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Abstract

Precision measurements exploit internal molecular structure to search for physics
beyond the Standard Model [1–6]. Reaching the entanglement-enhanced regime
requires preparing and preserving correlated molecular states within the same
manifold used for sensing [7–10]. Parity-doublet states are central to pro-
posals for precision measurements with polyatomic molecules because they
enable large molecular polarization for enhanced sensitivity, and provide inter-
nal state co-magnetometry to suppress systematic errors [1–3, 5, 6, 11]. Here
we report the observation and control of resonant dipolar exchange interac-
tions in a parity-doublet sensing manifold of ultracold polyatomic molecules.
Using laser-cooled CaOH molecules in a crossed optical dipole trap, we encode
a pseudo-spin in the ℓ-type parity-doublet states and observe two complemen-
tary signatures of interactions: a density-dependent Ramsey contrast decay and a
spin-projection-dependent mean-field precession whose sign reverses with the ini-
tialized population imbalance. Both observables are well described by a common
discrete truncated Wigner model [12–14] using independently calibrated experi-
mental parameters. We further Floquet-engineer the interaction anisotropy and
observe suppressed many-body dephasing near the SU(2)-symmetric Heisenberg
point, identifying a protected regime relevant for spin squeezing and preci-
sion measurement with dense molecular ensembles [15–17]. Our results establish
parity-doublets as a coherent, interacting, and programmable molecular degree
of freedom, connecting the polyatomic precision-measurement platform to dipo-
lar many-body physics and opening a route to entanglement-enhanced tests of
fundamental physics.
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Molecules serve as quantum sensors of fundamental physics because their internal
structure can amplify tiny symmetry-violating effects. A particularly powerful exam-
ple is the use of closely spaced opposite-parity states, which weak electric fields can
mix to polarize the molecule, while reversals within the doublet enhance suppression
of systematic errors by distinguishing molecular-frame signals from laboratory-frame
systematic shifts. Parity-doublet states are already a key feature of the best probes
of CP-violating (CP-v) physics beyond the Standard Model (BSM), and are very
promising for future precision measurements and quantum simulations [1–6]. Lin-
ear polyatomic molecules host these parity-doublets in their bending vibrational
modes [18]. In polyatomic molecules, parity-doublet structures have been proposed
for CP-v BSM physics searches through the electron electric dipole moment (eEDM)
and CP-v nuclear magnetic quadrupole moments, both at scales > 10 TeV, and
nuclear-spin-dependent parity violation [2–5, 7]. Recent experiments have prepared
polyatomic molecules in eEDM-sensitive states, establishing them as promising BSM
probes [3, 11]. However, these measurements have so far relied on independent
molecules. For parity-doublets to become useful many-body resources, entanglement-
enhanced precision measurements call for coherent interactions between molecules that
act within the same metrologically important manifold [7].

Ultracold molecules offer the ingredients needed to enter this many-body regime.
Rotational states in ultracold diatomic molecules have been used to encode qubits,
with their electric dipole-dipole interactions providing a route to analog quantum
simulations of spin models and quantum computations [19–32]. Polyatomic molecules
provide an enabling architecture to connect the many-body toolbox to precision mea-
surement: their complex vibrational and rotational structure naturally support a
plethora of parity-doublets while remaining compatible with laser cooling and optical
trapping [18, 33, 34]. These parity-doublets can carry the symmetry-violating signal
and are themselves electrically coupled, so interactions act directly within the sensing
manifold. At zero electric field, the two states in a parity-doublet are near degen-
erate and share identical quantum numbers apart from their inversion parity. This
near-identity suppresses differential sensitivity to magnetic and optical perturbations,
enabling second-scale qubit coherence in optically trapped polyatomic molecules [35].
These ingredients point toward a new regime in which the metrological advantages of
molecular parity-doublet states can be extended by the programmable interactions of
ultracold dipolar many-body systems.

In this work, we establish parity-doublet states as a programmable interacting
degree of freedom in ultracold polyatomic molecules. We realize and control coherent
resonant dipolar exchange interactions between CaOH molecules directly within the
ℓ-type parity-doublet manifold of the X̃2Σ+(010) vibrational bending mode relevant
to precision measurement. Molecular thermal motion generates spatially disordered,
long-range exchange couplings, realizing an itinerant XY spin model. As a first man-
ifestation of interactions, a rapid collective spin decay is observed as a function of
molecular density. We characterize the system spin Hamiltonian by initializing dif-
ferent spin projections and measuring the spin precession, revealing a mean-field
one-axis-twisting (OAT) interaction that scales linearly with density and reverses
direction with the population imbalance. We then use Floquet control to tune the
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interaction anisotropy and observe strongly suppressed dephasing near the SU(2)-
symmetric Heisenberg point, despite the inhomogeneous couplings. This identifies a
protected interacting regime for precision measurements at high molecule number, mit-
igating the interaction-induced coherence penalty that otherwise grows with molecular
density. The ability to switch between anisotropic exchange that generates correlations
and isotropic interaction that preserves collective coherence establishes parity doublets
as a programmable many-body resource, and offers a route to generate-and-protect
protocols for molecular quantum sensing.

