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ULTRACOLD CHEMISTRY

Reactions between layer-resolved molecules
mediated by dipolar spin exchange

William G. Tobias*, Kyle Matsuda, Jun-Ru Li, Calder Miller, Annette N. Carroll, Thomas Bilitewski,

Ana Maria Rey, Jun Ye*

Microscopic control over polar molecules with tunable interactions enables the realization of distinct
quantum phenomena. Using an electric field gradient, we demonstrated layer-resolved state preparation
and imaging of ultracold potassium-rubidium molecules confined to two-dimensional planes in an
optical lattice. The rotational coherence was maximized by rotating the electric field relative to the light
polarization for state-insensitive trapping. Spatially separated molecules in adjacent layers interact
through dipolar spin exchange of rotational angular momentum; by adjusting these interactions, we
regulated the local chemical reaction rate. The resonance width of the exchange process vastly exceeded
the dipolar interaction energy, an effect attributed to thermal energy. This work realized precise
control of interacting molecules, enabling electric field microscopy on subwavelength scales and allowing
access to unexplored physics in two-dimensional systems.

ltracold polar molecules, which have

complex internal structures and dipole

moments tunable with external electric

fields, represent a model system for study-

ing many-body physics (-4). In reduced
dimensionality, the sign and magnitude of
interactions between molecules depend on
the orientation of the dipole moments with
respect to the external confinement. Within
two-dimensional (2D) layers, for example, the
averaged interactions between molecules can
be varied continuously from attractive to re-
pulsive by rotating the dipoles into and out of
the plane. Molecules in an isolated 2D layer are
predicted to exhibit diverse quantum phenomena
determined by the dipole angle and other
parameters, including electric field and rota-
tional state. These include complex ground state
phases, such as superfluids and topological in-
sulators (5-12), collective excitations in the
hydrodynamic regime (13), and interaction-
enhanced rotational coherence and dynamical
generation of spin squeezing (14). Molecules
prepared in multiple 2D layers may pair and
form states with long-range order (15-18). Ad-
dressing individual lattice layers would allow
initialization of varied configurations to realize
these models—single layers, where molecules
are isolated against out-of-plane interactions,
and minimal systems with interlayer interac-
tions, such as bilayers and trilayers (two and
three adjacent layers, respectively).

Recent experimental progress with mole-
cules in two dimensions has included reaching
quantum degeneracy using direct evaporation
(19) or pairing in a degenerate atomic gas (20),
performing optical microscopy of individual lattice
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sites (21), and lengthening the coherence time
of rotational superpositions (22, 23). When
translational motion is allowed within layers,
as is the case for confinement in a 1D optical
lattice, molecules approaching at short range
undergo lossy chemical reactions (24-28). These
losses can be mitigated by orienting the dipole
moments perpendicular to the layer (19, 29-32)
or by engineering rotational state couplings
(83-37) to generate a repulsive collisional bar-
rier. A major missing capability is the ability to
prepare molecules in different internal states
and control multiple layers individually, which
permits local tuning of dipolar interactions in
reduced dimensionality.

In this work, we demonstrated layer-resolved
imaging and rotational state preparation of
ultracold potassium-rubidium (KRb) molecules
by applying an electric field gradient to shift
rotational transition frequencies between lat-
tice layers. This method was inspired by pre-
vious works with atoms (38-40). Using the
capability to address single layers, we char-
acterized the dynamics of highly controlled
few-layer systems interacting by exchanging
rotational angular momenta (referred to as
spin exchange), a process mediated by dipo-
lar interactions (41). Within individual layers,
molecules experience both long-range dipolar
interactions and short-range chemical reactions,
and separated layers only interact through
dipolar spin exchange. In the case of multiple
layers containing different rotational states,
spin exchange led to mixing of rotational
state populations, which strongly enhanced
the chemical reaction rate (42). Local control
of molecule layer occupation and internal state
allowed us to probe these dynamics and would
potentially enable the exploration of quantum
phases in two dimensions.

