore, reaching
ultracold temperaturesis crucial for the observation of FL resonances.

Elastic scattering

Scattering resonances are associated not only with enhanced losses
of the molecules, but more importantly, the ability to control elastic
scattering. With FLresonances, we cantune the elastic scattering rate
while keeping the inelastic rate small.

We characterize the effect of the FL resonances on the elastic col-
lision rate by measuring the thermalization rate of the samples. This
is commonly done by quenching the trapping confinement in one
dimension and observing the global cross-dimensional thermaliza-
tion**. However, for small 4/Q our samples are in the hydrodynamic
regime, in which the global thermalization rate is limited by the trap-
ping frequencies™. Instead, we perturb the momentum distribution of
the molecular cloud by pulsing on an optical-lattice beam for 300 ps.
The lattice pulse diffracts some molecules and sends them to collide
alongthe yaxis, defined asthe long-axis of the microwave field (Fig. 1),
alongwhichthe DDlis most attractive. Fast local thermalization smears
out the diffraction pattern thatis formed in momentum space during
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Fig.3| Temperature dependence oftheinelasticscattering.a,b, Experimental
results (a) and calculations (b) of the inelastic collision rate coefficient 8;,as a
function of the microwave detuning 4 at 700 nK (orange), 230 nK (blue) and

20 nK (purple). The coloured error bars show fitting errors, and the black error
bar additionally contains the common systematic uncertainty. The solid lines
are coupled-channel calculations and the dashed lines are the unitarity limit at
the corresponding temperatures. The molecules are dressed by microwaves
withellipticity §=19(2)° and Rabi frequency Q = 21t x 10 MHz.
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Fig.4 |Elasticscattering.a, The grey data points show the thermalization
rate,normalized by the meaninsitu density nas afunction of the microwave
detuning4 atanellipticity angle £=19(2)° and aRabifrequency Q = 2t x 10 MHz.
The temperatureis 230 nK. The error bars are the standard error of the mean of
7tol6repetitions. For comparison, the solid blue line shows the corresponding
theory calculation of the elastic collision rate coefficient 8. The uncertainty
of §istakenintoaccount by the shaded area. The dashed lineisthe Born
approximation of the background collision rate coefficient, which holds for
detunings4 2 2n x 8 MHz (Methods). The insets show the normalized linear

thelattice pulse (insetsin Fig.4a). From the contrast of the diffraction
pattern we can estimate the thermalization rate I;, (Methods).

We observe that the measured thermalization rate follows a similar
trend as the calculated value of the elastic collision rate coefficient, 8,
(Fig. 4a). Besides the contribution from the DDI, which scales with d’
and decreases as 4 increases, a clear resonance featureis visible around
the FLresonance. The shift of the resonance between the experiment
data and theory is within the systematic uncertainty of the ellipticity.
The average number of elastic collisions that is needed per particle to
reach thermalizationisso far unknownin the regime of elliptical micro-
wave polarization. From the comparison between the measured I,/n
and S, fromour coupled-channel calculations, we find that this factor
is close to1under the present experimental conditions.

The observed elastic scattering rate has contributions from both
contactinteraction and long-range DDI. Asshown in equation (2), the
DDI contributes in multiple channels, whereas the contact interaction
only has a notable contribution in the resonant channel, owing to its
unfavourable scaling with the wavevector. Although such aninterplay
between contact interaction and DDI limits the change in the total
elastic scatteringrate, the underlying scattering length, however, shows
divergent behaviour in the resonant channel. Figure 4b shows the
energy-dependentscatteringlengthd,, (k) = —tané, (k)/k (refs. ***)
for the three p-wave channels at the average collision energy. The real
(imaginary) part of the scattering length corresponds to the elastic
(inelastic) scattering. The FL resonance occurs inthe p,channel where
theinteractionis mostattractive. The corresponding scattering length
shows aresonance feature, inwhichthereal part canbe tuned tolarge
positive or negative values, whereas the imaginary part remains small.
The ratio of elastic-to-inelastic collisionsis about ten on the resonance,
and can be further enhanced at smaller ellipticity, in which the reso-
nance shifts towards higher Rabi frequencies (Methods).

A simple analytic formula that describes the resonant elastic scat-
tering lengthis given by

~ 1+3sin2¢
ay= add[_ 10 )[1 +

where4,(k) and 4'(k) denote the position and the width of the resonance.
ThewidthA'(k) = k*follows the scaling of the p-wave contactinteraction.
For the collisionenergy considered here, we extract 4, = 21 x 10.99 MHz
and A" =21 x 3.29 MHz from the fit to the coupled-channel calculations.

