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We demonstrate microwave dressing on ultracold, fermionic 2*Na*’K ground-state molecules and
observe resonant dipolar collisions with cross sections exceeding 3 times the s-wave unitarity limit. The
origin of these interactions is the resonant alignment of the approaching molecules’ dipoles along the
intermolecular axis, which leads to strong attraction. We explain our observations with a conceptually
simple two-state picture based on the Condon approximation. Furthermore, we perform coupled-channel
calculations that agree well with the experimentally observed collision rates. The resonant microwave-
induced collisions found here enable controlled, strong interactions between molecules, of immediate use

for experiments in optical lattices.
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Strong, long-range dipolar interactions turn ultracold
molecules into a promising platform for simulating quan-
tum many-body physics [1-5], precision measurements of
fundamental constants [4,6,7], quantum computation
[8-10], and quantum state-resolved chemistry [11-14].
Recent years have seen the production of several species
of such dipolar molecular gases in the ultracold regime
[14-22]. A common way to induce dipolar interactions in
these systems is the application of static electric fields that
align molecules in the laboratory frame. To acquire dipoles
on the order of the molecule’s body-frame moment d,,
requires fields on the order of E ~ B, /dy, ~ kV /cm, where
B, is the rotational constant. The presence and strength of
the static electric field can be technically inconvenient.

In contrast, weak microwave electric fields that drive
rotational transitions near resonance can lead to dipole
moments on the order of the maximum value d,. For
example, dressing between the ground and first excited
rotational states of a diatomic molecule yields dipole
moments as large as the transition dipole moment for

the electric dipole transition, dy/v/3, and thus dipolar
interactions as large as 1/3 of the maximum value at a
given distance.

Induced interactions via microwave dressing of mole-
cules is a crucial component of several proposals to create
exotic states of matter in bulk [2,23-25] and lattice
quantum gases [26,27]. In addition, standing-wave micro-
wave fields in resonant cavities have been proposed to trap
polar molecules [28-30]. Furthermore, engineering repul-
sive interactions via microwave dressing can potentially
shield molecules from binary collisions [2,23,31-34],
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which limit the lifetime of bulk molecular gases in both
chemically reactive [35,36] and nonreactive species
[10,17,37-39] in the presence of trapping light [40—42].
Despite the promise of microwave dressing, its effect on
collisional properties has not been studied thus far in
ultracold dipolar molecules.

In this Letter, we observe strong microwave-induced
interactions between fermionic >*Na*’K molecules. The
employed microwaves address the transition between the
ground and the first excited rotational state. Microwave
dressing enhances the probability for two molecules to
reach short range, where they can undergo light-assisted
chemical reactions in the presence of the trapping laser
[40—-42]; while ultimately this photoinduced loss can be
eliminated by using repulsive box potentials [43,44], here
the loss is employed as an efficient detector for the two-
body collision cross section. We find that dressing leads to
resonant dipolar collisions whereby the dipoles of
approaching molecules align with the intermolecular axis.
This results in strong attractive interactions even for
microwave detunings larger than the Rabi coupling, which
we explain using a two-state model based on the Condon
approximation [45,46]. At all detunings, the collision cross
sections are modeled quantitatively by coupled-channel
calculations.