We create ultracold CaOH molecules by laser slowing and cooling a molecular
beam from a cryogenic buffer gas source and loading them into a red-detuned radio
frequency (rf) magneto-optic trap (MOT) [34, 36]. They are then transferred to a com-
pressed dc blue-detuned conveyor-belt MOT to enhance the density [37, 38], further
cooled [18], and loaded into a small volume of a crossed optical dipole trap (cODT).
Approximately 90 molecules at T = 60 µK are confined by two λ = 1064 nm lasers
that intersect at 45◦ to create the cODT. One of the cODT laser beams has an ellip-
tical aspect ratio of 5, resulting in an oblate crossed trap with motional frequencies
ω/2π = (1.3(1), 3.5(1), 11.5(2)) kHz at trap depth U0/kB = 1.3(2) mK.

Molecules in the cODT are optically pumped into the excited vibrational bending
mode X̃2Σ+(010) and prepared into a single parity-doublet stretched hyperfine state
|N = 1, J = 3/2, F = 2,mF = 2, p = +⟩ using combined optical and microwave pump-
ing as well as an rf adiabatic sweep [35]. The polarization of the two dipole beams is
set at the magic condition to optimize the single-molecule parity-doublet coherence,
which is limited by differential AC Stark shifts from the trap light. After the state
preparation, the bias magnetic field is ramped up to Bz = 30 G to further enhance
the coherence time and define the quantization axis z.

Our two-level system is formed by the stretched hyperfine
states of the opposite parity components of the ℓ-type doublet.
We define |↑⟩ ≡ |N = 1, J = 3/2, F = 2,mF = 2, p = +⟩ and |↓⟩ ≡
|N = 1, J = 3/2, F = 2,mF = 2, p = −⟩, which are separated by a small parity-
doublet splitting and share the same angular-momentum quantum numbers except
parity, as shown in Fig. 1c. Here, N is the rotational quantum number, J includes
the electron spin, F is the total angular momentum including nuclear spin, mF is the
projection of F along the quantization axis z, and p denotes the parity. Because the
two states have nearly identical angular-momentum structure, differential magnetic
moments and differential AC Stark shifts are very small; residual trap sensitivity is a
parity-dependent AC Stark shift arising from Renner–Teller mixing in the Ã2Σ(010)
excited state [35]. At the same time, these states of opposite parity have a large
transition electric dipole moment d↑↓ = ⟨↑| d |↓⟩ = 0.73 D. Coherent rf pulses resonant
with the parity-doublet transition prepare arbitrary pseudo-spin states on the Bloch
sphere, with transverse spin components s⊥ corresponding to coherence between |↑⟩
and |↓⟩ and sz corresponding to their population imbalance.

At zero electric field, parity remains a good quantum number, and the molecule
has no lab-frame dipole moment. In this case, the electric transition dipole moment
between the two opposite-parity states gives rise to resonant dipolar exchange
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Fig. 1 Experimental setup. a Itinerant polyatomic molecules in a crossed optical dipole trap, which
provides tighter confinement in z. The anisotropy enhances the OAT mean interaction strength. b
The resonant dipolar exchange interaction happens between a pair of molecules that respectively
reside in the two parity eigenstates made by superpositions of opposite bending angular momentum
states labeled by projections ℓ = ±1. The lab quantization axis is defined by a strong bias magnetic
field along z. c The N = 1 rotational state diagram of X̃2Σ+(010) in CaOH, which contains our
parity-doublet manifold. The two states that comprise our qubit system are ones of opposite parity,
|+⟩ and |−⟩, which we label |↑⟩ ≡ |+⟩ and |↓⟩ ≡ |−⟩.

interactions between molecules, described by an XY spin Hamiltonian,

Ĥ =
1

2

∑

i ̸=j

V (ri − rj)
(
sxi s

x
j + syi s

y
j

)
(1)

where V (r) = 2d 2
↑↓

(
1− 3 cos2 α

)
/(4πϵ0r

3) is the anisotropic dipole-dipole interaction
strength between i, j and is determined by the instantaneous molecular separation r
and the angle α between the intermolecular axis and the quantization field. In the
cODT, the molecules undergo thermal itinerant motion, sampling a time-dependent
and spatially disordered set of exchange couplings. This produces two experimentally
measurable signatures: an inhomogeneous decay of the collective transverse spin length
and a mean-field precession of the transverse spin whose rates depend on the initialized
spin projection.