4" j 3)

A-2,(k)

62 | Nature | Vol 614 | 2 February 2023

density i along the lattice axis averaged over tenrepetitions as a function
ofthe molecule velocity vin thelattice direction for 4 = 2t x 10 MHz and

21 x 25 MHz.b, The coupled-channel calculations of the energy-dependent
scattering length with the same microwave parameters and afixed collision
energy of kg7, with T=230 nK. The solid (dashed) lines are the real (imaginary)
partofthescattering lengthsin the channel p, (orange), p, (blue) and p, (green).
Thedottedlineisafit of equation (3). Theinsetillustrates the partial waves of
thescattering channels. kg is the Boltzmann constant.

The resonance position 4,(k) also has a weak energy dependence.
As a consequence, the resonance position with thermal averaging is
broadened and slightly shifted towards lower detuning. These thermal
effects, however, will be greatly suppressedina degenerate Fermi gas,
in which the scattering predominantly occurs near the sharp Fermi
energy”®.

Discussion

Field-linked resonances provide a new universal tool to control the col-
lisions between ultracold polar molecules. These resonances occur as
longasthe Rabifrequency is sufficiently large, such that the interaction
potential is deep enough to support the bound states. Quantitative
predictions of FL resonances only require knowledge of the mass, the
dipole moment and the rotational structure of the individual mol-
eculesaswellastheirlossrateatshort range. Thisisinstark contrast to
molecular collisions involving close contact between the molecules, in
whichalarge number of collision channels are involved and the existing
knowledge of the potential energy surface are tooimprecise to predict
the number of bound states, let alone their position. Precise knowl-
edge ontheFL states also makes them useful asintermediate statesin
photoassociation spectroscopy to probe the short-range potential®.

The control over the scattering length opens up new possibilities
to investigate many-body physics with both contact interaction and
DDI. In a degenerate Fermi gas, the resonant interaction facilitates
realization of dipolar superfluidity?*>*¢, Specifically, pairing between
moleculesis enhanced because of the presence of the FL bound state.
Therefore, the critical temperature for Bardeen-Cooper-Schrieffer
superfluidity increases drastically near the FL resonance, that is, to
about 14% of the Fermi temperature for NaK molecules®”. The aniso-
tropic nature of such a dipolar superfluid gives rise to new quantum
phenomena such as gapless superfluidity* and topological p, + ip,
symmetry*s. In a Bose-Einstein condensate (BEC), independent con-
trol over the s-wave scattering length and dipolar length has led to the
observation of self-bound droplets and the formation of supersolids
in magnetic atoms*. Making use of FL resonance with bosonic polar
molecules, the dipolar lengths of which are orders of magnitude larger
than magnetic atoms, would enable the study of such exotic phenom-
enain entirely unexplored regimes'.

The observed resonances also demonstrate the existence of the FL
states, a new set of exotic long-range polyatomic molecular states.



Tetramer molecules with approximately twice the dipole moment
of the individual diatomic molecules could potentially be created by
adiabatically ramping the microwave field across a FL resonance or
by radio-frequency association. Those composite bosonic tetramers
are expected to be long lived at small binding energies and could be
collisionally stable owing to the shielding between the constituent
molecules. Below the critical temperature, atetramer gas could forma
BEC*®and may lead toanew crossover fromadipolar Bardeen-Cooper-
Schrieffer superfluid to a BEC of tetramers.

Conclusion

We have observed anew type of universal scattering resonance between
ultracold microwave-dressed polar molecules that is associated with FL
tetramer bound statesin the long-range potential well. The resonances
are highly tunable via microwave power, frequency and polarization,
which makes them a versatile tool for controlling molecular inter-
actions. Because the FL states are insensitive to species-dependent
short-range interactions, the FL resonanceis applicable to awide range
of polar molecules. Our results provide a general route to strongly
interacting molecular gases and open up new possibilities to investi-
gate new quantum many-body phenomenaand to produce long-lived
dipolar tetramer molecules.
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Methods

Microwave field generation
We use a dual-feed square-waveguide antenna to generate a micro-
wave field with tunable polarization. The waveguide s fabricated from
copper-coated glass-fibre-reinforced epoxy laminate. The inner dimen-
sions of the waveguide are 33 x 33 x 58 mm. The width of the waveguide
ischosensuch that the cut-off frequency of the transverse electric (TE,;)
modeis below the rotational transition frequency of the molecules at
5.64 GHz and that the microwave field strength at the position of the
molecules is optimal. To achieve impedance matching, the two feeds
are 13 mm long, which is a quarter wavelength in free space. They are
placed orthogonalto each other,and 22 mm away from the back plate
of the waveguide, which is about a quarter wavelength in the wave-
guide. Each feed produces a close to linearly polarized electric field
at the position of the molecules, which is about 25 mm away from the
top of the waveguide. When the field strengths of these subfields are
balanced, tuning the relative phase of the feeds allows straightfor-
ward tuning of the field polarization. A relative phase of approximately
90° (-90°) results in a o* (07) polarized field, whereas approxi-
mately 0° (180°) produces a linearly polarized field along the y (x)
direction.