To start our experiment, we prepare a molecular gas in
the absolute electronic, vibrational, rotational, and hyper-
fine ground state, as described in Refs. [19,37,47]. In short,
ultracold atomic mixtures of 2*Na and *°K are confined in
an optical trap at 1064 nm and cooled to a temperature
of T =560(80) nK. *Na*K molecules are coherently
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associated from this sample and initialized in the lowest
vibrational, rotational, and hyperfine states of the ground
electronic X'E* manifold, with a peak density of
3.2(3) x 10'° cm™3. Without any external electromagnetic
fields, ground state >*Na*’K molecules have zero labora-
tory-frame dipole moment and experience no first-order
dipole-dipole interaction. The dominant interaction is the
background rotational van der Waals (vdW) interaction
resulting from second-order dipolar coupling to the first
rotationally excited state [19]. A microwave field near the
resonance of the transition between the ground (rotational
angular momentum quantum number J = 0) and the first
excited (J = 1) rotational state is applied, thereby inducing
a time-varying dipole moment in each molecule. The levels
are spaced by the rotational splitting 2B,,; = 5.643 GHz, as
shown in Fig. 1(a). Microwave dressing mixes opposite
parity rotational states and imparts a significant fraction of
the full dipole moment dy = 2.7 D to the molecules. Tuned
to the transition between J =0 and J = 1, a resonant
circularly polarized microwave field induces a dipole
moment of d,/ V6~1.1D [24,48], rotating with the
microwave electric field. The different hyperfine states
of the first rotationally excited manifold are identified
through microwave spectroscopy [37]. States are described
in the nuclear-spin uncoupled basis |J,m;,m; ,my ),
which is an eigenbasis for the J =0, m; = 0 manifold.
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FIG. 1. Microwave dressing in 2*Na*’K. (a) Schematic energy
level diagram, labeled by rotational quantum numbers J, m; and
microwave photon number N. Hyperfine structure is omitted for
simplicity. The rotational ground state |J = 0, m; = 0) is coupled
by a o"-polarized microwave field to the lowest energy state in
the J = 1 manifold, |1, 1), resulting in dressed states |—),|+).
Higher-lying “spectator” states (i.e., |1,0) and |1,—1)) are not
coupled by the microwaves. Molecular wave functions are
depicted with color encoding the wave function’s phase. (b) Level
scheme with the relevant molecular states for Autler-Townes
spectroscopy. A microwave field with Rabi frequency Qr /27 =
7 kHz is used to address the |g,) — |f) transition. The weaker
probe microwave field has a frequency detuning p that is
scanned around the |g;) — |f) transition. (c) An Autler-Townes
doublet is observed when we scan the probe microwave. The
solid line shows a double Lorentzian fitted to the line shape.

States in J = 1 are hyperfine-mixed superpositions of these
basis states [37]. Therefore, a microwave field with well-
defined polarization can couple the absolute ground hyper-
fine state, |g;) = 10,0, —4,3/2), to multiple J = 1 states.
Furthermore, the microwave antenna produces radiation at
all polarizations: =, 6+, and ¢~ [48]. The 1064 nm trap
polarization has been tuned to a “magic” condition that
limits differential ac Stark shifts to < 1 kHz [48].

To demonstrate the presence of microwave dressing, we
induce an Autler-Townes splitting of the / =0 —>J =1
transition. A microwave field with Rabi frequency
Qr/27 = 7 kHz is applied on resonance with the transition
between |g,) =0,0,-3,3/2) and |f), predominantly
equal to |1,0,—4,3/2), as shown in Fig. 1(b). This dressing
field induces a splitting of the excited state, which is probed
by scanning the frequency of a weaker microwave tuned
near the |g;) — |f) transition. We observe an Autler-
Townes doublet as shown in Fig. 1(c), demonstrating that
the |g,) state is depleted by the probe field only when it is
tuned to the dressed resonances.

We find that microwave dressing dramatically enhances
molecular interactions. Although 2*Na*’K should not expe-
rience two-body collisional loss in its electronic and
vibrational ground state, the trapping laser at 1064 nm
leads to photoinduced loss at short range [40]. We employ
this loss mechanism as a probe for microwave-induced
two-body collisions. To start, the dressing microwave field
is first applied with a frequency far below the lowest
rotational resonance, the |g;) — |f) transition. Here, and
for the remainder of the Letter, |f) represents the
lowest energy J =1 state, which has predominantly
[1,1,—4,3/2) character. The frequency is then swept
adiabatically from the initial detuning J;y;,, Where the
molecule in the lower dressed eigenstate |—) has predomi-
nantly |g;) character, to a detuning &g, near or on the
dressed resonance [see Fig. 2(a)]. Figure 1(a) depicts
the dressed eigenstate |—), which is a superposition of
the states |g;) and |f). The red-detuned microwaves avoid
driving other hyperfine transitions during the sweep [the
spectator states of Fig. 1(a)]; the next higher J = 1 state lies
27 kHz above the |f) state. The microwave field is held at
its final detuning for a varying amount of time, allowing
collisions to occur, before the detuning is swept back to
Sinitial and the remaining |g;) molecules are imaged.