Starting with degenerate “°K and *Rb atoms
in an optical dipole trap (ODT), we loaded a 1D
optical lattice to form a stack of 2D layers with
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Fig. 1. Experimental configuration and individual
layer addressing. (A) Molecules occupied 2D layers
in the x-z plane, separated by layer spacing a. The
bias electric field E was oriented at an angle 6 in
the x-y plane, with an electric field gradient V|E|
parallel to y. The lattice layers were displaced
relative to the electrodes generating E by a distance
dy. (B) KRb rotational structure. The arrow indicates
the layer selection transition. (C) |0)«>|1) frequency
spectrum of a trilayer at 9, |E| = 6.4(2) kV cm™?
Only three adjacent lattice layers were populated.
(D) Center frequency shift of layer selection versus
dy. Displacements smaller than 20 nm were
measured. Error bars are 1 standard error from fits
to the rotational transition line shape. (Inset)
Absorption image of a single layer.

an interlayer spacing a = 540 nm (19). Using
magnetoassociation and stimulated Raman
adiabatic passage (STIRAP) at a bias electric
field |E| = 1KV cm ', we associated the atoms
into KRb (43, 44). KRb was formed in the
rotational ground state |0), where |N') denotes
the state with electric field-dressed rotational
quantum number N and zero angular momen-
tum projection (my = 0) onto the quantization
axis specified by E (45). The harmonic trapping
frequencies for |0) in the combined trap were
(0 0y @) = 2 x (42, 17 x 10°, 48) Hz. The
molecules were pinned along y, parallel to
gravity, but they were free to move radially
(x-z plane; Fig. 1A). For the typical temper-
ature 7= 350 nK, kg T = 0.4 hw,, where kg is
the Boltzmann constant and 2 = &/2xn is the
reduced Planck constant, so the molecules
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predominantly occupied the lowest lattice band.
Because of the thermal extent of the atomic
clouds along y before loading the optical lat-
tice, the initial molecule distribution spanned
~12 lattice layers, with a peak of ~1500 mole-
cules per layer. Compared with our previous
work in two dimensions (79), where an auxiliary
optical trap was used to compress KRb into
few lattice layers to increase peak density, we
deliberately prepared a broad distribution of
molecules to minimize population differences
among the central layers before layer addressing.

We generated highly configurable electric
fields in the x-y plane using a set of six in-
vacuum electrodes (19, 33, 46). To orient the
induced dipole moments of the molecules, we
rotated E by a variable angle 6, where 6 = 0°
corresponds to E| x (Fig. 1A). An electric field
gradient V|E| could be applied along y, parallel
to the direction of tight confinement in the
optical lattice. Because the KRb rotational
energy levels are sensitive to |E|, addressing
single layers required stabilizing the molecule
position relative to the local electric field dis-
tribution; such stabilization was accomplished
by interferometrically measuring the positions
of the lattice layers and electrodes and mini-
mizing relative displacements (45). By adding
a fixed phase offset to one of the beams gen-
erating the lattice, the layers were displaced
from the electrodes along y by a distance 6y.
Using microwave pulses, the molecules could
be transferred between states |0), [1), and |2)
(Fig. 1B). Each rotational state |[N) has an in-
duced dipole moment dy parallel to E, the
magnitude of which depends on |E|, leading to
a state-dependent energy shift of —dy|E|. At
|E| =1 kVem ™, where all subsequent mea-
surements were performed, the sensitivity of
the|0)«>|1) transition to [E| is 40 kHz (V cm™) .
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Fig. 2. Increasing rotational coherence time by rotating E. (A) Calculated optical
trap potentials for states |0) and |1) in the ODT and optical lattice. The differential

polarizability between rotational states depends on the

the optical lattice polarization € and vanishes at 6,,, = 54° (B) Ramsey oscillations of
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The electric field dependence of rotational
state energies enabled microwave addressing
of individual lattice layers. In terms of the layer
spacing a and the dipole moments d, and d;, a
field gradient 9, | E| shifts the |0) <> 1) transition
on adjacent layers by the frequency

do — dy

A=0yE|-a-
yl‘a h

1)