The microwave setup is sketched in Extended Data Fig. 1. ARohde
& Schwarz SMA100B signal generator (using a yttrium-iron-garnet
oscillator) with the noise suppression option SMAB-B711 is used as
microwave source. To independently control the two feeds of the
antenna, the microwaveis divided by a power splitter into two paths.
Each pathincludes a voltage-controlled attenuator to balance the
subfields, a10-W amplifier (KUHNE electronic KU PA 510590-10 A) and
amechanical phase shifter (SHX BPS-S-6-120) for differential phase
control.

Calibration of the field polarization

To characterize the polarization of the microwave field, we initially
measure its 7,6 and 6 component in the frame of the magnetic off-
set field. We do this at low microwave power by measuring the Rabi
coupling to excited rotational states with different projections m, of
therotational quantum number/on the magnetic field axis *. A direct
measurement of the 6" and 6" component at large microwave power
isimpracticable, as the Rabi frequency is then orders of magnitude
larger than the Zeeman splitting of the m, states. When we change
the relative phase ¢ between the feeds, each field component, and
thus each Rabi frequency, individually oscillates with a period of
360° owing to the interference between the imperfect subfields, as
shown in Extended Data Fig. 2a. We fit these oscillations with the
function

Q@)= [0} + % +20,0,c08(p + ) )

with the fit parameters Q,, Q, and ¢,, which define the contributions
of the individual feed. The offset phases ¢, have an uncertainty of
2.9°, which we attribute to the hysteresis and imperfect tuning of the
mechanical phase shifters. Note, for the calibration measurements
presented in Extended Data Fig. 2a, the power balance between the
feeds was tuned to minimize the 0 component around ¢ = 90°. The
finite ellipticity of the subfields causes the field strengths at other
angles of ¢ to be unbalanced, so that we do not get pure ¢* polarization
at ¢ =-90°and the phase values that provide linear polarization shift
away from 0° and 180°.

We calculate theellipticity £ from the fitted Rabi frequencies for each
individual relative phase, as shown in Extended Data Fig. 2b. At high
microwave power, theelectric field of the microwave replaces the mag-
netic offset field as the quantization axis, so that {is defined in the frame
ofthe microwave field. Because the relative phase between the measured
field componentsis unknown, we can only deduce the limits for the tilt

angle of the microwave wavevector with respect to the magnetic offset
field, which causes a systematic uncertainty of . Closeto ¢* polarization
thetiltangleis only around 10°, so that the uncertainty of {is dominated
by the above-mentioned uncertainties of ¢,

When switching from the calibration measurements at low micro-
wave power to the measurements at high power, we have to consider
the non-linearity of the amplifiers close to their saturation power.
This shifts the power balance between the two antenna feeds when
weincrease the microwave power and thereby changes . We reestablish
the power balance by tuning one voltage-controlled attenuator while
optimizing the shielding at ¢ = 90°, where we initially minimized . We
find that we need to compensate the relative power by 10%. Inaddition,
we also observe asmall variation of the relative phase and power as we
scan the microwave detuning. The variationinthe relative phase leads
to a systematic uncertainty of the ellipticity on the same order as the
contribution fromthe uncertainty of ¢,. The variation in Rabi frequency
could broaden the resonance feature, especially for ellipticities close
to linear polarization, as observed in Fig. 2.

Inelastic collision rate coefficient

The inelastic collision rate coefficients S, are experimentally deter-
mined from the time evolution of the measured molecule number
N and the temperature 7 by numerically solving the differential
equations™

dn
ar = RN ©)
dr
=1 6
dr h (6)
with the average density
N

" 8.k /m*w® @

where @ is the geometric mean trapping frequency and I; is the
one-bodyloss rate. We assume both the heating rate and the two-body
loss rate coefficient to be constant during the loss process. As the over-
all heating is no more than 50%, the fitted values of g;, do not signifi-
cantly change when we instead assume a linear temperature
dependence of the rate coefficient.