We observe the evolution of the molecule number in |g; )
as a function of hold time to extract the loss rate of the
ensemble; examples for certain detunings are shown in
Fig. 2(b). The loss curves are fit to a two-body decay
model, where the density n(7) as a function of time obeys
n(t) = ng/(1 + pngt). Here, ny is the initial average
molecule density and g is the two-body loss coefficient.
The microwave dressing shortens the sample lifetime by
orders of magnitude, compared to the ~3 s lifetime in the
absence of microwaves [19,37,48]. Since both molecules
involved in the collision will be lost, the loss rate is related
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FIG. 2. Observation of resonant dipolar collisions between
dressed molecules. (a) Dressed energies as a function of the
microwave frequency detuning § from the |g;) — |f) transition
at 129 G. §is swept from far off-resonance (typically 12 kHz below
Stina) to a final detuning at a rate of 3 kHzms™' and held for a
varying hold time ¢. (b) Evolution of the molecule number under
microwave dressing with Qz /27 = 1.7 kHz for &g,y = —20, -5,
and 0 kHz (in blue triangles, red circles, and gray diamonds). A
lifetime curve of | g, ) taken without microwaves is shown with open
circles. Dashed lines are two-body decay fits. (c) Collisionrates (left
axis) obtained from loss coefficients (right axis) of dressed
molecules as a function of &g, for Qr/27 = 1.7 kHz (squares)
and 2.4 kHz (diamonds). The black dot-dashed line shows the
universal p-wave loss at 560 nK [54], and the green dotted line
includes the additional loss from first-order dipole-dipole inter-
actions. The unitarity limit for the loss rate from a single partial wave
is shown as the black dashed line. The blue dashed line shows the
coupled-channel prediction, assuming pure 6" microwave polari-
zation, and the red line depicts the rate given by the Condon
approximation. Including all microwave (MW) polarizations, the
Condon approximation increases to the red dashed line.

to the two-body scattering cross section ¢ by f = 2(ov),
where (- - -) denotes the ensemble average and v the relative
velocity of colliding molecules. We therefore define a
thermally averaged scattering cross section op = f3/2(v),

with (v) = \/8kpT/mu the average relative velocity and
u = (my, + mg)/2 the reduced mass.

Figure 2(c) shows the measured collision cross section
(red data points, left axis) and associated loss rate (right
axis) as a function of microwave detuning. The resonant
scattering rate is an order of magnitude larger than rates
found in previous experiments [38,39,55]. Away from
resonance, the scattering cross section is reduced but
remains orders of magnitude larger than that of both of
the bare |g;) and |f) states in the absence of microwaves.

The bare states feature loss rates of only p®%¢) =2 x
107" em?s7! [19,37] close to the universal loss rate of
ploniversal) — 35 10-11 ¢m3 5! [54], which reflects the loss
when the molecules experience vdW interactions only
under p-wave collisions.

To emphasize how strongly microwave dressing can
modify interactions, the comparison to the s-wave unitarity
limit is useful. A single partial wave contributes at most the
unitarity limit, ¢®@1%) = 32 /4, limited by the de Broglie

wavelength Aqz = \/27h?/ukgT, corresponding to a loss
rate @iY) — 2p2 0 /= 1.7 x 107 ecm?s~!. For ultra-
cold bosons that undergo only s-wave collisions, o("Mtrity)
and pUnitrity) are upper limits to the collisional cross section
and loss rate, respectively. For ultracold fermions such as
2Na*K, one might expect the p-wave centrifugal barrier to
prevent molecules from reaching short range and thus
reduce losses, but the dipole-dipole interaction suppresses
this barrier. For dressing on a 6+ resonance, the first-order
dipole-dipole interaction is attractive for M; = +1, where
M, is the projection of the molecules’ relative angular
momentum [48], leading to a p-wave loss rate that is at
most twice the unitarity limit.