We model these many-body dynamics through the discrete truncated Wigner
approximation (DTWA) [8, 12–14]. The initial molecular quantum spin state is sam-
pled over an ensemble of classical spin configurations, which is then evolved under the
time-varying dipolar exchange couplings generated by thermal molecular trajectories
in the trap potential. The simulations use independently calibrated trap frequen-
cies, temperature, and molecule number. Observables are obtained by averaging the
collective spin over many sampled spin configurations and molecular trajectories.
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Experimentally, we calibrate the parity-doublet spin coherence in the absence of
interactions with two approaches: either (i) turning off one of the two cODT beams, or
(ii) reducing the loading of molecules to ∼ 10% of the maximum number. In the single
ODT beam approach (i), we carefully cancel the lab electric fields and optimize the
trap polarization at the magic angle condition. We achieve a bare coherence time of
T ∗
2 = 14(2) ms at a trap depth of 0.9(2) mK, and by performing an XY16 dynamical

decoupling multi-pulse sequence [39], we extend T ∗
2 by more than a factor of 60,

beyond the vibrational bending mode 1/e radiative lifetime Tr ∼ 350 ms [40]. The
time interval τp = 25 µs between each X̂ or Ŷ pulse is chosen to match the cutoff
set by the largest trap frequency ωz and its harmonics. In case (ii), the low molecule
density condition allows us to measure the bare coherence time, T ∗

2 = 2.5(4) ms, and
the XY16 extended coherence time, T2−16 = 250(30) ms, well beyond the time scale
observed from dipolar interaction induced phase changes.

By decomposing the pairwise interaction Vij = V̄ + δVij(t), the Hamiltonian (1)
has a mean-field contribution, through the definition of collective spin Sα =

∑
i s

α
i

and the ensemble-averaged interaction strength χ = V̄ /2

Ĥcoll = χS2 − χS2
z + const. (2)

The first collective S2 term tends to preserve the total spin length |S|; the nonlin-
ear dynamics are generated by the one-axis-twisting term −χS2

z , which shears the
collective-spin quasiprobability distribution. This produces a coherent loss of contrast
and, at later times, is expected to generate spin squeezing and metrologically use-
ful entanglement [9, 41, 42]. In addition, as thermal molecules ergodically traverse
the trap, the pairwise couplings δVij(t) fluctuate in time and vary between molecular
trajectories. Equivalently, each molecule samples a different accumulated interaction
phase set by its local environment. The resulting distribution of interaction-induced
phases broadens with molecular density, leading to the observed density-dependent
dephasing.

We measure such dephasing by performing a Ramsey pulse sequence. The first π/2
rf pulse prepares a transverse polarized spin state (|↑⟩+|↓⟩)/

√
2 for each molecule. The

following blocks of XY16 dynamical decoupling pulses during the interaction time T
act as a single-body echo, and a last π/2 readout pulse phase is scanned to extract the
Ramsey fringe contrast. We use a parity-selective optical detection scheme to measure
the population in |↑⟩ and repeat the measurement with different densities of molecules.
We observe that contrast decay fits well to an exponential function of T , where the
characteristic decay rate Γ becomes faster at higher densities.

The contrast decay is sensitive to the spread of the interaction-induced phase across
the ensemble. In an additional probe of the Hamiltonian (2), we deliberately prepare
a population imbalance between the two parity-doublet states. In this case, linearizing
the OAT term −χS2

z gives an effective mean-field shift −2χ⟨Sz⟩Sz that causes the
collective spin to precess about the z axis at a rate proportional to both χ and the
initialized spin projection ⟨Sz⟩. The precession rate is expected to scale linearly with
molecular density and to reverse sign when the population imbalance is reversed.
Measuring this dependence distinguishes coherent interaction-driven evolution from
generic density-dependent dephasing.
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Fig. 2 Parity-doublet spin dephasing. a The Ramsey pulse sequence comprises a π/2 pulse that

prepares the spin on the equator along X̂, and a final π/2 that reads out the projection of S⊥

along a certain axis n̂ defined by the pulse phase ϕ. During the interval T between these pulses,
the spin system evolves under Hamiltonian (1), while dynamical decoupling pulses suppress the
single-particle decoherence arising from the trap shift. On the right is an example of the measured
fringes at different T indicates fast contrast decay at 1, 25, 50, 100 ms. Error bars represent 68%
confidence intervals from bootstrapping. The contrast C = S⊥(T )/S⊥(0) is extracted by fitting each
Ramsey fringe to a sinusoidal function. b The Ramsey contrast decay at different initial molecular
peak densities n0 = 0.3, 0.96, 1.81, 2.53 × 1010cm−3. For each density, we fit an exponential decay
C(T ) = C0 exp(−Γt). c Decay rate Γ as a function of density. The solid line is a linear fit with
an intercept that indicates the remaining single-particle decoherence rate baseline. Error bars in b,

c are 1 standard error from the fits. The shaded region represents the prediction from the DTWA
simulations with 25% uncertainty in n0.

We prepare such an imbalanced state cos(θ/2) |↑⟩ + sin(θ/2) |↓⟩ in each molecule
through a variable initializing rf pulse with pulse area θ. While dynamical decoupling
pulses during T keep the Ramsey fringe phase intact, the mean-field shift drives a
precession rate ωmf = χN cos θ. As shown in Fig. 3, the accumulated phase is approx-
imately linear in time over the measured evolution window, allowing us to extract
ωmf . The sign and magnitude of ωmf depend on the initialized spin projection, revers-
ing when ⟨Sz⟩ is reversed and vanishing near the equator. Moreover, for a fixed spin
projection, the precession rate increases linearly with molecular density.