The comparisonbetween loss measurements onthe scattering reso-
nance and away fromresonance are shownin Extended Data Fig. 3a. To
limit the number of free fit parameters, we determine /7= 0.53(2) Hz
inindependent measurements at low densities, as shownin Extended
DataFig. 3b.

Fast thermalization measurements
The momentum distribution of the molecular cloud is disturbed by
pulsing on a one-dimensional optical lattice for ¢,, = 300 ps. Subse-
quently the microwave power is ramped down in100 ps and the trap-
ping confinement is turned off. After 10 ms time of flight, the
momentum distributionisimaged. Thelatticeis approximately aligned
alongtheydirection. Itslattice constantis a,,. = 532 nm and the lattice
depthis 88E,, where E, = hz/(Smalzat) is the lattice recoil energy. The
pulse duration was chosen to optimize the contrast of the resulting
interference pattern. Note that the pulseis short compared to the trap
frequencies 21 x (82, 58, 188) Hz of the background confinement, so
that cross-talk betweenthe momentumdistribution and thereal-space
density is small. Also two-body loss, even on resonance, is negligible
on this time scale.

To estimate the degree of thermalization c,, we make the simplifying
assumption that the momentum distribution after the lattice pulse
canbe described by



A(W) = cpfen(v) + (L= c ) Fip(v) (8)

where 71,,(v)is a Gaussian (thatis, thermal) distribution and 7i,(v) is the
undisturbed interference pattern (Extended Data Fig. 4a). We deter-
mine 7i,(v) by averaging over 16 images of the interference patternin
the absence of microwave-induced interactions. We further assume
that theinterference pattern decays exponentially, such that the ther-
malization rate is given by

Tn==In(1 - )/ by 9

Given the average number of elastic collisions that is required to
reach thermal equilibrium N, and the average relative velocity v,,, of
the colliding molecules, the elastic scattering cross-section is given by

_ Ncolrth
O¢1= N, (10)

Assuming that the thermalization is mainly driven by elastic colli-
sions between molecules in the side peaks and molecules in the main
peak of the diffraction pattern, the average relative velocity can be

approximated as
Vrer= |07+ h?/(may,)?

where 0 = ./16kgT /(Tum) is the thermally averaged collision velocity in
the undisturbed sample. The expression of N, is so far unknownin the
regime of elliptical microwave polarization. We can, however, set an
upper limitby assuming = 0.Inthat case, N, = 4 for atilt angle of the
microwave field of 10° (refs. >**%). A comparison of this simplified model
with our predictions of 8, = vg,,is shown in Extended Data Fig. 4b.

(11)

Born approximation

The elastic scattering rate (Fig. 4a) from the DDl is determined by the
long-range Uy,. In the low-energy regime £ < hz/yaéd, the elastic scat-
tering rate can be obtained via the Born approximation B, = g, porm?,
where

l6m .
Oel,om =75~ (1 3sin"26)a5q (12)

is the elastic cross-section*,

We can also obtain the dipolar scattering lengths from the Born
approximation. Because U, is symmetric under reflection along the
three Cartesian axes, the p,, p,and p, channels are decoupled and the
main contributions are the elastic scattering within each channel.
The corresponding scattering lengths are given by

~ 1 .

diy Born= —E(l—3sm2€)auld (13)

~ 1 R

a1y Born = —5(1 +3sin28)ayy (14)
@yz,8om= 5%dd (15)

Thescatteringlength givenin equation (3)is dy, por, Plus the contri-
bution from the FL resonance.

Resonance near circular microwave polarization

The elastic-to-inelastic collision ratio near the FL resonances can be
improved with better shielding near the circular microwave polariza-
tion and with lower temperature. The ratio is then about 900 at the

maximum elastic scattering rate and about 130 at the scattering reso-
nance, as shown in Extended Data Fig. 5. Under these conditions, the
FL resonance occurs atamuch higher Rabifrequency comparedtothe
observed resonances at more elliptical polarizations. However, this
is still realistic to achieve by using an improved antenna design with
increased microwave power.

Induced van der Waals interaction
Reference® provides an analytical formula for the induced van der
Waals interaction

35C,; .
U, qw(r) = 'sin%0 (cos?0+1
vaw() =" s ( (16)
- 2sin2€cos?0cos2g - sin®2€sin%0cos?2¢)
where the induced C; coefficient is given by
d4
Cei 0 3% 1)

-
' 1120m220(1+ (4/0)?)