With a microwave pulse of sufficiently narrow
spectral width, all molecules in a single layer
could be addressed without a measurable effect
on other layers. In addition to layer-selective
addressing of the |0)«|1) transition, we had
the capability to apply global microwave pulses
(addressing all molecules, irrespective of 9y |E|)
on the |0)«—|1) and |1)«|2) transitions, as well
as to globally remove |0) and |1) molecules with
optical pulses of STIRAP light. From an initial
condition of many occupied |0) layers, we used
sequences of these microwave and optical pulses
to prepare arbitrary layer configurations con-
taining states |0),|1), and |2), including isolated
2D layers (45).

To demonstrate layer selection, we prepared
three adjacent layers in [1) and scanned the
frequency of an additional layer-selective
|0)«>[1) pulse in an applied gradient 9, |E| =
6.4(2) kV cm 2 By monitoring the population
transferred to |0) as a function of frequency,
we probed the initial |1) distribution (Fig. 1C).
We measured ~1200 molecules in each oc-
cupied layer, with adjacent layers detuned by
14 kHz. No molecules were measured in layers
outside the trilayer or between occupied layers,
which confirmed that the pulses were selec-
tively addressing individual layers.

By varying the layer displacement 6y and
tracking the layer selection transition frequency,

200 400
Evolution Time (us)

angle 6 between E and
(dashed line). Error bars are

18 March 2022

|E(y)| could be extracted with high spatial
resolution, far below the interlayer spacing
of 540 nm or the imaging diffraction limit.
To characterize this technique, we probed an
applied gradient of 9, |E| = 6.4(2) kV cm 2 At
each of eight different values of 8y, spanning
360 nm (corresponding to a lattice phase shift
of 240°), we measured the central frequency
for layer selection (Fig. 1D). Fitting the fre-
quency shift as a function of dy, we extracted
9, |E| = 5.8(3) kV cm %, with a maximum off-
set between 8y and the line of best fit of only
20 nm. These measurements demonstrated
subwavelength detection of molecule distri-
butions using electric field gradients and
high-precision electric field microscopy on
nanometer spatial scales.

Using layer-selective addressing, we next op-
timized the rotational coherence in a single
layer. Long-lived coherence is essential for
realizing strong dipolar interactions (9, 14).
However, inhomogeneous broadening from
external electric fields and optical trapping
potentials tends to limit coherence. Because
the molecules in two dimensions occupied a
large spatial extent in the radial direction,
electric field gradients transverse to y con-
tribute a position-dependent frequency shift
between rotational states (Fig. 1A). Spatial var-
iation in the optical trap intensity contributes
an additional frequency shift because of the
differential ac polarizability between rotational
states. The magnitude of the shift depends on
|E| as well as the angle between the quantiza-
tion axis (aligned with E) and the optical lattice
polarization £ (47). In our apparatus, because
the optical lattice polarization € was fixed par-
allel to x, this angle coincided with the rota-
tion angle 6 of E (Fig. 1A). State-insensitive
trapping can be achieved at the so-called magic

c

Ramsey Contrast

L TN

0 1000 2000
Evolution Time (us)

a single layer of molecules at 6 = 90° (top, dashed line) and 6 = 6,, (bottom, solid
line). (C) Contrast of Ramsey fringes at long evolution times. The coherence time at
0 = 0,, (points, solid line) was increased by a factor of 5 compared with 6 = 90°

1 standard error, estimated by simulations (45).
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Fig. 3. Interaction and loss dynamics for molecules in two dimensions.

(A) In a single layer, molecules in the same and in different rotational states
undergo two-body loss with rate coefficients B, and s, respectively. Molecules
in different rotational states in adjacent layers may also exchange rotational states
with rate vy, potentially changing harmonic oscillator modes during the exchange.
(B) Central layer |0) molecule number versus time for 000 (B, green squares),

angle of ~54° where the differential ac polar-
izability between all rotational states with 7, =
0 vanishes (Fig. 2A).