In the remainder of the Letter, we explain the origins of
the dressing-induced collisions. We first consider a simple
description where the molecules in the |—) state experience
only background vdW interactions and the first-order
dipole-dipole interaction, neglecting all “spectator states”
and the upper dressed state |+). In this approximation, the
molecular dipole moments always align with the rotating
electric field. We calculate the scattering wave function
subject to an absorbing boundary condition at short range
that models photoinduced loss [48]. The resulting loss
curve, shown as the green dotted line in Fig. 2(c), is
comparable to the unitarity limit near resonance. Away
from resonance where |Sg,q| > Qg/27, microwave dress-
ing induces a negligible dipole moment, and in this first-
order approximation the collision rate rapidly decreases to
the universal limit. This disagrees with the experimental
loss rates, which remain an order of magnitude higher than
the bare rate without microwave dressing even for detun-
ings greater than Q. Thus, the first-order dipole-dipole
effect is insufficient to explain the enhanced collision rates.

Next, we consider contributions from the upper dressed
state |+), restricting the two-molecule basis to | — —) and
(| +=) + | = +))/v/2, written as | — +) for convenience in
the remainder of the Letter. This approximation is valid at
detunings greater than Qp when accounting only for ¢
microwave polarization and neglecting the presence of
spectator states |/ = 1,m; =0) and |1, —1). Neglecting
these spectators, the dipoles can only ever point in the
direction of the rotating microwave electric field, i.e., in the
x-y plane, as they approach each other at close range. The
interactions will thus be repulsive if molecules meet along
the z direction (M; = 0) and attractive if they meet in the
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x-y plane, i.e., for M; = #£1. One might therefore expect a
maximum p-wave cross section of at most twice the
unitarity limit corresponding to the two attractive M; =
41 channels for thermal energies far greater than the barrier
height. For red detunings exceeding the Rabi frequency, the
adiabatic potential curves for L = 1, M; = 1 display an
avoided crossing between the incoming centrifugal poten-
tial ~A%/uR?, with negligible dipolar interaction, and the
attractive potential ~ — hégny — d3/12R? + h?/uR? [see
Fig. 3(a)], corresponding to the time-averaged dipolar
attraction of two classical rotating dipoles of strength
dy//6 approaching in the plane of rotation. The diabatic
potentials cross at the Condon point R, and the effective
Rabi coupling between the states is visualized by the
avoided crossing of the adiabatic curves.

However, a quantitative comparison to the data requires
treating the spectators |J = 1,m; = 0) and |1, —1), as they
are sufficiently close in energy. These spectators enable the
molecules to reorient so that their dipoles point head to tail
[see Fig. 3(b)], leading to resonant dipole-dipole inter-
actions. This occurs when the dipolar energy overcomes the
energy difference between the dressed incoming state and
the state of attractively interacting molecules or, classically,
when the electric field applied by one molecule on the other
exceeds the electric field of the applied microwaves. Thus,
at short range the interaction between two microwave-
dressed molecules incoming in the lowest internal state
| ——) will always be attractive regardless of which
direction the molecules meet along, i.e., for all three M
components, giving a potential ~ — 2d3/3R>. This resonant
dipolar collision leads to p-wave loss as high as 3 times the
unitarity limit. Even faster losses require inclusion of
higher partial waves, L > 1. Compared to the spectator-
free case of Fig. 3(a), the Condon point is moved outward.
Losses can be analytically derived for detunings exceeding
the Rabi frequency by the reflection approximation for the
Franck-Condon overlap [45,46,56],

1672 Q2
ﬁzg—hé—5d<2)<jz(ch)2>7 (1)
where the angular brackets indicate averaging over the
thermal velocity distribution, k is the collision wave vector,
and j; is the spherical Bessel function of the first kind. The
resulting approximation is shown as the solid red line in
Fig. 2(c).