Taken together, the dephasing and precession measurements probe complementary
components of the same exchange interaction. The Ramsey contrast decay reveals the
distribution of local interaction-induced phases, while the spin-projection-dependent
precession provides a signed measurement of the ensemble-averaged interaction field.
Their simultaneous agreement with the same DTWA calculation identifies the observed
dynamics as resonant dipolar exchange within the parity-doublet manifold.
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Fig. 3 Parity-doublet spin precession. a Collective spin precession phase φ as function of T for dif-
ferent initial angle θ. Colors from light to dark correspond to increasing θ = π/4, π/3, π/2, 2π/3, 3π/4.
The initial spin is prepared by a pulse with area θ from |↑⟩, which, after time T , is rotated by the
OAT interaction by azimuthal angle φ(T ). Dynamical decoupling is implemented during T . We again
extract φ by varying the last readout π−θ pulse phase ϕ and fitting to a sinusoidal. The middle panel
presents the normalized Ramsey fringes at T = 0 (grey) and 50 ms (blue). Error bars represent 68%
confidence intervals from bootstrapping. b Mean-field precession rate ωmf , extracted from linear fits
to the early-time phase evolution in a, as a function of the initialized spin projection cos θ. In a, b,
n0 = 3.1(1) × 1010 cm−3. c ωmf is linearly dependent on n0 at θ = π/4. In b, c the shaded region
represents DTWA simulation predictions.

Having established coherent exchange interactions in the parity-doublet manifold,
we now ask whether they can be engineered to overcome the observed density-
dependent dephasing and yield an advantage for many-body metrology. The native
long-range XY interaction plays a dual role: it supplies the nonlinear spin dynam-
ics needed to generate correlations, while its spatially disordered couplings degrade
the collective coherence required for precision measurement, even though itinerant
motion partially averages this disorder. For metrology, this usually presents a trade-
off: increasing the molecule number improves projection-noise-limited sensitivity [43],
yet at fixed volume it also raises the dephasing rate [44]. Symmetry offers a route to
suppress this dephasing. In the isotropic Heisenberg limit, ĤXXX =

∑
i ̸=j Vij si · sj/2,

the dipolar interaction becomes SU(2)-symmetric and conserves the collective spin S.
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e−iĤXYT

∆ = 0

e−iĤXXXT
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Fig. 4 Symmetry-protected collective coherence in parity-doublets. a A unit block of the Floquet
pulse sequence contains frame-switching pulses (green) and interaction intervals (blue, yellow, and
brown blocks). Here Y and Ȳ denote π/2 rotations about y and −y respectively, with BB1 compos-
ite pulses. During the interaction intervals, the spin system effectively evolves under Hamiltonians
ĤAB ∝ AA+BB depending on the frame selection. XY16 pulses are embedded within each interaction
interval. The + and − cycles use opposite frame rotations and are alternated to cancel leading-order
pulse errors from the frame-switching pulses. b Engineered many-body dephasing rate Γ̃ as a function
of the XXZ anisotropy ∆. The purple shaded region represents the prediction from the DTWA simu-
lations. Error bars represent 68% confidence intervals from bootstrapping. c Representative Ramsey
contrast decays C(T ) for selected values of ∆ = 0, 0.5, 1 (dark to light). Lines are exponential fits used
to extract Γ̃. d DTWA snapshots of the collective spin distribution under the native XY interaction
and the engineered isotropic XXX interaction at T = 35 ms. Spatially inhomogeneous XY couplings
broaden the distribution and reduce S⊥, whereas the SU(2)-symmetric XXX interaction preserves
the fully polarized collective-spin state despite the coupling disorder.

A fully polarized spin state is therefore protected against exchange-induced dephasing
even when the pairwise couplings Vij are spatially disordered (Fig. 4d) [15, 16, 45].

Combining this symmetry protection with a controlled residual anisotropy is pre-
dicted to be favorable for spin squeezing near the Heisenberg point [17, 46]. We
implement this control by Floquet engineering the native exchange Hamiltonian ĤXY.
Global π/2 frame rotations map the interaction into different spin frames, allowing
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the molecules to evolve under effective Hamiltonians ĤXY, ĤYZ, and ĤXZ for pro-
grammable relative durations n : m : m within each Floquet cycle. The lowest-order
effective Hamiltonian is XXZ

ĤXXZ =
1

2

∑

i ̸=j

Ṽij

(
sxi s

x
j + syi s

y
j +∆szi s

z
j

)
(3)

with the tunable anisotropy ∆ = 2m/(m + n) and renormalized coupling Ṽij/Vij =
(n+m)/(n+ 2m).

We experimentally probe the engineered Hamiltonian by repeating the Ramsey
contrast measurement while tuning ∆ from the XY limit, ∆ = 0, through the isotropic
point and towards the Ising side ∆ = 2. The many-body dephasing rate Γ̃ is strongly
reduced as the engineered interaction approaches the SU(2)-symmetric point. The
observed dependence of Γ̃ on ∆ is broadly captured by the DTWA simulations using
the same independently calibrated experimental parameters. Small deviations on the
Ising side may reflect effects beyond the present DTWA model, including collisional
dynamics [47–49] and higher-order Floquet corrections. The simulation further shows
that a dominant SU(2)-symmetric interaction can energetically separate collective
dynamics from spin-wave excitations, while a small anisotropic component gener-
ates spin squeezing in itinerant molecule parity-doublets under realistic experimental
conditions [50].