We measured the Ramsey coherence of a
single 2D layer with 9, |E| = 0 at both 6 = 90°
and 6 = 0,,,, where we define 0,,, as the electric
field angle at which we measured the mini-
mum differential polarizability (45). For both
angles, the ODT polarization was set to the
magic angle with respect to E. Using a single
layer removed possible systematics, such as
dipolar interactions between layers, stray
electric field gradients along y, and layer-to-
layer optical trap intensity variation. To mea-
sure the coherence decay, we prepared a single
layer of molecules, used an/2 pulse to initialize
all molecules on the layer in an equal super-
position of |0) and [1), held for a variable
evolution time, applied a second /2 pulse,
and simultaneously measured the popula-
tion in both states. As a function of evolution
time ¢, we fit the contrast envelope to the
Gaussian function e~ */% , where 7 is the
coherence time. For 6 = 90°, we measured t =
310(30) us (Fig. 2B, top). This result was con-
sistent with simulations where the differen-
tial ac polarizability was the only mechanism
causing decoherence (45).

At 6 = 0, little contrast decay was observed
over the course of 600 us (Fig. 2B, bottom). At
longer evolution times, the Ramsey oscillation
phase was scrambled by slight changes in |E|
between experimental runs. We therefore com-
puted the contrast on the basis of the observed
variance of the rotational state populations
(45). We measured 1 = 1450(80) us (Fig. 2C)—a
factor of 5 improvement over 6 = 90° and
exceeding the longest bulk coherence time

Tobias et al., Science 375, 1299-1303 (2022)
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previously observed for KRb (22). Factors that
may have limited the maximum achieved co-
herence included any remaining differential
ac polarizability, residual electric field gra-
dients, and intralayer dipolar interactions. With
millisecond-scale coherence times and realistic
experimental parameters, KRb is predicted to
dynamically generate spin-squeezed states in
two dimensions (74).

The capability to prepare arbitrary layer
configurations enables the realization of new
interacting systems. In this work, we studied
a system where the rate of chemical reactions
on a single 2D layer could be controlled by the
presence of adjacent layers (42). The dynamics
of molecules on multiple layers depend on a
number of processes (Fig. 3A). In a single layer,
molecules undergo two-body chemical reactions
according to the rate equation dN/dt = —BN?,
where N is the molecule number and B is
the two-body rate coefficient. KRb is fer-
mionic, so ultracold molecules in the same
internal state undergo reactions in the p-wave
channel, with rate coefficient B,. Molecules in
different rotational states are distinguishable
and therefore react in the s-wave channel, with
rate coefficient s, which is typically orders of
magnitude higher than B, because of the
absence of a centrifugal barrier (24, 48). Mol-
ecules in separate layers in different rotational
states may also exchange rotational angular
momenta through long-range dipolar interac-
tions (41), changing harmonic oscillator modes
in the process (represented by y in Fig. 3A).
Spin exchange can only occur between states of
opposite parity, meaning that |0)«|1) exchange
is allowed and |0)«|2) exchange is forbidden
at |[E| = 0. Applying an electric field induces

18 March 2022

101 10

Layer Configuration

101 (blue circles), and 202 (orange diamonds) trilayers. The solid lines are fits to
the two-body loss rate equation. (Inset) Loss for an equal mixture of molecules
in states |0) and |1) (Bs). (C) Density dependence of spin exchange. B fit to the
loss of |0) from layer configurations 000, 10, and 101 scaled linearly with the
number of adjacent layers containing |1). The solid green line indicates B,. Error
bars are 1 standard error from fits to the two-body loss rate equation.

rotational state mixing, but this effect only
slightly weakens the above selection rules at
|E| = 1kVem ™! (45).