For a full model of the observed loss curves we employ
coupled-channel (CC) calculations [48] [see the dashed
blue line in Fig. 2(c)]. The molecules are represented as
rigid rotors with hyperfine structure that interact through
dipole-dipole interactions, undergo photoinduced loss at
short range, and can scatter inelastically into field-dressed
levels other than the initial |—) state. The scattering
calculations capture both the high loss rate on resonance,
exceeding 3 times the s-wave unitarity limit, and the slow
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FIG. 3. Two-state picture of dipolar interactions between

microwave-dressed molecules, valid for detunings larger than
the Rabi coupling and shown here for M; = 1. (a) Interaction
potentials for molecules in the | ——) and | — +) states. An
effective microwave Rabi coupling between the branches causes
an avoided crossing at R.. Excluding spectator states, the
molecules remain aligned with the microwave field. Qyy is
the effective Rabi frequency between the two states, proportional
to Qp [48]. (b) The same as (a) but including spectator states: the
relevant excited potential comes from two molecules in
the 7R(|00)[10) + [10)[00))/+/2 state [48], which represents
the molecules aligning at short range along the intermolecular

axis R. Here, molecules experience strong, resonant dipole-dipole
interactions.

decrease with detuning: even at |8gpq | > Qp/27 ~ 2 kHz,
the loss is significantly higher than the universal loss rate,
obtained without microwave dressing. However, the exper-
imentally observed loss decreases even more slowly with
detuning than for CC calculations that include only ¢™
polarization. We attribute this to the z and 6~ components
of the microwave field [48]. On the ¢ resonance, these
field components address far-detuned hyperfine transitions,
and their effect can be neglected. Away from resonance,
however, these field components should contribute com-
parably and hence double the effective Rabi frequency [48].
This effect is also incorporated into the Condon approxi-
mation, resulting in the red dashed line in Fig. 2(c). The
adjusted Condon approximation matches the experiment at
higher detunings.

The dressing-induced collisions are affected by hyper-
fine interactions that shift the spectator states relative to the
state used for microwave dressing. Recall that the maxi-
mum strength of resonant dipolar interactions is given by
the full transition dipole matrix element of the dressed
transition. This requires reorientation of the molecules
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FIG. 4. Hyperfine-state-dependent interactions, calculated at
129 G. (a) The short-range loss, which occurs when the incoming
molecules reach the absorptive boundary condition that models
photoinduced loss, is strongest for the lowest hyperfine state |f),
whereas (b) excited hyperfine states have larger inelastic loss due
to transitions to different field-dressed levels and hyperfine states.
The single-channel unitarity limit is shown as the dotted line.

along their intermolecular axis and thus inclusion of the
relevant |J,m;) states, typically split by the hyperfine
interaction. Hence, resonant interactions take full effect
when the dipole-dipole interaction is large compared to the
hyperfine splittings.

Though here the microwave dressing was on the lowest
J =1 state, the choice to dress on a higher hyperfine state
would affect the induced collision rates. Potential curves
for dressing on states higher than |f) exhibit many cross-
ings rather than approaching an isolated attractive resonant
dipole-dipole potential [48], leading to slower scattering
rates to reach short range [Fig. 4(a)]. Additionally, non-
adiabatic transitions into lower-lying hyperfine states may
increase the inelastic losses of the reflected flux to hyper-
fine states other than the initial channel, compared to the
case of dressing on |f) [Fig. 4(b)].

State-dependent resonant dipolar interactions induced by
microwave dressing found here will enrich applications of
polar molecules in quantum computation and simulation of
many-body physics [1-4]. The characteristic range R.
where the resonant dipolar collision occurs is directly
controlled by the microwave detuning. This range can
easily reach the typical spacings in optical lattices,
~500 nm, enabling dipolar exchange energies to dominate
over all other relevant energy scales in the system. Here we
observed dressing through collisional losses, but under
appropriate conditions (e.g., molecules trapped in a repul-
sive optical “box” potential) the short-range photoinduced
losses should not occur. In such situations, microwave and

electric field dressing can lead to strong elastic scattering,
offering a powerful technique to tune intermolecular
interactions. Understanding and harnessing such inter-
actions in ultracold polar molecules will be crucial
for the creation of novel phases of matter, including
topological superfluidity [24].
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