Our work transforms parity-doublets from a long-lived single-particle probe to a
coherent, interacting, and programmable molecular degree of freedom. This is a key
step toward generating entangled many-body states within the same manifold used
for precision measurements [8, 51]. Recent work has proposed that entanglement in
parity-doublet states can enhance sensitivity to symmetry-violating moments that
are strong probes for new CP-v physics and other new particles, particularly in the
low-field regime where parity remains a good quantum number [7]. Future work may
extend such entanglement to the polarized, high-electric-field conditions that have
complementary relevance for eEDM searches. Exploring these systems remains an
important open direction.

The same capabilities make interacting polyatomic molecules a new resource for
quantum many-body physics. The system demonstrated here realizes an itinerant
dipolar XY spin model and programs a tunable XXZ model through combinations
of electric-field control, coherent rf driving, and Floquet protocols [52, 53]. Such
tools could generate entangling dynamics beyond the one-axis-twisting interaction
studied here, including routes toward programmable spin squeezing and two-axis
twisting [10, 54, 55]. Looking forward, loading parity-doublet molecules into dense
optical tweezer arrays [56] would combine long coherence, strong electric-dipole inter-
actions, and the enriched internal structure of polyatomic molecules in a programmable
platform for many-body quantum science.
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Appendix A Methods

Experimental sequence

The experiment prepares ultracold CaOH molecules in the parity-doublet manifold
using a similar sequence as detailed in the previous works [3, 34, 35]. After laser cool-
ing and trapping molecules in the blue-detuned conveyor-belt MOT, we turn on the
cODT while applying the single-frequency grey molasses cooling for 15 ms, which
cools the molecules to 60 µK in the trap. Here, we take a first fluorescence image
of the trapped cloud for 7 ms to provide a reference for future number normal-
ization and data thresholding. These molecules are in the vibrational ground state
X̃(000) and are recooled by the same lasers shortly after the image. Next, we opti-
cally pump them into the vibrational bending mode X̃(010) via the excited state
Ã(010). As there are four parity-allowed hyperfine states into which Ã(010) sponta-
neously decays, we use frequency-modulated microwave to selectively address all but
|N = 1, J = 1/2, F = 0, p = −⟩. By transferring the other three states to N = 2 and
further to Ã(010) with an N = 2 repump laser, we are able to prepare molecules to
this single state. We calibrate the state preparation efficiency from X̃(000) to |↑⟩ is
33(2)%.

From |N = 1, J = 1/2, F = 0, p = −⟩ to |↑⟩ ≡
|N = 1, J = 3/2, F = 2,mF = 2, p = +⟩, We drive an rf adiabatic sweep at 72.4 MHz
by ramping the bias Bz from 1.2 to 2.7 G within 12 ms. A resonant pushout laser
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pulse is applied for 3 ms to clear all remaining |p = −⟩ states, and the bias Bz is
ramped up to about 30 G. Here, we apply the rf Ramsey plus dynamical decoupling
pulses. To do this, the rf source is switched to a high-speed arbitrary waveform
generator during the interrogation time T . Finally, we deplete the |p = −⟩ states by
another push-out pulse, and time-reverse the rf adiabatic sweep to only probe the
population in the |↑⟩ state using the same single-frequency cooling light for 30 ms.

Crossed ODT calibrations

Our crossed optical dipole trap (cODT) is made by two tightly focused λ = 1064 nm
laser beams intersecting in the xy plane. The two beams are produced by independent
lasers and therefore are non-interfering. Beam 1 transmits through a telescope that
only expands the beam in z by about 5× in the Fourier plane and is further focused
into an elliptical beam with 1/e2 waists (wy, wz) = (50, 11) µm at the molecular plane.
Beam 2 is expanded by an isotropic telescope and focused to (wx−y, wz) = (26, 26) µm.
Beam 2 is combined with the x − y MOT beam on a dichroic mirror and sent into
the chamber. Both dipole beams have linear polarizations controlled by two motorized
half-wave plates.

We calibrate the radial harmonic trap frequencies of each trap separately using
parametric heating. In this approach, we perturbatively modulate the trap intensity,
resulting in heating near twice the trap frequencies at each principal trap axis. This
temperature change is converted to molecule loss by deliberately snapping the trap off
for ∼ 150 µs and then turning it on to recapture. For Beam 1, we measure the radial
frequencies to be (ω1,y, ω1,z)/2π = (2.2(1), 11.5(2)) kHz at total power P1 = 16.5 W.
For Beam 2, the radial frequencies are (ω2,x−y, ω2,z)/2π = (3.0(1), 3.0(1)) kHz at total
power P2 = 15 W.

Because the two beams intersect at 45◦, the trap frequencies hybridize in the xy
plane, and add in z:

ω2
± =

1

2

[
ω2
1,y + ω2

2,x−y ±
√

ω4
1,y + ω4

2,x−y

]
, (A1)

ω2
z =ω2

1,z + ω2
2,z. (A2)

Plugging in individual frequencies, we expect (ω−, ω+, ωz)/2π =
(1.35(5), 3.47(9), 11.8(2)) kHz. To verify this, we modulate the two beam intensities
simultaneously in phase in the cODT to measure ω/2π = (1.3(1), 3.5(1), 11.5(2)) kHz.