Spin exchange facilitates the mixing of rota-
tional state populations between initially spin-
polarized layers, causing molecules undergoing
exchange to be rapidly lost with rate coefficient
Bs (42). To distinguish exchange from chemical
reactions, we first measured the rate coefficients
Bp and B at the temperature 7' = 334(30) nK,
with V|E| = 0. Throughout the following, we
describe bilayer and trilayer configurations ac-
cording to the rotational states present in
layers containing molecules. For example,
202 refers to a central layer containing only
molecules of state |0) with adjacent |2) layers
above and below and all other layers un-
occupied. To extract B, which in general de-
pends on rotational state because of variation
in the intermolecular potentials (49), we pre-
pared spin-polarized 000 (Fig. 3B, green squares),
111, and 222 trilayers and fit the number
decay to the two-body loss rate equation. For
|0) and [1), B, = 2.99(17) x 1072 s7%. For |2), the
loss rate was reduced to B, = 1.78(24) x 10® s7.
To extract Bs, we prepared a 111 trilayer and
applied a /2 pulse to form an equal super-
position of |0) and |1), which decohered com-
pletely within several milliseconds (Fig. 3B,
inset). We measured Bs = 2.0(3) x 107 s7%,
nearly two orders of magnitude larger than
Bp, as has been previously observed (24).

The interplay of exchange and loss was evi-
dent in layer configurations where multiple
rotational states were present. In a 202 tri-
layer, where selection rules prohibit spin ex-
change, the loss rate of |0) molecules from the
central layer matched B, (Fig. 3B, orange
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diamonds). By contrast, for a 101 trilayer, the
effective two-body loss rate increased by more
than a factor of 10 (Fig. 3B, blue circles). The
spin exchange rate depended on the density of
molecules in adjacent layers, which is analogous
to the dependence of the chemical reaction rate
on the local molecule density. We demonstrated
this effect by preparing 000, 10, and 101 layer
configurations and fitting the decay of |0) mole-
cules in the central layer to the two-body loss
rate equation. The fit  scaled linearly with the
number of adjacent |1) layers (Fig. 3C). These
results showed the dependence of spin exchange
on density and rotational state and demonstrated
tuning of the chemical reaction rate using ex-
perimental control of the layer configuration.
To extract the spin exchange rate quantita-
tively, we described N7, the molecule number
in layer ¢ and in rotational state |c), by a set of
coupled differential equations including the
aforementioned loss and exchange processes

dny? .
L— —Bpl\fiﬁl\ff — BNPNY

de
+vY (NINg—NeNY)(2)

k=i+1

where ¢ = ¢’ are the two rotational states par-
ticipating in the dynamics. The first two terms
represent intralayer two-body loss, with rates
Bp and P for spin-polarized and spin-mixed
molecules, respectively. The third term rep-
resents spin exchange, which depends on the
molecule populations in different rotational
states in adjacent layers, occurring with rate
constant y (Fig. 3A). v is an effective parameter
describing the spin exchange, averaged over all
molecules and over the full duration of the
measurement.

Because spin exchange is a resonant pro-
cess, adding an energy offset between adjacent
layers suppresses its rate. To probe the energy
spectrum of exchange, we added a variable
gradient J,|E| (Fig. 3A). The total change in
electric potential energy when molecules in
adjacent layers exchange rotational states is
hA (Eq. 1), which is equivalent to the shift in
microwave transition energy between adja-
cent layers (Fig. 1C). For states |0) and [1), A =
14 kHz at 9,|E| = 6.4kV cm ', the gradient
used for layer selection.

We measured the spin exchange rate y as a
function of A in 101 and 202 trilayer configura-
tions (Fig. 4A), with 6 = 90° and at T'= 334(30) nK.
For 202, the measured y was consistent with
zero spin exchange and did not depend on A.
For 101, however, the peak exchange rate was
¥ = 7.0(6) x 1072 57", more than two times B,.
Notably, y remained nonzero for large A, with
a Lorentzian fit to y(A) having a full width at
half maximum (FWHM) of 6.4(6) kHz. This
energy scale vastly exceeded the dipolar inter-
action energy between two molecules: At a
separation of 540 nm, the rate of spin ex-
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Fig. 4. Dependence of spin exchange on interlayer
detuning A, rotational state, and temperature.