For Q=21 x10 MHz and zero detuning, Cs;=1.1x10 72 kg m3sis
orders of magnitude larger than the direct isotropic van der Waals
coefficient C,=-4.9 x107* kg m®s™ (ref.*?). The induced C,; reduces
as the detuningincreases and can be comparable to C, for 4/Q >2.7.

Coupled-channel calculations

We perform coupled-channel scattering calculations by using the
framework described in detail in refs. 2?°, Here we summarize the
numerical details of these calculations.

The NaK molecules are described as rigid rotors with the rotational
states/ =0, 1. Interactions of the molecules with elliptically polarized
microwaves are included as describedinref. . The wavefunction for the
relative motionis expandedin partial wavesL =1, 3, 5. Hyperfineinter-
actionsare notincluded as these were previously found to have aneg-
ligible effect® when operating at sufficiently large magnetic fields*>,
The colliding molecules interact with one another through the DDI,
and undergo short-range loss, which is modelled as a capture bound-
ary conditionimposed at r = 20a,. We propagate the coupled-channel
equations outwards to r=10°a, and match the solution to the scat-
tering boundary conditions. This yields the scattering matrix, from
which collision cross-sections and rate coefficients are determined
and thermally averaged by using an energy grid of 21 energies that are
logarithmically spaced between 0.03k; T and 32k,T.

Binding energies of the FL bound states are calculated as follows.
First, we compute adiabatic potentials by diagonalizing the Hamiltonian
described above excluding the radial kinetic energy for fixed values of
the molecule-molecule separation r.On each adiabatic potential curve,
we compute bound states by using a sinc-function discrete variable
representation®*. We find that the position of the zero-energy bound
states computed in this approximation agree well with the resonance
positions, indicating that one canthink of the FLbound states aslivingon
asingle adiabatic potential curve. Both resonances found here are sup-
ported by the lowest adiabatic potential, thatis, the second resonance
corresponds to a radial vibrational excitation, rather than an angular
excitation. Interaction potentials that are shown in Fig. 1 are similarly
computed as adiabatic potential curves, except that these are com-
puted for a fixed orientation of the intermolecular axis relative to the
microwave polarization, rather than by using a partial wave expansion.

Note, the coupled-channel calculations have no free parameters.

Data availability

The experimental data that support the findings of this study are avail-
able fromthe corresponding author uponreasonable request. Source
data are provided with this paper.
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Extended DataFig.1|Microwavesetup. a, Electronic setup used to generate thefield intensity. The phase shifters allow to tune the polarization. b, Half-section
and control the microwave field. Individually, the two antenna feeds produce view of the waveguide antenna that shows the inside of the waveguide and the
mainly linear polarized fields parallel to each feed, respectively. The voltage- transition from the coaxial cable (red jacket) to the feed.

controlled attenuators are used to balance the fields and to adiabatically ramp
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Extended DataFig.2 | Calibration ofthe field polarization. a, The Rabi
frequencies of rotational 0" (green), m (blue), and ™ (orange) transitions at low
microwave power as afunction of the phase shift ¢ between the antennafeeds.
Theerrorbarsshow thefittingerror of the Rabi oscillations. The solid lines are
fitstoequation (4). b, Ellipticity of the microwave field in the frame of the
microwave. The data points show theellipticity angle £ calulated from the
dataina.Theerrorbars denote the uncertainty of {that originates from the
projection from the frame of the magnetic offset field to the frame of the
microwave field due to the unknown phase relationbetween the three field
components. The gray band s calculated from the fit functions shownina
anditswidth considers the uncertainty of the microwave orientation and the
uncertainty of the offset phases ¢,.
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Extended DataFig.3|One-and two-bodyloss. a, Example molecule loss at
§=19°withdetuning onresonance 4 = 2m x 10 MHz (bright) and away from
resonance 4 =21 x 25 MHz (dark). Thelines are fits to the differential-equation
model. b, Loss atlow initial densities from which the one-body loss rate I is
determined. Thelineis an exponential fit function. The error bars show the
standard deviation for repeated experiments.
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Extended DataFig.4|Thermalizationmodel. a, The blue line shows the
diffraction patterni(v) fromasingle experimentrunat4 =2m x10 MHz. The
redlineisafittoequation (8). The gray curve describes the thermalized part
Caf1n(V). b, The same measurement as in Fig. 4abut here asimplified model is
used todetermine . fromthe experimental data. The error bars show the
standard error of the mean of 7-16 repetitions.
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Extended DataFig. 5|Field-linked resonance near circular microwave
polarization. Coupled-channel calculations of the elastic (orange) and
inelastic (blue) scattering rate coefficientat T=20nK, {=1°,and 4 =2 x 1 MHz.
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