The two dipole beams traverse distinct optical paths and we find it necessary to
frequently check the focuses are well overlapped in space. For this positional fine-
tuning, we include a piezo-driven mirror in each beam’s path. We use three methods
for the overlap: (i) the initial alignment of the ODTs is individually optimized for
the number of loaded molecules from the blue-detuned conveyor-belt MOT, which
has a 1/e2 radius ∼ 60 µm; (ii) a “hand-off” procedure, where the overlap condition
maximizes the fraction transferred adiabatically from Trap 1 to Trap 2 and back; (iii)
trap frequencies are measured as we scan the beam positions. All three methods agree
on locating the spatial overlap within 2 µm precision.
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Molecular density calibration

We independently calibrate the trapped molecular density in two ways: (i) measuring
the molecule number and temperature separately and combining them with the cali-
brated trap geometry, and (ii) using the measured two-body inelastic loss rate together
with the collisional rate constant reported in Ref. [57].

(i) Number, temperature, and trap geometry.—For a thermal cloud in the har-

monic trap, the peak number density is n0 = N ωxωyωz (m/2πkBT )
3/2

. Therefore,
the calibration reduces to determining N , T , and the trap frequencies ωµ.

The molecule number is obtained from fluorescence imaging. We calibrate the
imaging collection efficiency ηcoll = 1.3% by comparing the counts collected from a
known number of photons, using an imaging system with effective NA = 0.3 similar to
that of Refs. [35, 57]. We then calibrate the photon scattering rate to be 22 kHz in the
same imaging condition. Next, we separately measure the EMCCD counts per incident
photon to be 114. These combined with the state preparation efficiency, calculate the
molecule number N in the parity-doublet manifold. We estimate a combined fractional
uncertainty of 25% in N , which dominates the density uncertainty.

The temperature is measured by a trap-depth “shaving”: we adiabatically lower the
trap depth to a variable value U , losing molecules with energy exceeding U , and record
the surviving fraction. Fitting the survival curve to a thermal energy distribution
yields T = 60(8) µK. This method is well suited to the small molecule numbers here,
where time-of-flight imaging has limited signal-to-noise.

The trap frequencies are measured by parametric heating spectroscopy. Because
the trap depth greatly exceeds the temperature η = U0/kBT = 22(1), the molecules
occupy only the harmonic bottom of the trap and anharmonic corrections are small.

(ii) Two-body loss.—As an independent check, we use the inelastic collisional loss
of molecules confined at high density. The loss rate constant k for molecules occupying
states in N = 1 of the X̃(010) bending mode was measured in Ref. [57]. Recording
the molecule number versus hold time and fitting to the two-body rate equation Ṅ =
−k⟨n⟩N −N/τ , where ⟨n⟩ = n0/2

3/2 is the average density and τ the single-molecule
lifetime, we invert the observed decay to obtain a density. We specifically choose
| ↓⟩ = |N = 1, J = 3/2, F = 2,mF = 2, p = −⟩ for this measurement for its higher
collisional rate. The two methods agree within their combined uncertainty, which we
take as the 25% error bar on n0 in the parity-doublet manifold. When we need to scan
n0, we vary the laser-slowing time to change the initial number loaded in the cODT.

Single-particle coherence time

Observing dipolar interactions requires a suppression of the single-body decoherence
rate. The parity-doublet transition is sensitive to the electric field environment as well
as a parity-dependent trap shift. Since the former shift is quadratic, we use in-vacuum
electrodes and coils to apply dc electric fields that cancel the ambient lab field. We
also bathe our vacuum chamber with UV LEDs to desorb charges introduced by the
buffer gas beam to increase stability.
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To reach high enough density to observe dipolar interaction, we run the experiment

at a trap depth about 35× higher than Ref. [35]. Owing to the U
3/2
0 scaling of the

decoherence rate, the differential trap shifts are the dominant limitation to the single-
spin coherence time. We conduct iterations of optimization on the magic condition of
the trap polarizations. We report an optimal bare coherence time of T2 = 2.5(4) ms
in the cODT at U0/kB = 1.3 mK.

Dynamical decoupling sequences

The timescale set by dipolar interactions is∼ 50ms, and dynamical decoupling is essen-
tial for extending the single-spin coherence time beyond it. In particular, we use pulse
sequences from the XY family, in which nominal π pulses are applied about alternat-
ing axes in the equatorial plane. Ideally, these pulse sequences create a bandpass filter
that rejects detuning noises with frequencies other than near 1/2τp, while leaving the
interaction Hamiltonian intact. Compared with Carr–Purcell sequences that use pulses
about a single axis, XY sequences cancel pulse imperfections more symmetrically.

In the cODT, because the molecules undergo harmonic motion in the trap, the
dominant single-particle dephasing arises from the residual parity-dependent AC Stark
shift modulated primarily at the trap frequencies and their harmonics. The dominant
spectral weight of this detuning noise is therefore bounded from below by approxi-
mately twice the largest trap frequency ∼ 23 kHz. We choose the interpulse spacing
τp = 25 µs. The pulse duration is scanned and chosen so that its Fourier broadening
does not drive nearby hyperfine transitions.