(A) Spin exchange rate versus A, with 6 = 90° and
T =334(30) nK, for 101 (blue circles) and 202 (orange
diamonds) trilayers. The solid line is a Lorentzian

fit to extract the FWHM. The point displayed at

A = 0 kHz is the weighted average of measurements
at A = 0 and +0.12 kHz. (B) Temperature dependence
of spin exchange linewidth, with 6 = 6,,. The solid
line is a linear fit for the temperature range shown.
(Insets) y versus A at T = 378(30) nK (circles, upper
inset) and T = 643(40) nK (squares, lower inset).
Error bars are 1 standard error from fits to Eq. 2.

change between molecules in |[0) and [1) is
only 100 Hz (41).

Thermal energy contributed to the broad
linewidth. To compensate A and conserve en-
ergy during spin exchange, molecules must
change harmonic modes (Fig. 3A), the initial
occupation of which is determined by the
temperature. Qualitatively, this mechanism
gives insight into the scaling of y with 7"and
A. At low temperatures, no spin exchange can
occur when A greatly exceeds the thermal en-
ergy. For small A, however, the spin exchange
rate is enhanced because of the high average
occupation and strong dipolar coupling of low-
lying harmonic modes. At high temperatures,
the situation is reversed: High-lying modes are
occupied, allowing exchange even at large A,
but the peak exchange rate on resonance is
suppressed. These effects suggest that increas-
ing the temperature should broaden the spin
exchange linewidth.

To quantify the temperature dependence,
we repeated the measurement of y(A) with a
101 trilayer at four temperatures between 370
and 650 nK (Fig. 4B). We set 6 = 0,, to elim-
inate possible broadening because of varying

18 March 2022

trap potentials between rotational states (Fig. 2A).
At this angle, the strength of dipolar interac-
tions between harmonic modes was slightly
altered because the dipole moments were
rotated relative to the plane of motion. At the
lowest temperature, we measured a FWHM
of 5.4(7) kHz, only slightly narrower than at
6 = 90° At the highest temperature, by con-
trast, the peak y was reduced and the FWHM
more than doubled to 13.6(2.4) kHz. To pro-
vide physical insight into the temperature
dependence, we developed a simple two-
particle model of molecules in adjacent layers
interacting through dipolar spin exchange (45).
Weighting by the thermal mode occupation, we
found qualitative agreement with the observed
trend. In addition to thermal energy, effects
that may contribute to broadening include
many-body interactions, where multiple mol-
ecules participate jointly in the spin exchange
process, and intralayer dipole-dipole interac-
tions. Both of these mechanisms should only
weakly affect the temperature scaling because of
the relatively low molecule density and small
dipole moments at |E| = 1kV ecm .

‘We have demonstrated experimental control
over spin exchange and chemical reactions in
2D systems of ultracold molecules, enabled by
subwavelength addressing of individual lattice
layers. These results provide a general method
for layer-resolved state preparation and imag-
ing of polar molecules, facilitating the study of
many-body phases and nonequilibrium dy-
namics in long-range interacting systems with
reduced dimensionality.
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Layers of ultracold chemistry

Ultracold polar molecules trapped in two-dimensional layers are predicted to exhibit complex quantum phenomena
not available with other platforms because of long-range anisotropic and tunable dipolar interactions. Using precision
electric field control, Tobias et al. demonstrated layer-resolved creation and imaging of ultracold potassium—rubidium
molecules confined to two-dimensional planes in an optical lattice. They also studied spin exchange and chemical
reactions, which are shown to be highly dependent on the molecule temperature and interlayer detunings introduced
by an electric field gradient. This work demonstrates high control of ultracold molecules in an optical lattice and is a
promising step toward exploring emerging phenomena in quantum gas systems with reduced dimensionality. —YS
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