For typical Ramsey measurements with T = 50–100 ms, the sequence contains 2.5–
5×103 refocusing pulses. Even though the XY family pulses can self-correct, this large
number of pulses makes robustness to pulse imperfections a stringent requirement for
preserving consistent Ramsey contrast and phase. In the experiment, we deliberately
scan the pulse duration and observe typical pulse error tolerance at ∼ 1% of the pulse
area. We reproduce this behavior by Monte Carlo simulations that include detuning
noise under experimental parameters and model XY pulse errors by imperfect rota-
tions. Such imperfections are likely from slow drifts and fluctuations of the rf amplifier
gain associated with thermal relaxation.

We achieve the requirement using three methods simultaneously. We first cali-
brate the π pulse area by preparing |↑⟩ and applying ∼ 50 pairs of X pulses, where
an ideal pulse pair should preserve the initial spin. During the experiment run,
we monitor the rf intensity in real time. Finally, we upgrade the sequence to use
XY16 (X Y X Y Y X Y X Y X Y X X Y X Y ), which suppresses the pulse imperfection
effects to higher order.

Floquet-engineered interactions

To program the interaction anisotropy, we periodically interleave the free interaction
evolution with global π/2 frame-rotation pulses, following the average-Hamiltonian
approach used for dipolar spin systems [45, 54, 58, 59]. Within one Floquet cycle τc,
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the spins evolve in the toggling frame set by the applied pulses, under the interac-
tion Hamiltonian expressed in different spin frames. A π/2 rotation about x sends

y → z and leaves x fixed, mapping the interaction to X̂X + ẐZ ≡ ĤXZ . Cycling
through these frames therefore lets the molecules evolve under ĤXY , ĤY Z , and ĤXZ

for programmable relative durations. The exact ordering of frame-switching pulses and
interaction intervals is shown in Fig. 4a.

We allocate durations n : m : m to the XY , Y Z, and XZ frames within one
Floquet cycle of period τc ∝ n + 2m. Provided the cycle is short compared to the
interaction timescale, the zeroth-order Magnus expansion is the time average over the
cycle,

Ĥ(0) =
1

n+ 2m

[
n ĤXY +mĤYZ +mĤXZ

]
. (A3)

Substituting the frame-transformed interactions and collecting terms,

ĤXXZ =
n+m

n+ 2m

1

2

∑

i ̸=j

Vij

(
sxi s

x
j + syi s

y
j +∆ szi s

z
j

)
(A4)

with ∆ = 2m/(m+ n). The prefactor (n+m)/(n+ 2m) is an overall renormalization
of the interaction strength. Within each interaction interval, we embed XY16 π-pulse
trains with spacing τp to refocus single-particle dephasing. For the experiment, we
typically select τc = 190 µs and τp = 12 µs.

By calibrating using Ramsey, we experimentally identify that the frame-switching
π/2 rotations are the dominant source of coherent pulse error in the sequence. We
implement them as BB1 composite pulses to suppress sensitivity to rf pulse-area fluc-
tuations. In addition, we alternate two Floquet cycles, denoted (+) and (−), that
apply the frame rotations in opposite senses (Fig. 4a). The leading-order coherent error
accumulated from the frame-switching pulses reverses sign between the two cycles, in
analogy to the cancellation by the XY family.

In the experiment, we perform similar Ramsey measurements to determine the
dephasing rate Γ. To ensure that complex Floquet-engineering pulses do not intro-
duce decoherence that mixes with many-body dephasing, we separately measure the
decoherence rate Γlow at ∼ 10% the maximum density for each ∆, and subtract it
Γ̃ = Γ− Γlow.

The leading next-order correction from the Magnus expansion is ∼
τc [Ĥframe, Ĥframe′ ] between the interaction in different frames, which are suppressed
linearly in τc. Residual deviations from the DTWA prediction observed on the Ising
side of Fig. 4b may additionally reflect these higher-order Floquet corrections.

DTWA simulation

We model the many-body spin dynamics with the discrete truncated Wigner approx-
imation (DTWA) [12, 13]. This method captures the leading quantum fluctuations of
the collective spin by sampling the initial state over a discrete phase-space distribu-
tion and propagating each sample under the classical equations of motion. Because
the molecules move during the interaction time, each trajectory carries its own set of
time-dependent dipolar couplings generated by the thermal motion in the trap.
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Each molecule is a pseudo-spin-1/2, represented by a classical vector si =
(sxi , s

y
i , s

z
i ). For an initial coherent state with mean spin along the direction (θ, ϕ), we

sample from the spin-1/2 discrete Wigner distribution in a frame rotated by RT (θ, ϕ).
Each sampled vector is normalized to length

√
3/2.

For each realization we draw the initial positions ri(0) and velocities vi(0) of
the N molecules from the Maxwell-Boltzmann distribution of the harmonic trap at
temperature T . As an approximation that neglects the backaction force, the evolu-
tion the molecules follows independent single-particle harmonic trajectories, ri,µ(t) =
ri,µ(0) cos(ωµt)+vi,µ(0)/ωµ sin(ωµt), where µ = x, y, z. At each time step, the pairwise
couplings are evaluated from the instantaneous positions.

Each classical spin precesses in the mean field of all the others, ṡi = Bi× si, where
Bi =

∑
j ̸=i Vij(t) (s

x
j , s

y
j , 0)/ℏ.We integrate these with a symmetric operator-splitting

(Trotter) scheme built from exact two-spin propagators. For each pair, the exchange
propagator is Strang-split into rotations generated by the sxsx and sysy couplings

e
dt

(

L
(x)
ij

+L
(y)
ij

)

= e
dt
2 L

(x)
ij edtL

(y)
ij e

dt
2 L

(x)
ij +O

(
dt3

)
, (A5)

where L(x)
ij = Vijs

x
i s

x
j , L

(y)
ij = Vijs

y
i s

y
j . Furthermore, the full time step is symmetrized

by sweeping the pair indices in ascending order first and descending

e
dt
2 L1 · · · e dt

2 LM−1edtLM e
dt
2 LM−1 · · · e dt

2 L1 , (A6)

where Lp spans all the pairs. The scheme is accurate to order O(dt3) for a single
update. This is essential because the thermal motion produces couplings spanning
several orders of magnitude, for which an explicit Euler method requires a prohibitively
small time step.

For each set of parameters, we average over Ntraj Wigner spin samples and Ninit

independent motional realizations. The collective spin components Sα =
∑

i s
α
i yield

the transverse contrast S⊥(T )/S⊥(0) used in the dephasing measurement (Fig. 2, 4)
and the azimuthal precession angle φ(T ) = arg(Sx + iSy) used in the mean-field
precession measurement (Fig. 3). For these simulation data, we select Ntraj = 60,
Ninit = 30 and dt = 2.5 µs.

Collisional framework

The DTWA simulation captures coherent, long-range spin evolution, including the
phase accumulated during repeated encounters, but neglects interaction-induced
changes of the trajectories, spin-motion entanglement, and spin-flipping collisions. We
therefore treat DTWA as the many-body model for coherent long-range spin evolution
and independently assess two-body scattering, as detailed in the SI.

For the scattering calculation, an incoming pair channel is denoted by

q ∈ {| ↑↑⟩, |T0⟩, | ↓↓⟩} , |T0⟩ =
| ↑↓⟩+ | ↓↑⟩√

2
. (A7)
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For a common relative collision energy Ec = ℏ
2k2/2µ, the branch with asymptotic

internal energy ϵq is propagated at total energy Eq = ϵq+Ec. Amplitudes from different
incoming spin components are added coherently when they lead to the same outgoing
kinetic energy and orbital channel. Tracing over the outgoing motional state then
gives the scattering generator for the internal pair state: scattering that is identical for
all spin components leaves the Ramsey coherence unchanged, whereas spin-dependent
scattering into distinguishable motional channels reduces it. Missing outgoing flux is
identified with short-range universal loss. The physical scattering framework follow
Ref. [57] but are reduced to the parity-doublet manifold: we solve three-dimensional
coupled radial equations in an exchange-symmetrized bosonic basis and impose a
universal absorptive boundary at short range. We average the resulting rate coefficients
over the thermal distribution and the density profile of the cloud.

The collisional calculation reproduces a similar Ramsey dephasing rate and den-
sity dependence to DTWA. Physically, the scattering and DTWA frameworks both
contain contributions from the same long-range tail of the dipolar interaction; their
dephasing rates are not additive. In our regime C3n0/kBT = 2 × 10−6, a typical
dipolar encounter very weakly perturbs the thermal trajectory, but long-range inter-
action can still accumulate coherent spin-dependent phases over the evolution. Direct
internal-state-changing scattering is negligible.

Mean field approximation

By decomposing the pairwise interaction Vij(t) = V̄ + δVij(t) where

V̄ ≡ ⟨Vij⟩ and ⟨δVij⟩ = 0, the average Hamiltonian becomes Ĥcoll =
V̄ /2

∑
i ̸=j

(
sxi s

x
j + syi s

y
j

)
. Rewriting it in terms of the collective variables

∑
i ̸=j s

x
i s

x
j =

S2
x −

∑
i (s

x
i )

2
such that

∑
i ̸=j

(
sxi s

x
j + syi s

y
j

)
= S2 − S2

z − N/2, the collective
Hamiltonian is

Ĥcoll = χS2 − χS2
z + const (A8)

with χ = V̄ /2. Note that χS2 commutes with everything and, for a coherent spin
state, it drives no dynamics.

For an initial state with population imbalance prepared at polar angle θ, ⟨Sz⟩ =
(N cos θ)/2. Expand the OAT term using Sz = ⟨Sz⟩+ δSz,

−χS2
z = −2χ⟨Sz⟩Sz + χ⟨Sz⟩2 − χ δS2

z . (A9)

In the mean-field approximation, we drop the second-order δS2
z and the constant ⟨Sz⟩2

terms
Ĥmf ≈ −2χ⟨Sz⟩Sz (A10)

and hence ωmf = 2χ⟨Sz⟩ = χN cos θ.
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